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	b. Publications

There have been 21 publications from FWP 58926 in FY2004.

c.  Purpose
The strategic goal of the Synchrotron Radiation Studies program (FWP 58926) is to advance the frontier of materials science by maximizing the impact of the nation's synchrotron facilities. We develop novel x-ray experimental techniques that take advantage of the unique capabilities of synchrotron sources, and to apply these techniques to obtain fundamental understanding of synthesis processes and of structure-property relationships in key materials. 

The research program is focused on three areas, chosen both for high scientific impact in DOE mission areas and for the groundbreaking information that synchrotron experiments can provide:

1. Nanoscale ferroelectric heterostructures,

2. Interfaces in heterogeneous and electro- catalysis,

3. High temperature superconductors.

These areas are linked both through aspects of the techniques being developed and through common underlying scientific themes. The primary experimental technique for the first two areas is x-ray scattering. In both cases, the penetrating nature of x-rays is exploited to perform in situ studies of atomic-scale structure in actual synthesis and operating environments. A common scientific theme emerging in both areas is the importance of charge transfer and chemical bonding at electrified interfaces. The primary technique in the third area is high-resolution angle-resolved photoemission, which provides detailed insight into the nature of the electronic states in materials. Behavior arising from competing phase transitions in complex oxides is a common scientific theme underlying our studies of both ferroelectric and superconducting materials. For all of these areas, a critical role is played by the development and application of novel synchrotron techniques, including understanding and exploiting the sometimes subtle ways in which x-rays can be used to probe materials.

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
 Ferroelectric Phase Transition: We have determined the phase diagram as a function of temperature and film thickness for a model ferroelectric in a well-defined stress state, coherently-strained PbTiO3 on SrTiO3. We discovered that the ferroelectric phase forms in domains of alternating polarity. Observation of such 180° stripe domains implies that the depolarizing field is not fully compensated by interfacial charge. For ultrathin films, these 180° stripe domains have a small equilibrium period and produce characteristic satellite peaks in the diffuse x-ray scattering surrounding PbTiO3 Bragg peaks. So far we have found two ferroelectric stripe domain phases with different stripe periods (F( and F(), plus a lower temperature ferroelectric monodomain phase (F(). Stripe periods of 3.7 to 24 nm were observed, and the dependence of period on film thickness within a given phase was found to be parabolic, in agreement with Landau theory. The paraelectric-ferroelectric transition temperature TC varies strongly with film thickness, suggesting a trade-off between competing strain, depolarizing field, and/or intrinsic thickness effects. For thicker films, TC is increased far above the value for unstrained bulk PbTiO3 (765 K), consistent with the enhancement predicted for coherently-strained PbTiO3 on SrTiO3. This experimental discovery has already motivated first-principles-based theory of the stripe phases produced by depolarizing field and strain. 

Ultrathin Ferroelectric Films: The minimum system size needed to support ferroelectricity has long been a subject of debate. We have recently demonstrated ferroelectricity in the most confined perovskite system yet, namely PbTiO3 films as thin as three unit cells, by monitoring the appearance of satellites due to stripe domain formation. We measured diffuse scattering at various temperatures for films only a few unit cells thick. For the 4-unit-cell film, satellites from ferroelectric stripe domains occur at all the temperatures shown. For the 3-unit-cell film, satellites are observed at 463 K, but not at 549 K, thus bracketing the ferroelectric transition. At 1 and 2 unit cells, no satellites are observed at any temperature, indicating that the samples remain in the paraelectric phase. These results indicate that ferroelectricity is much more robust in ultrathin films than previously thought. 

Phase Diagram of CO on Pt (111) at Catalytically-Relevant Pressures: We have performed an x-ray scattering study that resolves the controversies over the structures of high-density CO phases on Pt (111) under near-atmospheric pressure. Our phase diagram is shown in Fig. 4. We find that the highest density structure at 1 atm CO pressure is in fact a (2 x 2)-3CO structure whose orientation is the same as the (4 x 4) structure. We find that the (√19 x √19) appears at a lower pressure. At ~1 atm partial pressure, the CO desorbs around 370 K. Below this temperature; the CO layer forms the highest density close-packed (2 x 2)-3CO structure. At 0.5 atm, the CO layer forms either this (2 x 2) at low temperature or (√19 x √19) at high temperature. At 0.1 atm, we find only the (√19 x √19) structure over the entire temperature range 250-350 K. In addition, full crystallographic analyses to determine the CO structures on Pt (111) were performed by taking advantage of the high signal-to-noise ratio obtained in gas-phase x-ray measurements at APS. Structural details determined in our study provide precise guidance for understanding catalytic behavior. For example, the close-packed, tilted structure explains the inactive CO oxidation reaction of this surface. This structure indicates a significantly higher adsorption energy per CO, which would not allow the adsorption of oxygen-supplying species to fulfill the Langmuir-Hinshelwood oxidation condition. These structures and phase diagram require a reexamination of the basic mechanisms of CO oxidation and hydrogenation on this surface.

