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Abstract

Using first principles calculations, we investigate the electronic structures of semi-hydrogenated BC3, BC5, BC7, and
B-doped graphone sheets. We find that all the semi-hydrogenated boron-carbon sheets exhibit half-metallic
behaviors. The magnetism originates from the non-bonding pz orbitals of carbon atoms, which cause the flat
bands to satisfy the Stoner criterion. On the other hand, boron atoms weaken the magnetic moments of nearby
carbon atoms and act as holes doped in the sheets. It induces the down shift of the Fermi level and the half-
metallicity in semi-hydrogenated sheets. Our studies demonstrate that the semi-hydrogenation is an effective route
to achieve half-metallicity in the boron-carbon systems.

Introduction
Since the discovery of graphene [1], two-dimensional
(2D) nano-sheet structures have attracted lots of
research in the condensed matter physics. Graphene is a
monolayer carbon hexagonal sheet, in which both a and
b sites of the hexagon are occupied by carbon atoms
[2]. Owing to the equivalence of two carbon sites, the
graphene sheet is a semi-metal with the massless Dirac-
like electronic excitation [3]. When the graphene sheet
connects with Si monolayer, this Dirac-like electronic
structure is maintained [4]. While the graphene sheet is
epitaxially grown on the SiC substrate, two carbon sites
become inequivalent and a band gap is opened [5].
Recently, several chemical methods have been reported
for the high-yield production of graphene [6,7]. The gra-
phene-based transistors also develop fast, and those car-
bon-based nanomaterials are considered as candidates
for the post-silicon electronics [8,9].
Since the prefect graphene sheet is a semi-metal with

zero band gap [2], the hydrogenation is used as an
effective way for the chemical functionalization of

graphene [10]. The fully hydrogenated graphene sheet,
called as graphane, is a semiconductor with a band gap
of 3.5 eV [11-14]. In the experiments, by exposing gra-
phene under hydrogen plasma surroundings, the gra-
phane sheet has already been synthesized [15]. When
some hydrogen atoms are removed from the graphane
sheet, the magnetism will appear in those hydrogen
vacancies [16]. The large area of hydrogen vacancies
can even form the graphene nanoroads or quantum
dots in the graphane sheets [17,18]. Under the external
electric field, hydrogen atoms are pushed away from
one side of the graphane sheet, while the others are
still retained at the other side, which forms the semi-
hydrogenated graphene sheet [19]. The previous theo-
retical study has shown that this semi-hydrogenated
graphene, which is referred to graphone, is a ferromag-
netic semiconductor with a small band gap [20]. Using
the angle-resolved photoemission spectroscopy,
researchers have found that the patterned one-side
hydrogen adsorption can induce a band gap for the
graphene sheet on the Ir (111) surface [21].
Besides the graphene sheet, the semi-hydrogenation

can also tune the properties of other graphene-like 2 D
sheets. For example, the semi-hydrogenated BN sheet
becomes a ferromagnetic metal [22], and the semi-
hydrogenated SiC sheet becomes an antiferromagnetic
semiconductor [23]. By coevaporation of boron and car-
bon atoms, hexagonal-like boron carbides are formed
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with the boron content being less than 50% [24]. More-
over, the graphene-like BC3 sheet can be grown on the
NbB2 (0001) surface by an epitaxial method [25]. In our
previous study, we have found that the fully hydrogena-
tion leads to the semiconductor-metal transitions in the
BC3, BC5, and BC7 sheets [26]. Since the semi-hydroge-
nation can cause spin polarization in the 2 D sheets and
the ordered boron-carbon compounds have rich electro-
nic properties, the semi-hydrogenated boron-carbon
sheets will be expected to exhibit interesting electronic
and magnetic behaviors. It is also promising for the
research on the B-doped effects on the semi-hydroge-
nated sheets. Thus, we perform first principles calcula-
tions to investigate the electronic structures of semi-
hydrogenated BC3 (H-BC3), BC5 (H-BC5), BC7 (H-BC7),
and B-doped graphone sheets in this article.

