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Abstract
[bookmark: OLE_LINK72][bookmark: OLE_LINK73]In all-oxide-based spintronic devices, large exchange bias effect with robustness against temperature fluctuation and compatibility with perpendicular magnetic recording is highly desired. In this work, rock-salt antiferromagnetic NiO with a Néel temperature (TN) of ~ 525 K and spinel ferrimagnetic NiFe2O4 with high Curie temperature of TC ~ 790 K and TC > TN were chosen as compatible materials to form a well phase separated, vertically aligned nanocomposite (VAN) thin film. In this nanoengineered thin film, an exchange bias effect with a blocking temperature far above room temperature has been achieved. A large perpendicular exchange bias field up to 0.91 kOe with interfacial exchange energy density of 0.11-0.34 erg/cm2 was obtained at room temperature. It was also demonstrated that the exchange bias effect can be easily tuned by changing the alignment of the magnetic moments in the NiO phase using substrates of different crystalline orientations and by changing the microstructure of the film with substrates of different lattice parameters. The results demonstrate that proper choice of the phases (including use of non-perovskite compositions) and careful strain engineering and nanostructure engineering makes oxide nanocomposites strong potential candidate systems for next generation spintronic devices.
Keywords: exchange bias; vertically aligned nanocomposites; all-oxide; room temperature; perpendicular anisotropy; 
1. Introduction
Oxides exhibit a wide range of properties from ferroelectricity, to ferromagnetism, antiferromagnetism, metallicity, and superconductivity. They play an important role in spintronics already being used as barriers in magnetic tunneling junctions. However, there is also the possibility of all-oxide-based spintronics devices,[endnoteRef:2] such as the magnetoresistive random access memory (MRAM), which could happen by coupling different degrees of freedom together which do not exist in more conventional metallic materials. [2: () Bibes, M.; and Barthélémy, A. Oxide Spintronics. IEEE Trans. Electron 2007, 54, 1003-1023.] 


[bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: _Ref504640474][bookmark: _Ref514670931][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK20][bookmark: OLE_LINK21]One useful coupling in spintronic devices is the coupling of antiferromagnetic and ferromagnetic materials giving rise to the exchange bias (EB) effect. The effect is associated with exchange interactions at the interface between an antiferromagnet (AFM) and a ferro-/ferrimagnet (F(I)M) and leads to a shift of the hysteresis loop of the F(I)M.[endnoteRef:3] In a wide variety of spintronics devices, such as the MRAM, the EB allows the magnetization of a ferromagnetic layer to be pinned in a fixed direction thus defining a reference direction for the spin of conduction electrons.[endnoteRef:4] So far, large room temperature EBs can only be obtained in multilayer systems based on antiferromagnetic IrMn or PtMn.[endnoteRef:5] Moreover, for practical applications an EB with perpendicular anisotropy in the FM part is more desirable owing to higher thermal stability and area density of the encoded information.[endnoteRef:6] Commonly reported FM materials with perpendicular anisotropy are based on noble metal or rare-earth elements with high spin-orbit interactions, such as Co/(Pd,Pt) multilayers,[endnoteRef:7],[endnoteRef:8] and DyCo5 based spin valves.[endnoteRef:9] A large perpendicular EB above room temperature in an all-oxide material system other than the metal-based system, which is highly appealing for oxide spintronics applications, has never been reported before. It is also important to note that EB in conventional multilayer structures scales inversely with the thickness of the FM layer, i.e. HE~1/tF law,3 where HE is EB field, and tF is the thickness of the ferromagnetic layer. Hence, large tF gives strong magnetization but weak HE and vice versa. Therefore, in such multilayers, it is not possible to achieve both strong magnetization and large magnitude of the EB.  [3: () Meiklejohn, W. H.; Bean, C. P. New Magnetic Anisotropy. Phys. Rev. 1956, 102, 1413.]  [4: () Nogues, J.; Schuller, I. K. Exchange Bias. J. Magn. Magn. Mater. 1999, 192, 203-232.]  [5: () Childress, J. R.; Schwickert, M. M.; Fontana, R. E.; Ho, M. K.; Rice, P. M.; Gurney, B. A. Low-resistance IrMn and PtMn Tunnel Valves for Recording Head Applications. J. Appl. Phys. 2001, 89, 7353-7355.]  [6: () Hellwig, O.; Berger, A.; Kortright, J. B.; Fullerton, E. E. Domain Structure and Magnetization Reversal of Antiferromagnetically Coupled Perpendicular Anisotropy Films. J. Magn. Magn. Mater. 2007, 319, 13-55.]  [7: () Maat, S.; Takano, K.; Parkin, S. S. P.; Fullerton, E. E. Perpendicular Exchange Bias of 
Co/Pt Multilayers. Phys. Rev. Lett. 2001, 87, 087202. ]  [8: () Borisov, P.; Hochstrat, A.; Chen, X.; Kleemann, W.; Binek, Ch. Magnetoelectric Switching of Exchange Bias. Phys. Rev. Lett. 2005, 94, 117203.]  [9: () Radu, F.; Abrudan, R.; Radu, I.; Schmitz, D.; Zabel, H.A; Perpendicular exchange bias in ferrimagnetic spin valves. Nat. Commun. 2012, 3, 715.] 

  
In recent years, vertically oriented heterointerfaces in self-assembled vertically aligned nanocomposite (VAN) films composed of continuous matrix and separated nanocolumns have emerged as a promising structure for enhanced and tunable functionalities.[endnoteRef:10] In principle, controllable column size, large interface and the out-of-plane (OOP) magnetic shape anisotropy in AFM/F(I)M VAN films can result in a large perpendicular EB (PEB). Furthermore, the area of the vertical interface between the AFM and FM parts is proportional to the thickness of the sample, leading to a scalable EB with film thickness in this structure Thus, both strong magnetization and large magnitude of the EB can be achieved in this structure.  [10: () MacManus-Driscoll, J. L.; Suwardi, A.; Wang, H.; Composite Epitaxial Thin Films: A New Platform for Tuning, Probing, and Exploiting Mesoscale Oxides. MRS bulletin 2015, 40, 933-942.] 



