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c.  Purpose

The Electron Microscopy Center (EMC) conducts materials research using advanced microstructural characterization methods employing on electron beams.  The emphasis of this research is on the role of microstructure and defect structure on materials behavior.  In addition, the EMC develops and maintains unique resources and facilities for scientific research, expanding the frontiers of microanalysis by fostering the evolution of state-of-the-art resources in instrumentation, techniques, and scientific expertise.

e.  Approach

B. Kabius (100%), M.A. Kirk (100%), D.J. Miller (100%), N.J. Zaluzec (100%), R. Birtcher (35%); R. E. Cook (Scientific Associate, 100%), J. Hiller (Scientific Associate, 100%); Z. Liu (Post-doc, 100%), S. Trasobares (Post-doc, 100%), Y. Lei (Post-doc, 100%); X. Chen (Cedarville College, Visiting Scientist), Y. Ito (Northern Illinois Univ., Visiting Scientist); Y. Murooka (Northern Illinois Univ., Visiting Scientist); E. Ryan (Special Term Appointee, 35%).

The Electron Microscopy Center (EMC) for Materials Research develops and maintains unique resources for electron beam characterization and applies those resources to solve materials problems of interest to ANL, DOE, and the national/international scientific community. EMC scientists perform collaborative research and maintain active research programs aimed at advancing the field of electron microscopy.  In addition, the expertise and resources of the EMC contribute to the research of a group of national and international scientists.  The EMC emphasizes two major areas: operation as a national facility for materials research, and technique and instrumentation development.

(1) As a national center for materials research, the EMC provides unique instrumentation and expertise to a large group of scientists through collaborative and user research projects.  Prominent research activities include in situ microscopy of defect and transformation processes, microstructure and properties of complex oxides, physical behavior of nanoscale and magnetic materials, and the structure of amorphous materials through fluctuation electron microscopy.  The EMC also provides expertise in aspects of fabrication and characterization of nanostructured materials based on focused electron and ion beams. The EMC maintains a unique facility, the IVEM-Tandem, which provides capabilities for simultaneous in-situ ion/electron irradiation and observation, under a range of environmental conditions.

(2) Instrument and technique development is conducted within the EMC, the aim of which is to advance the state of the art in electron beam characterization.  For all of the DOE facilities, it is important to carry out fundamental research that enhances the capabilities of scientists to conduct research at the forefront of their field.  Thus, the research activities of EMC staff are predominantly aimed at developing new methods and techniques and applying them to materials problems.  Together with maintenance of facilities and user operation, these activities are carried out to make the EMC a valuable component of the DOE network of User Facilities.

A new activity involves the Transmission Electron Aberration-corrected Electron Microscope (TEAM) project, a major program aimed at designing the next generation of electron microscopes utilizing aberration correction.  In this program, the EMC leads two major activities: (1) the evaluation and development of aberration correction and related technologies to assess the potential benefits for electron microscopy generally, and for in situ observation of magnetization processes more specifically and (2) computationally mediated experimental science (CMES), where methodologies are being developed by merging state-of-the-art instruments with high end computational resources. 

f.  Technical Progress

Collaborative and user-based research

Collaborative research: In FY03, the EMC provided facilities and expertise to nearly 100 users, 32 of whom were not ANL employees.  Also, nearly one hundred other scientists benefited from the research conducted at the EMC through collaborative research projects.  Over 73 papers with content derived from work at the EMC were published or submitted for publication in FY03. 

Facilities: Maintaining a unique and state-of-the-art facility for research is an important activity within the EMC.  A significant enhancement in EMC capabilities is anticipated with the installation and acceptance of a Leo 1540 XB dual beam FIB.  This instrument offers an array of analysis capabilities including EDS and OIM, and provides state-of-the-art capabilities for specimen preparation and manipulation.  This instrument will complement other recent enhancements to EMC instrumentation, such as the recently acquired FEI Tecnai F20.  These instruments will make major contributions to research in nanoscale and magnetic materials.  The user program for the IVEM-Accelerator facility operated a total of 9 weeks during FY 2003 with eight external user groups accessing the facility. Research activities included studies of the radiation stability of complex ceramics with potential use for radioactive storage, effects of irradiation on zircoloy alloys under development as reactor fuel cladding materials, irradiation phase stability of complex ceramics, He bubble behavior in fusion materials under irradiation, irradiation behavior of ZrC and ODS steels (Generation IV reactor materials). The facility was also used in the MSD Oxidation program to study oxygen implantation and precipitation.

