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Abstract:
[bookmark: OLE_LINK188][bookmark: _Hlk485327411][bookmark: OLE_LINK85][bookmark: OLE_LINK52][bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK164][bookmark: OLE_LINK302][bookmark: OLE_LINK303][bookmark: OLE_LINK232][bookmark: OLE_LINK144][bookmark: _Hlk485336024][bookmark: OLE_LINK305][bookmark: OLE_LINK88][bookmark: OLE_LINK93][bookmark: OLE_LINK83][bookmark: OLE_LINK99]Electric field control of magnetism is a critical future technology for low power, ultra-high density memory. However, despite intensive research efforts, no practical materials systems have emerged. Interface-coupled, composite systems containing ferroelectric and ferri-/ferromagnetic elements have been widely explored, but they have a range of problems, e.g. substrate clamping, large leakage, and inability to miniaturize. In this work, through careful materials selection, design, and nanoengineering, a high-performance room temperature magnetoelectric system is demonstrated. The clamping problem is overcome by using a vertically aligned nanocomposite structure in which the strain coupling is independent of the substrate. To overcome the leakage problem, three key novel advances are introduced: a low leakage ferroelectric, Na0.5Bi0.5TiO3; ferroelectric-ferrimagnetic vertical interfaces which are not conducting; and current blockage via a rectifying interface between the film and the Nb-doped SrTiO3 substrate. The new multiferroic nanocomposite (Na0.5Bi0.5TiO3 - CoFe2O4) thin film system enables, for the first time, large-scale in-situ electric field control of magnetic anisotropy at room temperature in a system applicable for magnetoelectric random access memory, with a magnetoelectric coefficient of 1.25×10-9 s m-1. 
Keywords: Magnetoelectric; Multiferroics; Na0.5Bi0.5TiO3; Nanocomposites; Magnetism.  
Introduction
[bookmark: OLE_LINK112][bookmark: OLE_LINK121][bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK114][bookmark: OLE_LINK24][bookmark: _Hlk485327121][bookmark: OLE_LINK84][bookmark: _Ref480815695][bookmark: OLE_LINK75][bookmark: OLE_LINK76]There is strong research interest in electric field control of magnetism via the converse magnetoelectric (ME) effect for non-volatile magnetoelectric random access memory (MeRAM), with ultra-low current density, ultra-low energy consumption, low heat dissipation computing. Indeed, MeRAM has been predicted to be the next generation “universal” memory[endnoteRef:2][endnoteRef:3]-,[endnoteRef:4],[endnoteRef:5],[endnoteRef:6],[endnoteRef:7],[endnoteRef:8]. However, natural single-phase multiferroic materials in which ferroelectric and ferri-/ferromagnetic orders coexist are very rare. This is because ferroelectricity usually needs empty d-orbitals whereas ferromagnetism needs partially filled d-orbitals. Hence, the known multiferroics either have low Curie temperatures, small net polarizations (and magnetization) and/or weak ME responses[endnoteRef:9],[endnoteRef:10]. As artificial multiferroic materials go, multiphase composites which incorporate both ferroelectric and ferri-/ferromagnetic phases, typically yield much larger ME responses above room temperature than those in the single-phase materials and are have been widely explored[endnoteRef:11],[endnoteRef:12].  [2: () Spaldin, N. A.; Fiebig, M. The Renaissance of Magnetoelectric Multiferroics. Science 2005, 309, 391-392.]  [3: () Eerenstein, W.; Mathur, N. D.; Scott, J. F. Multiferroic and magnetoelectric materials. Nature 2006, 442, 759-765.]  [4: () Ramesh, R.; Spaldin, N. A. Multiferroics: progress and prospects in thin films. Nature Mater. 2007, 6, 21-29.]  [5: () Garcia, V.; Bibes, M.; Bocher, L.; Valencia, S.; Kronast, F.; Crassous, A.; Moya, X.; Enouz-Vedrenne, S.; Gloter, A.; Imhoff, D.; Deranlot, C.; Mathur, N. D.; Fusil1, S.; Bouzehouane, K.; Barthélémy, A. Ferroelectric Control of Spin Polarization. Science 2010, 327, 1106-1110.]  [6: () Matsukura, F.; Tokura, Y.; Ohno, H.; Control of magnetism by electric fields. Nature Nanotech. 2015, 10, 209-220.]  [7: () Hu, J. M.; Li, Z.; Chen, L. Q.; Nan, C. W.; High-density magnetoresistive random access memory operating at ultralow voltage at room temperature. Nature Commun. 2011, 2, 553.]  [8: () Bibes, M.; Barthelemy, A. Towards a magnetoelectric memory. Nature Mater. 2008, 7, 425-426.]  [9: () Hill, N. A. Why Are There So Few Magnetic Ferroelectrics? J. Phys. Chem. B 2000, 104, 6694-6709.]  [10: () Mundy, J. A.; Brooks, C. M.; Holtz, M. E.; Moyer, J. A.; Das, H.; Rébola, A. F.; Heron, J. T.; Clarkson, J. D.; Disseler, S. M.; Liu, Z.; Farhan, A.; Held, R.; Hovden, R.; Padgett, E.; Mao, Q.; Paik, H.; Misra, R.; Kourkoutis, L. F.; Arenholz, E.; Scholl, A.; Borchers, J. A.; Ratcliff, W. D.; Ramesh, R.; Fennie, C. J.; Schiffer, P.; Muller, D. A.; Schlom, D. G. Atomically engineered ferroic layers yield a room-temperature magnetoelectric multiferroic. Nature 2016, 537, 523-527.]  [11: () Nan, C. W.; Bichurin, M. I.; Dong, S. X.; Viehland, D.; Srinivasan, G. Multiferroic magnetoelectric composites: Historical perspective, status, and future directions. J. Appl. Phys. 2008, 103, 031101.]  [12: () Ma, J.; Hu, J. M.; Li, Z.; Nan, C. W. Recent Progress in Multiferroic Magnetoelectric Composites: from Bulk to Thin Films. Adv. Mater. 2011, 23, 1062-1087.] 


[bookmark: OLE_LINK214][bookmark: OLE_LINK215]A common composite system is a strain-mediated, multiferroic bilayer thin film, also known as a 2-2 structure, as shown in Figure 1a. Here, a strain is induced in the ferroelectric layer by electrostriction when an electric field is applied. The strain induced is transferred to the ferromagnetic layer through strain coupling across the interface, resulting in a magnetization change because of the magnetoelastic effect. However, the strain in this structure is largely clamped by the stiff, large volume, underlying substrate, since the effective strain that couples the ferroelectric and ferromagnetic layers is along the in-plane (IP) direction, i.e. parallel to the substrate. 
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[bookmark: OLE_LINK82]Fig. 1 Schematic illustration of the strain in different multiferroic composites. (a) Multilayer 2-2 structure with strong substrate clamping effect. (b) Self-assembled VAN 3-1 structure with weak substrate clamping effect.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]A way to get around the clamping problem is to use vertically aligned nanocomposites (VANs), with a so-called 3-1 structure, as shown in Figure 1b. Here, there are an enormous number of separated columns, vertically embedded in a continuous matrix leading to vertical interfaces between the active materials rather than horizontal interfaces. Thus, the effective strain between the ferromagnetic and ferroelectric phases is along the out-of-plane (OOP) direction, resulting in a minimized clamping effect from the substrate owing to a typical Poisson’s ratio of ~0.3 in ferroelectric materials[endnoteRef:13]. Thus, in theory, a large ME effect can be expected in this novel structure.  [13: () Ogawa, T.; Ishii, K.; Matsumoto, T.; Nishina, T. Poling Field Dependence of Longitudinal and Transverse Wave Velocities, Young's Modulus, and Poisson's Ratio in Piezoelectric Ceramics. Jpn. J. Appl. Phys. 2012, 51, 09LD03.] 


