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Abstract. Graphene crystals, containing arrays of disclination defects, are modeled and their
energies are calculated using molecular dynamics (MD) simulation technique. Two cases are
analyzed in details: (i) pseudo-graphenes, which contain the alternating sign disclination
ensembles and (ii) graphene with periodic distribution of disclination quadrupoles. Electronic
band structures of disclinated graphene crystals are calculated in the framework of density
functional theory (DFT) approach. The evolution of the Dirac cone and magnitude of band gap in
the band structure reveal a dependence on the density of disclination quadrupoles and alternating
sign disclinations. The electronic properties of graphene with disclination ensembles are
discussed.

1. INTRODUCTION

graphene is the only 2D material with experimentally confirmed Dirac cone [5,6].
Through external influence and by introducing
defects into the crystal lattice, it is possible to control graphene properties. For example, computer
simulations have shown that tensile deformation
opens the bang gap at graphene [7], and the defects of the crystal lattice can change its mechanical properties [8,9] contributing in the same time to
the increase in electrical [10] and thermal [8,11] conductivities.
In a graphene crystal, impurity atoms [12], carbon rings with locally broken axial hexagonal symmetry [12-14], as well as ensembles of such rings
forming grain boundaries and intercrystallite boundaries [10,15], can be viewed as disclination defects.
Carbon rings in the form of squares, pentagons,

Carbon materials such as graphene, fullerenes and
nanotubes, as well as composites based on them,
are promising nanomaterials: they demonstrate high
electrical conductivity [1], remarkable thermal conductivity [2], and unique strength [3].
Graphene is one of the so-called Dirac cone
materials, which has a cone-like band structure with
linear dispersion near K (or K’) point [4] (Fig. 1).
The Hamiltonian near K (or K’) is identical to that of
massless Dirac equation, therefore K or K’ points
are called Dirac points, and the linear band structure near them is named as Dirac cone [4]. Dirac
cone structure dictates the existence of massless
fermions in graphene, leading to many specific properties such as quantum Hall effects and ultrahigh
carrier mobility, see, for example, [4-6]. At present,
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Fig. 1. Graphene crystal and its band structure. In
the inset for graphene crystal schematics, Brillouin
zone is shown. Dirac cone is outlined by a dashed
ellipse.

heptagons, and octagons are the cores of wedge
disclinations with a power of +2/3, +/3, -/3, and
-2/3, respectively [16-18]. Fig. 2 shows a geometric scheme of the formation of wedge disclinations
of power +/3 and -/3 in a graphene crystal [17,18].

A single disclination introduces global elastic distortions into the crystal [19]. As a result, in real
crystals, disclinations can occur as ensembles quadrupoles, grain boundaries and intercrystallite
boundaries [17,18,20,21], and as networks composed of disclinations of opposite signs
[17,18,22,23]. Densely packed with disclinations,
graphene crystals contain a small number of hexagons typical of graphene, or do not contain them at
all. Such carbon based crystalline objects acquired
special names: phagraphene [22] consisting of pentagons, heptagons and hexagons; PO-graphene
[23], consisting of pentagons and octagons; and
others generalized by the concept of pseudographenes [17,18].
It has been shown in Ref. [22] that phagraphene
possesses specific potential energy (i.e. energy per
atom) EPh, slightly exceeding the energy of graphene
EPh - EGraph  0.2 eV/atom and, similar to graphene,
its band structure has Dirac cone, compare Fig. 1
and Fig. 3a. PO-graphene band structure also demonstrates the presence of Dirac cone, but in this
case the Dirac cone is displaced with respect to
the Fermi level [23] (Fig. 3b).
Despite the available papers [22,23], no systematic analysis of the influence of disclination defects
on the graphene band structure has been carried
out. In this paper, we present a study of the effect of
the density of uniformly distributed disclinations with
opposite signs (disclination networks - DNs) and
the density of disclination quadrupole networks
DQNs on the average energy per atom and the band

Fig. 2. Geometrical scheme of the disclination formation in graphene. The magnitude of disclination power
is  = /3.
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Fig. 3. Phagraphene (a) and PO-graphene (b) and their band structures (replotted using the data reported
in [22,23]). In crystal structures, the disclination quadrupoles are depicted, and the insets show Brillouin
zones. Dirac cones are outlined by dashed ellipses.
structure of disclinated graphene utilizing the molecular dynamics (MD) technique and density
functional theory (DFT) approach, respectively.

2. MODELING TECHNIQUES
To design and optimize the geometry of graphene
and graphene crystals with disclinations, we applied
MD modeling technique implemented in the
LAMMPS software package [24]. For our problem,
the AIREBO interatomic interaction potential was
used [25]. The algorithm of the conjugate PolakRibiera gradient at 0K [26] was carried out for the
energy minimization of graphene.
To calculate the band structures of graphene,
the DFT based CASTEP software package [27] with
generalized gradient approximation (GGA) was exploited using the Purdue-Burke-Ernzerhof exchangecorrelation functional (PBE) [28].

