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	b.  Publications:  1 published, 1 submitted, 2 in preparation

c.  Purpose:
Our fundamental goal is to create, characterize and understand interfacial systems in complex oxides where electronic reconstructions lead to novel properties due to the unique correlations that exist  in these systems. 

·  Create and characterize novel multiferroic superlattices involving manganites and titanates.

·  Characterize the transport and charge-transfer across a single LaMnO3/SrMnO3 interface.

·  Create and characterize novel tunnel junctions with surface/interfacial states optimized for maximum tunneling magnetoresistance.

·  Create and explore novel interfacial reconstructions in the complex oxides to create the equivalent of a 2-D electron/hole gas that may interface with many multifunctional perovskites.

We seek to advance the state of the art in synthesis and characterization tools of interfacial structures in complex oxides:

·  Commission a state-of-the art ozone-assisted oxide Molecular Beam Epitaxy system with in-situ RHEED at the Center for Nanoscale Materials, Argonne.

·  Establish means of quantifying the atomic flux in-situ  for a large number of elements using atomic absorption spectroscopy.

·  Create processes to fabricate novel structures such as field-effect transistors, nanorings and nanopillars to explore diverse phenomena such as the electric field effect, quantum coherence and spin-transport in submicron structures.

·  Create structures that enable in-situ characterization with electron microscopy and photon scattering while applying external fields and currents.

e.  Approach:  

Our basic approach is to create the interfacial systems using ozone-assisted MBE, and characterizing them with a range of transport, magnetic, neutron scattering, electron microscopy and photon scattering measurements. Key Personnel: : A. Bhattacharya (100%), Steve May (Postdoc) (100%), S. D. Bader (10%), J. N. Eckstein (UIUC) via subcontract.

f.  Technical Progress: 

The Digital Synthesis initiative has been funded starting in the Fall of 2006. We list here the major achievements of the past year:

·  Synthesized superlattices of (LaMnO3)2n/(SrMnO3)n  for n = 1 to 5, using Jim Eckstein’s MBE system at UIUC. These superlattices have the same overall composition as La2/3Sr1/3MnO3, but without the A-site disorder inherent in chemical doping strategies. The n=1 superlattice is very similar to La2/3Sr1/3MnO3 randomly doped alloy, being a ferromagnetic metal with an identical Curie temerature, nearly equal magnetization and slightly higher mobility. Upon increasing n, the ferromagnetism is suppressed strongly. Also, a metal-insulator transition is observed as n is increased beyond n=2.

· Using X-ray magnetic circular dichroism (with J. Freeland at APS), established that the chemical environment for the n=1 superlattices was identical to the random alloy, but that of the n =5 superlattice was distinct. We established that the metallic state at low n  was associated with a uniform distribution of holes/electrons within the superlattice.

· Using neutron scattering (with Suzanne te Velthuis at LANSCE), we established that a modulated ferromagnetic order occurred in the strongly insulating state for n=5. This provides direct evidence for a Mott metal-insulator transition. Combined with measurements of transport and ferromagnetism, the role of disorder and the coexistence of antiferromagnetic and ferromagnetic regions was established in the high n superlatttices. The role of magnetic disorder in the insulating state was elucidated.

· Synthesized superlattices of (LaMnO3)m/(SrMnO3)2m for m = 1 to 3, using Jim Eckstein’s MBE system at UIUC. This was the firsst time that we know that this has been successfully attempted. The samples were of excellent structural quality with sharp interfaces between digital layers. These superlattices are ordered analogues of the composition La1/3Sr2/3MnO3, an antiferromagnetic insulator. The samples from this series have been characterized with transport and magnetic measurements, and the effects of disorder and superlattice spacing m on various properties are being studied with a variety of probes. 

·  Designed an ozone-assisted oxide MBE system for the Center for Nanoscale Materials at Argonne. This involved pushing the state-of-the-art in numerous aspects of the design, ensuring a high degree of uniformity, control of stoichiometry and thickness to allow very high quality interfacial systems. Particular attention is being paid to the in-situ  measurement of atom flux using atomic absorption spectroscopy, where we seek to define a new state-of-the-art.  The system shall be installed in April of 2007.

g.  Future Accomplishments: 

We have a broad range of ideas to pursue. We propose the following directions:

·  Transport measurements across interfaces with emergent order: Measurement of transport across interfaces between highly ordered complex oxides involving appropriate patterning of mesas and creating ohmic contacts to the constituent materials. This will enable us to understand these interfacesin the same light that we understand  other well understood interfaces such as p-n junctions in conventional semiconductors. The effects of strong correlations and emergent states that arise out of these can be directly probed with such measurements. For example across a mixed valence interface between LaMnO3/SrMnO3, which is analogous to a n-p junction, the evolution of interfacial ferromagnetism should strongly influence the diffusion coefficient and the way that charge moves across the interface. We shall develop systematic methods of contacting and measuring interfaces between a broad range of materials using transport, electrometry and magnetic measurements to understand how the interfaces are affected by the emergence of collective states at the interface.

