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The crystal orientation of ceramic substrates is an important factor affecting the interface structure of metal/ceramic composite materials. However, there is little information about the interface composed of metal films and ceramic substrates with a high-index plane. In this work, we predicted the interface structure between a Nb film and a MgO(112) substrate by calculating the interface separation works of different interface models by using the first-principles calculation method. The results showed that the preferred growth direction is Nb [120], and that the value of the interface separation work is 0.35 eV/Å2. The lattice mismatch between the film and substrate is less than 3%, implying that a coherent interface type is highly realizable in Nb/MgO(112). Furthermore, we analyzed the interface structures of Nb/MgO(100), Nb/MgO(110), Nb/MgO(111), and Nb/MgO(112) and found that the unique atomic configuration of the MgO substrate is the main factor determining the preferred interface structure of Nb/MgO.
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1 INTRODUCTION
The composite material formed by a metal thin film and ceramic substrate (metal/ceramic) is widely used in many important areas, such as coating, sensors, catalysis, and microelectronic devices (Ernst, 1995; Yuan et al., 2021). It is well known that the interface plays an important role in composite materials, especially when the characteristic size of the material is at the nanometer scale (Lu et al., 2009; Chen et al., 2021). Early works found that the same material deposited on the same substrate but with different substrate orientations could provide different interface structures and properties, which is called the substrate-orientation dependence of structures and properties (Shikada et al., 2009; Wang et al., 2018). For example, the growth directions of FeCo thin films which are prepared on MgO substrates are [100], [112], and [111] when the terminated planes of the substrates are (100), (110), and (111). The magnetic properties of the three FeCo films are different because of different crystalline behaviors (Shikada et al., 2009). Thus, it is important to evaluate the influence of the substrate orientation on the interface structure of metal/ceramic composite materials.
Substrate orientation is commonly expressed by a set of Miller indices [h k l], and the terminated plane is called the high-index plane, with at least one index greater than unity (Quan et al, 2013). Early works showed that some high-index planes could have stable structures, which were even more energetically stable than low-index planes after relaxation (Baski et al, 1995). More importantly, composite materials with high-index planes sometimes showed novel structures and properties that attracted great attention from researchers in recent years (Schonherr et al., 2001; Hocker et al., 2015; Han et al., 2020). For example, Han et al. (2020) recently reported a unique TiAl(111)/Ti2AlN(103) interface that can nucleate and annihilate dislocations simultaneously, and the reason for the special properties is that the interface bonding characteristics are multiple and inhomogeneous depending on local atomic configurations. Due to the progress in cutting and polishing technology, single-crystal materials with high-index terminated planes can be prepared in a single-crystal material manufacturing factory. It is possible to use the high-index planes as substrates to deposit metal films. Since any crystal plane with a stable structure could be used as the terminated plane to deposit metal films, a huge number of high-index planes and their specific atomic configurations provide a broad space for the interface design of metal/ceramic composite materials.
Single-crystal MgO is widely used as a substrate material because it has a simple sodium chloride structure and clean surfaces are easy to obtain. In experiments, there is a cubic-on-cubic orientation relationship between FCC metals and MgO substrates, and a square network of edge-type dislocation could be found along the interface (Lairson et al., 1992; Ernst, 1995). For BCC metals, the growth directions are usually [100], [112], and [110] on MgO(100), MgO(110), and MgO(111) substrates, and the interface type is semi-coherent (Shikada et al., 2009). Although the epitaxial growth of thin metal films on MgO substrates with low-index planes has been extensively studied before, the interface details of metal/MgO with high-index planes are barely known. In theory, the preferred interface structure is primarily attributed to a system’s attempt at reducing the nucleation barrier by forming low-energy interfaces. Based on this, Fu et al. (2014) studied the interface structures of Nb/MgO(100) and Nb/MgO(111) both experimentally and using first-principles calculations. The results showed that the interface structures observed in experiments have the largest interface separation work, and similar conclusions were drawn for Nb/MgO(110) (Fang et al, 2016), Nb/Al2O3(110) (Du et al., 2016), Fe/MgO(100), and V/MgO(100) (Du et al., 2017) systems. Thus, calculating the interface separation work allows us to predict the preferred interface structure.
Compared with other high-index planes, such as MgO(120) and MgO(122), the crystal structure of MgO(112) is relatively simple, which makes it a suitable case to study the high-index planes of MgO substrates. At the same time, due to the progress in cutting technology, ordinary substrate suppliers could provide single-crystal substrates with specific crystal orientations according to customer requirements. In the present work, we predicted the interface structure between a Nb thin film and a MgO(112) substrate by calculating the interface energy of different interface models. Furthermore, we compared Nb/MgO(112) with Nb/MgO(100), Nb/MgO(110), and Nb/MgO(111) and discussed the formation mechanism of the preferred Nb/MgO interface. This work not only offers details about the Nb/MgO(112) interface structure but also provides new ideas on how to obtain metal films with desired orientations.