Electrochemical Preparation of Highly-Ordered Surfaces: As part of this work, we developed a method of transferring electrochemically prepared monolayers to high-pressure gas environments that produces substantially higher quality, defect-free monolayers. The CO layer prepared using the purest gas available is highly defective, giving broad diffraction peaks. We observe dramatically narrower peak widths for a CO layer prepared in electrolyte solution and transferred to the gas environment, demonstrating its much longer range order. This is key to our ability to determine the structure with molecular-level precision. 
Crossover from coherent to incoherent electronic excitations in the normal state: The normal state of optimal and underdoped HTSC's exhibits anomalous transport and spectroscopic properties that have long been recognized as one of the central mysteries of the field. The key question is how the strange metal with no quasiparticles evolves into a conventional one at high doping. We provided the first spectroscopic evidence for a new crossover line in the phase diagram of the HTSC's between the low temperature, overdoped side with coherent electronic excitations, and the high temperature, underdoped side, where this coherence is lost.

Two superconducting gaps in MgB2: The key to understanding the superconductivity in MgB2 lies with understanding the structure of the superconducting gap. We reported evidence for two-band superconductivity in MgB2, being able to separately observe the superconducting gaps of the sigma and pi bands, as well as a surface state band, establishing MgB2 as a two-gap superconductor. 
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. Large free charge densities are required to compensate typical ferroelectric polarizations (1 C/m2 corresponds to ~1 electron per unit cell area). If interface compensation does not occur by free charge, polarization normal to the surface is expected to be stable only if 180º stripe domains form. The ability of electrodes to provide free charge for compensation has been the subject of recent debate. Ab initio calculations have predicted that conducting electrodes leave sufficient voltage offset at the interfaces to destabilize ferroelectricity in monodomain films thinner than 7 unit cells. However, we have recently observed that ferroelectric films as thin as 4 unit cells will become monodomain at room temperature even when the substrate is nonconducting. This illustrates that 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.

Although the nature of the transitions between stripe phases we have observed in thin ferroelectric films has yet to be determined, one hypothesis is that they may be due to a change in the film surface compensation. The three-phase sequence could then correspond to a film with zero, one, or two compensated interfaces. Since the upper surface of the PbTiO3 films studied so far is exposed to a near-atmospheric-pressure vapor, it is possible that the compensation at the upper interface changes due to ion adsorption when the polarization builds up to a certain value. We propose to determine the effects of interface compensation on the phase transition and domain structure by varying the electrical and chemical boundary conditions. Films will be grown on both insulating (SrTiO3) and conducting (SrRuO3) substrates, and capped by both insulating (SrTiO3) and conducting (SrRuO3, Pt) layers, or exposed to controlled chemical environments. We will determine whether particular monodomain polarization orientations are favored by different asymmetric boundary conditions. Initially, capping layers will be grown ex situ and returned to the x-ray chamber for study. We propose to upgrade the growth system to allow in situ MOCVD growth of insulating and conducting complex oxides. This will allow study of domain formation in complex heterostructures such as conducting electrodes separated from the ferroelectric by ultrathin insulators, which are predicted to have novel properties. On uncapped samples we will search for conditions under which the monodomain polarization can be reversed by changing the chemical environment (e.g. from oxidizing to reducing). There is potentially strong scientific synergism between these studies of chemically-modified electrified interfaces and the studies of electrocatalytic interfaces discussed in the next section, since both involve understanding charge transfer between ions in a vapor or solution and a solid surface. Grazing incidence x-ray scattering will be used to determine the structure of the surface as a function of ionic adsorption, as well as the effect on surface polarization of competition between antiferrodistortive and ferroelectric instabilities.

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. The change in TC for monodomain ferroelectric films (with electrically compensated surfaces) has been predicted theoretically. For compressive strain, which favors the ferroelectric state in PbTiO3 with the polar (c) axis normal to the surface, TC is increased proportional to xm according to (TC = 4(0CQ12xm/(s11 + s12), where the coefficients are all known material properties for PbTiO3. This contribution to the change in TC due to epitaxial strain is predicted to be independent of film thickness when coherency is maintained. Testing this relationship requires a determination of TC, e.g. by observation of lattice parameter changes or the appearance of stripe domains as a function of temperature, under conditions where the epitaxial strain is known. In addition, the change in TC from other effects (e.g. the thickness dependence due to depolarizing field) must be distinguished. Films that are thin enough to remain coherently lattice-matched to the substrate are the best candidates for study since the non-uniform strains caused by misfit dislocations are absent. 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. We will investigate the critical thickness for strain relaxation as a function of xm, to determine the practical limits of property enhancement using epitaxial strain. Our ability to perform in situ x-ray analysis during film growth and thermal cycling is uniquely suited to understanding irreversible relaxation processes such as misfit dislocation formation and twinning, since the sequence of events can be observed to identify relaxation mechanisms. In addition, we will be able to determine the mechanical effect of the capping layers being added to investigate electrical boundary conditions.

