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	b.  Publications

There are 28 journal publications and 8 conference publications for a total of 36 publications produce during the past year for this FWP.

c.  Purpose
· One goal is to examine the fundamentally new magnetic behavior that occurs at submicron and nanometer lateral length scales. We will integrate fabrication, characterization and understanding of lithographically patterned and self-assembled nanomagnets.

· 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. 

· A related goal is to (i) synthesize, characterize and study physical and metallurgical properties of magnetic films, including artificially layered superlattices, sandwiches, wedges, ultrathin films and surfaces; and to

· (ii) Synthesize well-characterized, high-energy-product permanent magnet films utilizing sputtering and molecular beam epitaxy (MBE). 

· (iii) Explore significant modifications of materials properties as a function of preparation conditions and thickness of the layers. 

· (iv) Explore magnetoresistive materials and magneto-optic films. 

· (v) Utilize the surface magneto-optic Kerr effect (SMOKE) and synchrotron spectroscopic probes of magnetic films. 

· (vi) Utilize Brillouin and Raman scattering facilities as Divisional resources.

e.  Approach
Key Personnel: J. S. Jiang (100%), M. Grimsditch (100%), V. Novosad (100%), A. Hoffmann (100%), J. Pearson (100%), S. D. Bader (50%), F. Y. Fradin (0%), K. Guslienko (Visiting Scientist) (100%), A. Bhattacharya (Visiting Scientist) (50%)
f.  Technical Progress
Spin Transport in Lithography-Patterned Nanomagnets: We demonstrated spin injection and detection in a unique lateral spin valve geometry, consisting of a 200-nm wide Au stripe connected by two permalloy (Py) magnetic electrodes. An electric current passing through the injecting electrode and drained from one end of the Au stripe results in a nonequilibrium spin accumulation, and thus an energy splitting between the spin-up and spin-down chemical potentials of the Au. The spins diffuse toward both ends of the Au stripe, and can be detected as a voltage signal between the Py detector and the opposite end of the Au stripe. The normalized spin signal, Rs=V/I, as a function of field shows a difference (Rs between parallel and anti-parallel alignment of injector and detector magnetizations that is proportional to the splitting of the spin chemical potentials of the Au, and decays exponentially as a function of injector-detector separation L. This enabled the determination of the spin diffusion length L = 63±15 nm for Au at 10 K.

Advanced Multilayers: Novel Permanent Magnet Model Systems: We have created model epitaxial sputtered exchange-spring magnets to elucidate the fundamental magnetic processes and the correlation between microstructure and hard magnetic properties. Our most recent key results follow:

• We used 57Fe conversion-electron Mössbauer spectroscopy during the magnetization reversal process on samples with an 57Fe probe layer placed at different locations in order to determine the distribution of the local magnetization direction. The results provided direct experimental proof for a relaxed spiral.

• We have demonstrated that the maximum energy product of an ideal exchange-spring magnet can be improved by intermixing the interface. This is counter-intuitive to the general expectation that optimal exchange-spring magnet behavior requires an ideal, atomically coherent soft/hard interface. Epitaxial Sm-Co/Fe thin-film exchange-spring bilayers were annealed or deposited at high-temperature. The hysteresis loops became more single-phase-like, yet the magnetization remained fully reversible. The interface morphology and composition were characterized via synchrotron x-ray scattering and electron microscopy elemental mapping. The results are understood by modeling that assumes a graded interface where the material parameters (exchange, anisotropy and magnetization) vary continuously.

• We calculated switching fields to simulate FePt/FeRh bilayers. FePt is a hard ferromagnet with perpendicular anisotropy, while FeRh is a magnetically soft metamagnet, which reduces the switching field. This novel kind of exchange spring can be represented as a Néel-like domain wall localized at the interface and penetrating mainly into the soft layer. The switching proceeds as a propagation of the domain wall through the hard layer starting from the interface.

Advanced Multilayer: Magnetism in AF-coupled Magnetic Multilayers and Superlattices: We have created AF-coupled multilayers and superlattices as model experimental systems to elucidate the rich magnetic phenomena in antiferromagnets.

• With polarized neutron reflectometry, we have unambiguously determined the magnetic structure at the surface spin-flop transition in a uniaxial Fe/Cr(221) epitaxial superlattice and its evolution with field. We have also determined the phase diagram of the surface spin-flop transition when the applied field is oriented off the easy axis. Magnetometry and magnetoresistance show that the surface spin flop disappears at a critical angle that is twice as large as for the bulk spin flop.

