http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Seeing Dirac electrons and heavy fermions in new boron nitride monolayers

Yu-Jiao Kang(H E#F), Yuan-Ping Chen(Fssc-¥), Jia-Ren Yuan(3EJi1~), Xiao-Hong Yan(&File4l), Yue-E
Xie(Uf H 1)

Citation:Chin. Phys. B . 2020, 29(5): 057303 . doi: 10.1088/1674-1056/ab7e9e

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

General principles to high-throughput constructing two-dimensional carbon allotropes

Qing Xie(#11X), Lei Wang(E##), Jiangxu Li(ZEVT /), Ronghan Li(ZE5%7X), Xing-Qiu Chen([%: 2 #k)
Chin. Phys. B . 2020, 29(3): 037306 . doi: 10.1088/1674-1056/ab6c4b

Adsorptions of metal adatoms on graphene-like BCs and their rich electronic properties: A
first-principles study

Pengfei Sui(F51% «), Jiaqgi Dai(#if£:¥), Yinchang Zhao( 4R ), Zhenhong Dai(#dE %)
Chin. Phys. B . 2018, 27(9): 097311 . doi: 10.1088/1674-1056/27/9/097311

Electric field manipulation of multiple nonequivalent Dirac cones in the electronic structures of
hexagonal CrB4 sheet

Jinkun Wang(F##3#), Yajiao Ke(f W.47%), Qingxing Xie (&%), Yanli Li(Z=#i 1), Jiafu Wang(F 32 1i)
Chin. Phys. B . 2018, 27(9): 097304 . doi: 10.1088/1674-1056/27/9/097304

Bias polarity-dependent unipolar switching behavior in NiO/SrTiOs stacked layer

Xian-Wen Sun(#Mik ), Cai-Hong Jia(%{ ¥ 1L), Xian-Sheng Liu(Xik4), Guo-Qiang Li(Z=[E35%), Wei-Feng
Zhang (5K £ X))
Chin. Phys. B . 2018, 27(4): 047304 . doi: 10.1088/1674-1056/27/4/047304

Van der Waals heterostructure of phosphorene and hexagonal boron nitride: First-principles
modeling

Peng Zhang(5kf), Jing Wang(E#), Xiang-Mei Duan(E: & 1)
Chin. Phys. B . 2016, 25(3): 037302 . doi: 10.1088/1674-1056/25/3/037302


http://cpb.iphy.ac.cn/EN/abstract/abstract75649.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract75420.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72735.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72735.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72730.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72730.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71865.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66683.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66683.shtml

Chin. Phys. B Vol. 29, No. 5 (2020) 057303

Seeing Dirac electrons and heavy fermions in
new boron nitride monolayers*

Yu-Jiao Kang( L), Yuan-Ping Chen([4:7CF)!?, Jia-Ren Yuan(F Jil12)2,
Xiao-Hong Yan(Zif%41)%, and Yue-E Xie(i§ B i)

1SchooI of Physics and Optoelectronics, Xiangtan University, Xiangtan 411105, China

2Faculty of Science, Jiangsu University, Zhenjiang 212013, China

(Received 15 February 2020; revised manuscript received 5 March 2020; accepted manuscript online 11 March 2020)

Most three-dimensional (3D) and two-dimensional (2D) boron nitride (BN) structures are wide-band-gap insulators.
Here, we propose two BN monolayers having Dirac points and flat bands, respectively. One monolayer is named as 5-7 BN
that consists of five- and seven-membered rings. The other is a Kagome BN made of triangular boron rings and nitrogen
dimers. The two structures show not only good dynamic and thermodynamic stabilities but also novel electronic properties.
The 5-7 BN has Dirac points on the Fermi level, indicating that the structure is a typical Dirac material. The Kagome BN
has double flat bands just below the Fermi level, and thus there are heavy fermions in the structure. The flat-band-induced
ferromagnetism is also revealed. We analyze the origination of the band structures by partial density of states and projection
of orbitals. In addition, a possible route to experimentally grow the two structures on some suitable substrates such as the
PbO; (111) surface and the CdO (111) surface is also discussed, respectively. Our research not only extends understanding
on the electronic properties of BN structures, but also may expand the applications of BN materials in 2D electronic devices.

