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6,6,12-graphyne, one of the two-dimensional carbon allotropes with the rectangular lattice

structure, has two kinds of non-equivalent anisotropic Dirac cones in the first Brillouin zone. We

show that Dirac cones can be tuned independently by the uniaxial compressive strain applied to

graphyne, which induces n-type and p-type self-doping effect, by shifting the energy of the Dirac

cones in the opposite directions. On the other hand, application of the tensile strain results into a

transition from gapless to finite gap system for the monolayer. For the AB-stacked bilayer, the

results predict tunability of Dirac-cones by in-plane strains as well as the strain applied

perpendicular to the plane. The group velocities of the Dirac cones show enhancement in

the resistance anisotropy for bilayer relative to the case of monolayer. Such tunable and

direction-dependent electronic properties predicted for 6,6,12-graphyne make it to be

competitive for the next-generation electronic devices at nanoscale. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4880635]

Owing to the flexibility of forming sp, sp2, or sp3 bonds,1

carbon can form abundant allotropes including three dimen-

sional (3D) (e.g., diamond and graphite), two dimensional (2D)

(e.g., graphene),2 one dimensional (1D) (e.g., nanotubes3 and

nanoribbons4), and even zero dimensional (0D) fullerenes.5

Among all these allotropes, graphene, the 2D honeycomb car-

bon sheet, has stimulated extensive studies due to its unconven-

tional electronic properties; the p and p* bands intersect

linearly at the equivalent high symmetry points, K and K0 of the

first Brillouin zone (BZ) forming the isotropic Dirac cones near

the Fermi energy. The linear dispersion of the bands suggests

that excitations in graphene are massless Dirac fermions with

speed much smaller than the speed of light, which enables the

unusual phenomena of quantum electrodynamics.1

Graphyne, another 2D carbon allotrope, which is formed

by inserting a carbon triple bond (–C�C–) into C–C bond

(Figure 1), has attracted increasing attention in recent years.

For example, strategies for synthesizing graphyne were pro-

posed.6,7 Theoretical calculations on a-, b-, and c-graphyne

were performed predicting the stability and electronic prop-

erties.8 Synthesis of graphdiyne, a 2D carbon allotrope,

which has two tripe bonds (–C�C–) inserted into C–C bond,

has also motivated attention on the several forms of 2D car-

bon allotrope.9 Very recently, it was predicted that a-, b-,
and 6,6,12-graphyne have graphene-like Dirac cone band

structures.10 Thus, existence of Dirac cones for 6,6,12-

graphyne, which has a rectangular lattice, is a significant pre-

diction since it has long been assumed that Dirac cone is

unique for the hexagonal 2D materials or topological insula-

tors.11 Moreover, 6,6,12-graphyne has two nonequivalent

anisotropic Dirac cones making it to be even more fascinat-

ing than graphene for device applications.

Application of strain is one of the approaches to tailor

electronic properties of materials. Strain could be induced by

the mismatch of lattice constant and thermal expansion

between the substrate and the film, which has been widely

used to achieve tunable properties in functional oxide

films.12,13 In graphene, it has been shown that its Dirac band

structure is invariant under a symmetric strain and a band

gap could open by applying an asymmetric strain.14 The tun-

able energy gap could be realized in a bilayer graphene by

changing the strength and direction of strain.15 Local strain

could also be utilized to integrate graphene for all carbon

electronics.16 Experimentally, Kim et al. have shown the

possibility of applying nearly 30% strain to graphene by the

use of stretchable substrates.17

Considering the importance of the relationship between

strain and the electronic properties of 2D materials, we will

investigate such relationship for monolayer and bilayer of

6,6,12-graphyne using density functional theory (DFT) and

will show that Dirac cones can be tuned independently with

the strain applied to graphyne.

Electronic structure calculations were performed using

norm-conserving pseudopotential approach of density func-

tional theory,18 as implemented in the SIESTA package.19 In

our calculations, van der Waals (vdW) interactions were

included in the exchange-correlation functional form to

DFT.20,21 We used 11� 11� 1 Monkhorst-Pack grid22 for

k-point sampling in the BZ. The mesh cutoff energy is 400 Ry

and the vacuum distance perpendicular to the monolayer is

FIG. 1. Schematic representations of (a) graphene and (b) 6,6,12-graphyne.

