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a-graphdiyne is a novel predicted Dirac cone material, which is similar to graphene. But the

absence of a band gap significantly limits its practical applications. In order to extend this

limitation, an opening of energy gap is needed. To this end, we resort to the nanoribbon structure

of a-graphdiyne. This is a conventional proposal to open up the energy gaps in nanomaterials. The

results show that both the armchair and the zigzag a-graphdiyne nanoribbons do generate energy

gaps, which are width-dependent. In addition, the underlying mechanism of this opening is

explored. The former is ascribed to the combination of quantum confinement and edges’ effect,

while the latter arises from the edge magnetic ordering. These novel nanoribbons with opening

energy gaps would be potentially used in electronic devices. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4871278]

I. INTRODUCTION

The discovery of graphene,1 one monolayer of carbon

atoms with a honeycomb structure, has ignited intense

research activities to elucidate the electronic properties of

this two-dimensional (2D) electronic system. Due to the

rapid progress in the preparation of graphene-related materi-

als, infinitely many other 2D periodic carbon allotropes,

including graphynes, graphdiynes, and other rectangular

allotropes, can be envisioned.2–7 Graphynes and graphdiynes

are the common derivatives, which come from several acety-

lenic ð�C � C�Þ linkages introduced in graphene. It is dem-

onstrated that these graphynes and graphdiynes are assumed

to be chemically stable as r bond is responsible for the

robustness of the lattice structure in all allotropes.2 Indeed,

finite building blocks and cuttings of these carbon allotropes

have already been synthesized.8,9 More importantly, Li et al.
have successfully generated large area films of graphdiyne

on copper surface by a cross-coupling reaction using hexae-

thynylbenzene.10 This is a big step towards the preparation

of extended graphynes and graphdiynes.

a-graphdiyne, another 2D layered carbon allotrope, is a

new Dirac cone material.11 In a-graphdiyne, the presence of

�C � C� linkages will hold certain unusual phenomena,

which are absent in graphene. As reported in Ref. 11,

a-graphdiyne itself is a zero-gap semiconductor. To extend

its practical applications, an energy gap is needed, which

enables charge transport tunable externally. Although the

spin-orbit coupling can open up an energy gap, the

magnitude is only around 22� 10�3 meV.11 Thus, other

approaches should be provided to open up the energy gaps

in a-graphdiyne. This can be achieved by doping,12 trans-

verse electric field applying,13 and stacking.14 Upon the

cutting, an a-graphdiyne ribbon lacks the original

two-dimensional periodic boundaries. The edge states are

thus introduced and an opening of band gap is expected.

Based on the non-equilibrium Green’s function method,

electronic transport properties of nanoribbons of graphyne

and its family were studied.15,16 Just recently, Lin et al.
investigated the electronic properties of graphdiyne nano-

ribbons modulated by metal adatoms.17 However,

a-graphdiyne nanoribbons have not received significant

attention until now. Therefore, in order to ensure successful

applications, it is desirable to explore how the peculiar

structural characteristics impact energy gaps in

a-graphdiyne nanoribbons.

In this work, we investigate two types of a-graphdiyne

nanoribbons, called armchair and zigzag nanoribbons,

through using an ab initio method. For each of these

a-graphdiyne nanoribbons, we first carried out a geometry

optimization and then calculate the energy gaps for different

ribbons’ width. Finally, a physical understanding to the

opening of energy gaps in these a-graphdiyne nanoribbons is

discussed.

The organization of this paper is as follows: a brief ex-

planation of the computational methods is presented in

Sec. II. In Secs. III and IV, we discuss the energy gaps of

armchair and zigzag a-graphdiyne nanoribbons, respectively.

Section V is devoted to conclusions.

II. COMPUTATIONAL METHODS

All calculations are performed within density functional

theory by using the SIESTA code.18,19 The generalized gradi-

ent approximation correction in the form of Perdew-Burke-

Ernzerhof (PBE)20 is taken for the exchange-correction

potential and the norm-conserving Troullier-Martins pseudo-

potentials21 is used for the core-valence interaction. The

double-f plus polarized atomic-orbital basis set is employed

in the calculation. The mesh cutoff of 400 Ry is used.