Keywords: boron nitride, Dirac fermion, flat band, ferromagnetism

PACS: 73.22.—f, 73.43.Cd, 71.15.Mb

1. Introduction

Boron and nitrogen are the two nearest neighbors of car-
bon in the periodic table of elements, and thus boron ni-
tride (BN) has some similar structures with carbon.[!3 For
example, three-dimensional (3D) hexagonal BN (h-BN) is
like graphite. They can be cut into single-layer h-BN and
graphene, respectively, and the two-dimensional (2D) mono-
layers can be further rolled to one-dimensional nanotubes.[*7!
Beside the similar structures, both single-layer h-BN and
graphene have high thermal conductivities, high chemical sta-
bilities, and excellent mechanical properties.[g‘m Howeyver,
the electronic properties of single-layer h-BN and graphene
are completely different. It is known that graphene is a Dirac
material with Dirac cones locating at the K point in the mo-
[13-15] The super-fast Dirac electrons lead to
graphene being a star material in electronics. On the con-

mentum space.

trary, h-BN is an insulator with a band gap larger than 4 eV,
and thus in most cases h-BN is only used as an insulating
substrate.['2!] The insulating of h-BN originates from the
electronegativity difference between boron and nitrogen atoms
which breaks the symmetry of the honeycomb lattice.

In recent years, many 2D carbon monolayers other than
graphene have been proposed, such as T-graphene,!?%?3!
phagraphene and tetra-penta-hepta (TPH) graphene,” and
Kagome graphene,!*! and some of them have been synthe-

sized successfully. Although these 2D carbon allotropes are

DOI: 10.1088/1674-1056/ab7e9e

still flat monolayers, they are made of triangular, tetragonal,
and pentagonal carbon rings rather than only hexagonal rings.
Moreover, these carbon monolayers show different electronic
properties with graphene: T-graphene is a metal; Kagome
graphene has a flat band around the Fermi level, which induces
rich physical phenomena such as ferromagnetism, Wigner
crystallization, superconducting, and anomalous quantum Hall

t.[26-341 These new physical properties extremely extend

effec
the applications of carbon materials.

Motivated by the fast development of studies on carbon
materials, one could expect that, 2D BN materials should
also have many allotropes, consequently there may be unusual
physical properties hidden behind the structures. To the best
of our knowledge, only a few works have studied new 2D BN
materials. For example, Shahrokhi et al. studied the electronic
and optical properties of five new BN allotropes, >3 and Li
et al. studied the electronic properties of BN structures like
graphyne including sp hybridization.**) However, all the pro-
posed new BN allotropes are still insulators or semiconduc-
tors. A question arises: Is it possible to find BN structures
having special electronic properties?

In this work, we propose two 2D BN monolayers and
study their electronic properties by first-principles calcula-
tions. One of the monolayers is made of five- and seven-
membered rings, and thus is named as 5-7 BN structure. The

other monolayer is named as Kagome BN because it is some-

*Project supported by the National Natural Science Foundation of China (Grant No. 11874314) and the Natural Science Foundation of Hunan Province, China

(Grant No. 2018JJ2377).
Corresponding author. E-mail: yueex @ujs.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

057303-1


http://dx.doi.org/10.1088/1674-1056/ab7e9e
mailto:yueex@ujs.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 5 (2020) 057303

what similar to the Kagome lattice. The two new BN struc-
tures not only show good stability but also exhibit interesting
electronic properties. The 5-7 BN is a Dirac semimetal, whose
conduction and valence bands cross on the Fermi level and
thus form Dirac points. The Kagome BN has two flat bands
just below the Fermi level. The flat bands generate heavy
fermions and there is strongly correlated effect between the
fermions. After one-hole doping, the Kagome BN becomes
a half metal because the flat band splits to spin-up and spin-
down bands. In addition, the possibility of synthesizing 5-7
BN on PbO, (111) substrate and Kagome BN on CdO (111)
substrate is also discussed, respectively. With the development
of the synthesis technologies, the two BN structures could be
obtained soon. Their unusual electronic properties will expand
the applications of BN materials to new fields.

