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Tilted anisotropic Dirac cones in partially hydrogenated graphene
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By means of first-principles calculations, we predict a partially hydrogenated graphene system, C6H2, and find
the one in AB-trans configuration is a Dirac material with a tilted anisotropic Dirac cone electronic structure.
Different from graphene, in which the Dirac points are located at K and K ′ and the Fermi surfaces are circular
with doping, the AB-trans C6H2 exhibits Dirac points located on the lines from � to M with quasielliptical Fermi
surfaces when doped. Around the Dirac point, the Fermi velocity varies along different directions. Therefore, the
propagation of charge carriers in this system is highly anisotropic, creating a new tunability for novel transport
properties.
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I. INTRODUCTION

Dirac materials, in which the low-energy electrons obey the
relativistic Dirac equation, have attracted a lot of attention in
past years [1,2]. The most studied Dirac material is graphene
with the massless Dirac cones near the zone corners [3,4]. Re-
cently, more and more Dirac materials have been reported, for
example, topological insulators with their characteristic Dirac
cones in the surface state [5,6], the parent compound of iron-
based superconductor in the collinear magnetic state [7], three-
dimensional Dirac semimetals [8–12], and two-dimensional
silicene [13,14], with the list growing rapidly. Many intriguing
properties of Dirac materials have been investigated, such as
ultrahigh carrier mobility [15], unconventional quantum Hall
effect, Klein tunneling, etc. [2,4].

In addition to searching for new Dirac materials, generating
Dirac cone anisotropy has also attracted much attention. It
is proved that the conductance for anisotropic cones varies
strongly with transport direction [16], which can be used for
designing new electronic devices. Until now, several systems
have been found with anisotropic Dirac cone band struc-
ture. For example, VO2-TiO2 nanoheterostructures [17,18],
AMnBi2 (A = Sr or Ca) [19–21], topological insulators
β-Ag2Te, β-HgS, HgSe, and HgTe [22,23], as well as doped
few-layer black phosphorus [24]. Besides, two-dimensional
carbon allotropes, such as certain graphynes [25–27], rectan-
gular graphene [28] and phagraphene [29] exhibit anisotropic
Dirac cones, too. Due to its natural Dirac cone structure,
graphene also serves as an important platform to support
anisotropic Dirac transport with proper manipulations, for
example, by applying periodic potentials [30] or uniaxial
strain [31]. While the above realizations rely on external
driving and may bring more challenges in experimental
conditions, the question arises whether one could create
intrinsic anisotropic Dirac materials in graphene systems that
do not need external modulation.

In recent years, hydrogenation of graphene has attracted
increasing interest because it can modify the electronic
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properties of graphene, providing a possible way for
functioning it to show specially desired features. The
hydrogenation of graphene is reversible [32], providing
the flexibility to manipulate the coverage of hydrogen. For
instance, fully hydrogenated graphene, called graphane, with
hydrogen atoms bonded to carbon atoms alternatively on both
sides of the graphene plane, was theoretically predicted [33]
and experimentally synthesized [32]. It is a semiconductor
with a direct band gap of 3.5 eV. Later, semihydrogenated
graphene, called graphone, with the hydrogen atoms on one
side of graphane removed, was theoretically predicted to
be a ferromagnetic (FM) semiconductor with an indirect
gap of 0.46 eV [34]. Moreover, the stable two-dimensional
C4H with periodic structure was experimentally synthesized,
which is a semiconductor with an indirect gap of 3.5 eV [35].
Besides, there are several works studying the electronic
properties of graphene with various hydrogen distributions
and concentrations [36–47], it is found that the electronic
properties of graphene can be altered dramatically, e.g., the
opening of a band gap, tuning the magnitude of the band gap of
hydrogenated graphene by hydrogen coverage, etc. However,
whether Dirac material with anisotropic Dirac cones can be
obtained by hydrogenating graphene is still an open question.