[bookmark: _Ref528082821][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: _Ref528082865]To give a strong EB above room temperature in a VAN film, the magnetic ordering temperatures must be appropriately matched: typically, the Curie temperature (TC) of the F(I)M should be larger than TN of the AFM, and both must be well above room temperature. This will enable not only the AFM interfacial spins but also the AFM bulk spins to align with respect to the FM spins during field cooling. This will maximize the benefit of a high TN in the AFM component to achieve a high blocking temperature (TB) for EB. Also, a relatively large anisotropy of the AFM is needed to pin the FM magnetization. The materials choices for the formation of the VAN structure is also important. It is not as wide as in planar multilayer structures because self-assembled phase separation must occur. On the other hand, the naturally formed interfaces in VAN films must be free from any interphases. Conventionally, a perovskite material has been used to form the continuous matrix in the VAN structure, but the reported EB in perovskite-based VANs is very small at room temperature, e.g. in BiFeO3/Fe3O4,[endnoteRef:11] or it is achieved only at very low temperatures (~ 10 K), such as in the BiFeO3-La0.7Sr0.3MnO3,[endnoteRef:12] NiO-La0.7Sr0.3MnO3,[endnoteRef:13],[endnoteRef:14] and La0.7Sr0.3MnO3-LaFeO3.[endnoteRef:15] The low TB can be understood by TN being larger than TC in all these systems. These drawbacks have largely limited the application of EB in VAN devices. The key to making a room temperature functioning VAN device is the correct material selection and the appropriate nanoengineering of the microstructures.   [11: () Choi, E.-M.; Weal, E.; Bi, Z.; Wang, H.; Kursumovic, A.; Fix, T.; Blamire, M. G.; MacManus-Driscoll, J. L. Strong Room Temperature Exchange Bias in Self-assembled BiFeO3–Fe3O4 Nanocomposite Heteroepitaxial Films. Appl. Phys. Lett. 2013, 102, 012905.]  [12: () Zhang, W.; Chen, A.; Jian, J.; Zhu, Y.; Chen, L.; Lu, P.; Jia, Q.; MacManus-Driscoll, J. L.; Zhang, X.; Wang, H. Strong Perpendicular Exchange Bias in Epitaxial La0.7Sr0.3MnO3:BiFeO3 Nanocomposite Films Through Vertical Interfacial Coupling. Nanoscale 2015, 7, 13808-13815.]  [13: () Ning, X.; Wang, Z.; Zhang, Z. Large, Temperature‐Tunable Low‐Field Magnetoresistance in La0.7Sr0.3MnO3:NiO Nanocomposite Films Modulated by Microstructures. Adv. Func. Mater. 2014, 24, 5393-5401. ]  [14: () Zhang, W.; Li, L.; Lu, P.; Fan, M.; Su, Q.; Khatkhatay, F.; Chen, A.; Jia, Q.; Zhang, X.; MacManus-Driscoll, J. L.; Wang, H. Perpendicular Exchange-Biased Magnetotransport at the Vertical Heterointerfaces in La0.7Sr0.3MnO3:NiO Nanocomposites. ACS Appl. Mater. Interfaces 2015, 7, 21646-21651.]  [15: () Fan, M.; Zhang, W.; Jian, J.; Huang, J.; Wang, H. Strong Perpendicular Exchange Bias in Epitaxial La0.7Sr0.3MnO3:LaFeO3 Nanocomposite Thin Films. APL Mater. 2016, 4, 076105.] 


[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK42]In this work, a large PEB up to 0.91 kOe was realized at room temperature in self-assembled all-oxide non-perovskite NiO-NiFe2O4 (NiO-NFO) VAN films grown by pulsed laser deposition (PLD). The hypotheses for achieving this were:
a) avoid the use of a perovskite phase since perovskites have never yielded a large EB at room temperature in any reported system (Refs. 10 - 14).
b) [bookmark: OLE_LINK43][bookmark: OLE_LINK49]choose phases which have shared cation components (hence NiO and NFO) with NiO as the only phase which can form when NiO is added in excess to NFO. This means there is no chemical intermixing and no impurity phases formed. 
c) utilize high TC (~ 790 K) NFO and high TN (~ 525 K) NiO, with TC > TN, to induce an EB with TB far above room temperature. 

The EB was understood and optimized both by using SrTiO3 (STO) substrates with different orientations, and by using substrates of different lattice parameter which are related to the magnetic structure of type-II antiferromagnetic NiO and the strain related microstructure change, respectively. Because of the great potential of NiO and NFO in antiferromagnetic spintronics devices,[endnoteRef:16],[endnoteRef:17] and spin filters,[endnoteRef:18],[endnoteRef:19] respectively, the result of a large room temperature PEB in our NiO-NFO VAN films gives strong promise for next generation all-oxide spintronic devices. [16: () Wang, H.; Du, C.; Hammel, P. C.; Yang, F. Antiferromagnonic Spin Transport from Y3Fe5O12
into NiO. Phys. Rev. Lett. 2014, 113, 097202. ]  [17: () Prakash, A.; Brangham, J.; Yang, F.; Heremans, J. P.  Spin Seebeck Effect Through Antiferromagnetic NiO. Phys. Rev. B 2016, 94, 014427.]  [18: () Lüders, U.; Bibes, M.; Bobo, J.-F.; Cantoni, M.; Bertacco, R.; Fontcuberta, J. Enhanced Magnetic Moment and Conductive Behavior in NiFe2O4 Spinel Ultrathin Films. Phys. Rev. B 2005, 71, 134419. ]  [19: () Lüders, U.; Bibes, M.; Bouzehouane, K.; Jacquet, E.; Contour, J.-P.; Fusil, S.; Bobo, J.-F.; Fontcuberta, J.; Barthélémy, A.; Fert, A. Spin Filtering Through Ferrimagnetic NiFe2O4 Tunnel Barrier. Appl. Phys. Lett. 2006, 88, 082505.] 

[bookmark: OLE_LINK29]2. Results and discussion
[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK82][bookmark: OLE_LINK83]NiO-NFO VAN films of 70:30 volume ratio were first grown on STO (001) substrates by pulsed laser deposition (PLD). The three-dimensional crystalline structure of the film was studied using four-circle XRD. As shown in Figure 1a, The XRD ω-2θ scan of a NiO-NFO film shows only (00l) peaks of NiO, NFO and the STO substrate, confirming the high degree of crystallographic orientation of the phases in the film, as well as no impurity phases. However, due to the similarity of lattice parameters of the rock salt NiO (aNiO = 0.416 nm) and reverse spinel NFO (aNFO = 0.834 nm), as well as peak broadening caused by the large lattice misfit between the film and the substrate of ~ 6.7%, the peaks of NiO and NFO are overlapped. To get both the in-plane (IP) and OOP lattice parameter information about the NFO phase, we carried out reciprocal space mapping (RSM) around the STO (103) peak (Figure 1b), where the selective study of NFO (206) peak is possible due to the extinction of the NiO (103) peak. The NFO phase shows a broad peak lying at the lower right direction of the STO (103) peak suggesting largely relaxation of strain in the NFO phase in the IP direction. From the position of the NFO (206) peak, the lattice parameters a = 0.833 nm and c = 0.834 nm are obtained, indicating a slight IP compressive strain in the NFO phase. The X-ray photoelectron spectroscopy (XPS) Ni 2p spectrum of the NiO-NFO film shown in Figure S1a is similar to the Ni 2p spectrum measured in a pure NiO film (Figure S1b) and shows typical features of Ni2+,[endnoteRef:20] while the Fe 2p spectrum measured in the NiO-NFO film (Figure S1c) is similar to the Fe 2p spectrum measured in a pure NFO film (Figure S1d) and shows typical features of Fe3+.[endnoteRef:21] This confirms the composition in our nanocomposite films. [20: () Uhlenbrockt, St.; Scharfschwerdt, Chr.; Neumann, M.; Illing, G.; Freund, H. J. The influence of defects on the Ni 2p and O 1s XPS of NiO. J. Phys.: Condens. Matter 1992, 4, 7973-7978.]  [21: () Yang, Y.; Tao, Q.; Srinivasan, G.; Takoudis, C. G. Cyclic Chemical Vapor Deposition of Nickel Ferrite Thin Films Using Organometallic Precursor Combination. ECS J. Solid State Sci. Technol. 2014, 3, 345-352.] 

