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ABSTRACT: Boron nitride (BN) and carbon are chemical
analogues of each other and share similar structures such as
one-dimensional nanotubes, two-dimensional nanosheets
characterized by sp2 bonding, and three-dimensional diamond
structures characterized by sp3 bonding. However, unlike
carbon which can be metallic in one, two, and three
dimensions, BN is an insulator, irrespective of its structure
and dimensionality. On the basis of state-of-the-art theoretical
calculations, we propose a tetragonal phase of BN which is
both dynamically stable and metallic. Analysis of its band
structure, density of states, and electron localization function confirms the origin of the metallic behavior to be due to the
delocalized B 2p electrons. The metallicity exhibited in the studied three-dimensional BN structures can lead to materials beyond
conventional ceramics as well as to materials with potential for applications in electronic devices.

1. INTRODUCTION

Boron and nitrogen, the left and right neighbors of carbon in
the periodic table, form an interesting family of binary boron
nitride (BN) compounds similar to those of carbon materials
but display different mechanical,1 thermal,2 optical,3−5 and
catalytic6 properties. Due to its exceptional thermal and
chemical stability compared to carbon-based materials, BN is
widely used as a high-temperature ceramic material which can
withstand extremely harsh environment. Especially, because of
the difference in electronegativity, B and N form strongly
polarized covalent bonds and BN is an insulator. Although
elementary boron7 and nitrogen8 appear to be metallic under
high pressure, BN remains an insulator even when severely
compressed.5,9 All currently identified three-dimensional (3D)
BN phases are insulating3,4 including cubic-BN (c-BN),
wurtzite BN (w-BN), layered hexagonal BN (h-BN), and
rhombic BN (r-BN). No exception to this behavior is found
even in the recently predicted new BN polymorphs.9−14 In two
dimensions (2D), monolayer hexagonal BN, known as white
graphene, was also found to be an insulator with a wide band
gap of around 6.0 eV.15 Other 2D BN allotropes have been
widely studied and found to be semiconducting16 with wide
band gaps. In one-dimensional (1D) systems, BN nanotubes,
irrespective of their chirality and radius,17−19 are insulators, and
BN nanoribbons20,21 are also semiconducting, irrespective of
their shape and width. This is in contrast to carbon where
nanotubes and graphene nanoribbons can be metallic or
semiconducting depending on their chirality and morphology.
Engineering of electronic structure of materials as a way to

tailor their electronic properties is a topic of great general
interest in science and technology. For instance, extensive

attempts have been made to open the bandgap in gapless
graphene22 and tune semiconducting silicon or germanium
from indirect-bandgap to direct-bandgap.23−25 In the case of
BN, practical application in electronic devices is hindered
because of its wide band gap. This has stimulated recent
research in reducing or even closing the band gap. For example,
H-terminated c-BN thin f ilm was found to become metallic
when its thickness exceeds a critical threshold of 0.69 nm.26

The band gap closure in BN nanoribbons can also be achieved
by introducing foreign atoms27,28 or applying electric field.21

However, in many practical applications, 3D structures are
preferable over functionalized thin films and edge-decorated
nanoribbons. Because metallic 3D BN would be a promising
candidate for application in electronic devices, the question
arises: is it possible to design and synthesize a new 3D BN
structure that can display intrinsic metallicity without
introduction of any foreign atoms or application of an external
electric field? A comprehensive study is presented here to
demonstrate such a possibility.

2. COMPUTATIONAL DETAILS
Determination of Geometry and Electronic Properties. Our

calculations are based on density functional theory (DFT) and are
performed using the Vienna Ab initio Simulation Package (VASP)29

with Projector Augmented Wave (PAW) potential.30 Plane waves with
kinetic energy cutoff of 500 eV are used to expand the wave function
of valence electrons (2s22p3 for B and 2s22p5 for N). When
investigating the structural properties, we use the revised Perdew−
Burke−Ernzerhof functional for solid (PBEsol)31,32 within generalized
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gradient approximation (GGA) to treat the exchange-correlation
interaction between electrons. To ensure an accurate determination of
electronic properties, calculations are repeated using the hybrid
Heyd−Scuseria−Ernzerhof functional (HSE06).33,34 Partial occupancy
of valence electrons is described using a Gaussian smearing scheme
with a width of 0.005 eV. Full geometry optimizations are carried out
by using the convergence thresholds of 10−4 eV, 10−3 eV/Å, and 2π ×
0.02 Å−1 for total energy, ionic force component, and k point spacing
(Monkhorst−Pack sampling scheme35), respectively.
Phonon Properties. Lattice vibrational properties are calculated