[bookmark: OLE_LINK1]However, in contrast to the case of the 2-2 structures, only a few studies on the ME effect have been reported in 3-1 VAN systems because of the following difficulties[endnoteRef:14]:  [14: () Ortega, N.; Kumar, A.; Scott, J. F.; Katiyar, R. S. Multifunctional magnetoelectric materials for device applications. J. Phys.: Condens. Matter 2015, 27, 504002.] 

[bookmark: _Ref480978779][bookmark: _Ref480978781][bookmark: OLE_LINK11][bookmark: _Ref481441520]First, there is no current blockage in the 3-1 structure and thus there is a strong chance for leakage when applying an electric field, not only in the columns or the matrix but also at the vertical interfaces[endnoteRef:15],[endnoteRef:16]. Most focus of 3-1 VANs has been in BaTiO3-CoFe2O4 (BTO-CFO)[endnoteRef:17],[endnoteRef:18] and BiFeO3-CoFe2O4 (BFO-CFO) systems15,[endnoteRef:19],[endnoteRef:20].  [15: () Hsieh, Y. H.; Liou, J. M.; Huang, B. C.; Liang, C. W.; He, Q.; Zhan, Q.; Chiu, Y. P.; Chen Y. C.; Chu Y. H. Local Conduction at the BiFeO3‐CoFe2O4 Tubular Oxide Interface. Adv. Mater. 2012, 24, 4564-4568.]  [16: () Strelcov, E.; Belianinov, A.; Hsieh, Y.-H.; Chu, Y.-H.; Kalinin, S. V. Constraining Data Mining with Physical Models: Voltage- and Oxygen Pressure-Dependent Transport in Multiferroic Nanostructures. Nano Lett. 2015, 15, 6650-6657.]  [17: () H. Zheng; Wang, J.; Lofland, S. E.; Ma, Z.; Mohaddes-Ardabili, L.; Zhao, T.; Salamanca-Riba, L.; Shinde, S. R.; Ogale, S. B.; Bai, F.; Viehland, D.; Jia, Y.; Schlom, D. G.; Wuttig, M.; Roytburd, A.; Ramesh, R. Multiferroic BaTiO3-CoFe2O4 Nanostructures. Science 2004, 303, 661-663.]  [18: () Schmitz-Antoniak, C.; Schmitz, D.; Borisov, P.; Groot, F. M. F.; Stienen, S.; Warland, A.; Krumme, B.; Feyerherm, R.; Dudzik, E.; Kleemann, W.; Wende, H. Electric in-plane polarization in multiferroic CoFe2O4/BaTiO3 nanocomposite tuned by magnetic fields. Nature Commun. 2013, 4, 2051.]  [19: () Zavaliche, F.; Zheng, H.; Mohaddes-Ardabili, L.; Yang, S. Y.; Zhan, Q.; Shafer, P.; Reilly, E.; Chopdekar, R.; Jia, Y.; Wright, P.; Schlom, D. G.; Suzuki, Y.; Ramesh, R. Electric Field-Induced Magnetization Switching in Epitaxial Columnar Nanostructures. Nano Lett. 2005, 5, 1793-1796.]  [20: () Zheng, H.; Straub, F.; Q. Zhan, Q.; P.‐L. Yang, P. L.; W. K. Hsieh, W. K.; F. Zavaliche, F.; Chu, Y. H.; Dahmen, U.; Ramesh, R. Self‐Assembled Growth of BiFeO3–CoFe2O4 Nanostructures. Adv. Mater. 2016, 18, 2747-2752.] 

[bookmark: OLE_LINK269][bookmark: OLE_LINK270][bookmark: _Ref483231192][bookmark: _Ref494060433][bookmark: OLE_LINK166][bookmark: OLE_LINK167][bookmark: OLE_LINK107][bookmark: OLE_LINK295][bookmark: OLE_LINK296][bookmark: _Ref482092237][bookmark: _Ref484003255][bookmark: OLE_LINK8]Second, while CFO is a good choice of magnetostrictive ferrimagnet, i.e. relatively high resistivity of the order of MΩ cm[endnoteRef:21], and high magnetostrictive coefficient (λ001~-252×10-6)[endnoteRef:22], the ferroelectrics studied to date have not been ideal, i.e. BTO has a low ferroelectric Curie temperature (393 K) and is also leaky in low dimensional form[endnoteRef:23]. The alternative high Curie temperature ferroelectric, BFO (TC = 1100 K), is notoriously leaky[endnoteRef:24]-, [endnoteRef:25], [endnoteRef:26]. Consequently, the performance of the aforementioned systems is severely compromised. The leakage problems likely explain why neither in-situ control of magnetization at room temperature with an electric field, nor a direct characterization of their strain states have been reported in 3-1 structures before.  [21: () Srinivas, A.; Krishnaiah, R. V.; Karthik, T.; Suresh, P.; Asthana, S.; Kamat, S. V. Observation of direct and indirect magnetoelectricity in lead free ferroelectric (Na0.5Bi0.5TiO3)–magnetostrictive (CoFe2O4) particulate composite. Appl. Phys. Lett. 2012, 101, 082902.]  [22: () Bozorth, R. M.; Tilden, E. F.; Williams, A. J. Anisotropy and Magnetostriction of Some Ferrites. Phys. Rev. 1955, 99, 1788-1798.]  [23: () Choi, K. J.; Biegalski, M.; Li, Y. L.; Sharan, A.; Schubert, J.; Uecker, R.; Reiche, P.; Chen, Y. B.; Pan, X. Q.; Gopalan, V.; Chen, L.-Q.; Schlom, D. G.; Eom, C. B. Enhancement of Ferroelectricity in Strained BaTiO3 Thin Films. Science 2004, 306, 1005-1009.]  [24: () Yang, H.; Jain, M.; Suvorova, N. A.; Zhou, H.; Luo, H. M.; Feldmann, D. M.; Dowden, P. C.; DePaula, R. F.; Foltyn, S. R.; Jia, Q. X. Temperature-dependent leakage mechanisms of Pt/BiFeO3/SrRuO3 thin film capacitors. Appl. Phys. Lett. 2007, 91, 072911.]  [25: () Qi, X.; Dho, J.; Tomov, R.; Blamire, M. G.; MacManus-Driscoll, J. L. Greatly reduced leakage current and conduction mechanism in aliovalent-ion-doped BiFeO3. Appl. Phys. Lett. 2005, 86, 062903.]  [26: () Pabst, G. W.; Martin, L. W.; Chu, Y. H.; Ramesh, R. Leakage mechanisms in BiFeO3 thin films. Appl. Phys. Lett. 2007, 90, 072902.] 


Surprisingly, very little attention has been paid to addressing the materials science and engineering challenges of creating practical, low leakage, magnetoelectric memory devices where simultaneous selection of the right materials and precise nanoengineering of them into the right structure are both key factors.

[bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: _Hlk501204882][bookmark: OLE_LINK196][bookmark: _Ref482814878]In this work, we have fabricated a new vertical aligned multiferroic Na0.5Bi0.5TiO3 (NBT)-CoFe2O4 (CFO) nanocomposites thin film system with minimal substrate clamping via a 3-1 structure. With a wide band gap of ~3.3 eV, NBT is of great interest as a candidate system to replace Pb(Zr1-xTix)O3 (PZT)-based piezoelectrics, as well as for high-temperature, high-permittivity ceramic-based capacitors[endnoteRef:27]-, [endnoteRef:28], [endnoteRef:29], [endnoteRef:30], [endnoteRef:31], due to its good ferroelectric properties (a high Curie temperature of 603 K, and a high remnant polarization of ~38 μC cm-2). The low leakage was achieved through nanoengineering this new materials system to ensure low conduction in the bulk NBT, at the high density vertical interfaces, and at the film/substrate interfaces.  [27: () Smolenskii, G. A.; Isupov, V. A.; Agranovskaya, A. I.; Krainik, N. N. New ferroelectrics of complex compound. Sov. Phys. Solid State 1961, 2, 2651.]  [28: () Andriyevsky, B.; Suchanicz, J.; Cobet, C.; Patryn, A.; Esser, N.; Kosturek, B. Manifestation of phase transformations in optical spectra of Na0.5Bi0.5TiO3 crystals between 25°C and 350°C. Phase Transit. 2009, 82, 567-575.]  [29: () Zeng, M.; Or, S. W.; Chan, H. L. W. First-principles study on the electronic and optical properties of Na0.5Bi0.5TiO3 lead-free piezoelectric crystal. J. Appl. Phys. 2010, 107, 043513.]  [30: () Takenaka, T.; Maruyama, K.; Sakata, K. (Bi1/2Na1/2)TiO3-BaTiO3 System for Lead-Free Piezoelectric Ceramics. Jpn. J. Appl. Phys. 1991, 30, 2236-2239.]  [31: () Li, M.; Pietrowski, J. M.; Souza, R. A.; Zhang, H.; Reaney, I. M.; Cook, S. N.; Kilner, J. A.; Sinclair, D. C. A family of oxide ion conductors based on the ferroelectric perovskite Na0.5Bi0.5TiO3. Nature Mater. 2013, 13, 31-35.] 


[bookmark: OLE_LINK21][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK222][bookmark: OLE_LINK223][bookmark: OLE_LINK210][bookmark: OLE_LINK211][bookmark: OLE_LINK139][bookmark: OLE_LINK145][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK125][bookmark: OLE_LINK126]Using the NBT-CFO VAN system, for the first time we have achieved, at room temperature, a significant change of the magnetic anisotropy via an in-situ electric field in a 3-1 nanocomposite structure. A large converse ME coefficient of 1.25×10-9 s m-1 was obtained at room temperature, with excellent prospects for operation above room temperature, as required for RAM, as the system remains highly resistive to at least 50 °C. Finally, using X-ray diffraction (XRD) under in-situ application of an electric field, we showed direct proof of electrostriction in the NBT phase as well as strain coupling between the NBT and CFO phases. The results show that NBT-CFO VAN films have strong potential for MeRAM devices.
Results and Discussion
a) [bookmark: OLE_LINK97]Probing the large DC Converse ME effect
[bookmark: OLE_LINK18][bookmark: OLE_LINK28][bookmark: OLE_LINK101]The converse ME effect of the NBT-CFO VAN film with a thickness of about 40 nm was measured using a vibrating sample magnetometer (VSM). To achieve a large-scale electric field control of magnetism in a thin film, a 4×4 mm2 platinum (Pt) electrode was deposited on the sample with lateral size of 5×5 mm2. Thus, the electrode covered about 64% of the sample surface. A bias voltage was applied on the Pt electrode relative to the Nb:STO substrate. Two different schemes were employed for the measurement, dynamic (hysteretic) and static magnetic field schemes. 








[bookmark: OLE_LINK23][bookmark: OLE_LINK25][bookmark: OLE_LINK37][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK29]In the first scheme, the hysteresis loops were measured with and without applying an electric field. The magnetic hysteresis loops with the magnetic field applied in the OOP and IP directions (as illustrated in Figure 2a and 2b), are shown in Figures 2c and 2d, respectively. The shape anisotropy of the CFO nanocolumns gives rise to a magnetic easy axis perpendicular to the plane of the film surface. Here we demonstrate that the magnetic anisotropy in this system can be significantly tuned with an in-situ electric field. When a voltage bias of -9 V was applied on the Pt electrode, a significant change in the hysteresis loops was observed. In the OOP direction, the coercivity (Hc) was reduced by 30% with nearly no change in the saturation magnetization (Ms) whereas in the IP direction there are small increases of Hc, the Mr/Ms ratio as well as a decrease in the saturation field, implying a rotation of the easy axis from OOP towards IP directions. By varying the applied electric field, a monotonic increase of the change in the hysteresis loop was observed in both OOP and IP directions (figure S-1). To calculate the ME coefficients of this sample, the formula  was employed, where ,  and  are the permeability of free space, change of magnetization and change of the applied electric field. The magnetization change  was obtained by directly subtracting the magnetization in the hysteresis loops with and without an electric field applied. The electric field change, , was calculated from the voltage applied and the thickness of the film, which turns out to be ~2200 kV cm-1, with a leakage current of ~0.02 A cm-2. Figures 2e and 2f show the  values as a function of magnetic field. The ME coefficient depends strongly on the magnetic field, with maximums of ~1.25×10-9 s m-1 and ~6.25×10-10 s m-1 occurring at fields of 3 kOe and 2.2 kOe for the OOP and IP directions, respectively. 
[image: ]
Fig. 2 Converse ME effect measurements of the NBT-CFO VAN film. (a) and (b) illustrates configurations for OOP and IP ME effect measurements, respectively. (c) Hysteresis loops in the OOP direction with and without an electric field. (d) Hysteresis loops in the IP direction with and without electric field. The insert is the enlarged area showing the magnetization variations around coercivities. (e) ME coefficients for the OOP directions calculated from the dynamic field scheme (blue dots) and static field scheme (yellow stars), respectively. (f) ME coefficients for the IP direction calculated from the dynamic field scheme. (g) Magnetization vs time measurements under different reversal field after saturating the magnetization with a magnetic field of +1 T. During the measurement, an electric field was turned on and then turned off.  

