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	b.  Publications
Members of the group published a total of 30 articles.

c.   Purpose
The overarching goal of this program is to elucidate fundamental mechanisms and interfacial driving forces that control film properties in nanoscale ferroic oxide heterostructures. We will accomplish this by exploiting a range of state-of-the-art tools to synthesize, characterize and model the films. The program possesses a unique combination of capabilities for controlling and studying interfaces, and one of the major strengths is the considerable expertise in in-situ analysis of growth and functional properties. An additional strength of the program is the revitalized synergistic combination of experiments with computer-based simulation and predictive modeling. We will concentrate on three themes, extending our research into new areas that stress the importance of interfacial contributions to functional properties in ferroic heterostructures by linking studies of growth, integration, electronic properties and domain dynamics. The three themes are:

· Control of interfaces: interface structure, chemistry and defects

· Interfacial effects on electronic phenomena: integration of oxides and of dissimilar materials (e.g. oxides and nanocarbon films) into patterned heterostructures

· Domain structure and dynamics in ferroelectric, ferromagnetic and multiferroic materials

e.  Approach 
A.K. Petford-Long (Group Leader, 100%), O. Auciello (75%; 25% CNM), J.A. Eastman (30%; 70% AOG), S Nakhmanson (100%), new hire to concentrate on transport phenomena (100%), G.-R. Bai (Scientific Associate, 100%), P. Baldo (Scientific Associate, 50%), L.J. Thompson (Scientific Associate, 80%). M Tanase (postdoc; 50%; 50% ALD office), simulation/modeling postdoc (50%; 50% from other sources), R Videtic (secretarial; 33%).

f.  Technical Progress
In-Situ Studies of Ferroelectric film Behavior at The APS

The reorientable spontaneous electric polarization of ferroelectric materials gives them unusual dielectric properties and utility for information storage. Polarization orientation is typically switched by applying a voltage across electrodes, but, in collaboration with the Synchrotron Radiation Studies Program (ANL FWP 58926), we recently used real-time synchrotron x-ray scattering experiments to show that the polarization could also be reversibly switched in a PbTiO3 film by changing the chemical environment in contact with one surface of a ferroelectric film. Oxidizing or reducing conditions induce outward or inward polarization, respectively. The reversible switching behavior observed indicates that chemistry on the ferroelectric surface plays an important role in controlling the polarization in ultrathin films without a top electrode. In particular, these results indicate that the chemical environment produces a surface potential that depends upon the composition of the ambient and is in general non-zero; this must be taken into consideration when studying size effects on ferroelectricity. Further understanding of the interactions of ambients with polarization at the ferroelectric surface promises to provide a new means for manipulating both ferroelectricity and surface chemistry.
Synthesis, processing and properties of oxide-based heterostructures

Research on ferroelectric phenomena at the nanoscale has included development of fabrication processes to produce ferroelectric nanostructures via top-down and bottom-up approaches, and using these nanostructures to study ferroelectric phenomena at the nanoscale. A new research effort was initiated to investigate the underlying physics, chemistry, and materials science related to the integration of dissimilar materials such as oxides and nanocarbons. Initial studies focused on investigating the integration of piezoelectric (PbZrxTi1-xO3) and ultrananocrystalline diamond thin films and the effect of their interfacial phenomena on piezoelectric and mechanical properties of the heterostructure.

In-situ TEM studies of transport and domains dynamics

We have extended our initial studies of exchange-biased IrMn/NiFe magnetic dots to CoFe/IrMn dots. This system also exhibits vortex formation for small dots, but the higher magnetocrystalline anisotropy of the CoFe provides an extra source of pinning sites for the magnetic domain walls resulting in more complex behavior and a step-wise motion of the vortex as a result of the underlying grain structure. We have carried out the first in-situ TEM studies of local transport in magnetic tunnel junctions (MTJs), using a novel nanobiasing holder. These experiments are unique in enabling us to correlate the local tunneling behavior across an MTJ whilst simultaneously imaging the microstructure of the same area of the junction. For structures with MgO tunnel barriers we have been able to assign differences in the I-V curves to the presence or absence of a Co-Fe oxide layer at the lower ferromagnet/barrier interface. These results have been correlated with the results of atom probe tomography experiments on the same samples, which allow us to identify the composition of the transition metal oxide layer.

g.  Future Accomplishments

Control of interfaces: interface structure, chemistry and defects 

The goal of this research theme is to understand growth dynamics in the synthesis of ferroic complex oxides, including competition between the growing composition and stress development, epitaxy relaxation mechanisms, and formation of interfaces in heterostructures. The most common phase transitions in perovskite-structured compounds occur due to cooperative motions of oxygen octahedra, that result in coupled tilts or rotations of the oxygen octahedral framework (Fig 3). These are collectively known as tilt transitions, and they have a profound impact on the ferroelectric properties of the films. We will initiate a study to advance our understanding of tilt transitions in constrained systems by addressing issues such as how elastic boundary conditions affect the tilt transitions in perovskites; the influence of tilt transitions on ferroelectric size effects; the consequences of changes in the stability of tilt distortions on properties in the films.