• With biaxial Fe/Cr(100) superlattices, using magneto-optical imaging we observed the formation of inhomogeneous and nonsymmetric magnetization configurations when the magnetic field is applied along the hard axis. 

• In ferrimagnetic sputtered Gd/Fe multilayers, we characterized the structural and magnetic roughness of buried magnetic interfaces using combined x-ray resonance magnetic reflectivity and magnetic circular dichroism. The proximity to Fe dramatically enhances the Gd magnetization near the interfaces. Theory predicts that there exists an inhomogeneous state (a surface twisted phase). We determined that the surface termination has a dramatic effect on the nature of the inhomogeneous state at low fields.

• A theoretically predicted superconducting spin switch was experimentally realized. The significance of such a structure is that, in an appropriate temperature range, the small field needed to switch a spin valve, rather than Hc2, could control the appearance of superconductivity. Nb was sandwiched between Ni-Cu weak ferromagnetic alloy layers. The Nb superconducting Tc is lower when the adjacent ferromagnetic layers are aligned parallel vs. antiparallel. The observed effect was smaller than predicted, leading to our conclusion that the two S/F interfaces are inequivalent.

• The incommensurate SDW phase diagram was explored via neutron scattering for a confined AF Cr system analogous to Fe/Cr superlattices. But in this case spin frustration was eliminated by confining Cr with a commensurate AF that is forgiving of atomic steps at the interface. The commensurate SDW was created by doping the Cr with Mn, which also raises the TN value of Cr. Neutron scattering studies for this system exhibit a fascinating hysteretic behavior in certain cases, while neither component exhibits hysteresis on its own. The hysteresis is associated with the known spin-slip behavior of Cr and the need to match the boundary conditions at the interface.

Magnetization Dynamics in Lithography-patterned Nanomagnets: 

· Initial experiments examining arrays of disks consisting of two identical layers of Py separated by Cu have yielded encouraging results. This permits us to explore interpenetrating topological singularities. Py/Cu heterostructures are known to exhibit GMR (and bilinear exchange coupling) and thus are potential candidates for magnetic sensing applications. Magnetic domain imaging using PEEM at the ALS shows that the top layers of such structures are in the vortex state. However, some of the larger disks are in other states, which reinforces the idea that understanding the energetics of interlayer flux closure is important. 

· We studied the magnetization behavior of exchange-biased nanowires. The competition between shape anisotropy and exchange coupling led to several unexpected results: (i) an exchange-bias shift even when the unidirectional exchange bias anisotropy is perpendicular to the applied field; (ii) changes in the magnitude and sign of the exchange-bias with angle; and (iii) the maximum exchange bias shift is not necessarily along the direction of field cooling. 

· Using low-temperature MOKE and Brillouin scattering we investigated exchange bias in a Co film deposited on AF FeF2. We find evidence that there are magnetic anisotropies in the Co that are induced by the AF above TN. The observations are explained by a model based on the assumption that the ferromagnet induces ordering in the AF even above TN. This introduces a new perspective on the interfacial magnetism in AF systems, as well as new strategies to tailor interfacial magnetic properties. 

· We developed Diffraction-MOKE as a new technique to characterize periodic arrays of magnetic structures. An incident laser beam is diffracted by patterned magnetic arrays, and the diffracted beams carry information about the magnetic configuration within each element of the array. We have developed an apparatus to measure D-MOKE hysteresis loops and a theory to analyze the loops in order to extract the domain configurations in the magnetic elements. This technique permits optical studies of magnetic domains that are smaller than the diffraction limit of visible light. The technique has yielded information on the chirality of magnetic vortex states in circular disks, and has detected unexpected metastable domain configurations in magnetic rings. 

· We measured magnetic hysteresis loops in disk- and square-shaped elements with small separations and found that in-plane interdot magnetostatic coupling has a strong destabilizing effect on the vortex ground state.

Self-assembly of Magnetic Nanostructures and Templates: There are three types of projects that we have pursued collaboratively:

· Bio-inspired: Iron oxide and cobalt nanoparticles have been grown within capsid shells of T7 bacteriophage viruses, which have 40-nm internal diameter. The frequency dependence of the magnetic susceptibility has been used to monitor the Brownian motion of free magnetic nanoparticles in aqueous solution, which have been coated (i.e. with avidin) for specific affinity to various molecules (i.e. biotin). The frequency shift in the response indicates the biochemical binding, and the magnitude of the shift is in accord with the changed hydrodynamic radius of the composite entity, as is supported by hydrodynamic theory.

