
1 © 2016 IOP Publishing Ltd Printed in the UK

A spintronic device uses spins instead of charge as informa-
tion carriers [1, 2]. 2D graphene has demonstrated long spin 
diffusion lengths up to room temperature [3]. This offers an 
unprecedented platform for spintronics, in which a complete 
integration of spin injection, manipulation, and detection 
could lead to ultra-fast electronic circuits. However, a fun-
damental challenge lies in the development of external ways 
to control the propagation of spin-polarized currents at room 
temperature [4, 5].

Spins in graphene can be influenced by the presence of 
local magnetic ordering intentionally generated by the mat-
erial design. For instance, edge magnetism has been shown 
to develop in ultra-narrow graphene nanoribbons (GNRs) for 
certain edge geometries [6, 7]. It is well known that a GNR 
with straight zigzag edges has an antiferromagnetic (AFM) 
ground state [8]. First-principles calculations predicted that, 

under a transverse electrical field, the zigzag GNR becomes 
a half-metal [6], in which the carriers are 100% spin polar-
ized with only one spin state conducting. Another interesting 
example is a spin semiconductor [9], or a spin gapless semi-
conductor [10–14], in which each spin state has a gap but is 
relatively energy shifted, so that the carriers are also 100% 
spin polarized with either electrons conducting one spin 
or the holes conducting the other. Wang et al proposed the 
realization of a spin semiconductor in graphene nanoribbons 
with sawtooth zigzag edges by first-principles calculations 
[9]. However, ultra-narrow nanoribbons with certain edge 
geometries will encounter serious issues with fabrication in 
practice. There is also a lot of interest currently devoted to 
developing magnetism in graphene by depositing or doping 
metal atoms. Unfortunately, magnetic interactions between 
dopants usually change with their distance, which is not well 
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Abstract
In this letter we propose a strategy to make graphene become a half-metal or spin-semiconductor 
by combining the magnetic proximity effects and sublattice symmetry breaking in graphone/
graphene and graphone/graphene/BN heterostructures. Exchange interactions lift the spin 
degeneracy and sublattice symmetry breaking opens a band gap in graphene. More interestingly, 
the gap opening depends on the spin direction and the competition between the sublattice 
asymmetry and exchange field determines the system is a half-metal or a spin-semiconductor. 
By first-principles calculations and a low-energy effective model analysis, we elucidate the 
underlying physical mechanism of spin-dependent gap opening and spin degeneracy splitting. 
This offers an alternative practical platform for graphene-based spintronics.
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controlled in realistic samples. In addition, scattering caused 
by random impurities could be detrimental to its high car-
rier mobility, a unique electronic property that is better to be 
preserved. Furthermore, the growth of graphene on magnetic 
metal [15–18] and insulator [19, 20] substrates was also pro-
posed as a route to tailor graphene spin properties. Yang et al 
reported by first-principles calculations that the proximity of 
a magnetic insulator EuO will induce a strong spin polariza-
tion in graphene and a band gap at the Dirac point with an 
exchange splitting of 36 meV [21]. This is important progress 
in graphene-based spintronics, though the low cure temper-
ature of EuO limits its practical application at room temper-
ature. There is still a lot of effort underway to explore novel 
materials or practical controlling methods in spintronics.

In this letter we report that graphene can become a 
half-metal or spin semiconductor by combining magnetic  
proximity effects and symmetry breaking. Our system can be 
fabricated by single-side semihydrogenating a bilayer gra-
phene, i.e. only one sublattice of one of the two layers is hydro-
genated, as shown in figure 1. This system can also be seen 
to be composed of a graphene sheet and a single-side semi-
hydrogenated graphene sheet termed graphone [22]. Since 
graphone is a ferromagnetic semiconductor with a high Curie 
temperature and magnetic moments localized at the unhy-
drogenated carbon atoms [22], a foreign magnetic substrate 

is not needed to introduce exchange fields. First-principles 
calculations are carried out in the framework of the general-
ized gradient approximation of Perdew–Burke–Ernzerhof for 
the exchange–correlation functionals [23] using the Vienna 
ab initio simulation package [24]. A vacuum layer of 20 Å 
is used to ensure decoupling between neighboring slabs. All 
self-consistent calculations were performed with a plane wave 
cut-off of 500 eV on a 45  ×  45  ×  1 Monkhorst–Pack k-point 
mesh. For structural relaxations, all the atoms are allowed to 
relax until the atomic forces are smaller than 0.001 eV Å−1. To 
describe the van der Waals-type interaction between graphene 
and graphone, we employed a semi-empirical correction using 
Grimme’s method [25]. We also carried out calculations with 
the spin–orbit coupling. No significant difference was found, 
indicating that the spin–orbit coupling effect is negligible.

