
Interface Mismatch Relationship Between YAlO3 and TiN: Insights From First- Principles 

Weidong Ma1,2, Ligang Liu2, Huixin Zheng1, Xiaolei Xing2, Yefei Zhou2, Xuejun Ren3, Jing Guo4, 

Qingxiang Yang1 

1State Key Laboratory of Metastable Materials Science & Technology, Hebei Key Lab for 

Optimizing Metal Product Technology and Performance, Yanshan  

University, Qinhuangdao, China. 
2College of Mechanical Engineering, Yanshan University, Qinhuangdao, China.  
3School of Engineering, Liverpool, John Moores University, Liverpool, UK,  
4Department of Mechanical Engineering, Glasgow Caledonian University, Glasgow, UK 

 

Abstract  

The interface mismatch relationship between YAlO3 and TiN was studied by first- principles 

calculation. The mismatch degrees  between YAlO3(001)//TiN(100) planes are the smallest (7.01%). 

It indicates that the hetero- nucleation effect of YAlO3 on TiN is moderately effective. Four surface 

models were constructed for the YAlO3(001) plane. Only one surface model was constructed for the 

TiN(100) plane. Six YAlO3(001)//TiN(100) interface models were constructed. Among them, the 

interface adhesion work of O- N interface is the largest (8.11J/m2). Meanwhile, the interface energy 

of O-N interface is the smallest (4.63 J/m2). So, the O-N interface model is the most stable. The 

chemical bonds in this model are mainly the combination of Ti-O ionic bonds and N- O covalent 

bonds. Therefore, YAlO3 meets the conditions to serve as the hetero nucleation core of TiN and tends 

to form an N-O terminated hetero nucleation interface. 

1 Introduction 

YAlO3 represents an important material system in functional oxides [1, 2]. YAlO3 has a hexagonal 

crystal structure. Due to its excellent chemical stability, wide optical band gap, and good lattice 

matching characteristics with various oxides, it is widely used as an epitaxial substrate material for 

high- temperature superconducting films, II- V nitride and oxide films [3, 4]. Titanium nitride (TiN) 

represents an important material system among transition metal nitrides [5, 6]. TiN has a NaCl- type 

face- centered cubic structure, and due to its extremely high hardness, excellent electrical 

conductivity, good thermal stability, and corrosion resistance, it plays a crucial role in wear- resistant 

coatings, diffusion barrier layers, as well as plasmon and nano- optical devices [7, 8]. 

Integrating TiN with YAlO3 to form a heterojunction is expected to combine the functional 

characteristics of oxides (such as ferroelectricity, superconductivity, nonlinear optical response) with 

the metallic conductivity, high mechanical strength, and plasmonic properties of nitrides, thereby 

opening up an important path for the development of new multifunctional electronic and optical 

devices [9]. 

Currently, the heteroepitaxial integration of YAlO3 and TiN faces a fundamental challenge—that there 

is a certain lattice mismatch between YAlO3 and TiN. According to the traditional extrinsic growth 

theory, when the lattice mismatch is significant, it usually leads to the formation of high- density 

defects, three- dimensional island- like growth, and even poly- crystallization in the film, thereby 

seriously compromising the crystal quality and physical properties of the film [10, 11]. However, 

recent experimental studies have revealed an unexpected phenomenon: Despite the existence of 

certain lattice mismatch, high- quality single- crystal TiN films can still be obtained on YAlO3 



substrates by methods such as high- pressure magnetron sputtering [12]. What is more worthy of 

attention is that in the NbTiN/YAlO3 system, the mismatched epitaxial films even outperform the 

similar films grown on the small- mismatch MgO substrates in terms of superconductivity and surface 

enhanced Raman scattering properties [13, 14]. These experimental findings indicate that the 

YAlO3/TiN interface may possess a unique atomic- scale structural adaptation mechanism, enabling 

it to accommodate lattice mismatch without significantly compromising the quality of the epitaxial 

layer, which poses new challenges to the traditional theory of heteroepitaxy.  

