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The structural and mechanical properties of graphene nanoribbons (GNRs) under uniaxial tensile

strain are studied by density functional theory. The ideal strength of a zigzag GNR (120 GPa) is close to

that of pristine graphene. However, for a GNR with both edges reconstructed to pentagon–heptagon

pairs (from hexagon–hexagon pairs) it decreases to 94 GPa and the maximum tensile strain is reduced

to 15%. Our results constitute a comprehensive picture of the edge structure effect on the mechanical

properties of GNRs.

I. Introduction

Graphene has attracted a lot of interest since it first became

accessible experimentally in 2004.1 Recent experimental results2

have established graphene as the strongest material with the

highest Young’s modulus (�1 TPa) ever measured. Its breaking

strength of �130 GPa represents the calculated intrinsic strength

of a defect-free sheet.3 There are various theoretical studies about

the mechanical properties of monolayer graphene suggesting that

topological defects, such as monovacancies, Stone–Wales dislo-

cations, slits, and holes, will weaken the strength.4,5 The Young’s

modulus of graphene decreases with the vacancy concentration

and large slits or holes drastically reduce the fracture strength to

30–40 GPa.6

A substantial portion of the graphene studies is devoted to

understanding the physics of graphene nanoribbons (GNRs),

due to their potential use in electronic applications. As the typical

width of a GNR is in the range of 4 to 20 nm, the confinement

effect opens a band gap, which is essential for room temperature

transistor operation.7 It has been predicted that zigzag GNRs are

semiconductors with two localized electronic edge states. These

states are ferromagnetically ordered and couple to each other

antiferromagnetically. When an external electric field is applied

across the ribbon, half-metallicity can be realized in zigzag

GNRs.8

Various methods for obtaining GNRs have been demon-

strated, such as lithographic patterning of graphene,9 chemical

sonication,10 unzipping of multiwall carbon nanotubes,11 and

bottom-up fabrication.12 Recently, Jin et al.13 have obtained

GNRs by fabricating two nearby holes in monolayer graphene,

using prolonged electron irradiation. This tailors the width of

GNRs from 2 nm down to even single C chains. When decreasing

the GNR width, the edge plays an increasingly important role in

the structural and mechanical properties. It has been proposed

that the zigzag edge is metastable and a planar transition from

hexagon–hexagon pairs to pentagon–heptagon pairs (Stone–

Wales defect) spontaneously takes place at room temperature14

or high temperature.15 On the other hand, it has been demon-

strated that the transition energy barrier is 1.12 eV that is large

enough to prevent transition from hexagon–hexagon to

pentagon–heptagon pairs.16 However, the transition can occur

under tensile strain larger than about 5% at room temperature.16

Reports on the mechanical properties of GNRs17–21 show that

armchair and zigzag shaped edges decrease and increase the

tensile strength, respectively. Therefore, it is important to achieve

a comprehensive picture of the mechanical properties of GNRs

and the effect of the edge reconstruction.

In this work, we investigate themechanical properties of GNRs

under uniaxial tensile strain, using calculations based on density

functional theory. The influence of edge reconstruction on the

mechanical properties is discussed in detail. The ideal strength of

the zigzag GNR is close to that of pristine graphene. When the

hexagon–hexagon pairs on the zigzag edge transform to

pentagon–heptagon pairs, the ideal strength of the reconstructed

GNR decreases to 94 GPa and the maximum tensile strain is

reduced to 15%. The energetically favorable state of the zigzag

GNR is anti-ferromagnetic for a tensile strain less than 5%. Our

study predicts the mechanism of the mechanical failure of the

zigzagGNRunder tensile strain, thus highlighting the importance

of the edge structure for graphene based nanomechanical devices.

II. Computational method

Our calculations employ the generalized-gradient approximation

of the exchange correlation functional with ultrasoft pseudopo-

tentials,22 as implemented in the Quantum-ESPRESSO

package.23 A high cut-off energy of 500 eV and a mesh of 1� 8�
1 k-points are used to achieve a high accuracy. Structural
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optimization is carried out for all systems until the residual forces

have converged to 0.003 eV �A�1. We describe the uniaxial strain

along the edge direction (y-axis) of the GNR (see Fig. 1) by 3 ¼
(a � a0)/a0 � 100%, where a and a0 ¼ 4.92 �A are the lattice

parameters for the strained and pristine structure, respectively.