Calculation details
First principles calculations are performed by the VASP
code [27]. The approach is based on an iterative solu-
tion of the Kohn-Sham equation of the density function
theory in a plane-wave set with the projector-augmented
wave pseudopotentials. In our calculations, the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation (XC) func-
tional of the generalized gradient approximation
is adopted. We set the plane-wave cutoff energy to be
520 eV and the convergence of the force on each atom
to be less than 0.01 eV/Å. The optimizations of the lat-
tice constants and the atomic coordinates are made by
the minimization of the total energy. The supercells are
used to simulate the isolated sheet and the sheets are
separated by larger than 12 Å to avoid interlayer inter-
actions. The Monkhorst-Pack scheme is used for sam-
pling the Brillouin zone. In the calculations, the
structures are fully relaxed with a mesh of 5 × 5 × 1,
and the mesh of k space is increased to 7 × 7 × 1, in
the static calculations. In the spin-polarized calculations,
both the ferromagnetic (FM) and antiferromagnetic
(AFM) states are constructed for the initial magnetic
structures of the H-BCx (x = 3, 5, 7) sheets. However,
the artificial AFM state always converges to the FM
state after optimization.

Results and discussion
Figure 1 shows the structures of the graphone and H-
BC3 sheets. In the graphone sheet, hydrogen atoms only
bond with the carbon atoms at b sites (Cb), not the car-
bon atoms at a sites (Ca). After semi-hydrogenation, the
lattice constant of graphone is increased, which is 2.75%
larger than that of graphene. The calculated C-C and
C-H bond lengths are 1.50 and 1.16 Å, respectively,
which agree well with the previous study [20]. Owing to
the inequivalence of Ca and Cb atoms, graphone is a
semiconductor. As shown in Figure 1c, it has an indirect

band gap of 0.48 eV, which is also in good accordance
with the results by Zhou et al. [20]. In the H-BC3 sheet,
only the Cb atoms are bonding with hydrogen atoms,
since under normal chemical potential, the hydrogen
atoms prefer to bonding with carbon atoms in the BC3

sheet [26]. We have also calculated the conformation in
which all the Cb and Bb atoms bond with hydrogen
atoms. The binding energy of this conformation is -
1.40 eV/H, which is 0.13 eV/H less stable than the H-
BC3 sheet shown in Figure 1b. The calculated B-C, C-C,
and C-H bond lengths of the H-BC3 sheet are 1.53,
1.49, and 1.14 Å, respectively, and the lattice constant is
6.59% larger than that of graphene. Different from gra-
phone, the C-H bonds tilt to the nearby boron atoms in
the H-BC3 sheet. These tilting C-H bonds, together with
the elongated lattice constant, decrease the repulsion
between the hydrogen atoms and lead to a high binding
energy of - 1.53 eV/H for the H-BC3 sheet.
The band structure of the H-BC3 sheet is shown in

Figure 1d. Different from the semiconducting graphone,
the H-BC3 sheet exhibits a half-metallic character.
There are two at bands crossing the Fermi level for the
spin-up electrons. On the other hand, for the spin-down
electrons, it opens a band gap of 1.76 eV. The half-
metal gap, defined as the difference between the Fermi
level and topmost occupied spin-down band, is 1.18 eV
for the H-BC3 sheet. We have also checked the half-
metallicity of the H-BC3 sheet with different XC func-
tionals. Figure 2 displays the calculated densities of
states (DOSs) by the Ceperly-Alder functional form of
the local density approximation and the hybrid XC
functional of Heyd-Scuseria-Ernzerhof. Both calculations
confirm the half-metallic behavior of the H-BC3 sheet.
In order to gain more insight into the half-metallicity,

we plot the spin density distribution and partial DOSs
of the H-BC3 sheet as shown in Figure 2. The figure
indicates that the magnetism is mainly from the pz orbi-
tals of Ca atoms. The Ca atom is not hydrogenated in
the H-BC3 sheet. It has an unpaired p-electron localized
in the non-bonding pz orbital, which contributes to the
flat bands near the Fermi level. The at bands lead to
large DOSs flat the Fermi level, which are beneficial to
satisfy the Stoner criterion, IN(EF) > 1 and induce the
ferromagnetism in the semi-hydrogenated sheet [28].
For the graphone sheet, there are also flat bands near
the Fermi level as shown in Figure 1c, which cause spin
polarization of those unhydrogenated Ca atoms [20].
However, owing to the existence of boron atoms, the
magnetism of H-BC3 sheet is weakened. For the same
calculated units in Figure 1, the graphone sheet has a
total magnetic moment of 4μB, while the H-BC3 sheet
has only 1μB. Using the Bader analysis [29], we obtain
that the boron atom transfers 1.27 e to the surrounding
Ca atoms. Each Ca atom contributes 0.79μB in the
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graphone sheet, while in the H-BC3 sheet it decreases to
0.31μB because of the charge transfers from nearby
boron atoms. Considering that the boron element is one
electron less than the carbon one, the boron atoms
behave like holes doped in the semi-hydrogenated
sheets. It leads to the down shift of the Fermi level,