The graphone/graphene system is a metastable state, ener-
getically higher than a reconstructed interlayer-bonded con-
figuration by 1.96 eV supercell−1 [26]. However, along the 
reaction pathway there is a very high-energy barrier of 1.83 eV 
supercell−1 [26], making this configuration stable at room 
temperature. The calculated lattice constants of graphene and 
graphone are 2.468 Å and 2.536 Å, respectively, a lattice mis-
match of 2.7%. In the following, we evaluate the stability of 
the graphone/graphene system with different stacking orders 
between graphone and graphene. In graphone the hydrogen-
ated carbons are marked C-1 and the unhydrogenated carbon 
atoms are marked C-2, as shown in figure 1. The carbons in 
graphene are marked C-3. We consider three typical stacking 
orders. The first is that C-2 is on the hexagonal holes of gra-
phene, which we refer to as the AB-I configuration, as shown 
in figure  1(a). The second is that C-1 is on the hexagonal 
holes of graphene, which we refer to as the AB-II configura-
tion, as shown in figure 1(b). The third is that both C-1 and 
C-2 are positioned exactly above C-3, which we refer to as 
the AA configuration, as shown in figure 1(c). Energetically, 
the AB-I configuration is more favorable than the AB-II and 
AA configurations by 10 meV and 8 meV cell−1, respectively. 
Figure  1(d) shows the side view of the AB-I configuration. 
The distance between the C-2 and C-3 layers is 3.045 Å, less 
than the interlayer distance of graphite, indicating the stronger 
interaction between them. The interlayer binding energy is 
0.136 eV unit cell−1, larger than that of the bilayer graphene, 
0.101 eV unit cell−1.

In the following, we calculate the band structure and den-
sity of states (DOS) of the most stable AB-I configuration. 
From the projected DOS (PDOS) in figure 2(b), we can see 
that the states closest to the Fermi energy level are from gra-
phene, i.e. C-3 atoms. There is a strong peak of the polarized 
C-pz state from C-2 around the Fermi energy level. Spin-
polarized π orbitals in graphone induce exchange interactions 
in the adjacent graphene. Exchange interactions lift the spin 
degeneracy of graphene and thus make spin-up and spin-
down bands cross each other, as shown in figure  2(a). The 
spin-up and spin-down band structures are indicated by red 
and blue curves, respectively. In addition, the linear dispersion 
of the graphene band structure is also modified, with a gap 
opening at the K point due to sublattice symmetry breaking 
in graphene. More interestingly, this degeneracy lifting is spin 

Figure 1. Three typical graphone/graphene systems with different 
stacking orders between graphene and graphone. (a) Top view of the 
AB-I configuration. C-2 is on the hexagonal hole of graphene.  
(b) Top view of the AB-II configuration. C-1 is on the hexagonal 
hole of graphene. (c) Top view of the AA configuration. Both C-1 
and C-2 are positioned exactly above C-3. (d) Side view of the AB-I 
configuration. The sublattices are marked by the letters A and B, 
respectively.
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dependent. The gap width is 0.5 meV for the spin-up bands 
and 38 meV for the spin-down bands, respectively. As a result, 
there is a 33 meV energy window, where the current would be 
100% spin-polarized (half-metal) when the Fermi level lies in 
this energy window.