III. Results and discussion

Before addressing the mechanical properties of GNRs, we

briefly discuss the electronic properties of zigzag GNRs under

strain. The electronic properties of unstrained GNRs were

studied extensively in the late 1990s.24,25 Fig. 2 presents the band

structures and densities of states of zigzag GNRs in anti-ferro-

magnetic (AFM), ferromagnetic (FM), and non-magnetic (NM)

states under a uniaxial tensile strain of 5%. For the zigzag GNRs

we find flat bands around the Fermi level due to the edge states.

These flat bands result in sharp peaks in the density of states. In

general, such van Hove singularities26 can result in density

waves,27 magnetism,28 or even superconductivity.29 For the NM

state, see Fig. 2(c), a sharp peak is located exactly at the Fermi

level, yielding an electronic instability of the system. Spin

splitting then results in magnetism.30 We find that the NM state

of the zigzag GNR is unstable against both AFM and FM

ordering. In the AFM state a band gap opens, whereas in the

FM state the Fermi level is located at the crossing point of

two bands with almost linear dispersion and is far way from any

flat band.

By calculating the energy difference between the zigzag GNRs

in the AFM, FM, and NM states as well as the GNR with both

edges reconstructed (FR), see Fig. 3, we demonstrate that the

ground state of the zigzag GNR is AFM. We also conclude that

the FR GNR is energetically favorable over the zigzag GNR

under uniaxial strain ranging from 0% to 20%. For the case of the

zigzag GNR, the energy difference between the FM and AFM

states is less than 0.1 eV per cell, while the energy difference

between the NM and AFM states is �1.5 eV per cell. Moreover,

the energy difference between the FM and AFM states is much

smaller than the energy difference between the NM FR GNR

and the AFM zigzag GNR (�2.0 eV per cell). Under uniaxial

strain larger than 25%, the NM configuration of the zigzag GNR

becomes energetically favorable. There are few experimental

observations of the FR GNR31 although it is theoretically

demonstrated that this configuration is energetically favorable

over the zigzag GNR. However, it is typical for carbon materials

that there are many allotropes with large energy barriers that

prevent transitions.

Fig. 1 Schematic structures of zigzag (left) and FR (right) GNRs with w

¼ 4. The arrows denote the axis and the tensile strain direction.

Fig. 2 Band structures and densities of states of zigzag GNRs in the (a) AFM, (b) FM, and (c) NM states.

Fig. 3 Energy differences with respect to the AFM state of the zigzag

GNR for the FRGNR in the NM state, the zigzag GNR in the FM state,

and the zigzag GNR in the NM. The width is w ¼ 4 and uniaxial strain is

applied along the edge direction ranging from 0% to 30%.

This journal is ª The Royal Society of Chemistry 2012 J. Mater. Chem., 2012, 22, 24676–24680 | 24677
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In a previous work it has been found that the energy barrier for

transition from a zigzag to a FR edge is 0.6 eV and it has been

claimed that the reconstruction takes place spontaneously at

room temperature based on transition state theory.14 However, it

has been pointed out that the first step of the reconstruction, i.e.,

the transformation of a pair of hexagons into a pentagon–

heptagon pair, is subject to a higher free energy barrier of 0.83 eV

at room temperature.15 This value was obtained by classical

molecular dynamics calculations for a w ¼ 6 GNR with two free

edges. In our present study we employ the nudged elastic band

method32 based on density functional theory to evaluate energy

barriers. Our structure model is a w ¼ 4 GNR with one fixed

edge. Our calculations result in energy barriers for the first and

second transition steps of 1.80 and 1.11 eV, see Fig. 4. The

discrepancy to ref. 15 can be attributed to the classical method

employed there. Importantly, the fact that the energy barrier in

our case is about 1 eV larger prevents transition at room

temperature. However, it is predicted that a zigzag GNR will

transform into an FR GNR under uniaxial tensile strain larger

than 5% at room temperature, because the transition barrier is

lowered by the strain.16 Therefore, it is interesting to obtain

insight into the effect of the edge reconstruction on the

mechanical properties of a zigzag GNR.

