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c.  Purpose

This project examines the fundamentally new magnetic behavior that occurs at submicron and nanometer lateral length scales. Understanding nanomagnetism confined to these length scales requires (i) innovative fabrication techniques to produce the appropriate feature sizes and spatial configurations, (ii) creative characterization tools to observe and analyze the new behavior, and (iii) the development of new physical principles and theoretical models to explain and understand the unusual magnetic behavior. This project integrates fabrication, characterization and understanding of lithographically patterned and self-assembled nanomagnets within a single program.

e.  Approach

Key Personnel:  Samuel Bader (25%), Frank Fradin (80%), Marcos Grimsditch (20%), Axel Hoffmann (100%), Dongqi Li (80%), Valentyn Novosad (100%), Vitalii Vlasko-Vlasov (10%), Hsien-Hau Wang (15%), and Ulrich Welp (10%).

The work-plan involves the interplay of experiment, major facilities, theory and simulations. Lithographies are used to create sub-micron arrays of novel heterostructures. These systems are then used to explore domain wall energetics, magnetization-reversal and relaxational dynamics, and pinning in confined geometries. Lithographies are also used to fabricate unique spintronic prototypes in order to tailor magnetic anisotropies and explore magneto-transport and related spin-polarized phenomena. Self-assembly approaches are used in order to transcend lithographic length scales in a quest for the ultimate limit of spatial confinement and structural perfection. Self-assembly of epitaxial metallic nano-arrays via surface science strategies is used to create lateral stripes, in order to explore quantum confinement, lateral exchange couplings, finite-size scaling and time-dependent magnetization effects. Complementary self-assembly approaches utilize the chemical selectivity of block copolymers to create nanomagnetic arrays of spheres, cylinders and lamella. Surfactant-mediated chemically and biologically templated self-assemblies are being employed to create arrays and hybrid composites with controlled particle sizes.

These activities represent a major effort with its own internal structure and pathways. For example, in the efforts to integrate soft matter and magnetic materials different strategies are being taken. One is based on block copolymers. With proper choice of hydrophobic and hydrophilic segments, block copolymers are known to undergo micro-phase separation.  Magnetic particles can be incorporated selectively into one of the polymer segments to create self-organized magnetic arrays that can serve, for example, as prototypes for future generation ultrahigh density patterned magnetic recording media. This approach highlights the possibility to create hierarchically organized materials systems for the future, rather than merely component materials that need further integration to actually be functional.

For fabrication via electron-beam lithography and ion beam patterning methods, novel lateral magnetic structures are being created whose characteristic dimensions and shapes are tailored to provide and elucidate new physical phenomena. In addition to single-component systems, hybrids are being investigated as well combining different magnets (such as hard and soft, or ferromagnets and antiferromagnets), or magnets and superconductors, semiconductors or insulators. Lithographically prepared arrays of submicron holes or dots of various geometries are being generated.  Lithographic techniques allow for the reduction of the lateral feature size in favorable cases below that of intrinsic physical length scales such as the magnetic domain size, magnetic domain wall thickness, and (for clean materials) the coherence length, the spin diffusion length, and the electron mean free path. Novel physical phenomena and new possibilities for devices arise within this limit of confinement for individual elements as well as due to collective phenomena in coupled array systems. The properties of these structures are evaluated using magneto-transport, magnetization, diffracted MOKE, and direct imaging of the magnetic structures, as well as DOE major facilities for x-ray, neutron and electron scattering, spectroscopy and imaging. Diffracted MOKE has rapidly emerged as a powerful tool for the characterization of submicron patterned magnetic materials; theoretical interpretation in terms of micromagnetic simulations is now standard. Brillouin light scattering is our experimental tool of choice for measuring the normal magnetic precessional modes in nanostructures.

f. Technical Progress

Lithography

Magnetization reversal in strongly interacting arrays: The magnetization reversal in chains of submicron square- and disk-shaped Permalloy dots with lateral size of 800 nm, thickness of 50 nm and variable interdot distance of 30 – 800 nm was investigated by means of MOKE, MFM and micromagnetic modeling. From the experimental hysteresis loops we conclude that changing the dot shape from a disk to a square has a strong destabilizing effect on the vortex state, and, therefore, affects the characteristic vortex nucleation and annihilation fields. However, the dot geometry was found to have almost no influence on the strength of the interdot magnetostatic interactions. This experimental result favors applying a dipole-dipole approach to describe magnetization reversal in strongly interacting arrays of sub-micron elements. MFM imaging of magnetic squares in an external magnetic field carefully aligned along the chain reveals C-shape nucleation modes, and hence, in a coherent chirality of the magnetic vortices in zero field for most of the dots. Also, D-MOKE reveals that the reversal mechanism in an array of elliptical holes in a permalloy film is strongly affected by small changes in the direction of the applied field. If such systems are to be used in magnetic memory applications, these subtle effects cannot be overlooked.

Metastable states in square frames: The 2D arrays of Permalloy square picture frames (25 nm thick, 2.1 microns lateral size, and 240 nm width) were fabricated using high-resolution e-beam lithography and lift-off techniques. Analysis of the D-MOKE hysteresis loops, MFM images and micromagnetic simulations shows that the magnetization reversal path depends on the direction of the in-plane applied magnetic field. We found that reversal occurs via the formation of unexpected intermediate metastable states. The origin of these states arises from small asymmetries in the frame shape that are generated during fabrication. These subtle defects can be used to advantage as a means of tailoring the magnetic structure of nanodots. For fields along an edge or a diagonal of the square upon reducing the field from saturation, the onion state is stable at remanence. In a narrow field range around reversal, we find that the reversal occurs via a metastable intermediate state. For fields along the diagonal this intermediate state is a magnetic vortex, while for fields applied along an edge the intermediate is a horseshoe state. 
Inter-dot magnetostatic interaction probed by FMR: Ferromagnetic resonance (FMR) at 9.2 GHz (X band) was used to characterize the uniaxial magnetic anisotropies in rectangular arrays of submicron circular Ni dots. The in-plane anisotropy, originated from interdot interactions in the rectangular lattice, and the perpendicular anisotropy, due to individual dot shape and magnetostriction, were explored. For in-plane dependencies of the resonance field (Hr), the main resonance mode angular dependence was well described by the standard Kittel formula. As the interdot distances decreased from 800 to 50 nm, the in-plane uniaxial anisotropy field increased, in reasonable agreement with calculations. Simultaneously, the value of the perpendicular Hr increased, also following Kittel's formula.

Exchange Bias: Theoretical calculations were generated of the phase diagram for patterned exchange bias systems for arbitrary angles between shape and unidirectional anisotropy. One surprising result is that the asymmetric loop shift can exceed the unidirectional anisotropy. Samples were then prepared of exchange biased NiFe/FeMn. Exchange biased lines with varying ratios of uniaxial anisotropy to unidirectional exchange bias anisotropy were created in order to explore the calculated phase diagram of magnetic behavior. Magnetometry measurements performed via MOKE validate the theoretical predictions. Samples were also prepared to test different fabrication strategies for the creation of related lateral exchange spring systems. Obtaining a clean interface with good coupling after lithographic processing is still a challenge. Also, numerical simulations of training effects in exchange biased systems were carried out and epitaxial CoO/permalloy and CoO/Ni structures were prepared in order to test the utility of the simulations.

Exchange coupled systems: We investigated the magnetization of AF-coupled Fe/Cr(100) superlattices with biaxial in-plane magnetic anisotropy. Such systems are ideal to study magnetic phase transitions that are not easily accessible in naturally occurring systems. Using magnetization data and magneto-optical domain imaging in conjunction with micromagnetic calculations we discovered a surface spin-flop transition in this biaxial system. (Spin-flops are well known only in uniaxial systems.) Furthermore, we find that the theoretically expected twisted state on decreasing applied field does not occur.  Instead, the field induces a non-symmetric state with an induced transverse moment.

Magnetic mode theory: A micromagnetic code that enables the magnetic normal modes of nanoparticles to be calculated has been developed and tested (with MCS division). The code can be used to calculate nanoparticle modes even in non-uniform magnetization states.

Magnetic Nanoconstrictions: We prepared U-shaped 200-nm wide wires of permalloy with well defined constrictions to foster domain wall pinning. MFM shows that the details of the geometry of the constriction are critical to determine the domain pattern between the constrictions.

