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Abstract

The density functional calculations have been performed to study the Nb(001) and
«-NbsSi3(001) surfaces as well as the interface properties of Nb(001)/«-NbsSi3(001). The
surface energy of the Nb(001) surface is about 2.25 J m~2. The calculated cleavage energies of
bulk NbsSis are 5.103 J m—2 and 5.787 J m~2 along (001) planes with the breaking of Nb—Si
and Nb-NbSi bonds, respectively. For the Nb(001)/«-NbsSi3(001) models, the Nb atoms in the
interface region initially belonging to body centered cubic metal Nb are twisted to the position
of the Nb atom layer in NbsSis and the interlayer distance is similar to that of bulk NbsSis after
being fully relaxed. The ideal work of adhesion of the Nb(001)/NbsSi3(001) interface is
calculated and compared to those of bulk Nb and NbsSis. The results show that the bulk NbsSi;
has the largest work of adhesion, the bcc Nb ranks second and the interface ranks last.
Moreover, the Nb—Si bond is weaker than Nb-NbSi and Nb—-Nb bonds in the interface, which
means that the Nb—Si bond in the interface is the most possible site for the micro-crack
generation when the stress is applied quasi-statically along the [001] direction. The densities of
states, Mulliken population and overlap population of the Nb(001)/c-NbsSi3(001) interface are

also analyzed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The refractory metal silicide-based alloys have been exten-
sively studied as the candidate materials for the next generation
of high temperature applications. Due to their high melting
points and relatively low densities, they are expected to
overcome the operating temperature barrier associated with the
nickel-based superalloys. However, NbsSis exhibits a limited
capability of plastic deformation and poor ductility at ambient
temperature. In order to overcome this frailty, the ductile metal
Nb phase has been introduced to form the Nbgs/NbsSis in
situ composites (Nbgs: Nb solid solution), which have been
studied [1-7] extensively. In these studies, the main purpose
is to balance the ambient temperature toughness and high
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temperature strength as well as oxidation resistance. The
concept of brittle materials toughened by introducing a ductile
phase was originally proposed by Krstic [8] and widely used
to improve the fracture toughness of brittle materials [9-12].
The structure configuration and chemical bonding states of
the interface between the reinforcement component and brittle
material play an important role in the mechanical properties of
the composites. The adhesion and debonding of the interface
affect the toughness of materials greatly. The influence of
ceramic—metal interface adhesion on crack growth resistance
of ZrO,—Nb ceramic matrix composites was investigated by
first-principles calculation and high resolution transmission
electron microscopy (HRTEM) [12]. In the study, the
correlation between the work of adhesion of the interface and
the mechanical properties was achieved. The toughness effects

© 2010 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Bulk &-NbsSi3; (b)—(e) @-NbsSi;(001) surface models. (b) NbSi(Nb) terminated denoted by S1; (c) Nb(Si) terminated denoted
by S2; (d) Si(Nb) terminated denoted by S3; (e) Nb(NbSi) terminated denoted by S4.

were attributed mainly to crack bridging and crack deflection.
This toughening mechanism is used for NbsSi3 by introducing
the ductile Nb phase to form Nbgs/NbsSi3 in situ composites;
in these composites the Nbgg provides the toughness at ambient
temperature and the intermetallic NbsSis supplies strength at
high temperature [1-7]. The plastic deformation of Nbgg and
interface decohesion is responsible for high fracture toughness
in this system [2, 7]. There are many investigations about the
internal interface structure by HRTEM [12-15]. However, few
experimental quantitative studies about interface adhesion have
been carried out because of its difficulties. There are many
theoretical calculations about the interface work of adhesion
by the ab initio method [12, 16-21], which is used to discuss
the mechanical properties of materials.