· Polymeric: We reported a combined top-down/bottom-up hierarchical approach to fabricate massively parallel arrays of aligned nanoscale domains of PS-b-PEP (polystyrene-block poly[ethylene-alt-propylene] diblock copolymers). Unguided films of this polymer will spontaneously form a pattern with short range- but no long range order. We prepared Si3N4 grating substrates by e-beam lithography to template the alignment of high aspect-ratio cylindrical polymer domains. The alignment is nucleated by PS preferentially wetting the channel sidewalls and is thermally extended throughout the polymer film by defect annihilation. Depending on the trough depth and amount of deposited polymer, the aligned domains can be either confined to the channels or expanded across the entire grating. The laterally alternating chemistry of these arrays provides a template for the subsequent assembly of a multitude of functional materials.

· Self-Assembly of Magnetic Dots and Wires via MBE growth: MBE in UHV provides an alternative route to fabricate self-assembled magnetic nanostructures, and when combined with lithographic positioning of self-assembled objects should enable the creation of complex and functional materials with potentially broad applications. We self-assembled epitaxial Fe nanowires onto stepped Pd(110), and epitaxial Co dots, antidots, wires, dot chains, and arrays onto lattice-mismatched Ru(0001) and lithographically etched substrates. The systems were used to investigate domain stability and coupling with MFM and SP-LEEM and with micromagnetic calculations. Also, for our spectroscopy studies, we have initial STM results on self-assembled Co nanostructures grown on Ru(0001), achieving atomic resolution on the Ru(0001), and doing spectroscopy within a reasonable time.

Electron Spin Qubits and Quantum Phase Coherence: We established a capability for measuring ESR signals in a UHV STM. A fully phase coherent pulsed ESR spectrometer has been assembled to work at low magnetic fields (~200 Oe) in the STM. The spectrometer is capable of complex pulse sequences with 3.3-ns resolution at two simultaneous frequencies in the range of 300-800 MHz. Frequency switching can be accomplished in 250 ns. Detection of the high frequency component of the tunneling current, while simultaneously controlling the STM, has been demonstrated. We have observed the coulomb blockade effect at room temperature on empty C60 with an STM. The I-V curve of an isolated C60 on a graphite substrate shows a staircase at room temperature and the STM image verifies that the spectroscopy is from single molecules of ~1-nm diameter. Our colleagues (J. Carlisle, J. Schlueter, and O. Auciello) have begun to prepare N-C60. We are currently using a combination of open cage adducts of C60 with a microwave plasma of nitrogen ions for implanting the N into the C60. The open cages will be closed with laser irradiation after implantation. Chromatography will be used to concentrate the implanted C60.