An additional important aspect of this theme is to understand the ways in which interface and surface modification can be used to control factors such as domain behavior in ferroelectric thin films. We will undertake a comprehensive study of polarization stability and dynamics under conditions where the environmental charge balance is disturbed, in order to gain quantitative insight into the timescales and process by which a ferroelectric surface can interact with external species. Our experimental efforts in this direction will be coupled with theoretical investigations within the IMG and in collaboration with A M Rappe, U.  Penn. 

Interfacial effects on electronic phenomena in ferroic oxide-based heterostructures
The goal for this theme is to understand the fundamental mechanisms that enable the properties of an oxide thin film to be changed/modified when in contact with another material, through effects such as mechanical confinement, charge transfer and band structure modification, and changes in chemical bonding. We will develop this theme for both traditional heterostructures and novel systems composed of dissimilar materials, with a particular focus on laterally-confined nanostructures. One of the dissimilar materials heterostructures that we intend to study combines piezoelectric and diamond films. The tunability of the piezoelectric properties will be extended by the addition of nanocrystalline diamond layers, which show very high Young modulus hardness and fracture strength, and part of the proposed program will involve studying the dynamic mechanical behavior of the heterostructures.  

We additionally propose to initiate a study of the phenomenon of quantum tunneling across a thin oxide barrier layer in a heterostructure and of the role that microstructure and local chemistry play. We will then be able to make predictions about the nanoscale features that control the tunneling mechanisms, whether these are spin–independent, or spin-dependent between magnetic layers. We will do this via a combination of local transport measurements at the nanometer scale, high spatial resolution structural and chemical analysis and band structure calculations.
The ferroelectric effect in thin films is strongly dependent on the layer thickness, and a further complexity is introduced when the ferroelectric structure is patterned laterally at the nanoscale. These fundamental differences in behavior in confined nanostructures have not been widely explored and we believe that we are in a strong position to make a major contribution to the understanding of these effects.

Two new lines of research within this theme will focus on understanding the effect of composition, microstructure and interface phenomena on transport properties in transparent ferroelectric/conductive oxide heterostructures, and in multiferroic tunnel junction structures comprising ferromagnetic and ferroelectric layers.

Domain structure and dynamics in ferroelectric and ferromagnetic materials
The grand challenge in ferroic nanostructures is to develop an understanding of their dynamic response. While macroscopic theories of domain dynamics have been validated for bulk materials, these theories do not properly describe observed phenomenon (for example, switching speeds and activation energies) for thin films or nanopatterned structures. This includes the physics underlying reversal domain nucleation and domain wall velocity in ferroelectrics, and ferromagnetic magnetization reversal mechanisms in patterned oxide heterostructures.


We will concentrate on three areas. Firsly, on understanding the nanomagnetic behavior of arrays of patterned thin film oxide heterostructures, for example tunnel junction structures with MgO tunnel barriers and CoFeB or half metallic ferromagnetic layers. Additionally we will initiate a study of the effects of artificially induced defects on the domain dynamics. Secondly we will initiate a study of the dynamics of switching in ferroelectric thin films and nanostructures. In particular, the way in which the domains move and the way in which they interact with nanoscale defects and with the ferroelectric/electrode interface is critical as it can control the ferroelectric behavior of the systems. We intend to determine the factors that control domain wall mobility in model ferroelectric systems, which is believed to occur via a creep mechanism. Imaging domain wall motion as a function of applied field, in a configuration in which we can also image the microstructure of the film, will allow us to measure domain wall velocities and to visualize effects such as pining at defects. Thirdly we will combine our expertise in domain dynamics in ferromagnetic and ferroelectric materials and extend our studies to domain dynamics in artificial multiferroic heterostructures.

h. Relationships to Other Projects 

Extensive interactions and collaborations exist with ANL programs on Synchrotron Radiation Studies (58926), Molecular Control of Synthesis (57504), In Situ Alloy Oxidation (58930), and the Electron Microscopy Center (58405); and with university programs at Northern Illinois University, Northwestern University, University of Wisconsin-Madison, University of Colorado at Colorado Springs, University of Illinois-Chicago, University of California-Berkeley, University of North Carolina-Chapel Hill, Penn State University, Univ of Pennsylvania, North Carolina State University, MIT, Univ. Rosario (Argentina) Paul-Scherrer-Institute (Switzerland), Max-Planck-Institut, Stuttgart (Germany) and Univ. of Oxford (England). We also have collaborations with Lawrence Berkeley Laboratory and with industry (Symetrix Corporation, Freescale, Seagate Technology).

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

m. ES&H Considerations 

Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply.


