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Abstract

This paper aimed to investigate the interface relationship between LaAlO3 and niobium carbide and
possibility of LaAlO3 as heterogeneous nucleus to refine niobium carbide by first principles method.
Niobium carbide (NbC) is a transition metal carbide with high hardness. Primarily, the lattice mismatch
relationship of LaAlO3/NbC was calculated. Then, the interface models were established for the
calculation of adhesive work and interface energy of LaAlO3/NbC. Finally, the interfacial bonding types
were analyzed with charge density, electron localized function (ELF) and partial density of states
(PDOS). The results indicate that the interface mismatch between LaAlO3(001) plane and NbC(111)
plane is the smallest (8.4%), which indicates that LaAlO3 can be as a moderately heterogeneous
nucleus of NbC. Four interfacial models of LaAlO3(110)/NbC(111) interface were established, which
are named as LaAlO-NbT interface, LaAlO-CT interface, OT-NbT interface and OT-CT interface. The
adhesive work of the OT-NbT interface is the largest (0.60 J/m2 ) and its interface energy is the smallest
(4.02 J/m2), which indicates that the binding adhesive ability of the OT-NbT interface is the strongest.
The bonding types of the OT-NbT interface are the combination of metallic, ionic and covalent bonds.
Therefore, LaAlO3 can act as the heterogeneous nucleus of NbC and refine it.

1. Introduction

With high hardness, high elastic modulus, high melting point, chemical inertness, Niobium carbide
(NbC) has been applied in many engineering fields [1-2]. Numerous studies have been reported that
NbC can be used as a special additive to reinforce the comprehensive mechanical properties of alloys
by refining their microstructure [3—4]. Currently, many researches about the refinement effect of NbC
have been reported. Li et al. [5] found that, for the preparation of WC-6Co functionally graded
cemented carbide, NbC can refine carbide and improve its high-temperature hardness. Gao et at. [6]
added NbC into CrMnFeCoNi high-entropy alloys, which lead to the refinement of microstructure and
the enhancement of its tensile strength, yield strength and corrosion resistance. Wang et al. [7]
demonstrated that, by adding NbC to Fe-0.2C-5Si-5Mn cold-rolled TRIP (Twinning Induced Plasticity)
steel, NbC can delay austenite recrystallization, effectively refine austenite grains during hot rolling.
Liu et al. [8] investigated the refinement mechanism of NbC on primary M7C3 carbides in
hypereutectic Fe-Cr-C alloys, in which, NbC particle is the heterogeneous nucleus of primary M7C3
carbide and thereby refines it. Meanwhile, Tirumalasetty et al. [9] and Poddar et al. [10] found that
the refinement effect of NbC is related with its size closely, and the smaller its size is, the better the
refinement effect is. Therefore, it is significant to further refine the NbC size during the alloy
solidification process. Because of its particular physical and chemical properties, rare earth (RE)
elements are widely applied in industrial engineering, energy sources, electronics and other fields. Li
et al. [11] studied that the microstructure can be effectively refined in Cu-Pb alloy by element Ce. It



was found that the lattice mismatch between CuPb3 with Cu matrix at the grain boundary is small,
and the tensile strength of the alloy is improved simultaneously. Zhang et al. [12] found that the TiBi2
particle size can be significantly decreased by element Sc in Al-based composite coating. Xu et al. [13]
studied that La203 led to the reduction of grain size in Al-P-Ti-TiC alloys, and the Brinell hardness is
apparently improved to 39%. Zhou et al. [14] verified that when La203 was added in hypereutectic
Fe-Cr-C coating, it can refine primary M7C3 carbide.