g.  Future Accomplishments
Spin Transport in Lithography-Patterned Nanomagnets: Using a non-local detection technique we will directly probe the spin diffusion length of various materials, both normal and ferromagnetic, and search for materials with long spin diffusion lengths. Besides Au, which we have already investigated, we will explore Cu, Cr and Al. Some of these materials are believed to have long spin diffusion lengths compared to Au due to reduced spin-orbit scattering. We will also explore promising nontraditional materials, such as semi-metallic bismuth, which has a very long mean free 
path, and probably an extremely long spin diffusion length. At the same time, we will measure the spin diffusion in the ferromagnetic injector by varying the length of the injector. This will allow us to test if Co indeed has a longer spin-diffusion length compared to most other ferromagnets, which would make Co the best choice for spin-injection through ohmic contacts. Experimentally ohmic contacts yield a low injected polarization (~2-3%). Nevertheless, spin injection via a tunnel barrier improves the injection efficiency, yielding enhanced spin signals in the detection circuit by nearly two orders of magnitude. Therefore, we will also conduct spin-injection experiments using tunnel barriers. However, while ohmic contacts result in lower injected polarization, they allow for higher current densities, which is particularly important for spin-torque transfer. We proposed to create and explore a structure for modulating the spin current via changes of the magnetization gradients using three ferromagnetic electrodes (F1, F2, and F3) overlaid on top of a nonmagnetic metallic stripe (NM). Spin-polarized current is injected from F2 into NM, and subsequently drained via F1. The spin accumulation is detected as a voltage between F3 and the lower end of NM. Antiparallel alignment of F1 and F2 should yield a higher magnetization gradient in the NM than does parallel alignment. The higher gradient will drive a larger spin current toward F3, and thus lead to a higher spin accumulation detected at F3. This should provide a new approach of modulating spin accumulation and spin current. It has been demonstrated that a spin-polarized current is able to switch a nano-magnet, an effect known as spin-transfer torque. We propose a scheme in which a pure spin current — with zero charge current — is utilized to switch the magnetization. In the proposed structure an electrical current is passed from F1 into NM, injecting spins and consequently a pure spin current flows toward F2. If the spin-current density is sufficiently large, the magnetization of F2 can be switched. The density necessary for switching is proportional to the total moment of F2, thus F2 should be as small as possible. For the measurement, a dc electrical current is slowly ramped with a small ac signal superimposed. The dc electrical current creates the spin-current density to drive the switching, while the ac current creates spin-signal contrast to permit the switching to be detected. Based on these basic spin-injection principles we will then construct more complex devices that make use of non-collinear magnetizations in multiple contacts. This should permit the use of spin-precession, which offers an alternate pathway for low power and more efficient information processing. A first effort will be the development of devices that utilize the precession and controlled flipping of spins analogous to existing nuclear magnetic resonance and polarized neutron techniques (i.e., spin-echo). This is simplified in a planar geometry, since non-collinear magnetic structures can be engineered via tailoring the shape of the magnetic components. The initial structure will be a “three-terminal” device, where a third ferromagnetic contact with controllable magnetization direction is inserted in a spin-valve structure between two anti-aligned ferromagnetic contacts. A non-collinear orientation of the intermediate ferromagnetic layer will give rise to a spin-precession, resulting in an intermixing of the spin-states, which will consequently increase the detected voltage. This idea will then be extended to the concept of a spin-torque transistor where the magnetization direction of the intermediate layer is controlled by a spin-torque due to a current from two additional magnetic contacts. Future goals will be the detection of a spin-echo in a magneto-transport system, or the development of a spin-diode where the rectifying direction is given by precession angles of 90°.

Advanced Multilayers: Organic Spintronics-We will explore spin-polarized transport using a tunnel junction consisting of a self-assembled monolayer (SAM) of molecular polymer sandwiched by ferromagnetic metal electrodes. Such molecular tunnel junctions are direct analogues of inorganic magnetic tunnel junctions (MTJ), making the manipulation of their magnetic states conceptually straightforward. As an initial trial, we have successfully fabricated tunnel junctions consisting of Au crossbar microelectrodes and a molecular spacer that is either a cyanoenthylthio-functionalized Octi (3-methylthiophene) SAM layer or Octi (3-methylthiophene) molecules isolated in the defect sites of a self-assembled dodecanethiol (DDT) monolayer. The DDT molecule is insulating and the carrier transport is confined through single Octi (3-methylthiophene) molecules in parallel. Preliminary measurements show reproducible conductance switching in the latter configuration. For polarized electron spin injection, we will use various ferromagnetic metals, such as Fe, Co, Py or manganites, which have well-defined magnetization behavior and spin polarization. The I-V curves and the MR will be characterized at various temperatures to examine how the conformational energetics of the molecules affect the spin coherence. In the long term, such a MTJ could be transformed into a single-molecule form, with magnetic atoms incorporated into the polymers to act as spin-filters and with transport via Kondo resonant tunneling. In addition to vertical tunneling structures, we also will employ laterally patterned tunneling structures. Using electro-migration we can reproducibly manufacture 10-nm gaps between ferromagnetic contacts. After attaching the organic molecules to these contacts, the MR for parallel and antiparallel magnetization orientations can be measured in remanence, since both configurations can be stabilized by arranging the contacts in a U-shape, with the nanogap at the bottom of the U. By first applying a magnetic field perpendicular to the nanogap (along the legs of the U) an antiparallel remanent magnetization would be established at the nanogap, while applying a magnetic field along the nanogap would give rise to a parallel remanent configuration. 