[bookmark: OLE_LINK286][bookmark: OLE_LINK287][bookmark: OLE_LINK292][bookmark: OLE_LINK293][bookmark: OLE_LINK294][bookmark: OLE_LINK239][bookmark: OLE_LINK240]It is worth noting that the Joule heating effect arising from the small leakage current has been excluded in the SQUID measurements at different temperatures. Supplementary figure S-2 supports the fact that heating of the sample leads to a larger decrease of magnetization in addition to a smaller change in coercivity in both the OOP and IP directions, confirming that Joule heating effect is small enough that it does not change the coercivity to a measurable extent in the ME measurements. Moreover, the observed ME effect shows strong dependence on the crystalline orientation of the epitaxial film. This is revealed by measuring the ME effect in two samples grown on Nb:STO (001) and Nb:STO (111) in the same batch, where the deposition conditions were the same for the two samples. As shown in figure S4, the ME effect in the sample grown on Nb:STO (111) is negligible compared to that observed in the sample grown on the Nb:STO (001). While both samples show a similar leakage current, we ascribe this difference of the ME effect to both the small piezoelectric coefficient d33 of NBT and the small magnetostriction coefficient λ of CFO in the [111] direction21,[endnoteRef:32]. We also noticed that, in the sample grown on Nb:STO (111), the coercivity measured in the OOP direction increases when applying an electric field. This is different with the film grown on the Nb:STO (001) substrate and in good agreement with the positive magnetostriction coefficient λ of CFO in the [111] direction. Because the leakage current in both samples are nearly the same, the difference in the results again support that the Joule heating effect can be excluded as the origin of the changed magnetic properties upon electric field application.  [32: () Ge, W.; Liu, H.; Zhao, X.; Pan, X.; He, T.; Lin, D.; Xu, H.; Luo, H. Growth and characterization of Na0.5Bi0.5TiO3-BaTiO3 lead-free piezoelectric crystal by the TSSG method. J. Alloy. Compd. 2008, 456, 503-507.] 


[bookmark: OLE_LINK30][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK32][bookmark: OLE_LINK31][bookmark: OLE_LINK35]In the static magnetic field scheme, which was only carried out in the OOP direction for one of magnetization switching branches, we measured the magnetization change while applying an electric field of the same magnitude as in the first scheme. First, we saturated the magnetization in a magnetic field of 10 kOe (Hsat) and then decreased the field to different reversal fields of interest (Hr). The magnetization at Hr was measured with time.
[bookmark: OLE_LINK36][bookmark: OLE_LINK7][bookmark: OLE_LINK260]During the measurement, the electric field was turned on and then turned off after holding for several seconds. As shown in Figure 2g, for every reversal field there was a significant drop of the magnetization when an electric field was applied and a significant increase of the same magnitude when the electric field was turned off. However, it is important to be aware that the leakage current can give a magnetic induction (Bi) which is added to the change of the magnetization ΔM. As the magnetization of the sample almost does not change with electric field at the saturation point, it is certain that the change in the measured magnetization upon applying the electric field is the sole contribution to the magnetic induction (Bi) at the saturation magnetic field. Because the change of the measured magnetization is the same when the electric field was turned off, the change of magnetization ΔM (Hr) of the sample is exactly the difference of the initial and final states, which means the magnetization is irreversibly switched after applying an electric field. 

[bookmark: OLE_LINK38][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK39][bookmark: OLE_LINK102][bookmark: OLE_LINK117][bookmark: OLE_LINK155][bookmark: OLE_LINK209]The switched magnetization is very small at zero magnetic field (i.e. Hr = 0 kOe) and reaches its maximum at Hr = -3 kOe, which agrees with that measured in the dynamic-field scheme. From the change in magnetization measured with this method, we calculated the ME coefficients at different reversal fields and plotted the values in Figure 2e alongside those obtained with the first scheme, for comparison. It is clearly seen that the ME coefficients measured with both schemes mimic each other very closely, indicating that both measuring schemes give the same ME coefficient and hence that the values are magnetic history independent. 

[bookmark: OLE_LINK282][bookmark: OLE_LINK283][bookmark: _Hlk485331711][bookmark: OLE_LINK284][bookmark: OLE_LINK285]Although electric field control of magnetism at room temperature mediated by charge and exchange interaction, have been reported in thin film systems by the magneto-optical Kerr effect (MOKE), X-ray magnetic circular dichroism (XMCD) and anomalous Hall effect measurements (AHE)[endnoteRef:33]-, [endnoteRef:34], [endnoteRef:35], a strain-mediated converse ME effect in which in-situ DC electric fields are used to change magnetic properties has not been reported before in either 3-1 or in 2-2 structures. Here, using simple magnetometry, we demonstrate a reliable ME effect in a self-assembled, 3-1 structure. Compared to the aforementioned charge and exchange interaction systems, strain interaction systems are superior for inducing the ME effect owing to the larger length scale of interaction compared to both the screening length in charge mediated ME systems, and the exchange length in exchange interaction systems. A large length scale of interaction is necessary for achieving a large ME effect. Hence, our result is an important advance in the field.  [33: () Maruyama, T.; Shiota, Y.; Nozaki, T.; Ohta, K.; Toda, N.; Mizuguchi, M.; Tulapurkar, A. A.; Shinjo, T.; Shiraishi, M.; Mizukami, S.; Ando Y.; SuzukiLarge Y. voltage-induced magnetic anisotropy change in a few atomic layers of iron. Nature Nanotech. 2009, 4, 158-161.]  [34: () Chu, Y. H.; Martin, L. W.; Holcomb, M. B.; Gajek, M.; Han, S. J.; He, Q.; Balke, N.; Yang, C. H.; Lee, D.; Hu, W.; Zhan, Q.; Yang, P. L.; Fraile-Rodríguez, A.; Scholl, A.; Wang, S. X.; Ramesh, R. Electric-field control of local ferromagnetism using a magnetoelectric multiferroic. Nature Mater. 2008, 7, 478-482.]  [35: () Chiba, D.; Fukami, S.; Shimamura, K.; Ishiwata, N.; Kobayashi, K.; Ono, T. Electrical control of the ferromagnetic phase transition in cobalt at room temperature. Nature Mater. 2011, 10, 853-856.] 





[bookmark: OLE_LINK171][bookmark: OLE_LINK43][bookmark: OLE_LINK158][bookmark: OLE_LINK159]The obtained converse ME coupling strengths are comparable with those measured by the direct ME effect in most of 3-1 and 2-2 structured systems[endnoteRef:36]. For example, a direct ME coefficient of 20 mV cm-1 Oe-1 in the OOP direction of a BFO-CFO 3-1 VAN film grown on SrRuO3/SrTiO3(001) was reported[endnoteRef:37], which corresponds to a value of less than 5.56×10-11 s m-1 under the relation  (where  is the permittivity of free space and  is the dielectric constant of BFO, which is reported to < 250 at room temperature). A similar direct ME coefficient was also reported to be 21 mV cm-1 Oe-1 (i.e. ~1.17×10-10 s m-1) in polycrystalline CFO/PZT 2-2 structured films grown on Pt/Ti/SiO2/Si[endnoteRef:38]. In fact, a higher direct ME coefficient of 104 mV cm-1 Oe-1 (i.e. ~1.38×10-9 s m-1) was reported for CFO/BTO 2-2 structured thin films grown on STO[endnoteRef:39]. However, critically, to date high direct ME coefficients have not translated to observable converse ME effects using in-situ DC electric fields in these systems. Clamping effects, leakage problems and non-optimum ferroelectric/magnet volume ratios are responsible for this lack of translation.  [36: () Vaz, C. A. F.; Hoffman, J.; Ahn, C. H.; Ramesh, R. Magnetoelectric Coupling Effects in Multiferroic Complex Oxide Composite Structures. Adv. Mater. 2010, 22, 2900-2018.]  [37: () Yan, L.; Xing, Z.; Wang, Z.; Wang, T.; Lei, G.; Li, J.; Viehland, D. Direct measurement of magnetoelectric exchange in self-assembled epitaxial BiFeO3-CoFe2O4 nanocomposite thin films. Appl. Phys. Lett. 2009, 94, 192902.]  [38: () He, H. C.; Ma, J.; Lin, Y. H.; Nan, C. W. Influence of relative thickness on multiferroic properties of bilayered Pb(Zr0.52Ti0.48)O3-CoFe2O4 thin films. J. Appl. Phys. 2008, 104, 114114.]  [39: () Zhang, Y.; Deng, C. Y.; Ma, J.; Lin, Y. H.; Nan, C. W. Enhancement in magnetoelectric response in CoFe2O4-BaTiO3 heterostructure. Appl. Phys. Lett. 2008, 92, 062911.] 