2. Model and methods

Figures 1(a) and 1(b) show the two new BN monolay-
ers, respectively. The ratios of boron and nitrogen atoms in
both structures are 1:1, and both structures have B-N, B—
B, and N-N bonds. The monolayer in Fig. 1(a) is made of
five- and seven-membered rings, and thus is named as 5—7 BN.
The monolayer in Fig. 1(b) consists of boron triangular rings
and nitrogen dimers, and the rings are linked together by the
dimers. When a nitrogen dimer and two boron atoms at the
two ends of the dimer are contracted to one lattice, the struc-
ture becomes a standard Kagome lattice.[37-38] Therefore, the
structure in Fig. 1(b) is named as Kagome BN.

Our calculations were performed within the density-
functional theory (DFT) as implemented with the Perdew—
Burke-Ernzerhof (PBE) approximation to the exchange-

39.40] The core-valence interactions

correlation functional.!
were described by the projector augmented wave (PAW) po-
tentials as carried under the Vienna ab initio simulation pack-
age (VASP) code.*!l Plane waves with a kinetic energy cutoff
of 600 eV were used as the basis set. For the Brillouin zone in-
tegration, 5—7 BN and Kagome BN were done with 11 x 11 x 1
and 5 x 5 x 1 I'-centered Monkhorst—Pack k-point meshes,
respectively.[*?] The atomic positions were fully optimized by
the conjugate gradient method,*3! and the energy and force
convergence criteria were set to be 107% eV and 1073 eV/A,
respectively. Periodic boundary conditions (PBC) were used
and empty space of 20 A was introduced in the direction per-
pendicular to the monolayers, which ensures that the interac-
tion between the periodic images of the sheet is negligible.
To investigate the thermal stability, we carried out ab initio
molecular dynamics (AIMD) simulations based on a canonical
ensemble,*¥ a 3 x 3 supercell containing 72 atoms was used
for 57 BN and a 2 x 2 supercell containing 48 atoms was used
for Kagome BN, and the AIMD simulations were performed
with a Nose—Hoover thermostat from 300 K to 1800 K.

3. Results and discussion

After being fully optimized, the two BN monolayers in
Fig. 1 are still planar structures. The space groups of 5-7 BN
in Fig. 1(a) and Kagome BN in Fig. 1(b) are Cmmm (D2H-
19) and P6/mmm (D6H-1), respectively. The primitive cells
of the two structures are shown in the dashed-line boxes. The
lattice constants of 5—7 BN are a; = b; = 4.90 A, while those
of Kagome BN are a, = by =9.97 A. In the 5-7 BN, there are
two types of B-N bonds whose bond lengths are 1.42 A and
1.50 A, respectively. The two bonds can be comparable with
the B-N bond in h-BN sheet whose bond length is 1.45 A. In
the Kagome BN, there is only one type of B-N bond whose
bond length is 1.33 A. The shorter B-N is similar to the acety-
lene bond in graphyne.[*>! The calculated cohesive energies
of 5-7 BN and Kagome BN are 7.55 eV and 6.90 eV, respec-
tively. These cohesive energies are lower than that of the h-BN
monolayer (7.90 eV), which means that the two new mono-
layer structures are metastable.
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Fig. 1. (a) Top view and (c) side view of 5—7 BN, blue is for N and pink
is for B atoms. Its primitive cell is shown by the dashed lines in (a). (b)
Top view and (d) side view of Kagome BN. Its primitive cell is shown
by the dashed lines in (b).