3. ENERGETICS AND BAND
STRUCTURES OF DISCLINATED
GRAPHENE. RESULTS AND
DISCUSSION
In Fig. 4, the modeled graphene crystals with
disclinations of powers ±/3, i.e. with pentagonal
and heptagonal carbon rings, periodically distributed
over graphene, are presented. Here, crystals with

carbon pentagons and heptagons we mark as 5-7.
Phagraphene is denoted as 5-7A (Fig. 3a); crystal
with the most densely packed disclinations is denoted as 5-7B (Fig. 4a); two other crystals are 57Bg1 and 5-7Bg2 (Fig. 4b,c).
Crystals 5-7A, 5-7B, 5-7Bg1 and 5-7Bg2 can be
considered, on the one hand, as embedded in
graphene DNs and, on the other hand, as pseudographenes [17,18] containing or not containing hexagons. In Fig. 4, disclination quadrupoles of DNs are
indicated in atomic structures of crystals.
The average specific potential energies of crystals 5-7B, 5-7Bg1, and 5-7Bg2 do not exceed significantly the energies of graphene and phagraphene
(Fig. 5). Therefore, synthesis of such pseudographenes may be possible in the future.
It follows from the results given in Fig. 4 that
with an increase in the period of the DNs, i.e. with
an increase in the number of elastically distorted
hexagons in pseudo-graphenes, their band structures undergo significant changes. Namely, the Dirac
cone disappears, and the valence and conduction
bands overlap, albeit slightly. Band gaps for the crystals 5-7B, 5-7Bg1, and 5-7Bg2 are zero.
Adding the hexagons to the pseudo-graphene
5-7B can be done differently than described above.
If we surround disclination quadrupoles with hexagons, without changing the characteristic dimen-
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Fig. 4. Pseudo-graphenes designed by disclination networks and their band structures. In crystal lattices,
the disclination quadrupoles are depicted, and the insets show Brillouin zones. Pseudo-graphenes are
marked with 5-7B, 5-7Bg1, and 5-7Bg2. In band structure of 5-7B (a), Dirac cone in (a) is outlined by dashed
ellipse.
In Fig. 6, all band structures demonstrate Dirac
cones. However, in crystals 5-7Bqd1, 5-7Bqd2, and
5-7Bqd3 Dirac cones are shifted relative to the Fermi
level by  0.25 eV. The band gaps of all crystals
are zero.
It also follows from the results for energy of DQNs
(Fig. 7) that with increasing distance between
quadrupoles the energy per atom of disclinated
graphene crystals decreases. In the limit of infinite
distance, it tends to graphene energy.

4. SUMMARY AND CONCLUSIONS
Fig. 5. Average specific potential energies (energies per atom) of studied pseudo-graphenes.
sions of the quadrupoles, we obtain the networks of
disclination quadrupoles – DQNs shown in Fig. 6.
It is known that the longer the period of such
DQN, the more undistorted hexagons appear in the
crystal. This is due to the fact that the disclination
quadrupole is a self-screening defect configuration;
the elastic distortions induced by a quadrupole in
the crystal lattice decrease rapidly and become insignificant at distances of about 3-5 quadrupole sizes
[19]. It is clear that increasing the period of the DQN,
it is possible to come to the limit of ideal graphene
in the large areas of the crystal. Therefore, the band
structure of the crystal with long-period DQN should
approach the band structure of graphene (Fig. 1).

Based on the presented results of computer-assisted
modeling, the following conclusions can be drawn:
(i) Average specific potential energies of graphene
crystals containing ±/3-disclination ensembles in
the form of networks are not much higher than
graphene energy. In this regard, the appearance and
existence of such crystals is quite likely.
(ii) Pseudo-graphenes with tightly packed disclinations, i.e. phagraphene (5-7A) and 5-7B, demonstrate Dirac cone in their band structures (Figs. 3a
and 4a). Therefore, they can have properties associated with this feature, such as quantum Hall effects and ultrahigh carrier mobility.
(iii) Pseudo-graphenes with large number of strongly
distorted hexagons, crystals 5-7Bg1 and 5-7Bg2,
do not demonstrate Dirac cone in their band structures (Figs. 4b and 4c).
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Fig. 6. Pseudo-graphene and graphene with networks consisting of disclination quadrupoles and their band
structures. In crystal lattices, the disclination quadrupoles are depicted, and the insets show Brillouin
zones. Crystals are marked with 5-7B, 5-7Bqd1, 5-7Bqd2, and 5-7Bqd3. Dirac cones are outlined by
dashed ellipses.

(iv) Disclinated crystals with weakly distorted hexagons, crystals 5-7Bqd1, 5-7Bqd2, and 5-7Bqd3,
demonstarte Dirac cones shifted relative to the Fermi
level in their band structures (Figs. 6b-6d).
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Fig. 7. Average specific potential energies of
graphene crystals 5-7B, 5-7Bqd1, 5-7Bqd2, and
5-7Bqd3.
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