Determination of interface structures, energies, and intrinsic surface effects: The experiments outlined above will result in measurements of the thickness dependence of TC under conditions in which the effects of depolarizing field and epitaxial strain are understood. A comparison of these results to the predictions of Landau theory will determine whether there is an "intrinsic" surface effect depressing or enhancing polarization, over and above the electric field and strain effects. We plan to model the polarization, electric field, and strain distributions in the stripe and monodomain phases using phase-field models. In addition, the presence of highly ordered equilibrium 180° stripe domains will allow accurate determination of 180° domain wall structures and energies for comparison with ab initio theory. 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. This will provide a much more detailed understanding of the non-uniform strain in films with 180° stripe domains. Current models are based on the assumption that 180° domains do not introduce strain at zero field. However, in very thin films, the equilibrium offsets of the lattice planes across the domain wall compete with those across the film/substrate or heterostructure boundary, potentially leading to thickness dependent strain terms that modify TC. 

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. 

NO has an electronic structure very similar to CO, but its unpaired electron and the lower energy of its 2π* orbital render it considerably more reactive towards both oxidation and reduction. This causes more complex behaviors in chemisorption and in reactions of NO compared with those of CO. The structures of NO on noble metal surfaces are reportedly more complex for the same reason, including dimerization in the neutral state. There have been numerous studies reporting various geometries for adsorbed NO, including tilted, bent, and linear NO at twofold and atop sites. Some studies suggest the coexistence of dissociative adsorption and molecular adsorption on some noble metal surfaces. However, there have been many conflicting results for the structures of NO layers, much more so than for CO layers. 

More recently, Hansen and coworkers made significant progress in this long-standing controversy by combining atomic resolution scanning tunneling microscopy (STM) and density functional theory (DFT) for NO/Pd (111). They were able to obtain molecular-level structural models for several phases having different symmetries and coverages. The DFT calculations give a much more detailed picture than can be confirmed by the STM results, such as the tilting on NO molecules on atop sites. A definitive determination of the adsorbed NO structures using high-resolution x-ray scattering would provide a complementary and valuable test of these results. To date, the equilibrium phase diagram has not been determined experimentally. STM images showed the coexistence of several different structures for which DFT calculations gave similar chemical potentials. In contrast, our x-ray experiments on CO/Pt (111) showed no coexistence between the structures in the same coverage range, at least for the clean defect-free layers.

We propose to use x-ray techniques to clarify the molecular-level structures and phase equilibria for NO and NO+CO structures. We will initially focus on the similarities and differences between NO and CO layers on Pt or Pd surfaces. 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. 

The initial metallic overlayer system we propose to study is Te on Pt (111). Te is one of those metals for which an atomic overlayer can be formed by irreversible underpotential deposition (UPD). This is one of the simplest and most reliable ways to make high quality bimetallic surfaces on platinum group metals. The Te on Pt (111) surface is also relevant to fundamental understanding of the effects of metal overlayers on catalysis. For example, this surface shows enhanced activity for formic acid oxidation. Although bimetallic electrocatalysts are often found to be more active than single metals, the functional mechanism of bimetallic catalysts is still controversial. In particular, the oxidation states of the additive metals are quite controversial. One of our goals in this study is to clarify the role of the oxidation state of the second component in bimetallic electrocatalysts. We previously have shown that Os/Pt (111) exhibits a considerable amount of Os oxide formation even in the neutral potential range. In the case of Te/Pt (111), ex-situ study with LEED shows a (3 x 3) structure at the maximum coverage of ~0.3 to ~0.4 monolayer, and XPS measurements show a change in the valence state from Te(0) to Te(IV) depending on the electrode emersion potential. However, new XPS measurements have shown that a small amount of Te(II) and Te(IV) were observed at a potential negative relative to the cathodic current peak, and Te(0) was observed at a potential positive relative to the anodic current peak. This was unexpected from an electrochemical standpoint and clearly calls for an in situ examination, as it has long been suspected that widely-used ex situ techniques may not reveal the true chemical states of the overlayer during reaction under potential control. Because Te(II) is unstable in the bulk and can only be found stabilized on a surface, these experimental results could indicate that a surface reaction occurred after the electrode was moved to UHV. If such a reaction indeed occurred, this result would show the limitations of this XPS technique due to the adlayer instability when exposed to UHV conditions. This must be clarified since the UHV-transferred XPS study is a standard technique used for deducing oxidation states of the electrochemically prepared overlayers. In fact, the clarification of the oxidation states in situ will potentially have far-reaching impacts on our ultimate understanding of the so-called bi-functional mechanism.