Applications of new instrumentation and techniques to materials science

The central theme of EMC research is to develop and utilize advanced electron-beam characterization methods to understand structure and composition in materials. In order to maximize scientific impact, each of the major projects in the EMC is closely associated with strong materials research activities in MSD and with programs at other institutions. Major research themes include:
     •
Dynamical processes and in situ microscopy

     •
Fluctuation electron microscopy

     •
Momentum-resolved electron energy-loss spectroscopy

     •
Quantitative imaging and diffraction

     •
Computationally mediated experimental science

     •
Aberration corrected imaging for in situ and energy-filtered TEM

Dynamical processes and in situ microscopy: The field of electron microscopy is approaching revolutionary capabilities for in situ studies of dynamical processes in the electron microscope.  A significant part of the EMC’s activities in this area include developing the next generation of instrumentation optimized for such studies.  The IVEM-Tandem facility is an excellent example of such successful development.

Several research programs utilize the IVEM-Tandem specifically to study dynamical processes.  Nanoparticle ejection by single ion impacts has been quantitatively measured and correlated with crater formation. The size distribution of ejected nanoparticles has an inverse power-law with an exponent of 2 independent of total sputtering yield, indicating that the clusters are produced by shock waves. The implication is that the nanoparticles are unaltered bits of the surface. This model is currently being tested by measurements on other materials. 

In situ transmission electron miscopy is being used to observe the production and annealing of individual amorphous zones in silicon resulting from impacts of ions.  Weak-beam and dark-field imaging techniques are used to evaluate the total amorphous volume during irradiation and subsequent annealing, as well as to follow the evolution of individual amorphous zones. When individual amorphous zones are monitored, there appears to be no correlation of the annealing temperature with initial size. Zones with similar starting sizes disappeared by recrystallization at temperatures anywhere from 70°C to more than 400°C. Frame-by-frame analysis of video recordings revealed that the shrinkage of individual zones occurred in a stepwise manner with changes taking place over seconds separated by longer periods of stability indicating that the recovery is a two step process.

Our growing program in dynamical studies of magnetic and electronic phenomena is yielding new results.  Previously we have measured static magnetic vortex structures in nanoscale magnetic dots using Lorentz STEM.  In recent work, we have followed the precession of a vortex under the influence of a dynamic magnetic field in the TEM, utilizing a custom-designed holder to apply magnetic field while imaging in Lorentz mode.  This new result and capability will allow different models for such precession to be evaluated.

The structure of amorphous materials through fluctuation electron microscopy (FEM: The focus of this theme is to exploit the recently developed technique of Fluctuation Electron Microscopy (FEM) to address several important problems in glasses and amorphous materials. This technique is directly and uniquely sensitive to medium-range order (MRO) in amorphous materials, and understanding the role such medium range order plays on the properties and crystallization of amorphous materials is a key goal.  Emerging topics include the structure of amorphous metallic glasses, especially magnetic metallic glasses and amorphous quasicrystalline alloys, diamond-like carbon, and oxides.

We have used FEM to provide a critical link between amorphous structure and quasicrystal formation.  It has long been speculated that pre-existing icosahedral order plays an important role in quasicrystal formation.  We used FEM to probe medium range order in two Zr70Pd30 amorphous alloys that exhibit very different crystallization behaviors. Amorphous Zr70Pd30 alloys prepared by melt spinning form the metastable quasicrystalline phase during devitrification whereas amorphous alloys prepared by mechanical milling do not.  FEM reveals significant differences in the degree of medium-range order in these amorphous alloys, suggesting the critical role such order plays in crystallization.  These experiments provide the first evidence that pre-existing icosahedral order plays an important role in quasicrystal formation.  This work is in collaboration with M. Kramer and D. Sordelet, Ames Laboratory.

We have investigated structure changes due to thermal annealing in amorphous diamond-like carbon films using fluctuation electron microscopy. We identified diamond-like clustering with no evidence of graphite-like clustering for thermal annealing up to 600 (C. When the annealing temperature exceeds 1000 (C, graphite-like clustering becomes apparent.  This work is in collaboration with J. Sullivan and T. Freidmann, Sandia National Laboratory.