It is known the interfaces between metals and intermetallic
compounds play a very important role in the room temperature
toughness and the high temperature strength as well as
the high temperature oxidation resistance. In order to
improve the low temperature ductility and understand its
mechanism, researchers have obtained the crystallographic
orientation relationship between Nbggs and NbsSi; by electron
backscatter diffraction analysis [22, 23]. However, the detailed
interface structure of Nb/a-NbsSis is hard to detect directly
in the experiments. Fortunately, we can use first-principles
calculations to determinate the structure and strength of the
interface at the atomic scale. As the first step, we chose the
Nb[100](001)/c-NbsSiz[100](001) as our objective due to its
perfect interfacial lattice matching in theory. The geometry
and cohesion strength as well as the electronic structure of
the Nb(001)/NbsSi3(001) interface are investigated by density
functional theory (DFT).

2. Calculation method and models

The DFT calculations presented in this paper are carried out
with the Vienna ab initio simulation package (VASP) [24-26],
employing projector augmented wave (PAW) pseudopoten-
tials [27, 28] and the PWO9l [29] generalized gradient

approximation (GGA) exchange correlation functional. We
tested kinetic-energy cutoff and k-point sampling convergence
for all supercells and verified the accuracy of the computational
methods by calculating the bulk properties of Nb and
a-NbsSiz. As a result of the convergence tests, we use the
kinetic-energy cutoff of 400 eV. For the bulk calculations,
models have been fully relaxed until the force of every atom
is less than 0.01eV A~'. The calculated lattice constants of
the body centered cubic (bcc) Nb is a 3.323 A, which
agrees well with the experimental value @ = 3.30 A [30]. The
calculated bulk modulus By and cohesive energy of bcc Nb are
174.3 GPa and 7.09 eV /atom, which are consistent with the
experimental values [30] (experimental values: 170.2 GPa and
7.57 eV /atom). The calculated lattice constants of «-NbsSi;
are a 6.621 A, ¢ 11.959 A and c/a 1.806,
which agree well with experimental values [31] and previous
DFT results [32]. The calculated bulk modulus B, and
cohesive energy of «-NbsSi3 are 193 GPa and 6.837 eV /atom,
respectively, but experimental values are not available.

As shown in figure 1(a), the unit cell of «-NbsSis
is stacked with atomic layers in the following order:
MLLLMLLL (M and L denote the more close-packed and
less close-packed layers, respectively) [32-34] along the ¢
direction. It can be determined that there are two groups of
niobium atoms (Nb1 and Nb2) and two groups of silicon atoms
(Sil and Si2) in the «-NbsSi3 unit cell from their geometric
position. We use Nbl (Nb2) and Sil (Si2) to denote the
niobium and silicon atoms on the more (less) close-packed
layers in the «-NbsSi3 unit cell.

The Nb(001) surface was modeled by a slab of 4-11
atomic layers separated by a vacuum region of 15 A. The
Nb(001) surface calculations were done in 2 x 2 surface unit
cells with 5 x 5 x 1 Monkhorst—Pack k-points in the Brillouin
zone. All the «-NbsSi3(001) surfaces were modeled by a slab
of 9 or 11 atomic layers separated by a vacuum region of 15 A.
The surface calculations were done in 1 x 1 surface unit cells
with 5 x 5 x 1 Monkhorst—Pack k-points in the Brillouin zone.
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Figure 2. The four interface models of the Nb(001)/NbsSi;(001), which are denoted by Intl, Int2, Int3 and Int4, respectively. The red (dark)
and yellow (light) balls represent the Nb and Si atoms, respectively. The above eight-layer is «-NbsSiz(001), the below seven-layer is
Nb(001). A, B, C and D planes were assumed as the cleavage plane to calculate the interface work of adhesion.

The «-NbsSisz bulk has a D8; symmetry with a complicated
stacking sequence. So the «-NbsSi3(001) surface has four
different terminal surfaces as shown in figures 1(b)—(e), where
the four terminal surfaces: Nb and Si mixture NbSi(Nb), pure
Nb(Si), pure Si(Nb) and pure Nb(NbSi) are denoted by S1,
S2, S3 and S4, respectively. The letters in parentheses are the
atoms in the second layer.

