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Work Proposal Description

The goals of the Magnetic Films Group are to create, explore and understand novel nanomagnetic materials and phenomena. Our interests include the physical, chemical and metallurgical properties of artificially layered superlattices, sandwiches, wedges, ultrathin films, surfaces, and encompass lithographic patterning and self-assembly. The challenge is to identify fundamentally new phenomena associated with the competition between spatial and magnetic length scales and proximity effects. We want to understand the ultimate limits of miniaturization, and work to transform the art of nanomagnet fabrication into a science. We tailor properties via preparation conditions and manipulation of dimensionality for structures grown via sputtering, molecular beam epitaxy, and novel patterning and templating strategies. We explore exchange-coupled heterostructures and those formed with ferromagnets and superconductors, insulators and antiferromagnets. We utilize the magneto-optic Kerr effect and operate Brillouin and Raman light scattering facilities. Furthermore, we use neutron, synchrotron and electron microscopy probes for advanced characterizations. We study basic magnetization dynamics, magneto-transport, and magneto-optic phenomena. The new phenomena explored extend our basic understanding of nanostructured magnetic materials and lay the foundations for emergent technologies.

b. Publications 

There were a total of 50 papers published 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 and diffraction magneto-optic Kerr effects (SMOKE and D-MOKE) 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) (60%)


f. Technical Progress  

Spin Transport in Lithographically Patterned Nanomagnets: We demonstrated spin injection and detection in a unique lateral spin valve geometry.
· We prepared lateral spin-valve structures using either permalloy (Py)/Au or Co/Cu.  The Py/Au devices were prepared using multi-step lithography.  By changing the distance between ferromagnetic contacts in the Py/Au/Py lateral spin-valves we directly determined the spin diffusion length to be 63(15 nm, with an injected current polarization of 3%.  In order to obtain a clean interface for the Co/Cu system, we developed a new fabrication technique using oblique-angle shadow evaporation. Using these Co/Cu/Co lateral spin-valves we determined the spin-diffusion length to be 200(20 nm in Co, and the polarization of the injected current to be 7%, which is the highest value reported to-date for ohmic contacts.

· We theoretically investigated the dynamic behavior of a spin-flip transistor with perpendicular magnetized source and drain and floating base electrode [with Gerrit Bauer, Delft, Netherlands]. This geometry is favorable to enable the excitation of a steady-state precession of the magnetization in the base layer, whose frequency is tunable by the source-drain current.

· Magnetoresistance measurements on a single magnetic vortex were performed and explained.  We showed that the chirality of the vortex can be extracted from the magnetoresistance data. This will be of crucial importance if the vortex chirality is to be used for magnetic storage, since it allows for easy readout. The linear (hysteresis-free) response of the magnetic vortex combined with the size-dependent magnetic susceptibility may be useful for the development of miniature, energy-efficient magnetic field sensors.

Advanced Multilayers:
· We established the First-Order Reversal Curve (FORC) method to quantitatively determine the magnetic reversal processes in exchange-spring systems, even when the switching fields are masked by a smooth, step-free major loop. We compared Fe/epitaxial-SmCo and FeNi/polycrystalline-FePt film, where the different crystal structure of the hard layers results in different anisotropy configurations. The FORC diagrams display a distinct onset of irreversible switching for both systems (with K. Liu, UC-Davis).

