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ABSTRACT

Carbon can be metal, semiconductor or insulator depending on its structures, and its conductivity can be
one-dimensional (1D), 2D, and 3D correspondingly. Boron Nitride (BN) is isoelectronic to carbon, but one
prominent difference between the two systems is their electronic properties. For many years, the syn-
thesized and predicted BN allotropes were always insulators, irrespective of their structures. In this
paper, with the help of structures searching based on first-principles calculations, a sp?/sp>-hybridized
metallic monoclinic 3D BN (M-BN) structure is proposed. M-BN can be viewed as puckered hexagonal-BN
(h-BN) layers bucked by partial sp> B—N bonds. The electronic property analysis revealed that the
metallicity of M-BN is attributed to the delocalized 2p electrons of the sp? B and N atoms. The metallic B
atoms and N atoms are aligns in two arrays along a 1D axial direction, resulting in the unusual 1D dual-
threaded conduction in 3D M-BN structure. The enthalpy calculation have revealed that M-BN is the most
energetically favorable structure among the predicted metallic BN structures so far, and it might be
obtained via compressing layered h-BN precursor theoretically. Due to the 3D strong framework, M-BN
has an estimated Vickers Hardness of 33.7 GPa, indicating it is a potential hard material with novel 1D

conduction.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Boron nitride is considered an intriguing compound, and has
thus been studied for many years. There are four basic experi-
mentally BN frameworks, including hexagonal BN (h-BN), rhom-
bohedral BN (r-BN), wurtzite BN (w-BN), and cubic BN (c-BN). Since
h-BN has been successfully synthesized, one of the topics in BN
system is the exploration of novel BN structures. In the early years,
studies were focused on high-pressure phase transitions between
layered sp?-hybridized (h-BN/r-BN) and sp>-hybridized (w-BN/c-
BN) phases [1—6]. In the past two decades, researchers have
attempted to synthesize novel BN polymorphs via chemical
methods and explore their potential applications. Some examples
are the synthesized 1D BN nanotubes (BNNTs) for biomedicine
applications, 2D BN nanosheets and BN nanoribbons for optoelec-
tronics, or 3D porous BN architectures with high thermal
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conductivity [7—10]. In terms of their electronic applications, these
synthesized BN compounds are always considered semi-
conductors/insulators, while reports on BN compounds used as
conductive materials are scarce. However, it has been reported that
BNNRs can be transformed into metallic by an external electric field
[11]. Thus, searching for BN phases with intrinsic metallicity is still
attracting the attention of researchers. Owing to the mechanical
stability of 3D frameworks, 3D metallic BN has been highly antici-
pated and would have exciting applications in electronic devices.
Due to the ability of B and N atoms to form sp-, sp>-, and sp>-
hybridizations, BN compounds can theoretically exhibit a variety of
frameworks. In recent years, with the aid of first-principles calcu-
lations, a series of novel BN structures have been proposed [12—32].
Most of them are wide band gap semiconductors, including some
superhard structures [15,20—23], 3D BN nanotubes and nanoribbon
polymers [16,18], and 3D fully sp>-hybridized structures [23,24].
This situation changed since 2013 when 3D metallic BN structures
were predicted in three studies [29—31]. Unfortunately, one of the
four structures, i.e. T-B3N3, was proven to be mechanically unstable
in a subsequently study [33], and the four structures had also
relatively high ground-state energies. These results prompt us to
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further explore metallic BN allotropes with high thermodynamical
and mechanical stabilities, which may possibly be synthesized in
the future, as was the case of the theoretically predicted BNNTSs in
1994 that were later prepared by experimental scientists in 1995
[34,35]. Moreover, the metallicity in different dimensions (1D, 2D,
and 3D) would potentially result in a wide variety of electronic
properties and applications. Particularly, the unusual 1D or 2D
conduction in 3D frameworks would be worth pursuing, due to its
advantageous combination of both novel electronic properties and
robust mechanical stability.