Wang et al. [15] found that La203 can react with element Al to form LaAlO3, and LaAlO3 can further
refine the primary M7C3 carbides. Wang et al. [16] also found when La203 and TiC carbide were added
into the hypereutectic Fe-Cr-C coating simultaneously, TiC could be refined by LaAlO3. However,
whether LaAlO3 can act as the heterogeneous nucleus of NbC, and NbC can be refined by LaAlO3 has
not been reported before. Therefore, it is significant to theoretically explain the heterogeneous
nucleation mechanism that LaAlO3 refines NbC. Nowadays, first principles method has been applied
to the interface relationship among crystalline materials. Lv et al. [17] reported the electronic
structure and formation energies of the (Fe,M)3C(M = Cr/ Mn/Co/Ni) interface. Xiao et al. [18]
conducted theoretical studies on the stability of Cr7C3 carbide. However, the interface relationship
between LaAlO3 and NbC by the first principles calculation has not been reported at present. In the
process of surfacing experiment, the hypereutectic Fe-Cr-C hardfacing alloy is made of flux-cored wire
and open-arc surfacing by DC welding machine. In the preparation process of flux-cored wire, it is
necessary to add a certain amount of Al powder as a deoxidizer, and La203 easily reacts with Al and
its deoxidized product Al203 at high temperature to form LaAlO3. Then, whether LaAlO3 can serve as
a heterogeneous nucleation substrate for NbC also needs further investigation. In this paper, LaAlO3
was taken and the interface lattice mismatch relationship of LaAlO3/NbC was calculated by Bramfitt’s
lattice mismatch degree theory. The LaAlO3/NbC interface models were established by first principles
method. Then, the interfacial adhesive work and interfacial energy between LaAlO3 and NbC were
calculated. The interfacial bonding type was investigated by charge density, electron local function
(ELF) and partial density of states (PDOS) at the interface to illustrate the interface relationship of
LaAlO3/NbC and possibility of heterogeneous nucleation. It can provide theoretical basis for the
analysis of LaAlO3 acting as the heterogeneous nucleus of NbC. 2. Calculation and simulation methods
In this paper, Vienna Ab-intio Simulation Package (VASP) [19-21] based on density functional theory
(DFT) was used to calculate the bulk and surface properties of the LaAlO3 and NbC crystalline models
and the bonding properties of LaAlO3/NbC interface models. The generalized gradient approximation
(General Gradient Approximation, GGA) exchange-correlation functional was used for the calculation
[22]. The interaction between ion nuclei and valence electrons was described by a Planar Projector-
Augmented Wave (PAW) [23]. The Monkhorst-Pack (M-P) method was used for the selection of the
plane wave cutoff energy (ENCUT) and the Brillouin zone K-point mesh (Kmesh) [24]. The crystalline
models for calculation are shown in Fig. 1. Among them, Fig. 1(a) is the crystalline structure of LaAlO3,
which belongs to the perovskite structure with space group PM-3M [25], and the lattice constant
before sufficient relaxation is a = b = ¢ = 3.811 A. Fig. 1(b) is the crystalline structure of NbC, whose
space group is sodium chloride structure of FM-3M [26], and the original lattice constantisa=b=c=
4.400 A. The increase of the Brillouin zone K-point network and the ENCUT value can improve the
calculation accuracy. Nevertheless, the calculation efficiency is also extended. The convergence test
of the Brillouin zone K-point network and the plane wave truncation energy ENCUT value should be
carried out before the relaxation of bulk models. The convergence criterion is that energy changes is
less than 1 x 10-5 eV/ atom. The two K-point networks selected for the bulk structure optimization
are 5x5x5,and 5 x 5 x 1 for surface convergence test and interface relationship calculation. The
ENCUT value is 500 eV. The optimized result of LaAlO3 is a = b = ¢ = 3.810 A, and the average error is
0.026%. The optimized result of NbC is 4.511 A, and the error is controlled within 2.5%. According to



Table 1, we compare the optimized results with the results in the Ref. [37-40], the results are
extremely close and can be used for subsequent calculations. Calculation results are reliable and can
be used for subsequent calculations.

3. Results and analysis
3.1. Structure properties
3.1.1. Structure properties of LaAlO3

Electronic structures such as band structure and density of states (DOS) of crystalline models are
usually calculated for solar cells and thermoelectric applications and so on [34-36]. The calculated
results of band structure and DOS of LaAlO3 are shown in Fig. 2. Fig. 2(a) is the band structure of
LaAlO3, in which, the dotted line is the position of Fermi level. It can be seen that the band structure
of LaAlO3 doesn’t pass through the Fermi level. There is forbidden band width between its valence
band and conduction band, and the band gap is 3.56 eV. Since the top of the valence band and the
bottom of the conduction band of LaAlO3 are facing each other, it is proved that LaAlO3 has the
characteristic of direct band gap semiconductor Fig. 2(b) is the total DOS map and the partial density
of states (PDOS) of each atom. It can be seen that DOS of LaAlO3 has no peak at the Fermi level, and
the DOS at the Fermi level is close to 0, but not all zero, which indicates that the crystal primarily
exhibits semiconductor properties. In the range of - 8eV to - 5eV, the DOS mainly comes from the
contribution of Al and O atomic orbitals. Peak intensity of La atoms is very weak, which indicates that
the outer electrons of the La atoms are transferred to the more electronegative O atoms. An ionic
bond is formed between O atoms and La atoms. From - 7.5 eV to - 2.5 eV, there is a certain extent of
orbital resonance and hybridization between the Al-3s, Al-3p orbitals and O-2p orbitals. It can be
proved that there is a polar covalent bond between the Al atoms and O atoms. Therefore, the chemical
bond in the bulk structure of LaAlO3 is the mixture of ionic bond and covalent bond.