Advanced Multilayers: Quantum Critical Phenomena (QCP)-We propose to carry out a systematic study of the nature of the quantum phase transition in Cr using thin film and multilayer structures, and in dilute magnetic semiconductors using an FET geometry. While in bulk Cr the SDW antiferromagnetism is well established, in thin films and superlattices the confinement and proximity effects make the AF ordering more complex.  In particular, when Cr is in contact with ferromagnetic layers (e.g. Fe) the interfacial roughness causes spin frustration. For large Cr thicknesses, the Cr magnetic moments are perpendicular to the Fe magnetization in order to relieve spin frustration, forming a transverse incommensurate SDW (ISDW) state with an in-plane propagation vector Q. For thin Cr layers, the Cr ISDW state has in-plane moments and out-of-plane Q. With increased temperature or decreased Cr thickness, the ISDW order collapses to yield paramagnetism in sputtered superlattices, or transforms into commensurate SDW order in some MBE-grown systems. For sputtered superlattices, the higher degree of disorder favors forming domain walls that connect the interfacial steps in order to relieve spin frustration, effectively reducing the Cr layer thickness available to establish ISDW order. Therefore, tuning the interfacial spin frustration is equivalent to tuning the Cr layer thickness. A continuous variation of the interfacial frustration can be achieved by rotating the ferromagnetic magnetization towards the perpendicular direction. For ferromagnetic spins that are perpendicular to the Cr spins, the frustration is removed even in the presence of structural or crystallographic defects. Therefore, the interfacial frustration can serve as a tuning parameter to drive a thin, pure Cr layer across the quantum critical point without affecting the Fermi surface externally. Also, the perpendicular magnetic field can be conveniently used for Hall-effect measurements. We will implement this scheme by fabricating epitaxial, layered structures of Cr and ferromagnetic layers. The QCP will be tracked by neutron diffraction, in collaboration with the Neutron Scattering Group at the IPNS, and by measuring the Hall coefficient, longitudinal resistivity and magnetic susceptibility. The quantitative results will show whether doping (i.e. with Mo or Ni) has an effect on the nature of the QCP and on the electronic properties of the phases involved. We will utilize gating effects to tune the quantum phase transition in oxide magnetic semiconductor films. For example, epitaxial La0.5Sr0.5Ti1-xCoxO3 in an FET geometry will be grown with layer-by-layer control on SrTiO3 substrates using pulsed laser deposition (PLD). We will use SrTiO3 films grown in-situ by PLD as the gate dielectric, or alternatively, micro-machined SrTiO3 substrates will themselves serve that purpose. Critical exponents as a function of the applied gate electric field will be determined for the gate-induced magnetic transition by means of extraordinary Hall effect, ferromagnetic resonance and magnetic susceptibility measurements at low temperatures. Such a system would be an ideal test bed for mapping our measurements onto theoretical models for QCP in magnetic systems.