[image: ]
Figure 1 (a) X-ray diffraction ω-2θ scans and (b) Reciprocal space mapping around STO (103) & NFO (206) peaks of the NiO-NFO nanocomposites film grown on STO (001) substrate.
 
Transmission electron microscopy (TEM) was applied to study the microstructure of the samples grown on STO (001). From the cross-sectional scanning transmission electron microscopy (STEM) taken under the high-angle annular dark-field (HAADF) mode in Figure 2a, a sample thickness of ~180 nm can be inferred with a sharp interface between the film and the substrate. Energy-dispersive X-ray spectroscopy (EDS) mapping of the cross-sectional area shows two well-separated phases with column-like NFO nanostructures embedded in the continuous NiO matrix (Figure 2b and 2c). 
[image: ]
[bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK7][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Figure 2 Electron microscopy images of a NiO-NFO film grown on STO (001). (a) Cross-sectional STEM-HAADF image. (b-c) Cross-sectional EDS elemental maps of the NiO-NFO film (green: Fe, red: Ni, blue: Ti). (d-e) High-resolution cross-sectional STEM-HAADF images of area around interface between NiO-NFO film and STO substrate. (f) SAED pattern of NiO-NFO film on STO substrate along the [010] zone axis. (g) Fourier-filtered image of rectangle marked area in (e) with the “⊥” symbols denoting the edge dislocations.

[bookmark: OLE_LINK16][bookmark: _Ref512427308]A closer look at an area near the film-substrate interface (Figure 2d) shows that, the NFO columns have a curved (arc-shaped) interface between columns and the NiO matrix, indicating the need to minimize the surface area per volume ratio. This is consistent with a high energy interface formed between two dissimilar crystal structures. Figure 2e shows the high-resolution STEM-HAADF image of an area containing the NiO matrix, NFO nanocolumns, and STO substrate. The film/substrate and column/matrix interfaces can be clearly identified. Both NiO and NFO show perfect crystalline structures. The curved interface between NFO and NiO is chemically sharp but geometrically rough, showing a zig-zag feature on a finer scale. It can also be seen that the NiO nucleates at the STO (001) surface prior to the nucleation of NFO at the film-substrate interface, indicating a lower interfacial energy between NiO and STO than that between NFO and STO. The local epitaxial relation was determined with selected-area electron diffraction (SAED), as shown in Figure 2f. The SAED pattern and the XRD φ scan (Figure S2) results together reveal the orientation relationships between NiO and NFO with the underlying STO substrate, i.e., (001) NiO∥(001) NFO∥(001) STO (OOP) and [100] NiO∥[100] NFO∥[100] STO (IP). Previously, NiO has been shown to grow epitaxially on STO (001) by a layer-by-layer domain matching epitaxy (DME) mechanism.[endnoteRef:22] Here, a similar DME is also observed in NiO-NFO composite film grown on STO (001). The misfit dislocations formed at the film/substrate interface can be clearly observed in the Fourier-filtered image, as shown in Figure 2g. There are roughly every 16 lattices of STO matching with 15 lattices of NiO and NFO.  [22: () 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.; and Blamire, M. G. Electronic Structure and Band Alignment at the NiO and SrTiO3 p–n Heterojunctions. ACS Appl. Mater. Interfaces 2017, 9, 26549.] 

 
To study the EB, the sample was first heated to 600 K and cooled to room temperature (292 K) with a magnetic field of 10 kOe applied in either the IP or OOP directions. The hysteresis loops were measured with a VSM. Figure 3a shows the OOP hysteresis loops before and after field cooling (FC). Compared with the hysteresis loop measured before FC, the hysteresis after FC shows a large shift towards the negative field direction as well as a significant enhancement in the coercivity. Here, we define the EB field and coercivity as HE = (HCL + HCR)/2 and HC = (HCR −  HCL)/2, where HCL (HCR) is the left (right) coercive field. The HE and HC values in the OOP direction were calculated to be 0.8 kOe and 2.1 kOe, respectively. According to the classical model of EB given by Meiklejohn and Bean,[endnoteRef:23] HE can be estimated as  [23: () Meiklejohn W. H.; Bean, C. P. New Magnetic Anisotropy. Phys. Rev. 1957, 105, 904.] 


       (1)
where the σex is the interfacial exchange energy density, A is area of the interface, MF and V are the magnetization and volume of the ferromagnetic part. For simplicity, the NFO column can be treated as a cylinder with an average height of 100 nm and a radius of 20-60 nm. Using MF = 140 emu/cm3 calculated from the saturation magnetization and the nominal volume of the NFO phase, the interfacial exchange energy density is estimated to be σex ~ 0.11-0.34 erg/cm2, which is of the same order with those obtained in previous reports of NiO/NFO bilayers at 10 K but much higher than those obtained at room temperature, which is always around 0.004-0.06 erg/cm2.3,[endnoteRef:24]  [24: () Negulescu, B.; Thomasa, L.; Dumonta, Y.; Tessiera, M.; Kellera, N.; Guyota, M. Exchange Biasing in NiO/NiFe2O4 bilayers. J. Magn. Magn. Mater. 2002, 242–245, 529-531.] 

[image: ]
[bookmark: OLE_LINK54][bookmark: OLE_LINK70][bookmark: OLE_LINK15][bookmark: OLE_LINK53]Figure 3 (a) OOP and (b) IP hysteresis loops of NiO-NFO nanocomposites grown on STO (001) substrate measured at room temperature before (solid lines) and after (dashed lines) FC with a field of 10 kOe from 600 K.