·  Half-metallicity at surfaces: the effect of a non-magnetic metal capping layer We shall explore the effect of non-magnetic metallic layers such as LaNiO3 on the spin polarization in tunnel junctions with manganites at room temperature. Manganites are nominally half-metallic, but the ferromagnetism at the surface of manganites is strongly suppressed at room temperature, because of a ‘reconstruction’ at the surface between the manganite and an insulator or air/vacuum. Having a metallic layer in proximity to the manganite surface would allow for the charge carriers at the surface to be mobile and thus mediate the double-exchange mechanism better. This may improve the surface magnetization, and thus affect the half-metallicity of manganite electrodes in a tunnel junction, layered as La2/3Sr1/3MnO3/LaNiO3 /SrTiO3/ LaNiO3/ La2/3Sr1/3MnO3. We shall also investigate structures such as La2/3Sr1/3MnO3/LaNiO3/La2/3Sr1/3MnO3 that donot have the intervening insulator. 

·  Multiferroic superlattices by exploiting inversion symmetry breaking:  Creating multiferroic structures by exploiting the breaking of inversion symmetry by layering materials, as in LaMnO3/SrMnO3/SrTiO3, such that the structures do not have a center for inversion symmetry. In this particular structure, due to the diffusion of holes from the SrMnO3 into the LaMnO3, we anticipate an internal electric field to develop. Since the inversion symmetry is broken by this tricolor superlattice, this electric field is not cancelled (as it would be in a superlatttice with just LaMnO3/SrMnO3). This would allow the direct measurement of charge transfer across such an interface as ferromagnetism sets in, by measuring the change in electric polarization (charge displacement) while cooling through the Curie temperature. It would also allow the application of an external electric field to control the charge profile across such an interface and presumably affect the ferromagnetic order with the applied electric field. We also plan to measure such structures with second-harmonic generation in magneto-optic Kerr effect (MOKE) measurements.

·  Delta-doped dilute magnetic semiconductors : As is done routinely in conventional semiconductors, we will adapt digital synthesis strategies to create modulation-doped structures of the system La0.5Sr0.5Ti1-yMyO3, (M = Co, Mn..) where the functionalities of magnetism and charge doping are separated. Here, the carriers that mediate the exchange interaction between the magnetic atoms are obtained at the LaTiO3/SrTiO3 interface, while the magnetic dopants are placed in a ‘delta’ layer of SrTi1-yMnyO3 in the vicinity of this interface. In the dilute limit (y<<1), this allows us to fabricate material with very low magnetic dopant density, bypassing the issues of clustering observed in systems where higher levels of magnetic doping had to be used to introduce sufficient charge carriers. By varying the proximity of the magnetic dopant atoms from the LTO/STO interface in unit-cell steps, we should be able to tune the exchange coupling between them mediated by the electron gas. Theoretical calculation indicate that the itinerant charge density falls off with distance from the interface, from more than 0.6 carriers per unit cell at the interface, to about half that value one unit cell away, rapidly declining at distances beyond two unit cells away. Depending upon the ratio of this carrier density to the density of magnetic dopants, and the effective overlap of the itinerant Ti-band with the magnetic dopants’ levels, this would give rise to exchange couplings that range from ferromagnetic to oscillatory RKKY-like, giving rise to different magnetic phases as a function of the carrier induced coupling. We shall configure this magnetic semiconductor in a field-effect geometry and tune the exchange coupling with an applied gate-electric field.

· 2-d electron/hole gases in complex oxides: The two dimensional electron gas (2-DEG) sets the stage for some of the best known manifestations of strong correlations, ranging from quantum hall states in high mobility 2-DEGs to high-temperature superconductivity in the two-dimensional cuprates. New methods of realizing 2-DEGs at interfaces of complex oxides in the past few years have opened up a range of new possibilities. In one realization, interfaces between two insulators, LaTiO3 (a Mott-insulator) and SrTiO3 (band insulator), were found to be conducting, a result of charge transfer between the two materials. Electrons ‘leak’ from the Ti d1 in LaTiO3 into the adjacent Ti d0 states in SrTiO3, where they become mobile. This in principle analogous to delta-doping in high-mobility quantum wells using conventional semiconductors, where the electron gas is situated in a region removed at a distance from the dopant ions. This method of introducing charge at coherent interfaces allows for the realization of ‘doped’ materials without the disorder that is inherent to chemical doping strategies. If the past is any indicator, creating cleaner materials with better control may lead to interesting new phenomena, and the paradigms listed above give us a roadmap to explore possibilities with different combinations of materials. We intend to address some of the key materials issues with our state-of-the-art deposition system. Firstly, we shall be using ozone as the oxidizing gas, which is known to be six orders of magnitude more effective than oxygen. We anticipate that this will go a long way in addressing the problem of oxygen vacancies that tends to inadvertently dope materials with carriers. Furthermore, using MBE we can deposit an arbitrary sequence of oxide layers and are not constrained by the stoichiometry of a target, as is the case in sputtering or Pulsed Laser Deposition.  This gives us an additional degree of control over the exact configuration of the interface, and allows greater flexibility in engineering their properties. Having a two dimensional electron gas in a perovskite heterostructure that can be readily integrated with other perovskite materials opens up very interesting possibilities. Just to name a few, integrating these structures with gate dielectrics would open up the path to a new class of field-effect transistors, using half metallic ferromagnetic electrodes would allow the exploration of spin transport within these 2-DEGs, and superconducting electrodes could possibly lead to laterally coupled Josephson devices.
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