Based on the above concerns and first-principles calcu-
lations, in this work, we propose a hydrogenated graphene
system: C6H2. Interestingly, we find that the one in AB-trans
configuration is a Dirac material with a tilted anisotropic Dirac
cone. Unlike graphene, in which the positions of the Dirac
points are located at K and K ′ and the Fermi surfaces (FSs)
are circular when doped, it is found that the Dirac points for
AB-trans C6H2 are located on the lines from � to M and
the Fermi surfaces are quasielliptical with doping. Around
the Dirac point, the Fermi velocity varies along different
directions. Consequently, the propagation of charge carriers
in this system is highly anisotropic, creating a new tunability
for novel transport properties.

II. COMPUTATIONAL DETAILS

The calculations of C6H2 are performed within density
functional theory (DFT) as implemented in the QUANTUM
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FIG. 1. (a) Periodic structure with six carbon atoms in a unit cell.
C6H2 can be obtained by hydrogenating two carbon atoms in a unit
cell. The two sublattices are labeled as A and B. (b) First Brillouin
zone (BZ) and high-symmetry points for C6H2. High-symmetry lines
are shown in green color, along which the band structure and phonon
spectra will be plotted. (c)–(f) The optimized structures of C6H2

unit cell in AB-trans, AA-trans, AB-cis, and AA-cis configurations,
respectively. In (c), the atoms are labeled to better describe their
contributions.

ESPRESSO (QE) program [48]. We adopt the projector aug-
mented wave method [49] to model the electron-ion inter-
actions, and the generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof parametrization [50] for the
exchange correlation potentials. The lattice dynamics is
performed within the framework of the density functional
perturbation theory (DFPT) [51] as implemented in QE [48].
We perform a full structural optimization, including both the
lattice parameters and the atom positions. The precision for
the convergence of total energy and force are 10−7 Ry and
10−6 Ry/Bohr, respectively. The cutoffs for wave functions
and charge density are 80 Ry and 480 Ry, respectively.
The electronic integration is performed over a 12 × 12 × 1
k-point mesh. For the FS and density of states (DOS)
calculations, denser 48 × 48 × 4 and 150 × 150 × 1 k-point
grids are respectively adopted. For the phonon calculation, the
dynamical matrices are calculated on a 8 × 8 × 1 q-point grid.

The initial lattice structure of C6H2 is based on a graphene
lattice. We adopt a periodic structure with six carbon atoms
as a unit cell, and the basis vectors are along the armchair
directions of carbon atoms, as can be seen in Fig. 1(a). C6H2

can be obtained by hydrogenating two carbon atoms in a unit
cell. It is well known that there are two sublattices A and
B in graphene. In the 6-C unit cell, two hydrogen atoms
can bond with two carbon atoms on the same sublattice or
on different sublattices, which can be named as AA and
AB hydrogenations, respectively. Besides, the two hydrogen

TABLE I. The total energies and formation energies per unit cell
for AB-trans, AA-trans, AB-cis, and AA-cis configurations. For the
AA-trans and AA-cis cases, the results are for the FM ground state.

Configuration AB-trans AA-trans AB-cis AA-cis

Total energy (Ry) –112.933 –112.766 –112.885 –112.759
Formation energy (Ry) –0.265 –0.098 –0.217 –0.091

atoms can be on the same side or on different sides of the
graphene plane, which are called cis and trans configurations,
respectively. Therefore, four different configurations for C6H2

are expected: AB-trans, AA-trans, AB-cis, and AA-cis. The
initial C-C bond length is set as 1.42 Å as in graphene [4], and
the C-H bond length is set as 1.11 Å as in graphane [33]. A
vacuum space of 20 Å normal to the graphene layer is used to
avoid interactions between adjacent layers.