As shown in Figure 2e, the interface between NiO matrix and the NFO columns in our VAN films have differently oriented (zig-zag) facets and are sharp chemically. The 45° angle between the boundaries and the <100> directions indicates that the interface is accommodated along the {111} planes of NiO. Thus, the large interfacial exchange energy density σex and hence HE is ascribed to the increased uncompensated AFM net spins compared to flat interfaces in multilayered structures. This is a similar effect to the enhancement of HE in planar systems with rough interfaces which give rise to uncompensated spins.[endnoteRef:25]-,[endnoteRef:26],[endnoteRef:27] [25: () Vafaee, M.; Finizio, S.; Deniz, H.; Hesse, D.; Zabel, H.; Jakob, G.; Klaui, M. The Effect of Interface Roughness on Exchange Bias in La0.7Sr0.3MnO3–BiFeO3 Heterostructures. Appl. Phys. Lett. 2016, 108, 072401. ]  [26: () Wang, J.; Sannomiya, T.; Shi, J.; Nakamura, Y. Influence of Interface Roughness on the Exchange Bias of Co/CoO Multilayers. J. Appl. Phys. 2013, 113, 17D707.]  [27: () Moran, T. J.; Gallego, J. M.; Schuller, Ivan K. Increased Exchange Anisotropy due to Disorder at Permalloy/CoO Interfaces. J. Appl. Phys. 1995, 78, 1887.] 


 Due to the large interfacial exchange energy, the effect in this work is much stronger than the room temperature EB reported in systems based on NiO,[endnoteRef:28],[endnoteRef:29] and is comparable with the room temperature EB in IrMn based systems.[endnoteRef:30] The EB was also measured in the IP direction, as shown in Figure 3b. A significant perpendicular anisotropy in the sample results in a much smaller HE (0.49 kOe) and HC (0.88 kOe) in the IP direction than those obtained in the OOP direction, indicating a strong PEB in our system. The PEB is ascribed to the particular magnetic structure of NiO in the (001)-oriented VAN film, which will be discussed later. [28: () Fermin, J. R. Exchange-biased Fe4.6Co70.4Si15B10/NiO Bilayers. Rev. LatinAm. Metal. Mat. 2015, 35, 254-258. ]  [29: () Geshev, J.; Pereira, L. G.; Schmidt, J. E.; Nagamine, L. C. C. M.; Saitovitch, E. B.; Pelegrini, F. Frequency-dependent Exchange Bias in NiFe/NiO Films. Phys. Rev. B 2003, 67, 132401.]  [30: () Wu, Q.; He, W.; Liu, H.-L.; Liu, Y.-F.; Cai, J.-W.; Cheng, Z.-H. Magnetization Reversal Asymmetry in [Co/Pt]/CoFe/IrMn Multilayers with Enhanced Perpendicular Exchange Bias. J. Appl. Phys. 2013, 113, 033901.] 

[image: ]
[bookmark: OLE_LINK251][bookmark: OLE_LINK252]Figure 4 Temperature dependence of (a) the OOP hysteresis loop, (b) the EB field, and (c) coercivity, (d) the M-T curves, (e) training effect at 5 K of the as-field-cooled film with the inset giving the full field range plot, and (f) extracted HE from hysteresis loops as a function of loop index n and the best fitting with the Eq. (2). 

[bookmark: OLE_LINK32]The temperature dependence of the EB in NiO-NFO films is shown in Figure 4a. The hysteresis loop at each temperature was obtained after cooling the sample from 600 K with an external field of 10 kOe. As shown in Figure 4b, with decreasing temperature the EB field HE shows two steps of increase. The first increase takes place around 350 K and is followed by a plateau from 300 K to 100 K, where HE remains nearly unchanged. According to the Stiles-McMichael model,[endnoteRef:31] the stable characteristic of HE in a wide temperature range indicates that the domain wall energy of the NiO interface becomes greater than the interfacial coupling energy. As shown in Figure 4c, a relative rigid unidirectional pinning in this temperature range also leads to a decrease of the coercivity HC, which is correlated to the bidirectional pinning from the rotatable interfacial spins. At temperatures below 100 K, another sharp increase of HE is observed. This increase in the low temperature range is also observed in other systems, such as CoO/Co,[endnoteRef:32] LaFeO3/Fe[endnoteRef:33] bilayer systems and is usually ascribed to the emergence of a frozen interfacial spin glass, originating from the atomic disordering at the interface. The magnetic frustration related to the spin glass also contributes to the enhancement of the coercivity at low temperatures. A large HE of 1.25 kOe and an HC of 1.95 kOe were obtained at 5 K. Although the TB of this system where the EB disappears cannot be measured due to the upper temperature limit of our MPMS (400K), it was found that the sample still shows an EB of about 0.3 kOe at a temperature of 400 K, indicating a TB higher than this temperature. The TB obtained here is much higher than the CoO based EB systems (TB ~ 250 K - 325 K)[endnoteRef:34],[endnoteRef:35] and is comparable to the IrMn based EB systems (TB ~ 367 K - 477 K).[endnoteRef:36] [31: () Stiles M. D.; McMichael, R. D. Coercivity in Exchange-bias Bilayers. Phys. Rev. B 2001, 63, 064405.]  [32: () Hong, J.-I.; Leo, T.; Smith, D. J.; Berkowitz, A. E. Enhancing Exchange Bias with Diluted Antiferromagnets. Phys. Rev. Lett. 2006, 96, 117204.]  [33: () Seo, J. W.; Fullerton, E. E.; Nolting, F.; Scholl, A.; Fompeyrine, J.; Locquet, J.-P. Antiferromagnetic LaFeO3 Thin Films and Their Effect on Exchange Bias. J. Phys.: Condens. Matter 2008, 20, 264014.]  [34: () Wu, R.; Fu, J. B.; Zhou, D.; Ding, S. L.; Wei, J. Z.; Zhang, Y.; Du, H. L.; Wang, C. S.; Yang, Y. C.; Yang, J. B. Temperature Dependence of Exchange Bias and Training Effect in Co/CoO Film with Induced Uniaxial Anisotropy. J. Phys. D: Appl. Phys. 2015, 48, 275002. ]  [35: () Ding, S. L.; Wu, R.; Fu, J. B.; Wen, X.; Du, H. L.; Liu, S. Q.; Han, J. Z.; Yang, Y. C.; Wang, C. S.; Zhou D.; Yang, J. B. Exchange Bias of CoO1−δ/(NiFe,Fe) System with Blocking Temperature Beyond Néel Temperature of Bulk CoO. Appl. Phys. Lett. 2015, 107, 172404.]  [36: () Aley, N. P.; Vallejo-Fernandez, G.; Kroeger, R.; Lafferty, B.; Agnew, J.; Lu, Y.; O’Gra, K. Texture Effects in IrMn/CoFe Exchange Bias Systems. IEEE Trans. Magn. 2018, 44, 2820-2823.] 