· We studied the major hysteresis and recoil curves of SmCo/Fe epitaxial exchange-spring bilayers whose interfaces were modified by thermal annealing. Recoil curves, obtained from the successive removal to remanence and reapplication of an increasingly negative field from the major demagnetization curve, reveal the reversible and irreversible magnetization components. We find that optimal annealing stabilizes the exchange-spring against magnetic reversal. 
· A new mechanism of magnetic anisotropy in FePt alloys was suggested and a new mode of magnetization reversal in magnetic soft/hard bi-layer films was calculated by a multiscale approach using FePt/FeRh films as an example. It was shown that the switching field of a perpendicular exchange spring bi-layer can be reduced even for small interlayer exchange coupling.
· Using dynamic micromagnetic simulations and mean-field nonlinear mapping calculations, we examined the stability of the surface spin-flop transition in a finite, uniaxial antiferromagnetic Fe/Cr superlattice when the applied magnetic field is canted with respect to the easy axis, and determined the phase diagram. The calculated critical angle below which the surface spin-flop transition exists is in quantitative agreement with experimental measurements. However, comparison between experiments and simulation also indicates that the broadening of the transition is possibly the result of sample inhomogeneity and interface roughness.
· Co films were grown on IrMn to study the asymmetric reversal in exchange bias systems as a function of crystalline anisotropy in the ferromagnet. We found that the asymmetries are due to the competition between the interfacial unidirectional anisotropy and the crystalline anisotropy. Thus, asymmetric magnetization reversals are intrinsic to exchange bias systems, but asymmetries may be small for systems with negligible crystalline anisotropies, such as permalloy. 

· We showed (with Prieto, U.Valle, Colombia) that modulation-doped manganites can have saturation magnetizations in excess of values expected from the chemical doping profile. This suggests that ferromagnetic ordering might extend beyond the ferromagnetically doped regions. This could be due to charge transfer between the ferromagnetically and antiferromagnetically doped regions, similar to that observed in other complex oxide heterostructures.
· We showed that La0.7Ca0.3MnO3/YBa2Cu3O7-( trilayers and superlattices show giant magnetoresistance only below the onset of superconductivity, and that the giant magnetoresistance originates from an antiparallel alignment of the magnetization in adjacent ferromagnetic layers. Furthermore, we showed that the magnetization in the La0.7Ca0.3MnO3 layers is reduced at the La0.7Ca0.3MnO3 /YBa2Cu3O7-( interface due to a charge transfer between the two materials (with Santamaria, U. Complutense, Madrid).
Organic Spintronics:

· We fabricated molecular tunnel junction structures with micro-patterned Au electrodes and self-assembled molecular spacers (with Luping Yu, U. Chicago). We characterized the I-V response and observed reproducible conductance switching. We tried to replace the Au with Ni, but more work is required because the thiol-Ni chemistry is not as robust as thiol-Au for self-assembly. 

· Using high-vacuum evaporation as an alternate route for fabricating the molecular spacer, we deposited Alq3 molecular thin films and fabricated ITO/Alq3/Al devices that exhibit electroluminescence. However, vacuum breaks during the fabrication process traps oxygen and moisture in the organics and reduces device lifetime and yield. We integrated the molecular evaporation chamber into a metal thin-film deposition system to enable fabrication of novel structures without breaking vacuum between the deposition of organic and metallic layers.
Magnetization Dynamics and Lithography Patterned Nanomagnets: 

· Complex and interesting size- and field-dependent reversal processes were found for lithographically defined dots consisting of two ferromagnetic layer separated by a nonmagnetic spacer using magneto-optical hysteresis, DMOKE and PEEM experiments. The in-plane hysteresis curves show evidence of a vortex-like reversal mechanism, although the nucleation is more abrupt as compared to the shape of the simulated hysteresis curve. A number of different spin states, such as a single vortex, centered double-vortex, off-centered vortices, and antiparallel single-domain states, that depend strongly on the coupling between ferromagnetic layers were identified via experiment and micromagnetic simulations.

· We implemented an experimental technique to probe the broadband dynamic properties of magnetic structures integrated into a co-planar waveguide geometry. This advance led to the detection of the resonant behavior of magnetic vortices confined in micron-sized circular and elliptical ferromagnetic wafers. The resonance frequencies, attributed to the translational motion of the vortex core, scale as a function of the geometrical aspect ratio and, in the case of ellipses, can also be tuned by applying an external magnetic field. 

· Quantized spin wave spectra were detected for perpendicularly magnetized ferromagnetic microstripes. A quantitative description of the observed phenomenon was given using dipolar-exchange spin-wave dispersion equations. 

