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Solid state reaction for the formation of spinel MgFe 2 O 4 across perovskite oxide interface

. From this point of view, well-controlled interfacial structures may also provide the solid state reaction at an atomic level during the physical depositions, which provides us an effective way to design the desired products from the chemical bonding reconstruction.

Among the functional complex oxides, ferroic/multiferroic materials exhibit one or multiple ferroic orders such as, ferroelectricity, ferroelasticity and/or magnetism. Each of the functionalities can respond to the corresponding stimuli (electric field, stress and/or magnetic field), making those oxides attracting broad interests for actuation, sensing, etc. The interplay between those orders may also give rise to the novel functionalities such as magentoelectric coupling, magnetostriction or giant piezoelectricity. Ferrites are one of the functional model systems with multiple ferroic orders, exhibiting ferroelectric/antiferromagnetism (e.g., perovskite BiFeO 3 (BFO)) [9][10][11][12][13][14] or ferromagnetism above room temperature (e.g., spinel CoFe 2 O 4 or hexagonal Ba 2 Fe 8 O 14 , etc.) [START_REF] Smit | Ferrites: Physical Properties of Ferrimagnetic Oxides In Relation to Their Technical Applications[END_REF][START_REF] Jonker | [END_REF]. These ferrite oxides attract considerable attention due to the coupling of the ferroic orders and the strong response to external stimuli.

Solid state reaction method has been widely used to synthesize and fabricate ferrites, as well as self-assembled piezoelectric perovskite and magnetic spinel based materials. Among them, magnesium ferrite (MgFe 2 O 4 (MFO)) is one of the promising ferrite with high sensitivity, good chemical stability and band gap of 2.0 eV, which makes it suitable for applications, such as, heterogeneous catalysis, adsorption, sensors, organic pollutants, lithium-ion batteries, and photo electrochemical water splitting, etc. [17][18][19][20]. During last few decades, most of the literature has focused on MFO nanoparticles [21,22]. Moreover, single crystal growth of MFO is also reported [23,24]. Recently, a few reports are available on MFO thin films, which is a suitable type of nanostructure as it has many applications of more efficiency as compared to nanoparticles. Methods used for growth of thin films are chemical vapor deposition, sputtering, vacuum evaporation, pulsed laser evaporation, hydrothermal technique, molecular beam epitaxy and sol-gel [25][26][27][28][29]. Note that, this film has been prepared using solid state reaction between Fe 2 O 3 target and MgO substrate but it has been observed that there is an unreacted thin layer of Fe 2 O 3 on the top of MFO thin film [30][31][32]. In this paper, we take multiferroic ferrite as a model system to demonstrate the epitaxial solid state reaction across the oxide interface using the physical deposition, so that atomic design of novel functional oxides may be achieved. We have succeeded in synthesis of single-phase epitaxial MFO thin film through the chemical reaction between BFO source and MgO target using PLD. Perovskite structure chemically transformed to spinel crystal without any top layer of Fe 2 O 3 . The growth temperature plays a critical role in the structural transformation and epitaxial growth of MFO thin films, which helps control the atomic reaction across the solid interface.

Stoichiometric BFO ceramic was taken as a source material. The thin films were deposited on (001)-oriented MgO substrates using PLD with laser energy of 60 mJ and repetition rate of 5 Hz. Oxygen pressure was 30 Pa for all films during the growth. After growth, a cooling rate of 5°C/min under the same oxygen pressure was maintained. Due to large lat-tice mismatch (5.7%) and structural diversity between BFO and MgO, a buffer layer was usually deposited to support the epitaxial growth of BFO thin films on MgO substrate [33][34][35]. A direct growth without any buffer layer will result in the other phases for BFO/MgO heterostructures, which may also provide a great opportunity and model system to study the interfacial chemical bonding reconstruction under high temperature among the solid complex oxides. The crystallinity and orientation of the as-grown films were characterized by XRD, as shown in Figure 1(a)-(c), corresponding to the thin films grown at 500°C, 600°C and 700°C, respectively. Figure 1(a) depicts that BFO with impurity phases has been prepared at a growth temperature of 500°C. Phases like Bi 2 O 3 and Fe 2 O 3 appeared in the sample when growth temperature reached 600°C, as shown in Figure 1(b). Surprisingly, a high quality epitaxial spinel crystal following the MgO substrate without any impurity phase was obtained when the growth temperature increased to 700°C, which has been verified as epitaxial MFO thin film (Figure 1(c)).

At growth temperature above 700°C, BFO has tendency for decomposition into its major constituents Bi 2 O 3 and Fe 2 O 3 when the high-energy plasma touches the substrate. Due to the volatility of Bi 2 O 3 , only Fe 2 O 3 interacts with MgO substrate to form pure MFO thin film, which is a typical solid state reaction. As Wagner [36] has proposed, bulk spinels are formed by counter diffusions of cations in steady sublattice of oxygen, where the O 2-ions are closed packed and much smaller cations fill the octahedral and tetrahedral interstices. Anions form the rigid matrix of the crystal lattice and in reaction only cations diffuse through octahedral and tetrahedral sites of the spinel lattice [37]. Therefore, MFO is formed due to counter diffusion of Mg 2+ and Fe 3+ ions, This mechanism was further confirmed for thin films reactions, and being used for epitaxial growth of thin films [31,38,39]. In order to construct MFO, the energy required for reaction between MgO and Fe 2 O 3 is 114 K J/mol [40], which is much lower than the activation energy required to start reaction between Bi 2 O 3 and Fe 2 O 3 to form BFO (404 K J/mol). According to XRD spectrum, BFO did not totally decompose into its constituents as shown in thin film at 500°C, but when growth temperature goes up to 600°C, Bi 2 O 3 is clearly detected, which means that BFO starts decomposing at 600°C. At 700°C, Bi 2 O 3 totally disappeared and pure epitaxial MFO thin film is synthesized. Eq. (1) shows the overall reaction between source target and the substrate, eqs. (2) and (3) shows the decomposition of BFO and solid state reaction between Fe 2 O 3 and MgO respectively, which corresponds to the reactive steps described above.

