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ABSTRACT: The successful experimental syntheses of two-
dimensional (2D) boron allotropes with intriguing properties
have stimulated great interest in searching for novel low-
dimensional boron. By using high-throughput first-principles
calculations, we proposed a new stable 2D boron with a
bilayer structure (P6̅-boron), composed of the building blocks
of buckled B12 cluster. We showed the possibility of
experimental syntheses of P6̅-boron on metal substrates and
proposed a strategy to pursue for P6̅-boron by the B12 clusters
self-assembly. Specifically, P6̅-boron possesses a topologically
nontrivial Dirac nodal line, which is protected by the mirror-
reflection symmetry. Furthermore, we employed a low-energy
effective k·p model to prove the existence of the nodal line
solution. In addition, the topological analysis of bonding suggests that the chemical bonds of P6̅-boron are all covalent rather
than ionic bonds found in bilayer P6/mmm boron. We expect that our findings can favor the low-dissipation high-speed
nanoelectronic devices based on 2D boron sheets.

1. INTRODUCTION

Realizing the exotic nontrivial quantum states in practical
materials is of great importance in condensed matter physics,
such as the typical discoveries of topologically protected Dirac
fermions,1−4 Weyl fermions,5−7 and node-line femions,8−12

whose valance band (VB) and conduction band (CB) touch at
the discrete points or a continuous closed curve near the Fermi
level. These novel electronic states are robust owing to the
symmetry protection and provide fascinating transport
characteristics, leading to their potential applications in low-
power electronic devices.13−15 Typical topological Dirac
fermions can be achieved in the most amazing two-dimen-
sional (2D) material, namely, graphene,1,16,17 due to its weak
spin−orbit coupling.18 Its massless Dirac fermions, topologi-
cally protected by the time-reversal and inversion symme-
try,1,17 provide graphene with extremely high carrier
mobility.16 This unique character is highly desirable in
fabricating high-speed nanodevices. Thus, tremendous inter-
ests have been made to search for these 2D topological
semimetals with exotic properties.
As we know, there are variety of carbon-based nanomateri-

als, including carbon nanotubes, carbon hollow cages, and
planar graphene nanoflakes, and these nanostructures have the
same motifs with the graphene sheet due to the stable sp2

hybridizations of carbon.1 Distinguished from the carbon
element, boron has four possible orbitals while only hosting

three valance electrons, which leads to its electron-deficiency
behavior. Thus, boron atoms can form a diversity of bonds,
ranging from the strongly covalent two-center two-electron
(2c−2e) bonds up to metallic-like multicenter bonds.19 As a
result, various boron allotropes are explored, from size-
dependent clusters (quasi-planar structures and cage-like
borospherenes)20−22 to three-dimensional (3D) bulk com-
pounds.23−26 For 2D boron sheets, unlike graphene with a
honeycomb lattice, they are stabilized by introducing the extra
B atoms in the honeycomb lattice to compensate deficient
electrons, forming the expected (2c−2e) bonds up to
multicenter two-electron (nc−2e) bonds.19,27−29 The stabil-
ities of boron monolayers depend on the hexagon vacancy
concentration, preferably in the range of 1/9−1/7.30−33 Owing
to their polymorphism, 2D boron allotropes possess rich
physical properties. Therefore, great efforts have been paid to
these intriguing materials in the last decades, such as the
discovery of semiconducting 2D boron monolayers,34 the
possibility of superconductivity in 2D boron allotropes,35 and
the report of 2D magnetic boron.36 Recently, the topological
properties of 2D boron allotropes have received great attention
due to the boom of topological materials. The Dirac
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fermions37−41 and the node-line fermions41,42 are successively
predicted in variety of 2D boron allotropes. Interestingly, the
Dirac fermions in the β12 and χ3 boron sheets are confirmed by
the angle-resolved photoemission spectroscopy measure-
ments.43,44 However, the hitherto proposed nontrivial fermions
in the 2D boron allotropes either are far away from the Fermi
level or exist in the energetically unfavorable 2D structures.
Therefore, exploring the energetically favorable 2D boron with
nontrivial states close to Fermi level is very crucial and
essential to date.
Two-dimensional boron allotropes present a diversity of

structures, mainly concentrating on the monolayers and
bilayers. Previous studies have shown that the bilayer boron
sheets are more stable than the monolayers owing to the bond
interactions between the adjacent layers.38,39,45 Therefore, we
here primarily focus on the 2D bilayer boron allotropes. In this
work, we identified by first-principles calculations a new bilayer
boron allotrope with topologically protected node-line
fermions. The nodal line is confirmed by the band structure
calculations and proved by using a two-band k·p model. In
addition, we also investigated the type of chemical bonding of
the proposed 2D boron.