15� 1� 1 and 25� 1� 1 k points are chosen for the geome-

try optimization and the self-consistent calculation, respec-

tively. The vacuum space is set to at least 30 Å, which is large

enough to avoid the interaction between periodical images.

The conjugate gradient algorithm is adopted to fully relax the

structure until the maximum force on a single atom is less

than 0.01 eV/Å.
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III. ARMCHAIR NANORIBBONS

As a check, we first optimize the structure of

a-graphdiyne. The calculated lattice constant is 14.4 Å, in

agreement with the reported value of 11.42 Å.11 In

a-graphdiyne, only three typical types of bonds are emerg-

ing.22,23 They correspond to 1.237, 1.331, and 1.395 Å,

respectively. It should be noted that there is no strict single,

double, or triple bond in a-graphdiyne as carbon atoms are

connected through mixing sp and sp2 hybridizations. The

band structure of a-graphdiyne shows a character of Dirac

cone at K point. No electron population is observed at the

Fermi level of its density of states. More importantly, the

energy gap of a-graphdiyne indeed closes completely at

the Dirac point in the simulations.

Similar to graphene nanoribbons (GNRs), two types of

nanoribbons are obtained by cutting a-graphdiyne sheet

along different directions, known as armchair and zigzag

shaped edges, as illustrated in Fig. 1. To avoid edge recon-

struction, the dangling r bonds at the edges are saturated

with hydrogen atoms throughout this paper. Following previ-

ous convention,24,25 the ribbon widths are denoted by Na and

Nz for armchair and zigzag configurations, respectively. We

refer to an a-graphdiyne armchair nanoribbon with Na lines

as a Na-a-AGNRs and an a-graphdiyne zigzag nanoribbon

with Nz zigzag chains as a Nz-a-ZGNRs.

Our ab initio calculations show that all the a-AGNRs

are semiconducting and nonmagnetic, exhibiting a similar

feature to GNRS.24 Since the translational symmetry is

broken in a-AGNRs compared to a-graphdiyne, an opening

of energy gap is a natural consequence. In a-AGNRs, the

largest energy gap is predicted to be around 0.45 eV, which

is quite smaller than that of GNRs (�2.5),24 but is compara-

ble to that of a-graphyne nanoribbons (�0.8 eV).26–28 This

stems from the weaker hopping energies between the lattice

sites in a-graphdiyne.11

The gap of Na-a-AGNRs is inversely proportional to its

width, as displayed in Fig. 2. More importantly, the varia-

tions of energy gaps are separated into three distinct families,

which are as Na¼ 3p, 3pþ 1, 3pþ 2 with p being a non-

negative integer. The gap behaves a hierarchy as D3pþ1

> D3p > D3pþ2, as shown in Fig. 2(a). The band structures

for Na¼ 11, 12, and 13 are shown in Fig. 2(b), suggesting

that the a-AGNRs are direct semiconductors at C point.

Since the a-graphdiyne itself is a gapless semiconductor,11

quantum confinement is the first factor to dominate the semi-

conducting behavior of a-AGNRs. Moreover, this quantum

confinement can be characterized by DNa
/ w�1

a . The solid

curves in Fig. 2(a) are obtained through fitting the above

quantum confinement. Another factor ascribed to the appear-

ance of the energy gaps in a-AGNRs is the edges’ effect.

This can be characterized by the variation of carbon bond

lengths at edges, which are shortened by around 0.8%–1.0%

for the 11-, 12-, and 13-a-AGNRs as compared to those in

the middle of the ribbon.