[bookmark: OLE_LINK263][bookmark: OLE_LINK264][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: _Hlk485332749][bookmark: OLE_LINK288][bookmark: OLE_LINK242][bookmark: OLE_LINK243][bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: _Hlk485336244][bookmark: OLE_LINK306][bookmark: OLE_LINK14][bookmark: OLE_LINK20][bookmark: OLE_LINK2][bookmark: OLE_LINK6]For the case of magnetic thin films grown on single crystal ferroelectric substrates, while large converse ME effects can be achieved at room temperature because the magnetic layer can be strained significantly by the stiff and thick substrate[endnoteRef:40], this structure cannot be used in MeRAM devices because very large voltages would need to be applied across the thick substrate, and also local operation is not applicable due to the fringing electric fields. Furthermore, this structure is not integratable with Si. By contrast, the NBT-CFO VAN thin films do not require large voltages and can readily be integrated with Si since it has already been shown that high quality 3-1 VAN films can be grown on conducting TiN buffered-Si[endnoteRef:41]. As already discussed, the other factors making our Pb-free, 3-1 system well suited to MeRAM devices are the high areal density of the nanostructured ferrimagnetic regions, the low leakage, and the perpendicular magnetic anisotropy (PMA).  [40: () Zhang, S.; Zhao, Y. G.; Li, P. S.; Yang, J. J.; Rizwan, S.; Zhang, J. X.; Seidel, J.; Qu, T. L.; Yang, Y. J.; Luo, Z. L.; He, Q.; Zou, T.; Chen, Q. P.; Wang, J. W.; Yang, L. F.; Sun, Y.; Wu, Y. Z.; Xiao, X.; Jin, X. F.; Huang, J.; Gao, C.; Han, X. F.; Ramesh R. Electric-Field Control of Nonvolatile Magnetization in Co40Fe40B20-Pb(Mg1/3Nb2/3)0.7Ti0.3O3 Structure at Room Temperature. Phys. Rev. Lett. 2012, 108, 137203.]  [41: () Zhang, W.; Chen, A.; Khatkhatay, F.; Tsai, C. -F.; Su, Q.; Jiao, L.; Zhang, X.; Wang, H. Integration of Self-Assembled Vertically Aligned Nanocomposite (La0.7Sr0.3MnO3)1–x:(ZnO)x Thin Films on Silicon Substrates. ACS Appl. Mater. Interfaces 2013, 5, 3995-3999.] 

b) Microstructural Origins of the Converse ME effect 
[bookmark: OLE_LINK163][bookmark: _Ref497749707]To understanding the origins of the large, converse ME effect, the microstructure of the NBT-CFO VAN thin film was probed. As shown in Figure 3a, the XRD ω-2θ scan of the NBT-CFO VAN film shows only (00l) peaks of NBT and CFO and Nb:STO substrate without any trace of other phases or orientations, confirming the high degree of crystallographic orientation and no intermixed crystalline phases. The overlap of the NBT peaks with the Nb:STO peaks indicates the slightly increased lattice parameter in the OOP direction of the NBT phase due to the vertical epitaxial strain induced by the CFO columns. This is consistent with the larger lattice parameter of bulk CFO (aCFO/2 = 4.195 Å, cubic) compared to bulk NBT (aNBT = 3.886 Å, α = 89.6°, rhombohedral) giving a lattice mismatch of 7.4%[endnoteRef:42],[endnoteRef:43]. A thickness of 40.1 nm of the NBT phase was deduced from Laue oscillations of NBT (00l) peak shown in Figure 3b. The presence of the oscillations indicates a smooth surface as well as excellent crystalline uniformity of the NBT.  [42: () Park, S. E.; Chung, S. J.; Kim, I. T.; Hong, K. S. Nonstoichiometry and the Long‐Range Cation Ordering in Crystals of (Na1/2Bi1/2) TiO3. J. Am. Ceram. Soc. 1994, 77, 2641-2647.]  [43: () Hiruma, Y.; Nagata, H.; Takenaka, T. Thermal depoling process and piezoelectric properties of bismuth sodium titanate ceramics. J. Appl. Phys. 2009, 105, 084112.] 
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[bookmark: OLE_LINK235][bookmark: OLE_LINK234][bookmark: OLE_LINK253][bookmark: OLE_LINK241][bookmark: OLE_LINK236]Fig. 3 XRD, AFM, EDX characterizations of the NBT-CFO VAN film. (a) XRD ω-2θ scan. (b) Zoomed-in XRD ω-2θ scan around the Nb:STO (001) peak. (c) AFM image in a 1μm×1μm area (scale bar, 200 nm). (d) Cross-sectional EDX elements distribution (scale bar, 100 nm).

[bookmark: OLE_LINK254][bookmark: OLE_LINK258][bookmark: OLE_LINK259][bookmark: OLE_LINK267][bookmark: OLE_LINK238][bookmark: OLE_LINK40][bookmark: OLE_LINK42][bookmark: _Hlk497204585][bookmark: OLE_LINK58]From atomic force microscopy (AFM) image (Figure 3c), phase separation can be seen clearly with well-formed rectangular CFO nanocolumns embedded in a NBT matrix with very flat surfaces having an RMS roughness of 1.63 nm. About 1/3 of the column length is protruding out of the NBT matrix. From the cross-sectional energy-dispersive X-ray spectroscopy (EDX) image (Figure 3d), this feature is also observed and ascribed to the difficulty of nucleation of CFO on the Nb:STO (001) surface, indicating a higher surface energy of CFO (001) than that of NBT (001), which reduced the contact area between CFO columns and Nb:STO (001) substrate effectively. From the scanning transmission electron microscopy (STEM) image shown in Fig. S-3, a sharp and clean interface between NBT and CFO phases is inferred without any trace of impurity phases. The number of columns in a 1×1 μm2 area, was counted to be ~190, which corresponds to a density of ~1011 bit in-2, which is of the same order as is currently used in magnetic recording. The column size and density largely depend on the fabrication conditions, such as substrate temperature, laser repetition rate and laser fluence. Hence, in theory, an even higher areal density would be achieved by using a higher growth rate and/or a lower growth temperature. Furthermore, spatial ordering is possible by templating the locations of the self-assembled pillars[endnoteRef:44].  [44: () Aimon, N. M.; Choi, H. K.; Sun, X. Y.; Kim, D. H.; Ross, C. A. Templated Self‐Assembly of Functional Oxide Nanocomposites. Adv. Mater. 2014, 26, 3063-3067.] 