3.1.2. Structure properties of NbC

The band structure and DOS of NbC are shown in Fig. 3. Among them, Fig. 3(a) is the band structure
of NbC, in which, the dashed line represents the position of Fermi level. The band structure of NbC
passes through the Fermi level, which indicates that electrons can reach the conduction band from
the valence band. It can be seen that NbC possesses metallic properties. Fig. 3(b) is a diagram of the
total DOS and PDOS. It can be seen that the DOS of NbC has a peak at the Fermi level, and proves the
existence of metallic bonds in the NbC crystalline structure from the contribution of Nb-4d orbitals. In
the range of - 7.5 eV to — 1.5 eV, the peak shape of Nb4d and C-2p orbitals is consistent. It is shown
that there are obvious interactions and orbital hybridization between Nb atoms and C atoms, which
proves the formation of covalent bonds. Therefore, the chemical bonds in the crystalline structure of
NbC is a combination of metallic bonds and covalent bonds.

3.2. Elastic modules and elastic anisotropy
3.2.1. Elastic modules

The calculated elastic matrix of LaAlO3 is as follows:
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The calculated elastic matrix of NbC is as follows:
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The elastic constants [31-33] such as bulk modulus(K), Young’s modulus(E), shear modulus(G) and
Poisson’s ratio(p) as well as anisotropy of LaAlO3 and NbC were investigated by ELATE software [27].
The calculation results of the elastic constants of LaAlO3 and NbC are listed in Table 2. It can be seen
that the that values of K, E, and G of NbC are all larger than those of LaAlO3, which indicates that the
compressive performance and deformation resistance of NbC are larger than those of LaAlO3. The
elastic modulus anisotropy for LaAlO3 and NbC are listed in Table 3 and Table 4. It can be seen that
the elastic modulus anisotropy values of LaAlO3 is close to those of NbC. By comparing the elastic
anisotropy of LaAlO3 with those of NbC, the anisotropy of Young’s modulus and shear modulus of
LaAlO3 are smaller, which indicate that its microstructure is more uniform than that of NbC.

3.2.2. Elastic anisotropy

The 2D and 3D distributions of the elastic anisotropy for LaAlO3 such as Young’s modulus, linear
coefficient, shear modulus, and Poisson’s ratio are shown in Fig. 4. The elastic anisotropy of LaAlO3 in
Table 3 and the elastic anisotropy distribution diagram in Fig. 4 are combined in order to further
analyze the elastic properties. Fig. 4(a) is the 2D and 3D distributions of Young’s modulus anisotropy
of LaAlO3. It can be seen that the anisotropy distribution of Young’s modulus in the three-dimension
of x, y and z is comparative and large. The maximum value is 365.04GPa, the minimum index is
261.22GPa and the anisotropy value is 1.40. Fig. 4(b) is the 2D and 3D distributions of the linear
coefficient anisotropy of LaAlO3. It can be seen that the 3D distribution of the linear coefficient
anisotropy is a perfect sphere with a value of 1.71 and no anisotropy exists. Fig. 4(c) and Fig. 4(d) are
the 2D and 3D distributions of the shear modulus and Poisson’s ratio anisotropy of LaAlO3,
respectively. It can be seen that the distributions of the anisotropy values of shear modulus and
Poisson’s ratio in the three dimension are exactly the same, while the distribution is more
complicated. Among them, the maximum of shear modulus is 153.57GPa, the minimum value is
102.31GPa, and the anisotropy value is 1.50. The Poisson’s ratio can reach a maximum value of 0.35,
a minimum value of 0.08, and an anisotropy value of 4.34. It can be seen that the Poisson’s ratio
anisotropy value of LaAlO3 is the largest among these four parameters. The 2D and 3D distribution
diagrams of the anisotropy of Young’s modulus, linear coefficient, shear modulus and Poisson’s ratio
of NbC are shown in Fig. 5. The results of elastic anisotropy of NbC were further analyzed in
combination with Table 4 and Fig. 5. Fig. 5(a) is the 2D and 3D distributions of the Young’s modulus
anisotropy for NbC. It is observed that the anisotropy of Young’s modulus in the three-dimensional of



X, y and z is relatively large and basically the same. The maximum value of Young’s modulus is near to
678.96GPa, the minimum value is 449.11GPa, and the anisotropy can reach 1.51. Fig. 5(b) shows the
2D and 3D distributions of the linear coefficient anisotropy for NbC. It serves to show that the 3D
distribution diagram of the linear coefficient anisotropy is a perfect sphere, so there is no anisotropy
existing, and the linear coefficient value is nearly 1.09. Fig. 5(c)and Fig. 5(d) are 2D and 3D distributions
of shear modulus and Poisson’s ratio anisotropy of NbC. It can be seen that the anisotropy of shear
modulus and Poisson’s ratio are also basically similar in the three dimensional, but the distribution is
more complex. The maximum value of the shear modulus is 300.26GPa, the minimum value is
179.00GPa, and the anisotropy value is 1.68. The Poisson’s ratio has a maximum value of 0.37, a
minimum value of 0.09, and an anisotropy of 3.96.