IV. ZIGZAG NANORIBBONS

In the case of a-ZGNRs, with nonmagnetic (NM) order-

ing between two edges, there is no energy gap as the upper

and lower bands are degenerate at the Fermi level. In

Fig. 3(a), the edge states are completely localized at EF and

close to the X point, in agreement with GNRs24 and other

graphyne/graphdiyne nanoribbons.26–28 The almost flat

bands near the Fermi level are expected to give rise to a re-

markable sharp peak in the density of states, where the

charge density is extremely localized on the edge states. Due

FIG. 1. Schematics of (a) armchair and (b) zigzag a-graphdiyne nanorib-

bons. The unit cell is delimited by the dashed lines. The edge carbon atoms

are saturated with hydrogen atoms. Na and Nz identify the width of armchair

and zigzag nanoribbons, respectively.

FIG. 2. (a) The variation of energy gaps of Na-a-AGNRs as a function of

width from ab initio calculations (symbols). The solid lines are fit from the

quantum confinement DNa
/ w�1

a . (b) Band structures of Na-a-AGNRs with

Na¼ 11, 12, and 13.
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to the strong tight-binding character of these edge states, the

Coulomb energies are very large, resulting in spin-polarized

edges. This should be the origin of magnetic ordering in

a-ZGNRs31 (discussed as below). This is slightly different

from the magnetism induced by vacancies,32,33 where the

dangling bonds play a vital role.

Upon inclusion of spin polarization, a remarkable new

feature arises in the band structure. The a-ZGNRs are pre-

dicted to be metallic with ferromagnetic (FM) ordering

between two edges. Meanwhile, it has a direct change on its

band structure, as shown in Fig. 3(b). The edge states are spin-

splitting as one is above EF and the other is below EF. Thus,

the original localized edge states are now spin-polarized, with

only the spin up states being filled. This also can be explicitly

observed in the corresponding spin distributions where the

edge atoms are spin up, as displayed in Fig. 4(a). This FM

spin configuration is more stable by around 26.9 meV than

that of NM in the case of 6-a-ZGNRs. The energy difference

between NM and FM states decreases as the width of nanorib-

bons increases. If two edges are antiferromagnetic (AFM)

coupling, it generates the semiconducting ground state, as dis-

played in Fig. 3(c). It is more stable by about 30.4 meV than

that of NM coupling in the case of 6-a-ZGNRs. Thus, AFM

coupling is the ground state of a-ZGNRs. The spin

distributions of 6-a-ZGNRs with the AFM spin configuration

is given in Fig. 4(b). The magnetic moment localized on the

edge atom is about 0.11 lB, which is smaller than the value of

GRNs (�0.55lB),34 but is comparable to that of graphyne/

graphdiyne nanoribbons (�0.15lB).26,30 It is important to note

that the atomic magnetic moment spreads from the edge to the

center of the ribbon with a notable decay. This is because the

flat subband or the edge states are formed in these nanorib-

bons (see Fig. 3(a)).

Two types of energy gaps D0 and DX (Fig. 3(c)) are

detected in a-ZGNRs, which originate from the staggered

sublattice potentials.29 Since the strength of the staggered

potentials in the middle of the ribbons decreases as the width

increases, the band gaps of a-ZGNRs are inversely propor-

tional to the width as shown in Fig. 5. The energy gaps DX

remains nearly unchanged as the width of a-ZGNRs

increases, while the energy gaps D0 drops sharply as the

width increases. The averaged gaps of D0 and DX from nano-

ribbons’ width Nz¼ 2 to Nz¼ 14 are about 0.14 and 0.27 eV,

respectively. Both of them are quite smaller than those val-

ues (0.3 and 0.5 eV) of GNRs.24

V. CONCLUSIONS

In conclusion, we have studied the energy gaps of a-

graphdiyne nanoribbons, with two typical edges, using ab
initio methods. The results shown that either armchair or zig-

zag shaped edges generate energy gaps which decreases as

the ribbon widths increase. The former has a energy gap

caused by the quantum confinement and the edges’ effect,

while the latter arises from the edge magnetic ordering.

These nanoribbons with opening up energy gaps would be

potential used in electronic applications.
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