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	b.  Publications 

There were a total of 42 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), Brillouin light scattering and synchrotron spectroscopic probes of magnetic films.

e.  Approach 

Key Personnel: J. S. Jiang (100%), M. Grimsditch (STA), V. Novosad (100%), A. Hoffmann (75%), J. Pearson (100%), S. D. Bader (25%), F. Y. Fradin (40%), 

f.  Technical Progress
Magnetization Dynamics and Lithography Patterned Nanomagnets: 

A characteristic translational excitation mode of two coupled magnetic vortices confined in elliptically-shape magnetic elements was probed for the first time. This mode corresponds to spiral-like motion of the vortex core around its equilibrium position. By employing a microwave reflection technique, and via comparison with micromagnetic simulations, the strong resonances in the sub-gigahertz frequency range can be assigned to the translational modes of vortex pairs with parallel or antiparallel core polarizations. We found that although vortex core polarizations play a negligible role in the static interaction between two vortices, their effect dominates the dynamic behavior.

Vortex translational motion was studied using a microwave reflection technique under high rf driving excitation. The resonant mode splits into two peaks that differ in frequency by >25% for fields of ~25 Oe.  Micromagnetic modeling suggests the effect may be due to nonlinear foldover, however existing theories do not capture all the observed effects.

A Brillouin light scattering (BLS) 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.  For large values of the rf driving field, nonlinearities of the BLS are observed and explained by micromagnetic simulations. One critical result is that for large rf driving fields the cell size used in the simulations must be smaller than the exchange length in order to obtain reasonable agreement with experiments.

We investigated the phenomenon of stripe domain formation in nanometer sized cobalt bars using dynamic micromagnetic simulations (with G. Leaf, MCS). A strong correlation between the magnetic equilibrium states and the magnetic spin wave modes was established. We found that the lowest frequency standing-wave mode has the same spatial structure as the stripe domains at remanence and it goes soft at the field where the stripe domains emerge. We show, therefore, that the final domain structure at remanence, which is not the configuration with lowest energy, is predicted from a high-field analysis of the frequencies of the standing spin waves.

We demonstrated the ability to monitor and alter the magnetization state of microscopic magnetic elements deposited on the active area of a two-dimensional electron gas (2DEG) Hall probe using the electrical current through the 2DEG (G. Karapetrov, MSD). Magnetic force microscopy (MFM) imaging was employed to image the magnetization state of the element as a function of magnetic field. We found that current pulses through the probe changes the magnetization state of the sample, which can be monitored using the Hall voltage signal.

We developed an analytical model for the magnetization reversal via vortex nucleation and annihilation in exchange biased structures. Within this model the interfacial exchange coupling gives rise to a tilt of the vortex core away from the surface normal. As a consequence, the nucleation and the annihilation of the vortex start, for the different hysteresis branches, either at the free surface or at the ferromagnet/antiferromagnet interface. This should result in a distinct new asymmetry of the hysteresis loop, which should be observable for thicker ferromagnetic layers. Therefore, the analytic description of the magnetization reversal for vortices should provide further insight into the exchange bias mechanism.

We investigated the magnetization reversal of lateral exchange spring structures comprised of continuous permalloy films coupled to small cobalt islands. Depending of the relative strength of the interactions, we observed a crossover from independent switching in the hard and soft regions to a more coherent reversal of both regions and a concomitant development of a quasi-easy axis perpendicular to the easy axis of the hard regions (with Laura Heyderman, PSI, Switzerland).

· Using time-resolved PEEM we investigated the influence of shape on magnetic instabilities in patterned magnetic structures. We find that in rectangular structures, the magnetization reversal initiates at the ends and interiors simultaneously, while in structures with tapered ends, the reversal begins in the middle and spreads to the ends. The degree of tapering is important for both the switching field and the time required for full reversal. A model based on the concept of local instability regions yields good agreement with the observed location of the reversal onsets (with Dave Keavney, APS).

