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Abstract: Charge-orbital ordering is commonly present in complex transition metal oxides and offers interesting opportunities for novel electronic devices. In this work, we demonstrate for the first time that the magnetization states of the spin valve can be directly manipulated by charge-orbital ordering. We investigate the interlayer exchange coupling (IEC) between two epitaxial magnetite layers separated by a nonmagnetic epitaxial MgO dielectric. We find that the state of the charge-orbital ordering in magnetite defines the strength, and even the sign of the IEC. First-principles calculations further show that the charge-orbital ordering modifies the spin polarized electronic states at the Fe3O4/MgO interfaces and results in a sufficiently large phase shift of wave function which are responsible for the observed IEC sign change across Verwey temperature. Our findings may open new interesting avenues for the electric field control of the magnetization states of spin valves via charge-orbital ordering driven IEC sign change.
Over the past five decades, the performance of electronic devices improved massively driven by the reduction in the size of transistors. It is increasingly clear that scientists need to develop novel mechanisms for the control of electron charge and spin degrees of freedom. An example of this could be based on the effect of spin torque due to spin polarized current. This mechanism involves the interaction of conduction-electron spins with localized moments leading an effectively voltage controlled spin valve magnetization states. Finding suitable materials to effectively implement these ideas is one of main issues in this exciting field. Strongly correlated conducting oxides are an im¬portant class of materials in this mission. These materials present a fascinating interplay between magnetic and electric properties, combined with charge-orbital ordering.The importance of complex oxide systems for the development of novel device functions was emphasized in a recent study. However, the study stopped short of reporting experimental work to substantiate the proposed device functionalities. One of most fascinating and invaluable oxides for revealing new physics and new phenomena involving spin, orbital and charge-orbital ordering is magnetite, Fe3O4. It is the archetype magnetic material with a narrow 3d band, and therefore strong-correlation effects are expected. Indeed, it shows complex charge and orbital ordering, and at Verwey temperature, TV = 120 K, the material undergoes a metal-insulator phase transition leading to a sharp drop in conductivity. Recently electric field-induced switching between the low-and high-conductance states was found in magnetite. On the other hand, one of the possible and perhaps least explored approaches for new functionalities of spin electronic devices is based on finding ways for the direct manipulation the interlayer exchange coupling (IEC). How to manipulate magnetization in these structures with nanoscale resolution is the key question. 
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Figure 1.Magnetic hysteresis loops of Fe3O4/MgO/Fe3O4/NiO multilayers for different MgO thickness. The thickness of the MgO spacers are (a) 0.8 nm and (c) 3 nm respectively. Room temperature M (H) loops and the corresponding minor loops for samples with MgO thickness of (b) 0.8 nm and (d) 3 nm respectively. The in-plane magnetic field was applied along the [100] direction. (e) Calculated IEC J1 as a function of temperature for the sample with a 0.8 nm thick MgO spacer obtained from the experimental data and magnetization as a function of temperature during the warming cycle in the presence of a 200 Oe in-plane field (Red curve). 
Our experimental study is performed on fully epitaxial Fe3O4/MgO/Fe3O4/NiO/MgO(100) stacks. Stacks with different MgO spacer thickness were prepared on the same MgO substrate using a shadow mask inside the molecular beam epitaxy system. Fig. 1c show the M (H) loops measured at different temperatures for the MgO layer thickness of 3 nm. At this large MgO thickness the exchange interaction between the two magnetite layers is very weak in comparison with magneto-static interactions. There are two characteristic field values, Hc1 and Hc2 which correspond to the coercivity of the layers of magnetite grown on the MgO and NiO respectively. Fig. 1a shows the M (H) loops for the MgO thickness of 0.8 nm. Interestingly, above TV, the difference between the Hc1 and Hc2 fields for a 0.8 nm thick MgO spacer is greater than that for a 3 nm MgO spacer. In particular, the moment at zero field is almost zero which indicates a strong anti-ferromagnetic (AF) IEC between the two epitaxial Fe3O4 layers. To demonstrate further the nature of the AF IEC and rule out possible domain effects, we show in Fig. 1b the M (H) minor loop. A large positive shift of 150 Oe was observed which indicates a strong AF IEC between two magnetite films. Remarkably, the shape of the M (H) loops changes drastically for a 0.8 nm thick MgO spacer just below TV. At 50 K, one cannot distinguish clearly between Hc1 and Hc2. These results are summarized in Fig. 1e showing that, above TV, the two Fe3O4 layers are AF exchange coupled through the MgO spacer and its IEC strength slightly decreases with decreasing temperature. Surprisingly, below TV, the sign of the IEC changes from negative to positive. The IEC sign switching appears at the exact temperature of the Fe3O4 high-to-low conductance transition. 
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