3.3. Lattice mismatch of LaAlO3/NbC

According to the Bramfitt two-dimensional lattice mismatch theory [28], the Eq. (1) of the mismatch
between LaAlO3 and NbC is given by the following:

i, . / i (1)

where (hkl)s and (hkl)n represents the low-index crystal plane of the substrate phase and nucleation
phase, respectively; [uvw]s and [uvw]n represents a low-index crystal orientation on the (hkl)s and
(hkl)n, respectively; d[uvw]s and d[uvw]s represents the atomic distance along the [uvw]s and [uvw]n,
respectively; 6 represent the angle between [uvw]s and [uvw]n.

It is pointed out that when the lattice mismatch between the substrate phase and nucleation phase is
smaller than 6%, the substrate phase plays a very effective heterogeneous nucleation role for
nucleation phase. When the lattice mismatch is 6-12%, the substrate phase plays a moderately
heterogeneous nucleation role for nucleation phase. When the lattice mismatch is larger than 12%,
the substrate phase cannot be regarded as the heterogeneous nuclei of nucleation phase.

The calculation results of the two-dimensional lattice mismatch between different crystalline planes
of LaAIO3/NbC are listed in Table 5. It is observed that the mismatch of LaAlO3(110)/NbC(111)
interface is the smallest, which is 8.4%. It indicates that LaAlO3 can be moderately effective as the
heterogeneous nucleus of NbC. Therefore, the LaAlO3(110) plane and the NbC(111) plane are selected
to establish the surface model and the interface model.

3.4. Surface convergence test

The surface models of the LaAlO3 (110) plane and the NbC (111) plane were established, according to
the calculated two-dimensional lattice mismatch. Here is a relevant principle that the upper and lower
surface atoms of the surface models are the same. Based on the theory of surface convergence,
vacuum layers with a thickness of 15 A was added to cancel the interaction between the surface
atoms. The surface models of LaAlO3 (110) plane can be divided into LaAlO-Terminated and
OTerminated, and the surface models of NbC (111) plane is can be divided into two types: Nb-
Terminated and C-Terminated, in which the surface model of NbC plane is non-polar surface. The
surface models established based on Bramfitt theory are shown in Fig. 6. To simplify the calculation,
the values can be approaching as follows:

slab . bulk | slab . bulk | slab . bulk | slab . | bulk | slab . | bulk
Hio = Hpa My = Hy Mo = Ho Hyy = Hyp sHe = He 2)



3.4.1. Surface convergence test of LaAlO3 (110)

Since the surface models are sufficiently relaxed, the atoms have been redistributed and energy of
the bulk system is further reduced. It tends to a more stable state. The chemical potential equation
of the surface models of LaAlO3 is as follows:

slab o bulk  __ slab slab slab
Hianios = Hianio, = Hia Ky +Hp' (3)
pbulk . L slab sl slab
where /La410s | pulk LaAlO3 is the system energy after bulk optimization of LaAlO3;  #La | Hai Ho
are the chemical potential of La, Al, O atoms. Among them, the calculated chemical potential of O
atom is - 4.905 eV.

The equation for calculating the surface energy of LaAlO3 is as follows:

1
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where ~LAIOs(110) “i¢ the surface energy after bulk optimization of LaAlO3; Eqab is the surface energy
of the surface models with a certain number of atomic layers; A is the surface area of the surface
models; NLa, NAI, NO are numbers of La, Al, O.

In the LaAlO-Terminated surface model of LaAlO3 (110), the number of atoms satisfies the following
relationship:

Nm = NuNo = 3N_4; -2 (5)

Combining Egs. (3), (4) and (5), the surface energy formula of the LaAlO-Terminated surface model is
obtained as follows:

l IR slap
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In the surface model of LaAlO3 (110) O-Terminated, the number of atoms satisfies the following
relationship:

Nis = NayNg = 3Ny + 2 (7)

Combining Egs. (3), (4) and (7), the surface energy equation of the OTerminated surface model is
obtained as follows:

l MK Slan
OLaAlos(110) = ﬂ [Ex!ab - N»u#u:m_l - 2#'(; I] (8)

Surface energies of LaAlO-Terminated and O-Terminated models with different numbers of
termination layers on the LaAlO3 (110) plane were calculated according to Egs. (6) and (8). The results
are listed in Table 6. When the number of atomic layers is the 9th layer, the LaAlO3 (110) surface
energy of LaAlO-Terminated converges to 6.14 J/m?, and the energy change is really slight. When the
number of atomic layers reaches the 7th layer, the LaAIO3 (110) surface energy of O-Terminated
surface model converges to 2.12 J/m?.