Magnetization Dynamics in Lithographically-patterned Nanomagnets: We will investigate the competition between magnetostatic and interfacial energies. By fabricating patterned heterostructures we are able to introduce interfacial energies in the form of exchange bias or exchange coupling and even dipolar coupling. When interfacial interactions are added to a magnetic vortex, its magnetic behavior is expected to become more complex. In circular exchange-biased patterns one expects that a vortex will form when the applied field counterbalances the exchange-bias interaction. For applied fields non-collinear to the unidirectional anisotropy, it is expected that the vortex core will not traverse the disk along a straight line, but will follow a curved trajectory, altering the hysteresis loop. We also expect the vortex to be unstable beyond a critical angle between the unidirectional exchange bias and the applied field. Therefore, in order to understand the reversal mechanisms, we will characterize the magnetization in exchange-biased disks utilizing MOKE and MFM for fields applied along different directions. We will also investigate exchange-biased rings that form a more stable vortex state since the central singularity is removed. Again, the hysteresis should change with the orientation of the applied field, i.e., the trajectory of the vortex core could be such that the ring remains for most of the reversal in a vortex-core state. By measuring hysteresis with fields applied at various angles, it should be possible to determine the attractive potential of the inner part of the ring. The competition between intralayer magnetostatic constraints and interlayer coupling will also be investigated in AF-coupled ferromagnetic layers. We will explore this in F/N/F trilayer systems, where the AF coupling between the two ferromagnetic layers can be tuned by varying the thickness of the intermediate nonmagnetic spacer (i.e., Cr, Cu, Ag). This should generate vortices with opposite chirality in the adjacent F layers. The magnetization reversal should be richer than in the single-vortex case because the interaction between the vortex cores might be either AF (due to interlayer coupling) or ferromagnetic (due to dipolar coupling) depending on which interaction dominates. But since the vortex nucleation occurs at opposite sides of the disk, the relative orientation might be independent of the net interaction. We will examine nanodot arrays of Fe/Pd multilayers where there are two contributions to the effective fields acting on each Fe disk within the multilayer. First, there is the ferromagnetic exchange coupling of the Fe films through the polarized Pd layer, producing an effective field of ~1 kOe. Second, the dipolar field from one Fe disk on a neighboring Fe disk is also in the kOe range, but is opposite (AF) in sign. These two competing fields alone could produce a spin-flop-like magnetic state or possibly a helical state within the dot. We will examine the structure and dynamics of such materials both theoretically and experimentally. The dynamics of magnetic nanoparticles will be investigated using time resolved (sub-nanosecond resolution) PEEM at the ALS. Multiscale theoretical efforts will include analytical and micromagnetic calculations. We will investigate complex time-dependent spin precession in arrays of single submicron disks arranged in chains with variable separation distances, where the coupling of the resonant modes remains to be explored. We will also use PEEM to explore the spin dynamics in GMR trilayer disks, where the magnetic susceptibility is tunable based on the aspect ratio of the disk and the thickness of the spacer layer. The magnetostatic interaction is expected to play an important role in defining the eigenfrequencies and the effective damping constant of the system. The magnetic characterization using SQUID magnetometry and MOKE will precede the PEEM experiments. The samples will be fabricated on a co-planar waveguide that will supply ultrashort (0.1-0.2 ns) pulsed fields using current pulses that are launched by a photoconductive switch that is triggered by a laser pulse. The field produced by the current will initiate the magnetization precession in the sample. The response of the sample to the field will be monitored in a pump-probe mode by electronically varying the delay between the laser pump and the x-ray probe. The advantages of x-ray vs. optical techniques are that PEEM has a higher spatial resolution and has elemental specificity. By using the intrinsic time resolution provided by the pulsed structure of the synchrotron, the important time scale for precession and damping phenomena between 0.1-10 ns is accessible via PEEM. We previously developed and tested a micromagnetic-based simulation method that enables the calculation of the magnetic normal modes of arbitrary nano-size particles. This unique tool is ideally suited to address several important problems. Recent simulations by G. Leaf (ANL-Math. & Comp. Sci. Div.) of magnetization reversal in a Co wire indicates that a soft magnon mode can be responsible for the formation of stripe domains resulting from the interplay between forces on multiple length scales. This hypothesis will be investigated and might provide a solution to the general problem of stripe formation. Another challenge is the resonance of domain walls in stripe domain structures. The calculated frequency depends mainly on a film’s geometric parameters and will be measured by FMR and stripe-line techniques. We also will investigate the normal modes of magnetic square arrays using Brillouin scattering and FMR and compare the results with theoretical models. Simulations will be used to determine how shape changes, e.g., rectangular or elliptical, influence the response times. Also, we will develop a general description of the concept of dynamical magnetization pinning in thin magnetic dots. Such pinning is important for understanding any dynamical experiments on thin magnetic dots. The effective boundary conditions have mixed exchange-dipolar nature and are determined mainly by the inhomogeneity of the dynamic magnetization and by the demagnetizing field near the edges of each element. It is known that the magnetostatic surface energy in mesoscopic and nano-elements can play the role of a surface anisotropy. Furthermore, we will develop an approach to the magnetization reversal/dynamics problem assuming nonconstant length of the magnetization vector. The approach will consider longitudinal relaxation, which is essential at high temperature, and thus will generalize the micromagnetic Landau-Lifshitz equation, which is only valid in the low temperature limit.

Self-assembly of Magnetic Nanostructures and Templates: There are four types of projects that we will pursue collaboratively:

· Viral-Templating: We are developing with the Biosciences Division a robust, new pathway to fabricate functionalized magnetic nanoparticles utilizing an empty virus capsid shells (ghost phage) as a template for the chemical precipitation of magnetic nanoparticles. The advantages are that (i) the biochemical selectivity can be engineered for many different targets, (ii) the resulting magnetic nanoparticles have a monodispersed size distribution, and (iii) the virus capsid can be made thick enough to avoid agglomeration of ferromagnetic particles due to dipolar interactions. The virus capsid can be chosen so that the size of the resultant “magnetic virus” is larger than the superparamagnetic limit but small enough that only a single magnetic domain is stable and multidomain structures are excluded. The structures will initially be used to study Brownian relaxation of magnetic nanoparticles in liquid solution and the influence of surface biochemistry on this relaxation. Then the approach will be extended to create magnetic arrays and lateral heterostructures, where the interparticle interactions can be tailored precisely by their exact placement. Ultimately this may lead to novel functionalities in magnetic materials, i.e., the ability to perform basic logic operations through the manipulation of magnetization states. The structures will motivate a variety of structural and magnetic imaging characterizations utilizing advanced scanning-probe and x-ray techniques. The goal is to create new materials landscapes while systematically transforming the process from an art to a science.