Figure 4d shows the zero-field cooling (ZFC) and FC thermal magnetization (M-T) curves measured with an external field of 10 kOe. Before the FC and ZFC M-T curve measurement, the sample was cooled down from 350 K to 5 K with an external field of 10 kOe and 0 kOe, respectively. The FC curve shows a larger magnetization than the ZFC curve at temperatures below 300 K and the difference between these two curves become more significant at lower temperatures. The difference of the ZFC and FC curves at low temperature cannot be erased by a large magnetic field of 10 kOe, indicating the existence of the spin glass state. More prominently, a peak and a step are present in the ZFC and FC curves around 50 K, respectively, which is in good agreement with the temperature where the second increase of HE and HC occurs and indicates the freezing temperature (Tf) of the spin glass state. Contributions to EB from NiO interfacial spins and the spin glass are further studied with the training effect at 5 K. The training effect refers to the phenomenon that the EB magnitude is reduced upon magnetic hysteresis loop sweeping. There are two microscopic mechanisms for this reduction.[endnoteRef:37] The first is athermal training, which usually only occurs in the first loop accompanied with a significant asymmetry in the hysteresis loop, and it comes from the rearrangement of the frustrated AFM state after FC.[endnoteRef:38] The second is thermal training, which occurs in the whole field sweeping process and shows a gradual reduction of EB magnitude, comes from the depinning of frozen interfacial spins, i.e. from an interfacial spin glass.[endnoteRef:39] The sample was field-cooled from 600 K to 5 K under an external magnetic field of 10 kOe. Then, seven consecutive hysteresis loops were measured, as shown in Figure 4e. The full field range plot of the hysteresis loops with maximum field of 2 Tesla in the insert of Figure 4e shows that the EB in our system is not a minor loop effect, which can be misleading in EB studies and should be carefully treated.[endnoteRef:40] The extracted HE is given in Figure 4f as a function of loop index n. To separate these two contributions, the following hybrid function was employed to fit the training effect:[endnoteRef:41] [37: () Qiu, X. P.; Yang, D. Z.; Zhou, S. M.; Chantrell, R.; O’Grady, K.; Nowak, U.; Du, J.; Bai, X. J.; Sun, L. Rotation of the Pinning Direction in the Exchange Bias Training Effect in Polycrystalline NiFe/FeMn Bilayers. Phys. Rev. Lett. 2008, 101, 147207.]  [38: () Hoffmann, A. Symmetry Driven Irreversibilities at Ferromagnetic-Antiferromagnetic Interfaces. Phys. Rev. Lett. 2004, 93, 097203.]  [39: () Lund M. S.; Leighton, C. Interplay Between Reversal Asymmetry, Training, and Induced Anisotropy in Epitaxial Exchange-biased Bilayers. Phys. Rev. B 2007, 76, 104433.]  [40: () Harres, A.; Mikhov, M.; Skumryev, V.; deAndrade, A. M. H.; Schmidt, J. E.; Geshev, J. Criteria for Saturated Magnetization Loop. J. Magn. Magn. Mater. 2016, 402, 76-82.]  [41: () Wu, R.; Yun, C.; Ding, S. L.; Wen, X.; Liu, S. Q.; Wang, C. S.; Han, J. Z.; Du, H. L.; Yang, J. B. A Separation of Antiferromagnetic Spin Motion Modes in the Training Effect of Exchange Biased Co/CoO Film with In-plane Anisotropy. J. Appl. Phys. 2016, 120, 053902.] 


  (2)

[bookmark: OLE_LINK247][bookmark: OLE_LINK248][bookmark: OLE_LINK249][bookmark: OLE_LINK250][bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: _Ref514672229]In this function, the exponential part describes the fast decaying training from the rearrangement of frustrated AFM spins and the n1/2 function describes the slower training effect contributed by the frozen interfacial spins. H0 and H1 are the contributions from these two types of spins to the training effect.  is the EB field after sweeping the magnetic field for infinite times. τ is a characteristic relaxation time length which has the same dimension of time with n. As shown in Figure 4f, our data can be well fitted with Eqn. (2). The fitting result indicates that the contributions from the frustrated AFM spins and the spin glass to the training effect has the ratio of H0/(H0 + H1) = 0.33 and H1/(H0 + H1) = 0.67, respectively, which indicates the spin glass has a much larger contribution to the training effect than the frustrated AFM spins do. The existence of an interfacial spin glass state (i.e. strong magnetic frustration) explains the increase of EB field in the low temperature range very well.[endnoteRef:42]   [42: () Leighton, C.; Nogués, J.; Jönsson-Åkerman, B. J.; Schuller, Ivan K. Coercivity Enhancement in Exchange Biased Systems Driven by Interfacial Magnetic Frustration. Phys. Rev. Lett. 2000, 84, 3466.] 


In the AFM/FM heterogeneous structures, the magnetic structure of an AFM can significantly affect the EB. This can be understood with the expression of interfacial exchange energy: 

 (3)
[bookmark: _Ref502652543]where JF-AF, SF, SAF denoting the interfacial exchange coupling, the FM spins and the AFM spins with direct exchange coupling, respectively. First, the EB needs uncompensated AFM spins, i.e. SAF≠0, thus an uncompensated AFM surface, like a CoO (111) or NiO (111) surface, usually yields large EBs, while the spin compensated CoO (001) and NiO (001) surfaces usually yield very small EB.[endnoteRef:43] Furthermore, the magnetic anisotropy of the AFM can also affect the exchange coupling via the cosine of the angle between the FM magnetization and the AFM anisotropy axis. In the AFM/FM bilayer, only the AFM spins close to the interface can interact with the FM spins. Both the compensation state of the AFM interfacial spins and the AFM anisotropy vary significantly with crystalline orientation and thus affect the EB significantly. In the VAN structures, with FM columns embedded in the AFM bulk, the difference of compensation state of the interface should be very small and hence the AFM anisotropy will be the main factor determining the EB.  [43: () Młynczak, E.; Matlak, B.; Kozioł-Rachwał, A.; Gurgul, J.; Spiridis, N.; Korecki, J. Fe/CoO(001) and Fe/CoO(111) Bilayers: Effect of Crystal Orientation on The Exchange Bias. Phys. Rev. B 2013, 88, 085442.] 