To confirm the structural stabilities of the two BN struc-
tures, their dynamic stabilities are examined by phonon spec-
trum calculations. One can find that, in Figs. 2(a) and 2(b),
the phonon dispersions of both structures have no soft mode,
which indicates that they are dynamic stable. The thermal sta-
bilities of the two structures are also examined by utilizing
AIMD simulation in a canonical ensemble. For the 5-7 BN
structure, we do not observe any structural decomposition af-
ter heating up to the targeted temperature of 1500 K for 20 ps
(see Fig. S1(a)). The structure reconstruction only occurs at
1700 K during the 20 ps simulation, as shown in Fig. S1(b).
For the Kagome BN structure, we do not observe any struc-
tural decomposition when heated up to 1200 K, but reconstruc-
tion occurs at 1300 K (see Figs. S1(c) and S1(d)). Therefore,
the 57 BN and Kagome BN have rather high thermodynamic
stability and outstanding dynamic and thermal stabilities.

The band structure of the 5—7 BN is calculated, and the re-
sult is shown in Fig. 3(a). Along the high-symmetry line I'-X
and high-symmetry point Y, the conduction and valence bands
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cross at D1 and D2, and result in two Dirac points whose 3D
band structures are shown in Fig. 3(d). Because of the time
reversal and inversion symmetries,*®*’] there are total four
Dirac points in the first Brillouin zone (BZ) (see Fig. 3(c)).
The calculated velocities of the Dirac electrons are approxi-
mate 4 x 10° m/s. To the best of our knowledge, all the former
proposed 2D BN structures are not Dirac materials. This is the
first BN material in which Dirac electrons can be found.
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Fig. 2. Phonon dispersions of (a) 5-7 BN and (b) Kagome BN, where
no soft mode is found.
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Fig. 3. (a) Projected band structure of 57 BN calculated by DFT, in-
set: the wave functions for the states from B1 and B2. (b) PDOS for B
atoms and N atoms. The colors of the energy bands in (a) correspond to
the colors of the projected atomic orbitals in (b). (c) Total Dirac points
in the first Brillouin zone. (d) The 3D band structures for D1 and D2.

To reveal the origin of the Dirac cones in the 5-7 BN, we
first calculate its partial density of states (PDOS), as shown
in Fig. 3(b). One can find that the energy bands around the
Fermi level are mainly contributed by the p, orbitals of the B
and N atoms. The projected energy bands in Fig. 3(a) further
illustrate that the two crossing bands of the Dirac points result
from different atoms: the band with red dots is mainly induced
by the p, orbital of the B atoms, while the band with blue dots
is mainly induced by the p, orbital of the N atoms. In fact, the

conduction and valence bands of h-BN are contributed by the
p. orbitals of the B and N atoms, respectively (see Fig. S2).
Although the B-N bond in h-BN is a covalent bond, it is more
like an ionic bond in which electrons localize on the N atoms.
The energy of the occupied state in N atoms is much lower
than that of the unoccupied state in B atoms, and thus a wide
gap appears, as shown in Fig. S2(c). In the 5-7 BN structure,
there exist B-B and N-N bonds. The insets in Fig. 3(a) illus-
trate that a bonding state is formed in the B-B bonds while an
anti-bonding state is formed in the N-N bonds. This results in
the energy of the B atoms decreasing while that of the N atoms
increasing (see Fig. 3(a)). In this case, band crossing occurs
and Dirac points form., [48:4%]

The band structure of the Kagome BN is shown in
Fig. 4(a). One can find that there are two flat bands just be-
low the Fermi level. Some other bands cross at K point, but
the crossing points are far from the Fermi level. Figures 4(b)
and 4(c) present PDOS of Kagome BN. It illustrates that, the
top flat band is attributed by the p,/, orbitals of the B and N
atoms, while the bottom flat band is attributed by the p, or-
bitals of the B and N atoms.
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Fig. 4. (a) Projected band structure of Kagome BN calculated by DFT.
PDOS for B atoms (b) and N atoms (c), respectively. The colors of the
energy bands in (a) correspond to the colors of the projected atomic or-
bitals in (b) and (c). Inset: the wave functions for the states from B3
and B4 in (a).