3.4.2. Surface convergence test of NbC (111)
The equation for calculating the chemical potential of the surface model of NbC is as follows:

slab __  bulk __ , slab slab
Hype = Hype = Hp T HC (9

bulk sla lab
where HNbC s the system energy after bulk optimization of NbC; P’r\f'bb, He" are the chemical

potential of Nb and C atoms. Among them, the calculated chemical potential of C atom is — 9.093 eV.

The equation for calculating the surface energy of NbC is as follows:

1 _ .
ONbC(111) = E(E.umb - Mw'b}lf\j};b —N c#‘.‘_f“”) (10)
where Unbca1y) is the surface energy of NbC (111) surface model; Nn,,NC are numbers of Nb atoms
and C atoms in the NbC surface models.

Combining Egs. (9) and (10), the final surface energy calculation formula of the NbC (111) surface is
obtained as follows:

| - .
ONbC(111) = A _Esh;h —N, .’»’hﬂg.-rgé + (J’V.w; — Ne )#'?_MT] (11)

The surface energies of Nb-Terminated and C-Terminated models for NbC(111) surface obtained by
Egs. (11) are listed in Table 7. It is observed that the surface energy of Nb-Terminated model for the
NbC (111) surface converges in the seventh layer, and the surface energy is 2.50 J/m? . The surface
energy of the C-Terminated can be well converged to 3.23 J/m? in the seventh layer.

Based on the above calculation results of surface energy convergence test, the 9th-layer LaAlO3 (110)
of LaAlO-Terminated model, the 7thlayer LaAlO3 (110) of O-Terminated model, the 7th-layer NbC
(111) of Nb-Terminated model, and the 7th-layer NbC (111) of C-Terminated model are selected to
establish successive interface models.

3.5. Interfacial bonding properties
3.5.1. Interfacial structure and stability

According to the calculation results of two-dimensional lattice mismatch and the surface energy
convergence test, four interface models were finally established below. The interface models of the
top view and its bottom (001) plane are shown in Fig. 7. Fig. 7(a,a’) is the interface model and top view
of LaAIO-NbT; Fig. 7(b,b’) is the interface model and top view of LaAlO-CT; Fig. 7(c,c’) is the interface
model and top view of OT-NbT; Fig. 7(d,d’) is the interface model and top view of OT-CT. In order to
ensure that the above-mentioned four interfaces are more stable, the energy under different interface
distances was calculated and the interface distance with the lowest energy was selected for the
subsequent calculation of interface binding work and interface energy to ensure the rationality and
accuracy of the results. The relationship between the interface distance and energy of the four
interface models is shown in Fig. 8.

The four interface models with the lowest energy and the corresponding interface distances screened
out in Fig. 8 are as follows. The interface distance corresponding to LaAlO-NbT is 2.8 A. The interface
distance corresponding to LaAlO-CT is 2.2 A. The interfacial distance corresponding to OT-NbT is 1.8
A, and the corresponding interface spacing of OT-CT is 1.2 A.



3.5.2. Interface adhesive work

The adhesive work (Wad) indicates the strength of the interface binding ability. The equation for
calculating the Wad of the LaAlO03(110)/NbC(111) interface models is as follows:

1
"'Vad - Z (EI_u:UO_\ + E,WJC - ELu,—'UO; [/NbC ) (l 2)
where Wad is adhesive work of the LaAlO3(110)/NbC(111) interface models; ELaAlO3 is the surface
energy of the LaAlO3 (110) surface models; ENbC is the surface energy of the NbC (111)surface model;

Evanios/noc is the energy of the LaAlO3(110)/NbC(111) interface models calculated by DFT.

The Wad was calculated for the interface model of the above interface distance, and the results are
listed in Table 8. It is observed that the Wad of the four interfaces is as follows:

Wador.cr > Wador.ner > Wadpeaioctr = WadLaAIO-Nst i
and the W.q4 of OT-Nb and OT-CT interface models is the largest which both are 0.60 J/m?
3.5.3. Interface energy

The interface energy (y) represents the resistance to interface formation. The equation for calculating
the y of the LaAlO3(110)/NbC (111) interface model is as follows: 3.5.3. Interface energy The interface
energy (y) represents the resistance to interface formation. The equation for calculating the y of the
LaAlO3(110)/NbC (111) interface model is as follows:

Y = Craaio; +Onvc — Waa (13)

where y is interface energy of the LaAlO3(110)/NbC(111) interface models; cLaAlO3 is the surface
energy of the LaAlO3 (110) surface model; oNbC is the surface energy of the NbC (111) surface
models.