Lateral Spin Transport: We prepared structures for lateral spin-transport, consisting of two ferromagnetic rectangles connected across a 500-nm gap by a narrow gold wire. The main problem is still to obtain a clean interface in the two-step lithography process.

High resolution multi-step e-beam lithography: We have designed and fabricated prototype micro-coils with electrical, mechanical, and thermal properties suitable for further integration in experimental environments where pulsed magnetic fields are required. Two possible applications are time-resolved (optical or x-rays) and high-field susceptibility measurements. The geometry of the coils and the electrical leads were defined by high-resolution electron beam (RAITH-150) lithography. Au and Cu coils with an inner diameter of 1-10 microns, and width of ~1-5 microns were fabricated. The magnetic samples were grown inside the coil by using multi-target sputtering techniques. The fields produced (in pulse or continuous ac mode) will enable dynamical studies of a wide range of spin dynamics processes in nanomagnetic systems.  Similarly, we prepared striplines decorated with well defined magnetic nanostructures for time-resolved photoemission electron microscopy (PEEM) measurements (with D. Keavney APS).

Self Assembly:

Bio-assisted Self Assembly: We demonstrated a novel nanobiomagnetic sensor scheme based on Brownian relaxation of magnetic nanoparticles suspended in liquids.  For the initial experiments we used commercially available magnetite nanoparticles with an avidin coating.  
a.c. susceptibility measurements were used to demonstrate the ability to detect chemical selectivity of the resultant complex when the magnetic nanoparticle is chemically bound to standard biotin functional groups.

Diblock copolymer irradiation effects: We found that local e-beam exposure of PMMA-PS block-copolymers can locally alter the diffusion of metals evaporated on top of them. In fact, the exposure eliminates any preferential absorption of the metals and suppresses the formation of the familiar self-organized fingerprint patterns in the metallic layer.

Nb/AAO: Previously we showed that sputtering Nb onto nano-porous anodized aluminum (AAO) membranes allows one to fabricate large-area, perforated films containing regular arrays of holes with <100-nm sizes. These samples display enhanced superconducting critical currents and pronounced commensurability effects between the vortex and hole lattices. However, an apparent contradiction arises since high critical currents are associated with steep gradients in the vortex density, while commensurability indicates uniform vortex densities given by the hole density. Using magneto-optical imaging of the vortex distribution we found that the vortex gradients induced by the critical currents in these thin-film samples is rather weak (~60 G) whereas our commensurability field is much larger.  Therefore, high pinning and pronounced commensurability effects can coexist.

Permalloy/AAO: When a highly ordered array of pores is introduced into a magnetic film, its coercivity behavior changes quite dramatically. To create such a film, an anodic aluminum oxide (AAO) membrane was sputter coated with a 5-15 nm thick permalloy (Fe19Ni81) film. With a hexagonally close packed array of 80 nm pores, where the pore-to-pore separation distance is 110 nm, the coercivity is increased by a factor of three for a 10-nm thick permalloy film, as measured by MOKE. By decreasing the pore diameter to 30 nm with a pore-to-pore separation distance of 60 nm at the same film thickness, one gains a factor of 25 increase of the coercivity as compared to the non-porous standard.

Patterning with layer-by-layer approach toward 3D structures: Recently we successfully combined the dip-pen nanolithography with a layer-by-layer approach. The procedure allowed us to define a pattern on a surface through AFM tip writing. The patterned areas were first derivatized with hydrophilic polyethyleneimine (PEI).  Nanoparticles such as FePt and Co (with X.-M. Lin and J. Schlueter) bound efficiently through the amine groups to the patterned surface. Each layer thickness is ~8 nm. This procedure can be repeated to develop a thick composite layer. MFM images were obtained on the Co/PEI three-layer system to verify the magnetic nature of the patterns. This new procedure opens novel possibilities for soft/hard magnetic multilayers, as well as ferromagnetic/superconductive multilayers.

Lithographically guided self-assembly: We etched templating patterns onto a Ru(0001) substrate with e-beam lithography, cleaned the Ru in UHV, and then deposited Co onto it at elevated temperature. When the templates are deep with steep edges, the resultant Co dots are guided along the edges during the growth process, and the magnetic easy axes are along the edges of the templates. This suggests new possibilities in guided self-assembly for complex and functional nanomaterials.

Metastable epitaxial Co dots on Ru(0001): Growth morphology and magnetic domains were investigated in real time with spin-polarized low-energy electron microscopy (SPLEEM). We confirm an SK-growth mode - one wetting layer followed by islands (dots). The dots exhibit in-plane single domains, while annealing can convert them into the vortex state. This shows that the vortex state is the ground state, and that the magnetic domains are metastable near the phase boundary of the vortex and single-domain states.

g. Future Accomplishments
Lithography:  

Giant magnetoresistance (GMR) effect in patterned dot arrays: The magnetic properties of ferromagnetic solids depend not only on the crystallographic nature of the system such as grain size, distribution and orientation, but also on the physical dimensions and geometry of the micro-fabricated structure. Large samples usually exhibit a multi-domain structure in remanence, which leads to the magnetization switching due to domain wall displacement. The vortex-type remanent magnetization distribution is energetically favorable for micron and sub-micron disks with weak magnetocrystalline anisotropy. We will focus our research on electrical transport properties of such lithographically defined dots, and multilayered structures. The later allows one to combine the advantages of multilayers and granular alloys in order to explore the GMR effect, and obtain a linear (hysteresis-free) response of the structure. This unique property is of great potential for magnetic field sensing technologies. Adjusting magnetic properties of the sensitive elements will be achieved by tailoring their shape, and geometric aspect ratio.

Exchange Bias: We will investigate training effects in epitaxial exchange bias systems using element-specific XMCD to follow the development of any net moment in the AF layer during each of the reversal after the initial field cooling. According to our theoretical model, there should be an initial large net magnetic moment in the AF, which should essentially disappear upon the first magnetization reversal after field cooling. We will also explore exchange bias with geometrically frustrated magnets. This is interesting because the geometric frustration may facilitate the development of a large magnetic moment at the interface and could consequently give rise to a large exchange bias. At the same time the coupling to a ferromagent may lift some of degeneracy, which is the reason for the frustration, and thus promote magnetic ordering at temperatures well above the nominal bulk Néel temperature of the frustrated system. In addition, we will perform vector magnetometry on exchange-biased lines using transverse and longitudinal magneto-optic Kerr effect. This will allow for a detailed comparison between experiment and theory across the full phase diagram of magnetic behavior of exchange-biased lines.

Magnetic Vortices: We will investigate antiferromagnetically coupled vortex systems.  Besides the ordinary AF coupling observed in ferromagnetic/non-magnetic multilayers there should be also interesting effects due to the magnetostatic interaction between vortex cores in different layers. The relative orientation of the vortex core magnetization in alternating layers should be determined by the competition between the AF coupling and the magnetostatic energies. Hence, a small variation of the interlayer thickness may lead to dramatically different magnetic behavior.

Exchange Springs: Exchange spring behavior could be very different in a lateral system compared to a layered system. For a layered system the partial domain wall of the exchange spring is typically of the Bloch type (i.e., the magnetization is always parallel to the hard/soft interface), while for a laterally patterned system the partial domain wall should be of the Néel type for sufficiently thin layers. This different structure of the partial domain wall should give rise to different magnetic behavior. In order to study this systematically, we will prepare a model system for a lateral exchange spring by patterning Co lines on continuous NiFe films. This will give rise to hard NiFe (due to coupling with Co) laterally alternating with soft NiFe.

Magnetic Domain-Wall Memory Elements: It has been shown that electric currents can displace magnetic domain walls in laterally patterned magnetic systems. This allows one to reversibly change the domain pattern of small magnetic patterns just by application of suitable electric currents. In principle, it should allow one to develop a magnetic memory, where the information is encoded in the domain pattern. We are developing a prototype device based on this idea.