6,6,12-graphyne is defined by the number of carbon atoms along the rings as

shown in (b).

a)Author to whom correspondence should be addressed. Electronic mail:

pandey@mtu.edu.
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larger than 25 Å in the supercell model employed. The geo-

metric structure was obtained by relaxing all the atoms with

residual force smaller than 0.01 eV/Å on each atom.

The 6,6,12-graphyne monolayer is defined by the num-

ber of carbon atoms along the rings as shown in Figure 1. In

the first BZ, there exist two kinds of anisotropic Dirac cones,

which enable the directional dependent transport in the

monolayer.10 One of the Dirac points is slightly above the

Fermi energy, and the other is slightly below the Fermi

energy suggesting that 6,6,12-graphyne is self-doped.

The (average) length of sp2 bond is 1.447 Å, and that of

the sp bond is 1.257 Å in the ground state configuration of

6,6,12-graphyne obtained at the vdW-DFT level of theory. The

calculated bond lengths are slightly larger than those obtained

at DFT level of theory using Perdew-Burke-Ernzerhof (PBE)

exchange and correlation functional form.23 In our case, the

cone II has a band gap of 43 meV, which is different from the

previous results.10 This is due to the fact that the

exchange-correlation functional form in this study includes the

effect of vdW interactions. Note that the representation of the

vdW interactions is important in predicting accurate interlayer

spacing for bilayers of carbon-based systems.24

Figure 2 shows the calculated band structure of the

monolayer of 6,6,12-graphyne. The cone I is located at the

high symmetric direction from C to X0, and the cone II is at

X point. These cones are anisotropic based on the absolute

derivative of the p band [right panels of Figs. 2(c) and 2(d)].

The cone I shows linear dispersion with the group velocities

of vkx¼ 0.49� 106 m/s and vky¼ 0.58� 106 m/s, which are

about 40% smaller than that of graphene (vF¼ 0.85

� 106 m/s).25,26 The cone II is parabolic near the center of

the cone, so the group velocity goes to zero. Note that the

group velocity is defined by the derivative of energy disper-

sion vk ¼ ð1=�hÞð@Ek=@kÞjEk¼EF
.

Figure 3 shows the band structure of graphyne with ten-

sile strain applied along x direction. The strain drives the

movement of Dirac points in the momentum space. With

increasing strain, the cone I moves towards X0, and the two

conical dispersions of the bands around a circle of 0.5*p/a

centered at X0 merge into a single cone at applied strain of

6.3%. The merged cone shows the linear dispersion along ky

and the parabolic dispersion along kx (Figure S127). This is

also accompanied by opening of the energy gap for strains

larger than 6.3%. Such transition from zero gap to finite gap

band structure was also predicted for the pristine graphene

under the application of external strain, though the critical

strain for the merging of Dirac cones was reported to be

larger that 20%.28–30 Thus, 6,6,12-graphyne could be a

potential candidate material to study the merging of Dirac

cones without using complex techniques involving molecular

graphene31 or cold atoms.32 The position of the cone II does

not change with tensile strain up to 8% along x direction. For

the tensile strain along y direction, as shown in Figure S2,27

gap at the cone II increases, whereas the position of cone I is

not affected.

The effects of compressive strain on the band structure

of the monolayer are shown in Figure 4. With the compres-

sive strain applied along x direction, the cone I shifts above

Fermi energy, and the cone II shifts below Fermi energy.

Thus, shifting of the Dirac points causes n-type doping at the

cone I and p-type doping at the cone II. Also, shifting of the

cones in the opposite direction results into the enhancement

FIG. 2. (a) Band structure of 6,6,12-graphyne monolayer; (b) the illustration

of first BZ and high symmetry points; (c) 2D band structure of the cone I

(left panel) and the absolute derivative (right panel) of the corresponding p
band; and (d) 2D band structure of the cone II (left panel) and the absolute

derivative (right panel) of the corresponding p band. Fermi energy is set to

zero. The 2D band structure is plotted within a circle of radius 0.2*pi/a.