In this study, a 3D sp?/sp>-hybridized BN allotrope with novel 1D
metallicity is theoretically proposed. This BN form has a monoclinic
structure, and thereby has been denoted as M-BN. M-BN is me-
chanically and dynamically stable at zero pressure. It is the most
energetically stable allotrope among the proposed metallic BN
structures so far, and its energy is comparable to some pure sp> BN
structures previously proposed. Due to the structural similarity, M-
BN may be obtained by compressing layered BN precursor through
partial sp> buckle, like the transition from graphite to diamond.
Furthermore, we also study the origin of unusual 1D metallicity and
excellent mechanical performance for this hybridized BN structure.

2. Computational methods

The BN structural searching was executed through the well-
developed CALYPSO code [36], which is based on ab inito particle-
swarm optimization. It was conducted up to 12 BN formulas per
unit cell. Further structural optimizations, electron orbits and
elastic properties of the pre-screened structures were performed
using the CASTEP code based on density functional theory (DFT)
[37]. The plane wave energy-cutoff is set as 330 eV with ultra-soft
pseudopotential, which was chosen to achieve the accuracy of total
energy convergence of 1-2 meV per atom [38]. The local density
approximation (LDA) functional of Ceperley and Alder parameter-
ized by Perdw and Zunger (CA-PZ) was used for describe the
electron-electron exchange interaction [39,40]. The Monkhorst-
Pack grids for Brillouin zone sampling [41] was generated by
27 x 0.04 A~! k-point separation. Phonon dispersion spectra were
calculated by finite displacement method in the CASTEP code by
using primitive cell, and the unit cell was used to calculate elastic
constants, bulk and shear modulus, and 0.003 was chosen as the
applied maximum strain amplitude during process. The band
structure was calculated by the HSEO06 hybrid functional [42] as
implemented in VASP code [43]. The used convergence plane wave
cutoff energy was 550 eV, and the Monkhorst-Pack k mesh of
13 x 13 x 9 for electronic property calculations.

3. Results and discussion
3.1. Structural configuration

The configuration of the predicted crystal structure is shown in
Fig. 1 with different views. The structure has a monoclinic sym-
metry (Cm space group, No. 8), and thus has been denoted as M-BN
hereafter. The fully relaxed lattice constants of M-BN structure are
a=818A,b=258A,c=6.45A, and § = 133.3° at zero pressure. As
shown in Fig. 1a and b, there are four inequivalent B and four
inequivalent N atoms in per unit cell. The B atoms are colored in
dark yellow, occupies the B1 (-0.495, -0.5, -0.728), B2
(-0.202, —-0.5, —-0.185), B3 (—0.133, 0, 0.53), B4 (—0.836, 0, —0.944),
respectively. The N atoms are colored in blue, occupies the N1
(-0.895, 0, -0215), N2 (-0.686, -0.5, —0.751), N3
(-0.255, —0.5, —0.467), N4 (—0.048, 0, 0.0026), respectively. In
Fig. 1a, one can identify that B1 and N1 atoms are sp’>-hybridized,
the other atoms are sp>-hybridized. Fig. 1¢ shows, the M-BN can be

a

Fig. 1. Configurations of M-BN. The blocks marked with blue and green rectangles
stand for the puckered h-BN layers. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

viewed as puckered h-BN layers interlinked via sp> B—N bonds, the
layered blocks are colored as rectangles in different colors. Due to
the partial sp> bonding, M-BN has a density of 3.32 g/cm?, lower
than that of pure sp® hybridized c-BN (3.46 g/cm?).

3.2. Dynamical stability

The phonon spectra were calculated to study the dynamical
stability of M-BN. We plotted the phonon dispersion curves of M-
BN at 0 GPa and 40 GPa in Fig. 2, the sequence of high-symmetry
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Fig. 2. Phonon dispersion curves of M-BN at (a) 0 GPa and (b) 40 GPa.
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Fig. 3. Relative enthalpy for BN allotropes, including theoretical metallic BN [29—31] and proposed semiconductive BN [12,14—16,20—25,27,28,32]. The inset shows enthalpy of M-
BN as a function of pressure relative to h-BN. M-BN is plotted with unit blocks in different colors, to show the structural features clearly (analogously to those Fig. 1c). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

K-points in Brillouin zone is set as: L(-0.5, 0, 0.5)— M (-0.5, —0.5,
0.5)—A (-0.5,0, 0)—G (0, 0, 0)—Z (0, —0.5, 0.5)—V (0, O, 0.5).
There are no imaginary frequencies in the whole Brillouin zone,
indicating M-BN is dynamic stable at O (Fig. 2a) and 40 GPa
(Fig. 2b).