· Polymeric Templating: We are exploring a novel hierarchical scheme to organize magnetic nanoparticles, building on prior pioneering work. The hope is to develop a general approach for the entire field of nanoscience. The process is based on organic diblock copolymers (i.e. PS-b-PMMA) that are known to self assemble as films that form lateral nanoscale hydrophobic-hydrophilic striped phases. The first step with UC chemistry researchers is to guide the self-assembly to exhibit long-range orientational order by utilizing substrates that are scored with lithographic troughs. Secondly, the polymeric solution is spin-coated onto the substrate, which is then annealed to obtain the desired stripes within the troughs. Thirdly, with the Molecular Materials Group, organic surfactant mediated magnetic nanoparticles are selectively adsorbed onto the hydrophobic stripes due to chemical affinity. If the troughs are viewed as magnetic recording tracks, and the magnetic particles as single bits aligned on the tracks, this conceptually simple approach can be used to envision the creation of magnetic disks whose density could enter and exceed the Tbit/in. realm. Many challenges present themselves that we will explore. We will enlist UV interference lithography to perfect the creation of macroscopic substrate stencil templates. We will use the purest diblock polymers commercially available and further purify them via chemical extraction. We will work with Fe-Pt magnetic nanoparticles that naturally form in the ε-phase, but that need to be coaxed into the high magnetic anisotropy L10 phase. The phase transformation generally requires heat treatment, which can disrupt the polymer template and sinter the nanoparticles. Thus, we will work on alternate strategies to stabilize and fix the desired magnetic particles in place. This might involve a process of protective coating that immobilizes the magnetic particles prior to heat treatment, or alternately a direct synthesis of the desired phase.

· UHV-STM: We will probe the spectroscopy of ferromagnetic and AF samples with pronounced surface states using a SP-STM. This goal emerges from our efforts to explore self-assembly via island-growth of overlayer structures in a UHV environment. The benefits of SP-STM are the ability to: (i) magnetically image and investigate magnetic correlations within nanostructures at the atomic level; (ii) directly understand the magnetic configuration of AF materials; and (iii) study magnetic quantum confinement with spin resolved spectroscopy. There have been two successful approaches demonstrated; both are based on spin polarized tunneling, where the tunneling conductance between the tip and sample depends on their relative magnetization orientation. One approach uses a magnetically soft tip with a coil wound around it to generate an ac magnetic field that switches the tip magnetization periodically. The frequency (~40 kHz) of the ac current is chosen to be well above the cut-off frequency (~10 kHz) of the STM. In this manner, a constant tip-to-sample distance is maintained and an ac tunnel current due to the spin-polarized tunneling effect is generated. With a phase-sensitive lock-in amplifier, the ac tunnel current is measured and used to monitor the magnetic configuration of the sample. The other approach uses a high anisotropy magnetic tip that possesses a fixed magnetization, i.e., a ferromagnetic (Fe) or AF (Cr) coated W(110) tip. The spin polarized tunneling between the tip and sample yields different peak heights at these states depending on their relative magnetization configuration. Mapping the differences at these states over the sample surface, maps the magnetization configuration of the sample. Both techniques have unique advantages, limitations, and technical requirements. The first technique requires special tip material, two additional contacts on the STM scanning head, and a low remanent field at the tip position, and it mainly works on high-anisotropy magnetic samples. The second approach, that we have chosen to pursue initially, needs in-situ tip flashing to 2500 K, in-situ tip coating with Fe or Cr, and, most importantly, the capability for spectroscopy with high pixel resolution. 