If we further break the sublattice symmetry of the graphene 
lattice, another interesting phenomenon will happen, i.e. a 
larger gap can be opened at the K (or K′) point. When the gap 
is larger than the exchange splitting, the graphene sheet will 
become a spin semiconductor. For this purpose, we put the 
graphone/graphene sheet on a substrate of hexagonal boron 
nitride (BN), with graphene contacting the substrate. The  
calculated lattice constant of the BN monolayer is 2.513 Å, 
indicating a lattice mismatch of 1.8% between BN and graphene. 
We first study the stacking order between the BN substrate 
and graphene. Because the sublattice symmetry of graphene 
is broken by graphone, the two sublattices in graphene are 
no longer equivalent to each other, therefore we refer to the 
corresponding C atoms as A-sites and B-sites, as shown in 
figure  3. There are six typical stacking orders between BN 
and graphene due to the sublattice asymmetry of graphene. 
The first class is that the A-sites (B-sites) in graphene are posi-
tioned exactly above the B atoms, and the B-sites (A-sites) are 
on the hexagonal holes of the BN lattice, which we refer to as 
the ABC-I class. The second class is that the A-sites (B-sites) 

in graphene are positioned exactly above the N atoms, and the 
B-sites (A-sites) are on the hexagonal holes of the BN lattice, 
which we refer to as the ABC-II class. The third class is that the 
B and N atoms are, respectively, positioned exactly above the 
A-sites and B-sites (B-sites and A-sites) of graphene, which we 
refer to as the ABB class. First-principles total-energy calcul-
ations indicate that the ABC-I class is more favorable than the 
other configurations by more than 27 meV unit cell−1. The 
ABC-I class actually includes two possible configurations, 
as shown in figure 3, which are nearly degeneracy in energy 
(<1 meV unit cell−1). One configuration is that the B-sites 
in graphene are positioned exactly above the B atoms (see  
figures 3(a) and (b)), which we refer to as the ABC-Ia configu-
ration; the other is that the A-sites in graphene are positioned 
exactly above the B atoms (see figures 3(c) and (d)), which we 
refer to as the ABC-Ib configuration. The distance between 
graphene and the BN layer is 3.129 Å. The interlayer binding 
energy between BN and graphene/graphone is 0.128 eV unit 
cell−1, less than that between graphene and graphone, and 
larger than that between bilayer graphene.

In the following, we calculate the band structures of the 
two most stable ABC-I configurations. The BN substrate 
further induces sublattice asymmetry in grapheme, and thus 
opens a larger band gap than the graphone/graphene system 
at the K point, as shown in figure  4. Therefore, graphene 

Figure 2. (a) The band structures, (b) the amplified view near the Fermi level, and (c) the PDOS of the most stable AB-I configuration.
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becomes a spin semiconductor, in which each spin has a 
gap but is relatively energy shifted, so that the carriers are 
100% spin polarized with either electrons conducting one 
spin or holes conducting the other spin. The gap is larger 
than that of graphene/graphone and is also spin dependent. 
For the ABC-Ia configuration, the gap is 72 meV for the 
spin-up bands and 108 meV for the spin-down bands (see 
figure  4(a)), respectively. The system becomes a semicon-
ductor with a direct gap of 59 meV. For the ABC-Ib configu-
ration, the gap is 70 meV for the spin-up bands and 34 meV 
for the spin-down bands, respectively. This system is also 
a semiconductor with a direct gap of 21 meV. If we further 
tune the Fermi level by a gate voltage, either electrons or 
holes can be used as charge carriers for transport, but with 
opposite spins. This spin tunable feature can be very useful 
to design spintronic devices.

It is evident that the proximity-induced interactions lead 
to exchange splitting and gap opening. In the following, a 
low-energy effective Hamiltonian (LEH) [27, 28] is con-
structed to understand the spin-dependent gap opening 
caused by these interactions. The LEH can be expressed as 
= + +H H H Hm0 ex, with

( )
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σ σ

σ

σ σ

= +

=
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where H0 is the Hamiltonian for the pristine graphene, vF 
is the Fermi velocity. si and σi ( =i x y z, , , 0) are the Pauli 
matrices referring to the real spin and the orbital pseudospin, 