· We demonstrated a magneto-optic technique for measuring Brownian relaxation of magnetic nanoparticles suspended in liquids. Compared to more conventional magneto-electrical measurements of the ac-susceptibility, the magneto-optic approach has an increased sensitivity of at least three orders of magnitude, and furthermore permits the investigation of small sample volumes.

Spin Transport in Lithographically Patterned Nanomagnets: 
· We improved our lateral spin valves by using the Co/Cu system prepared by shadow evaporation, which resulted in clean interfaces.  This enabled us to achieve an injected spin-polarization of at least 7%, which is among the highest reported to date for ohmic contacts.  Furthermore these structures enabled us to measure spin diffusion at room temperature.  While at 10 K the spin diffusion length is 200(20 nm in Cu, we determined that it is at least 110 nm at room temperature. This indicates that the spin-relaxation in Cu is only weakly temperature dependent.

We attempted to image the non-equilibrium spin-accumulation in the Cu part of Co/Cu lateral spin-valves at the Advanced Photon Source (with Dave Keavney, APS) using photoemission electron microscopy (PEEM) with X-ray magnetic circular dichroism (XMCD) for magnetic contrast. However, electrostatic discharges from the electron-optics into the nanopatterned samples prevented a successful outcome.

Advanced Multilayers:

Sm-Co/Fe exchange-spring bilayers with graded interfaces exhibit enhanced exchange coupling effectiveness.  We have for the first time examined the element- and depth-resolved magnetization reversal process using x-ray resonant magnetic scattering (XRMS) magnetometry. Using model concentration profiles in combination with micromagnetic simulations, we simulated demagnetization curves that are in good agreement with the XRMS results. Electron microscopy observations are consistent with the model composition profile. The XRMS results reveal that the enhanced exchange coupling effectiveness is due to the intermixing in the interfacial region and that the diffused Co behaves similarly to the surrounding Fe (with R. Rosenberg, APS, , Z. L. Wang, Georgia Institute of Technology, I. Takeuchi, University of Maryland, and J. P. Liu, Univ. Texas-Arlington).

The Mn-specific XRMS magnetization curve of SrRuO3/SrMnO3(2 unit cell) superlattices exhibits an unexpected field-induced jump. Comparing the XRMS results with SQUID magnetometry measurements, we identified a novel canting of the Mn-spins in the SMO layers—due to the interplay between the perpendicular anisotropy, the antiferromagnetic exchange coupling between the ferromagnetic layer and the spin-flopped SMO layer. (with Omar Chmaissem, NIU).

We further investigated the magnetoresistance (MR) in the La0.7Ca0.3MnO3/YBa2Cu3O7-( system.  By varying the YBa2Cu3O7-( thickness we observed an exponential decay of the MR indicating a spin-diffusion length of only 13 nm.  This rather small value may be related to spin fluctuations that may be important for the understanding of high-Tc superconductors (with Jacobo Santamaria, U. Complutense, Madrid, Spain).
We examined the theoretical proposal that the very small (millikelvin) shift in the superconducting Tc observed experimentally in ferromagnet/superconductor/ferromagnet structures is due to the non-equivalent F/S and S/F interfaces, and that varying the thickness of the two F layers independently rather than together could confirm this. However, although we always observed very small Tc shifts in the F/S/F structures, varying the thicknesses of the two F layers produced similar trends. Our work indicates that differences between the two S/F interfaces cannot account for the observed small Tc shift.

