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First principles analysis on the nucleation interface of La203(110)/ NbC(110)
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ABSTRACT: Niobium carbide (NbC), as a reinforcement phase, has been applied in the alloy to
enhance its service life. It is important to refine the NbC in the alloy. In this paper, the
nucleation interface of La>03(110)/NbC(110) was analyzed and the mechanism of NbC refined
by La>Os3 was investigated by first principles. Firstly, the mismatch degree of LaxO3/NbC
interface was calculated. According to the surface convergence, the interface models of
LaO3/NbC were established. Then, the combined work and energy of the La>O3/NbC
interfaces were calculated. Finally, the interface bonding properties were analyzed by the
charge density, differential charge density and projected density of states. The results show that
the mismatch degree of La>03(110)/NbC(110) interface is smallest, which is 7.1%. La203(110)
and NbC(110) lattice planes were selected to establish four kinds of interface models, which
are named as O-Hollow, O-Interface, OLa-Hollow and OLa-Interface in turn. The adhesive
work of O-Hollow interface is the largest, which is 0.995J/m?. And its interface energy is the
smallest, which is 3.055]/ m?>. Meanwhile, the bonding types of O-Hollow interface are mainly
a combination of La-C and Nb-O bonds. In summary, La;O3 can be as a moderate effective
heterogeneous nucleus of NbC, then NbC be refined by La;0O3

1. Introduction

Because of its high melting point and high hardness, Niobium carbide (NbC) has been applied
in the alloy to enhance the service life of the engineering workpiece [1-3]. During the
solidification process of the alloy, NbC can be precipitated from the liquid metal firstly, as a
reinforcement phase, to reinforce the comprehensive mechanical properties of the alloy [4-7].
Zhang et al. [8] found that, the ceramic phase NbC is preferentially precipitated in
hypereutectic high chromium cast iron (HHCCI) with the purpose of refining the primary
M7C3 carbide. Lu et at. [9] prepared Nb-reinforced Co50 composite coating by plasma
cladding experiment. The results show that NbC can be preferentially precipitated at the grain
boundary, leading to the refinement of grain and microstructure. Zeng et al. [10] added an
appropriate amount of Nb in high-strength low-alloy steel (HSLA), and the results showed that
NbC inhibits the growth of austenite grains. From about reports, it can be found that the
reinforcement effect in the alloy is related with NbC dimension closely. As it has a smaller size
when it solidifies from the liquid phase, and the reinforcement effect of NbC on the alloy is
remarkable. Therefore, it is important to refine the NbC when it is precipitated from the
solidification process of the alloy. Because of the unique atomic structure and properties, rare
earth (RE) elements have been applied in purification, modification and refinement of the
alloys [11-13]. During solidification of the alloy, RE element can react not only with the
oxygen and impurity element in liquid, to form the RE oxides or RE compounds to purify the
alloys and modify the inclusions [14,15], and it can also be as heterogeneous nucleus of the
solidified structure and refine it, so as to improve the comprehensive performance of the alloys



[16—18]. Zhuang et al. [19] prepared the Ni-based coating on the surface of Ti-6Al-4 V alloy
by laser cladding method. With the addition of element Ce, the phase composition of the
coating includes TiC, TiB2, Ti2N, a-Ti and Ce20O3. Among them, Ce>O3 can serve as the TiC
heterogeneous nucleus, which can effectively refine TiC and improve the micro-hardness and
wear resistance of the coating. Hantzsche et al. [20] added appropriate elements Ce, Nd and Y
to magnesium alloy, which can inhibit the growth of grain in the annealing process and achieve
the purpose of refining grain.

Among RE elements, element La as the representative one, has attracted extensive attention in
the research of new materials due to its abundant reserves in nature and outstanding
performance [21,22]. Jiang et al. [23] studied the effect of element La on the microstructure,
tensile properties and fracture behavior of A357 alloy. The results showed that the addition of
La element can refine the primary a-Al phase and eutectic Si grains, and the tensile properties
of the alloy are greatly improved. Zhou et al. [24] proved by experimental that La203 can
refine primary M7C3 carbides in hypereutectic Fe-Cr-C alloy. Jiao et al. [25] found that La;O3
can refine y-Fe in austenitic stainless steel.