[bookmark: OLE_LINK25][bookmark: OLE_LINK55]To study the effect of AFM anisotropy on the EB in our system, three NiO-NFO VAN films were deposited on STO (001), STO (110) and STO (111), respectively, using the same deposition conditions. Figure 5a to 5c show atomic force microscopy images of the samples. The samples grown on STO (001) and STO (110) show a maze-like structure and a streamline structure, respectively, while the sample grown on the STO (111) shows a very flat surface. For all the different orientations, very good epitaxial growth of the film on the different substrates can be inferred from the XRD ω-2θ scans shown in Figure 5(d-f). The OOP hysteresis loops of these three samples were measured at room temperature after FC from 600 K with an external magnetic field of 10 kOe. A significant dependence of the crystalline orientation of the substrate (Figure 5g) is observed. Figure 5h shows the crystalline orientation dependence of HE and HC. It is found that both HE and HC of NiO-NFO composite films show obvious dependence of the orientation of the substrate and the film. For different substrate orientations, we have HE(C)(100) > HE(C)(110) > HE(C)(111). This is in contrast to the layered structures, such as the CoO/FM grown on MgO (111) and MgO (001) substrates, where the former one always shows larger EB than the latter one.42,[endnoteRef:44] [44: () Topkaya, R.; Kazan, S. Enhancement of Exchange Bias with Crystal Orientation in NiFe/CoO and CoO/NiFe Bilayers Grown on MgO(100) and MgO(111). J. Magn. Magn. Mater. 2014, 368, 300-307.] 

[image: ]
Figure 5 (a-c) Atomic force microscopy images and (d-f) the X-ray diffractions ω-2θ scans of the NiO-NFO composite films grown on STO (001), STO (110), and STO (111) substrates (scale bar, 200 nm). (g) OOP hysteresis loops of NiO-NFO nanocomposites grown on different substrates measured at room temperature. (h) The EB field (HE), coercivity (HC) extracted from hysteresis loops in (g), and the cosθ of NiO and NFO interfacial magnetizations plotted as a function of substrate orientation. (i-k) Schematic illustrations of the magnetic structures of NiO-NFO nanocomposite films with different crystalline orientations after FC.

[bookmark: OLE_LINK23][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK60][bookmark: OLE_LINK61]We ascribe the observed results of Figure 5g to the unique vertical structure of the samples and the magnetic structure of NiO. The NiO has a type-II magnetic structure with the spins lying in an unspecified direction in the ferromagnetically coupled (111) planes.[endnoteRef:45] Also, the adjacent (111) planes couple with each other antiferromagnetically. Thus, when the NFO columns penetrate the NiO (111) planes, the angle between the antiferromagnetic spins and the ferromagnetic magnetization will be θ = 90°, as illustrated in Figure 5i, yielding a nearly zero EB field. When the NFO columns penetrate the NiO (110) and NiO (100) planes, this angle becomes θ = 54.7° and θ = 35.3°, as shown in Figure 5j and 5k, respectively. In Figure 5h, cos(θ) is given along with HE as a function of substrate orientation. Obviously, HE mimics cos(θ) closely, indicating that the observed substrate orientation dependence of the EB in this system is strongly correlated to the magnetic structure of the NiO. The magnetic structure of NiO in the (001)-oriented film also explains the perpendicular EB in this system, since sin(35.3°) / cos(35.3°) = 0.71, which is very close to the ratio of HE along the IP and OOP directions of the film grown on STO (001), where HE(IP) / HE(OOP) = 0.49 kOe / 0.80 kOe = 0.61.  [45: () Romh, W. L. Magnetic Structures of MnO, FeO, CoO, and NiO. Phys. Rev. 1956, 110,1333-1341.] 

[image: ]
Figure 6 X-ray and magnetic data of NiO-NFO films grown on MgO (001), STO (001), PMN-PT (001), and LAO (001) substrates. a) X-ray diffraction data. (b) The full width at half maximum (FWHM) of the NiO and NFO nanocomposite films obtained from the profile fitting of the diffraction peaks of the film. The insert shows the obtained lattice parameters of the NiO and NFO nanocomposite films as a function of the substrates used (the dashed line indicates the lattice parameters of bulk NiO). (c) Magnetic hysteresis loops measured at RT after field cooling from 600 K at 10 kOe. (d) The extracted HE from the hysteresis loops.

[bookmark: OLE_LINK62][bookmark: OLE_LINK63]The substrate dependence of the EB of the NiO-NFO VAN films was also studied. MgO (001), PMN-PT (001), STO (001), and LAO (001) substrates with lattice misfits ε = 1%, -3.4%, -6.4% and -9.2% with respect to the lattice parameter of cubic NiO were used in the same batch for the thin film deposition. The film thicknesses were the same as for the first sample just discussed on STO (001), i.e. ~180 nm. For all these films, in XRD, only (00l) film peaks were observed. As shown in supplementary Figure S3, the peaks of the films were fitted with a Gaussian function so as to determine the OOP lattice parameter of the NiO/NFO peaks. We did not use two Gaussian functions for the fitting because the lattice parameters of NiO and NFO are very close to each other, especially with vertical coherency strain. Thus, contributions from the two phases cannot be separated clearly. All the peaks were fit well by a single Gaussian function. The full width at half maximum (FWHM) values and the peak positions (calibrated with the peak position of the single crystal substrates) were extracted and compared. As shown in the Figure 6b, the FWHM of the NiO (002)-NFO (004) peaks shows a non-monotonic dependence on the lattice misfit between the film and the substrate. When the lattice misfit is less than 6.4% (i.e. the misfit of STO substrate), the FWHM shows a steady increase with increasing lattice misfit. However, when the lattice misfit exceeds 6.4%, the FWHM begins to drop. The increase of FWHM, i.e. the broadening of the diffraction peak, can be related to inhomogeneous strain in the films and this is analyzed below.

As shown in Figure 2e, due to the large lattice misfit DME occurs when the NiO-NFO VAN film grows on the STO (001) substrate. Although the epitaxial strain in this film would be partly relaxed in the first few nm film thickness by the dislocations which form at the NiO - STO interface, a residual strain will still exist within the body of the film. In contrast, coherent epitaxy is adopted when the NiO-NFO VAN films grow on the MgO (001) substrate due to the close lattice parameters and same rock-salt structure of NiO and MgO, as shown in Figure S4e and S4f. Consequently, the epitaxial strain in the film grown on MgO (001) is much smaller than the film grown on STO (001). The increasing FWHM with increasing lattice misfit (Figure 6b) is well understood based on the increasing level of inhomogeneous strain levels with larger misfit. For the LAO (001) substrate, a decrease in the FWHM of the film is observed due to the lattice misfit being very large at more than -9%, thus giving incoherent growth and full relaxation of the NiO/NFO film.[endnoteRef:46] Full relaxation of the strain leads to more uniform lattice parameters through thickness in this sample. [46: () Meyer, T. L.; Jiang, L.; Park, S.; Egami, T.; Lee, H. N. Strain-relaxation and Critical Thickness of Epitaxial La1.85Sr0.15CuO4 Films. APL Mater. 2015, 3, 126102.] 