using the density functional perturbation theory (DFPT).36 Before
calculation of the phonons, the structures are reoptimized using a
higher convergence criteria, namely, 10−8 eV for total energy and 10−6

eV/Å for Hellmann−Feynman Force, respectively. The dynamical
matrix is then calculated by VASP 5.2, based on which force constants
are calculated using Phonopy code,37 and phonon band dispersions
and frequency DOS are obtained by solving the dynamical equations.
Bader Charge Analysis. Most charge analysis methods such as

Mulliken population analysis are based on electron wave functions and
thus sensitive to the type and cutoff of basis sets. Bader analysis,38 on
the other hand, makes use of what are called zero flux surfaces to
divide atoms, and the analysis is merely dependent on charge density
distribution. The charge enclosed within the Bader volume is a good
approximation to the total electronic charge of an atom. In our work,
Bader charge analysis is performed using the code developed by
Henkelman’s group.39−41

3. RESULTS

Atomic Configuration. The inspiration to search for a new
allotrope of BN that is metallic came from the analogy between
BN and C. For all-sp3 bonded structures, both carbon and BN
are insulating. However, in the presence of sp2 hybridization
mode, carbon is known to be metallic or semimetallic as in
nanotubes (with certain chirality), graphite, and graphene.
However, unlike graphene, in the all-sp2 bonded h-BN sheet,
the electronegativity difference between B and N breaks the
symmetry of the bipartite honeycomb lattice and leads to the a
wide bandgap.42 Hence, we considered building a sp2-sp3

hybrid BN system which can take advantage of boron’s
electron-deficient feature to create multicenter bonds. In a 3D
BN formed with interlocking hexagons, sp2 and sp3

configurations can coexist, and metallicity could arise provided
electron delocalization can be achieved.
The new 3D BN structure we designed has a tetragonal

primitive cell (space group P4 ̅m2, no. 115) containing three
formula units, as shown in Figure 1. We therefore term it as T-
B3N3. The optimized lattice parameters are a = b = 2.64 Å, and
c = 6.11 Å. There are four chemically nonequivalent atoms in
the primitive cell, labeled as B1, N1, B2, and N2 in Figure 1.
Their atomic Wyckoff positions are given in Table 1. The B1
(N1) atom adopts distorted sp3 hybridization and binds to four
N2 (B2) atoms with a bond length of 1.57 Å which is
comparable to that in the c-BN and w-BN. The B2 (N2) atom
is sp2-hybridized and each B2 (N2) binds to two N1 (B1)
atoms and one N2 (B2) atom. The bond length between N2
and B2 atoms is 1.35 Å, showing unusual double bond
character43,44 which may induce some novel properties in this
new polymorph.
Dynamic Stability. We first calculate the phonon

dispersion and frequency density of states (DOS) to ensure
the dynamical stability of the T-B3N3 structure. The calculated
results are plotted in Figure 1d. The absence of soft modes
within the entire Brillouin Zone clearly indicates that this
configuration corresponds to a minimum in the potential
energy surface (PES). A significant phonon gap is observed in

the band dispersion, separating the vibrational modes into the
low frequency (0−32.4 THz) and the high frequency (40.5−48
THz) regions. The phonon DOS shows that the high frequency
modes are entirely contributed by the B2 and N2 atoms, and
the partial DOS of (B2 + N2) and total DOS overlap in the
high frequency region. Detailed analysis indicates that these
modes correspond to vibrations of the double bond formed
between the B2 and N2 atoms.