It has been reported that due to refinement of NbC, the service life of the alloy can be further
improved by adding RE oxides [26,27]. Shi et al. [28] added Y203 to the hypereutectic Fe-Cr-
C alloy simultaneously, and found that Y,03 can refine NbC. Inspired by the above research
work, we try to add La>O3 and NbC into the hypereutectic Fe-Cr-C- alloy simultaneously, and
found that LaAlOs can effectively refine NbC [29]. However, whether La>O3 can directly refine
NbC in the above alloys has not been reported. Meanwhile, because the sizes of La,O3 and
NbC are small, and their amount are small too, it is difficult to explain the mechanism of NbC
refined with La>O3 by experimental method.

First-principle method based on density functional theory has attracted extensive attention in
interface research [30,31]. Guo et al. [32] studied the tensile and shear deformation of
ZrOo(111)/Ni(111) at the ceramic-metal (C-M) interface by the first-principle method, and
calculated the ideal mechanical strength of the ZrO>(111)/Ni(111) interface. Ling et al. [33]
systematically studied the effects of non-metallic (sulfur) doping, defect engineering and
interface coupling on the electronic structure of g-CsN4 and their synergistic effects through
first-principle method, and confirmed the possibility of doping, defect engineering and
interface coupling in photo-catalysis. Xue et al. [34] studied the binding mechanism of Ti and
Al O3, and the bonding phenomenon at the interface by first principles. Therefore, it is feasible
to investigate the mechanism of NbC refined by La,O3 by first principles.

In this paper, the interfacial relationship between La;O3/NbC and the possibility of La>Os as
NbC heterogeneous nucleus was investigated by first-principle method. Firstly, the lattice
mismatch degree of La;Os/ NbC interface was calculated. Then, the interface models of
La>O3/NbC were established, the corresponding interface adhesive work and interface energy
were calculated, and the interface binding strength and nucleation resistance were determined.
Meanwhile, the charge density, differential charge density and the projected density of states
of the interface were calculated. The bonding types were further analyzed. Finally, the
possibility of La>O3 as heterogeneous nucleus of NbC was discussed, and the mechanism of
NbC refined by La>O3 was proposed.



Calculation details

All the work in this paper adopted the first principles based on density functional theory (DFT)
and was realized through VASP (Vienna Ab-intio Simulation Package) [35-37]. With Perdew
Burke Ernzerh (PBE Approximation) under General Gradient Approximation (GGA),
exchange association effects between electrons were described [38]. The interaction between
ions and electrons in the system was processed by using Projector-Augmented Wave (PAW)
[39—41], and K points in Brillouin region were generated automatically by using Monkhorst-
Pack (M-P) method with y as the center [42]. The pseudopotential information of the required
elements generated by vaspkit [43] is as follows: La, O, Nb sv and C. For structural
optimization, the position of all atoms was relaxed freely, and the energy change value and
force converge to 1 x 10™° eV/atom and 0.01 eV/A, respectively.

The initial structural model used for the calculation is shown in Fig. 1. Fig. 1(a) is the crystal
model of La;03, which belongs to the P321 space group [44,45], and the lattice constants after
full relaxation are a=b= 3.94 A and c= 6.13 A. Fig. 1(b) is the crystal model of NbC, which
belongs to the sodium chloride structure of the FM-3 M space group [46]. The optimized lattice
constant is a=b=c=4.40 A. In the whole process of crystalline models optimization, the selected
plane wave truncation energy Ecut value and K point network in Brillouin region are 500 eV
and 9 x 9 x 9, respectively. In the surface convergence test and the interface relaxation process,
the Ecy value and K point are 500 eV and 9 x 9 x 1, respectively.

3. Results and analysis
3.1. Structural and mechanical properties of La203

The calculated results of band and density of states (DOS) of La>O3 are shown in Fig. 2. Fig.
2(a) is the band diagram of La>Os, and the dotted line is the position of the Fermi level. It can
be seen that the band does not cross the Fermi level, and there is a certain band gap between
the valence band and the conduction band, with a band gap of 3.81 eV. Since the valence band
top and conduction band bottom of La>Os are not directly aligned, it indicates that La>O3 has
the characteristics of indirect band gap semiconductor.