Due to the technological importance of aluminum and its alloys and related corrosion problems, aluminum oxide structures have been of great interest. We applied FEM in studying aluminum oxide structures, focusing on the role of Cl-.  For the first time, we are able to confirm that normal amorphous aluminum oxides have a (-phase like structure. Our results also show that immersion in solution containing water modifies the oxide. Cl- ion presence however is not a contributing factor to this modification.

A form of near-frictionless carbon (NFC) developed at Argonne has been investigated by FEM.  Measurements on everal NFC films with different hydrogen content show differing degrees of medium-range ordering due to sp3 sites in these films. Our results confirm Raman measurements that the sp2 sites are disordered. Differences in this medium-range ordering due to sp3 sites may explain why these films show a variation of mechanical and tribological behaviors.

Momentum-Resolved Electron Energy-Loss Spectroscopy: The focus of this theme is to develop Momentum-Resolved Electron Energy-Loss Spectroscopy (MREELS) to quantify magnetic structure at the sub-nanometer scale. The use of local probes directly sensitive to the magnetic anisotropy, is essential to understanding issues such as the basic mechanisms and limiting factors of spin polarized electron transport.  While most available techniques limited to tens of nanometers, MREELS provides this capability. 

The goal of this project is to establish the experimental and theoretical framework to measure magnetic anisotropy (such as Magnetic Linear Dichroism, MLD) through MREELS on simple anti-ferromagnetic materials, and then to apply this technique to investigate multilayered magnetic structures (several nm length scale) and their interfaces.  The MLD signal is directly proportional to the preferred orientation of the magnetization.  Furthermore, MLD can be directly correlated to the local atomic and electronic structure.

In new work, we have achieved detection of nanometer scale magnetic anisotropy in a test specimen, hematite ((-Fe2O3) using MREELS. At room temperature -Fe2O3 has an antiferromagnetic ground state with spins on specific neighboring planes oriented in opposite directions.  We have extracted MLD for an oriented single microcrystal.  Our result agrees with the simulated MLD spectrum obtained by atomic multiplet calculation for the octahedrally coordinated Fe3+ ion in -Fe2O3.  This work also allowed us to demonstrate the difference between MLD and radiation damage effect.

In order to make this technique a quantitative tool, the signal-to-noise ratio and energy resolution must be improved.  We have been exploring the use of an incident electron beam with a reduced accelerating voltage to resolve the finer peaks of spectra and enhance the sensitivity of the dichroic signals.  Through these efforts, we have achieved energy resolution below 0.7 eV (minimum of 0.55 eV), better than the original specification, and established the low temperature (liquid nitrogen) experimental capability necessary to investigate temperature dependent magnetic phase transition.

This work is in collaboration with M. van Veenendaal (Northern Illinois University; APS/ANL) and N. Menon (Gatan Inc.).

Quantitative imaging and diffraction of nanoscale defects: We are pioneering new techniques in electron microscopy of nanoscale defects in materials.  Employing both weakly diffracted and diffusively scattered electrons, it has now become possible to determine for the first time defect structures down to a 0.5nm size, something not attainable by current atomic resolution techiques.

Two new approaches to determining defect structure on this scale are being pursued.  The first employs defect images under elastic scattering in weak Bragg beams, an experimental technique which began several decades ago, but was never put on a firm theoretical (and now modeling) basis.  We have now accurately simulated such images which can be used to determine defect structures of sizes down to 1 nm and in samples up to 100 nm in thickness.

A second approach was discovered recently which utilizes the diffuse elastic scattering by individual nanometer-sized defects.  Diffraction plane data has been shown to uniquely determine the structure of 2 nm sized dislocation loops in Au and Ta, especially the interstitial or vacancy nature of individual defects, a result essentially impossible before.  Utilizing the diffuse scattering to produce defect images has very recently been accomplished for the first time.  This entirely new technique holds the promise of imaging defects down to the 0.2 nm scale by suppressing all but the diffuse scattering from the defect and its strain field.  Thus, it may be possible to image and investigate point defects, their structure, concentration and local spatial distribution relative to extended defects such as interfaces and dislocations.

This work is in collaboration with M. Jenkins (Univ. of Oxford) and R. Twesten (UIUC).