Lateral Magneto-Transport Devices: Two ferromagnetic contacts connected by a non-magnetic wire should be in a high resistance state if the magnetization of the two contacts is anti-parallel.  By adding a third ferromagnetic contact in between the two original contacts, we can intermix spin-up and spin-down states if the magnetization of the third contact is non-collinear with the other two.  In this way we should be able to control the resistance of the device by adjusting the orientation of the magnetization of the third contact. Initially this will be done with a small external magnetic field that does not perturb the magnetization of the other two contacts. Ultimately we want to modify the magnetization of the third contact through current driven spin-torque effects.

Spin-wave quantization in double-layer magnetic stripes: We will experimentally and theoretically study spin-wave quantization phenomena in laterally patterned double-layer stripes of F/N/F type (with F layer thickness of ~ 5 - 50 nm, and  N, the non-magnetic spacer, thickness of 10-20 nm). The samples will be micro-fabricated using e-beam lithography, and thin-film deposition. Brillouin experiments are planned to probe the spin excitation spectra in stripe arrays. Analytical theory will be developed to describe the quantization of the two branches of the Damon-Eschbach magnetostatic spin-waves in this restricted stripe geometry. The aim is to understand the interplay between interlayer coupling and frequency quantization of single-layer stripes. Preliminary estimations show that the frequency of the quantized magnetostatic waves is in 10-20 GHz range, the separation between expected spin-wave modes is 1-2 GHz with typical quantized in-plane wavevectors of 104-105 cm-1.

Novel Spin Devices: Spin skew scattering in normal metals should give rise to a spin Hall voltage, where even without an external field there is an imbalance between the spin-polarization of the charge carriers across the width of the current path. This is similar to the principle of Mott detectors that resolve the polarization of electron beams. By injecting a spin-polarized current into the normal metal, i.e., through a tunnel junction, it should be possible to generate a finite electric Hall voltage in the absence of an external magnetic field. We will investigate this in a two-terminal lateral device, consisting of crossed ferromagnetic and non-magnetic wires.  Such a spin Hall voltage can be used to determine spin-diffusion lengths by means of voltage measurements at various locations from the injection point.

Current induced spin-torque effects: can be used to switch the magnetization of nanostructures.  However, the current density needed is high (~109 A/cm2), which makes the approach unsuitable for many applications. It might be possible to reduce the critical current density by combining the ideas of precessional switching with spin-torque effects, while obtaining switching times that are <1 ns. By using a layer with perpendicular magnetic anisotropy one can exert an out-of-plane spin-torque on the magnetization. Any out-of-plane canting of the magnetization would result in a large demagnetizing field, which would lead to a precessional in-plane motion of the magnetization. This precessional motion can be utilized to switch magnetization with current densities that are theoretically estimated to be one or two orders of magnitude below that needed for standard spin-torque effects. Initial experiments will be done by patterning <100 nm diameter permalloy discs, which should have no in-plane anisotropies. High current pulses from a ferromagnetic STM tip should then initialize precessional motion in the disc. After a proof of principle, detailed studies will investigate the switching as a function of current pulse strength, duration, and shape.

Double vortex formation: Magnetic nanoparticles provide a unique opportunity to investigate magnetization reversal in simple and controlled geometries, and thus avoid the complexity of the myriad of magnetic domains that form in a macroscopic ferromagnet. Most investigations to date have concentrated on the simplest reversal mechanisms - either coherent rotation, formation of a single vortex, or two-domain configurations. We can now investigate higher degrees of complexity. Hence, we are studying the formation of double vortex structures in elliptical particles where the reversal mechanism can be controlled by both the size and shape of the particle and by the direction of the applied magnetic field.

Nanoconstrictions: We will investigate the magneto-transport properties and magnetic structures in nano-constrictions in hybrid and single-layer magnetic films with a focus on FIB manufactured nanobridges. We will study the magnetoresistance of magnetic wire networks and individual joints under the condition of well-established magnetic states of neighboring elements. In nanoconstrictions extremely sharp magnetic transitions can be realized offering high magnetoresistance ratios under ballistic spin transport conditions, where the width is smaller than the mean free path and/or the spin diffusion length.

Magnetization reversal in split rings: Having found that magnetization reversal in square frames is determined by subtle imperfections produced during growth, we will investigate reversal in square rings that have a narrow gap in one of the arms. We anticipate that this will determine the reversal mechanism, but in a manner controlled during fabrication. This could bring us closer to using these magnetic arrays for magnetic memory applications.

Magnetization dynamics: theory, experiment and application: Our micromagnetic code that calculates the magnetic normal modes of nanoparticles – the first of its kind - places us in a privileged position in the field of magnetization dynamics. With this code it will be possible to interpret results of Brillouin scattering, x-ray PEEM, and time resolved MOKE within a theoretical framework. The powerful confluence of techniques will allow us to tackle problems at the forefront of basic science as well as to address issues important to industry. A particular problem of interest in this latter category is the thermal noise in magnetic read heads due to the presence of magnetic excitations. At present this source of noise is the limiting factor to further miniaturization. By designing the shape of the read-head it may be possible to modify the frequencies of the magnetic modes and reduce the thermal noise.

Time-resolved spin dynamics via XMCD: Experimental and theoretical studies of time dependent magnetic behavior in the regime of 80 ps to 5 ms is being planned as a partner user program within MSD, CHM and the BESSRC CAT at the APS. The measurements will be based on time dependent x-ray magnetic circular dichroism (XMCD). Magnetic nanodots will serve as the first focus of interest. Modeling will not only be the basis for the interpretation of the experimental results, but also will be used to define the experimental conditions. In particular, the magnetization reversal as a collective spin-instability in dot spin-wave eigenmode spectra will be considered. We will explore the dependence of the magnetization reversal (switching) on temperature, external field, and pulse amplitude and duration (in the nanosecond range). This is a key problem for magnetic recording and also of fundamental scientific interest. The values of switching time and switching field, the angular dependence of these parameters, and the role of magnetization damping are still unclear. The switching field can be described in terms of spin-wave instabilities, wherein the amplitudes of selected spin-wave modes grow exponentially. The discrete spin-wave spectra of the magnetic nanoparticles will be calculated on the basis of dipolar-exchange theory within the framework of a Green's functions formalism. The calculated spectra will also enable the calculation of the damping parameter (which describes the non-linear interaction of spin-wave modes).

D-MOKE interference effects: Recent D-MOKE experiments on patterns where the magnetic material is not all at the same height, have shown unusual hysteresis loops that cannot be explained with existing theory. This indicates that interference between levels play an important role. We will generalize the theory to include interference effects and evaluate the possibility that the effects could be of interest in signal processing devices.

Plasmonics and magneto-optics in nanoscale systems: The optical, electronic and magnetic properties of an individual nanoparticle can be tailored by adjusting the particle size, composition and surface chemistry. The properties of collections of nanoparticles depend not only on those of the individual particles, but also on the coupling and interaction between particles and with the local environment. We will study collective behavior primarily on the magneto-optic response of nanoparticles and of their ordered arrays. These nanostructures will be formed from magnetic metals or oxides as well as composites of magnetic and noble metals. We will create lithographically patterned structures, ordered nanoparticle assemblies on metal films, self-assembled core/shell nanoparticles, and superlattices of ordered nanoparticles of two types. We will explore near-field coupling effects that are important at length scales <100 nm, which is much less than the wavelength of light. It is well known that an optical field can induce a collective motion of the electrons (surface plasmon) inside the metal nanoparticle that concentrates the optical electromagnetic field in and around noble metal structures. These effects manifest themselves in nanoparticles, metal films, and metal shells. It has recently been shown that this electromagnetic energy can coherently propagate along arrays of closely spaced nanostructures. The coupling of surface plasmon resonance effects with nanomagnetic structures opens up new opportunities for scientific discovery as well as the possibility of manipulation of electromagnetic waves on nanometer length scales.  We previously showed that nm-sized holes serve as point-like sources for surface plasmon polaritons (SPP).  Using near-field optical microscopy, we found that focusing, reflection and guidance of the SPP can be achieved with properly designed hole patterns. We will investigate the magnetic field dependence of the SPP propagation in patterned magnetic films and particle arrays. The prospect of controlling the plasmon dynamics with applied fields could have a significant impact on the design and operation of nano-photonic devices.

