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Work Proposal Description: This program addresses fundamental challenges in materials science and develops new capabilities at the nation's synchrotron radiation facilities. In particular, we aim to play a leading scientific role at the Advanced Photon Source through in-situ x-ray scattering studies of synthesis and atomic structure of ultrathin complex oxide films, and of interfaces in electrochemical and catalytic systems. By observing the structure and behavior of charged species at interfaces in these systems, we will illuminate the nature of nanoscale size effects and catalytic function. At the Wisconsin Synchrotron Radiation Center, the program plays a leading role in the study of electronic structure. High-resolution angle-resolved photoemission studies will help understand the nature of superconductivity in the high-TC materials. We also participate in the development of future x-ray facilities and explore the science they enable, such as an x-ray nanoprobe, a high-energy angle-resolved photoemission facility, and a coherent, femtosecond x-ray source.

Details Required:  
b. Publications: 
There have been 17 publications from FWP 58926 in FY2005

c. Purpose: 

· Advance the frontier of materials science by maximizing the impact of the nation's synchrotron facilities. 

· Develop novel x-ray experimental techniques that take advantage of the unique capabilities of synchrotron sources.

· Apply these techniques to obtain fundamental understanding of synthesis processes and of structure-property relationships in key materials. 

Focus areas:

1. Nanoscale ferroelectric heterostructures,

2. Interfaces in heterogeneous and electro- catalysis,

3. High temperature superconductors.

e. Approach: 
G. B. Stephenson (40%), H. You (50%), P. H. Fuoss (95%), J. C. Campuzano (50%, joint with University of Illinois – Chicago), and M. Bedzyk (10%, joint with Northwestern University and ANL Geosciences).

f. Technical Progress: 
Nanoscale ferroelectricity: We have found that monodomain ferroelectricity is stable in PbTiO3 films as thin as 3 unit cells. This record was obtained using our unique in situ MOCVD system for studying ultrathin films using synchrotron x-ray techniques during and following growth. The result demonstrates that the depolarizing field is sufficiently neutralized by both a conducting electrode and adsorbed surface ions to stabilize the monodomain state. Calculations show that, by changing the chemistry of the vapor phase we can control ferroelectric polarization, or by electrically changing polarization we can control ionic adsorption.

Ultra-fast x-ray experiments: For many years, a focus of attention for nanosecond and picosecond x-ray measurements has been following the melting of a solid induced by a laser pulse.  Following that work and using the 80 fs pulses from the SPPS, we have demonstrated a new physical regime for this process.  As the laser interacts with the sample, it drastically changes the energy potential landscape, essentially leading to very soft modes.  Following atomic motion on this landscape, we have shown that the atoms follow ballistic trajectories for the first 500 fs.  We have also monitored the cross-over at 500 fs from this ballistic regime into the longer time diffusive regime.

Sub-100-fs pulse measurement: The ultrafast work has been enabled by our development of electron beam (and hence x-ray) pulse length measurement and electron-laser synchronization using electro-optic sampling.  We have now demonstrated sub-100 fs pulse width measurement and synchronization at the tens of femtosecond level. 

Polarization-dependent resonant anomalous surface x-ray scattering: Polarization dependence of resonant anomalous surface x-ray scattering (RASXS) was studied for interfaces buried in electrolytes or in high-pressure gas. We demonstrate that RASXS exhibits strong polarization dependence when the surface is only slightly modified by adsorption of light elements such as carbon monoxide on platinum surfaces. s- and p-polarization RASXS data were simulated with the latest version of ab initio multiple scattering calculations (FEFF8.2). Elementary considerations are additionally presented for the origin of the polarization dependence in RASXS. 
Cooperative reactions between (111) and (100) nanofacets:  We have developed a scheme to produce surfaces with (111) and (100) nano-facets with an average width of ~10 nm. In this structure, every pair of narrow and long (111) and (100) nanofacets is connected by a wedge like real nanoparticle surface. Our data proved that the catalytic activity is considerably higher than either one of them. Based on our observation, we proposed a new cooperative mechanism where products and intermediates are exchanged between the facets and the overall activities can be dramatically enhanced. This new mechanism could be identified because of the unique structure of our model catalysts and will deliver new ideas for how one can design new model catalysts and eventually real catalysts. 

High resolution ARPES: ARPES has provided a unique insight into the electronic structure of the high Tc superconductors. Recent technological advances in electron optics allow even more precise data. To proceed with a detailed analysis of such data however, one needs to be able to separate intrinsic features from extrinsic ones. We developed an analytical method that is generally applicable to photoemission experiments, which allows the correct subtraction of the background signal. 