Computationally Mediated Experimental Science (CMES: The Computationally Mediated Experimental Science (CMES) effort within the EMC can be broken up into three components related to data acquisition, data analysis and data sharing.

In the data acquistion area, we have successfully transferred the technology for conducting High Angular Resolution Electron Channeling X-ray Spectroscopy (HARECXS) measurements to the EMC’s TecnaiF20.  Using HARECXS we have successfully conducted the highest angular resolution measurement to date of electron channeling induced X-ray emission in ordered alloys and compounds. We are using these results to refine the calculation of ionization cross-sections in crystalline materials, which provides a basis for spectroscopic quantification.  In addition, HARECXS is being applied to the measurement of cation displacement energies in perovskite ceramic waste forms by measuring the relative partitioning of elemental species.  Developments in the data acquisition in this effort also include the development of the Scanning Confocal Electron Microscope, which is a new tool for materials characterization. The SCEM has been patented and has received the prestigious R&D 100 award for 2003. Licensing of the technology has been requested by a major semiconductor manufacturer for use in their R&D facility.  Collaborators for this work include L. Allen and M Oxley, University of Melbourne, K. L. Smith, M. Blackford,  ANSTO, Australia, and  G. Lumpkin, Cambridge Univ. UK.

In data processing, we have developed a new system that allows Position Resolved Diffraction (PRD) data to be recorded, stored, and analyzed from the ANL AAEM.  In PRD, a microanalyst records data sets at each point in a specimen, storing the information in large data arrays that can easily reach 1 Tb in size.  Since there are insufficient computing resources located at the instrument to control, store, analyze and process the data in real time, we have been developing, network aware protocols to acquire data locally, but store and analyze data sets remotely on underutilized processors. To this end, we have developed a set of generalized Grid enabled tools to facilitate network coordination of computational and experimental resources for PRD which integrate network aware resources linking: storage, communication, control together with computational power to facilitate not only data acquisition and analysis, but also data mining and remote collaboration to a degree which is unprecedented today. This work has been carried out in collaboration with G. von von Laszewski (MCS).

Finally, within the data sharing effort, the TelePresence Collaboratory (TPC) has been redesigned to permit the use of commodity hardware and software (PC's running Linux, instead of high end work stations ) and now incorporates the ability to employ relatively inexpensive internet appliances for imaging. Software modules have been developed which permit display in real time of the output of LabView ™ based instrumentation, which can if desired be modified to incorporate Globus/Grid technologies. These new prototype modes expand the utility of the TPC and allow it to be applied in a variety of other disciplines.  For example, in collaboration with the National Center for SuperComputing Applications at the University of Illinois Urbana-Champaign, the University of Southern California Information Sciences Institute, the University of Michigan, and Okalahoma University we are implementing a distributed collaboratory with funding provided by the National Science Foundation.  This NEESGrid collaboratory is in the initial stages of installation at 24 NSF-funded centers across the country to permit real time collaboration on issues of scientific importance to the Earthquake Engineering community.

Aberration corrected imaging for in situ and energy-filtered TEM: Calculations of contrast transfer show that correction systems for Cc offer significant advantages compared to Cs correction. Recently, two new designs for Cc correction, the ultracorrector and the superaplanator have been suggested. Preliminary electron optical design studies show that the stability requirements for these concepts are less stringent than the requirements for earlier designs. The requirements can be met by present technology for power and high voltage supplies. At present the superaplanator appears to be the best choice as aberration correction system for the TEAM project. The field of view with 2000 independent image points in diameter is sufficient for TEM as well as for STEM mode. Furthermore, the superaplanator can be build with 13 multipole elements which is significantly less than the 33 quadrupoles and octopoles which are required for the ultracorrector. 

The improved resolution for energy filtered images would be very helpful for e.g. characterization of oxide barriers in semiconductor devices. EFTEM experiments using the Tecnai F20 in the EMC showed that an Al2O3 barrier can be formed on a Si substrate which is only 2 nm thick. These measurements can be performed with this uncorrected instrument to with an accuracy of 0.5nm. Cc correction would allow elemental maps with atomic resolution. 