2. COMPUTATIONAL METHODS

All the first-principles calculations were performed based on
density functional theory as implemented in the Vienna ab
initio simulation package.46 The electron−ion interactions
were described by the projector-augmented wave method. To
treat the exchange−correlation interaction of electrons, we
chose the Perdew−Burke−Ernzerhof (PBE) functional within
the generalized gradient approximation (GGA).47 In addition,
the accurate Heyd−Scuseria−Ernzerhof screened hybrid
functional (HSE06)48,49 was also employed to confirm the
band structure of the 2D boron. The energy cutoff was set to
480 eV, and the forces acting on each atom were less than 0.01
eV/Å. The phonon dispersion curves along the high-symmetry
lines were computed by the finite displacement approach as
implemented in the phonopy package,50 where the precision
convergence criteria for the total energy was set to 10−9 eV to
ensure the accuracy of calculations. Thermal stability was also
studied using ab initio molecular dynamics (AIMD)
simulations with the temperature controlled by a Nose ́ heat
bath scheme.51 The average formation energies for 2D boron
allotropes on the metal substrates are defined in the
Supporting Information (SI).

3. RESULTS AND DISCUSSION

To search for the stable boron bilayers with unique topological
properties, we performed a global high-throughput structure
search52 based on triangular lattice. This scheme has been
demonstrated to be effective and reliable to predict the boron
nanostructures.33,34 The distances between the adjacent layers
of the initial structures are set to 1.75 Å, according to the
typical covalent bond length of α-boron. There are many stable
boron bilayers found in our structure prediction, but we mainly
focus on those structures hosting exotic electronic structures.
As shown in Figure 1a, our proposed 2D bilayer boron
allotrope is constructed by two triangular boron sheets with
the layer group of P6̅ (no. 74), corresponding to P6̅ (no. 174)
space group, named P6̅-boron. This sandwich-like structure
contains two types of boron atoms; the outer boron atoms are
6-fold coordinated, whereas inner boron atoms are 7-fold
coordinated due to the bonding between them, with the bond
length of 1.74 Å. It is well known that the ground state of B12
cluster adopts a quasi-planar structure by fitting an out-of-
plane B3 inner triangle in a B9 outer ring.53 Clearly, the B12
cluster (the inset of Figure 1a) serves as the building blocks of
our predicted P6̅-boron with the formation of bond between
the B3 triangles. Thus, it is expected that our proposed P6̅-
boron would be synthesized by matching the buckled B12
cluster together.
The optimized structural parameters and total energies per B

atom of P6̅-boron are presented in Table 1, together with those
of some experimentally and theoretically reported boron sheets
for the sake of comparison. Our obtained lattice constants
show excellent consistency with the previously reported
results,25,39,42,54,55 suggesting the reliability of our GGA-PBE
calculations. The calculated total energy per atom of P6̅-boron

Figure 1. (a) Atomic structure of P6̅-boron (top view and side view). (b) The phonon dispersions along the high-symmetry lines of P6̅-boron.

Table 1. Lattice Constants, Space Group, and Total
Energies Etot for δ6 Sheet, β12 Sheet, χ3 Sheet, γ28 Film, hr-
sB, P6/mmm, and P6 ̅-Boron

phases a (Å) b (Å) γ (deg) space group (no.)
Etot

(eV/atom)

δ6
a 2.87 1.61 90 Pmmn(59) −6.183

β12
b 2.92 5.07 90 Pmmm(47) −6.230

χ3
c 4.45 4.45 38.21 Cmmm(65) −6.243

γ28 film
d 5.62 6.99 90 P2/m(10) −6.164

hr-sBe 2.91 8.38 90 Pmmm(47) −6.190
P6/mmmf 2.86 2.86 120 P6/mmm(191) −6.270
P6̅-borong 4.39 4.39 120 P6̅(174) −6.231

aRef 25. bRef 54. cRef 54. dRef 55. eRef 42. fRef 39. gThis work.
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is slightly larger than that of the predicted P6/mmm phase and
comparable to the experimentally synthesized β12 and χ3
phases. Interestingly, P6̅-boron has a higher stability than the
experimentally reported δ6 and γ28 phases, implying the

possibility of experimental syntheses of P6̅-boron despite its
metastable feature. The dynamical stability of P6̅-boron is
confirmed by the phonon calculation, as shown in Figure 1b.
No imaginary frequencies are found along the high-symmetry

Figure 2. (a) PBE band structures of P6̅-boron and the PDOS analysis. (b) Three-dimensional band structures of the VB and CB. (c) Schematic
figure of nodal-line cone in the 2D BZ. The color bar indicates the energy difference between CB and VB at each k point. (d) The top and side
views of the electron localization function (ELF) of P6-boron phase with the isovalue of 0.75.