The residual strain in all the films is small, but as shown from the inset to Figure 6b (which shows the OOP lattice parameter of NiO-NFO film (cNiO and cNFO/2) versus IP lattice misfit), there is clear 1:1 relation between the OOP lattice parameter and FHWM. We observe that as the lattice misfit between the NiO <001> and the substrate <001> increases, on going from MgO to the STO substrate (with PMN-PT in between), the OOP lattice parameter first increases, as expected for the increasing IP compression from the substrate, giving an OOP tension from elastic straining. The OOP lattice parameter then decreases for LAO due to the strain relaxation caused by the large lattice misfit. 

We now explore how and why HE depends closely on the misfit strain between the NiO and the substrate. Figure 6c shows the room temperature magnetic hysteresis loops measured after FC. The hysteresis loop of the sample grown on MgO (001) shows the largest coercivity but no loop shift while the hysteresis loops of samples grown on the perovskite PMN-PT (001), STO (001), and LAO (001) substrates show obvious shifts to the negative field direction after FC. Figure 6d shows the extracted HE. A strong dependence on the substrate lattice misfit is observed. HE first shows an increase with increasing lattice misfit and reaches its maximum of 0.91 kOe in the sample grown on the STO (001), and then drops in the sample grown on LAO (001). The results show the same trend as the FWHM and OOP strain in the films (Figure 6b and Figure 6b inset, respectively). We note that the HC value is not closely related to lattice misfit (data not shown), because HC is a more of an extrinsic property, related to not only to the interface but also to the grain size, defects, and magnetic anisotropy, etc.41 

There are three possible factors which can influence HE: First, we consider the compositional effects. For the films grown on (001) MgO, as shown from the composition maps of Figure S4a and b, we observe that there is Ni diffusion into the MgO to form a layer of Mg1-xNixO in the substrate. In the opposite direction, there is minor Mg diffusion into the NiO matrix, but not into the NFO. The Mg diffusion into the NiO can be seen from very faint blue vertical shadows within the NiO matrix, as shown in Figure S4c. The NFO columns are outlined just as in Figure S4b. It is clear Mg diffuses only into the NiO matrix and not into the NFO columns. The EDS line profile of Figure S4d confirms the Ni diffusion in the MgO substrate, as well as the minor Mg concentration in the film. Considering that significant EB was observed in both the Co1-xMgxO/Co bilayer system,[endnoteRef:47] and the Ni1-xMgxO/Ni nanocomposite system with x up to 30%,[endnoteRef:48] Mg doping is very unlikely to be the reason for the absence of EB in this sample with a doping ratio less than 30%. Moreover, the absence of EB was also observed at low temperatures (Figure S5a). This cannot be explained by a reduced TN in the Ni1-xMgxO, because a TN of 350 K was obtained with x = 30% in this system.[endnoteRef:49] To prove that Mg doping does not change the antiferromagnetism of NiO, we also grew two plain NiO films on MgO (001) and STO (001) substrates. Similar antiferromagnetic characteristics in the M-H loops (Figure S5b and S5c) were observed for the two films. Hence, we conclude that for the NiO-NFO nanocomposite film grown on MgO, compositional effects are not responsible for the low HE.  [47: () Keller, J.; Miltényi, P.; Beschoten, B.; Güntherodt, G.; Nowak, U.; Usadel, K. D. Domain state model for exchange bias. II. Experiments. Phys. Rev. B 2002, 66, 014431.]  [48: () Cui, W. B.; Hu, W. J.; Zhang, Y. J.; Liu, X. H.; Guo, S.; Yang, F.; Liu, W.; Zhang, Z. D. Cooling-field dependence of exchange bias in Mg-diluted Ni1−xMgxO/Ni granular systems, J. Magn. Magn. Mater. 2009, 321, 1943-1946.]  [49: () Masrour, R.; Hamedoun, M.; Benyoussef, A. The magnetic state of diamagnetically diluted antiferromagnetic cobalt and nickel monoxide. Phys. Lett. A 2009, 373, 3395-3397.] 


Thus, the only factor left that can affect the HE is the microstructure of the samples, namely the column size and morphology of the interfaces. Here, we expect the microstructures of the films to be very similar for the three perovskite substrates, since they have the same crystal structure.[endnoteRef:50] The MgO substrate is expected to show a different microstructure because MgO has a rock salt structure, the same as NiO, and there is only a 1% interfacial misfit strain. The largest difference in microstructure is expected between films grown on STO (largest strain in the films) compared to films grown on MgO (least strain in the films). Hence, we focus on comparing the microstructures of samples grown STO and MgO. The samples on those two substrates also show the largest difference in HE. [50: () MacManus-Driscoll, J. L. Self‐assembled heteroepitaxial oxide nanocomposite thin film structures: designing interface‐induced functionality in electronic materials. Adv. Func. Mater. 2010, 20, 2035-2045.] 

[bookmark: OLE_LINK26][bookmark: OLE_LINK27]For the column size, by comparing Figure S4a and b (for the sample grown on MgO substrate) with Figure 2b and c (for the sample grown on STO substrate), it can be seen that the NFO columns for the films grown on the MgO substrate (~20-30 nm) are finer than those grown on STO substrate (~ 30-60 nm). This will give a larger EB in the sample grown on MgO substrate theoretically and thus cannot explain the disappearance of EB in this sample. 
Finally, we consider column shape. Owing to the high surface energy difference between NFO (spinel) and the different (non-spinel) substrates, there is low wetting of the NFO on the substrates. Balloon-like columns are observed which are not continuous from the substrate to the top of the films, but rather they grow above around 20 nm thickness, on top of rounded particles present at substrate surface. This is observed clearly in Figure 2b. 
From simple nucleation theory, we can understand the formation of the balloon-like columns in relation to the interfacial strain between film and substrate: We can consider that columns of NFO, of average radius r, nucleate within the NiO matrix film away from the substrate. The work of nucleation of NFO in the NiO film matrix, W, depends on the energy change per unit volume, ∆GV, on transformation to the new phase for growth of NFO out of the initial deposited mix of Ni, Fe, and O，and the surface energy per unit area, γ.[endnoteRef:51] [51: () Sear, R. P. Nucleation: Theory and Applications to Protein Solutions and Colloidal Suspensions. J. Phys.: Condens. Matter 2007, 19, 033101.] 