respectively, and ( )σ σ σ= ±± z
1
2 0 . The band structure is shown 

in figure  5(a), where the Dirac cone and linear dispersion 
relation are well known. Hm is the mass term opening a gap 
in graphene due to the sublattice symmetry breaking from 
interactions with the adjacent materials, i.e. graphone and 
BN. When only +H Hm0  is considered, graphene becomes a 
semiconductor with spin degeneracy, as shown in figure 5(b). 
For the graphone/graphene system, the gap opening is due to 
the AB sublattice on-site potential energy difference induced 
by graphone (see figures 1(a) and (d)). The on-site energy of 
the electrons at the A-sites is higher than that at the B-sites. 
Therefore, the conduction bands and valence bands are con-
tributed by the A-sites and B-sites, respectively, as shown 
in figure  2(b). For graphone/graphene/BN systems, the gap 
opening is contributed by graphone on one side and BN 
on the other side. Due to different stacking configurations 
between graphene and BN, the two contributions from gra-
phone and BN can be enhanced or weakened by each other. 
For the ABC-Ia configuration, the B atoms are positioned to 
the B-sites. This decreases the on-site potential energy of the 
electrons on the B-sites. Therefore, the two contributions are 
enhanced by each other, widening the gap. For the ABC-Ib 
configuration, the B atoms are positioned to the A-sites and 
thus the two contributions are weakened by each other, nar-
rowing the gap.

Hex represents the exchange magnetization from the adja-
cent graphone. Due to the sublattice asymmetry, the exchange 
fields felt by the electrons on the A-sites and B-sites are 
different. Therefore, in Hex we use MA and MB to represent 
the different exchange interactions for the valence and con-
duction bands, respectively. Exchange interactions lead to 
relative movement and intersect between the spin subbands, 
which makes the graphone/graphene system become a metal 
(see figure  5(c)) and the graphone/graphene/BN system a 
spin semiconductor (figures 5(d) and (e)). Due to different 
values of MA and MB, the movement of the valence and con 
duction bands of the same spin is also different. The fitted values 
according to the first-principles results are =m 19.2  meV,  
=M 26.5A  meV, and =M 7.7B  meV for the graphone/gra-

phene C-I configuration. For the graphone/graphene/BN 
ABC-Ia configuration, the fitted values are =m 90 meV, 
=M 24.5A  meV, and =M 6.5B  meV. For the ABC-Ib configu-

ration, the fitted values are = −m 52 meV, =M 24.5A  meV,  
and =M 6.5B  meV. We can see that the exchange fields  
(MA and MB) are almost the same for those systems because the 
exchange fields are supplied uniquely by graphone. In addi-
tion, the contribution to the gap from graphone is 19.2 meV.  
The contribution from BN can be calculated from the m 
values of C-I and ABC-Ia, i.e. − =90 19.2 70.8 meV. The 

Figure 3. The two most stable stacking configurations between 
BN and graphene. (a) and (b) are the top view and side view of the 
ABC-Ia configuration, respectively. (c) and (d) are the top view and 
side view of the ABC-Ib configuration, respectively. The sublattices 
are marked by the letters A and B, respectively.
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contribution can be also calculated from the m values of C-I 
and ABC-Ib, i.e. − − = −52 19.2 71.2 meV. The opposite 
signs indicate the opposite contributions from BN to the AB 
sublattice on-site potential energy difference of graphene. The 
almost equal absolute values also indicate the contribution of 
BN to the gap opening is stable and about 71 meV. Therefore, 
the LEH reveals the importance of exchange fields and sub-
lattice symmetry breaking induced by the adjacent materials 
and well elucidates the underlying physical mechanism of 
spin-dependent gap opening and spin degeneracy splitting. 
This LEH should be applicable to other graphene-based  
mat erials with exchange fields and sublattice symmetry 
breaking. Depending on the details of the materials, these 
parameters m, MA and MB will be different and thus the prop-
erties could also be different. For example, the spin gapless 
semiconductor can be obtained with suitable parameters.

Finally, we must point out that the role of the BN substrate 
is to open a larger gap in graphene. Although the natural 1.8% 
mismatch between the graphene and BN lattices leads to a 
moire pattern, not considered in our first principles calcul-
ations, a band gap is indeed observed in a heterostructure 

consisting of a graphene and BN [29]. In addition, we also 
check the effect of the lattice mismatch on the magnetism of 
graphone. We find that the magnetism of graphone is basically 
not influenced in the strain range from  −3% to 3%. So, our 
proposed strategy is still applicable to the practical graphone/
graphene/BN heterostructures.

In conclusion, by first-principles calculations we pro-
posed a strategy to make graphene become a half-metal or 
spin semiconductor by combining exchange interactions and 
sublattice symmetry breaking in graphone/graphene and gra-
phone/graphene/BN systems. The physical mechanism of 
spin-dependent gap opening and spin degeneracy splitting 
is well elucidated by a LEH model analysis. These designed 
materials offer an alternative practical platform for graphene-
based spintronics.
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