For Nb/NbsSij interfaces, there are a number of ways for
two surfaces to form an interface. According to the electron
backscattering diffraction observation [22, 23], there are 11
kinds of crystallographic orientation relationships between Nb
and «-NbsSi;. We chose the Nb[100](001)/NbsSi3[100](001)
interface as our objective, which possesses a good matching.
Our interface simulations use the bulk Ilattice constants,
2a[100]xp = 6.646 A and a[100],_npssiz = 6.621 A. Based
on these bulk lattice constants, the lattice misfit of the interface
is 0.36%. We use the coherent interface in our calculations due
to this small misfit.

Based on atomic structure of the Nb(001)/NbsSi3(001)
interface, there are four distinct interfacial stacking sequences
to be considered. The four Nb(001)/NbsSi3(001) interfaces
are constructed by an eight-layer slab of «-NbsSi3(001),
a seven-layer slab of Nb(001) and a 15 A vacuum layer.
According to the terminations of the NbsSiz(001) surface,
four possible atomic stacking sequences are considered at the
interface region in the interface systems: the NbSi(Nb), Nb(Si),
Si(Nb) and Nb(NbSi) terminated surfaces are combined rigidly
with an Nb(001) layer, which are denoted by Intl, Int2,
Int3 and Int4, respectively. In order to accelerate the

convergence speed, at the first step of relaxation the two parts
NbsSi3(001) and Nb(001) are moved rigidly. The separation
between NbsSi3(001) and Nb(001) is determined by the energy
minimization. The rigidly adjusted interface structures are
shown in figures 2 (a)-(d). To discuss clearly, some of the
atomic layers are labeled with numbers. At the second step of
relaxation, only the atomic coordinates were allowed to relax

until the force on each of the atoms was less than 0.01 eV Afl.

3. Surface properties

3.1. The Nb(001) surface

To determine the minimum thickness necessary for an Nb(001)
surface, we have calculated the surface energy for slabs
thickness from 4 up to 11 atomic layers. We find that the
surface energy is converged to a dashed line in figure 3.
The surface energy is converged to about 2.25 J m~2 for the
thickness of Nb(001) being equal or larger than 5 atomic
layers. The first interlayer spacing exhibits about 12%
contraction, which is in agreement with theoretical [35, 36]
and experimental results [37]. The calculated surface energy
of Nb(110) is 2.03 J m~2, which agrees well with other DFT
results [35].

3.2. The a-NbsSi3(001) surface

In order to understand the bond strength of NbsSis, the
cleavage energy is calculated by two complementary parts
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Figure 3. Surface energy of the Nb(001) (2 x 2) surface with
different thickness (atomic layer).

Table 1. The cleavage energy and the bulk interlayer distance in
o -Nb5 Slg

Layer—layer Cleavage energy (J m~2) Interlayer distance (A)

Nb-Si
Nb-NbSi

5.103
5.787

1.216
1.774

of the surfaces. The cleavage energy is defined as the
energy to split the bulk into two complementary parts of the
surfaces [38—40]:

1
X4y X Y bulk
Ecl+ = 2_S(J(Eslab + Eslab - nENlllJSSiz)' ()

represents the cleavage energy. Sy is the surface area
of slab X or slab Y. The surface area of slab X is equal to
that of slab Y. EX, and EY, are the total energy of the two
complementary surfaces which have been relaxed with fixed
surface area. EIZ‘{}S"Siz is the total energy of bulk NbsSi3 of a
unit cell and n is the total number of bulk units in the two
slabs. In figure 1, S1 and S2, as well as S3 and S4, are two
complementary surfaces, respectively. The cleavage energy
and the interlayer distance between (001) planes in the bulk
«-NbsSis are listed in table 1.