We studied the Bloch domain walls in heterostructures of amorphous GdCo multilayers.  Amorphous GdCo is a ferrimagnet, where, depending on the composition and temperature, the overall magnetization is either dominated by the Gd or Co moments. Thus, for multilayers with varying composition, there are temperatures at which there is a Bloch domain wall at the interfaces when a saturating external field is applied. We studied the field evolution of this domain wall in bi- and trilayers with modulated composition by obtaining thickness dependent magnetization profiles using polarized neutron reflectometry at IPNS and LANSCE and resonant x-ray reflectivity at the APS (with Raquel Zarate, graduate student, U. Oviedo, Spain).
Organic Spintronics:

Contrary to reports in the literature, we did not observe the GMR effect in molecular spin-valve structures consisting of ferromagnetic transition-metal electrodes and Alq3 organic spacers.  By varying the layer deposition sequence and using electrodes with appropriate work functions, we investigated the nature of charge transport in molecular spin-valves. We confirmed that the charge transport in our devices is dominated by holes, and that electron injection is severely limited by the mismatch between the Fermi and molecular levels. 

Self-assembly of Magnetic Nanostructures and Templates:
Polymeric: We studied the diffusion behavior of silver evaporated on a diblock copolymer template and the effect of pre-deposition electron exposure on the process. Unexposed regions selectively adsorb Ag clusters on the polstyrene domains.  Exposure to the electron beam modifies the surface diffusion constants on each polymer block and produces a trend of smaller mean particle sizes with increased dose. While there is a loss of selectivity in this system upon exposure, alternative diblock chemistries or exposure procedure could enable one to engineer the selectivity of desired materials on polymer films (with Seth Darling, CNM).

UHV: We found that nanostructures of a regular size are formed from annealed FePt films with the help of a small Cr dosage (<2 Cr atoms/surface lattice site.) Without the Cr dosage, the FePt film exhibits grains of widely dispersed size and non-defined shape. The nanoparticles in the Cr-dosed area are composed of the L10 phase and show large perpendicular magnetic anisotropy (and a maximum coercivity of 0.9 T), which is important for applications, such as ultrahigh density recording.

We then investigated the effect of Cr dosage on FePt ultrathin films grown on MgO(001). We found that the FePt film surface divides into two phases, one composed of nanostructures (island phase) with perpendicular magnetic anisotropy, and the other composed of flat and connected, large-size plates (planar phase). As the Cr dosage increases, the area of the planar phase increases and the easy axis changes from out-of-plane to in-plane. The study shows that low Cr dosages help to build the FePt L10 island phase.
We deposited FePt on an MgO(001) substrate that contained micron-size patterns made of Cr. We investigated the different FePt structures inside and outside of the Cr pattern. Inside the pattern only nano-size FePt structures were found, while outside of the pattern few-hundred-nanometer size structures were formed as well as nano-size structures. The experiment shows that the undesirably large-sized structures can be locally separated from the preferred small structures via local dosage of Cr.

We investigated the spin reorientation transition (SRT) on patterned ultrathin Fe/Ni bilayers grown on Cu(001). The SRT originates from the competition between perpendicular surface magnetic anisotropy and in-plane shape anisotropy. At the SRT, many interesting magnetic phases, such as the stripe domain phase, have been observed due to the small anisotropy. We studied how the stripe domain phase changes to the vortex state as the anisotropy direction changes. We found that the SRT starts with a single perpendicular domain, changes to stripes and ends with closure (vortex states) and in-plane, single domains, as the Fe thickness increases, or anisotropy changes from in-plane to out-of-plane. We found that the direction of the domain wall follows the crystalline direction regardless of the shape of the pattern.

g. Future Accomplishments

Magnetization Dynamics and Lithographically Patterned Nanomagnets: 

· Spintronics is of great fundamental interest and is relevant to the development of energy-efficient approaches to information technology. Understanding the fast dynamics of spintronic devices is intriguing for two main reasons: First, the operating speed of spintronic devices is determined by the dynamics of the magnetization reversal process. Second, the interaction between spin polarized currents and ferromagnetic dynamics can give rise to sustained spin excitations that can be used as tunable microwave generators. In both cases the dynamics can be complex and even show stochastic behavior. Investigations of the magnetization dynamics require state-of-the-art, frequency-resolved measurements, and also time-domain experiments. We will implement new experimental capabilities to probe the magnetization dynamics of nanomagnets in the time domain using ultra-fast electronic transport measurements.