Further progress has been made for the design of an objective lens optimized for imaging of magnetic fields and in situ experiments. First drawings of this design have been made and calculations based on this new concept show that an improvement in resolution by a factor of three compared to present technology can be achieved. Cc correction would be very efficient for this lens and would enable resolution for magnetic fields on an atomic level. 

g.  Future Accomplishments

Collaborative and user-based research

Collaborative research:  The EMC is strongly committed to providing a blend of unique capabilities and instrumentation, fostering strong collaborative interactions, and enabling users to produce world-class research through training in unfamiliar techniques and instruments.  Primary areas of emphasis will involve applying the new capabilities of EFTEM (or EFI), high-resolution Lorentz imaging, and holographic imaging in combination with STEM to research topics in nanoscience.  In addition, new capabilities for materials manipulation through focused ion milling and deposition will expand the nature of materials research within the EMC.  In addition to strong characterization capabilities, these approaches offer new opportunities for synthesis of materials and nanoscale patterning.

Facilities:  Continued development and improvement of EMC facilities provide capabilities for new research.  The current acquisition of the Leo dual-beam FIB is well underway with installation nearly complete.  Acceptance tests and staff familiarization with the new capabilities will be a major activity in this year.  We are currently in the process of acquiring an environmental SEM.  This instrument will provide much needed capabilities microscopy of biological and “wet” specimens, allowing the EMC to reach a new group of researchers, and will aid in situ studies of oxidation.

The user program for the IVEM is seeing increased interest.  New proposals have been received on the irradiation evolution of chemical order in metallic alloy nanoparticles, and radiation hardness of copper indium diselenide (optical material for space and nuclear applications). The facility has been contacted regarding potential new work in additional areas.

Applications of new instrumentation and techniques to materials science

In situ processes: New scientific opportunities for dynamical studies will be pursued based on new approaches developed within the EMC.  Studies of magnetization dynamics will continue, utilizing our in-situ in-plane magnetic field stage.  The effect of geometry of magnetic dots is predicted to play a major role on vortex dynamics.  We will explore these effects in situ by applying fields in the TEM and following the precession of the vortex established in lithographically patterned magnetic dots.  Holography will also be used to measure the static field distribution necessary to model the dynamical behavior.  In the longer term, we will work to establish faster data acquisition for holography.

In situ studies of early stage oxidation will be carried out using an environmental cell currently in acquisition.  This environmental holder will also allow gaseous treatment of a specimen at elevated temperatures in a chamber external to the microscope. Specimens may be repeatedly treated without temperature change or removal from the holder. Initial studies will focus on oxidation of Cu-Au alloys to complement studies carried out at the APS.

Ion-solid interactions continue to offer promising scientific opportunities.  For example, we have found that single ion impacts on Al do not eject nanoparticles while cluster ions do yield nanoparticles. In order to understand this issue, we must understand Al nanoparticle ejection.  The angular dependence and size distribution of ejected Al nanoparticles ejection are important parameters that must be determined to understand this phenomenon.  The size distributions of Al nanoparticles collected on thin carbon foils are being determined and the amount of Al present in nanoparticles estimated. X-ray emission during SEM examination will be used to determine the total amount of Al on the carbon foils, including that in nanoparticles to small to resolve to establish the fraction of sputtered material during the process.

The structure of amorphous materials through fluctuation electron microscopy (FEM: We plan to develop new approaches in applying fluctuation microscopy. In particular, we plan to pursue approaches for variable resolution microscopy, a variant of FEM.  In one approach, we will combine holography with FEM. This approach will allow us vary the resolution easily and extract information on correlation length scales. A second approach involves utilizing STEM techniques, in which the probe size can be varied to measure the variance at key length scales.  An exciting third alternative is to use image reconstruction to extract the phase and amplitude from high-resolution images.  With phase information, digital filters can be used to reconstruct the variance of an image at different length scales.  One advantage this approach offers is the capability to determine the key length scale through regression routines.  Each of these approaches is enabled by our recent acquisition of the Tecnai F20 and each will enable studies of structures at different length scales.
Although fluctuation microscopy is a very rich and useful approach, it is also still relatively new. There are unresolved questions regarding how to interpret fluctuation microscopy results. A theoretical front that we have been working on is to build up a statistical theory that provides a framework under which important parameters of medium-range ordering can be readily extracted from fluctuation microscopy measurements.