Energetic Stability. Total energy calculations are per-
formed to investigate the thermodynamic stability. The
calculated total energy−volume curve for the T-B3N3 is plotted
in Figure 2 and compared with some other BN allotropes.
From the energetic point of view, the T-B3N3 is found to be
metastable as compared to the well-known c-BN and w-BN but
has a cohesive energy larger than that of the previously reported
rocksalt5,9 and NiAs-type9 structures. Due to its nanoporosity,
T-B3N3 has lower density at equilibrium than that of the high
pressure phases (bct-BN,9,10 Z-BN,11,13 P-BN,14 rocksalt,5,9 and
NiAs-type9 BN). For comparison, additional calculations were
also performed for some BN nanostructures including small BN
nanotubes19 (BNNTs) and BN cages.45,46 We found that the
T-B3N3 is energetically more stable than (3, 0) BNNT, (4, 0)

Figure 1. (a) Perspective view, (b) view from the [001] direction, (c)
view from the [100] direction, and (d) phonon dispersion and
frequency DOS of the T-B3N3 structure. The high symmetry q point
path in the Brillouin Zone is chosen as: Γ (0, 0, 0) → X (1/2, 0, 0) →
M (1/2, 1/2, 0) → Γ (0, 0, 0) → Z (0, 0, 1/2) → R (1/2, 0, 1/2) →A
(1/2, 1/2, 1/2) → Z (0, 0, 1/2) (see the insert).

Table 1. Atomic Positions, Bader Charge and Volume, and
Bond Length of the T-B3N3 Structure

atom Wyckoff position
Bader

charge, e
Bader volume

(Å3)
bond length

(Å)

B1 1c (0.5, 0.5, 0.5) 0.81 1.70 dB1−N2 = 1.57
N1 1b (0.5, 0.5, 0.0) 7.23 12.00 dN1−B2 = 1.57
B2 2g (0.0, 0.5,

0.8602)
0.94 2.39 dB2−N2 = 1.35

N2 2g (0.0, 0.5,
0.6378)

7.03 12.04 dN2−B2 = 1.35
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BNNT, and B12N12 and B24N24 cages, respectively (see Table
2).

Electronic Properties. The electronic properties of T-B3N3
structure is studied by computing the electronic band structure.
The results are given in Figure 3a. We see that a partially
occupied band (the 13th band from the bottom) crosses the
Fermi level in the vicinity of M point in the Brillouin Zone,
suggesting that the T-B3N3 is metallic. Because standard DFT
calculations are well-known to underestimate the band gap, we

repeated the band structure calculations using the screened
hybrid functional HSE0633,34 which has been demonstrated to
be more accurate in describing the exchange-correlation energy
of electrons in solids. The results are plotted in Figure 3. The
partially occupied band-crossing feature at the Fermi level still
remains (see Figure 3a), thus confirming the metallicity of T-
B3N3.
To explore the origin of metallicity, we calculated the DOS

projected onto the atomic orbitals of the four nonequivalent
atoms in the primitive cell. We note that the electronic states
near the Fermi level are mainly contributed by the py orbitals of
B2, as shown in Figure 3b; the contribution from N2 is small
and that from B1 and N1 is negligible. Bader charge analysis
(see Table 1) suggests that the B2 atoms have less charge
transferred to the neighboring N atoms and have atomic
volume (Bader volume) larger than that of the B1 atoms,
indicating that electrons in the B2 atoms are more delocalized.
To further visualize the partially occupied conduction band in
real space, we calculated the band decomposed charge densities.
These are plotted in Figure 4a and 4b, showing that the charge

density of the partially occupied band is mainly contributed by
B2 atoms with small contribution from N2 atoms. This is
consistent with our observation from the PDOS. It is
interesting to note that the charge densities around N1 and
B1 are localized, while the charges in the region of the four
nearest B2 atoms are delocalized and form a pyramid-like
distribution. A conducting network parallel to the (001) crystal
surface is thus formed by the two layers of B2 atoms connected
by these delocalized electrons. Therefore, it is reasonable to
assume that the metallicity of T-B3N3 is derived from these
delocalized states. The electron localization function (ELF)
provides a good description of electron delocalization in

Figure 2. Volume dependence of total energy for some crystalline BN
allotropes.