· Our BLS 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 could drive the system into a nonlinear regime. We will investigate how such nonlinear effects influence the frequency and coupling to the driving fields, as well as, the effect on mode hybridization. We will extract information on the Gilbert damping coefficient, which, to date, has been a phenomenological fitting parameter. We will examine, in particular, the flipping of vortex cores by fields at the vortex translation frequency using BLS to monitor the generation of spin waves excited by the core flips.
· To explore mode hybridization computationally and obtain the response to a large, oscillating drive field to mimic our BLS experiments, we will perform a full calculation of the spatial structure at each frequency obtained by tracking the time dependence at each cell and Fourier transforming it (with Gary Leaf, MCS and Kiril Rivkin, Texas A&M Univ.)
· We will explore a new approach to energy efficient magnetic recording based on vortex state dynamic polarization reversal in small ac in-plane fields at the resonance frequency of the vortex motion. The challenge has been to deliver enough dc field (~10 kOe) to the medium in order to reach magnetization reversal of the small domains (bits). Preliminary experiments and theoretical estimates show that core reversal can be reached in small rf fields (~20 Oe). This is especially important in order to increase the areal density of recorded information while keeping the bits stable against thermal fluctuations. Our approach to monitor vortex core reversal is to use MFM as a monitor following the rf excitation.
· We will use our broadband strip-line techniques with a spectrum analyzer to monitor spin wave excitations following rf excitation at the vortex translation mode frequency. This will be used to probe, for the first time, the ability of a small, in-plane rf translational mode resonance excitation to effect vortex core reversal (with Kristin Buchanan, CNM).
· We will use our broadband microwave reflection technique to explore the vortex dynamics in arrays of circular dots as a function of the inter-dot separation. It has been reported in a theoretical study that a number of new vortex translational modes can occur for small inter-dot separation.  These results will be micromagnetically modeled for vortex pairs in permalloy ellipses, where the core polarization plays a major role.

· We will perform micromagnetic modeling of magnetization reversal in Co/Pd multilayer nanodots with perpendicular magnetic anisotropy (with Hitachi-Japan). Such a system is a candidate for bit-patterned ultrahigh density magnetic recording media. The goal is to clarify how the magnetostatic interaction of a close packed dot array affects their stability.
· Individual and magneto-statically coupled vortices in planar patterned structures are an interesting model system to probe the effect of competing energy terms on the static and dynamic properties of the spins at the nanoscale. We will extend this area of research to the case of vertically stacked magnetic elements. Such a configuration is also relevant to various applications, such as GMR or tunneling MR structures. Micromagnetic modeling indicates that direct magnetostatic interaction between magnetic vortex cores will lead to a peculiar remanent state (off-centered vortices), as well as to interesting dynamic patterns of collective motion. Furthermore, in patterned multilayers one can expect manifestations of finite-size effects resulting in stair-like hysteresis loops due to the long-range nature of the magnetostatic interaction. While most imaging techniques are only capable of probing the magnetization in a top layer, we will use grazing incidence neutron diffraction to probe the magnetic behavior of buried or bottom elements. The studies will utilize large area, patterned bi- and multilayer arrays (with Suzanne te Velthuis, Neuron & X-ray Scattering group.)   
· F/S systems are of great interest from the viewpoint of the physics of hybrid systems. It is of particular interest that the electronic properties of the superconductor can be altered via magnetic fields produced by a particular domain state in an adjacent ferromagnetic layer. We will investigate the case of F/S bilayers in which ferromagnetic films are grown with perpendicular anisotropy that yields stripe domains in remanence. The alternating up- and down-domains will be aligned in the horizontal direction. Thus, anisotropic behavior is expected, such as a preferential pinning of superconducting vortices. The system will be probed by means of magnetometry, MFM, STM and magneto-optical imaging (with Karapetrov and Vlasko-Vlasov, Superconductivity & Magnetism Group). We will also experimentally explore the ratchet effect behavior in an ac-current-driven superconducting vortex lattice with an asymmetric pinning potential. The interplay between the pinning action of the magnetic dots and the repulsive interaction between the vortices should lead to rich physics that could be useful for the development of energy-efficient hybrid S/F electronic components, such as logic elements or superconducting diodes.