From table 1, it can be seen that the cleavage energy
between the Nb and Si plane is smaller (5.103 J m~2) than that
between the Nb and NbSi planes (5.787 J m~2), though the
interlayer distance between the Nb and Si planes (1.216 A) is
smaller than that between the Nb and NbSi planes (1.774 A).
It means that the interaction between the Nb and NbSi planes
is stronger than that between Nb and Si planes. Therefore, it
can be predicted that, when the tensile stress is applied quasi-
statically along the [001] direction, the cleavage would be
located in the Nb—Si bond in «-NbsSis.

We have investigated the surface energies of the clean
NbsSi3(001) surface with different surface terminations as the
functions of chemical potential of Si by DFT calculation [41].
It was found that the surface energy of the NbsSi3(001) surface
with an Si surface termination is the lowest over the entire
range of chemical potential of Si, which indicates that the most
stable clean surface is an Si-terminated surface.

Interlayer relaxation can be evaluated by A = (d —
do) x 100/dy. Here d and d are the interlayer distances of

X+Y
Ecl
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Figure 4. The projected density of states (PDOS) of the top two
surface layers of the «-NbsSiz(001) surface with different
terminations compared with that of the corresponding atoms in the
bulk «-NbsSi; (solid red line). The black short dashed lines
correspond to the PDOS of the top two layers surface of the surface
models. (a) S1 with NbSi(Nb) termination; (b) S2 with Nb(Si)
termination; (c) S3 with Si(Nb) termination and (d) S4 with
Nb(NbSi) termination. The Fermi level is shifted to zero.

Table 2. Interlayer relaxations Ay, Ayz and Ajy of the
a-NbsSi3(001) surface with different surface terminations, given as a
percentage of the bulk spacing.

Models
S1 S2 S3 S4
A 0.8 —174 =203 -75
Ay —3.4 2.6 -0.7 2.1
Asy 0.8 2.7 -0.3 =07

relaxed surface and bulk materials, respectively. The calculated
results are listed in table 2. The surface relaxations with
different terminations are different. Nb(Si) and Si(Nb) surface
relaxations are very large, which contract about 17% and 20%,
respectively. However, the NbSi mixture surface layer has only
a little expansion (less than 1%) and the surface relaxation of
the Nb(NDbSi) surface is just contracted by about 7.5%, which
is much smaller than that of the Nb(Si) or Si(Nb) surface.
Figure 4 shows the projected density of states (PDOS) of
the top two layers of the «-NbsSi;(001) surface with different
terminations compared with that of the corresponding atoms
in the bulk «-NbsSi3. For the S2 and S4 models, both surfaces
are terminated by Nb atoms, the low energy levels at about —11
and —7.0 eV change slightly, while the high energy levels of
Nb atoms at about —5.5-0 eV are shifted to the higher energy
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Table 3. Interlayer distance (in A) in the interface region of the four
fully optimized interface models.

Models
Interlayer distance  Int 1 Int4 Int2 Int3
di_» 1205 1.206 1.788 1.805
dr_3 1.797 1.788 1.204 1.204
d3_y4 1.779 1784 1.181 1.183
dy_s 1.856 1.841 1.824 1.832
ds_g 1.644 1.635 1.648 1.657

level compared with that of bulk @-NbsSi;. While for Sl
(terminated by Nb and Si) and S3 (terminated by Si) models,
it was found that the energy levels of surface and subsurface
atoms are all shifted to the higher energy at an entirely energy
region compared with that of corresponding bulk atoms, which
is the effect of Si atoms at the surface layer. The strong
covalent interaction exists between Si and its neighboring atom
in the bulk NbsSi; [33]. It is because of the unsaturated
chemical bonds and the unbalanced atomic interactions caused
by the decrease of neighboring atoms, that the energy levels of
the surface atoms shift to higher values. It is easy to understand
that dangling bonds exist on the surfaces terminated by the Si
atomic layer or Nb—Si mixing layer, whereas metallic bonds
are formed if the surface is terminated by pure Nb atoms. As
for S2 and S3 surfaces, we attribute their largest interlayer
relaxations to the weak bonds perpendicular to the surfaces.