FIG. 3. Variation of the calculated 2D band structures of the cone-I with

strain along x. The band structures are plotted within a circle of radius

0.5*p/a centered at X0.

FIG. 4. (a) The calculated 2-D band structure of the cone-II; (b) variation of

the energy of the two Dirac points with strain along x and y. Fermi energy is

set to zero. The band structure is plotted within a circle of radius 0.5*p/a

centered at X.
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of the charge carriers. We notice that the strain induced self-

doping effect has also been reported for silicene and germa-

nece33 for which there only exits one kind of a charge

carrier. This is not the case with 6,6,12-graphyne for which

both negative and positive charge carriers coexist in the lat-

tice. The Dirac points shift almost linearly with compressive

strain up to 10% (Fig. 4(b)), which means the concentration

of charge carriers can be tuned effectively. The application

of compressive strain along y direction has similar effects,

however, the cone I is p-type doped and the cone II is n-type

doped. It is worth noting that due to the change of bond

length, the second kind of Dirac cone duplicates with the

compressive strain larger than �5%, with the center moving

away from X0 (Fig. 4(a)).

Since the cone II is parabolic near the center of the

cone, its group velocities go to zero when tensile strain is

applied. The group velocities appear when the applied com-

pressive strain pushes the cone to be duplicate (Figure 4(a)).

For the uniaxial strain along x direction, the group velocity

vkx of the cone I decreases gradually and goes to zero with

the merging of the Dirac cones; the velocity vky of the cone I

increases slightly and vanishes when the band gap opens up

as shown in Figure 5(a). The increased discrepancy between

vkx and vky with the tensile strain along x implies that the ani-

sotropy of the cone I is greatly increased. The anisotropy of

the group velocity may lead to the observable resistance ani-

sotropy.17 For the strain along y, the group velocities of the

cone I nearly remain the same (Figure 5(b)).

Bilayers of graphene-like systems can possess the prop-

erties which are not exhibited by monolayers such as tunabil-

ity of the band gap in graphene bilayer by the external

electric field.34 Also, synthesis of a bilayer is likely to be eas-

ier than that of a monolayer; multilayer graphidyne was first

synthesized before monolayer could be produced.9 We will

now consider 6,6,12-graphyne bilayer focusing on its equi-

librium stacking configuration and the effect of strain on its

electronic properties.

Considering that the electronic properties of bilayers are

highly dependent on the stacking configurations, we have

determined the energetically preferred stacking configura-

tions of 6,6,12-graphyne bilayer employing the registry

index model.24 It is well known that the registry index model

can capture the main characteristics of the energy surface.

For example, it has yielded satisfactory results for graphite

and multilayered nanotubes, and bilayer boron nitride

(BN).35 The calculated results find the AB-stacked configura-

tion to be most stable bilayer configuration with the interlayer

spacing of 3.416 Å (see supplementary material, Fig. S3 and

Table S1 (Ref. 27)). The calculated interlayer distance is con-

sistence with the one predicted for the a-graphyne.36

Figure 6 shows the band structure of the AB stacked

bilayer showing the splitting of highly anisotropic Dirac

cones (Figures 6(c) and 6(d)) due to appearance of the

interlayer interaction in the bilayer system. The group

velocities of the cone I are vkx¼ 0.24� 106 m/s and

vky¼ 0.55� 106 m/s showing the enhancement in anisotropy

of resistance for the bilayer relative to that the monolayer.

The p and p* bands at cone II meet together and result into

two Dirac points near X (Figure 6(d)). The splitting of Dirac

cones is associated with overlapping of pz orbitals of the two

layers. This is confirmed by taking the interlayer distance to

be large enough (�6 Å) to exclude interactions between

monolayers; the band structure is exactly the same as that of

the monolayer [see supplementary material, Figure S4(a)27].

