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Materials in which ferromagnetism and ferroelectricity occur simultaneously in the same phase and allow coupling between the ferromagnetic and ferroelectric phase are known as Magnetoelectric (ME) Multiferroics. Integration of ME materials on semiconductor substrates would lead to on-chip integration of very important components of advanced devices: 1) magnetics and 2) ferroelectrics. Device applications of such materials include electrically controlled magnetic memory elements, electric field controlled ferromagnetic resonance devices, and transducers with magnetically modulated piezoelectricity.2 Most of the known single phase bulk ME materials do not exhibit strong ME coupling, have Néel or Curie temperatures far below room temperature, and are often difficult to grow in thin film form. But in the past few years, large ME effects in composites, laminates and more recently in nanostructured materials have been discovered. It is becoming increasingly evident that the coupling efficiency between ferroelectric and ferromagnetic layers, reduced dimensionality afforded by nanostructured materials, etc. play critical roles in enhancing the ME effect and also open up possibilities of discovering new classes of ME materials. 

Mechanical coupling between the layers provides electrical control of magnetic properties of the magnetostrictive layers, thereby eliminating the need of magnetic fields to control properties of ferromagnets. Such multilayer heterostructures with piezoelectric and magnetostrictive layers can mimic the functionality of “true” single-phase multiferroic materials. We are focusing on the development of nanostructures – nanowires, nanopillars and nanofilms - of these artificial multilayered ME materials to achieve increased functionality in advanced nano-devices. We will couple ferromagnetic and ferroelectric properties in epitaxially grown nanostructures and make them actively respond to external stimuli (applied voltage, magnetic field or strain). This is a multi-university interdisciplinary effort to investigate nano-epitaxy (using molecular beam epitaxy, pulsed laser deposition, and atomic layer deposition), theoretical modeling, and detailed ME measurements in magneto-electric nanostructures in thin film or nanopillar/nanowire form. Our main focus is on single perovskite (BiFeO3, BiMnO3, BiFe(Co)O3) and double perovskite (La2NiMnO6, Bi2NiMnO6, and Bi2FeCrO6) material systems in thin film and nanostructured form. 

Using first principles density functional theory calculations on SrRuO3/SrTiO3 heterostructures, we have demonstrated a novel linear ME effect which is carrier-mediated in origin. The effect occurs at the interface between a non-magnetic, nonpolar dielectric and a metal with spin-polarized carriers at the Fermi level (Fig. 1). We have found that
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	Figure 1. Calculated magnetization induced by an external voltage of 27.8 mV in a nanocapacitor consisting of 7 layers of SrTiO3 alternating with 7 layers of ferromagnetic, metallic SrRuO3.3


(i)  an electric field induces a linear change in magnetization in the metal at the interface, with the sign of the change determined by the orientation of the applied field, 

(ii) the magnetic response is mediated by the accumulation of spin-polarized charge within the few atomic layers closest to the interface; this charge is stored capacitively leading to a spintronic analogue to a traditional charge capacitor, and 

(iii) as a result of the ME response, magnetism and dielectric polarization coexist in the interfacial region, suggesting a route to a new type of interfacial multiferroic. 
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	Figure 2. Nanowire structure of nickel ferrite (NFO)-PZT grown on an MgO template. Estimated PZT volume fraction dependence of ME voltage coefficient αE,33 are for a series of ratio of template radius Rt to wire radius Rw.4


We have developed a model for low-frequency ME effects in bilayers, pillars and nanowires of nickel ferrite (NFO) and lead zirconate titanate (PZT) on MgO templates. The ME interactions were found to be the strongest for field orientations corresponding to minimum demagnetizing fields.  For wires of NFO and PZT on MgO template, the substrate pinning effects are negligible only when the wire radius is much greater than the sheath radius (Fig. 2).
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	Figure 3. (a) LNMO films grown on STO, (b) Temperature dependence of the magnetization with an applied field of 1 T and (c) M(H) hysteresis loops at 5 K for LNMO films grown on different substrates.5


Highly crystalline epitaxial thin films of La2NiMnO6 (LNMO), a ferromagnetic semiconductor, have been successfully fabricated on SrTiO3 (STO) (Fig 3(a)), LaAlO3 (LAO), and MgO substrates using a stoichiometric monophasic LNMO target by pulsed laser deposition. The magnetic transition temperatures (TC) of the LNMO thin films on STO, LAO, and MgO are estimated to be 270, 275, and 276 K, respectively, which are close to that of the single-phase (~280 K) materials reported in the literature. The magnetization curves (Fig. 3(b)) for the LNMO/STO and LNMO/LAO are very similar, and the low temperature moment for these films is about twice that observed for LNMO/MgO. The differences in magnetic properties likely arise from variations in the lattice-substrate mismatch, which can induce different epitaxial strain states, sample inhomogeneities, and phase separation. The M vs. H plots (Fig 3(c)) exhibit the expected ferromagnetic hysteresis behavior for all samples with a coercive field in the range of ~335–635 Oe. The curves of LNMO/STO and LMNO/LAO display a close to a rectangular shape with a high remanence and lower coercive fields implying that few domain-wall pinning sites exist in LNMO/STO and LNMO/LAO. The highest saturated magnetization in LNMO/STO at 5 K and a 5 T applied field is ~4.63 µB/f.u., somewhat smaller than the bulk value (~4.96µB/f.u.) and the full magnetization (~5 µB/f.u.).
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