To understand this peculiar phenomenon at the atomic scale, it is necessary to systematically clarify 

the interface structure, bonding characteristics, and energy stability between YAlO3 and TiN. In 

recent years, studies using transmission electron microscopy have revealed a rare interface 

overlapping structure between the rock salt structure TiN and the perovskite oxide YAlO3, 

accompanied by periodic mismatch dislocations [15]. Meanwhile, the method combining the long- 

range lattice matching model with density functional theory has begun to be applied in the systematic 

study of complex heterogeneous interfaces, which can effectively evaluate the structural matching 

degree and energy stability of the interfaces [16]. However, the systematic first- principles studies on 

the YAlO3/TiN interface are still relatively limited, especially in terms of the interface configuration, 

interface charge transfer, and bonding mechanism under different crystal orientation relationships, 

and there is still a lack of in- depth theoretical understanding in these aspects. 

This study intends to employ the first- principles calculation method based on DFT (density 

functional theory), in conjunction with lattice mismatch analysis, to systematically investigate the 

interface issue between YAlO3 and TiN. Firstly, by crystallographic analysis, the lattice mismatch 

degree of the two materials under different crystal planes and different orientation relationships is 

precisely calculated to determine the theoretically most stable interface matching mode. Secondly, a 

reasonable interface atomic model is constructed, and the equilibrium configuration of the interface 

is obtained by structural relaxation calculations. Then, the key physical quantities such as interface 

binding energy, interface energy, and electronic state density are calculated. Through these studies, 

the physical essence at the atomic scale of the YAlO3/TiN interface is revealed, which can provide a 

theoretical basis for the rational design and experimental synthesis of nitride/oxide heterojunctions. 

2. Computational Method  

In order to optimize the bulk structures of YAlO3 and TiN the VASP (Vienna Ab Initio Simulation 

Package) based on DFT was applied in this paper [17, 18] and the surface and interface properties of 

YAlO3 and TiN were calculated. The GGA (generalized gradient approximation) functional improved 

by PBE (Perdew, Burke and Ernzerhof) was employed to calculate the exchange- correlation energy 

[19, 20]. 

The interaction between the ion nucleus and valence electrons was described by the PAW (projection 

augmented waves) [21]. The appropriate plane wave energy cutoff (Encut) and Brillouin zone Kpoint 

grid were selected by convergence tests.  

The effect of Encut and K- points on the bulk phase of YAlO3 and TiN was calculated. The Kpoints 

and Encut of YAlO3 should be set to 8 × 8 × 8 and 480 eV, respectively. The Kpoint and Encut of TiN 

should be set to 500 eV and 9 × 9 × 9, respectively. 

 



3 Results and Analysis  

3.1 Crystal Structure and Bulk Properties 

3.1.1 Crystal Structure 

The crystal structures of YAlO3 and TiN are shown in Figure 1. Figure 1a shows the crystal structure 

of YAlO3. Its structure belongs to the hexagonal crystal system and the space group is P 63/mmc. The 

lattice constants are a = b = 3.68 ≠ c = 10.52 Å, α = β = 90°, γ = 120°. Figure 1b shows the crystal 

structure of TiN. Its structure belongs to the sodium chloride type, and its space group is FM- 3M. 

The lattice constants are a=b=c= 4.416 Å, α=β=γ= 90°. 

3.1.2 Bulk Properties 

The bulk phase properties of YAlO3 are shown in Figure 2. Figure 2a shows the energy band structure 

of YAlO3. The position marked by the dotted line represents the Fermi level. It can be seen that there 

is a band gap of approximately 2.8 eV between the valence band and the conduction band of YAlO3. 

Electrons can easily transition from the valence band to the conduction band, indicating that YAlO3 

has semiconductor properties. Figure 2b shows the density of states of YAlO3. The dotted line 

position represents the Fermi level. In the range from −7 eV to the Fermi level, the peak intensity of 

the O-p orbital is higher than that of the Y- p and Y-d orbitals, indicating the formation of Y-O ionic 

bonds. Meanwhile, the peak intensity of the O- p orbital is also higher than that of the Al-s and Al-p 

orbitals, suggesting the formation of Al-O ionic bonds. Within the range of 3–7 eV, the Y-p orbital 

interacts with the O-p orbital, and the peak intensity of the Y-p orbital is higher than that of the O-p 

orbital, indicating the formation of Y-O ionic bonds. In conclusion, the chemical bonds in YAlO3 are 

mainly Y- O ionic bonds and Al- O ionic bonds. The bulk phase properties of TiN have been reported 

by Reference [22]. 