3.3. Thermodynamic stability

To investigate the thermodynamic stability of M-BN, we calcu-
lated the relative enthalpy at ambient pressure with respect to
other BN allotropes, including c-BN, w-BN and other 48 recently
predicted BN structures, the results are shown in Fig. 3. Most of
these BN structures are semiconductors/insulators, except the
metallic structures predicted in three recent studies. In order to
facilitate the comparison, semiconductive (left panel)
[12,16,18,20—25,32] and metallic BN structures (right panel)
[29—31] were classified as fully sp?, fully sp> and mixed sp?/sp>
hybridizations. All the above hybridization forms can be found
among the semiconductive BN allotropes, such as bct-BN [12], H18-
BN [23],1z1-BN [16] and dz4-BN [16]. However, for the metallic BN
structures, there are no fully sp> hybridized, but fully sp? and mixed
sp?/sp> identified structures predicted so far. The diversity of
semiconductive BN frameworks affords widely ranging enthalpy
values. Fig. 3 shows the energy of M-BN is comparable to that of
certain semiconductive BN structures, such as the fully sp> Pm3n-
BN [32], which is possible to be synthesized experimentally [18,32].
Among the metallic BN structures, M-BN is the most energetically
favorable phase. Therefore, the favorable energy of M-BN is an
advantage toward its potential experimental synthesis. Moreover,
the inset shows the enthalpy of the M-BN allotrope as a function of

pressure compared to that of h-BN. M-BN is more energetically
favored than h-BN at pressures above 31.4 GPa; it can thus be
concluded that a high-pressure phase transition from h-BN to M-
BN may happen at this point.

3.4. Mechanical stability

We calculated the elastic constants to test the mechanical sta-
bility of this structure. The calculated elastic constants of M-BN are
Cq1, C22, C33, Cq4, Css5, Css, C12, C13, Ci5, Co3, and C3s. The corre-
spondingly values (GPa) are 937.8, 383.0, 990.3, 151.6, 388.2, 170.9,

1441, 1279, —34.0, 90.8, and 18.1 respectively. The mechanical
stability criteria of monoclinic structures are as follows [44]:

Ci>0, (i=1-86),

[Ci1 4+ Coa + Gz + 2(Crz + Gi3 + Co3)] > 0,
<C33C55 - Cgs) >0,

(C44C66 - Qz;s) >0,

(G2 + G353 — 2(3) >0,

[sz (C33C55 - C%s) +2C23Cy5C35 — C53Cs5 — C55C33 >0,

2[Cy5Co5(C33C — C13Co3) + C5C35(CC3 — CiaCa3) + Co5C35(Ci1Co3 — Ci2Cy3) | 0
>
5 (CoaCs3 — ) + G5 (C1aCas — 3) + s (CriCoa — ) | + Cosg
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where g = Cy1Cy3Cs3 — C11C35 — CoaC3y — C33C2, + 2C15Cr3Cas.
Obviously, the elastic constants are satisfying the criteria, so M-BN
structure is mechanically stable.

3.5. Electronic property

The screened hybrid functional HSEO6 [42] is more accurate
than LDA functional, in describing the exchange-correlation energy
of electron in solids. Therefore, we calculated the band structure
(Fig. 4a and b) of M-BN with the HSEO6 functional. The results show
that there are two bands crossing the Fermi level at L, Z (marked
with red symbol line), M and V (marked with dark green symbol
line), indicating M-BN is a metallic structure.