+ + 2BiFeO MgO MgFe O Bi O , 3 2 4 2 3
(1)

+ 2BiFeO Fe O Bi O , 3 2 3 2 3
(2) (3)

+ Fe O MgO MgFe O .
In order to verify this assumption that the pure phase MFO was epitaxial grown on MgO at 700°C, energy-dispersive X-ray spectroscopy (EDX) was used to characterize structural and chemical composition, as shown in Figure 2(a).

The spectrum of EDX confirms that the Bismuth does not exist in the thin film at all. Moreover, few impurities were observed, note that the Cr and Cu peaks in EDX spectrum are from instrument, and Pt is the protected layer for the sample treatment. Only peaks for Fe, Mg and O presenting in the EDX confirm the expected MFO thin film. To investigate the chemical composition of MFO thin film grown at 700°C, X-ray photoelectron spectroscopy (XPS) was performed as well. Mg 2p peak of binding energy 49.4 eV was recorded as shown in Figure 2(b), which agrees with Mg 2+ oxidation state as expected. Fe 2p peaks of binding energies 711 and 725.2 eV were recorded as shown in Figure 2(c). These values are consistent with reported values of Fe 3+ oxidation state in MFO thin films [41]. Peak for O 1s was recorded at 529.83 eV as shown in Figure 2(d) and also elsewhere [42]. By calculating the area under Fe 3p and Mg 2p peaks, the atomic ratio of Fe and Mg is confirmed to be close to 1:2, which is further consistent with the ratio of MFO. XPS analysis of MFO thin film also confirms the absence of Bi-based compound from the film, which supports the total evaporation of Bi 2 O 3 and reaction between target and substrate across the interface.

Furthermore, transmission electron microscope (TEM) was used to confirm the microscopic structure of the epitaxial MFO thin film. High-angle annular-dark-field scanning transmission electron microscopy (HAADF-STEM) was performed, as shown in Figure 3(a). It is evident that total thickness of the film is around 30 nm and a Pt protection layer was deposited on the top of MFO thin film prior to TEM image shows that interface between film grown at 700°C and substrate is not sharp due to chemical reaction between target material and substrate. The magnetic properties of the pure MFO film were studied using SQUID and magnetic force microscope (MFM). The atomic force microscopy (AFM) image in Figure 4(a) shows that surface is smooth with roughness around 2.0 nm, which indicates the high quality of the epitaxial MFO film. As shown in Figure 4(b), the statistic result of the magnetic domain size is about 70-80 nm. Magnetic hysteresis loop is studied at room temperature for the MFO film as well. The saturation magnetization (M s ) of the thin film is 400 emu/cm 3 (1 emu/cm 3 = 1000 A/m) with a coercivity of 400 Oe (1 Oe=1 Gs) as shown in Figure 4(c). The magnetic behavior such as magnetic domain and M-H hysteresis provides alternate evidence for the growth of pure MFO product due to the solid state reaction.

In summary, PLD is used to grow spinel MFO thin films on MgO substrate using perovskite BFO as a source. The volatility of Bi and growth temperature plays important role on the solid state reaction across the complex oxide interface. We achieved chemical reaction and bond reconstruction between MgO and perovskite material using physical deposition method. XRD, EDX and XPS analysis show the structure and chemical composition of MFO thin film. TEM data confirms the interfacial chemical reaction. Magnetic hysteresis loop demonstrates standard magnetic behaviors in this thin film.

The work presents a model that shows a controlled chemical reaction between perovskite and spinel structures using physical deposition, in order to design complex oxides materials atomically with specific functionalities.
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 1 Figure 1 (Color online) Structural analysis and crystal orientation of the as-grown thin films. (a)-(c) show the BFO grown on MgO at 500°C, 600°C and 700°C, respectively. The right panel of (c) is a zoom-in plot, showing the epitaxial MFO thin film in detail, which is achieved at a growth temperature of 700°C (The label #, Δ and □ represent the BFO, Bi2O3 and Fe2O3, respectively).

Figure 2 (

 2 Figure 2 (Color online) Chemical composition and elemental analysis. (a) EDX of MFO thin film grown at 700°C; (b) XPS of MFO thin film; (c) XPS of Fe 2p scan; (d) XPS of O 1s scan. These results indicate the absence of Bi element and the atomic ratio of Mg and Fe in the MFO thin film.

Figure 3 (

 3 Figure 3 (Color online) Microscopic structure of the epitaxial MFO thin film. (a) HAADF-STEM image shows the thickness of film with protected layers during the FIB milling; (b) cross-sectional TEM image of the heterostructure, MFO layer is grown on MgO substrate; (c) high resolution TEM image across the interface, revealing the epitaxial growth of MFO layer; (d), (e) diffraction patterns obtained from the MFO and MgO layers at their [001] zone axis.

Figure 4 (

 4 Figure 4 (Color online) AFM, MFM and magnetic properties. (a) AFM image of MFO thin film; (b) MFM image of MFO thin film taken at 300 K; (c) M-H loop of MFO thin film measured at 300 K. Right side of (c) is zoom in plot to show coercivity of MFO thin film.
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