· Magnetic Nanoparticles: Using epitaxial thin-film hard/soft magnetic heterostructures as model exchange-spring magnets, we were able to unambiguously characterize the fundamental magnetic processes, examine the correlation between microstructure and hard magnetic properties, and demonstrate the systematics of performance enhancement in spring magnets. However, realizing the ideal nanostructure in a practical manner remains a formidable challenge. The “top-down” approaches used in conventional magnet processing techniques, such as ball milling and melt-spinning, have not been able to produce grains small and uniform enough for effective exchange coupling. A promising route for controlling particle size and the size distribution is surfactant-mediated chemical self-assembly. Energy-product enhancement of up to 50% has been achieved in self-assembled FePt/Fe3Pt nanocomposite magnets. The scalability of chemical synthesis makes it attractive in large-scale magnet processing. Theoretical study predicts that the coercivity of exchange springs scales with the soft phase size, with the scaling exponent determined by dimensionality and geometry. A nanocomposite with soft inclusions embedded in a hard matrix would offer the most effective exchange hardening. We are collaborating with the MSD Molecular Materials Group to synthesize exchange-spring nanocomposites with a soft core/hard shell structure via surfactant mediated nanoparticle synthesis. We have recently investigated the dynamics of Co nanocrystal growth, and demonstrated that the concentration of oleic acid ligand present during the cobalt carbonyl decomposition reversibly controls the size of the magnetic nanocrystals. For the core-shell nanostructure, we will grow a uniform size soft magnet core first. By then adding a low concentration of hard magnet precursor, we can limit the concentration of the decomposition product below the critical nucleation concentration. Thus the decomposition product will preferentially form a shell structure on the existing nuclei. We expect such scheme could apply to a variety of systems as long as the chemical ligand binding on the surface is not too strong. We will also investigate the use of a variety of surfactants, which can also be used to further control particle size. With the ability to control the core and shell sizes, we can carry out a systematic investigation of the magnetization process in 3-D nanocomposites and compare it with the 1-D case of multilayers.

Electron Spin Qubits and Quantum Phase Coherence: We will establish the capability for single electron spin readout of qubits based on endohedral N in C60. A number of approaches will be used for detecting the electron spin state MS of the atomic N spin, S=3/2, in C60. Such a spin detector will allow us to measure the quantum coherence of linear arrays of N-C60 under various environmental conditions. We will study the effect of temperature and magnetic field, as well as the effect of magnetic field gradients and gating voltages, which will be required for qubit addressing. Since the primary issue in qubits is their stability against fluctuations in environmental variables as a source of decoherence, we will measure T2 under various configurations of nearest neighbor N-C60s. The T2 measurements will be accomplished with our phase coherent pulsed ESR facility using both Hahn-echo techniques and Rabi-oscillation mutation techniques. One approach for single electron spin detection will utilize our developments during FY2004, involving an STM with capability to detect the high frequency ESR signals in the tunneling current. A second approach will utilize a single electron transistor (SET) coupled to a spin valve consisting of a ferromagnetic injector, an Au transport line, and a ferromagnetic detector. Using an STM, others have demonstrated single electron tunneling in C60 at room temperature, i.e., both the charging energy and the energy level separation exceed the thermal energy. Using e-beam lithography of Au on a SiO2 insulating layer on silicon, other researchers have demonstrated the ability to form 1-nm break junctions in Au and to tunnel into C60. In the detector that we propose to investigate a ferromagnetic injector to a Au tunneling lead will allow polarized spin, s = 1/2, electrons to tunnel into the C60 containing the S = 3/2 nitrogen spin. The s.S dipole interaction on the C60 will either flip s or retain its state depending on the value of MS. The change in spin s polarization will be measured by a second Au tunneling lead and a ferromagnetic detector, which will show increased MR or diminished current at constant potential if s is flipped. The advantage of the SET is that all electron spins moving through the junction interact with NC60. Thus, this technique combines the spatial specificity of the STM tunneling current with the spin polarization sensitivity of the spin valve. The sensitivity will depend on the degree of spin polarization obtained with the spin valve.

h.  Relationships to Other Projects

The Magnetic Films Group is highly interactive. We provide a number of examples to illustrate the point. Within MSD we collaborate regularly with Gian Felcher and Suzanne te Velthuis of the Neutron Scattering Group, John Mitchell of the Emerging Materials Group, Ulrich Welp and Vitalii Vlasko-Vlasov of the Superconductivity and Magnetism Group, Yaraslaw Bazaliy, a recent post doc with Mike Norman in the Theory Group, Dean Miller of the Electron Microscopy Center, and Xiao-Min Lin, John Schluter and Hau Wang of the Molecular Materials Group. Within Argonne, we collaborate with scientists at the APS-SRI CAT at beamlines for magnetic scattering and synchrotron Mössbauer studies, and with members of the Biosciences Division, and the Mathematics and Computer Science Division. We are also intimately involved with the creation and jumpstart program of the new Center for Nanoscale Materials, and we lead the CNM nanomagnetism theme. We have formal outreach to the University of Chicago via the self-assembly theme of the UC-ANL Consortium for Nanoscience Research. Beyond this, external collaborations are readily reflected in the publication list of the group, where our 244 co-authors over the past three years are distributed over five continents.