3.2 Lattice Mismatch Degree Between YAlO3 and TiN 

Bramfitt [21] proposed 2D lattice mismatch theory, in which, when the 2D lattice mismatch between 

the basal phase and the nucleating phase is less than 6%, the basal phase is able to play a very effective 

heterogeneous nucleation role with respect to the nucleating phase; with the mismatch degree of 6%–

12%, the basal phase plays a moderately effective heterogeneous nucleation role with respect to the 

nucleating phase; and when the mismatch degree is larger than 12%, the basal phase cannot act as a 

heterogeneous nucleus for the nucleating phase. The two- dimensional lattice mismatch is calculated 

as follows [23]: 

 

where (hkl)s is a low- index crystal plane in the nucleation substrate; [uvw]s is a low- index crystal 

direction in the low- index crystal plane of the nucleation substrate; (hkl)n is a low-index crystal plane 

in the nucleation phase; [uvw]n is a low-index crystal direction in the low-index crystal plane of the 



nucleation phase; d[uvw]n is the distance of atoms in the crystal plane of (hkl)n along the direction of 

[uvw]n; d[uvw]s is the atomic distance along the [uvw]s direction in the (hkl)s crystal plane. 𝜃 is the 

angle between [uvw]n low- index crystal direction and [uvw]s low-index crystal direction.  

Many low-index crystal planes of YAlO3 and TiN were selected and their mismatch degrees were 

calculated, in which only the mismatch degrees of two low- index crystal planes of YAlO3 and TiN 

are less than 12%. The results are listed in Table 1. From the calculated results, it can be seen that the 

mismatch degree of the YAlO3(001) and TiN(100) planes is 7.01%, and that of the YAlO3(001) and 

TiN(110) planes is 7.96%, whose values range from 6% to 12%, which indicates that the role of 

YAlO3 as the hetero-nucleation core of TiN is moderately effective. Therefore, the YAlO3(001) plane 

and TiN(100) plane with a smaller mismatch degree (7.01%) are selected to construct the surface and 

interface model.  

3.  Interface Properties 

3.3.1 Surface Convergence Test 

The surface models constructed for the YAlO3(001) plane and TiN(100) plane were conducted for the 

surface energy convergence tests. The five surface models constructed are shown in Figure 3. There 

are four terminating surface models for YALO3(001) plane, namely Y- terminated, O1- terminated, 

O2- terminated, and AlO-terminated surface models. Figure 3a–d shows three surface models of the 

YAlO3 (001) plane. There is one surface model for the TiN(100) plane. Figure 3e depicts the surface 

model of TiN (100). 

The YAlO3(001) plane is a polar surface. The chemical potential calculation formula for the YAlO3 

surface model is as follows [24]: 

 

where 
𝑌𝐴𝑙𝑂3
𝑏𝑢𝑙𝑘  represents the energy of the system after the structural relaxation of YAlO3 (001); 𝜇Y 

represents the chemical potential of the Y atom; 𝜇O represents the chemical potential of the O atom. 

The surface energy formula for calculating YAlO3 (001) surface is as follows [24]: 

 

where Eslab represents the energy value (J) of the surface model with a certain number of atomic 

layers; A represents the surface area of the model (m2); NY represents the number of Y atoms in YAlO3 

(001) surface model; NO represent the number of oxygen atoms in the YAlO3 (001) surface model. 