4. Interface properties

4.1. Atomic structures

As mentioned in section 2, the geometries of the four interface
models are optimized by two steps. At the first step, the atoms
in the two parts o-NbsSis and Nb are moved rigidly, the relative
position of each atom fixed in its own part. As shown in
figures 2(a) and (c), the Nb(4) atomic layer belongs to the Nb
part, while the Nb(4) atomic layer belongs to the «-NbsSis; part
as shown in figures 2(b) and (d). After the second step of the
optimization, i.e. the interface structure is fully optimized, the
Nb(4) atomic layer in figures 2(a) and (c) in the Intl and Int3
models is twisted about 13.9° and similar to the Nb atoms in the
counterpart layer of the «-NbsSis. (The normal twist angle is
18.6° in @-NbsSiz.) So that the Nb(4) layer is almost changed
to be one layer of the o-NbsSis.

Interlayer distances are important for us to discuss the
interface structure. The calculated interlayer distances for
optimized interface models are presented in table 3. It was
found that the interlayer spacing of Int1 and Int4 is very similar.
So Intl and Int4 are the same kind of interface. The interlayer
distances of Int2 and Int3 are very similar, which is another
kind of interface. The interlayer distance between (001) planes
in the bulk Nb is 1.661 A and the interlayer distances in bulk
«-NbsSiz are 1.774 A and 1.216 A, respectively (see table 1).
After being fully optimized, the interlayer distances ds—_5 for
Nb-Nb in the interface region are more than 1.82 A for all
four interface models, which is larger than that in the bulk Nb.
The values of other interlayer distances are almost the same as

Table 4. The work of interface adhesion W,q (in T m~?) of different
interface models.

Models  Cleaving planes ~ W,q (J m™2)
Intl B (Nb/Nb) 4.29
Int4 B (Nb/Nb) 4.36
Int2 D (Nb/Nb) 4.30
Int3 D (Nb/Nb) 4.28
Int2 C (Nb/Si) 3.81
Int3 C (Nb/Si) 3.99
Intl A (Nb/NbSi) 4.47
Int4 A (Nb/NbSi) 4.34

those in the bulk Nb and «-NbsSi3. The Nb(4) layer in the Intl
and Int3 interface models should be discussed again. Before
being fully optimized, the Nb(4) atomic layer belongs to the
metal Nb, and the interlayer distance d4_s is 1.661 A. After
being fully optimized, the interlayer distance d4_s between Nb
layers is enlarged, while the interlayer distance ds_4 is almost
the same as those in the bulk «-NbsSi;. As a result, the Nb(4)
atomic layer in the Intl or Int3 interface model is changed to
be one layer of NbsSi3. This is because Nb is more stable in
the bulk «-NbsSis3 than in the bulk Nb. This situation was also
found in the Al/Al,O5 interface [17].

4.2. The work of interface adhesion

The ideal work of adhesion W,q of an interface is defined
as the energy needed per unit area to reversibly separate an
interface into two free surfaces, which is the key to predict the
mechanical properties of an interface. W,q can be obtained
by [12, 16-21]