2 CALCULATION MODEL AND PARAMETERS
Figure 1A shows the crystal structure of a 2 × 2 × 1 MgO supercell with the indication of a MgO(112) crystal plane. Figure 1B gives the unit cell of MgO(112) with a slab model, which contains seven layers of MgO(112) and a vacuum slab. In the figure, the crystal orientation along l (Mg1–Mg2), m (Mg1–Mg3), and n directions is MgO [[image: image]], MgO [[image: image]], and MgO [112], respectively. It is to be noted that there is one Mg atom and one O atom in each layer, and the arrangement of atoms in each layer is equivalent. Test calculations show that the most stable adsorption site for single Nb atoms on the MgO(112) surface is nearly on the top of Mg atoms in the sixth layer. Using the same strategy as carried out by Fang et al (2016), the “interface builder” tool box in Atomistix ToolKit (ATK) software is used to search the possible interface models. Shortly, five low-indexed planes of Nb ((100), (110), (111), (120), and (112)) are considered to build coherent interfaces with MgO(112). Taking Nb(100)/MgO(112) as an example, step 1 is to find all the possible repetitive cells in MgO(112) and Nb(100) in a 4 × 4 supercell. The lattice vectors of two-dimensional cells in MgO(112) and Nb(100) can be written as ((a1x, 0), (b1x, b1y)) and ((a2x, 0), (b2x, b2y)). In step 2, the cells in MgO(112) are used to match the cells in Nb(100) one by one. A coherent structure is constructed by adding two positive and one shear strains (ε11, ε22, and ε12) on the unit cell in Nb(100), and the transformation is expressed as
[image: image]
[image: Figure 1]FIGURE 1 | (A) Crystal structure of a 2 × 2 × 1 MgO supercell. (B) Crystal structure of a MgO(112) unit cell with a slab model.
The mean absolute strain ε ((|ε11|+|ε22|+|ε12|)/3) is used to represent the average strain along the interface in the film. The slab model is built by placing six layers of Nb on the top of six layers of MgO(112) with a vacuum layer. Usually, we get a large number of coherent interface models that are constructed using two surfaces. In step 3, we narrow down the number of interface models by setting a cut-off value for the atomic number (<100) and mean absolute strain ε (<8.5%). As a result, there are four Nb(100)/MgO(112) interface models that satisfy the limit conditions. By repeating this process, we get five Nb(110)/MgO(112) interface models, nine Nb(111)/MgO(112) interface models, five Nb(120)/MgO(112) interface models, and four Nb(112)/MgO(112) interface models. In total, we get 27 Nb/MgO(112) interface models.
Interface separation work (Wsep) is defined as the work needed to separate an interface to form two surfaces (Finnis, 1996). It is written as
[image: image]
where ENb and EMgO are the total energies of Nb and MgO slabs, respectively. Interface distance x, defined as the nearest distance between the film and substrate, can be obtained by minimizing the total energy of the whole system with other fixed parameters. ENb/MgO is the total energy of the whole system after optimizing the interface distance, and S is the area of the interface. For each calculation model, first, we get the correct interface distance using the calculation system, with total energy as a function of the interface distance, and then, we calculate the energies of Nb and MgO slabs. Finally, we determine the interface separation works for all calculation models and use them to identify the preferred interface. Wsep is used to characterize the interface bonding strength, and the larger the value of Wsep, the more stable the interface. The electron density difference is calculated to illustrate how electrons transform along the interface (Fu et al., 2014). The electron density difference is expressed as
[image: image]
where ρNb/MgO is the electron density of the whole interface model; ρNb and ρMgO are the electron densities of Nb and MgO slabs, respectively. All calculations were carried out using the DFT (density functional theory) calculation engine in ATK software. A SZP (Single-Zeta plus Polarization) basis set was used to represent the distribution of valence electrons for all atoms; GGA (Generalized Gradient Approximation) was utilized to treat the exchange-correlation energy. In the total energy calculation, the cut-off energy and Monkhorst–Pack k-mesh were set at 75 Hartree and 7 × 7 × 1, respectively. In the unit cell optimization, the maximum force on each atom and maximum stress on the box were set at 0.01 eV/Å and 0.02 eV/Å3, respectively.