· Exchange-biased vortex structures: Key findings are that the magnetization reversal changes from vortex nucleation and annihilation to coherent rotation as a function of applied magnetic field orientation. The possible angular range for forming a vortex can be tuned by tailoring the exchange bias with different field-cooling procedures. Furthermore, field cooling in a vortex state significantly enhances the stability of the vortex. Field cooling with a shifted vortex, i.e., with a small magnetic field applied, gives rise to unusual asymmetric, reversible parts of the hysteresis loops, while the irreversible parts remain unchanged. This indicates that it is possible to imprint a vortex into the antiferromagnet.

· Interconnected permalloy ring structures with geometrical frustration were prepared. Such ring structures tend to form a vortex during their reversal.  If two rings are in direct contact, the chiralities of their vortices are generally opposite to each other. Consequently, three mutually touching rings should be intrinsically frustrated. We showed that this frustration gives rise to complex magnetization reversal as a function of magnetic field orientation.

· We determined the mass of a domain wall in a 250-nm wide permalloy nanowire by monitoring the frequency dependence of the domain-wall resonance as a function of external applied field. This was accomplished by exciting the domain-wall resonance directly with an ac-current through the wire.  

· We prepared lateral exchange-spring model systems with alternating lines of pure permalloy and permalloy/Co bilayers (with Laura Heyderman PSI, Switzerland).  Using element-selective XMCD-PEEM imaging at the SLS we studied the magnetization reversal in these systems, which depend on film thickness.
· Control of the magnetic ground state of nanostructured elements remains a challenge. We used the D-MOKE technique to investigate the various metastable states that occur during reversal in picture frames and in rings with lithographically patterned structural imperfections (e.g. small gaps). A systematic study as a function of field direction enabled us to determine the conditions under which a vortex with selected chirality could be reliably imprinted into the ring.

· In order to understand magnetization dynamics of submicron particles we developed techniques to calculate the magnetic normal modes.  We then calculated the normal modes of a cylindrical vortex, where we showed the existence of families of radial and azimuthal modes, and of a vortex in a square particle where we also found modes localized at the corners and along the diagonals. Normal-mode simulations also allowed us to show that the origin of stripe domains in a magnetic bar is not due to energy minimization (as generally assumed) but that it is a dynamically induced effect of a magnetic soft mode.

· A Brillouin scattering study of magnetic excitations in an externally rf-driven array of permalloy particles showed that the inelastically scattered light is confined to very small solid angles along the static diffraction directions of the array.  The results are explained in terms of the phase coherence of the modes in each particle.
· The bi-stability region and energy barrier for the transition from single-domain to vortex state in nanoscale magnetic dots was predicted and confirmed experimentally for Co dot arrays.
· Eigenfrequencies and trajectories of coupled magnetic vortices in tri-layer cylindrical dots and elliptic dots with double-vortex ground state were calculated and applied to interpret strip-line experiments. The dynamics is determined by the vortex polarizations (gyrovectors) and chiralities.
· New boundary conditions were introduced to describe the magnetization in small particles. This represents an advance beyond the standard theory of micromagnetism.
· The dynamics of magnetic vortices confined in micron-sized circular FeNi dots were detected by means of X-ray photoemission electron microscopy and interpreted as the translational mode of the vortex core motion about the equilibrium position induced by a gyroforce and a dynamic magnetostatic restoring force.  
Self-assembly of Magnetic Nanostructures and Templates: There are three types of projects that we have pursued:
· Bio-inspired: We investigated the impact of nanoparticle size distribution on signal transduction in biomagnetic detection via a modification of Brownian relaxation. We find that even a broad size distribution can be tolerated, but the detection sensitivity decreases as the size dispersion increases.
· Polymeric: We reported a hierarchical assembly method to generate magnetic nanostructures working with purely bottom-up self-organization. Thin films of cylindrical PS-b-PMMA (polystyrene-block-polymethylmethacrylate) diblock copolymer domains were exposed to UV light to preferentially remove the surface PMMA regions. The resulting substrate, with periodic 8-nm corrugation, serves as a selective template for the adsorption of FePt colloidal nanoparticles. Since the assembly mechanism does not depend on the magnetic character of the nanocrystal cores, this approach can be generalized to create a wide range of nanostructured hybrid materials, such as semiconducting CdSe nanoparticles, which we also demonstrated.