Fig. 2(b) is the total DOS and the projected density of states(PDOS) of each atomic orbital.
La>0Os3 has no PDOS peak at the Fermi level, which indicates that it has no metallic properties.
In the range of — 17 eV to — 10 eV, there is a certain orbital resonance and hybridization between
the s orbital of O atom and the p orbital of La atom, which indicates that the chemical bond has
a certain covalent bonding property. From 3 eV to the Fermi level of PDOS peak, mainly comes
from the O-p orbital contribution. O-p orbital and La-d orbital resonance occurs. The La atom
of peak strength is very weak, which indicates that La outer electrons of the atoms transfer to
the O atom with greater electronegativity. The PDOS peaks of gravity for La-d orbitals is
different from that of O-p orbitals, it indicates that they have strong ionic bonds. Therefore, the
chemical bond in the structure of La,0O3 is a mixture of covalent bond and ionic bond.



The elastic matrix of LaxO3 was calculated by first principles method. The results are as
follows:

200 119 78
119 201 78
78 78 132
CyjlGPa) =
32 32 56
56 32
32 41

According to the calculation results of the elastic matrix of La,O3, the elastic constants and
their elastic anisotropy were calculated using the code, which is named as ELATE [47], as
shown in Tables 1 and 2. The 2D and 3D anisotropy distributions of Young’s modulus, linear
coefficient, shear modulus and Poisson’s ratio of La203 are shown in Fig. 3.

The elastic properties of La203 were further analyzed in combination with Table 2 and Fig. 3.
Fig. 3(a) is the 2D and 3D anisotropy distribution of Young’s modulus of La>Os. It can be seen
that there is no anisotropy in the distribution of Young’s modulus in the x dimension, and the
distribution in the y direction is less than 100 GPa. The maximum value of Young’s modulus
in the z dimension is nearly twice as large as that in the y dimension, and the maximum value
can reach 201.49 GPa and the anisotropy value is 4.37. Fig. 3(b) is the 2D and 3D anisotropy
distribution of linear coefficient. It can be seen that there is no anisotropy in the distribution of
linear coefficient in the x direction, and the distribution is almost the same in the y dimension
and the z dimension. Its minimum value is 1.79TPa— 1 , the maximum value is 5.44TPa"! , and
the anisotropy value is 3.04. Fig. 3(c) is the 2D and 3D anisotropy distribution of shear modulus
of LayOs. It can be seen that the distribution of shear modulus in the three-dimensional of x, y,
and z is very complicated. The minimum value is 15.36 GPa, the maximum value is 81.80 GPa
and the anisotropy value is 5.33. Fig. 3(d) shows the 2D and 3D anisotropy distribution of
Poisson’s ratio of La;0s. It can be seen that the distribution of Poisson’s ratio in the three-
dimensional is more complicated than that of the shear modulus, but the distribution in the x
and y dimensions still has certain regularity. Its minimum value is — 0.16, which is known as
negative Poisson’s ratio effect. And its maximum value can reach 0.97, and the anisotropic
value reaches oo . The calculation results of band, DOS and elastic constant of NbC have been
reported by reference [29].

3.2. Two-dimensional lattice mismatch

According to Bramfitt two-dimensional lattice mismatch theory [48], the combination of
crystal planes with a mismatch degree of less than 12% can form heterogeneous interfaces. The
low index lattice planes of La203/NbC are selected as LaxO3(110)/NbC(110),
La>03(001)/NbC(100) and La>03(100)/NbC(100). The mismatch relationships of above lattice
planes were calculated, and the results are listed in Table 3. It can be seen that, the lattice
mismatch degree of La;O3(110)/NbC(110) is the smallest, which is 7.1%. So the interface of
La>03(110)/NbC(110) is a semi-coherent interface. It is proved that La;Os can be as the
heterogenous nucleus of NbC.

3.3. Establishment of interface models



La>03(110) and NbC(110) lattice planes were selected to establish surface models according
to the results of two-dimensional lattice mismatch degree. To counteract the interatomic
interactions on the surface, a vacuum layer with a thickness of 15 A is added. The types of
Lax03(110) lattice plane includes OLa-Terminated and O-Terminated, and the types of
NbC(110) lattice owns only one type named as NbC-Terminated. Surface models of La,O3 and
NbC are shown in Fig. 4.

3.3.1. Surface energy of La>03(110)

Before the establishment of La>xO3/NbC interface models, it is necessary to test the surface
convergence of the corresponding surface models. Firstly, the surface models of La>O3 need
to be fully relaxed. The chemical potential formula of surface models for La>Os is as follows:

Hio, = 2Hp, + 3 (1)

where ppix La2Os3 is the system energy after structural relaxation of LaxOs; y;, is the
chemical potential of the La atom; u, is the chemical potential of the O atom, which is —
4.905 eV.