Functionalized magnetic nanoparticles for bio-medical applications: e-beam and optical lithography combined with lift-off and thin-film deposition techniques will be used to fabricate magnetic particles with superior properties for bio-medical applications. Although the particle shape can be adjusted to any desirable geometry by adjusting the micro-fabrication process, we will focus on magnetically soft (Fe-Ni, and Fe-Co alloys) disk-shaped elements. This geometry is known to have a vortex spin state in zero magnetic fields. Such vortices, with spin circulating around the center of the disk, posses a number of interesting features, although no efforts have been made to date to functionalize them for practical applications. We have analyzed the available experimental and theoretical data and conclude that the disk-shaped particles should demonstrate exceptional properties for medical applications. For example, such particles are only magnetic in the presence of a magnetic field; the particles immediately demagnetize when the field is removed, so they do not attract each other and agglomerate. The magnetic properties will be measured by dc SQUID and high-frequency (Ghz) ac permeability experiments.

X-ray speckle metrology:  The use of fully coherent x-ray beams from the latest state-of-the-art synchrotron light sources allows the possibility to do speckle x-ray imaging.  This “lensless” imaging technique permits one to determine complete chemical and magnetic structures with high spatial resolution.  However, the reconstruction of a real-space magnetic structure is still beyond today’s capabilities.  In order to gain a better understanding of the capabilities of speckle imaging we will use lithographically patterned magnetic structures, that give rise to well defined magnetic structures.  Speckle images from these structures should be a valuable step towards a better understanding of the capabilities of this newly emerging technique.

Self Assembly:

Uniaxial phase separation in self-assembled monolayers: Organic self-assembled monolayers (SAM) have shown great promise for use in a number of technology arenas.  While SAM structure has been well studied for some time, SAM dynamics is a burgeoning research area. Understanding the evolution of SAM structure in time is of central importance in the development of robust devices. Specifically, stability of devices comprised of multiple components demands that the functional units be stably anchored. We are studying the phase separation dynamics of model two-component SAMs to this end.  Preliminary experiments have hinted at unusual anisotropic phase growth that may be exploited for self-assembled nanoscale structure formation.

3-D alignment of block copolymer domains: Fusing top-down and bottom-up assembly, a substrate is lithographically patterned in such a way that it guides the aligned self-organization of a diblock copolymer ultrathin film. By tuning the depth of the substrate channels, it is possible to engineer the number of vertically stacked polymer domains—all of which may be aligned along the channels. Only the topmost layer can be probed with atomic force microscopy and, hence, the registry of the underlying layers is unknown.  There is inherent frustration in this system because the layers prefer to stack in a close-packed arrangement, but preferential wetting of the channel sidewalls directs the layers into a square lattice. We aim to ascertain the actual structure using advanced microscopies.  Nanophase separated films of this nature can be used as templates for the selective absorption of magnetic nanoparticles, either due to innate selectivity or by designed lock-and-key chemistry. Devices of this sort may serve as low-cost, high-density data storage media.

Organic/inorganic hybrid structures as nanocomposite templates:  Recent work has shown that metals can selectively decorate one component of diblock copolymer films. This effect is attributed to the different metal diffusion constants within the two polymer components resulting from weak chemical interactions. We plan to tune these diffusion constants on the nanoscale using electron beam lithography. Not only will this study aid in understanding the fundamental physics at work in this system, it could also potentially serve as a useful tool in the fabrication of metallic nanostructures. Specifically, this approach could lead to self-organized nanocomposites if the parameters could be tuned such that each of the two polymer blocks was decorated with a different metal.

e-beam writing on polymeric hierarchical assemblies: Block-co-polymers can assemble into fingerprint patterns with length scale ~10 nm. Metals deposited on of these patterns can adapt to the underlying template if the diffusion for the metal particles is sufficiently different on the two co-polymer constituents. In this case the particles will coat only one of the polymers and can form extended nanowires.  One of the challenges of self-assembled systems is how to connect structures at short length-scales to other features at larger length-scales. We will pursue one approach where we create fingerprint-patterns from co-polymers (i.e. PMMA and PS) where one of the polymers is sensitive to electron beam irradiation. Using electron-beam writing, we will irradiate selected parts of the original pattern in order to change the properties of the PMMA and modify the diffusion of the metal particles. Preliminary results show that e-beam exposure suppresses the formation of the fingerprint patterns. We will study the dose dependence of this effect.

Enhanced MFM detection for permalloy film over AAO: The coercivity enhancement mechanism for permalloy on AAO is still unclear. Initial MFM measurements showed that there is some variation in the magnetization of the film under an applied magnetic field, but the nature of the variation could not be resolved. In order to thoroughly investigate this phenomenon, several experimental modifications will be implemented. Presently MFM tips rely on a magnetic film coating that increases the tip radius to >50 nm. As a result, magnetic features <50 nm become impossible to resolve, which is a problem considering the pore sizes being investigated. In an effort to improve the lateral resolution of the MFM measurements, high spatial resolution tips will be sputtered with a magnetic film along one edge of the tip. This will not only improve the tip radius, but it will also concentrate the probing field from the tip, both of which will improve the overall lateral resolution of the MFM images. The effects of lateral nanoconfinement on magnetic materials will be investigated, with the goal of understanding the mechanisms involved.  Such information will be crucial to develop future electromagnetic devices and electronics.

Template alignment of magnetic nanoparticles: Alignment of nanoparticles with <100 nm periodicity is still a challenge.  We plan to develop a few different approaches to address this issue. Nanoparticles will be prepared through the use of a diblock copolymer, PS-PVPy (polystyrene-polyvinylpyridine) with NiCl2 and or CoCl2 salts. In a polar solvent, PS-PVPy will form micelles with hydrophobic PS outer shells and hydrophilic PVPy inner cores. Metal salts will be attracted to the inner cores. Upon chemical reduction, nanoparticles will form inside of these micelles. We plan to generate hexagonally close-packed dimple patterns on an aluminum surface through anodization. We will match the diameter of the dimples with the size of the micelles. Nanoparticles are expected to be attracted to the surface indentation. In addition, we plan to prepare thin AAO membranes over aluminum. The highly ordered short nanopores will be utilized to trap magnetic nanoparticles.    

Layer-by-layer deposition of nanoparticles: We will continue our study of the layer-by-layer deposition of magnetic nanoparticles. The correlation between the layer thickness with the size of the nanoparticles, the molecular weight of the PEI polymer, the effect of the humidity and solvent, etc. will be investigated.  As we gain better understanding of the process, we plan to build exchange-spring coupled multilayer structures with alternating soft (Co) and hard (FePt) nanoparticles. The magnetic behavior of such composites will be measured. In addition, we plan to prepare ferromagnetic (F) and superconductive (S) nanoparticle multilayers with layer distance <10 nm in order to study proximity effects. New theoretical predictions of odd spin triplet pair correlations in F/S/F composites with non-colinear magnetic structures motivates the search for novel properties.

Self-assembly of Co dots and dot chains: The growth and magnetic properties of Co dots and dot chains will be investigated in-situ by means of LEEM and spin-polarized LEEM in real time (with A. Schmid, LBL) to elucidate the mechanism of dot growth and to understand issues associated with thermal stability and dot interactions.  Also, PEEM studies will be carried out (with D. Keavney, APS), to focus on magnetic instabilities of the dots. Strain engineering with lattice mismatch will be explored using different single crystal substrates.

Magnetic nanowires via step decoration: Lateral magnetic nanowire arrays of Fe and Co will be grown via self-assembly onto stepped Pd(110), Pd(997) and Pt(997). This permits the study of quasi-1D magnetic nanostructures with tailored magnetic anisotropies and interwire couplings on lateral length scales of the order of the exchange length. The growth will be characterized with UHV STM. Magnetic properties will be studied with SMOKE and spin-polarized STM. In-situ Mössbauer studies of Fe/Pd(110) will also be performed (with W. Keune, Univ. of Duisburg). Hyperfine fields of Fe will be measured, which are expected to be enhanced relative to their bulk value.

Spin- and orbital-moments of Fe nanowires on stepped Pd(110): Magnetic atoms at surfaces often exhibit higher magnetic moments than in the bulk. Hence, we anticipate larger spin and orbital moments in magnetic nanowires, given their highly broken symmetry. We will carry out in-situ XMCD experiments on Fe nanowires formed on stepped Pd(110) and Pd(997) to directly measure the moment contributions. The existence of induced moments on Pd sites near the interface with Fe will also be explored in grazing incidence geometry.