Waa = (ESy + ESy — ES)/ A ©)

where E4, and ES, represent the total energy of a relaxed,
isolated slab A and slab B model. Egﬁ denotes the total
energy of a slab A/B system. A; is the interface area.
According to the atomic structure of the interface region,
we can class the interface models into two kinds: one is the
NbSi-Nb interface region such as Intl and Int4 models, the
other kind is the Si—Nb interface region such as Int2 and Int3
models. In order to evaluate the work of interface adhesion,
we assume the interface cleaves at NbSi—-Nb (A) and Nb-
Nb (B) in the interface region for Intl and Int4 models, and
at Si-Nb (C) and Nb-Nb (D) in the interface region for Int2
and Int3 models. The calculated work of interface adhesion
with different cleavage planes for different interface models is
presented in table 4. It can be seen that the values of the work
of interface adhesion cleaving between Nb and Nb layers for all
four models are very similar (from 4.28 to 4.36J m~2), which
is a little smaller than that of bulk Nb (4.50 J m~2) cleaving
along (001) planes. This corresponds to the enlarged interlayer
distances d4_s in the interface region compared with the value
of bulk Nb. As a result, the interaction between Nb atoms
in these two layers is weakened. The values of the works of
interface adhesion cleaving between Nb and Si layers in the
interface region are 3.81J m~2 and 3.99 J m~? for Int2 and Int3
models, respectively, which are much smaller than the cleavage
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energy 5.103 J m~2 of bulk Nb-Si (see table 1). The interlayer
distances in the interface region between Nb and Si are almost
the same: 1.181 A and 1.183 A for Int2 and Int3 models,
respectively. For Nb—NbSi cleavage, the cleavage energy is
5.787 IJm~? (see table 1) in the bulk NbsSi;. However, the
values of the work of interface adhesion cleaving between Nb
and NbSi layers are only 4.47 J m~2 for the Intl model and
4.34 T m~2 for the Int4 model, which is much smaller than
the cleavage energy of bulk NbsSi;. The interlayer distance
between Nb and NbSi in the interface region in the Intl model
is 1.779 A, which is similar to that of the Int3 model as well
as bulk NbsSis (1.774 A). The work of interface adhesion in
all the interface models is weaker than that of bulk NbsSi3 and
bulk Nb along the (001) plane. The bonding between Nb and Si
layers in the interface region is the weakest. The Nb—Si bond
in the interface region is the most probable site for micro-crack
generation when the stress is applied quasi-statically.

4.3. Density of states

As discussed above, the interfaces can be classified into two
kinds. In the following, Intl and Int3 interface models are
chosen as typical models to discuss the electronic structure of
the two kinds of interfaces. Figure 5 presents the density of
states (DOS) of atoms in the interface region of the Intl model
compared with that of the corresponding atoms in bulk NbsSi;
and the central atom Nb(7) in metal Nb. It can be seen that
the DOS of Nb(7) in the center of the metal Nb is different
from that of the Nb atom in the bulk NbsSi3z. The electronic
states of Nb(7) are distributed in the energy range from —4.8
to 0 eV, whereas the energy states of Nbl and Nb2 in the bulk
NbsSij are distributed from —11 to —9.5 eV and from —8.5 to
—7.3 eV as well as from —5.8 to 0 eV. In the interface region,
there is a set of new low energy states on the metal Nb(4) atoms
in the —10.5 to —9.5 eV range and —8.0 to —7.0 eV range due
to overlap with the states of Si(3) and Nb(3) atoms. The DOS
of the Nb(4) atom shows more like that of the Nb2 atom in
bulk a-NbsSisz, which is consistent with the result of the atomic
structure analysis. For the atoms Nb(3) and Si(3), the DOSs are
very similar to that of corresponding atoms in bulk NbsSis, but
the energy levels are shifted upward slightly.

Figure 6 shows the DOS of another kind of interface model
Int3. At the interface layer, there are some overlaps between
the hybridized states on Nb(4) in the —8.7 to —7.8 eV and
—5.2 to —1.0 eV ranges with the electron states of Si(3),
suggesting a covalent bonding. The low energy states on the
interfacial Nb layer involve Nb(4) and Nb(5) atoms. It can also
be found that there are more electronic states in the —1.2-0 eV
range for the Nb(4) atom relative to the DOS for the Nb2 atom
in bulk NbsSis.