c) Ferroelectric Properties and Mechanism of Low leakage
[bookmark: OLE_LINK231][bookmark: _Hlk512342127]The ferroelectric properties of the VAN films were characterized using piezo-response force microscopy (PFM) with both a Pt coated silicon tip and a nanocrystalline diamond coated silicon, NCD-Si, tip. With the Pt tip, clear box-in-box patterns of area of 6×6 μm2 were measured in both the phase mapping (Figure 4a) and the amplitude mapping (Figure 4b) about 6 hours after poling the film in the opposite direction, which indicates the OOP ferroelectric response. The dark and bright contrast in phase mapping represents upward and downward ferroelectric domains written by the electric fields, respectively. The phase and amplitude loops of the NBT matrix measured with scanning the bias voltage show a significant shift of around 3 V to the negative direction in the voltage axis (Figure 4c). For the NCD-Si tip, on the other hand, the effect disappeared. Hence, there is no shift in the phase and amplitude loops (figure S-5a). Since NBT is an insulator with p-type carriers of low concentration[endnoteRef:45] while CFO is a p-type semiconductor when Co2+ is present in addition to Co3+ [endnoteRef:46], we ascribe the shift of the phase loop to the p-n junction formation at the interface between the film and n-type Nb:STO substrate. Co2+ arises when Ti4+ substitutes for Co3+ in CFO. It has been shown that Ti4+ doping does not degrade the ferromagnetic properties, but, in fact, fortuitously enhances the saturation magnetostriction of CFO[endnoteRef:47]. With a built-in potential present at the p-n junction, a larger reverse bias than forward bias is needed to switch the polarization from downward (with positive phase) to upward (with negative phase) than from upward to downward, i.e. the built-in potential makes the downward polarization more favorable, as illustrated in Figure 4d for the Pt tip. On the other hand, for NCD-Si tip, the p-n junctions were formed at both film-substrate and film-tip interfaces (as illustrated in figure S-4b), consequently giving a unshifted phase and amplitude loops. A d33 of about 20 pm/V was also obtained with the amplitude measured at zero bias with the NCD-Si tip, which is smaller than the bulk value of 72.9 pC/N42. There are two reasons for the difference between our results and the bulk value. First, although the out-of-plane movement is free, the in-plane movement are clamped by the substrate which can affect the out-of-plane movement by a Poisson’s ratio. Second, in a thin film system, the voltage cannot be fully applied on the film and can drop at junctions with electrode and substrate.  [45: () Karpierz, M.; Suchanicz, J.; Konieczny, K.; Smiga, W.; Czaja, P.; Sokolowski, M. Effects of PbTiO3 doping on electric properties of Na0.5Bi0.5TiO3 ceramics. Phase Transit. 2017, 90, 65-71.]  [46: () Ramana, C. V.; Kolekar, Y. D.; Bharathi, K. K.; Sinha, B.; Ghosh, K. Correlation between structural, magnetic, and dielectric properties of manganese substituted cobalt ferrite. J. Appl. Phys. 2013, 114, 183907.]  [47: () Vaithyanathan, V.; Ugenda, K.; Chelvane, J. A.; Bharathi, K. K.; Inbanathan, S. S. R. Structural and magnetic properties of Sn and Ti doped Co ferrite. J. Magn. Magn. Mater. 2015, 382, 88-92.] 
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[bookmark: OLE_LINK77][bookmark: OLE_LINK81][bookmark: OLE_LINK221][bookmark: OLE_LINK233][bookmark: OLE_LINK78][bookmark: OLE_LINK80][bookmark: OLE_LINK79][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: _Hlk496905926][bookmark: OLE_LINK353][bookmark: OLE_LINK351][bookmark: OLE_LINK352]Fig. 4 PFM characterizations of the NBT-CFO VAN film. (a) PFM phase mapping and (b) amplitude mapping after box-in-box poling with different voltages measured with a readout voltage of 0 V (scale bar, 1 μm). (c) Phase and amplitude vs voltage, which is averaged with 8 points at the NBT matrix. (d) Schematic illustration of PFM characterization with a Pt-coated Si tip, with diode and resistor symbols indicating the p-n junction and Ohmic contacts at the film/Nb:STO and film/Pt interfaces, respectively.

[bookmark: OLE_LINK89][bookmark: OLE_LINK90]To understand the mechanism for the low leakage in the NBT-CFO VAN film, the I-V measurements were carried out in both a NBT-CFO VAN film (Figure 5a, green) and a pure NBT film (Figure 5a, purple), both films coated with a ~100 nm thick Pt top electrode. The current shows a significant rectifying effect in both samples, with a sharp turn-on at +1 V, while no breakdown effect was observed with a negative voltage up to at least -8 V. As shown in Figure 5b, the rectifying effect in the NBT-CFO VAN film remains to at least 50 °C, which gives excellent prospects for operation of the system above room temperature which is necessary for any practical memory device. As shown in Figure 5c, a linear relation of ln(J/E2) vs 1/E in the high field region in the NBT-CFO VAN film indicates that the Fowler-Nordheim (FN) tunneling occurs during the injection of charge carriers from electrode to the insulator film through an interfacial energy barrier[endnoteRef:48]. To confirm that the rectifying I-V characteristic originates from the film-Nb:STO p-n junction, both Pt/NBT(100 nm) and Pt/NBT(100 nm)/SrRuO3 (SRO) structures were fabricated on Nb:STO (001) substrates. With a metallic SRO buffer layer, the I-V curve becomes symmetric and the leakage current also increases significantly (Figure 5d) compared to the structure without SRO buffer layer. This demonstrates that the rectifying behavior is from the p-n junction between the film and Nb:STO substrate and not from the Schottky barrier between the film and the Pt electrode.   [48: () Sze, S. M. Physics of Semiconductor Devices, 2nd ed. (Wiley, New York, 1981).] 
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[bookmark: OLE_LINK204][bookmark: OLE_LINK345][bookmark: OLE_LINK346]Fig. 5 I-V characterizations of NBT-CFO VAN film, BFO-CFO VAN film and pure NBT film. (a) Current density (J) vs electric field (E) curves of a 40 nm BFO-CFO VAN films, a 40 nm NBT-CFO VAN film and a 37 nm NBT film at 292 K. (b) J vs E curves of NBT-CFO VAN at different temperatures. (c) ln(J/E2) vs 1/E curves at different temperatures with negative bias voltage (the black lines are the best linear fits of high field regions). (d) J vs E curves of 100 nm NBT film grown on Nb:STO (001) with (red) and without (purple) SRO buffer layer at 292 K. 

[bookmark: OLE_LINK96][bookmark: OLE_LINK123][bookmark: OLE_LINK129][bookmark: OLE_LINK134]The I-V curve of a 40 nm BFO-CFO VAN (Figure 5a, red) was also measured to compare with the NBT-CFO films. At 750 kV/cm, a much larger leakage current density (1.8×10-2 A/cm2 vs 7.99×10-4 A/cm2) was measured in the BFO-CFO VAN film vs. the NBT-CFO films. Hence, in the BFO-CFO VAN system, an electric field of sufficient magnitude to obtain a large change in magnetic anisotropy cannot be applied because of the leakage problem, and hence no in-situ electric field control of magnetism can be realized, especially on such a large scale. 

[bookmark: _Hlk512337600]To investigate the microscopic leakage properties of the NBT-CFO VAN films, conductive AFM (c-AFM) characterization was carried out. The sample was mechanically polished to get a smoother surface so that the tip could access the vertical interfaces. The current map was measured with a bias voltage of -5 V applied on a NCD-Si tip. We note that the NCD-Si tip used in the c-AFM characterization is less sharp than the Si tip used in the standard AFM characterization and so the topographic image shown in Fig. 6a is of lower spatial resolution than the AFM image of Fig. 3c.