Quantum computing:  An exciting phenomenon at the nanoscale is that of quantum phase coherence, with significant potential for quantum computing (QC). Recently, QC has caught the imagination of the physics and computer sciences communities because of its powerful potential in areas of large database searches, large number factorization, and in quantum mechanical simulation of physical systems. A grand challenge is to develop arrays of quantum coherent nanoscale objects that would form the qubits and logic gates for QC. While elementary QC been demonstrated with atomic and molecular systems using both NMR (with ensemble averages) and laser trap techniques, a truly workable system will require large arrays of qubits consisting of solid-state nanoscale objects. We propose to develop ESR techniques to manipulate and measure single electron spins in arrays of nanoscale quantum dots in order to form the scientific underpinnings of electron-spin QC. The basic qubit will consist of endohedral nitrogen in C60, which is known to have spin phase coherence time T2 > 20 icrosec at room temperature. We will attach C60 molecules to DNA networks to form the array of qubits, and use advanced dip-pen nanolithography to form address gates and readout tunnel junctions necessary for QC.

Novel Instrumentation:

Spin-polarized STM: We will modify an existing UHV-STM to explore spin-polarized STM via two schemes: (i) using coated magnetic tips in the spectroscopy mode, and (ii) using a soft magnetic tip driven with an ac field. The goal is to obtain atomic-scale resolution in magnetic imaging.

STM-ESR/FMR for single-spin detection: Recently, electron spin resonance (ESR) detection of single electron spins on solid surfaces has been demonstrated with high frequency STM currents in a magnetic field.  We will modify a commercial UHV-STM by adding both a dc field and a pair of rf coils to make the tunneling current sensitive to an ESR/FMR signal. In-situ, artificial nanomagnets will be studied in order to differentiate on a local basis those structural and defect properties responsible for changes in coercivities, anisotropies, superparamagnetic-vs-ferromagnetic response, and spin phase coherence, which is important for spintronic applications. Initial experiments will focus on Fe- or Co-decorated step edges as a function of coverage to demonstrate detection of both paramagnetic and ferromagnetic resonances at the single spin level.

h.  Relationships to Other Projects

The program will extend the science of nanomagnets and provide a basic science foundation for understanding and manipulating the new complex and collective effects which are expected at ever shrinking length scales. Our basic science approach will provide the foundation for new magnetic technologies. The project benefits from strong collaborations within MSD: Magnetic Films (58918), Superconductivity and Magnetism (58906), Electron Microscopy Center (58405), Molecular Materials (58510), and externally throughout Argonne and at other institutions such as the University of Illinois, Chicago. The program serves as part of the jumpstart activities for Argonne’s new Center for Nanoscale Materials.
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Work Proposal Description

The Center for Nanoscale Materials (CNM) is the DOE Nanoscale Science Research Center (NSRC) at Argonne National Laboratory (ANL). This proposal provides a brief overview of the scope of the CNM and outlines the current state of the ramp-up schedule for personnel and budget planning. For FY04, support is requested to continue the jumpstart of CNM outreach activities, well before the physical plant is available for traditional user-based programs. Outreach planning meetings are summarized.

c. Purpose

Present-day materials and processes are reaching their limits of performance. Fundamentally new approaches are needed to transcend these limits. The emerging field of nanoscience offers the requisite scientific and technological opportunities, as recognized by the interagency National Nanotechnology Initiative. Accordingly, DOE has taken the bold step of establishing five new Nanoscale Science Research Centers (NSRCs) at its national laboratories. Argonne’s Center for Nanoscale Materials (CNM) was approved in FY02 to be one of the five.

Argonne's vision is to go beyond present-day semiconductor materials and processing methods to create new functional materials and hierarchically integrated systems on the nanoscale. Highlights of the Laboratory’s plan include focusing on chemical methods to self-assemble nanostructures, developing unique approaches to nanopatterning nontraditional electronic materials, and creating new probes for exploring nanoscale phenomena. Moreover, the Laboratory aspires to help pioneer the new fields of molecular and magnetic electronics.

The CNM will serve simultaneously as a forefront research center and as a user facility for the regional and national research communities. The CNM will be part of a new generation of DOE user facilities that combines fabrication and characterization of advanced nanoscale materials.

e. Approach

L. Ocola (50%), X.M. Lin (50%), Outreach Administrator (50%), Safety Coordinator (25%)

The CNM will consist of a building funded by the State of Illinois, and facilities and equipment within that building funding by DOE. Furthermore, the CNM will utilize Argonne’s existing user facilities and enhance their value by creating cutting-edge nanomaterials that require advanced characterization. To maximize this synergy, the new building for the CNM will adjoin the Advanced Photon Source (APS), and the CNM will construct a state-of-the-art, hard x-ray nanoprobe beamline at the APS. The new beamline will focus hard (i.e. 10 keV) x-rays down to a 30-nm spot size, and research is underway to extend this to an unprecedented spot size approaching one-to-ten nanometers. (The ultimate limit in principal is the diffraction limit which is subnanometer.) The nanoprobe will enable a variety of imaging, spectroscopic, and diffraction experiments that cannot be performed anywhere else in the world.

It is anticipated that full operation of the CNM will commence in FY07. For FY05, support is requested to continue to jumpstart the CNM outreach activities, by providing user access to existing nanoscience resources at Argonne.

At this stage in Center planning, research themes where user involvement is invited are: Nanomagnetism, Bio-Inorganic Interface, Nanocrystalline Diamond, Complex Oxides, Nanophotonics, Virtual Fab Lab, and the X-Ray Nanoprobe.

The Virtual Fab Lab is the newest prime interest of the CNM and its users. Its mission is to utilize theory and large-scale, hierarchical computational strategies to create new nanomaterials and to explore their fundamental properties. The grand challenge here is to unlock the rules of self-assembly, self-replication, and self-repair. The goal is to transform nanofabrication from an art into a science. While experimentalists will create novel functional nanomaterials in CNM lithography or self-assembly labs, the virtual fab lab will utilize the computer as its cauldron of creative endeavor. A recent workshop helped to operationally define the initial research topics that this theme will address.

f. Technical Progress

The motivation of the present ramp-up activities of the CNM is to serve the community that has shown considerable interest and enthusiasm via workshops held to date. Argonne is engaged in multiple high-priority efforts including jumpstarting the user outreach program, and enabling early access to users of nanoprobe-like experiments at an existing APS beamline.

Jumpstarting the User Program: The CNM participated in the NSRC kickoff meeting in Washington DC on February 26-28, 2003, and in several NSRC outreach activities at various professional society annual meetings, such as the APS, AVS, MRS. We are publicizing the initial CNM scientific theme areas and welcoming user access to Argonne’s existing facilities and collaboration in the science associated with these theme areas. The scope of the facilities and nanoscience research in the jumpstart user program includes those being initiated under the CNM and NSET or institutional funds. They are described in detail in the original program development plan. To help these research areas grow and develop the new science/service culture essential to CNM success, we have been advertising for, recruiting, and hiring new scientific staff and we launched the CNM Distinguished Postdoctoral Program. Our focus is both to attract bright, high potential, early-career people needed for the CNM to thrive scientifically, and to serve the CNM’s user-engaging mission. Out of an extensive pool of postdoctoral candidates, the strongest where hired and integrated into the scientific theme areas where they can contribute best. Also, in FY02 Leonidas Ocola (electron-beam lithography) and Xiao-Min Lin (nanoparticle synthesis via surfactant-mediated self-assembly) were hired and they are now fully engaged in the jumpstart outreach mission. 

The CNM SAC and PEB: Also, the Scientific Advisory Committee (SAC) and the Proposal Evaluation Board (PEB) of the CNM have been formulated and are functioning. The SAC had its first meeting. The SAC reports to ANL Laboratory Director and the PEB reports to the CNM Director. Members of the PEB also will help evaluate strategic nanoscience LDRD proposals. The SAC reviews and advises on the scientific themes and user outreach. The PEB will review and assess user proposals for jumpstart and later, CNM access. In addition, the CNM web-based user interface has been established, and access to existing facilities is being provided to prospective users via a process similar to what will be in place when the Center is ready for full operation. The first CNM nanoscience summer school, an important part of education and outreach, was held August 3-10, 2003. Participants performed nanoscience experiments in existing Argonne research labs and programs.