· Polystyrene nanosphere templates: We investigated magnetic anti-dot nano-structures with 3D architectures, fabricated using a self-assembly template method (with A. Zhukov, U. Southampton, UK, and G. Karapetrov.) The patterning transverse to the film plane, which is a unique feature of this method, results in novel magnetic behavior; the coercive field, a key parameter, exhibits an oscillatory dependence on film thickness. The hysteresis data is supported with in-field MFM and micromagnetic modeling. 

· Self-Assembly of antiferromagnetic Mn islands via MBE growth: We probed the layer-by-layer magnetization structure of Mn islands grown on Fe(001) in a UHV environment via spin-polarized scanning tunneling microscopy (SP-STM). This is part of our broader goal to explore self-assembly via island-growth of magnetic overlayer structures. 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. In spin polarized tunneling, the tunneling conductance between the tip and sample depends on their relative magnetization orientation. The approach that we used was to create a tip with a high magnetic anisotropy that possesses a fixed magnetization. We achieved this by coating a W(110) tip with Fe. The spin polarized tunneling between the tip and sample yields different peak heights at spin-polarized surface states depending on their relative magnetization configuration. Mapping the differences at these states over the sample surface, maps the magnetization configuration of the sample. Our approach required in-situ tip flashing to 2500 K, in-situ tip coating with Fe and, most importantly, the capability for spectroscopy with high pixel resolution.

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.

· We plan to image the spin accumulation in lateral spin-transport structures using XMCD-PEEM, XMCD-transmission x-ray microscopy, and TEM with EELS.

· In lateral spin-transport structures, spins are injected by an electric current from a ferromagnetic electrode. It was theoretically suggested that excited ferromagnetic resonance (FMR) modes could pump a spin-current into an adjacent normal metal. There is indirect evidence of the effect via increased FMR linewidths in F/N metal heterostructures. We will detect spin currents from spin pumping using lateral spin-valves with different FMR modes for injector and detector.

· Three-terminal lateral magnetotransport structures will be developed. Two ferromagnetic (F) contacts connected by a non-magnetic (N) wire will be in a high resistance state, if the magnetization of the two contacts is anti-parallel. Adding a third F contact between the two original ones will permit the intermixing of spin-up and spin-down states, if the magnetization of the F3 is non-collinear with the other two. In this way we will control the resistance by adjusting the orientation of the magnetization of F3. First we will use a magnetic field that does not perturb the other two contacts, then we will utilize current-driven spin-torque effects.

· Spin skew scattering in normal metals should give rise to a spin-Hall-voltage, where there is an imbalance between the spin-polarization of the charge carriers across the width of the current path, even in the absence of an external field. This is similar to the principle of Mott detectors used for resolving the spin polarization of electron beams. By injecting a spin-polarized current into the normal metal via a tunnel junction, we will generate an electric Hall voltage from this spin-Hall-voltage. We will investigate the spin-Hall effect in a planar geometry by having F contacts above and below an N-metal wire. This should enable the determination of spin-diffusion lengths via voltage measurements at various distances from the injection point.

· We will use magneto-transport measurements to ascertain the magnetic configuration of mesoscopic magnetic picture frame structures (with V. Metlushko, UIC and J. Freeland, APS). By creating the structures out of spin-valve trilayers and measuring the magneto-transport simultaneously at various locations on a structure, we can deduce the local magnetization orientation by analyzing contributions from GMR and AMR.
· The good band matching between Fe and MgO underlies the very large TMR effect in MgO-based tunnel junctions. We will explore resonant tunneling in epitaxial Fe/MgO/Cr/Fe structures with the MgO and Cr layers as wedges, and whether the MgO layer will affect the interlayer coupling through Cr. Such a structure will also be used to verify the theory that predicts a bias-voltage effect on the interlayer coupling.