As shown in Fig. 6b, the leakage current map shows conductive squares correlating to the bright, square CFO nanocolumns in the topography image shown in Figure 6a, indicating that the CFO columns are much more conductive than the NBT matrix. However, no obvious conductivity was observed at the vertical interfaces in this sample. This is highly beneficial over the well-studied BFO-CFO system, where there is significant interface leakage. There, the leakage is likely caused by the presence of Fe in both the nanocomposite phases. Since Fe exhibits mixed valence, particularly at the interface where the two phases with differing Fe environments come together14, charge compensation will occur by the creation of oxygen vacancies and associated charge carriers24, thus giving rise to leakage. Hence, the absence of local conduction at the vertical interfaces in the NBT-CFO film is consistent with the lack of Fe in the NBT phase. 
[image: ]
[bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: OLE_LINK237]Fig. 6 c-AFM characterizations of the NBT-CFO VAN film. (a) Topographic image obtained with c-AFM (scale bar, 100 nm). (b) Current mapping obtained by c-AFM with a voltage of -5 V applied on the tip (scale bar, 100 nm). The red, green and yellow rectangles indicate the areas inside a column, inside the matrix and including matrix and column interfaces, respectively.

In the bulk form of NBT, the predominant leakage mechanism is oxygen vacancies which form to compensate for cation deficiency30. Hence, oxygen ion conduction is strongly reduced when the cation composition is stoichiometric. In thin films, this can be achieved by growth from a Bi and Na rich target and by ensuring sufficiently high oxygen pressure during film growth. Hence, the low conductivity and thus the effective current blockage in both the NBT matrix and the vertical interfaces, as well as at the horizontal interface between the film and Nb:STO substrate, all together enable the low vertical leakage current in the NBT-CFO VAN film system. 
d) Proving the Role of Vertical Strain on the ME effect 
[bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK44][bookmark: _Hlk482695282][bookmark: OLE_LINK200][bookmark: OLE_LINK248][bookmark: OLE_LINK250][bookmark: OLE_LINK69][bookmark: OLE_LINK199][bookmark: OLE_LINK201][bookmark: OLE_LINK244][bookmark: OLE_LINK247][bookmark: OLE_LINK245][bookmark: OLE_LINK246][bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: OLE_LINK16][bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK45][bookmark: OLE_LINK251][bookmark: OLE_LINK252][bookmark: OLE_LINK265]To determine the role of the vertical strain on the converse ME effect in NBT-CFO VAN films, we performed XRD ω-2θ scans and reciprocal space mapping (RSM) with in-situ electric fields. As shown in Figure 7a, the XRD ω-2θ scan without electric field shows the same pattern as Figure 3a except an extra peak of Ag (001) due to the use of silver paste for the wire bonding. When an electric voltage of -8 V was applied, which corresponds to an electric field of ~2000 kV cm-1, the XRD pattern showed an obvious change. First, there is a significant shift of the NBT (002) peak to a lower angle, which indicates an increase of the NBT lattice parameter along the OOP direction. The peak shift maintains at a high temperature up to 50 ℃, as shown in figure S-6. A similar behavior was also observed in a pure NBT film of ~37 nm thickness grown on Nb:STO (001) under an electric field of ~2430 kV cm-1, from which a strain of 0.37% was obtained, as determined from the shift of NBT(002) peak (figure S-7). Thus, a strain of ~0.3% can be inferred in the NBT matrix of the composite film under an electric field of ~2000 kV cm-1, assuming a linear dependence of the strain with electric field. Second, there is also a shift in the CFO peak to a lower angle, which is enlarged in Figure 7b. Both CFO (004) peaks are fitted with the Voigt function (the convolution of Cauchy and Gauss functions). The central position of the CFO (004) peak without electric field application is fitted to be 2θ = 43.1617°, corresponding to a c-axis lattice parameter of 8.377 Å, which is smaller than that of bulk CFO (8.391 Å), indicating an OOP compressive strain ε001 ~ 0.167% in the CFO phase. Compared to the large calculated lattice misfit between NBT and CFO, (cNBT- cCFO)/cNBT ×100% = 7.4%), strain relaxation via domain matching epitaxy (DME) is inferred along the vertical interfaces[endnoteRef:49],[endnoteRef:50]. The fitting also shows a shift of Δ2θ ~ 0.0287° in the CFO (004) peak under an electric field, which corresponds to a decrease of strain Δε001 ~ 0.0633% in the compressive strain state, which is about 21% of the strain in the NBT phase. The peak positions and strengths of the Nb:STO substrate are exactly the same in two patterns, indicating a negligible systematic error in the measurement. [49: () Huang, J.; MacManus-Driscoll, J. L.; Wang, H. New epitaxy paradigm in epitaxial self-assembled oxide vertically aligned nanocomposite thin films. J. Mater. Res. 2017, 32, 4054-4066.]  [50: () Zhang, K. H. L.; Wu, R.; Tang, F.; Li, W.; Oropeza, F. E.; Qiao, L.; Lazarov, V. K.; Du, Y.; Payne, D. J.; MacManus-Driscoll, J. L.; Blamire, M. G. Electronic Structure and Band Alignment at the NiO and SrTiO3 p-n Heterojunctions. ACS Appl. Mater. Interfaces, 2017, 9, 26549-26555.] 
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[bookmark: OLE_LINK48][bookmark: OLE_LINK41][bookmark: OLE_LINK71][bookmark: OLE_LINK59][bookmark: OLE_LINK110][bookmark: OLE_LINK106][bookmark: OLE_LINK70]Fig. 7 Probing the strain in the VAN-CFO VAN film. (a) XRD ω–2θ scan for NBT-CFO VAN film before and then after the application an electric field of -2000 kV cm-1 between the Pt electrode and Nb:STO substrate. (b) Shift of CFO (004) peak under an applied electric field. The lines give the Voigt fitting of the data. (c) RSM around the Nb:STO (204) peak without an applied electric field. (d) RSM around the Nb:STO (204) peak with an applied electric field. The streaks at ~ 45° on maps are artefacts due to the saturation of the detector.


[bookmark: OLE_LINK122][bookmark: OLE_LINK133][bookmark: OLE_LINK255][bookmark: OLE_LINK147][bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: OLE_LINK266][bookmark: OLE_LINK150][bookmark: OLE_LINK300][bookmark: OLE_LINK138][bookmark: OLE_LINK271][bookmark: OLE_LINK272][bookmark: OLE_LINK151][bookmark: OLE_LINK154][bookmark: OLE_LINK17][bookmark: OLE_LINK146]The magnetoelastic energy associated with this strain is , where the change of stress is given by Δσ001 = YΔε001 with the Young's modulus of bulk CFO Y = 141.6 GPa[endnoteRef:51] and the magnetostriction coefficient λ100 = -252×10-6, leading to decrease of a magnetoelastic anisotropy energy of 3.36×105 erg cm-3. With the calculated magnetization of the CFO columns, M = 300 emu cm-3, the change of the coercivity is calculated to be ΔHC = 2E/Ms = 2.2 kOe, which is about three times of the obtained ΔHC = 0.7 kOe in the OOP direction. Considering the calculation is only approximate because Y and λ100 are not known to great accuracy for reduced dimension and strained CFO, the calculated and actual coercivity changes are in good agreement.  [51: () Folen, V. J. in Landolt-Börnstein Vol. 3, part 4b, Magnetic and Other Properties of Oxides and Related Compounds. (Springer-Verlag, Berlin,1970).] 