Figure 3. Orbital-resolved band structures of P6̅-boron. (a) The orange dots represent the contributions from the s atomic orbital of B atoms; (b)
the green, (c) violet, and (d) red dots indicate the contributions of px, py, and pz atomic orbitals. Larger dot means higher contribution, whereas
smaller one indicates lower contribution.
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lines in the Brillouin zone, indicating that P6̅-boron is
dynamically stable. In addition, the thermal stability is verified
by the AIMD simulations, the corresponding results are
summarized in Figure S1 of the SI.
To further confirm the possibility of its experimental

syntheses, we have established different substrates for our
predicted P6̅-boron. The common metal substrates, such as
Au(111), Cu(111), and Ag(111), are considered by control-
ling the lattice mismatch less than 3%, the corresponding
results are illustrated in Figure S2, combined with the results of
α-sheet boron,56 γ28 film boron,55 and Pmmm boron38 for
comparison. We also calculated their average formation
energies on different substrates, as shown in Figure S3.
Clearly, the average formation energies of our predicted P6̅-
boron are comparable to those of the experimentally reported
α-sheet boron56 and γ28 film,55 further indicating the possible
syntheses of P6̅-boron on these metal substrates by choosing
suitable growth condition. Specifically, our proposed P6̅-boron
may be prepared by the self-assembly of B12 clusters in view of
its basic building-block of B12 clusters, which is similar to the
realization of graphene.57

To study the topological properties, we first calculated the
band structures and projected density of states (PDOS) of P6̅-
boron, as shown in Figure 2a. Clearly, P6̅-boron exhibits zero-
gap semimetallic feature. Along K−Γ and Γ−M lines, the
valence band (VB) and conduction band (CB) linearly cross at
two points and form two Dirac points at the Fermi level. The
linear dispersions near the two Dirac points reveal that the

effective mass of carrier for P6̅-boron, defined by * = ℏ ∂
∂

m / E
k

2 2

2 ,

is zero, suggesting its extremely high carrier mobility. The
slope of band around the Fermi level in the K−Γ direction is
33.5 eV Å (−12.7 eV Å) and the corresponding Fermi velocity
(vf = ∂E/ℏ∂k) is 0.81 × 106 m/s (0.31 × 106 m/s), comparable
to that of graphene (0.82 × 106 m/s).37 Along the Γ−M
direction, the slope of band is 16.7 eV Å (−33.5 eV Å) and vf is
0.40 × 106 m/s (0.81 × 106 m/s). The anisotropic Dirac cone
with different slopes along different directions indicates
direction-dependent electronic properties of P6̅-boron.
To gain a deeper insight into the origin of the Dirac cone,

we calculated the orbital-resolved band structures of P6̅-boron
(see Figure 3). Different from the Dirac cone of graphene, the
two crossing bands mainly arise from the out-of-plane pz states,
but the in-plane sp2 hybrid states, composed of s, px, and py
orbitals, also contribute partially for the formation of Dirac
cone along the high-symmetry lines. Furthermore, the PDOS
in Figure 2a further confirms the above results. Based on the
basis set of sp2 and pz orbitals, we calculated the band
structures of P6̅-boron (red dashed line in Figure 2a) by using
a tight-binding Hamiltonian with maximally localized Wannier
functions.58,59 The obtained band structures fit well with the
GGA-PBE results, revealing that the Dirac cone in P6̅-boron is
indeed attributed by the combination of the sp2 and pz orbitals
rather than sole pz orbitals.
Further 3D representation of band structures (Figure 2b) in

the vicinity of the Dirac points show that the VB and CB
linearly cross in all directions around the Fermi level and thus
result in a closed ring around the Γ point in the first Brillouin
zone, namely, the node-line fermions. The nodal line of P6̅-
boron also can be clearly observed in the contour plot of the
energy gap between the VB and CB (see Figure 2c). To check
the robustness of the nodal line, we applied the in-plane biaxial
strain (±5%) for P6̅-boron. The obtained GGA-PBE results

reveal that these structure distortions with preservation of
symmetries only slightly shift the positions of band-crossings
near the Fermi level, but the linear band-crossings still hold
(see Figure S4a,b), suggesting the node-line is robust.
Moreover, the high-precision HSE06 calculations also support
the above conclusions, as shown in Figure S4c. Because of the
light mass of boron, spin−orbit coupling has a negligible
influence on the band-crossings of P6̅-boron, and merely opens
an extremely small band gap less than 1 meV (Figure S4d).
Symmetry analysis can provide a fundamental understanding

of the study of the nontrivial electronic states. Therefore, we
next investigate the nodal line from the viewpoint of symmetry.
P6̅-boron has the symmorphic C3h