Accelerating Access to Nanoprobe Research: The nanoscience community is eager to take advantage of the remarkable capabilities promised by the nanoprobe beamline included in the scope of the CNM. As part of the jumpstart effort, we are consulting with interested users to finalize the specifications and ensure the design will provide scientific performance required, including optimizing technology tradeoffs and preparing to build it.

Workshops and Consortia:  The CNM will energize new collaborations and partnerships that broaden the user community throughout the north central region of the U.S. and the nation as a whole. In order to foster this user community and stimulate feedback from users, general and specialized workshops have been held, and more are being planned. Research themes covered earlier include the x-ray nanoprobe, neutrons and nanoscience, and industrial microfabrication. Three satellite meetings associated with the 2003 APS User’s Meeting were held to highlight recent progress in formulating the x-ray nanoprobe beamline at the APS and to invigorate nanoscience fabrication themes, such as self assembly. These workshops help inform and obtain input from prospective user groups for the nanoprobe beamline. Emerging strategies to further improve the spatial resolution of the probe were presented, as were plans to develop suitable focusing optics. Also, the University of Chicago - Argonne Consortium for Nanoscience Research was launched in 2001 and recently put together a major proposal to establish a center for quantum and molecular nanomaterials at the two institutions. Principal investigators from both institutions are cooperating to pursue research themes that embrace major focal areas for the CNM. They also have begun ambitious planning for intellectual cross-pollination and educational outreach. Similar consortia are in the planning stages with numerous other universities, such as Northwestern, University of Illinois, University of Michigan, Puerto Rico, Notre Dame, Wisconsin and Idaho, and with institutions in Europe and Asia. Joint ANL/University Nanoscience Workshops have already been held with the University of Chicago, Northwestern and Notre Dame and others such workshops are now being planned.  Finally, and most significantly, the first CNM Users Meeting will be held in early May, 2004 along with a workshop that highlights nanomagnetism and one that explores the nano-bio-interface.

Virtual Fab Lab Workshop: A national specialty workshop in the area of computational nanoscience was held in 2003 to help firm up ideas for the Virtual Fab Lab at the CNM. This was preceded by an internal workshop in 2002 to set the stage. The concept is to utilize theory and large-scale computational approaches to simulate various self-assembly processes. The challenge involves generating insight and unlocking rules that govern nanoscale self-assembly, by computationally exploring hierarchical energy- and time-domain scales associated with self-organizational processes. The results are of interest to the community as a whole because of the premier role of self-assembly in driving major advances in nanoscience. 

Nano Summer School: This was modeled after the successful neutron and x-ray scattering summer schools held at Argonne. Efforts were made to include students from under-represented groups, minority educational institutions, and from EPSCoR States. The first Nano Summer School was held from August 3-10, 2003. To give a sense of the high quality of the endeavor, Professor Rick Smalley was one of the distinguished lecturers.

Scientific Progress: Two scientific staff hires, 50% of a user administrator and 25% of a safety coordinator are supported on this FWP to make possible user involvement in research encompassing self-assembly and lithography. A number of CNM distinguished post-docs have been hired to energize and enable the scientific and user outreach efforts associated with the jumpstart phase of operations. Additional postdoctoral hires are planned and the selection process is underway.

Existing facilities of the Scientific Themes:

Listed below are existing research facilities that are being made available to independent external researchers in order to serve the user community.  This section is organized by scientific themes, each providing a statement of capabilities anticipated for full operation, as well as listing capabilities available presently, and the research program during the ramp-up period.

Theme: Nanomagnetism
Theme Leader: S. D. Bader

Capabilities at Full Operation:

· Preparation of patterned magnetic nanostructures, including bio-mag hybrids. 

· Synthesis via chemical, surface-science, and thin-film techniques. 

· Lithographically-assisted self-assembly and bio-scaffolding techniques for novel magnetic nanostructures.

· Spin-polarized scanning probe characterizations of magnetic nanostructures.

· X-ray nanoprobe characterizations of magnetic nanostructures with circularly polarized x-rays, i.e. to monitor the temporal evolution of spin dynamics in nanostructures.

· Prototyping of magnetic electronic device concepts.

· Computational simulations of self-assembly and spin dynamics.

Ramp-up Capabilities to Serve Independent External Users in FY04-05:

· Availability of web-based magneto-optical simulation package: 

· www.msd.anl.gov/groups/mf/JMKerrCalc/index.html

· Growth chamber for ultrahigh vacuum self-assembly.

· Thin-film magnetometry capabilities.

· DMOKE (diffracted magneto-optic Kerr effect) measures magnetic hysteresis loops on beams diffracted by arrays of magneto-optically active nanoparticles. 

· Raman spectrometer to determine e.g. excitation levels, crystallinity, composition, etc. in both macro and micro (≈2m spot size) configurations and that can be interfaced with cryostats, furnaces and magnets.

· Brillouin spectrometer to provide information on the dynamics of spin structure can be operated with samples at low and high temperatures and in applied magnetic fields.

Research program during ramp-up:

This theme is devoted to research in pursuit of the preparation, characterization and understanding of novel magnetic nanostructures that serve as functional building blocks for futuristic magnetic-electronic devices and for the creation of ultra-strong nanocomposite permanent magnets. The research plan includes the cross-pollination of disciplines in order to prepare magnetic nanostructures that are hybridized with or tethered to bio- and related organic soft matter. The ramp-up will be based on the ability to expand the research to encompass a diverse range of nanostructures that incorporate new in-house lithographic patterning, x-ray nanoprobe techniques, and spin-polarized scanning probes as they become available.

Theme: Bio-Inorganic Interface
Theme Leader: D.M. Tiede

Capabilities at Full Operation:

· Synthesis of biomolecule-inorganic nanoparticle hybrids with integrated electronic and catalytic activities.
· Self-assembling bio-inorganic hybrid architectures for bio-based chemical, optical, mechanical actuation and energy transduction.
· Preparation of biomolecular nanostructures and prototyping of biomolecular machines.
· Synchrotron X-ray characterization of the structure and dynamics of hybrid bio-inorganic nanoscale assemblies, including real-time monitoring of self-assembly pathways.
· Single particle, X-ray nanoprobe characterization of biomolecular machines and hybrid bio-inorganic nanoparticles.
· Preparation of patterned arrays of bio-inorganic nanoparticles for electrical, catalytic, and magnetic characterization, including lithographic, external field-assisted self-assembly, chemical, surface-science, and thin-film techniques.

· Spectroscopic, microscopic, scanning probe techniques, including collaborative interactions with the Nanophotonics theme, for single particle, patterned array, and thin film characterization.
· Computational simulations of bio-inorganic self-assembly.
Ramp-up Capabilities to Serve Independent External Users in FY04-05:
· Synthesis of surface-modified metal and metal-oxide nanoparticles, engineered for electronic/catalytic coupling to bio-organic molecules.
· Synchrotron X-ray spectroscopy, scattering, diffraction analysis of nanoscale bio-organic, inorganic, and hybrid assemblies.
· Transmission and reflection microscopy and spectroscopy for characterization of bulk and thin-film biomolecular materials.
· Thin-film and external field (electric, magnetic) assisted assembly techniques.
· Ambient condition scanning probe microscopies, i.e. AFM, STM, MFM, EFM, SCM.
Research program during ramp-up:

The goal of this project is to develop fully integrated, biomolecule-inorganic nanoscale hybrids that combine the outstanding chemical and physical features of both biomolecules and inorganic nanostructures.  This research will lead to the creation of entirely new classes of functional materials with tailored functionalities unattainable in less complex architectures. Research in this ramp-up period will highlight two NSET funded project areas: i) fundamental chemical modification mechanisms for linking electronic and optical properties of biomolecules with metal and metal-oxide nanoparticles, and ii) the design and synthesis of nanostructured biocomposite materials that exploit the capabilities of biological molecules and supramolecular machinary to store and transduce energy. A major product of the research effort will be the creation of generally applicable, user-accessible, groundbreaking technologies for the synthesis of integrated bio-inorganic nanoassemblies, and for structural and functional characterization. The capabilities include the tailored synthesis of surface-modified metal and metal-oxide nanoparticles, magnetic nanocrystals, capabilities for real-time analysis of nanoscale assemblies using synchrotron radiation, a range of spectroscopic, microscopic, scanning probe techniques for single-particle, patterned array, and thin-film characterization, and thin-film and external-field (electric, magnetic) assisted assembly techniques.