· We will explore spin transport in spin valves with organic spacer and transition metal electrodes. We will investigate whether or how the metal/organic interface affects the spin transport. We will also investigate whether spin injection can be used to manipulate the electroluminescence in organic light-emitting diodes.
Advanced Multilayers: Work on multilayer and superlattice structures that are patterned appear in the work on spin transport above or patterning (below). 

· We will investigate the correlation between interface characteristics and magnetization reversal in exchange spring magnets by systematically varying the interface profile by controlled fabrication. The interface characteristics will be quantified with scattering techniques, and the magnetic stability and reversibility will be quantified with FORC and recoil techniques.

· We will utilize the geometrical confinement and interfacial spin frustration to tune the spin-density-wave (SDW) antiferromagntism in Cr-based multilayers in order to explore quantum critical phenomena. Tuning the interfacial spin frustration is equivalent to tuning the Cr layer thickness, which controls the SDW ordering via the finite-size effect, to drive a thin, pure Cr layer across the quantum critical point without affecting the Fermi surface with dopants.

· We will create F/S/F structures with controlled, non-equivalent F/S and S/F interfaces in order to test the theory that the observed small change in TC between parallel and antiparallel magnetization states is due to asymmetric interfaces. We will fabricate the S layer as a wedge in order to yield a series of samples that are internally consistent.

· We will investigate transport properties of F/S bilayers with a patterned (thickness-modulated) ferromagnetic layer. The goal is to experimentally explore ratchet effect behavior in an ac-current-driven superconducting vortex lattice with an asymmetric pinning potential. The interplay between the pinning action of magnetic dots and the repulsive interaction between the vortices may lead to a rich and interesting behavior that potentially could be useful for the development of energy-efficient hybrid S/F electronic components, such as, logic elements or superconducting diode devices.

· We will investigate the effect of confinement on 2D magnetic stripe domains. Our model simulations indicate we can control the shape of the domains by the magnetization history. We are processing the shadow mask at the CNM to make experimental nanostructures; and APS beam time is scheduled. This study will provide a more profound understanding of the role of the dipole interaction in 2D magnetic systems and a way to manipulate it to design magnetic domain patterns.

· We will investigate the magnetic properties of the fct L10 phase of FePt. L10 FePt alloys are of interest because of their high magnetic anisotropy. We are finding the growth conditions for the L10 phase. Cr doping enhances the SMOKE signal from the film. We will investigate the properties of FePt/Cr bilayers. L10 FePt has a two-layer repetition of its atomic structure, and antiferromagnetic Cr has a two-layer repetition of its magnetic structure. We will see how these structural and magnetic properties influence the magnetism of the interface between Cr and FePt, and for related multilayer systems (e.g. FePt/Fe, FePt/Cr/FePt).
· We are fabricating digital superlattices of (LaMnO3)M/(SrMnO3)N, where M and N are integers, as part of a seed project in digital synthesis (with J. Eckstein, UIUC). The ratios M and N are being chosen to explore different parts of the phase diagram for La1-xSrxMnO3, and for different values of the periodicity (M+N). We will establish how double-exchange and other factors affect charge, spin and orbital ordering at the interface between the G-type (cubic) AF insulator SrMnO3 and the A-type (layered) AF Mott-insulator SrMnO3. We will try to obtain a fully spin-polarized, conducting, interfacial ferromagnetic state. We will connect the magnetic and transport measurements at the macro scale with those of atomic-level modulation of properties using STEM EELS and resonant Bragg diffraction, and to recent theoretical calculations on such superlattices.

· We will study the manganite phase diagram using digital synthesis. The materials to be explored have strong correlations and exhibit emergent behavior, but will be without the disorder that accompanies chemical doping. The doping is accomplished at coherent interfaces between fully ordered constituents. We will thus separate the effects of disorder from other competing interactions in strongly correlated systems. The scope of the project will grow to encompass interfacial half-metallic ferromagnets, delta-doped ferromagnetic semiconductors, odd-in-frequency triplet superconductivity, multiferroics and the ability to tune magnetic and superconducting order at interfaces by the application of gate-electric fields.