· We will explore the magnetic phase diagram of lithographically patterned samples fabricated ex-situ via the surface magneto-optical Kerr effect. Ion milling in 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 systems where the surface energetics are important, such as exchange springs and exchange biased bilayers. 

· The dynamic properties of patterned magnetic systems are a subject of intense research efforts due to the complex interplay between long- and short-range interactions. The possibility to imprint specific exchange coupling field configurations into the antiferromagnet of an exchange-biased sample will be used for investigating the dynamics in patterned structures.  In this way it is possible to define drastically different energy landscapes for vortex motion, which should directly be reflected in the dynamic behavior of a vortex.  i.e., by imprinting shifted vortices, one can imagine that it is possible to generate a bi-stable energy landscape, which may result in chaotic vortex motion. Therefore, we will study the dynamic behavior in patterned exchange bias structures after different field-cooling procedures.

Spin Transport in Lithography-Patterned Nanomagnets: 
· To date there has been no direct imaging of spin-accumulation and its spatial dependence in metallic systems. We will image the spin accumulation in lateral spin-transport structures using XMCD-transmission x-ray microscopy (with Peter Fischer, ALS). By switching the magnetization of the spin injector or the polarization of the incident x-ray, a contrast of the absorption from the non-magnetic wire should be observed for sufficiently large spin accumulation. By imaging the entire length of the wire and observing the variation of the spin contrast, we will directly map out how the spin accumulation decays in non-magnetic materials. This will directly answer several open question, such as what is the role of inhomogeneous current distributions across the ohmic injection contact, and what is the degree of coupling between charge and spin currents, i.e., is the spin diffusion longer with a parallel charge current?

· In most spin-transport structures, spin-injection is accomplished by an electric current from a ferromagnetic electrode. An alternative approach is via spin pumping, where excited ferromagnetic resonance (FMR) modes in a ferromagnet pump a spin-current into an adjacent non-magnetic metal or semiconductor. We will detect spin currents from spin pumping using lateral spin-valves with different FMR modes for injector and detector and via the voltage generated by the backflow of spin-polarized carriers at the injector. In particular, this approach is intriguing for injecting spin-polarized carriers from transition metals into semiconductors through ohmic junctions, since it avoids the conductance mismatch problem for current-induced injection. We will adopt this approach to transition-metal/InAs structures, since the transition-metal/InAs interface does not form a Schottky barrier. We will fabricate devices with permalloy (Py) electrodes in direct contact with InAs, drive precession of the Py magnetization into resonance by combination of local rf fields (generated by on-chip coplanar waveguides) and an external dc field, and measure spin-dependent dc voltages over the Py/InAs interface. We will study the spin-voltage dependence on temperature as well as frequency and amplitude of the rf field (with Mark Field, Teledyne Scientific).

· Most spin-transport devices rely on ferromagnet components for either generating or analyzing spin polarized electric currents.  In contrast, the spin Hall effect can be utilized to generate pure spin currents using neither magnetic electrodes nor external magnetic fields.  Spin skew scattering in normal metals gives 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. Conversely, the spin-Hall effect gives rise to a transverse electrical charge imbalance for a spin-current. This means that, in principle, it is possible to use spin-Hall effects both for the generation and detection of spin-currents. Therefore, it should be possible to have a pure spin-current in a device with no ferromagnetic components. We will investigate this possibility by interconnecting two wires with high spin-orbit coupling, such as Pt or Au, with a wire with low spin-orbit coupling (i.e., Cu or Al) as a spin-conduit. The presence of a pure spin current will then be probed by Hanle effect measurements, where external magnetic fields are applied perpendicular to the polarization of the spin current.