The y of the LaAlO3(110)/NbC(111) interface models were calculated according to Egs. (13), as listed
in Table 9. It can be seen that the y of the four interfaces is as follows:
YLaAlO-CT = YLaAlO-NbT = YOT-CT = YOT-  NbT.

The y of the OT-NbT interface model is the smallest, which is 4.02 J/ m2 . Considering the factors of
adhesive work and interface energy, it is concluded that the interface structure of OT-NbT is the
easiest to form.

3.6. Interfacial electronic structure

The electronic structures of the above four interface models were calculated and analyzed in order
to further analyze the bonding properties of the interface. The charge transfer situation at the
interface represents the bonding situation between interfacial atoms. It was characterized by
calculating the charge density of the interface [29], local density function (ELF) [30], and partial density
of states (PDOS).

3.6.1. Interfacial charge density

The schematic diagrams of the internal and its bottom (001) plane of the two LaAlO interface models
are shown in Fig. 9. The position of the dotted line in the Figs. 9-11 is the position of the interface.
Among them, Fig. 9(a) and (b) are the charge density diagrams of the interior of the LaAlO-NbT
interface model and the cross-section of the (001) surface layer. There is obvious diffusion of O atoms
inside the interface, and the charge density around Al atoms in the surface layer is small, which



indicates that more electrons are lost. Fig. 9(c) and (d) are the charge density maps of the interior and
(001) surface section of the LaAlO-CT interface model. It is apparent that C atoms in the interface and
(001) plane are diffused. The interaction between O atoms and C atoms, Al atoms is very strong, and
the surrounding charges have partial charge overlap phenomenon, which proves the formation of
chemical bonds. The atoms on both sides of the interfaces are far apart after fully relaxing, which
make it difficult to form bonds. Therefore, the interfacial bonding properties is relatively poor.

The schematic diagrams of the internal and its bottom (001) plane of two OT interface models are
shown in Fig. 10. Fig. 10(a) and (b) are the charge density diagrams of the interior of the OT-NbT
interface model and the (001) section. At the interface of the fully relaxed structural model, it can be
observed intuitively that there is obvious diffusion of O atoms at the interface, both inside and on the
surface, and there is an obvious charge overlap with Nb atoms, which indicates the formation of strong
chemical bonds. Fig. 10(c) and (d) are the charge density maps of the interior and surface of the OT-
CT interface model. The strong diffusion of C atoms and O atoms can be seen in both the interior and
the surface of the interface, and there is a partial overlap at the interface. There is an evident
interaction between C atoms and O atoms, which indicated the formation of strong chemical bonds.

3.6.2. Interfacial electron local function

The electronic structure of the interface was analyzed by calculating the electron local function (ELF)
of the interface models, and the bonding properties of the interface are further studied by combining
the PDOS at the interface. The calculation equation of ELF is as follows:

D,
Dh,

ELF = 1/[1 4+ (—2)7] a4

where D(r) is the real gas density; Dhr is the uniform electron gas density. The ELF value is between 0
and 1, ELF = 1 represents complete electron localization in the region, ELF = 1/2 indicates a uniform
electron gas state, and ELF = O refers to complete electron delocalization in the region. The diagrams
of the (001) plane for four interface structures, and the dotted line in the figure is the position at the
interface are shown in Fig. 11. Fig. 11(a) is the ELF image of the LaAlO-NbT interface. It can be seen
that the bonding type between atoms at the interface is mainly covalent bonds. Fig. 11(b) is the ELF
diagram of the LaAIO-CT interface. It is observed that the ELF values between C and O atoms at the
interface are between 0.6 and 0.9, and the ELF values between Al atoms and O and C atoms are
between 0.2 and 0.3, which indicated that the main bonding types at the interface are mainly the
combination of covalent and ionic bonds. Fig. 11(c) is the ELF image of the OT-NbT interface. It is
obvious that the ELF value between Nb atom and O atom ranges from 0.1 to 0.4, and the ELF value
between C atom and O atom ranges from 0.5 to 0.8, which indicated that the bonding type at the
interface is mainly ionic bond with covalent bonds. Fig. 11(d) is the diagram of the OT-CT interface. It
can be seen that the ELF values between C atoms and O atoms are between 0.4 and 0.8, and the ELF
values of O atoms and Nb atoms range from 0.2 to 0.5, which indicate that the main bonding types at
the interface are covalent and ionic bonds.