III. RESULTS AND DISCUSSION

The optimized structures for C6H2 unit cell in AB-trans,
AA-trans, AB-cis, and AA-cis configurations are shown in
Figs. 1(c)–1(f), respectively. Similar to graphane and gra-
phone, due to the formation of a C-H bond, the hydrogenated
carbon atoms are pulled out of the graphene plane. By
self-consistent calculation with the spin polarization taken into
account, we investigate the magnetic properties for the four
cases and find that the AB-trans and AB-cis configurations
show nonmagnetic (NM) ground states, whereas the AA-trans
and AA-cis configurations show FM ground states with the
total/absolute magnetization of about 2 μB/cell. Specifically,
the total energies for AA-trans and AA-cis configurations in
the FM state are respectively 0.008 and 0.02 Ry lower than
those in the NM state. Thus, the two AA configurations are in
FM ground states. The total energies for the four cases are listed
in Table I. It is seen that the AB hydrogenations always show
lower energy than the AA hydrogenations, and the AB-trans
configuration shows the lowest energy and must be the most
energetically favorable case among the four configurations.

To prove the stability of C6H2 in the four configurations,
two aspects are carefully investigated. First, we calculate the
formation energy relative to graphene and hydrogen atoms,
as would be typical in the experimental setup [32,35,37,52].
As shown in Table I, the negative formation energies sug-
gest that all the four configurations are thermodynamically
stable, with the AB-trans configuration the easiest to be
formed. Second, to examine their dynamic stability, we
calculate the phonon spectra for the four cases along the
high-symmetry line �-M-K-�-M ′-K ′-� [denoted by green
arrows in Fig. 1(b)], with the results shown in Fig. 2. For the
AB-trans case, a wide range of frequency extending up to about
2853 cm−1 is observed, which is shown in Fig. 2(a). Impor-
tantly, no imaginary frequency emerges in the full phonon
spectra, justifying its dynamical stability. Particularly, the two
highest-frequency modes, occurring respectively at 2830 and
2853 cm−1, correspond to the C-H stretching modes. They are
respectively Raman and infrared active, which should be useful
for characterizing this compound in experiment. However, for
the phonon spectra of AA-trans configuration in Fig. 2(b), the
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FIG. 2. Phonon spectra of C6H2 in (a) AB-trans, (b) AA-trans,
(c) AB-cis, and (d) AA-cis configurations.

lowest branch shows an imaginary frequency at around the �

point, with the frequency about –226 cm−1, indicating that it
is dynamically unstable. For the phonon spectra of the AB-cis
and AA-cis configurations respectively shown in Figs. 2(c)
and 2(d), there are also no imaginary frequencies in the phonon
spectra. However, around the � point, the lowest phonon
spectrum, which corresponds to an out-of-plane transverse
acoustic mode (or ZA mode), is very flat and close to zero along
certain directions, indicating that the lattices could be very soft
and may not be very stable. On the other hand, we also note
that soft modes are very natural in two-dimensional materials,
a feature intimately related to the intrinsic tendency for them

FIG. 3. (a) Electronic band structure of unhydrogenated graphene
within the 6-C unit cell [shown in Fig. 1(a)] in the first BZ
along the high-symmetry line �-M-K-�-M ′-K ′-�. (b) Electronic
band structure of AB-trans C6H2 along the high-symmetry line
�-M-K-�-M ′-K ′-�. (c) Three-dimensional low-energy dispersion
around one Dirac point. The contour lines of constant energy are
shown in black. The Fermi level is set to be zero in (a), (b), and (c).

to develop transverse vibrations. Since the stable AB-trans
configuration shows the lowest formation energy, it must be the
easiest to be realized. Therefore, in the following calculations,
we only concentrate on the AB-trans configuration.