To explore the conductive mechanism of M-BN, the partial
density of states (PDOS) of each atom has been calculated. The re-
sults show that both of the p orbital of sp? hybridized B1 and N1
atoms are contributes to the electronic states around the Fermi
level (Fig. 4c). Fig. 4d—f plotted the electron orbits originated from
the bands crossing the Fermi level to reveal the conductive network
of M-BN. Fig. 4e shows the conducting channels in a view of the
whole structure, the details of electron orbits in blue frame with
different views are show in Fig. 4d and f. As show in Fig. 4d, owing
to the short distance between B1 atoms from adjacent layers
(2.58 A), the electron orbits along y axis from sp? hybridized B1
atoms are linked together, resulting in a connected conductive
pathway along y axis with 7 bonds. The orbits of N1 atoms along y
axis are in the same situation as B1 atoms. Meanwhile, Fig. 4f shows
there are no overlapped orbits between any conductive atoms in
the x-z plane, indicating the interruption of conductivity.

Noteworthy, in M-BN structure the distance between B1 and N1
atoms of a hexagonal ring is 2.81 A, which is quite close to the value
of B atom and its second-neighbor N atom (2.89 A) in a h-BN layer.
Therefore, it is reasonable for M-BN that the channels formed by B1
and N1 atoms are interrupted in the x-z plane just like the situation
in h-BN. The particularly architecture afford the unique 1D dual-
threaded conduction of M-BN structure. Notably, this unique 1D
conducting behavior of M-BN is different from the T-B3N3 structure
predicted in previously study [29]. The metallicity of T-BsNj is
originates from the sp? hybridized B atoms; a pyramid-like charge
distribution is formed by the four nearest B atoms in this
framework.

3.6. Hardness

Finally, the theoretical Vickers hardness of M-BN phases was
calculated. In this paper, due to the metallicity of this covalent
compound, the theoretical Vickers hardness is derived from the
theoretical model proposed by Guo et al. [45] which depicted as

H,(GPa) = 350(Ne)?/> (d) 2%~ 1191-322()""
where N, is the valance electron density, d is the bond length (A), f;

is the Phillips iconicity and we used 0.256 for all B—N bonds, f, is
the metallic factor, for a u-type bond,
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Fig. 4. Electronic properties of M-BN. (a) Band structure, the red and dark green lines are the bands across the Fermi level, and a magnified image in the blue frame is plotted in (b);
(c) partial DOS of total structure, B1 atoms and N1 atoms; (d)—(f) electron orbits of M-BN, (e) electron orbits of M-BN with a whole structure view, red frame stands for a primitive
cell; (d) the electron orbits of B1 atoms (similar with N1 atoms) from adjacent layers are linked each other along y axis; (f) the conducting channels in x-z plane are interrupted,
resulting in the linear conduction of M-BN. The isosurface value is 0.1. The dark yellow and blue balls stand for B1 and N1 atoms, respectively; and the lighter ones stand for sp>-
hybridized atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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nk(nf) stands for the thermally excited electron number of atom
A (B) in the u-type bond, Nya (Numg) stands for the metallic
component chemical bonds number around atom A (B), the num-
ber of valance electrons of per u-type bond n¥ is depicted as:

T kA
Nca  Ncp

where Zl’; (Z§) is the valance electron number of A (B) atom, and N¢y
(Ncg) is the coordination number of A (B) atom. The calculated
Vickers hardness of M-BN is 33.7 GPa. We compared the calculated
hardness value by adopting the Chen's formula [46], which depic-
ted as

0.585
H,(GPa) = 2((:3/32) -3
and the bulk modulus (B) and shear modulus (G) of M-BN structure
are 309.2 GPa and 246.3 GPa respectively. The result calculated by
this formula is 35.4 GPa, the two values are close to each other, so
the M-BN is considered as a hard framework.

4. Conclusions

In summary, we have proposed a novel hard metallic BN allo-
trope; it is a sp?/sp> hybridized structure, named as M-BN. The
energy of M-BN is energetically more favorable than the other
predicted metallic BN structures so far, and is comparable to some
other predicted semiconductive BN structures. The electronic band
structure, density of states and electron orbits studies has shown
that M-BN has 1D conduction. This conduction is different from the
3D conduction of T-BsN3 [29] and 2D conduction of modified
BNNRs [11]. We expect that such novel 1D conduction in this 3D BN
allotrope with robust mechanical stability will have promising
applications in nanoelectronic devices and open new prospects for
BN compounds and their electronic features.
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