In studies of the structure of metallic glasses, we will continue to pursue the nature of quasicrystal formation through FEM and diffractive imaging.  We have already established the key link between medium range order in the glassy phase and quasicrystal formation during devitrification.  We will use FEM and diffractive imaging to establish the length-scale of MRO and, most importantly, the symmetry of such order.  If we can demonstrate that the MRO exhibits icosahedral symmetry in alloys that form quasicrystals, we will have extremely strong evidence regarding the origin of quasicrystals.

We will further our studies on hydrogenated near frictionless carbon films. So far fluctuation microscopy is the only technique that distinguishes structure differences in those films which otherwise would look the same with other techniques. Hence, fluctuation microscopy holds promise to prove why those films can exhibit different properties. 

Momentum-Resolved Electron Energy-Loss Spectroscopy (MREELS): MREELS is a technique of electron energy-loss spectroscopy that is sensitive to anisotropy in crystalline materials.  MREELS will be applied to multilayer magnetic structures of 3d transition metal/oxide ferromagnets and antiferromagnets in order to address fundamental issues of spin polarized transport.  Results can be correlated with information simultaneously available from EELS, e.g., composition, bonding and valence state, as well as from various imaging techniques. The magnetic domain structure and magnetization for each layer will be visualized and probed by complementary methods such as magneto-optical imaging, Lorentz (STEM) microscopy, electron holography, and polarized x-ray imaging/spectroscopy techniques available at the Advanced Photon Source at Argonne.  Using this technique we will investigate effects on the magnetic structure caused by strain fields at the interface, by the applied magnetic field, and by magnetic phase transitions as a function of composition and/or temperature. 

In further developing the technique, we will focus on the following issues: (1) separation of structural and magnetic anisotropy (2) further improvement of the energy resolution, (3) comparison with other acquisition modes, e.g., the TEM diffraction mode and field-free mode, and (4) further theoretical analysis using the Atomic Multiplet method. 
The most crucial experiment to be performed is to acquire MLD independent from the structural anisotropy of the material.  This can be accomplished in -Fe2O3 by measuring the temperature dependent MLD of -Fe2O3 below and above the critical temperature Tm, at which the internal magnetic moment flips by 90°.  This experiment will not only prove that MLD measurements are feasible, but also opens up the possibility of detailed study of the temperature dependence of anisotropic transitions of other systems. 

In order to apply the MREELS technique to ferromagnets, the experiment must be performed under magnetic field-free conditions using a Lorentz lens and a specimen holder with a controlled field. We will also investigate recently proposed technique based on the Interference EELS to magnetism.  This technique has a promise on detecting signal related to the magnetic circular dichroism.  Each of these approaches could benefit from the next generation aberration corrected microscope developed by the TEAM project, which will provide not only higher energy resolution spectra, but also smaller probe sizes in a field free operating regime.  For example, the spatial resolution of STEM in field-free mode (2 nm) will be improved to 0.15 nm through the DOE TEAM project.  This work is in collaboration with P. Schattschneider, the Vienna University of Technology, Austria. 

Quantitative Imaging and Diffraction: Modeling of defects will be improved by first employing the more accurate analytical formulations for small Frank loops and stacking fault tetrahedra in fcc metals by D. Saldin (Univ. Wisc.), who will collaborate on this model.  Further defect models in both fcc and bcc metals will employ the MD computer modeling results from the group of D. Bacon (Univ. of Liverpool).  Finally, defect models will be determined for more complex structures including Si, SiO2, PZT and BST in collaboration with the Interfacial Materials Group (fwps 58403,58305).

Image simulations of the above model defects will be significantly improved by employing the Howie and Basinski equations. Additional image simulations will be performed using the modified multislice technique.  This calculation will additionally allow simulation of defect images formed by diffusely scattered electrons, which will allow further defect structure and strain field nature (interstitial or vacancy) to be determined.  This work is in collaboration with M. Jenkins (Univ. Oxford), S. Dudarev (Culham Lab),  and R. Schäublin (PSI, Switzerland).