Table 2. Cohesive Energies (in eV/f.u.) of Some
Nanostructured BN Allotropes Relative to the T-B3N3 and
T-B7N7 Phases

structures symmetry relative energy

T-B3N3 P4̅m2 0.00
T-B7N7 P4̅m2 −0.09
B12N12 cage Th 0.64
B24N24 cage S8 0.26
(3, 0) BNNT Pmc21 0.94
(4, 0) BNNT P4cc 0.19

Figure 3. Electronic structure of the T-B3N3. (a) Band structure (red:
GGA/PBE; blue: HSE06) and (b) projected DOS for the B2 atom in
the unit cell (GGA/PBE). The Fermi level is shifted to 0.0 eV. The
electronic DOS is in arbitrary units.

Figure 4. Band decomposed charge density distribution (the 13th
band) and slices of electron localization function (ELF) of the T-B3N3.
Panels a and c are viewed from the [010] direction, and panels b and d
from the [001 ̅] direction. The isovalue for charge density is 0.15 e/Å3,
and the reference bar for ELF value is provided at the bottom.
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molecules47 and solids48 and is a useful tool for chemical bond
classification.49 The ELF refers to the jellium-like homogeneous
electron gas and renormalizes the value to between 0.00 and
1.00. The values of 1.00 and 0.50 correspond to fully localized
and fully delocalized electrons, respectively, while the value 0.00
refers to very low charge density. We calculated the ELF of T-
B3N3 to identify its delocalization character. Slices parallel to
the (010) and (001 ̅) crystal faces crossing the B2 atoms are
plotted in Figure 4c and 4d, respectively. With the ELF value
close to 0.50 resembling that in bulk Al and Al-based clusters,50

delocalization in the regions near the B2 atoms is evident. This
further confirms that the presence of unusual metallicity of T-
B3N3 is intimately associated with the delocalized states
originating from the peculiar atomic configuration.
An Extension of the Metallic Phase. Having elucidated

the origin of metallicity in the T-B3N3, we extended this
structure by increasing the number of B2 and N2 atoms in the
unit cell to see if metallicity can be enhanced. This leads to the
structure shown in Figure 5a and 5b. We term it as T-B7N7, as

there are seven BN formula units in the primitive cell. Phonon
spectra confirm that T-B7N7 is also dynamically stable without
any imaginary frequency (see Figure 5c). The total energy
calculation shows that it has a slightly larger cohesive energy as
compared to the T-B3N3 structure (see Figure 2 and Table 2).
A parallel study on the electronic structure reveals that the T-
B7N7 is metallic as expected (see the band structure in Figure
6a). The ELF analysis shown in Figure 6b confirms that the
delocalized charges are also from B2 sites. A systematic study of
the stability and metallicity of T-BxNx (x = 11, 15, and 19) has
been carried out further. The calculated results are plotted in
Figure 7. Similarly, the conducting networks formed by the
delocalized electrons in the planes parallel to the (001) face are
also observed for all the studied systems with sp2-sp3-hybridized
BN allotropes. From the calculated total energy, we see that
increasing the ratio of B2 and N2 atoms not only enhances the
metallicity but also improves the thermodynamic stability, as is
shown in Figure 7. This in essence implies a paradigm shift for
constructing a metallic BN by “fusing” the AA stacked
multilayer h-BN alternatively. This is distinct from the

conventional compression of h-BN that leads to all sp3

hybridization and an insulating state.9−11,13,14 The present
“fused” configurations exhibit sp2-sp3 hybrid characteristics,
where the B1 and N1 atoms with sp3 bonding anchor the h-BN
layers with an interlayer distance of 2.64 Å. This separation is
much smaller than that in ordinary layered h-BN structures
(3.33 Å14). The reduced distance enhances the interlayer
interactions, leading to the electron delocalization on the B2
sites with sp2 configurations and hence resulting in metallicity.

Figure 5. (a) Perspective view, (b) view from the [001] direction, and
(c) phonon dispersion and vibrational DOS of the T-B7N7 structure.

Figure 6. Electronic structure of the T-B7N7. (a) Electronic band
structure of the T-B7N7 using HSE06 functional. The Fermi level is
shifted to 0.00 eV. (b) Selected slices 1, 2, and 3 for plotting the ELF.
The lower panel with the color map shows the isodensity values.