Comparing figure 5 with figure 6, it can be found that the
main difference between Intl and Int3 models is that there are
more overlap states between Si(3) or Nb(3) and Nb(4) atoms in
the Int1 model than between Si(3) and Nb(4) in the Int3 model.
For the Intl model, the overlapping states between Si(3) or
Nb(3) and Nb(4) atoms appear at about from —10.5to —9.5¢eV,
from —8.0 to —7.0 eV and from —5.5 to 0 eV energy ranges.
However, for the Int3 model, the interaction between Si(3) and

1 Nb(4), Nb2

I'Nb@), Nb(?)"A
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Figure 5. Density of states of selected atoms for the Intl model.
Black short dashed lines correspond to the DOS of the selected atoms
for the Intl model and red solid lines correspond to the DOS of the
corresponding atoms in bulk NbsSi; (Nb1, Nb2, Sil and Si2) or the
central Nb(7) atom in metal Nb. Fermi energy is shifted to zero.
Si(1), Nb(2), Si(3), Nb(3), Nb(4), Nb(5), Nb(6) and Nb(7)
correspond to the atoms in different layers labeled in figure 2(a).

Nb(4) exists at energy ranges from —8.7 to —7.8 eV, and from
—5.2to —1.0 eV. This means that the interaction between Si(3)
or Nb(3) and Nb(4) for the Intl model is stronger than that
between Si(3) and Nb(4) for the Int3 model, which is consistent
with the previous results of the interface work of adhesion.

4.4. Mulliken charge and overlap analysis

In order to analyze the charge transfer and the relative strength
of a given bond, we calculated the Mulliken charge [42] and
overlap population [43, 44] using the CASTEP [45] electronic
structure code. It is widely accepted that a large value of the
overlap population indicates a covalent bond [43, 44]. The
larger the overlap population is, the stronger the covalence
bond is. The Mulliken charge and overlap population of the
Intl and Int3 models are calculated. For comparison, we also
performed calculations on the bulk Nb and bulk NbsSis;. The
calculated results are listed in table 5.

For the Intl model, 0.14¢ are transferred from the metal
Nb slab to the NbsSis. By summing the charges layer by layer,
it is found that lost charges are mainly from Nb(5) atoms, while
Nb(4) and Si(3) atoms gain the charges. For the central layer
of metal Nb, Nb(6) and Nb(7) atoms exhibit smaller charges
—0.0le and +0.01e, respectively. It can be found that the
overlap population of Si(3)-Nb(4) is almost the same as that
in bulk NbsSi;. However, the overlap population of the Nb(4)—
Nb(5) bond is only 0.07 (the overlap population is 0.26 for bec
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Figure 6. Density of states of selected atoms for the Int3 model.
Black short dashed lines correspond to the DOS of the selected atoms
for the Int3 model and red solid lines correspond to the DOS of
corresponding atoms in bulk NbsSi; (Nb1, Nb2, Sil and Si2) or the
central Nb(7) atom in Nb. Si(1), Nb(1), Nb(2), Si(3), Nb(4), Nb(5),
Nb(6) and Nb(7) atoms correspond to the atoms in different layers
labeled in figure 2(c). The Fermi energy is shifted to zero.

Nb), which indicates that the covalent or metallic component
is decreased for the bond.