The formula for calculating the surface energy of La>Os3 is as follows:

Lo
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where 61.4203(110) is surface energy of the La>,03(110) surface models; Esap is energy of the
surface models with a certain number of atomic layers; A is area of surface models; Nira, No
are numbers of La and O atoms in surface models of La,03(110). Combining with Egs. (1)
and (2), the final surface energy formula of La>O3(110) is as follow:

1 L 3
O as05(1T0) = 5| Evts Niapiano, 4 (Emﬂ N,;)#”] (3)

Surface convergence test is one of the most common methods to judge that the atomic layer
numbers in the surface models have reached to bulk properties. La,03(110) surface energy of
OLa-Terminated and O-Terminated with different termination of layer surface models were
calculated by Eq. (3), and their results are listed in Table 4. It can be seen that surface energy
of OLa-Terminated surface models converge to 2.07J/m? , when the atomic layers reach to 13
layers. For O-Terminated surface models of La>O3(110), its surface energy converges to 1.08
J/ m?, when the atomic layers reach to 10 layers.

3.3.2. Surface energy of NbC(110)

The NbC(110) surface is non-polar. According to Botteger equation [49], the formula of
surface energy is as follows:

1 E N

Tmcin] = H': sty — WAE) (4)

AE = (E, — ENz) /2 (5)



where onbcpi 1oj is surface energy of NpC(110) surface models; EN .., EN- 2 are the energy of

the Nu-layer and (N-2)m-layer, respectively; N is the number of atomic layers of the surface
models. Surface energy of NbC-Terminated for NbC(110) was calculated by Egs. (4) and (5),
and the results are listed in Table 5.

According to results of surface convergence test, the 13th-layer of OLa-Terminated surface
models, the 10th-layer of O-Terminated for La,03(110)surface models and the 11th-layer of
NbC-Terminated surface models for NbC(110) are prepared for subsequent calculations.

3.4. Analysis of interfacial bonding strength and bonding type

Four interface models of O-Hollow, O-Interface, OLa-Hollow and OLa-Interface were
established based on above results. Among them, the atoms of the NbC(110) surface models
of the Hollow-type interface are located at the bridge position in the interface, and the atoms
of the NbC(110) surface models of the Interface-type interface are located at the top position
in the interface. The top view of the established interface models and its (001) lattice planes
are shown in Fig. 5. Relaxation and energy calculations are performed for four interface models
with interfacial distances of 1.0-3.0 A. The transformation relationship between the changes
of energy for the interface and the interfacial distance are shown in Fig. 6. Among them, the
interfacial spacing corresponding to the O-Hollow interface type is 1.6 A, the interfacial
spacing corresponding to the O-Interface interface model is 2.0 A, the interface spacing
corresponding to the OLa-Hollow interface model is 2.6 A, and the OLa-Interface interface
model is 2.6 A. The corresponding interfacial spacing is 2.6 A.

3.4.1. Interfacial bonding properties and nucleation resistance

Adhesive work (Waq) is an important parameter to characterize the bonding strength of the
interface. The Wad calculation formula of La>O3(110)/NbC(110)interface models is as follows:

1 . .
War = Ef_ﬁ.rd.:m + Evpe = Epayo,/mec) (6)

where Waq refers to the adhesive work of interface models; A is the area of interface; Era203+

Envc is the relaxation energy of surface models; Eraosmnoc is the relaxation energy of
La;03/NbC interface models.

Among them, the calculation results of Wad for four interface models are listed in Table 6. It
can be seen that Wad of four interface models is as follows: Wado-nolow™Wado-mnterface™> WadoLa-
Interface™> WadoLa-Hollow. When Wad is negative, the adhesive force at the interface does negative
work, and the energy at the interface is higher, which leads to poor bonding ability. Therefore,
the adhesive work of O-Hollow interface model is the largest, which is 0.995 J/m? . It indicates
that the interfacial bonding ability of O-Hollow interface model is the largest.

Interface energy () is the resistance of interfacial nucleation, and the value of interface energy
corresponds to the difficulty of nucleation. The vy calculation formula of
La>03(110)/NbC(110)interface models is as follows:

¥ = Ora.o, + Onse — Waa 7)

where 7y refers to interface energy of La>0O3(110)/NbC(110) interface models; cra203 is
surface energy of La>Oj3 surface models; onwc is surface energy of NbC surface models.