For the optimized lattice structure of AB-trans C6H2 in
Fig. 1(c), there are four kinds of C-C bonds with different
bond lengths. Within a unit cell, the length of the C-C
bond with one C bonded with H is 1.51 Å, whereas for the
unhydrogenated carbon atoms, the C-C bond length is 1.40 Å.
Between nearest-neighboring unit cells, for the bond between
two hydrogenated/unhydrogenated C atoms, the C-C bond
length is 1.53/1.41 Å. The C-H bond length is the same as that
of graphane, i.e., 1.11 Å [33]. Based on the optimized lattice
structure, we calculate the electronic structure of AB-trans
C6H2. For comparison, we first calculate the band structure of
unhydrogenated graphene in the reduced Brillouin zone (BZ)
within the 6-C unit cell, with the result shown in Fig. 3(a). It is
seen that there is a Dirac cone with the Dirac point located at
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�, which is equivalent to the K and K ′ points in the 2-C unit
cell because of the BZ folding. Besides, the band structure
along �-M-K-� is the same with that along �-M ′-K ′-�
due to the C6 rotational symmetry of graphene. While, for
AB-trans C6H2, as seen in Fig. 1(c), the rotational symmetry
is reduced to C2. This leads to different band structures along
the two paths, which can be clearly seen in Fig. 3(b). What is
particularly interesting is that there is a Dirac cone with the
Dirac point located at an off-symmetry point (0.191, 0.110,
0)×2π/a between � and M (in Cartesian coordinates with a

the length of basis for AB-trans C6H2 after relaxation), totally
different from graphene where the Dirac points are located at
K and K ′ points in the 2-C unit cell. Along M-K-�-M ′-K ′-�,
the band structure is fully gapped. Moreover, the bands above
and below the Fermi level are not symmetric even near the
Dirac point, which leads to particle-hole asymmetry.

To be more intuitive, we plot the three-dimensional low-
energy dispersion around the Dirac point, which is shown in
Fig. 3(c). The valence band and the conduction band intersect
with each other at the Fermi level, but the Fermi velocity varies
along different directions, leading to the anisotropic Dirac
cone electronic structure. The contour lines of constant energy
are shown in black, from which we can see that the Dirac
cone is tilted along �-M direction. It is well known that the
Fermi velocity for graphene is 106 m/s along all the directions
around the Dirac point. For comparison, we calculate the Fermi
velocities from the Dirac point along various directions by
vF = ∇kE/�, where the gradient is taken along a particular
direction to get the velocity along that direction. It is found
that the result from the Dirac point to M direction differs from
that from the Dirac point to � direction, i.e., 1.3 × 105 m/s and
3.4 × 105 m/s, respectively, confirming the tilted anisotropic
Dirac cone electronic structure. While perpendicular to �-M
direction, the Fermi velocity is the biggest with the value of
7.6 × 105 m/s. The tilted Dirac cone electronic structure is
similar to that of graphene under uniaxial strain [31]. Although
the Fermi velocities of AB-trans C6H2 are a little smaller
than that of graphene, the significant anisotropy creates a new
tunability for novel transport properties.

The existence of Dirac cones in the band structure of AB-
trans C6H2 and their positions can be understood qualitatively
as follows. Compared with the pristine graphene, the unit cell
of the AB-trans C6H2 enlarges three times. If the enlargement
of the unit cell is the only change in the lattice of AB-trans
C6H2 compared with that of the pristine graphene, the BZ of
the AB-trans C6H2 will be obtained from that of the graphene
by folding to 1/3 of the latter. In this process, the Dirac points
of graphene will be folded to the � point of the BZ for C6H2,
as shown in Fig. 3(a). In reality, however, the symmetry of
AB-trans C6H2 lattice also reduces to C2h from the original
C6h of graphene. The absence of threefold symmetry indicates
that the Dirac points would in general no longer be folded
to the � point of the new BZ. Suppose one Dirac point
is folded to a general point of the BZ, then from the C2h

symmetry there should be four Dirac points in the BZ. This
is impossible because there are only two Dirac points in the
original BZ of graphene. Therefore, the Dirac points, if they
exist, must appear along high-symmetry axes. These include
�-M and �-K ′. In addition, the degeneracy at the Dirac
points are not protected by a fundamental symmetry of the

FIG. 4. Band structures for (a) b′ = 0.95b, (b) b′ = b, (c) b′ =
1.13b, and (d) b′ = 1.15b, with the length of basis a unchanged.
Here, a and b are the lengths of lattice basis of AB-trans C6H2 after
relaxation.

lattice, because the C2h point group has only one-dimensional
irreducible representations. Therefore, on the one hand Dirac
points can only appear along �-M or �-K ′, and on the
other hand whether or not they indeed appear depends on
specific lattice parameters. What follows are some qualitative
behaviors of the Dirac cones inferred from test calculations
based on tight-binding model and DFT.