· Electric detection of spin Hall effects has been demonstrated for metallic but not for semiconducting materials. The spin Hall effect is small in metals, but is expected to be higher in 2D semiconductor heterostructures where intrinsic spin-orbit couplings lead to additional spin-dependent scattering. We will study spin injection from a nonmagnetic InAs/AlSb quantum-well electrode with dominant Rashba-type spin-orbit coupling, into a normal metal. The normal metal channel will be oriented perpendicular to the InAs electrode so that no charge current can flow through it; the injected spin current will be detected by a ferromagnetic electrode. We will study spin injection efficiency in diffusive as well as ballistic semiconductor channels via conventional magnetoresistance and Hanle effect measurements (with Mark Field, Teledyne Scientific).

· One goal in the investigation of spin accumulation is to utilize non-equilibrium spins to manipulate magnetic properties without a concomitant charge current. We have theoretically predicted that spin accumulation from perpendicularly magnetized contacts should give rise to large-angle magnetization precession in floating disc-shaped contacts. We will prepare lateral spin-transport devices with perpendicularly magnetized contacts made of Co/Pt multilayers.  First we will demonstrate with non-local measurements, that we obtain a sizeable spin-accumulation with this geometry. Then we will prepare the proposed three-terminal device and investigate the magnetization dynamics via ac-magneto-transport, as well as time-resolved magnetization imaging via MOKE and XMCD.

· Three-terminal lateral magneto-transport structures will be developed. In a traditional GMR geometry, two ferromagnetic (F) contacts connected by a non-magnetic (N) wire will be in a high resistance state, when the magnetization of the two contacts is anti-parallel.  Adding a third contact (F3) between the two original ones will permit the intermixing of spin-up and spin-down states, if the magnetization of 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-induced spin-torque effects.

Advanced Multilayers: 

· Organic semiconductors have weak spin-orbit coupling and are intriguing candidates for spin-based multifunctional devices. Yet our initial study of organic spin valves does not support the report of spin-polarized transport in similar systems. We will explore the polarized spin transport in spin valves, by using organic spacers (such as (-NPD, PTCDA) whose molecular levels are more compatible with the Fermi levels of ferromagnetic electrodes, and by using a transistor geometry where a gate electrode can tune the molecular levels, and by injecting spins through an insulating tunnel barrier to alleviate the energy level mismatch. We will quantify how the metal/organic interface affects the spin transport. We will also investigate whether polarized spin injection can be used to manipulate the electroluminescence in organic light-emitting diodes. 

· The Fe-Co alloy system has been predicted to possess a giant magnetic anisotropy at specific concentrations and tetragonal distortions. So far, experimental verifications have been made with Pt- and Pd-based epitaxial templates that are also known to contribute to a strong surface anisotropy, making the confirmation less certain. We will use AuxCu1-x templates to systematically control the level of tetragonal distortion in epitaxially grown Fe-Co alloys, by varying x and thus the lattice constant of the template.