Fig. 5 shows the ideal tensile strengths of the zigzag GNR, the

GNR with only one edge reconstructed (SR), and the FR GNR

with w ¼ 4. The ideal tensile strength is the highest achievable

strength of a defect-free crystal under tensile strain at 0 K.3 When

the stress on the crystal is larger than the ideal tensile strength, the

deformation of the crystal is irreversible. The latter is called

mechanical failure. Ambiguity in the thicknesses and widths of

ultra-thin GNRs suggests addressing the stress in terms of force F

(left y-axis; in nN) rather than in terms of force per unit area, i.e.,

stress s (right y-axis; in N m�2 or Pa).33 Force and stress are

connected to each other by the relationship s¼ F/A via the areaA.

To compare with previously reported ideal tensile strengths, we

transform the one-dimensional force into a three-dimensional

stress assuming that the effective thickness of graphene is 3.4 �A

and that thewidth is 5.7�A (w¼ 4). This leads toA¼ 19.38�A2. The

residual stresses of zigzag, SR, and FR GNRs (w ¼ 4) without

tensile strain (a ¼ a0) are �4.8, 13.3, and 5.6 GPa, respectively.

The residual stresses are edge stresses due to a lack of periodicity

perpendicular to the edge direction.14–16 A series of incremental

tensile strains have been applied along the edges. The ideal tensile

strength of the zigzag GNR is about 120 GPa at a strain of 3 ¼
25%, which is consistent with previous reports.3,21 Moreover, the

ideal tensile strengths of the SR and FR GNRs are about 94 and

85 GPa at a strain of 3¼ 15%, respectively. This indicates that the

edge reconstruction weakens the ideal tensile strength, which

leads to mechanical failure of the GNR at a strain of 3 > 15%. The

consequence is a structural transition of the FRGNR, as reflected

by imaginary frequencies in the phonon dispersion.

Fig. 6 and 7 show the phonon dispersion relationships for the

zigzag GNR in the AFM and FM states (w ¼ 4) under uniaxial

Fig. 4 Minimum energy path of the first and second step transitions

from a hexagon–hexagon pair to a pentagon–heptagon pair.

Fig. 5 Force–stress–strain relationships for zigzag, FR, and SR GNRs

with a width of w¼ 4 under uniaxial tensile strain along the edge. Force F

and stress s are connected by s ¼ F/A, with the area A ¼ 19.38 �A2.

Fig. 6 Phonon dispersions for the zigzag GNR in the AFM state (w¼ 4) under a uniaxial tensile strain of (a) 0%, (b) 5%, (c) 10%, (d) 15%, and (e) 20%.
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tensile strain ranging from 0% to 20%, respectively. In general,

the phonon dispersions of the two states are similar. Imaginary

frequencies in Fig. 6(a) and 7(a) indicate instability of the

structure without uniaxial tensile strain. The imaginary

frequencies appear between the G and X points. Because of the

residual edge stress for the zigzag GNR, a ripple is found without

tensile strain.15,16 There is no imaginary frequency in the phonon

dispersions for the zigzag GNR in the AFM and FM states under

uniaxial strain ranging from 5% to 20%. As discussed above, the

AFM state is energetically more stable than the FM state under

uniaxial tensile strain ranging from 0% to 20%. The structural

stability of the FM state is similar to that of the AFM state.

Moreover, the phonon dispersion for the zigzag GNR in both the

AFM and FM states under a uniaxial tensile strain of 15% and

20% shows an energy gap around 1000 cm�1.