3.6.3. Partial density of the states (PDOS)

After fully relaxed of the four interface models, the interface charges are redistributed locally. In order
to further study the bonding types and properties of the four interface models, the partial density of
the states (PDOS) was calculated, as shown in Fig. 12. The position of the dashed line in the figure is
Fermi level. The DOS of the first layer atoms and the inner atoms on both sides of the interface were
analyzed, and the bonding properties at the interface were further studied. Fig. 12(a) is the PDOS map
of the LaAIO-NbT interface. From - 18 eV to - 15 eV, the waveforms of O atoms and Nb atoms are



basically the same, while the center of gravity is different. Between - 12 eV and - 2eV, the orbital
waveforms of O atoms and C atoms are basically the same, which can be seen that the LaAlO-NbT
interface has common types of valence and metal bonds. Fig. 12(b) is the PDOS diagram of the LaAlO-
CT interface. Between — 18 eV and — 15 eV, the peak shape of O atom and C atom is similar. From -
7eV to - 2eV, the waveforms of La, Al, C, Nb atoms are close, and it can be seen that there are ionic
bonds and covalent bonds. Fig. 12(c) is the PDOS image of the OT-NbT interface. In the range from -
15 eV to - 10 eV, the peaks of O atoms and C atoms are basically the same, and the peaks are close to
each other, which proves the formation of covalent bonds. Fig. 12(d) is the PDOS image of the OT-CT
interface. From - 13 eV to - 11 eV, the peak shapes and peaks of C atoms and O atoms are similar.
Between - 11 eV ~ -9eV, the peak shape of O atoms and C atoms and O atoms are consistent, while
the center of gravity is different, and the change is small, which indicates that there are covalent
bonds, ionic bonds and metal bonds at the interface.

Based on Bramfitt’s lattice mismatch degree theory, the minimum mismatch of LaAlO3/NbC is 8.4%,
which is 6-12%. It indicates that LaAlO3 as the substrate phase, plays a moderately heterogeneous
nucleation role for nucleation phase NbC. Therefore, NbC can be refined by LaAlO3. For four interface
types of LaAlO3(110)/NbC(111) such as LaAIONbT interface, LaAlO-CT interface, OT-NbT interface, and
OT-CT interface, the adhesive work is as follows: Wador-ct > Wador-nbt > Wadtaaio-cr = Wadtaaio-nbt, and the
interface energy is as follows: Yiaaio-nbT > Yiaalo-cT > Yor-ct > Yor-nbr. It indicates that the interface energy
of OT-NbT is the smallest, which is 0.60 J/m2 , and its adhesive work is the largest, which is 4.02 J/m2
. Therefore, it reveals that LaAlO3 and NbC are easily combined on OT-NbT interface.

4. Conclusion

e According to the calculation results of the bulk properties of LaAlO3 and NbC, the bond types of
LaAlO3 are the combination of ionic bond and covalent bond. NbC is the mixture of metallic bond and
covalent bond. The bulk modulus of LaAlO3 is 195GPa, the Young’s modulus is 320GPa, the shear
modulus is 131GPa, and the Poisson’s ratio is 0.23. The bulk modulus of NbC is 305GPa, the Young's
modulus is 533GPa, and the shear modulus is 221GPa, Poisson’s ratio is 0.21.

e Based on Bramfitt’s two-dimensional lattice mismatch theory, the minimum mismatch of
LaAlO3/NbC is 8.4%, which indicates that LaAlO3 can be as a moderately heterogeneous nucleus of
NbC carbide.

e Four interface models of LaAlO3(110)/NbC(111) were established, named as LaAlO-NbT interface,
LaAlO-CT interface, OT-NbT interface, and OT-CT interface. The adhesive work of OT-NbT interface is
the largest, which is 0.60 J/m2 . The interface energy of OT-NbT is the smallest, which is 4.02 J/m2 .
Therefore, it indicates that LaAlO3 and NbC are easily combined on OT-NbT interface.

¢ The bonding types of the OT-NbT interface are the combination of metallic, ionic and covalent bonds.
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Fig. 3. Band structure and DOS of NbC. (a) Band structure; (b) DOS.
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Fig. 4. 2D and 3D distributions of elastic constant anisotropy for LaAlO3. (a) Young’s modulus; (b)
Linear coefficient; (c) Shear modulus; (b) Poisson’s ratio.
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Fig. 5. 2D and 3D distributions of elastic constant anisotropy for NbC. (a) Young’s modulus; (b) Linear
coefficient; (c) Shear modulus; (b) Poisson’s ratio.
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Fig. 6. Diagrams of surface models for LaAlO3 and NbC. (a) LaAlO3 (110) surface model of LaAlO-
Terminated; (b) LaAlO3 (110) surface model of O-Terminated; (c) NbC (111) surface model of Nb-
Terminated; (d) NbC (111) surface model of C-Terminated.