W = 4/3πr3(∆GV) + 4πr2γ.  (4)
With competitive contributions, ∆GV and γ being negative and positive, respectively, we get a critical radius at dW/dr=0 of: 
r*=-2 γ/(∆GV).      (5)
Thus, r* will increase with decreasing ∆GV and increasing γ. The increasing compressive strain between the NiO film and the substrate used (and hence increasing OOP tensile strain)[endnoteRef:52] will increase γ which will cause r* to increase. ∆GV will decrease (become less negative) with the increasing γ, further increasing r*. Hence, nucleation theory predicts that the average size of the NFO columns will increase with increasing substrate lattice misfit. This is in good agreement with our experimental results that the NFO columns on the MgO substrate are finer than on the STO substrate by a factor of around 2.  [52: () Ibach, H. The Role of Surface Stress in Reconstruction, Epitaxial Growth and Stabilization of Mesoscopic Structures. Surf. Sci. Rep. 1997, 29, 195-263.] 


[bookmark: OLE_LINK10][bookmark: OLE_LINK8]Thus, we deduce that column morphology-related interface spin compensation is the major reason for this substrate dependence of the HE. Hence, films on MgO with the smallest residual strain have relatively straight vertical interfaces (r* is small) between NiO and NFO. HE is small because the volume of uncompensated interfacial AFM spins will be small, which is very similar with the absence of EB in field-cooled BiFeO3-CoFe2O4 VAN films.[endnoteRef:53] On the other hand, as shown in Figure 2d and 2e, the films grown on STO with large lattice misfit strain have more rounded interfaces (balloon-like, larger radius of curvature, r* is large). As already shown in Figure 2e and discussed earlier, for the film on STO, the curved interfaces are chemically sharp but geometrically rough, showing zig-zag features in the HRTEM images. The zig-zag interfaces form to accommodate the curved interface, i.e. the lowest energy (semi-)coherent interfaces form along {111}. Such interfaces will give a large volume of uncompensated AFM spins in the NiO. These uncompensated spins will directly exchange couple to the FM spins in the NFO to yield a large HE.  [53: () Zhang, W.; Jian, J.; Chen, A.; Jiao, L.; Khatkhatay, F.; Li, L.; Chu, F.; Jia, Q.; MacManus-Driscoll, J. L.; Wang, H. Strain relaxation and enhanced perpendicular magnetic anisotropy in BiFeO3:CoFe2O4 vertically aligned nanocomposite thin films. Appl. Phys. Lett. 2014, 104, 062402.
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3. Conclusion
[bookmark: OLE_LINK75][bookmark: OLE_LINK77]For the first time, a large tunable room temperature PEB has been obtained in an all-oxide nanocomposite thin film system by nanoengineering a self-assembled vertical aligned heterostructure system. Careful selection of the materials, which possess high magnetic ordering temperatures enabled a high blocking temperature TB to be achieved, far above RT. A large HE of up to 0.91 kOe with an interfacial exchange energy density up to 0.11-0.34 erg/cm2 is obtained. This is among the largest room temperature EB field obtained in all EB systems and is comparable to FM/AFM bilayer films based on IrMn. The EB can be tuned with different orientations of magnetic moments in NiO by varying the crystalline orientation of the substrate and by tuning the microstructure of the film via epitaxial misfit strain. The largest EB is induced in films grown on STO (001) containing highly rounded, balloon-like, NFO columns embedded in a NiO film matrix. On a finer scale, the rounded NFO grains are faceted to give a {111}-preferred zig-zag interfaces, giving a high level of uncompensated spins. The result demonstrates that by appropriate materials selection and nanostructure engineering, oxide nanocomposites have a strong potential for above-room-temperature-operation spintronic devices with high density, perpendicular magnetic anisotropy.
[bookmark: OLE_LINK64]4. Experimental details
Sample fabrication: The NiO-NiFe2O4 (NFO) VAN films were fabricated with pulsed laser deposition (PLD) using a KrF laser (λ = 248 nm) with a fluence of 2.25 J cm-2 and a repetition rate of 5 Hz. During the deposition, the temperature of substrate was kept at 700 ℃. The polycrystalline composite target of NiO-NFO with a relatively high NiO-NFO volume ratio of 7:3 was sintered from NiO and Fe2O3 powders at about 1300 ℃ for 24 hours. Substrates with different lattice misfits, i.e. MgO, SrTiO3 (STO), 0.7[Pb(Mg1/3Nb2/3)O3]-0.3[PbTiO3] (PMN-PT), and LaAlO3 (LAO), and crystalline orientations, i.e. STO (001), STO (110), and STO (111), were employed. 

[bookmark: OLE_LINK86][bookmark: OLE_LINK87]Sample Characterization: The crystallinities of the thin films were investigated by ω-2θ and asymmetric XRD analyses performed on a PANalytical Empyrean high-resolution X-ray diffractometer (λ = 1.5406 Å). To investigate the IP orientations,  scans were performed by rotating the sample by 360° in the IP direction around the (111) peak of NFO and the (111) peak of the STO substrate. To study the lattice parameter of the film in both IP and OOP, the reciprocal space mapping (RSM) characterization around the STO (206) and NFO (103) was carried out. A FEI TitanTM G2 80-200 STEM system with a Cs probe corrector, operated at 200 kV, was used to evaluate the structural properties of the films. Energy-dispersive X-ray spectroscopy (EDS) was used for the element distribution mapping. XPS was performed with a SPECS PHOIBOS 150 electron energy analyzer with a total energy resolution of 500 meV using a monochromatic Al Kα X-ray source (hν = 1486.6 eV). The binding energy was calibrated using a piece of polycrystalline Au foil placed in electrical contact with the film surfaces. The room temperature magnetic properties were studied with a vibrating-sample magnetometer (VSM, PMC MicroMagTM 3900). The low temperature magnetic properties were measured using the Quantum Design MPMS XL and the PPMS DynaCool™.
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Supplementary Information
The following information are available in the Supporting Information section:
Figs. S1 to S5.
S1. X-ray photoelectron spectroscopy spectra. S2. φ-scans of (111) peak of STO and (111) peak of NFO of NiO - NFO nanocomposite film. S3. The Gaussian fitting of the overlapped NiO (002) & NFO (004) XRD peak of samples grown on different substrates. S4. The TEM and EDS results of NiO-NFO film grown on MgO (001). S5. Low temperature magnetic hysteresis loops of the NiO-NFO film grown on MgO substrate and NiO films grown on MgO and STO substrates. 
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