For the Int3 model, there is 0.06e net change transferred
from the metal Nb slab to the NbsSi; slab. The charges lost
by the metal Nb slab come mainly from the interfacial Nb(4)
layer. The Nb(4) layer is mainly responsible for the charge
transfer with a loss of 0.07¢; the Nb(5) atom gains 0.04e. For
the central layer of metal Nb, Nb(6) and Nb(7) atoms exhibit
a smaller charge of —0.02¢ and +0.02¢, respectively. The
overlap population analysis of the Int3 model further confirms
that the interfacial Si(3)-Nb(4) bond is very similar to that of
the bulk NbsSi3. The overlap population of the Nb(4)-Nb(5)
bond is 0.34, which is larger than that of bulk bcc Nb (the
overlap population is 0.26 for bcc Nb). This indicates that
there is some degree of covalent component in the Nb(4)—
Nb(5) bond. Comparing the results of Intl with that of Int3,
it is found that the electrostatic interaction of the Intl model
is stronger than that of Int3. Though the overlap population
of Si(3)-Nb(4) in Int1 is almost the same as in Int3, electronic
overlapping states in Intl lie in the lower energy level than that
in Int3. (This can be seen in figures 5 and figure 6.) This
indicates that the covalent interaction of the Si(3)-Nb(4) bond
in Int1 is stronger than that of Si(3)-Nb(4) in the Int3 model.

5. Conclusion

In summary, we have presented a density functional theory
study of Nb(001) and «-NbsSi3(001) surface properties as

Table 5. Mulliken charges and overlap population for the optimized
interface Intl and Int3 models compared with the bulk metal Nb and
bulk @-NbsSi;. Mulliken charge is the difference in valence electron
number of the atom in the given model and the free atom. Positive
charge means the atom loses electrons; negative charge means the
atom gains electrons. Nb1, Sil, Nb2 and Si2 atoms of bulk «-NbsSis
correspond to the atoms labeled in figure 1(a).

Intl Int3  Bulk -NbsSi;  Bulk Nb
Atom Mulliken charges
Nb(1) — —0.02 Nbl: —0.03
Si(1) —-0.08 —0.08 Sil: —0.06
Nb(2) +0.08 40.09 Nb2: +0.05
Si(3) —-0.10 —0.10  Si2: —0.07
Nb(4) —-0.03  +0.07
Nb(5) +0.05 —0.04
Nb(6) -0.01 —-0.02
Nb(7) +0.01  40.02
Bond Overlap population
Nb(2)-Si(3) 0.30 0.24  Nbl-Si2: 0.30
Si(3)-Nb(4) 0.28 0.27  Nb2-Si2: 0.27
Nb(4)-Nb(5) 0.07 0.34 Nbl-Sil: 0.22  Nb-Nb: 0.26

well as the interface properties of Nb(001)/c-NbsSi3(001) by
the Vienna ab initio simulation package (VASP). The surface
energy of Nb(001) is about 2.25 J m~2 and the first interlayer
spacing exhibits about 12% contraction, which is in agreement
with the experimental result. To investigate the bond strength
of bulk NbsSis, the four surface models are constructed. Based
on the surface calculation, the calculated cleavage energies of
bulk NbsSiz are 5.103 and 5.787J m~2 for Nb—Si and Nb—-NbSi
bonds along the (001) plane. The four Nb(001)/a-NbsSi3(001)
interface models were investigated. Moreover, for the Si-
terminated and NbSi-terminated interface models, the Nb
atoms in the interface region initially belonging to metal Nb
are twisted 13.9° and the interlayer distance is similar to that
of bulk NbsSis. Therefore, the interfacial Nb atoms become
the part of NbsSi3. These Nb atoms present the new electronic
states at lower energy level, which appears in the bulk NbsSi;
and does not appear in bulk bcc metal Nb. The ideal work of
adhesion of the Nb(001)/a-NbsSi3(001) interface is calculated
and compared with that of bulk Nb and bulk NbsSis. It is
found that the interfacial Nb—Si bond has the smallest ideal
work of adhesion, the bulk NbsSis has the largest ideal work
of adhesion and bcc Nb ranks the second. The electronic
properties including density of states, Mulliken charge and
overlap population are also discussed. From the analysis
of electronic structure, it can be found that the electrostatic
interaction of NbSi-terminated interface is stronger than that
of Si-terminated interface; in the interface region, the covalent
interaction between Si and Nb for NbSi-terminated interface
model is stronger than that between Si and Nb for the Si-
terminated interface model.
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