Fig. 7. Four interface structures and their top views. (a) LaAlO-NbT interface; (b) LaAlO-CT interface;
(c) OT-NbT interface; (d) OT-CT interface.
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Fig. 8. Relationship diagram of the interfacial distance energy of the four interface models.



Fig. 9. Charge density maps of the interior and (001) plane of the two LaAlO interfacial structures. (a)
Inside LaAlO-NbT interface; (b) (001) surface charge density map; (c) Inside LaAlO-CT interface; (d)
(001) surface charge density map.



Fig. 10. Charge density maps of the interior and (001) plane of the two OT interfacial structures. (a)
Inside OT-NbT interface; (b) (001) surface charge density map; (c) Inside OT-CT interface; (d) (001)
surface charge density map.
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Fig. 11. ELF diagram of the (001) plane of the LaAlO3 (110)/NbC(111) interfacial models. (a) LaAlO-
NbT interface; (b) LaAlO-CT interface; (c) OT-NbT interface; (d) OT-CT interface.
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Fig. 12. PDOS diagram of the LaAlO3 (110)/NbC(111) interfacial models. (a) LaAIO-NbT interface; (b)
LaAIO-CT interface; (c) OT-NbT interface; (d) OTCT interface.



Table 1

Calculated lattice constants of the bulk LaAlO; and NbC compared with other

references and experimental data.

Structures Method a=b=c(d) Volume(A3)

LaAlO; GGA-PBE s work 3.810 55.306
GGA-PBE’ 3.807 55.176
Exp.” 3.829 56.138

NbC GGA-PBE s work 4.400 85.184
GGA-PBE® 4.476 89.675
Exp.” 4.471 89.374

4 Ref. [37].

b Ref. [38].

© Ref. [39].

4 Ref. [40].

Table 2

Calculated elastic modulus of LaAlO5; and NbC.

Bulk modules Young’s Shear modulus Poisson’s ratio
(K) modulus(E) (@) (u)
LaAlOg 195GPa 320GPa 131GPa 0.23
NbC 305GPa 533GPa 221GPa 0.21
Table 3
Calculated elastic anisotropy of LaAlOg,
LaAlO; Bulk modules(GPa) Linear coefficient (TPa ') Shear modulus(GPa) Poisson’s ratio
Emin Emax pmin fmax Gmin Gmax pmin pmax
Values 261.22 365.01 1.71 1.71 102.31 153.57 0.08 0.35
Anisotropy 1.40 1.00 1.50 4.34
Table 4
Calculated elastic anisotropy of NbC.
NbC Bulk modules(GPa) Linear coefficient (TPa 1) Shear modulus(GPa) Poisson’s ratio
Emin Emax pmin pmax Gmin Gmax pmin pmax
Values 449.11 678.96 1.09 1.09 179.00 300.26 0.09 0.37
Anisotropy 1.51 1.00 1.68 3.96
Table 5
Calculated two-dimensional lattice mismatch of LaAlO3/NbC low exponential plane.
Matching face LaAlO3 (110)//NbC(111) LaAlO5(110)//NbC(110) LaAlO5 (001)//NbC (100)
[uvw] Laz05 [001] [1T0] [111] [200] [020] [110] [200] [020] [110]
[uvw]NbC [170] 117] [10T] [002] [1T0] [1T2] [01T] [011] [010]
") 0 0 2.421 0 0 0 0 0 0
d LayO5 (A] 3.811 5.389 6.6 7.621 5.389 9.334 7.621 7.621 5.389
dNbC(A) 3.186 5.519 6.373 9.013 6.373 11.038 6.373 6.373 4.506
8(%) 8.4 154 18.5




Table 6
Surface energy of LaAlO3 (110) Surface Models for LaAlO-Terminated and O-

Terminated.

Layer(N) 3 5 7 9 11 13

UMMD_Terminared(J/mz) 6.01 6.16 6.13 6.14 6.14 6.14

Uo_Tem,imred(J/mz] 2.01 212 2.12 2.13 2.14 2.14
Table 7

Surface energy of NbC (111) Surface Models for Nb-Terminated and C-
Terminated.

Layer(N) 3 5 7 9 11 13
UNh-Termimted(J/mz) 3.18 2.74 2.50 2.51 2.55 2.54
e Terminated(d/m2) 3.63 3.33 3.23 3.23 3.22 3.22
Table 8
Adhesive work of LaAlO3 (110)/NbC (111) Interface Model.
Interface LaAlO-NbT LaAlO-CT OT-NbT OT-CT
Wad (J/m?) -0.18 0.22 0.60 0.60
Table 9
Interface energy of LaAlO3; (110)/NbC (111) Interface Model.
Interface LaAlO-NbT LaAlO-CT OT-NbT OT-CT

¥ (J/m?) 8.82 9.15 4.02 4.75