Magnetization Dynamics and Lithographically Patterned Nanomagnets: 

· We will establish a new experimental procedure to probe the critical thickness transition lines between different magnetic states in patterned elements with increased surface-to-volume energetics. Lithography controls the geometry and placement of structures however, it is difficult to avoid surface contamination in lift-off or plasma etched samples. This limits the dimensions of samples to be large enough that the surface energy contribution is negligible. Samples will be fabricated and studied in-situ under UHV conditions. But there are limitations on the types of structures that can be fabricated in UHV. Thus, probing nanomagnetic phase transitions continues to be challenging. To address this, we will explore the properties of ex-situ lithographically fabricated samples inUHV via D-MOKE. Ion-milling into the UHV chamber, will eliminate contaminated surface layers prior to characterization. Continuous magnetic measurements as the sample is thinned will enable the study of transitions from 3D to 2D or from 1D (wire) to 0D (dots.) Epitaxial and polycrystalline samples will be investigated. The approach will be used to investigate other systems where the surface energetics are important, such as exchange springs and exchange biased bilayers. 

· We will investigate non-linear spin dynamics in restricted geometries, going beyond small-amplitude spin precession experiments. The topic of spins instabilities is of fundamental importance and is relevant to the magnetization reversal process in spintronic devices. We will explore non-linear spin excitations in patterned nanostructures excited by both high-amplitude pulsed and continuous magnetic fields and probed via Brillouin scattering and microwave reflection.

· Many open questions in exchange-biased discs will drive our future activities. Micromagnetic simulations suggest that for fields applied at a moderate angle with the unidirectional exchange bias, the reversal may occur via nucleation of two vortices instead of one. We will image the magnetization structure during reversal with XMCD-PEEM and Lorentz TEM. In the case of imprinting a shifted vortex, one expects a curved trajectory of the vortex core during the reversal, contrary to in an unbiased disc. We will image this trajectory via Lorentz TEM for different field cooling procedures. We also will study the dynamics of exchange-biased vortices using strip-line techniques. The interfacial exchange coupling may give rise in a splitting of the translational modes of the vortex core.

· The magnetic behavior of laterally patterned perpendicular exchange-biasd [Co/Pt]/IrMn and [Co/Pd]/FeMn multilayers will be studied with Lorentz microscopy (with A. Petford-Long). The lateral patterning via FIB destroys the perpendicular anisotropy of Co/Pt and Co/Pd multilayers. The resulting structure and magnetic interactions are expected to lead to complex magnetic behaviors.

· Exchange spring behavior could be fundamentally different in a lateral exchange spring compared to a layered exchange spring. For a layered system the partial domain wall is typically of the Bloch type (i.e., the magnetization is parallel to the hard/soft interface) while for laterally patterned systems it should be of the Néel type for sufficiently thin layers. This difference should give rise to rich magnetic behavior. We will address this issue systematically in two different ways. First, we will prepare a model lateral exchange spring by patterning Co lines on a continuous NiFe film. This will give rise to hard NiFe (due to coupling with Co) laterally alternating with soft NiFe. Second, we will use ion-beam patterning to create lateral exchange-spring systems (with J. Fassbender, Dresden, Germany.) Areas in a uniform Sm-Co hard magnetic film irradiated by the ion-beam lose crystallinity and magnetic anisotropy; the resulting lateral hard/soft structure enables our modeling of exchange-spring systems to extend from 1D to 2D. In this way the effectiveness of domain wall pinning by various lateral configurations can be studied in a controlled fashion.

· Current-induced spin-torque effects can be used to switch the magnetization in nanomagnetic structures, but the current densities are typically ~109 A/cm2. Theory estimates current densities can be reduced by one or two orders of magnitude by combining precessional switching with spin-torque effects, with switching times of <1 ns. A layer with perpendicular magnetic anisotropy can exert an out-of-plane spin-torque on the magnetization of a nanostructure. The out-of-plane canting of the magnetization leads to a large demagnetizing field, which would cause precessional in-plane motion of the magnetization. Initial experiments will utilize patterned permalloy discs <100 nm diameter. High current pulses from a ferromagnetic STM tip will initialize the precessional motion. Magnetization switching will be studied as a function of current pulse strength, duration, and shape.