For Y termination surface model, the calculation formula is as follows: 

 

 



For O1 termination surface model, the calculation formula is as follows: 

 

For O2 termination surface model, the calculation formula is as follows: 

 

For AlO termination surface model, the calculation formula is as follows: 

 

By combining Equations (2), (3) and (4) the final surface energy calculation formula for the Y surface 

model on the YAlO3(001) 

plane is as follows: 

 

By combining Equations (2), (3) and (5), the final surface energy calculation formula for the O1 

surface model on the YAlO3(001) plane is as follows: 

 

By combining Equations (2), (3) and (7), the final surface energy calculation formula for the O2 

surface model on the YAlO3(001) plane is as follows: 

 

By combining Equations (2), (3) and (8), the final surface energy calculation formula for the ALO 

surface model on the YAlO3(001) plane is as follows: 

 

The YAlO3(001) surface energy calculated results of the three termination surfaces are listed in Table 

2, Table 3, Table 4, and Table 5. As the number of surface layers increases, the fluctuation range of 

surface energy gradually becomes more stable. When the layer number of the Y terminated surface 

model exceeds 21, its surface energy stabilizes and converges to 2.06 J/m2. 



When the layer number of the O1 terminated surface model exceeds 19, its surface energy can 

stabilize and converge to 11.69 J/m2. When the layer number of the AlO terminated surface model 

exceeds 21, its surface energy stabilizes and converges to 10.76 J/m2. 

For the YAlO3(001) O2-terminated surface, we obtained a negative surface energy (−5.89–6.05 J/m2). 

This unphysical value originates from the non-stoichiometric excess oxygen atoms on the surface, 

which undergo significant inward relaxation and form additional O–O interactions that artificially 

lower the slab energy relative to the reference state. A negative surface energy would violate 

thermodynamic stability (since it implies spontaneous cleavage), indicating that this ideal termination 

is not realizable. In experiment, such a surface would either desorb oxygen or reconstruct. 

Accordingly, we discarded this model and considered only terminations with positive surface energies 

for subsequent interface calculations. 

The TiN (100) plane is a non-polar surface. The surface energy TiN(100) formula for calculating the 

TiN (100) surface is as follows [24]: 

 

where 𝐸𝑠𝑙𝑎𝑏
𝑁   represents the energy value (J) of the surface model with N atomic layers; 𝐸𝑠𝑙𝑎𝑏

𝑁−2 

represents the energy value (J) of the surface model with N-2 atomic layers; A represents the surface 

area of the model (m2). 

The TiN (100) plane is a non-polar surface, and the calculated surface energy results are listed in 

Table 6. As the number of surface layers increases, the fluctuation range of surface energy gradually 

becomes more stable. When the layer number of surface model reaches 9, the TiN (100) surface 

energy can be well converged to 1.34 J/m2. 

3.3.2 Interface Model 

Depending on the different stacking methods, six YAlO3(001)//TiN(100) interface models were 

constructed by selecting a 9-layer TiN (100) surface and respectively combining it with the Y-

terminated surface of a 21-layer YAlO3 (001), the O1-terminated surface of a 19-layer YAlO3 (001), 

and the AlO-terminated surface of a 21-layer YAlO3 (001), as shown in Figure 4. According to the 

different stacking methods, these six models were respectively named as Y-Ti, Y-N, O-Ti, O-N, AlO-

Ti, and AlO-N interface models. 

The energy variation curves of the six interface models with the interface spacing after relaxation are 

shown in Figure 5. It can be seen that for the Y-Ti interface model, the energy is the lowest when the 

interface spacing is 2.6 A; for the Y-N interface model, the energy is the lowest when the interface 

spacing is 2.2 A; for the O-Ti and O-N interface models, the energy is the lowest when the interface 

spacing is 1.6 A; for the AlO-Ti and AlO-N interface models, the energy is the lowest when the 

interface spacing is 2.4 A. 

3.3.3 Interface Adhesive Work and Interface Energy 

The interface adhesive work (Wad) is an important parameter for characterizing the strength of the 

interface bonding. For the interface model of YAlO3(001)//TiN(100), the calculation formula for Wad 

is as follows [25]: 



 

where EYAlO3∕TiN represents the energy value (J) of YAlO3(001)//TiN(100) interface model; EYAlO3 

represents the energy (J) of YAlO3 (001) surface model; ETiN represents the energy (J) of TiN (100) 

surface model; A represents the interface area (m2). 