[bookmark: OLE_LINK47][bookmark: OLE_LINK162]The fitting also gives the same integral area in both peaks. However, there was a smaller full width at half maximum (FWHM) when the electric field was applied, which agrees with the small increase in the height of the peak. To explain the change of the CFO (004) peak, the CFO columns are treated as having two regions, the first is the region where the columns are embedded in the NBT matrix, which accounts for ~2/3 of their length and the other is the region lying above the NBT surface which accounts for ~1/3 of their length, as the EDX image shows (Figure 3d). Considering the lattice parameter relationship, aCFO/2 > aNBT, the region of CFO embedded in the NBT matrix will be compressively strained while the region above the NBT surface will be nearly strain-free, resulting in an inhomogeneity of the OOP strain state in the CFO columns without electric field application. When an electric field is applied the NBT extends and because of strain coupling to the CFO in the part embedded in the NBT, this decreases the compressive strain of the CFO, making the lattice parameter closer to the strain-free state. Consequently, the strain in the CFO becomes more homogenous, resulting in a decrease in the FWHM without change of the area of the peak. 

[bookmark: OLE_LINK113][bookmark: OLE_LINK124][bookmark: OLE_LINK46]RSMs around the Nb:STO (204) peak were obtained to investigate the strain state in the NBT phase both in the IP and OOP directions (Figures 7c and 7d). The overlap of the NBT (204) peak with the Nb:STO (204) peak indicates a fully strained state in the IP direction in the NBT phase. The effect of an applied electric field is shown in Figure 7d. A long tail is observed below the main NBT (204) peak, which indicates an inhomogeneous increase in the OOP lattice parameter of the NBT phase, consistent with the XRD ω-2θ scan results. Since the elongation of the NBT peak is only along the qz direction, there is no lattice parameter change in the IP direction. This is explained by the relatively small d31 value (-15 pC N-1) compared to the d33 value (72.9 pC N-1) for bulk NBT42, as well as, more significantly, the substrate clamping effect in the lateral direction. For the 3-1 VAN structures the IP clamping does not detrimentally affect the induced OOP coupling which is the key coupling for inducing the ME effect. This contrasts sharply with the 2-2 structures where IP clamping prevents the ferroelectric from being strained in the important coupling direction, which is in-plane for 2-2. 

Conclusion and Outlook
[bookmark: OLE_LINK118][bookmark: OLE_LINK119][bookmark: OLE_LINK105][bookmark: OLE_LINK111]In summary, a new composition, self-assembled, 3-1 structured, vertically aligned nanocomposite (VAN) thin film system was demonstrated, based on NBT-CFO. Careful materials selection and nanoengineering enabled the system to have low leakage, both within its bulk components and interface regions, which is crucial for enabling an electric field to be sustained and to minimize Joule heating. A further key advantage of the system was the creation of a rectifying effect by formation of p-n junction at the VAN-substrate interface, which ensured current blockage in this structure. The low leakage system enabled, for the first time, measurement of in-situ electric field control of magnetic anisotropy at room temperature in an unclamped strain interaction thin film system. A large converse ME coupling coefficient of 1.25×10-9 s m-1 was obtained. The combination of large ME effect, low leakage, high areal density (~1011 bit in-2), and possibility to integrate with Si, make this system very promising for future MeRAM devices.
Methods
[bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK103][bookmark: OLE_LINK104]Film fabrication: Self-assembled NBT-CFO (50: 50 by volume ratio) nanocomposite thin films and pure NBT thin films with different thicknesses were grown, by self-assembly, on 0.5 wt.% Nb-doped SrTiO3 (Nb:STO) (001) and (111) substrates, by pulsed laser deposition (PLD). A KrF laser (λ = 248 nm) was used with a fluence of 1.5 J cm-2 and a repetition rate of 1 Hz. During deposition, the substrate temperature was 650 ℃. To ensure oxygen stoichiometric NBT, deposition was undertaken in a relatively high O2 atmosphere of 0.3 mbar. Polycrystalline NBT and NBT-CFO composite targets were synthesized using solid-state sintering from high purity sodium carbonate (Na2CO3), bismuth oxide (Bi2O3), titanium dioxide (TiO2), and cobalt ferrite (CoFe2O4) powders from Sigma Aldrich (99.99% purity). An excess of 10% for both Bi and Na elements was adopted to avoid chemical deficiencies at the A-site, ensuring a stoichiometric NBT phase. The final sintering of the target was performed at 1100 °C for 2 h. For comparison, a thin BFO (65)-CFO (35) VAN film was deposited from a similarly prepared mixed target under the same conditions as given in Ref. 14. The SRO buffer layer was grown at 650 ℃ with a fluence of 1.5 J cm-2 and a repetition rate of 2 Hz. The deposition was undertaken in a relatively high O2 atmosphere of 0.1 mbar.

[bookmark: OLE_LINK13][bookmark: OLE_LINK15]Characterization: X-ray diffraction experiments were carried out with a Panalytical Empyrean High-resolution X-ray diffractometer with hybrid primary monochromator (λ = 1.5405 Å). RSMs with in-situ electric field were measured with the Pixel detector, which enables both high speed and high resolution. A Pt layer deposited with a sputter served as the top electrode and the Nb:STO substrate served as the bottom electrode. During the in-situ XRD and RSM measurements, an electric field was applied between the Pt electrode and the Nb:STO substrate with a Keithley 2400 sourcemeter. The surface morphology was characterized using AFM (Multimode 8 SPM with Nanoscope V controller). Piezo force microscopy (PFM) was performed with an Agilent 5500 scanning probe microscope using different tips, a diamond coated silicon tip and a Pt coated silicon tip. For the Pt coated tip, we first poled the thin film with a bias of -9 V applied to tip in a large square box with an area of 6×6 μm2, and then poled a 4×4 μm2 area in the center of the square by applying a +5 V bias. Finally, we poled a smaller 2×2 μm2 area in the center of the poled square with -9 V again. Then, we read the polarization with 0 V. For the diamond coated Si tip, we first poled the thin film with a bias of -5 V applied to tip in a large square box with an area of 6×6 μm2, and then poled a 4×4 μm2 area in the center of the square by applying a +5 V bias. Finally, we poled a smaller 2×2 μm2 area in the center of the poled square with -5 V again. Then, we read the polarization with 0 V. Conductive-AFM (c-AFM) was performed with the same setup with a diamond coated Si tip. Cross-sectional Scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDX) were used to characterize the microscopic structure and element distributions of the film. 

Measurements: The converse ME effect was measured with a VSM (Lakeshore, PMC MicroMag 2900). During the magnetization measurements, an electric field was applied between Pt electrode and the Nb:STO substrate with a Keithley 2400 sourcemeter. The current vs voltage (IV) curves were measured with a Keithley 2400 sourcemeter controlled by a LabVIEW program. The temperature dependence of the magnetic hysteresis loops was measured with a MPMS (Quantum Design, MPMS 3).
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