The calculated results of y for four interface models are listed in Table 7. Among them, the y
of four interface models is as follows: Yo-Hollow< YO-Interface< YOLa-Hollow< YOLa-Interface. 1t can be
seen that the y of the O-Hollow interface model is the smallest, which is 3.055 J/m? . Combining
calculated results of Wad and v, the interface models of OHollow have the largest adhesive
work and the smallest interface energy, which indicates that O-Hollow owns better adhesive
ability and relatively lower interfacial nucleation resistance.

3.4.2. Interfacial bonding type analysis

Charge density and differential charge density were used to calculate and analyze the interface
charge density and interatomic bonding mechanism. The differential charge density is
calculated by the following formula [50]:

-”:! = -ﬂ.'r-lr -!I"'LJ:U‘: -”.'fi’l'f' [:8}

where pq is differential charge density of interface models; piot refers to total charge density of
interface models; prLa203 1s charge density of LaxOs in interface models; pnoc is charge density
of NbC in interface models

The electronic structures of the La>O3(110)/NbC(110) interface models are shown in Fig. 7,
where the dotted line indicates the position of the interface. Fig. 7(a) is the charge density
diagram of O-Hollow at the (010) plane. Blue to red represent the increase in charge density. It
can be seen that the La atoms on the La,Os3 side at the interface diffuse to the interface, and
there is a large interaction between La atoms and C atoms. There is a bonding phenomenon.
Fig. 7(a’) is the differential charge density map of O-Hollow at the (010) plane, where positive
values (red) indicate charge accumulation, and negative ones (blue) indicate charge loss. It can
be seen that the charge density of the 1-2layer atoms at the interface are redistributed and
localized characteristics appear. There is a large area of charge accumulation at the interface,
the La atoms below the interface have a significant charge depletion phenomenon around the
side near the interface, and the C atoms located above the interface have a charge accumulation
phenomenon around the side close to the interface. The surrounding charges around La atoms
are transferred to the above interface, which indicates that the La atoms have stronger
electronegativity and La-C bonds are formed between the interfaces.

Fig. 7(b) is the charge density diagram of O-Interface at the (010) plane. It can be seen that C
atoms on the NbC side at the interface diffuse to the interface, and the La atoms below the
interface have obvious charge accumulation phenomenon on the side close to the interface.
There is a large interaction, accompanied by bonding phenomenon. At the 1-2 layers below
the interface, there is a charge accumulation region between La atoms and O atoms, and
electrons from La atoms are transferred to O atoms. Fig. 7(b") is the differential charge density
map of O-Interface at the (010) plane. It can be seen that a charge accumulation area is formed
at the interface, and there is an obvious charge dissipation area around the La atom near the
interface, which indicates that the extra-nuclear electrons around the La atom are transferred
to the interface, and La-C bonds are formed between the interfaces.

Fig. 7(c) is the charge density diagram of OLa-Hollow at the (010) plane. It can be seen that
the first layer of La atoms on the La203 side at the interface diffuses to the interface, which
indicates that the La atoms and the C atoms on the NbC side have strong mutual attraction. It
indicates that there is a strong chemical bond formation. The La atoms and O atoms on the



lower side of the interface are very close to the C atoms above the interface, which indicates
that there are chemical bonds between them. Fig. 7(c") is the differential charge density map
of OLaHollow at the (010) plane. It can be seen that there is a large area of charge accumulation
at the interface, and a large area of charge dissipation occurs around the Nb atoms on both sides
of the interface, which indicates that some extra-nuclear electrons flow into the interface.

Fig. 7(d) is the charge density diagram of OLa-Interface at the (010) plane. It can be seen that
the C atoms on the NbC side at the interface have obvious diffusion phenomenon in the
horizontal direction near the first and second layers of the interface, and the stacking mode of
the interface structure has been changed greatly. Diffusion to the interface, the distance between
La atoms and O atoms is relatively close, and chemical bonds (La-O bonds) are formed between
them. Fig. 7(d") is the differential charge density map of OLa-Interface at the (010) plane. It
can be seen that a charge-rich region appears at the interface, and a charge-deficient region
appears around the Nb and La atoms on both sides of the interface. Therefore, the extra-nuclear
electrons around the Nb atom and the La atom are transferred to the interface, and chemical
bonds are formed between the interfaces.