· We will also explore spin-polarized current-driven and field-driven vortex excitations in single-layer and tri-layer dots and domain wall dynamics in thin magnetic stripes. We will create a basis for development of a new class of nanomagnetic spintronic devices tunable by variation of external ac and dc magnetic fields. The basic science opportunity is to detect domain wall motion in nanowires and vortices in tri-layer dots. An energy-saving application of a magnetic domain-motion induced voltage is to change the magnetic state of a spintronic memory cell without the need for an applied current. Using current-induced excitation of the domain wall resonance, we will systematically study the domain wall mass in constricted geometries experimentally and theoretically.

· D-MOKE will be used to study magnetization reversal and metastable groundstates in complex patterned systems.  The aim is to understand the role of competing interactions, and, in particular, frustration effects. Initial experiments on intersecting rings show that frustration effects dominate the reversal process. The work will be followed up with PEEM studies that image the magnetization.


· Using our normal-mode simulation techniques we will perform an investigation of the field dependence of the modes of a square vortex.  In particular, we will determine the evolution of the domain-wall-like modes as the field is raised to the point where the vortex is annihilated. Our simulation techniques will also allow us to study the general relationship between soft modes and magnetic phase transitions in nanoparticles.

· 
Our Brillouin experiments on externally driven arrays have opened up a new class of experiments: by investigating the mode frequencies vs driving power we ascertained that we can drive the system into a non-linear regime. We will investigate how such non-linear effects influence the frequency and coupling to the driving fields. We will extract information on the Gilbert damping coefficient, which, to date, has just been a phenomenological fitting parameter. 
· We will develop a time-resolved magneto-optical Kerr-effect microscopy (TR-MOKE) facility for imaging dynamic magnetization processes on picosecond time scales with sub-micron spatial resolution. With this technique, the sample is excited via an ultra-fast current pulse in a waveguide, triggered by a pump beam.  MOKE provides a non-invasive probe of the sample magnetization in arbitrarily large (or small) magnetic fields. Ultra-fast Kerr measurements will provide insight into diverse processes, such as the complexities of magnetization reversal in confined geometries, spatial patterns associated with particular spin excitations, dynamic interaction effects in collections of nanoparticles, and spin accumulation.
· We will explore a new approach to energy efficient magnetic recording based on vortex state dynamics/reversal in small ac in-plane fields at the resonance frequency of the vortex motion. The challenge is to deliver enough field (~10 kOe) to the media to reach magnetization reversal of the small domains (bits). Preliminary experiments and theoretical estimates show that the core reversal can be reached in small variable fields of ~100 Oe. This is especially important in order to increase the areal density of recorded information while keeping the bits stable against thermal fluctuations.
· We will explore themagnetization reversal and dynamics in hybrid layered ferromagnetic/antiferromagnetic nanostructures that exhibit exchange bias. The motivation is that exchange bias can lead to the possibility of magnetization state control of the reference- and free-layer in spin-valves, magnetic tunnel junctions and magnetic memory cells.
· We will explore multivortex dynamics via arrays of rectangular and elliptic magnetic nanostructures Confinement in nanomagnets alters their energetics and leads to new magnetic states, such as vortices. There are many basic questions concerning dynamics and interaction effects that remain to be answered and nanomagnets are convenient model systems for studying these fundamental physical phenomena. We will investigate the dynamics of magnetic vortex pairs confined in lithographically defined permalloy rectangles and ellipses using a microwave reflection technique. Strong resonances were detected in our earlier experiments in the sub-GHz frequency range and assigned to the translational modes of vortex pairs with parallel or antiparallel core polarizations. Although the vortex polarizations play a negligible role in the static interaction between two vortices, their effect dominates the dynamics.
· Advanced microfabrication allows us to prepare high quality, geometrically confined 3D dots. We will explore surface localized spin excitation modes in high-aspect-ratio structures with in-plane spin distributions. While great efforts are being devoted to understand the excitation spectra of magnetic vortex states in submicron structures, prior work assumes that the magnetization distribution inside the structure is uniform along its thickness. However, realistically treating the non-uniformity theoretically should yield additional excitations modes between the translation (~100 MHz) and spin-wave modes (~5-10 GHz). These modes may be localized near the top and bottom surfaces due to non-uniformity of the demagnetizing field. Exploration of these surface modes will complete our fundamental understanding of the vortex excitation spectra in nanomagnetic particles and can serve as basis for understanding magnetization reversal and relaxation in such systems. 
· We will explore the mechanisms of magnetization reversal in lithographically patterned, magnetically-soft elongated structures by using vector magnetic field magnetometry (with T. Chui, U. Delaware.) The ultimate goal is to solve the bit-selectivity problem in energy-efficient MRAM architectures. The switching process will be controlled via the effective pinning of intermediate states with metastable end-domain configurations.  
Self-assembly of Magnetic Nanostructures and Templates: There are four types of projects that we will pursue collaboratively:

· Viral-Templating: We are developing a robust pathway to fabricate functionalized magnetic nanoparticles utilizing native virus capsid shells (ghost phage), obtained in high yield, as a template for the chemical precipitation of the magnetic nanoparticles (with L. Chen and L. Makowski, BIO). 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 capsid can be thick enough to avoid agglomeration of ferromagnetic particles. The capsid can be chosen so that the size of the resultant magnetic virus (or more precisely the chimeric phage) is larger than the superparamagnetic limit but small enough that only a single magnetic domain is stable. The structures will be used to study Brownian relaxation 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 interparticle interactions are tailored by their placement. This will lead to novel functionalities, such as the ability to perform basic logic operations via manipulation of magnetization states. The structures will motivate a variety of structural (with A. Petford-Long) 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 will devise a coating methodology to avoid undesirable coalescence of FePt nanoparticles during annealing that is needed to drive the material into its desired high-magnetic-anisotropy ferromagnetic phase. We will explore new surfactants for the magnetic nanoparticles that will promote selective chemical affinity to the hydrophobic polymer stripes. We will improve intra-domain ordering of nanoparticles within selectively adsorbed regions on the polymer film. We will develop an understanding of the selectivity mechanism for evaporated metals on a diblock copolymer film using patterned electron exposure and kinetic Monte Carlo simulations.
· UHV-STM: We will utilize our new capability to perform SP-STM studies to probe the spectroscopy of ferromagnetic and AF samples with pronounced surface states. We will also make available the STM in conjunction with the new initiative on Materials for Quantum Computing. The STM has been used to demonstrate spin polarization spectroscopy capability on antiferromagnetically layered structures. We will be upgrading the STM with an improved control system, and with a sensitive pico-ampere preamplifier that will provide enhanced capabilities to study molecular magnets.

· 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, whose scalability also makes it attractive in large-scale magnet processing. Theory 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 role of ligands in the growth of Co nanoparticles. For a core-shell nanostructure, we will grow a uniform size soft magnet core first and then add a low concentration of hard magnet precursor in order to preferentially form a shell structure on the soft 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.

h. Relationships to other projects 

The Magnetic Films Group is highly interactive. Within MSD we collaborate with Suzanne te Velthuis and Gian Felcher of the Neutron Scattering Group, John Mitchell of the Emerging Materials Group, Dean Miller of the Electron Microscopy Center, Amanda Petford-Long of the Interfacial Materials Group, and Xiao-Min Lin of the Molecular Materials Group. Within Argonne, we collaborate 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 helping launch the new Center for Nanoscale Materials. We have formal outreach to the University of Chicago via the self-assembly theme of the UC-ANL Consortium for Nanoscience Research, and we are building new connections to Northwestern and Urbana in the area of nanomagnetics. Beyond this, external collaborations are readily reflected in the publication list of the group, where 260 co-authors over the past three years are distributed over five continents.
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