Theme: Nanocarbon
Theme Leader: D.M. Gruen

Capabilities at Full Operation:

· Synthesis of nanostructured carbon thin films via state-of-the-art microwave plasma deposition techniques.

· Synthesis of metal and oxide carbon heterostructures using thin-film deposition.

· Functionalization of nanocrystalline diamond surfaces with biomolecules using electrochemical and photochemical techniques.

· Formation of bio-inorganic interfaces on nanocrystalline diamond surfaces using lithographically-assisted self-assembly.

· Characterization of nanostructured carbon heterostructures via X-ray nanoprobe and other synchrotron radiation (NEXAFS), advanced electron microscopy techniques.

· AFM, and ellipsometry.

· Design and prototyping of NEMS devices using surface micromachining.

· Quantum chemical calculations of growth, electronic structure, and transport properties of nanostructured carbon materials and interactions with biomolecules.

Ramp-up Capabilities to Serve Independent External Users in FY04-05:

· Synthesis of nanocrystalline diamond and other nanostructured carbon materials on up to 100-mm wafers using an IPLAS-microwave plasma CVD reactor.

· Growth of diamond heterostructures using magnetron sputter deposition.

· Characterization of nanostructured carbon materials and heterostructures using Raman spectroscopies, ion scattering, XPS, and synchrotron techniques.

· Functionalization of diamond surfaces using novel chemical approaches.

Research program during ramp-up:

The nanocarbon theme is focused on the synthesis, characterization, modeling, and prototyping of novel nanostructured carbon thin films, heterostructures, and devices. Nanostructured carbon materials, in particular the nanocrystalline diamond technology invented and developed at Argonne National Laboratory, have shown great potential for applications in MEMS & NEMS devices, biosensors, electrochemical electrodes, tribomechanical coatings, and cold-cathode electron sources. Nanocrystalline diamond films also exhibit unique mechanical and transport properties that are a direct consequence of the nanoscale structure of this material, and this leverages many of the potential applications. The research plan will involve work (i) to understand the electrical and thermal transport properties of these materials, (ii) to synthesize new materials using different plasma chemistries and templates, (iii) to develop diamond nanophotonic materials, diamond metal and oxide heterostructures and functionalized diamond surfaces, and (iv) to design and develop prototype MEMS and NEMS devices. The ramp-up of the theme’s activities and the involvement of external users will be based on providing access to advanced microwave plasma chemical vapor deposition facilities, characterization facilities (Raman, ion scattering, XPS, and x-ray nanoprobe), and microfabrication facilities as they come on line.

Theme: Complex Oxides
Theme Leader: O. Auciello

Capabilities at Full Operation:

· Complex oxide film synthesis via MBE and metalorganic chemical vapor deposition (MOCVD). 

· Lithographically-assisted, conventional and self-assembly techniques for novel fabrication of complex oxide nanostructures.

· Characterization of electrical properties and dynamics at the nanoscale via state-of-the-art scanning probe techniques.

· Simulations of nanostructured multicomponent oxide (e.g., ferroelectrics) structure and properties using atomistic and first principles methods.

Ramp-up Capabilities to Serve Independent External Users in FY04-05:

· Complex oxide film synthesis via MOCVD, and ion-beam and magnetron sputter-deposition focused on the synthesis of ferroelectric (piezoelectric) and high-dielectric constant thin films. 

· Characterization of ferroelectric domain phenomena at the nanoscale via AFM.

Research program during ramp-up:

This theme is focused on research related to the synthesis, characterization and understanding of novel complex oxide nanostructures (e.g., ferroelectric, and piezoelectric and high-dielectric constant materials) and their interfaces with semiconductors and other substrates. The research also includes studies of ferroelectric domain and transport phenomena at the nanoscale, using nanostructures that serve as functional building blocks for oxide-based devices. Conventional and novel fabrication methods will be used to produce nanostructures based on complex oxides to study phenomena at the nanoscale. The ramp-up will be based on the ability to expand the research to encompass a diverse range of nanostructures and their fabrication using the extensive complex oxide thin film synthesis techniques and new in-house lithographic patterning and x-ray nanoprobe techniques as they become available.

Theme: Nanophotonics
Theme Leader: G. P. Wiederrecht

Capabilities at Full Operation:

· Preparation of 2D and 3D nanophotonic structures via lithography and self-assembly.

· Near-field scanning optical microscopy (NSOM) capabilities, including apertureless, aperture, and time-resolved techniques, and low-temperature environmental stage.

· Far-field, time-resolved spectroscopies for collective mode characterizations.

· Computational modeling of light scattering and propagation in nanophotonic structures.

· Oxides nanophotonic structures for sub-diffraction limited nonlinear optics.

· Focused ion beam patterning of state-of-the-art NSOM tips.

· New synthetic capabilities for generating size selected nanoparticles

· Lithographically assisted self-assembly and bio-patterning methods for generating new nanophotonic structures.

· Static and dynamic light scattering for in situ determination of colloidal nanocrystal size.

Ramp-up Capabilities to Serve Independent External Users in FY04-05:

· Aperture and apertureless NSOM apparatus for sub-diffraction limited optical characterization of nanostructures.

· Near-field optical scattering simulation package.

· Ultrafast transient absorption apparatus for far-field characterization of nanostructures.

· Low temperature NSOM for single nanocrystal optical spectroscopy.

· General scheme to synthesize metal-semiconductor nanocrystal conjugates

Research program during ramp-up:

The nanophotonics theme is dedicated to the understanding of nanoscale interactions in structures that offer the ability to control the propagation of photons below the diffraction limit and the use of nanostructured building blocks to create new photonic materials. In order to accomplish these goals, our research plan encompasses the generation, characterization, and theory of nanophotonic structures. We will work with other themes within the CNM to produce and characterize entirely new nanophotonic materials. Generation of nanophotonic structures will focus on electron beam lithography and self-assembly. Microscopies that are able to resolve photon flow at the nanoscale are the starting point for characterization, specifically near-field scanning optical microscopy (NSOM). Ramp-up will expand to include lithographically assisted self-assembly of 2D structures, 3D lithography, FIB patterning of NSOM probes, and x-ray nanoprobe techniques. 

Theme: Virtual Fab Lab
Theme Leaders: S. Gray and P. Zapol

Capabilities at Full Operation:

· Multiscale modeling from atomic to continuum scale:

· Electronic Structure Calculations

· Quantum Dynamics

· Interatomic Potentials

· Molecular Dynamics 

· Mesoscale Simulations

· Continuum Simulations 

· Common User Interface and Computational Environment

Ramp-up Capabilities to Serve Independent External Users in FY04-05:

· Workshops to develop user community and refine the theme.

· Advice and collaboration in using existing capabilities.

· Access to laboratory computing resources through joint projects.

· Establish a visitor program for developing self-assembly and nanocatalysis modeling capabilities.

Research program during ramp-up:

This theme is devoted to development of computational infrastructure and methodology for the virtual fabrication and characterization of nanomaterials. The research plan includes developing models for describing behavior of nanobuilding blocks in different environments. This modeling is based on electronic structure calculations and will serve as a basis for hierarchical modeling at larger scales. A multiscale approach to the design of nanophotonic systems is being pursued. This includes electronic structure, molecular dynamics and time-domain electrodynamics simulations. We will work with the other themes within the CNM to aid in the synthesis and characterization of new nanomaterials. Ramp-up will expand current efforts, in particular, to pursue modeling and understanding of self-assembly. 

Theme: X-ray Nanoprobe
Director: G. B. Stephenson

Capabilities at Full Operation:

· Highest spatial resolution hard x-ray nanoprobe with scanning and full-field imaging.

· Ability to penetrate overlayers, environments, and fields.

· Focusing achieved using Fresnel zone plates.

· 30-nm spatial resolution over the spectral range of 3-30 keV, with a typical working distance between optics and sample of 10-30 mm.