According to analysis results of the interface electronic structure, the atoms in the 1-3 layers
at the interface shows obvious localization characteristics. Therefore, the PDOS of atoms in
layers 1-3 near the La;O3(110)/NbC(110) interface was analyzed. The calculation results are
shown in Fig. 8, in which, the position of the red dotted line in the figure represents Fermi
level. It can be seen that the PDOS at the interface is not zero at the Fermi level, which indicates
that chemical bonds form at the interface have certain metallic properties. Fig. 8(a) is a PDOS
diagram of O-Hollow. It can be seen that DOS near the Fermi level is mainly contributed by
La-d, O-s, p and C-p orbitals. PDOS peak of each orbital of O atoms in one layer near the
interface is lower than that of O atoms in the second and third layers below the interface. In the
range of — 5 eV to — 2.5 eV, the La-d orbital of the subouter layer below the interface resonates
with the C-p orbital near the interface, and the contribution of PDOS peak of the C-p orbital is
large. From — 17.5 eV to — 12.5 eV, the Nb-p orbital near the interface resonates with the O-s
orbital, which indicates the formation of covalent or ionic bonds near the interface.

Fig. 8(b) is a PDOS diagram of O-Interface. It can be seen that on the La>O3 side, PDOS of
each orbital of O atoms in the layer near the interface is lower than that of the sub-layer and
the third layer. Meanwhile, it is observed that from the range of — 14 eV to — 10 eV, the Nb-p
and O-s orbitals near the interface, and the C-s near the interface and the La-p orbitals of the
sub-external layer below the interface all resonate, which proves that Nb-O bonds and La-C
bonds form. Fig. 8(c) is a PDOS diagram of an OLa-Hollow. It can be seen that PDOS peak at
the interface is mainly from the contribution of C-p atoms and O-s, and the contribution of
PDOS of each atom in the 1-3 layers near the interface is equivalent. And from the range of —
17.5 eV to—12.5 eV, the O-p orbital near the interface is consistent with the Nb-p orbital peak
shape, and the peaks are equivalent. Fig. 8(d) is a PDOS diagram of an OLa-Interface. It can
be seen that PDOS peak at the Fermi level mainly comes from the contribution of the La-d
orbital. From the range of — 17.5 eV to — 12.5 eV, the O-p orbital near the interface is consistent
with the C-p orbital peak shape, and the peaks are equivalent. Combined with the calculation
results of the electronic structure and the partial wave density of states at the interface, it is
found that Nb-O bonds and La-C bonds are formed at the OHollow and O-Interface interfaces.
Combined with the calculation results of the electronic structure and PDOS, it is found that
Nb-O bonds and La-C bonds are formed at the OHollow and O-Interface interfaces.



4. Discussion on refinement mechanism

Based on the calculation results of Bramfitt’s two-dimensional lattice mismatch degree theory,
the lattice mismatch between La>O3 and NbC heterogeneous lattice planes is 7.1%, which is
between 6% and 12%. It proves that they can form a semi-coherent interface. It indicates that
LaxOs as the substrate plays a moderate effective nucleation role relative to the nucleation phase
NbC, which can be refined by La;Os;. Combined with the calculation results of the interface
bonding strength and the interfacial nucleation resistance, the adhesive work of the O-Hollow
interface is the largest, which is 0.995 J/m2 , and the interface energy is the smallest, which is
3.055 J/m? . It indicates that this interface type has the strongest interfacial bonding strength
and the smallest nucleation resistance, so that La,O3 and NbC are more inclined to form an O-
Hollow hetero-interface. According to the calculation results of interfacial charge density and
PDOS, the bond types of O-Hollow hetero-interface is mainly the combination of La-C and
Nb-O bonds.

5. Conclusion

(1) From the band diagram of La,Os3, it can be seen there is a band gap between the valence
band and the conduction band, and its value is 3.81 eV, and La;Os3 has the characteristics of an
indirect band gap semiconductor.

(2) The lattice mismatch degree of La203(110)/NbC(110) interface is 7.1%, which proves that
LaxOs plays a moderate effective role as the heterogeneous nucleus of the substrate phase NbC,
and they can form a semi-coherent interface.