Fig. 8 shows the phonon dispersion relationships for the FR

GNR under uniaxial strain ranging from 0% to 20%. The

additional modes with frequencies around 2000 cm�1 corre-

spond to in-plane vibrations along the edge of the two outer-

most C atoms of the heptagon.16 There is no imaginary

frequency in the phonon dispersion relationships for the w ¼ 4

FR GNR, indicating stability under uniaxial tensile strain from

0% to 10%, see Fig. 8(a–c). Fig. 8(d and e) show an instability

for uniaxial strain larger than 15%, suggesting a structural

transition of the FR GNR. The energy difference between the

zigzag and FR GNRs in Fig. 3 shows that the zigzag GNR in

the AFM state is less stable than the FR GNR under a uniaxial

strain larger than 20%. However, there is an abrupt energy

decrease for the zigzag GNR in the NM state when the strain

exceeds 20%. In addition, the energy for the zigzag GNR in the

NM state is slightly smaller than that for the FR GNR in the

NM state. By checking the relaxed structure of the zigzag

and FR GNRs in the NM state, we find that the heptagons,

hexagons, or pentagons break, leading to carbon chain

formation, which is consistent with previous results obtained by

molecular dynamics.19,34

The edge of the zigzag GNR is reactive due to the dangling

bonds. In the present study we assume that the GNR is in vacuum

to prevent a reaction. However, in air the edge will be chemically

saturated by water vapor, oxygen, etc. In previous studies on the

structural and mechanical properties of the zigzag GNR, the

dangling bonds on the zigzag edge were saturated by H, O, or

other chemical groups.14,17,19–21 The mechanical properties were

found to be similar to those without saturation.21 However,

saturation will prevent transition from the hexagon–hexagon pair

to the pentagon–heptagon pair. We therefore can expect that it

will conserve the inherent strength of the GNR. Also, for a

realistic GNR there will be many kinds of defects on the edge,

which induce extra stress and consequently affect the strength.

The unit cell chosen for modeling the zigzag GNR in ref. 17–21

contains one hexagon along the edge direction, which is half of

the unit cell of our calculation. Omitting the edge transition

therefore has induced mechanical failure in these studies.

It has been discussed earlier that the first step of the transition

from a hexagon–hexagon to a pentagon–heptagon pair has the

higher transition barrier, see Fig. 4, while the second step is easier

to achieve due to the smaller transition barrier. As a conse-

quence, the hexagon–hexagon pairs of the zigzag edge transform

progressively during the transition process towards an FRGNR.

This result is consistent with previous findings from molecular

dynamics simulations.15 This transition leads to a mixture of

heptagons, hexagons, and pentagons. Consequently, the ideal

strength of the GNR will depend on the concentration of the

pentagon–heptagon pairs. In addition, once a hexagon–hexagon

pair transforms under certain tensile strain, the externally

applied tensile stress is partially canceled by the residual stress

induced by the transformation. This is attributed to be the main

reason for the mechanical failure of the FR GNR. We have only

Fig. 7 Phonon dispersions for the zigzag GNR in the FM state (w ¼ 4) under a uniaxial tensile strain of (a) 0%, (b) 5%, (c) 10%, (d) 15%, and (e) 20%.

Fig. 8 Phonon dispersions for the FR GNR in the NM state (w ¼ 4) under a uniaxial tensile strain of (a) 0%, (b) 5%, (c) 10%, (d) 15%, and (e) 20%.
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discussed the effect of the hexagon–hexagon to the pentagon–

heptagon transformation on the mechanical properties of the

zigzag GNR. The theoretically predicted hexagon–hexagon–

hexagon to heptagon–pentagon–heptagon group transformation

on the edge of the armchair GNR illustrates that the trans-

formation can also induce residual stress.35 Therefore, it is

expected that mechanical failure affects the transformed

armchair GNR. According to the transition state theory,

increasing the temperature will increase the probability of edge

transition.14–16 It is expected that at low temperatures the zigzag

GNR can maintain a high mechanical strength. In contrast, at

high temperatures a transition will occur and mechanical failure

will be observed. Therefore, in experiments the stress–strain

relationship of zigzag GNRs depends on the temperature.

According to Fig. 4, the saddle point of the transition from a

hexagon–hexagon pair to a pentagon–heptagon pair coincides

with the C–C bond breaking perpendicular to the edge direction.

After the breakage, the outermost C atom moves to one side and

forces the neighboring C atom in the hexagon to move to the

same side, leading to the formation of a pentagon–heptagon pair.

The first transition will lead to a local tensile strain on neigh-

boring hexagon–hexagon pairs. The phonon dispersions in

Fig. 6–8 demonstrate mode softening when GNRs are subject to

tensile strain, indicating that the strength of the C–C bonds is

lowered. Thus, the local tensile strain induced by the first tran-

sition weakens the C–C bonds of neighboring hexagons. As a

consequence, the energy barrier of the second transition is lower

than that of the first.

IV. Conclusion

In conclusion, we have investigated the structural and mechan-

ical properties of zigzag and FR GNRs under uniaxial tensile

strain by density functional theory. The ideal strength of the

zigzag GNR is about 120 GPa, which is close to that of pristine

graphene. In addition, the zigzag GNR is stable under uniaxial

tensile strain up to 20% for both the AFM and FM states. When

the hexagon–hexagon pair on the zigzag edge transforms to a

pentagon–heptagon pair, the ideal strength of the reconstructed

GNR decreases to 94 GPa, and the maximum tensile strain is

reduced to 15%.
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