First, from test calculations based on tight-binding model,
the reason why the Dirac points are not at the � point lies
in the presence of two types of C-C bonds which connect
unhydrogenated C atoms. Namely, the bond length of the
C-C bonds connecting unhydrogenated C atoms in the same
unit cell is different from that connecting unhydrogenated
C atoms between neighboring unit cells. This leads to the
difference in the corresponding hopping integrals. Second, by
first-principles calculations, we calculate the band structures
by tuning the length of basis b with the length of basis a

unchanged. The results for b′ = 0.95b, b, 1.13b, and 1.15b

are shown in Fig. 4. We find that as b is decreased, the Dirac
cones become more tilted, while as b is increased, the Dirac
cones become less tilted, shift continuously to the M point,
and finally disappear. From the above results we can conclude
that Dirac points can appear along �-M , and the appearance
of the Dirac cones depends on specific lattice parameters.

In addition, we calculate the total DOS and orbital-projected
DOS for each atom in AB-trans C6H2. The results are
presented in Fig. 5. From Fig. 5(a), it is seen that the total
DOS is zero at the Fermi level, consistent with the Dirac
cone band structure. The particle-hole asymmetry can also
be seen. It is well known that the DOS around the Fermi level
is proportional to the energy |E| for graphene. For AB-trans
C6H2, similar linear behavior around the Dirac point can be
found. To find which atoms contribute most to the electronic
states near the Fermi level, we plot the orbital-projected DOS
for all the atoms in the unit cell. The results are shown in
Fig. 5(b). Before discussing them, we first look at the lattice
structure in Fig. 1(c). It is found that the eight atoms in the
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FIG. 5. (a) Total electronic DOS for AB-trans C6H2. (b) Orbital-
projected electronic DOS for each atom in AB-trans C6H2 unit cell.

unit cell can be divided into three groups: (1) C1,4 atoms, (2)
C2,3,5,6 atoms, and (3) H1,2 atoms, with each group showing the
same DOS. The reason is that C1,4 atoms are the hydrogenated
carbon atoms, C2,3,5,6 atoms are the nearest neighbors of
hydrogenated carbon atoms, and H1,2 atoms are symmetric
relative to the center of the unit cell. Therefore, the lattice
symmetry determines that the DOS for the atoms in the same
group are the same. From Fig. 5(b), we can see that C2,3,5,6

atoms, i.e., the unhydrogenated carbon atoms, contribute most
to the total DOS near the Fermi level, while C1,4 atoms and H1,2

atoms contribute little to the DOS around the Fermi level. To be
more specific, we check and find that the DOS mainly comes
from the 2pz orbital (π electrons) of the C2,3,5,6 atoms. This
can be understood by the fact that the C1,4 atoms form strong
σ bonds with H atoms and the nearest C atoms, while the π

electrons of unhydrogenated C2,3,5,6 atoms are still delocalized
and therefore contribute most to the total DOS.