(3) Surface convergence test of the low-index lattice planes for La;O3 and NbC indicates that
13th-layer OLa-Terminated surface models of La>03(110), 10th-layer O-Terminated surface
models of La>03(110), and 11th-layer NbC-Terminated of NbC(110) reach stability. Four kinds
of interface models are established and named as O-Hollow, O-Interface, OLa-Hollow and
OLa-Interface, respectively.

(4) The adhesive work of four interface models is as follows: Wadownolow™>Wado-mnterface™>
WadoLa-Interface™> Wadora-Hollow. The interface energy of four interface models is as follows: yo-
Hollow<" YOlnterface<< YOLa-Hollow< 7YOLa-Interface- Among them, the adhesive work of O-Hollow
interface is the largest (0.995 J/m? ) and its interface energy is the smallest (3.055 J/m?)

(5) The main bonding types of O-Hollow interface is the combination of La-C bonds and Nb-
O bonds.
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Table 1
Elastic constants of LazOa.

Bulk modules Young's modulus  Shear modulus Poisson’s ratio
(K (E) © W
Laz03  115.63 GPa 102.70 GPa 37.98 GPa 0.35
Table 2
Elastic anisotropy of La,0s.
Laz05 Bulk modules (GPa) Linear coefficient (']'Pa'l) Shear modulus (GPa) Poisson’s ratio
Emin Emax fimin fmax Gmin Gmax pmin pmax
Values 46.16 201.49 1.79 5.44 15.36 81.80 -0.16 0.97
Anisotropy 4.37 3.04 5.33 o0
Table 3
Two-dimensional lattice mismatch degree of La,04/NbC interface.
Matching face La,0, (170)//NbC (110) LapOs (001)//NbC (100) Lay0s (100)//NbC (100)
[uvw] Laz0s [00T] [110] [111] [1001 [120] [110] [1101 [110] [100]
[uvw]NbC [110] [001] 111 [01T] [011] [010) [170] [011] [010]
ac) 0 ] 2.88 0 0 15 0 (1] 9.736
d Laz05 (A) 6.204 3.935 7.346 3.935 6.815 3.935 6.204 6.815 9.216
dANBC(A) 6.373 4.506 7.805 6.373 6.373 4.506 6.373 6.373 4.506
%) 7.1 18.0 20.3
Table 4

Surface energy of Lax03(110) surface models with OLa-Terminated and O-
Terminated.

Layer 4 7 10 13 16
Gova Terminared(J/m?) 2.03 2.07 2.07 2.07 2.08
{su.-rem,i_,,ﬁmd(l,-’mz) 1.06 0.63 1.08 1.09 1.09
Table 5
Surface energy of NbC(110) surface models with NbC-Terminated.
Layer 5 7 9 11 13
Onbe. Terminared (/M) 313 317 2.86 2,97 2.88
Table 6
Adhesive work of Las04{110)/NbC(110) interface models.
Interface O-Hollow O-Interface OLa-Hollow OLa-Interface
Woa(J/m?) 0.995 0.949 -0.032 -0.033
Table 7
Interface energy of La;04(110)/NbC(110) interface models.
Interface O-Hollow O-Interface OLa-Hollow OLa-Interface
;{J,-"mz) 3.055 3.101 5.073 5.074




(a)

Fig. 1. Crystal structure model of La203 and NbC, (a) La203; (b) NbC.
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Fig. 3. 2D and 3D distribution of elastic constants of La203, (a) Young’s modulus; (b) linear
coefficient; (c¢) shear modulus; (d) Poisson’s ratio.
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Fig. 4. Schematic diagram of surface models of La203 and NbC, (a) OLa-Termiated surface
models of La203(110) planes; (b) O-Termiated surface models of La203(110) planes; (c)

NbC-Terminated surface models of NbC(110) planes.
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Fig. 5. Four types of interfacial structures and their top views, (a,a’ ) O-Hollow; (b,b" ) O-
Interface; (c,c’ ) OLa-Hollow; (d,d’ ) OLa-Interface.
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Fig. 7. Electronic structures of the La203(110)/NbC(110) interface models, Charge density
map: (a) O-Hollow (b) O-Interface (c) OLa-Hollow (d) OLa-Interface, Differential charge
density map: (a’ ) O-Hollow (b’ ) O-Interface (¢’ ) OLa-Hollow (d’ ) OLa-Interface.
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Fig. 8. PDOS of four interface structure, (a,a’ ) O-Hollow; (b,b’" ) O-Interface; (c,c’ ) OLa-
Hollow; (d,d" ) OLa-Interface.