· The exchange-spring mechanism, which holds the potential for developing ultra-strong permanent magnets, is fundamentally an interface phenomenon. We will quantitatively investigate the correlation between interface characteristics and magnetization reversal in exchange-spring magnets. Specifically,
1. We will systematically vary the interface profile by controlled fabrication and also by combinatorial approaches. The magnetic stability and reversibility will be characterized with first-order reversal curve and recoil techniques.
2. The hysteresis between the demagnetization and recoil branches of the magnetization curve is often regarded as an indicator of inter-phase exchange coupling in composite magnets. We will use XRMS to characterize the element-specific recoil hysteresis loops of Sm-Co/Fe exchange springs. The element-resolved recoil loops, measured in a depth-sensitive way (via tuning the penetration depth), will provide insight into the magnetization process. In addition, magnetic reflectivity curves measured at different fields of a recoil loop will provide detailed element-specific magnetization depth profiles. We will combine the XRMS study with micromagnetic simulations to elucidate the microscopic origin of the recoil hysteresis. (with J. Freeland, APS).
· Building on our extensive experience with layered exchange-spring systems, which are one-dimensional, we plan to use ion-beam patterning to create lateral exchange-spring systems. Areas in a uniform hard magnetic film (e.g. Sm-Co) irradiated by the ion-beam lose crystallinity and magnetic anisotropy; the resulting lateral hard/soft structure enables us to extend model exchange-spring systems from 1D to 2D. The effectiveness of domain wall pinning by various lateral configurations will be studied in a controlled fashion. (with Jürgen Fassbender, Forschungszentrum Rossendorf, Dresden, Germany)

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

· Ultra-thin films (total thickness <1 nm) tend to possess a lower Curie temperature than the bulk phase because the system changes from being 3D to 2D. Dimensionality is one of most important factors that govern magnetic properties. We will investigate the effect of additional spatial confinement of ultra-thin magnetic systems by patterning ultra-thin magnetic films. We will utilize the surface magneto optic Kerr effect to measure the critical length or thickness where the paramagnetic-ferromagnetic transition occurs as a function of the size of the system for patterned Py ultra-thin films 

· We will investigate the effect of boundary conditions on spatially confined magnetic systems. SiN shadow masks that have variously shaped apertures will be prepared at the CNM using e-beam lithography. The shadow masks will then be introduced into the UHV chamber and located on the surface of substrates while maintaining UHV conditions. Patterned ultra-thin magnetic films will be prepared by evaporating magnetic materials on the mask. We will thus obtain contamination-free ultra-thin magnetic films, which cannot be otherwise obtained with standard lithography and wet chemical etching techniques.

· We will investigate the effects of a Ni magnetic underlayer on the magnetic stripe domains of fcc Fe. We will deposit Ni film on Cu(001) with various thicknesses that possess different magnetic properties. Initially  (0-4 ML) the Ni film is paramagnetic (the Curie temperature is below room temperature), then (4-7 ML) the Ni film becomes ferromagnetic with and in-plane easy axis, and finally (>7 ML) the Ni magnetization becomes perpendicular. We will deposit patterned fcc Fe films with stripe domains on the Ni/Cu(001) system and study how the different magnetic properties of the Ni underlayer affects the stripe domains of the Fe in order to find a way to control the shape or direction of striped magnetic domains.

· The interaction between a single-domain forming Co thin layer and the vortex-state forming patterned Fe/Ni/Cu(001) systems across nonmagnetic interlayers will be studied at the APS via XMCD and PEEM (with D. Keavney, APS). The element-selective imaging technique will give separate images of the Co and Fe/Ni domains that will show how they interact under indirect interlayer coupling.

h.  Relationships to other projects 

The Magnetic Films Group is highly interactive and includes synergies with F. Fradin’s FWP on quantum computing materials, and A. Bhattacharya’s FWP on the digital synthesis of complex oxides. Within MSD we also 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 G. Karapetrov of the Superconductivity and Magnetism Group. Within Argonne, we collaborate with D. Keavney and J. Freeland at the APS magnetic scattering beamlines, L. Chen of the Biosciences Division, and G. Leaf of the Mathematics and Computer Science Division. We also work closely with Xiao-Min Lin, Seth Darling and Kristen Buchanan at the CNM. 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 numerous co-authors are distributed over four continents.

i.  NEPA Requirements Required:
NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B

j.  Explanation of Milestone:  N/A
k.  Deliverables:  Publications and patents derived from this work will be delivered as needed.
l.  Performance Measures and Expectations:   N/A
m.  ES&H Considerations:  Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply
n.  Human or Animal Subjects Activities:  N/A

o.  Security Requirements:  N/A
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