which crosses the spin-up bands. Consequently, the
H-BC3 sheet becomes a half-metal.
More interestingly, the half-metallicity appears not

only in the H-BC3 sheet, but also in other semi-
hydrogenated boron-carbon sheets. Figure 3 shows the
electronic structures of the H-BC5 and H-BC7 sheets.
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Figure 1 The structures and energy bands of semi-hydrogenated sheets. (a,c) the graphone and (b,d) the H-BC3 sheets. The calculated
units are delineated by dotted lines in (a,b). The Fermi level is indicated as the line at E = 0 eV.

	
 	� 	� 	
 � 
 � �

	�

�

�

�
�

�
�
� 
��

�
�

!
�
 �

 �
�

��
"�

"�

������

�#� �$��� ����

���� ����

	�

�

�

�%�

&�'

(��

	�

�

�

�
�
�
�
� 
)

�
!

�
 �

 �
�

��
"

�
"�

	
 � 


	�

�

�

��������� ��� ���
Figure 2 The electronic structures of the H-BC3 sheet. (a) The spin density distribution, (b) the total and partial DOSs, (c) the total DOS with
different XC functionals of the H-BC3 sheet. The Fermi level is indicated as the line at E = 0 eV.
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Figure 3 The electronic structures of the H-BC5 and H-BC7 sheets. (Color online) The structures, energy bands, and DOSs of (a,c,e) the H-
BC5 and (b,d,f) the H-BC7 sheets. The calculated units are delineated by dotted lines, and the spin density distributions are shown in (a,b). The
Fermi level is indicated as the line at E = 0 eV.
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Figure 4 The electronic structures of the B-doped graphone sheet. (Color online) (a) The structures and (b) DOSs of the B-doped graphone
sheets. The calculated units are delineated by dotted lines and the spin density distributions are shown in (a). The Fermi level is indicated as the
line at E = 0 eV.
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The magnetism is also mainly localized at the Ca atoms
of those sheets. In the H-BC5 sheet, the Ca atom has a
magnetic moment of 0.31μB. On the other hand, in the
H-BC7 sheet, the atomic magnetic moments become
0.34 and 0.72μB. The two values correspond, respec-
tively, to the Ca atoms with and without neighboring
boron atoms. Both the H-BC5 and H-BC7 sheets are
half-metals, the half-metal gaps of which are 1.12 and
1.50 eV, respectively. To model the B-doped graphone
sheet, one C atom is replaced by the B atom in a 4 × 4
unit cell, yielding a B-doped concentration of 3.125%.
Figure 4a displays that the doped boron atom weakens
the magnetism of three neighboring Ca atoms. Compar-
ing with the prefect graphone sheet, the total magnetic
moment is reduced by 2μB after boron doping. The
B-doped graphone sheet also presents a half-metallic
behavior as shown in Figure 4b.
Table 1 listed the calculated results. All the semi-

hydrogenated boron-carbon sheets are half-metals. We
find that the different boron contents have two effects
on the stabilities of half-metallic sheets: on the one
hand, with the increase of the boron contents, the bind-
ing energies increase because of the decreased repulsion
between hydrogen atoms with the elongated lattice con-
stants. On the other hand, the boron atoms weaken the
nearby Ca magnetic moments, which decreases the p-p
interactions between them. Thus, the energy gain of the
ferromagnetic state decreases with the increase of the
boron contents. Comparing with the normal room tem-
perature (25 meV), the half-metallicities of the H-BC3,
H-BC5, and H-BC7 sheets are still stable.

Conclusions
In summary, we find that all the semi-hydrogenated
BC3, BC5, BC7, and B-doped graphone sheets are half-
metals. The magnetism originates from the non-bonding
pz orbitals of Ca atoms. The boron atoms weaken the
nearby Ca magnetic moments, and cause the Fermi level
to shift into the spin-up states. A half-metal gap is
opened in the spin-down bands, the value of which is
about 1-2 eV depending on the boron contents. Owing

to the promising half-metallicity, the semi-hydrogenated
boron-carbon sheets have potential applications in spin-
tronics and nanodevices.

Abbreviations
AFM: antiferromagnetic; DoSs: densities of states; FM: ferromagnetic; PBE:
Perdew-Burke-Ernzerhof.
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