Quantitative TEM of defect structures will continue to be improved with the use of field-emmission TEM and energy filtered imaging and diffraction. The measurement sensitivity of electron scattering from defects will be improved by the suppression of thermal diffuse scattering using a new liquid helium cooled sample stage. These methods will be applied to a fairly broad spectrum of defects and materials, including defect structures that embrittle reactor pressure vessel steels and those in Si specially doped to irradiation harden the material.  Defect structures associated with this irradiation hardening mechanism will be modeled in Si by collaborators in the Interfacial Materials group (FWP 58307).  Defect structures resulting from growth and processing will be studied in perovskite ferroelectric thin films and in nanostructured and thin film magnetic materials, for which domain wall pinning by defects will be especially of interest.   These activieis involve collaborations with with Oxford University, Bechtel Bettis Atomic Power Laboratory, the Institute of Nuclear Physics in Tashkent, and the Interfacial Materials group (FWP 58307), and the Magnetic Thin Films group (FWP 58918).

Computationally-Mediated Experimental Science: In order to continue pressing the limits of data acquisition technology for high spatial resolution spectroscopy, we will begin an experimental work on  arrays of silicon drift detectors to increase the sensitivity of x-ray spectroscopy in the current (and future) generation of AEM.  The goal will be to eventually develop a technology having at least a 100-fold increase in combined count-rate, and solid angle performance compared to today’s commercially available detectors.  This work will not only benefit all nanoscale spectroscopy measurements but also provide the ability to increase the throughput of data for quantitative HARECXS measurements.  In addition, this detector technology will be required for conducting spectroscopic measurements in the our pulsed electron source microscope project.  Experimental measurements using High Angular Resolution Electron Channeling Electron Spectroscopy (HARECES) will be conducted to determine if sufficiently complementary information can be obtained using it  relative to HARECXS. 

The work on in-situ in-plane magnetic field stage will continue and a controller system will be developed to facilitate operation of the combined stage and microscope system for quantitative Lorentz imaging of magnetic microstructures.  Using this stage we will attempt to measure the dynamic effects of fringing fields during field switching experiments as well as the motion of vortices under applied fields in lithographically fabricated thin-film structures. Procedures for data acquisition and analysis of electron holograms will also be developed to complement the in-situ magnetic field stage. The relative merits of the SCEM for use in advanced materials systems will be expanded to include studies in biological samples.

As the development of the Telepresence Collaboratory continues, and to complement the TP observational mode, we will begin work on the development of a wireless/haptic remote control panel suitable for control of TEAM instruments as well as generalized scientific equipment.

Aberration correction for electron microscopy: Within the framework of the TEAM project we will improve our electron optical calculations. For the next year a detailed design for the ultracorrector and the superaplanator is envisioned. If Cc correction appears to be feasible according to these calculations a prototype will be built and tested within the following three years. The effort necessary to develop and build Cc correctors can be justified by the advantages this technology offers for several imaging techniques.  A one-order-of-magnitude improvement is predicted for each of the following:

     1)
the signal of TEM images for sub-Å resolution

     2)
the spatial resolution of elemental maps calculated from energy filtered images 

     3)
the spatial resolution of for very thick samples (e.g. biology, mechanical deformation)

     4)
The beam current in a focused probe for analytical measurements 
The detailed design for the LIS system for magnetic imaging is envisioned. If this new lens system appears to be feasible a prototype will be built and tested at ANL. This objective lens will be the first step towards TEAM II which is the in situ version of the TEAM instrument.  This work is in cooperation with Max Haider (CEOS GmbH) and Harald Rose. 

Experiments will be carried out for developing Z-contrast imaging in TEM mode using hollow cone illumination and customized objective apertures.

h.  Relationships to Other Projects

Extensive interactions exist with ANL programs as well as with researcher programs around the world.  Within MSD, there are significant interactions with Interfacial Materials (58307), Nanostructured Thin Films (57504), In situ Alloy Oxidation (58930), Superconductivity and Magnetism (58906) and Magnetic Thin Films.  Across Argonne there are significant interactions in many areas, but particularly with programs in the Energy Technology, Chemistry, and Chemistry and Materials Technology divisions. Collaborations with the Biology division and with the research programs supported by the Center for Nanoscale Materials are becoming increasingly fruitful.  Extensive collaborations on the TEAM project involve Lawrence Berkeley, Oak Ridge, and Brookhaven National Laboratories and the Frederick Seitz Materials Research Laboratory.  Fluctuation microscopy activities are strongly interactive with programs at Ames Laboratory and the University of Illinois.



	