To know more about the Dirac cone band structure of
AB-trans C6H2, we plot the FSs for both the undoped case
and the electron/hole doped cases. The results are shown in
Fig. 6. Figure 6(a) shows that the FSs for the undoped case
are two points, i.e., the two Dirac points on the �-M line,
consistent with the band structure shown in Fig. 3(b). For
the electron-doped cases, we move the Fermi level 0.1 eV,
0.2 eV, and 0.4 eV upwards, and the results are shown in
Figs. 6(b), 6(c), and 6(d), respectively. It can be seen that
the FSs for lightly doped cases are not circles as those in
graphene but are two quasiellipses with the major axis along
the �-M direction. With the increase of the doping level,
the quasiellipses become larger. When the Fermi level moves
0.4 eV upwards, the FSs touch the boundaries of the first BZ.
This implies that in an extended zone scheme, the two FSs
may merge into a single FS. For the hole-doped case, we move
the Fermi level −0.1 eV and −0.4 eV downwards, and the
results are shown in Figs. 6(e) and 6(f), respectively. For low
hole-doping levels, the FSs are also ellipselike, but at high
doping levels, as seen in Fig. 6(f), the two FSs merge together
and become one FS. From the above results we can obtain
two conclusions. On one hand, viewed from the Dirac points,

FIG. 6. FSs for undoped (a), electron-doped (b)–(d), and hole-
doped (e), (f) cases of AB-trans C6H2. For the electron-doped cases,
the Fermi level moves 0.1 eV (b), 0.2 eV (c), and 0.4 eV (d) upwards,
and for the hole-doped cases, the Fermi level moves –0.1 eV (e), and
–0.4 eV (f) downwards relative to the undoped case.

the dispersion is anisotropic along different directions. On
the other hand, the dispersion shows particle-hole asymmetry
for high doping levels. Combining these two results, we
can conclude that AB-trans C6H2 is a Dirac material with
anisotropic Dirac cones.

Finally, we make some further discussions. For the AB-
trans C6H2, the lattice structure is described in Fig. 1(c).
However, if one H atom forms bond with C1 and the other
H forms bond with C2 or C6, they are still in the form
of AB-trans configuration. We check and find that the total
energies for them are identical to the case in Fig. 1(c), and the
electronic structures are similar to the case of the AB-trans
configuration discussed above. The only difference is that
the bands rotate 60◦ around the � point. For example, if
the other H forms a bond with C2, the position of the Dirac
point would appear along the �-M ′ line, which rotates 60◦
with respect to the �-M line. The tilted anisotropic Dirac
cone characteristic does not change, which may stimulate
further experimental synthesis of the AB-trans C6H2. In fact,
experimentally, many kinds of hydrogenated graphene systems
have been realized [32,35,37,52–54]. For the periodic cases,
graphane [32] and C4H [35] were synthesized by exposing
graphene in hydrogen plasma or atomic H environment.
Therefore, based on these experimental developments, we
hope the proposed AB-trans C6H2 may also be synthesised
experimentally in the future.

Besides the AB-trans C6H2 discussed above, some other
materials, such as organic compound α-(BEDT-TTF)2I3 un-
der pressure [55–59] and half-metallic semi-Heusler alloy
NiMnSb [60] also exhibit tilted anisotropic Dirac cone band
structure. Furthermore, the conductance and noise for quantum
transport at the Dirac point for tilted and anisotropic Dirac
cones have been analyzed and studied [16]. It is found
that anisotropy only affects the conductance, while a tilt
Dirac cone affects both the conductance and noise. For tilted
and anisotropic cones, the conductance varies strongly with
transport direction; it can be either higher or lower than
that of the symmetric cone. The predicted AB-trans C6H2

system, which shows a tilted anisotropic Dirac cone electronic

195423-5



LU, CUAMBA, LIN, HAO, WANG, LI, ZHAO, AND TING PHYSICAL REVIEW B 94, 195423 (2016)

structure, provides a perfect platform to realize the above
transport properties.

IV. CONCLUSION

In conclusion, we predicted a type of hydrogenated
graphene, C6H2, and found the one in AB-trans configuration
is a Dirac material with tilted anisotropic Dirac cones. The
Dirac points are located on the lines from � to M and
the Fermi surfaces are quasielliptical when doped. Around
the Dirac point, the Fermi velocity varies along different
directions. Accordingly, the propagation of charge carriers in
this system is highly anisotropic, creating a new tunability for
novel transport properties.
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