Figure 7. Variation of total energy per BN unit of the metallic T-BxNx
(x = 4n − 1, n = 1, 2, 3, 4, and 5) allotropes with respect to the
proportion of B2 and N2 atoms.
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4. DISCUSSION

To better understand the metallicity displayed in the studied
3D BN structures, it is worth recalling the following facts. (1)
Boron is a versatile element which can form multielectron-
multicenter bonds due to its electron-deficient character.51 For
example, in the well-known superconducting magnesium
diboride (MgB2), B atoms form graphitic layers with Mg
intercalated between them. Here the 2p states of B form a
delocalized π network responsible for the metallicity of MgB2,
and the strong coupling with the in-plane vibrational modes of
B atoms leads to high-Tc superconductivity.52,53 Therefore,
similar to the situation in MgB2, the metallicity exhibited in T-
B3N3 is understandable. (2) The electron delocalization feature
in T-B3N3 is also reminiscent of the well-known BN system,
namely, the cyclic borazine (B3N3H6). As an inorganic
isoelectronic analogue of benzene, the cyclic borazine resembles
benzene in structure as well as in some properties. For instance,
many studies have found that in both benzene and borazine the
π electrons are delocalized overall.54,55 Although aromaticity in
borazine is only half of that of benzene, the unusual parallel
behavior between benzene and its BN analogue, borazine, in
electron delocalization implies the possibility to achieve
metallicity in BN materials. (3) During the revision process,
we came to know of a tetragonal carbon allotrope known as
“glitter”,56−58 which can be viewed as a chemical analogue of T-
B3N3. However, the metallicity of “glitter”, according to
Bucknum et al.,56−58 is due to its special “spiroconjugation”
geometry and the resultant overlap of the dispersive π and π*
band near the Fermi level, while the metallicity of T-B3N3 is
mainly due to the delocalized electrons at B sites. (4) Recent
experimental and theoretical advances have demonstrated that
some elements would undergo intriguing insulator−metal (like
hydrogen59 and boron7) or metal−insulator (like lithium60−62

and sodium63) transitions when the atomic configurations are
changed under compression.64 Here for the first time we show
that the well-known insulating BN can become metallic when
its atomic configuration is changed. Our finding provides new
insights into the understanding of BN materials.
To aid experimentalists in the synthesis of this new phase of

BN, we stress that the building blocks of the tetragonal phase of
BN are interlocked BN hexagons. This can be achieved by
using borazine (B3N3H6) as a precursor. Note that borazine is
the chemical analogue of benzene (C6H6) which has already
been used in the synthesis of hexagonal carbon structures such
as nanotubes and graphene. Similarly, borazine has been
recently used in the synthesis of BN nanotubes and BN
sheets.65,66 The procedure for forming interlocking molecular
structures has also been recently discussed by Ayme et al.67

5. CONCLUSIONS

In summary, a comprehensive first-principles DFT study of
possible metallicity in 3D BN is performed. We have shown
that the 3D BN structures composed of interlocking BN
hexagons are metallic and dynamically stable. These newly
designed 3D BN structures (T-BxNx, x = 4n − 1, n = 1, 2, 3...)
are hybrid systems with one B and one N atom in sp3

hybridization and (4n − 2) sp2-bonded B and N atoms
respectively per unit cell. The sp3 bonded B (N) atom binds to
its surrounding four sp2 bonded N (B) atoms forming the 3D
backbone and is responsible for stability. The sp2 bonded B
atoms, on the other hand, play the key role in rendering the
conducting network and metallicity. This special geometrical

feature results in a unique property: unlike previously reported
functionalized c-BN thin film whose metallicity stems from
strong inbuilt polarization, the metallicity in 3D T-BxNx is
intrinsic and comes from the delocalized electrons distributed
around the B2 sites. The metallicity exhibited in the studied
structures opens new door for BN materials with potential
applications in electron transport, metal-free catalysis, and
electronic devices. We hope that the present theoretical
prediction will stimulate experimental interest.
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