On the other hand, a bilayer with a interlayer distance of

2.5 Å shows opening of the band gap of 43.5 meV [see sup-

plementary material, Figure S4(b)27] due to relatively large

overlap of the pz orbitals. This implies the possibility of tun-

ing electronic properties with the application of the perpen-

dicular strain to the bilayers.

The effects of the in-plane strains on 6,6,12-graphyne

bilayer are similar to the effects predicted for the monolayer.

A small tensile strain along x direction will cause the shifting

of the cone I in the BZ. The gap opens up with a larger

strain, but the strain along x has little influence on the cone II

[see supplementary material, Figure S5(a)27]. Likewise, the

uniaxial strain along y will open up the gap at the cone II,

but it does not affect the cone I. The compressive strain

shifts Dirac points either above or below Fermi surface

FIG. 5. Variation of the group velocities of p electrons of the cones I and II

with the uniaxial strain (a) along x and (b) along y.

FIG. 6. (a) Band structure of AB-stacked 6,6,12-graphyne bilayer; (b) illus-

tration of the first BZ; (c) 2D band structure around cone I (left panel) and

the absolute derivative (right panel) of the corresponding p band; and (d) 2D

band structure around cone II (left panel) and the absolute derivative (right

panel) of the corresponding p band. Fermi energy is set to zero. The 2D

band structure is plotted within a circle of radius 0.5*p/a.
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(Figure S5(b)27), which indicates that the self-doping effect

in 6,6,12-graphyne bilayer could also be enhanced by a com-

pressive strain.

The elastic properties, which are critical for the strain

engineering of electronic properties, can be characterized by

Young’s modulus and Poisson’s ration. As it is ambiguous to

define the volume of the sheet with atomic thickness, the in-

plane stiffness constant C is generally used. In the limit of

small deformations, the strain energy is simply a quadratic

function of strain,37 so the stiffness constant C can be

expressed as

C ¼ 1

S0

@2ES

@e2
; (1)

where S0 is the equilibrium area and the strain energy ES is

the energy difference between the strained and strain relaxed

systems. By fitting the strain energy curves within the elastic

region, as shown in Figure S6,27 the stiffness constant can be

obtained.

The calculated stiffness constants of 6,6,12-graphyne

are 183 and 136 N/m along x and y directions, respectively.

These values are slightly larger than the values of �142 and

�112 N/m (obtained by converting the data obtained by mo-

lecular dynamics calculations in units of GPa using the thick-

ness of 3.2 Å).38–41 A large anisotropy in stiffness is

therefore predicted for the monolayer. Due to the weak inter-

layer vdW interactions, the stiffness constants for AB stack-

ing bilayer are simply twice that of the monolayer. The

stiffness of 6,6,12-graphyne is just one half of the experi-

mental value for graphene (340 6 40 N/m (Ref. 42)), which

implies that 6,6,12-graphyne is softer than graphene. The

softness facilitates the strain engineering of electronic prop-

erties and makes the realization of the merging of Dirac

cones possible in 2D materials.28,32,43

First principles calculations were performed on 6,6,12-

graphyne monolayer and bilayer systems. Both monolayer

and bilayer systems are semi-metals with Dirac cones in first

Brillouin zone. Uniaxial tensile strain along x will induce

shifting of the cone I, and the merging of two conical bands

at X0 is predicted. The tensile strain along y will increase the

energy gap at the cone II. The compressive strain shifts the

energy of the Dirac points almost linearly, which results into

coexistence of positive and negative charge carriers in the

lattice. The large anisotropy in stiffness is also being pre-

dicted for the monolayer graphyne. The energetically pre-

ferred structure of the graphyne bilayer is similar to the

Bernal’s AB stacking of two adjacent graphene layers. The

anisotropy of the Dirac cone is largely enhanced in bilayer,

which implies a possibility of increased anisotropy in its

electron transport properties. We believe that the predicted

tunability of electronic properties makes 6,6,12-graphyne to

be candidate 2D material for the next-generation electronic

devices at nanoscale.
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