Normal state excitation spectrum in high Tc superconductors: Of particular interest is the determination of the scattering rate, which governs the transport properties. We measured the momentum and energy dependence of the scattering rate of high Tc superconductors using ARPES. The scattering rate is found to be linear in energy around the Fermi surface for under-and optimal doping. The inelastic coefficient is found to be isotropic. The elastic term however, is found to be highly anisotropic for under-and optimally doped samples, with an anisotropy which correlates with that of the pseudogap. This is contrasted with heavily overdoped samples, which show an isotropic scattering rate and an absence of the pseudogap above Tc. We also showed that the bare Fermi velocity can be directly obtained from ARPES.

g. Future Accomplishments: 
Growth and Phase Transitions of Nanoscale Ferroelectric Heterostructures
We propose to address three critical issues in ferroelectric materials:

· What is the nature of the interfacial charge involved in compensating the depolarizing field in ferroelectric heterostructures? How can such charge be manipulated?

· Can we understand and tailor the epitaxial strain effect to enhance ferroelectric properties?

· Are there significant intrinsic interfacial effects that modify the behavior of ultrathin films? What are the structures of interfaces and domain walls?

Effects of electrical boundary conditions and interfacial charge on ferroelectric stability and domain structure: Compensation of the depolarizing field generated at the interfaces of a ferroelectric is critical for the stability of the ferroelectric phase in thin films. The mechanisms for charge compensation at interfaces with conducting and insulating solids are not understood. Although most models have considered free charge residing in conduction or valance bands, preliminary ab initio results suggest that the compensating charge can reside in unusual chemical bonds, even for metal electrodes such as Pt. To differentiate between these ideas, we plan to experimentally investigate the formation of the monodomain phase as a function of temperature, film thickness, and substrate/electrode materials.

Effects of mechanical boundary conditions on the stability of the ferroelectric phase: A thin epitaxial film that is coherently latticed matched to a substrate has a uniform in-plane epitaxial strain xm given by (a-b)/b, where b and a are the stress-free in-plane lattice parameters of the film and substrate. Such an epitaxial strain is predicted to have a large effect on the ferroelectric transition in perovskites because of the relatively large differences in lattice parameter between the paraelectric and ferroelectric phases. Large enhancements in properties may be possible, including the formation of new ferroelectric materials.  We propose to test the dependence of TC on epitaxial strain by studying ferroelectrics with different stress-free lattice parameters b (e.g. solid solutions of Pb(ZrxTi1-x)O3) on substrates such as SrTiO3 and DyScO3 having different lattice parameters a. One interesting issue will be whether the increases in TC due to epitaxial strain can offset the lowering of TC in ultrathin films, resulting in ferroelectricity at room temperature in films as thin as one unit cell. These heteroepitaxial structures also provide an opportunity to study the kinetics of strain relaxation, which is a very important issue in growing high quality layers for myriad applications. 

Determination of interface structures, energies, and intrinsic surface effects: We plan to model the polarization, electric field, and strain distributions in the stripe and monodomain phases using phase-field models. We will determine the domain wall structure (e.g. the wall thickness, the offset of the lattice planes across the wall, and the offsets of the domains at the substrate interface) by analysis of the satellite and Bragg scattering.  

Fundamental Science of Interfaces Important to Heterogeneous Catalysis

Overlayers of NO and CO+NO on platinum group metals:  The gas species nitric oxide (NO) is important both industrially and environmentally, e.g. as a pollutant and greenhouse gas commonly emitted from automobiles and industrial processes. From a fundamental viewpoint it is in some ways similar to CO, but its structural and chemical behavior on catalyst surfaces is significantly different. For these reasons, its reactions have been the focus of intense research worldwide. In particular, the coadsorption of NO and CO on catalytic surfaces is of interest because it is the key initial step in the NO-to-N2 reduction reaction, NO+CO <=> N2+CO2, a process for converting toxic NOx to CO2. We therefore propose to extend our studies from CO on platinum to NO and NO+CO mixtures on palladium and platinum surfaces, using x-ray techniques to clarify the molecular-level structures and phase equilibria for NO and NO+CO structures. Once the pure phases of NO are determined, we will move on to the solution phases. Studies will be carried out not only on the structure of the phases but also on the transition behavior as we change the partial pressures and temperature. Experiments will be performed in electrolyte solutions and under different gas pressure environments using the transfer technique established in our group. 