3 RESULTS AND DISCUSSION
3.1 Orientation relationships between the Nb thin film and the MgO(112) substrate
The optimized lattice constants of MgO and Nb unit cells are 4.288 Å and 3.408 Å, respectively. We build 27 calculation models constructed by Nb films and the MgO(112) substrate. The calculation results of interface separation works for all models are shown in Figure 2. In this figure, the transverse axis is the two-dimensional mean absolute strain ((|ε11|+|ε22|+|ε12|)/3) of the Nb slab, and the vertical axis is the value of Wsep. One model has the biggest interface separation work (0.35 eV/Å2) among all calculation models, as indicated by the black arrow. This calculation model belongs to Nb(120)/MgO(112), implying that the preferred growth direction of Nb films on the MgO(112) substrate is [120]. Early works showed that the preferred growth directions of Nb films on MgO(100), (110), and (111) substrates are [100], [112], and [110], respectively (Fu et al., 2014; Fang et al, 2016). The growth direction on the MgO(112) substrate is different from the situations in Nb/MgO(100), Nb/MgO(110), and Nb/MgO(111). Thus, this result gives a new strategy for adjusting the crystallization behavior of Nb films.
[image: Figure 2]FIGURE 2 | Calculation results of interface separation works for 27 Nb/MgO(112) calculation models.
Figure 3 shows the crystal structure of the calculation model with the biggest Wsep. In this model, l, m, and n directions are perpendicular to each other, and the orientation relationships along l, m, and n directions are Nb [[image: image]]/MgO [[image: image]], Nb [[image: image]]/MgO [[image: image]], and Nb [120]/MgO [112], respectively. Lattice constants of MgO slabs along l and m directions are 7.427 and 3.332 Å, respectively, and those of Nb slabs before shape-changing are 7.621 and 3.408 Å. Thus, the lattice mismatch ((afinal−ainital)/ainitial) along l and m directions (εl and εm) is −2.5% and −2.2%, respectively. There is no shear strain in this model (ε12 = 0). Thus, the mean absolute strain in the film is 1.6%. The lattice mismatch in Nb/MgO(112) is less than 3%. We predict that it is highly realizable to get a coherent interface experimentally.
[image: Figure 3]FIGURE 3 | Interface details of the preferred Nb/MgO(112) interface structure.
3.2 Formation mechanism of the preferred Nb/MgO interface
The interface structures of Nb/MgO(110), Nb/MgO(110), Nb/MgO(111), and Nb/MgO(112) are analyzed to explore the formation mechanism of the preferred interface. The calculation results of the electron density difference, together with the crystal structures, are shown in Figure 4. First, electrons are transferred from Nb slabs to MgO slabs in the four structures, and the transformation mainly occurs between the two layers that are near the interface, as indicated by the blue and red isosurfaces. This means that the chemical bonds at the interface are mainly ionic bonds. The interface bonding strength is mainly determined by the atomic configuration of the two layers that are near the interface. Meanwhile, from the local distribution of charge density, the Nb atom loses its electrons, while the O atom in the first layer of the substrate gains electrons. The chemical bonding along the interface is an Nb–O ionic bond. In addition, the number of charge transfers in the Nb/MgO(111) system is the largest, and the number of charge transfers in the Nb/MgO(100) system is the smallest, indicating that the interface bonding strength of the Nb/MgO(111) system is the largest, while the interface bonding strength of the Nb/MgO(100) system is the weakest.
[image: Figure 4]FIGURE 4 | Interface structures and electron density difference calculation results of Nb/MgO(100) (A), Nb/MgO(110) (B), Nb/MgO(111) (C), and Nb/MgO(112) (D). The electron density isosurfaces of the blue and red regions are −0.006 and 0.005 e/Bohr3, respectively.
Second, the atomic matches along the interface are different in the four structures. To be specific, Nb atoms are located on the top of O atoms that are present in the first layer of MgO(100) in Nb/MgO(100) (Figure 4A); Nb atoms are located on the top of Mg atoms that are present in the second layer of MgO(110) (Figure 4B); Nb atoms are located on the top of O atoms that are present in the third layer of O-terminated MgO(111) (Figure 4C); and Nb atoms are located on the top of Mg atoms that are present in the sixth layer of MgO(112) (Figure 4D). However, there is a hidden rule about the atomic matches in the four interfaces. Nb atoms in the first layer of Nb slabs are all located on the most stable adsorption positions of the MgO surface. For example, the most stable adsorption position for Nb atoms on the MgO(100) surface is on the top of the O atom, and the most stable adsorption position for Nb atoms on the MgO(110) surface is on the top of Mg atoms present in the second layer. Thus, it can be deduced that the specific atomic configuration of the MgO surface determines the atomic arrangement of the first layer of the Nb film and further determines the preferred growth direction and interface structure of Nb/MgO.
4 CONCLUSION
In summary, we predicted the preferred interface structure between Nb thin films and MgO(112) substrates (Nb/MgO(112)) by using the first-principles calculation method and compared it with Nb/MgO(100), Nb/MgO(110), and Nb/MgO(111). The results showed that the preferred growth direction of Nb films on MgO(112) is [120], and the interface type is very possibly coherent. Further analysis shows that the unique atomic configuration of the MgO surface could be the determining factor for the interface structure of Nb/MgO.
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