The Te UPD layer will be formed on a Pt (111) electrode in an electrolytic solution containing 0.1 mM TeO2 and 10 mM H2SO4 as a supporting electrolyte. The Te layer formed in this way remains on the surface over a wide potential range except for the extreme oxidation potential. Current understanding of the structures of this overlayer is as controversial as the oxidation states of Te. The structures were speculated to be (3 x 3), (2 x 2), and (√3 x √3) superstructures based on the UHV transfer measurements. Since there is no adsorption/desorption during the transitions between these superstructures, we believe that there should be a one-to-one correspondence between the structures and oxidation states. For this reason, we will perform simultaneous in situ surface x-ray diffraction and x-ray fluorescence measurements of the Te overlayer. 

In addition, the overlayer system will be studied using in situ EC-STM to obtain atomically resolved topographic images which will provide complementary structure information. While x-ray scattering is very sensitive to the "backbone" structure of the Te atoms, it is relatively insensitive to the light elements such as anion and oxygen-supplying species. We will use in situ FTIR to study the vibrational spectroscopy of coadsorbed (anion) species necessary for the transformation of oxidation states. The FTIR study will also be used in CO adsorption measurements to test the CO tolerance of the substrate. We will study the oxidation reaction of CO, formic acid, and other species on the surface by combining FTIR with cyclic voltammetry and rotating-ring disk electrode measurements. 

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. Those measurements yield the conductivity, from which the London penetration depth and the superfluid density can be extracted. Other quantities have also been extracted from A(k,(), such as the value of the superconducting gap. But in order to do that, some assumptions are necessary, which might not be justified for highly anisotropic materials such as the HTSC's. An important consequence of having a d-wave superconductor is that there are always gapless excitations in the system around the nodes of the order parameter. This leads to a linear variation of the magnetic field penetration with T. In ARPES measurements, we find that the gap in optimally-doped samples closely follows the d-wave formula 
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 is the angular derivative of the gap function around the node, and 
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 is the derivative of the band dispersion perpendicular to the Fermi surface. Considering the relationship between the superfluid density (s and (, this gives 
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. In the case of non-interacting quasiparticles, this is a known quantity. The point here is that both 
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 can be measured directly by ARPES! We can therefore measure the change in (s with T and compare our data to electrodynamic data. More importantly, we can directly measure how 
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 change with doping, see if the basic assumption of non-interacting quasiparticles is valid, and determine what sort of theory describes HTSC's. 

In an earlier attempt, a comparison of ARPES results to electrodynamic measurements of (s showed disagreement. However, when compared to results of thermal conductivity measurements by Taillefer’s group, a remarkable quantitative agreement of 
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 was found between the two techniques. This gives us confidence that ARPES is providing meaningful results. The disagreement with the electrodynamic measurements remains unresolved, but one of the most likely explanations is the interaction of the electrons with the superfluid, described by one of the Landau parameters. It is difficult to measure this quantity other than by a comparison of ARPES to electrodynamic data. Unfortunately, the agreement of ARPES with thermal transport does not hold for underdoped samples. ARPES finds that in underdoped samples 
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is reduced relative to (. Thermal transport finds the opposite, with
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 scaling with (. The origin of this discrepancy is also not understood. Understanding these discrepancies will directly leads to a better understanding of the theoretical underpinning of high temperature superconductivity. We therefore need to carry out these ground-breaking measurements with the new momentum and energy resolutions available with our recently installed spectrometers. It is important to note that transport experiments usually measure physical quantities that are dominated by electron excitations at the energies of the probes. We will therefore need to reduce the sample temperature well below the current 15 K attainable in our instrument by installing 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. Moreover, although the d-wave gap below Tc smoothly evolves into the pseudogap above Tc, the gaps at different k points are not related to one another above Tc the same way as they are below, implying an intimate but non-trivial relation between the two. This phenomenon has been discussed in the light of varied theoretical scenarios, and therefore it is essential to understand it. The basic issue is, what mechanism gives rise to this phenomenon? 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. This area also includes a collaboration with Prof. A. Wieckowski at the University of Illinois at Urbana Champaign on bimetallic electrocatalytic materials. Complementary studies such as UHV measurements and nano-size bimetallic sample synthesis and characterization are performed at the university. 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. 