The interface energy (γ) corresponds to the difficulty of heterogeneous nucleation at the interface. 

The calculation formulas for γ of the four interface models are as follows [23]: 

 

where σYAlO3 represents the surface energy (J/m2) of the YAlO3 (001) surface model; σTiN represents 

the surface energy (J/m2) of the TiN (100) surface model. 

The Wad and γ values of the six YAlO3(001)//TiN(100) interface models are shown in Figure 6. The 

Wad sequence of the six interface models is as follows: WadO-N>WadO-Ti>WadY-Ti>WadY-N>WadAlO-

N>WadAlO-Ti. 

The γ sequence of the six interface models is as follows: γO-N<γO-Ti<γY-Ti<γY-N<γAlO-N<γAlO-Ti. 

It can be seen that both the O-terminated surface of YAlO3(001) and the interface model on the 

TiN(100) surface are relatively stable. Among them, the Wad value of the O-N interface is the largest, 

which is 8.11 J/m2. Meanwhile, the γ value of the O-N interface is the smallest, which is 4.63 J/m2. 

Therefore, the O-N interface is the most stable. 

3.3.4 | Interface Model Bonding Characteristics 

By calculating the charge density and differential charge density of the YAlO3(001)//TiN(100) 

interface model, the bonding characteristics of the YAlO3(001)//TiN(100) interface model are 

analyzed, and the stability of the interface is further determined.  

The charge densities of the (100) section of six YAlO3(001)//TiN(100) interface models are shown in 

Figure 7. In this figure, the charge accumulation areas are indicated by the red regions, and the charge 

depletion areas are indicated by the blue regions. The color changes from blue to red to represent the 

increasing charge density. Figure 7a shows the charge density of the Y-Ti interface in 

YAlO3(001)//TiN(100) interface model. Figure 7b shows the charge density of the Y-N interface in 

YAlO3(001)//TiN(100) interface model. It can be seen that the atomic distances at the interfaces are 

relatively far apart, making it difficult for bonding to occur. Figure 7c shows the charge density of 

the O-Ti interface in YAlO3(001)//TiN(100) interface model. It can be concluded that during the 

relaxation process, Ti atoms diffuse downward while O atoms diffuse upward. There are numerous 

charge accumulation areas around the O atoms, indicating that the charge density around the O atoms 

is high and the O atoms gain electrons. 

There are also numerous charge depletion areas around the Ti atoms, indicating that the charge density 

around the Ti atoms is low and the Ti atoms lose electrons. Figure 7d shows the charge density of the 

O-Ti interface in YAlO3(001)//TiN(100) interface model. It can be observed that during the relaxation 

process, the N atoms diffuse downward while the O atoms diffuse upward, and there is an overlapping 

area of charges for the two types of atoms, indicating the formation of chemical bonds between the 



two types of atoms. Figure 7e shows the charge density of the AlO-Ti interface in 

YAlO3(001)//TiN(100) interface model. Figure 7f shows the charge density of the AlO-N interface in 

YAlO3(001)//TiN(100) interface model. Due to the large distance between the atoms at the interface, 

it is difficult for chemical bonds to form. 

The formula for calculating the differential charge density is as follows [23]: 

 

where tot represents the total charge density in the interface model; YALO3 represents the charge 

density of the individual YAlO3(001) plane within the same interface model; TiN represents the 

charge density of the individual TiN(100) plane within the same interface model. 

As can be seen from Figure 7, only the O-Ti and O-N interfaces in the YAlO3(001)//TiN(100) interface 

model can form bonds. Only the differential charge densities of the O-Ti and O-N interfaces in the 

YAlO3(001)//TiN(100) interface model were calculated in this paper, as shown in Figure 8. The 

charge accumulation areas are indicated by the red regions, and the charge depletion areas by the blue 

regions. The color ranges from blue to red to represent the increasing charge density. Figure 8a shows 

the differential charge density at the O-Ti interface in the YAlO3(001)//TiN(100) interface model. It 

can be seen that the charge density around the O atom is relatively high, while that around the Ti atom 

is relatively low. Thus, a Ti-O ionic bond is formed between them. 