1 space group (no. 174), in
which the mirror-reflection symmetry (Mz) is present. Thus, all
momentum points host the little group Cs in the 2D Brillouin
zone. The two linearly cross bands belong to the different
irreducible representation (IR) Γ1 and Γ2 of Cs, with opposite
mirror eigenvalues of 1 and −1. An inspection of IR of the two
bands reveals that the ordering of the CB and VB is inverted,
forming a continuous nodal-ring around the Γ point. This is
responsible for the existence of this topological nontrivial state.
In general, the two inverted bands can be described by a two-
band k·p Hamiltonian

∑ σ=
=

H dk k( ) ( )
i

i i
0

3

(1)

where d0 is a kinetic term that is irrelevant to band-crossings
and hence has been ignored in the following, σ0 is a 2 × 2
identity matrix, σ1,2,3 represent the Pauli matrices, d1,2,3(k) are
real functions, and k = (kx, ky) are the two components of the
momentum k. Consider the opposite mirror eigenvalues (±1)
of the mirror-reflection symmetry, Mz may be represented by
Mz = σz. The mirror-reflection symmetry indicates that

=−M H k k M H k k( , ) ( , )z x y z x y
1

(2)

which can be reduced to

= − − − = − −d k k d k k d k k d k k( , ) ( , ), ( , ) ( , )x y x y x y x y1,2 1,2 3 3

(3)

Equation 3 implies that

= ≠d k k d k k( , ) 0, ( , ) 0x y x y1,2 3 (4)

The energy dispersion of eq 1 is thus obtained as

= ±| |E d k k( , )x y3 (5)

From eq 5, the band-crossing only occurs when d3(k) equals to
zero, which has co-dimension one, thus allowing a nodal line in
momentum space.
The ionic boron in the bulk phase was first reported at high

pressure,60 and subsequently predicted in 2D at ambient
pressure.39 Owing to the bilayer structure of P6̅-boron, which
is slightly similar to that of the proposed ionic 2D boron, we
thus studied the type of chemical bonds of P6̅-boron
fundamentally to determine whether the ionic bond exists in
P6̅-boron. The electron localization function (ELF) of P6̅-
boron with the isovalue of 0.75 (a critical value to identify the
covalent bond) is illustrated in Figure 2d. The emergence of
high electron localizations evidently between boron atoms
implies the formation of a covalent bond in P6̅-boron. To
further check the covalent feature of P6̅-boron, we performed
the topological analysis of bonding based on the atoms-in-
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molecules theory proposed by Bader.61 The estimated Bader
charge transfers are very slight, approximately 0.1−0.3e for
different boron atoms, characteristic of primarily covalent bond
in P6̅-boron. In addition, the bond critical points (BCPs) can
distinguish between the covalent bond and ionic bond,
according to the Laplacian of charge density (LCD) at the
critical points. As listed in Table 2, the largest charge density

and the relatively negative LCD at the BCPs support the
covalent interaction between the adjacent inner boron atoms.
Moreover, for the bonds between the inner boron atoms and
the adjacent outer boron atoms, the average LCD presents a
slightly negative value, indicating their covalent behaviors
despite weak covalency. Therefore, we can conclude that the
chemical bonds of P6̅-boron are covalent rather than ionic as in
ionic 2D boron.

4. CONCLUSIONS

In summary, we proposed a new stable sandwich boron sheet,
namely, P6̅-boron, in which the buckled B12 cluster serves as
the building block. The dynamical and thermal stabilities of
P6̅-boron are checked by the phonon calculations and AIMD
simulations. We also established the metal substrates for our
predicted P6̅-boron, and the results suggest its possible
experimental syntheses by B12 clusters self-assembly. The
band structures show that P6̅-boron hosts the Dirac points
along high symmetry lines, with the Fermi velocity of ∼106 m/
s comparable to that of graphene. Further 3D representation of
band structures indicates that it is a Dirac nodal-line in the 2D
Brillouin zone, which is protected by the mirror symmetry.
Moreover, we employed a low-energy effective k·p model to
show the node-line solution. In addition, no ionic bonds
emerge in our bilayer P6̅-boron, according to the topological
analysis of bonding.
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