Metal overlayers on platinum group metals:  Metal overlayers play a central role for enhancement and promotion of electrocatalytic activities in energy production and conversion technologies. Moreover, they play critical roles well beyond the domain of electrocatalysis, such as in corrosion prevention and passivation of metals in automotive and other manufacturing industries, and in electrodeposition of interconnects or storage media in the semiconductor industry. Compared to the gas phase reactions on elemental metallic surfaces proposed in the previous section, the preparation of bimetallic surfaces and the study of oxidation/reduction catalytic reactions on them bring additional challenges. Such bimetallic systems exhibit additional complexity that must be characterized, and often they are not as well studied as elemental systems. For these reasons, it is important to use several complementary characterization techniques on the same set of samples. While in situ x-ray techniques will play the central role in our studies of these bimetallic systems, we propose to complement them with other forefront in-situ surface-sensitive techniques capable of penetrating the reactive catalytic environment. In particular, we propose to use Fourier transform infrared spectroscopy (FTIR) to provide bond vibrational spectra and electrochemical scanning tunneling microscopy (EC-STM) to provide images of atomic structure, both of which complement our x-ray scattering and x-ray spectroscopy techniques. 

High Temperature Superconductors and Other Strongly Correlated Materials 

Relationship between ARPES and penetration depth measurements:  Since ARPES measures A(k,(), it provides fundamental information which can be compared to results of other techniques, such as measurements of low frequency electrodynamics. Oue measurements will test whether the basic assumption of non-interacting quasiparticles is valid, and determine what sort of theory describes HTSC's. We will make measurements with the higher momentum and energy resolutions available with our recently installed spectrometers, and using a custom-built He3 refrigerated-sample manipulator. This capability will greatly expand the samples and phenomena that can be investigated, since ARPES has not been carried out at sub-Kelvin temperatures before.  
Evolution of the Fermi surface:  The Fermi surface, the locus in momentum space of gapless excitations, is a central concept in the theory of metals. Even though the optimally doped HTSC's exhibit an anomalous normal state, ARPES has revealed a large Fermi surface above Tc. An even more unusual behavior is found in the underdoped HTSC's, a pseudogap above Tc. We have shown how the Fermi surface is destroyed as a function of temperature in underdoped HTSC's, which requires us to alter the definition of a Fermi surface. Remarkably, different k points become gapped at different T’s. This leads to the break up of the Fermi surface at a temperature T* into disconnected Fermi arcs that shrink with decreasing T, eventually collapsing to the point nodes of the d-wave superconducting state below Tc. This novel behavior, where the Fermi surface does not form a continuous contour in momentum space is unprecedented in that it occurs in the absence of long range order. This phenomenon has been discussed in the light of varied theoretical scenarios, and therefore it is essential to understand the mechanism that gives rise to it. We need to know if there is a particular point on the Fermi surface that separates the behavior from disconnected gaps to mean-field behavior, or whether the non-mean field behavior occurs over the whole Fermi surface. If there is a distinct point which separates the two, we need to know if the position of that point depends on doping and how so. We also need to know the temperature dependence of the arcs as a function of kF. 

h. Relationships to Other Projects:
Research in all three areas is performed collaboratively with teams of scientists from outside the group, both within and outside of Argonne, who have complementary capabilities. Studies in the area of ferroelectrics are performed in collaboration with the Interfacial Materials program (FWP 58307) in the Argonne Materials Science Division (MSD), which brings expertise in ferroelectric materials synthesis and electrical characterization, as well as university faculty who provide electrode materials and theoretical analysis. Studies in the area of catalytic interfaces are undertaken in collaboration with theorists in the Molecular Materials program (58510) in MSD. Here our experimentally determined structures guide the density functional theory studies, and the theoretical studies help our program in understanding the molecular behavior of the overlayers. Studies in the area of high temperature superconductivity have greatly benefited from a close collaboration with the Condensed Matter Theory program (59001) in MSD, which has resulted not only in the ability to extract new physical observables from experimental data, but also in new, generally applicable methodologies for photoemission experiments. Close collaborations with the Neutron and X-ray Scattering program (58701) are in place, as structural information is of paramount importance in angle-resolved photoemission experiments. Collaborations with the Emerging Materials program (58916), as well as university faculty, also play a key role, as they provide the samples for experimental studies. A common thread among all the areas is the strong synergy between our experimental contributions and the theory contributions of collaborators. 

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

j. Explanation of Milestone : NA

k. Deliverables:  N/A

 

l. Performance Measures and Expectations:   N/A
m. ES&H Considerations:  Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply
n.Human or Animal Subjects Activities:  N/A

o. Security Requirements:  N/A