· Various contrast modes:

· Transmission to map density and elemental composition.

· Diffraction to map crystallographic phase, strain, and texture.

· Fluorescence to map trace elements.

· Spectroscopy to map chemical states.

· Linear and circular dichroism to map magnetic domain structure.

· Tomography for full three-dimensional morphology.

· Potential for significantly higher resolution (~1 nm) with development of new type of x-ray focusing optics: Multilayer Laue Lens (LDRD project).

Ramp-up Capabilities to Serve Independent External Users in FY04-05:

· Workshops (e.g. at APS User Meeting) to develop user community and refine design.

· Advice and collaboration in using existing APS microprobe facilities.

· Atomic force microscope available as user instrument.

· Ability to provide users nanoprobe-like capabilities at an existing APS beamline expected to be available in FY04.

Research program during ramp-up:

This theme is devoted to development of a hard x-ray nanoprobe as the centerpiece of the x-ray characterization facilities at CNM. The x-ray nanoprobe will be designed to advance the state of the art by providing the highest spatial resolution hard x-ray beamline in the world. A dedicated source, beamline, and optics will be used to avoid compromising the capabilities of the nanoprobe. This unique instrument will not only be key to the specific research thrusts of the CNM, but will be of very general utility to the broader nanoscience community. It will offer diverse capabilities in studying nanomaterials and nanostructures, particularly for embedded structures. The combination of diffraction, fluorescence, and phase contrast in a single tool will provide unique characterization capabilities for nanoscience. The design and construction of the nanoprobe beamline is fully provided by the MIE project. The jumpstart will develop the user community, by making it possible for them to perform nanoprobe-like experiments at existing APS beamlines to gain experience with the capabilities and refine the design of the instrument. A pre-nanoprobe setup will be made available to users on an existing APS beamline for initial experiments, likely during FY2004.

g. Future Accomplishments

· Independent external user access methods tested and finalized.

· First call for early access proposals.

· Collaboration with APS, IPNS, and the Electron Microscopy Center (EMC) to formulate one-stop accessibility to CNM and Argonne’s national user facilities.

· New scientific staff and postdocs to enable user access to existing research and capabilities at Argonne will be recruited and hired.

· Regular Scientific Advisory Committee meetings will be held, with advice shaping the user program, and CNM plans. 

· The first CNM User Meeting will be held in May, 2004 along with related satellite workshops.

· Growth of the CNM Distinguished Postdoctoral Program. This program recruits top early-career scientists, including an emphasis on those from groups traditionally under-represented in science. 

Meeting Plans: 

The CNM participates in several NSRC outreach activities at various professional society annual meetings, such as the APS, AVS, MRS. A special symposium was organized, for example, at the American Physical Society March Meeting in Montreal in 2004 on the “Grand Challenges in Nanomaterials”. CNM personnel also participate in a variety of DOE, NSF, NIST and NNI national workshops to define the grand challenges in nanoscience and nanotechnology for the future. In addition, meetings at Argonne help create a user base, disseminate information, and generate valuable dialogue concerning the goals and needs of the community:

· First CNM Users’ Meeting – This meeting will provide a public progress report on the building design and equipment acquisition plan, with the goal of continuing to foster community participation in the formulation of the vision and mission of the CNM. It also will be used to generate refined dialogue and obtain feedback concerning the instrumentation needs of the community. It will also provide a scientific forum to stimulate new ideas and to exchange information via plenary talks and poster and breakout sessions.

· Satellite User Workshops - Two satellite meetings associated with the CNM User’s Meeting will be held to highlight nanomagnetism and the nanobio-interface themes. These workshops help inform and obtain input from prospective user groups and to stimulate interest in the nanoprobe beamline. 

· Joint Argonne/University Workshops – In order to engage the CNM’s User community at an early stage, a series of Nanoscience workshops have been held jointly between Argonne and regional universities including the University of Chicago, Northwestern, and Notre Dame.  Additional workshops are being planned with the University of Illinois, Champaign, Illinois Institute of Technology, the University of Michigan, and the University of Wisconsin.   

· Nano Summer School – This is modeled after the successful neutron and x-ray scattering summer schools held regularly at Argonne. Our nano school program was initiated in 2003 and will be continued when DOE provides the go-ahead. Our goal is to make it an annual event because it informs and directs the interest of the student community and serves as an effective long-term recruiting strategy for Argonne and the entire field of nanoscience.

h. Relationship to Other Projects

The Center for Nanoscale Materials benefits from the diverse and excellent scientific community in the programmatic divisions at Argonne National Laboratory, including Materials Science, Chemistry, Biosciences, and various applied science divisions. The CNM will utilize Argonne’s existing user facilities including the Intense Pulsed Neutron Source, the APS, and the Electron Microscopy Center, and enhance their value by creating cutting-edge nanomaterials that require advanced characterization. The nanoprobe beamline will coordinate its activities with other APS beamlines as well as with x-ray probe efforts at other light sources. The concept of the Virtual Fab Lab within the context of the CNM creates linkages to theoretical research and another major initiative at Argonne in petaflop computational simulations. Finally, the CNM will function as part of DOE’s NSRC network and as part of the National Nanotechnology Initiative. Thus it will have close collaborations with the other four Centers in the DOE nanoscience portfolio.

Budget

The CNM jumpstart requires investments in personnel to enable user involvement in pre-CNM nanoscience research at Argonne.  New staff members and postdoctoral fellows with special expertise and a strong inclination toward collaboration and user support are being recruited in areas such as self-assembly, lithography, advanced spectroscopies, imaging, theory and computational nanosciences, and the nanoscience specialties essential to the success of the CNM. 

Consistent with DOE guidance, we are planning modest user engagement in ongoing research prior to the CNM becoming operational in FY07.

Table I:  Direct Personnel and Budget Details



 

FY04
FY05
FY06 
FY07
n-mag/oxide


0
 0
3
13

Bio-inorg/n-hn-carbon
0
 0
3
13

Virtual Fab Lab

             0
 0
3
  6
n-Lithography


2
 2
6
13

n-Characterizations

0
 0
3
  6
Nanoprobe early access
            0.5        0.5         2
  5

Outreach/Administration          0.75      0.75   
2
  4 

Direct Personnel (FTE)
           3.25      3.25       22
60

Budget ($ million)
           1.5       1.5      4.75      18.5

Effort Description:

· Outreach and the CNM User Administrator – A CNM User Adminsitrator was hired this fiscal year to create and coordinate the CNM user base, with special attention to targeting interested members of the regional and national research and technology communities. The Administrator also coordinates with those in equivalent positions at other DOE NSRCs and at other ANL user facilities (i.e. APS, IPNS, Electron Microscopy Center) in order to create a flexible and inviting user interface that has a uniform character for all the related facilities. The goal is a system that encourages one-stop access to all ANL user facilities. The Administrator also works to help launch outreach activities, such as workshops, the Nano Summer School, and special projects (i.e. posters, fact sheets, displays), and facilitate guests and visiting groups interested in collaborative activities. The position encompasses all facets of the program, from working with scientific theme leaders, facility designers, CNM and other ANL division safety coordinators, laboratory management, and a diverse collection of potential external users. There is the need for special skills in communication on a technical level, meeting and budget planning, and especially a genuine interest in creating and working with a new community of users. The successful candidate was hired in 2004 and will report to the new CNM Director.

· New Scientific Staff: Additional exceptional staff and postdoctoral fellows will be recruited and hired in FY04 and FY05 in some of the areas essential to enable user access to existing nanoscience research and infrastructure at Argonne, e.g. self-assembly, n-lithography, nanocharacterization, and nanoscience specialties essential to the CNM. Some hires are anticipated to be joint with the University of Chicago and/or other universities. 



�PAGE \# "'Page: '#'�'"  ��As of now, we have not received a sufficient amount of “magnetic” T7 bacteriophage to actually demonstrate that they are indeed magnetic.  For that reason we have also as of now not demonstrated the sensing scheme using “magnetic” viruses.  Liaohai has made very few viruses, where he grew something (supposedly Fe2O3) inside.  TEM pictures show that he can actually fill the ghost viruses, but so far we were not able to determine what is inside and if it is indeed magnetic.