Figure 8b shows the differential charge density at the O-N interface in the YAlO3(001)//TiN(100) 

interface model. It can be seen that simultaneously around the N atom and the O atom, there are 

regions of charge accumulation and regions of charge depletion, and an N-O covalent bond is formed 

between them. 

4 Conclusion 

1. The minimum mismatch degree between the YAlO3 (001) plane and TiN (100) plane is 7.01%, 

indicating that the heterogeneous nucleation effect of YAlO3 on TiN is moderately effective. 

2. The surface models of YAlO3 (001) and TiN (100) were selected to conduct surface energy 

convergence tests. It was found that when the layer number exceeds 21, the surface energy of the Y-

terminated surface model on the YAlO3(001) plane can converge to 2.06 J/m2; when the layer number 

exceeds 19, the surface energy of the O1-terminated surface model on the YAlO3(001) plane is 11.69 

J/m2; since the surface energy of the O2-terminated surface model on the YAlO3(001) plane is 

negative, it indicates that this model is unstable; when the layer number exceeds 21, the surface 

energy of the AlO-terminated surface model on the YAlO3(001) plane converges to 10.76 J/m2. When 

the number of layers of the TiN (100) surface model reached 9, the surface energy converged to 2.75 

J/m2. 

3. The interfacial adhesion work and interfacial energy of four YAlO3(001)//TiN(100) interface 

models were calculated. Among them, the interfacial adhesion work of the O-N interface is the largest, 

which is 8.11 J/m2. Meanwhile, the interfacial energy of the O-N interface is the smallest, which is 

4.63 J/m2. Therefore, the O-N interface model is the most stable.  

4. The chemical bonds in this model are mainly the combination of Ti-O ionic bonds and N-O covalent 

bonds.  
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TABLE 1 | Mismatch degree of the low-index planes of YAlO3 and TiN. 

 

TABLE 2 Surface energy of Y terminated surface model on YAlO3 (001) plane (J/m2). 

 

TABLE 3 Surface energy of O1 terminated surface model on YAlO3 (001) plane (J/m2). 

 

TABLE 4 Surface energy of O2 terminated surface model on YAlO3 (001) plane (J/m2). 

 

TABLE 5 Surface energy of AlO terminated surface model on YAlO3 (001) plane (J/m2). 

 

TABLE 6 Surface energy of TiN(100) surface model (J/m2). 

 

  



 

 

FIGURE 1 Crystal structures of YAlO3 and TiN: (a) YAlO3; (b) TiN. 

  



 

 

FIGURE 2 Bulk phase properties of YAlO3: (a) energy band structure; (b) density of states diagram. 

  



 

 

 

FIGURE 3 Surface models of YAlO3 and TiN: (a) YAlO3(001) with Y atom termination; (b) 

YAlO3(001) with O1 atom termination; (c) YAlO3(001) with O2 atom termination; (d) YAlO3(001) 

with AlO atom termination; (e) TiN(100). 

  



 

 

 

FIGURE 4 Six interface models of YAlO3 and TiN interface: (a) Y-Ti; (b) Y-N; (c) O-Ti; (d) O-N;(e) 

AlO-Ti; (f) AlO-N. 

  



 

 

FIGURE 5 Energy variation diagrams of six YAlO3 (001) and TiN100) interface models with respect 

to the interface spacing. 

  



 

 

FIGURE 6 Wad and γ of six YAlO3 (001) and TiN (100) interface models. 

  



 

 

FIGURE 7 Charge density map of the (100) section of YAlO3 (001) and TiN (100) interface models: 

(a) Y-Ti;(b) Y-N;(c) O-Ti;(d) O-N;(e) AlO-Ti;(f) AlO-N. 

  



 

 

FIGURE 8 Differential charge density of the (100) section of YAlO3 (001) and TiN (100) interface 

models: (a) O-Ti;(b) O-N. 

 

 

 