In a flat band, the electron velocities are approximately
equal to zero, i.e., the electrons are heavy fermions that are
inverse to Dirac fermions.’% The flat band will give rise to a
series of many-body phenomena, such as ferromagnetism,>!!
superconducting,3?! Wigner crystallization,!*3! and anoma-
lous quantum Hall effect.®* In general, spin polarization of
common bands is typically not favored because the kinetic en-
ergy cost is often larger than the exchange energy gain.!!
However, the flat-band physics gives another picture: when
electrons fill in the flat band, the kinetic energy penalty of spin
polarization does not exist anymore, hence the exchange in-
teraction stabilizes the polarized state. In Fig. 5, we calculate
the band structure of the Kagome BN when a hole is doped
in the structure. One can find that the spin-up and spin-down
energy bands split. The splitting of the top flat band is the
largest (~ 0.6 eV). The Kagome BN becomes ferromagnetic.
The magnetic moments of the atoms are calculated, and the
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results indicate that magnetic moments of the B and N atoms
are 0.68up and —0.04up, respectively. The B atoms possess
strong magnetism.

Energy/eV

Fig. 5. Band structure of Kagome BN after one-hole doping, where
the solid and dashed lines represent spin-up and spin-down energy
bands, respectively. The flat band has the biggest spin splitting at about
0.57 eV.
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Fig. 6. (a) Top view and (c) side view of 5-7 BN on the PbO, (111)
substrate. Its primitive cell is shown by the dashed line in (a). (b) Top

view and (d) side view of Kagome BN on the CdO (111) substrate. Its
primitive cell is shown by the dashed line in (b).
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The above discussions on the stabilities of the two new
BN structures have demonstrated the feasibility to synthesize
the structures. Considering that many 2D monolayers have
been synthesized on substrates,’®7! we also investigate the
possibilities to grow the two new monolayers on some suitable
substrates. It is found that the lattice parameters of a 2 x /3
supercell of a PbO; (111) substrate (¢} =7.35 A, b =6.36 A)
are very close to those of 5—7 BN structure’s conventional cell
(Cll =17.56 A, bl
—2.77% and 2.08% in x and y orientations, respectively (the

=6.23 A). The mismatches between them are

negative percentage means the lattice constant of the substrate
is shorter than the corresponding lattice parameter of 5-7 BN
structure). A 5-7 BN placing on the PbO, (111) substrate is
shown in Figs. 6(a) and 6(c). The adhesion energy between
the 5-7 BN and substrate is —0.98 eV/atom. Similarly, the lat-
tice parameters of a 3 x 3 supercell of a CdO (111) substrate
(@, =bh =3.34 A ) are very close to those of the primitive cell
of the Kagome BN. The mismatch between them is smaller
than 0.5%. A Kagome BN placing on the CdO (111) substrate
is shown in Figs. 6(b) and 6(d). The adhesion energy between
the Kagome BN and substrate is —0.42 eV/atom. These calcu-

lated energies can be comparable with those of other monolay-
ers on oxide substrates (—0.8 eV/atom and —0.26 eV/atom) in
Refs. [58,59], and thus we believe that the two predicted BN
structures can be synthesized successfully.

4. Conclusion

In summary, we propose two 2D BN structures by using
first-principles calculations. One is 5—7 BN made of five- and
seven-membered rings, and the other is Kagome BN whose
lattice is like the Kagome lattice. Both structures show good
dynamical and thermal stabilities. More interestingly, the two
structures reveal unusual electronic properties different from
Most former BN al-
lotropes are insulators or semiconductors. The 5-7 BN struc-

those in the former 2D BN allotropes.

ture is a Dirac material, whose electron velocities are approxi-
mate 10° m/s. The band crossing is originated from the bond-
ing states in the B-B bonds and antibonding states in the
N-N bonds.
tem in which two flat bands exist just below the Fermi level.

The Kagome BN structure is a flat-band sys-

There are heavy fermions with very low velocities in the struc-
ture. After one-hole doping, the top flat band splits to spin-
up and spin-down flat bands, and thus ferromagnetism occurs.
Dirac fermions and flat-band-induced ferromagnetism in BN
allotropes have never been reported in the previous literatures.
We also propose a promising approach to prepare the two new
monolayers by epitaxial growth on a PbO, (111) substrate and
a CdO (111) substrate, respectively. Our work extends peo-
ple’s understanding on the BN structures, and will also extend
the applications of BN allotropes in different fields.
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