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The electromechanical effect of graphene nanoribbons (GNRs) is investigated via a first-principles method.
The deformations of GNRs with zigzag shaped edges (ZGNR) and armchair shaped edges (AGNR) are
considered. The nonlinear stress–strain relations are found for both of the AGNRs and the ZGNRs. The
AGNRs seem to be stiffer than the ZGNRs as concluded from inspecting the Young’s modulus and the
ideal strength of GNRs. It is found that a mechanical deformation will affect the electronic structures of
GNRs. The band gap of AGNRs exhibits sawtooth oscillations under strains and the oscillating strength
is up to 1 eV. On the contrary, the band gap of ZGNRs is insensitive to strain. However, the band gap
of ZGNRs will be reduced dramatically to zero as the compressive strain is greater than 0.17. The large
variation of the band gap of AGNRs under strain indicates that deformation can provide an opportunity
for tuning the band gap of an AGNR.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction

A graphene nanoribbon (GNR) is essentially a strip of graphene
with finite width in nanometer size. The study of GNR is motivated
by the fundamental physics interests for the low-dimensional ma-
terials and the potentials of versatile applications of the novel
structures [1–3]. Owing to the structure being similar to carbon
nanotubes (CNTs), GNRs are expected to have various unique prop-
erties and capabilities for the next generation devices [3–14]. As
CNTs are predicted to have high stiffness and axial strength, the
mechanical properties of CNTs have been a focus of extensive
studies. As well as the interesting mechanical characteristics, the
electromechanical properties of CNTs have also attracted much at-
tention and have been studied both experimentally and theoreti-
cally [15–19]. The mechanical deformation will affect the electrical
properties of CNTs and could be applied in electromechanical de-
vices. The effects of mechanical deformations of planar graphene
sheets have been extensive studied [20–23] in the few years. Re-
cently, CNRs have been attracted enormous interest on their elec-
tronic and transport properties [3–5,11–13], but little attention
has been paid to mechanical properties of GNRs. However, the
mechanical deformations have been predicted to affect the band
structure of GNRs [5,24]. In this paper, we will present the me-
chanical properties of GNRs and the electromechanical effect on
GNRs including the GNRs with the armchair shaped edges (AGNRs)
and with the zigzag shaped edges (ZGNRs). The arrangement of
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this paper is as follows: The calculation details are described in
Section 2. Section 3 is the results and discussions. Section 4 is the
conclusions.

2. Calculation details

This work is performed within the density functional theory
(DFT) [25] and the local (spin) density approximation [L(S)DA] [26]
via the Vienna ab initio simulation package (VASP) [27–29]. The
exchange–correlation energy is in the Ceperley–Alder form [30]
and the ultrasoft pseudopotentials [28] are used. The 1 × 80 × 1
k-points sampling in the first BZ and plane-wave the cutoff up to
358.2 eV have been carried out. The total energies are converged
to within 1 meV. The ZGNRs and AGNRs with edge atoms passi-
vated by hydrogen atoms on both sides are considered (Fig. 1). The
GNR consists of nanographitic strip that is infinitely long in the x-
direction. The corresponding primitive cells 2.441 and 4.228 Å of
the undeformed ZGNRs and AGNRs are the calculated L(S)DA result
of graphene. The vacuum thickness of 26 Å in the y-direction of
supercell is taken into account, while the vacuum thickness in the
z-direction of up to 35 Å the tested is convergence of total energy
and energy gap. Following the conventional notation, an N-GNR is
specified by the number of zigzag or armchair chains (N) along the
ribbon forming the width. The uniaxial stress is imposed in the x-
direction by increasing the length of GNR, and strain (ε) is defined
as ε = (L − L0)/L0, where the L and L0 are the deformed (stretched
or shrunken) and the undeformed length of the GNR. A strain with
positive or negative value is corresponding to a tensile strain or a
compressive one. The atomic positions are relaxed until the magni-
tudes of the forces become less than 0.01 eV/Å at every strain. The
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Fig. 1. Structural schematics of (a) the 9-AGNR and (b) the 6-ZGNR with edges terminated by H atoms (small blue circles). The boundary of the primitive cell in the x-direction
is shown with the dashed lines. (For interpretation of the reference to color in this figure legend, the reader is referred to the web version of this article.)
Table 1
The ideal elastic strength, Young’s modulus (Y0) and its first derivative (Y ′

0) to stress
of GNRs and those of CNTs and graphene. The Y0 and Y ′

0 are obtained from the total
energy curves fitted to one-dimensional Murnaghan equation of state (Eq. (1)).

Type Y0 (GPa) Critical
strain

Ideal strength
(GPa)This work Other

12-AGNR 958 0.196 95.4
13-AGNR 982 0.200 97.5
14-AGNR 950 0.199 98.5

2-ZGNR 965 0.282 131.8
4-ZGNR 1000 0.269 132.5
6-ZGNR 1024 0.258 129.7
8-ZGNR 1022 0.260 128.3
10-ZGNR 1030 0.261 128.3
12-ZGNR 1022 0.258 127.00
16-ZGNR 1077 0.262 126.8

Graphene 1087 (arm) 1000a 0.194 (arm)b 110 (arm)b

1095 (zig) 1050b 0.266 (zig)b 121c (zig)b

CNT 1800c

972d (10,0) 0.208d (10,0) 107.4d (10,0)

1008d (8,8) 0.295 d (8,8) 114.6d (8,8)

a Ref. [21].
b Ref. [23].
c Ref. [19].
d Ref. [18].

total energies of GNR are fitted to the one-dimensional Murnaghan
equation of state to obtain the Young’s modulus (Y0),

E(L) = E0 − Y0 AL0

Y ′
0

[
(L/L0)

1−Y ′
0 − 1

1 − Y ′
0

−
(

L

L0

)
+ 1

]
(1)

where the Y ′
0 is the first derivative of the Young’s modulus to

stress. The area A is the product of the width (w0) and the thick-
ness (d0) of GNRs at ambient condition. The distance between the
layers of graphite 3.35 Å is chosen artificially for d0. The ideal
strength is the maximum stress that can be supported by a de-
fect free material prior to failure.

3. Results and discussions

3.1. Mechanical properties

Table 1 displays the Young’s modulus and the ideal strength of
GNRs and those of graphene and CNTs are also listed for compar-
ison. Though AGNRs own slightly smaller Y0 than ZGNRs, the Y0
Fig. 2. Stress–strain curves of the AGNRs (dashed line with triangle) and the ZGNRs
(solid line with circle) under tensile uniaxial strain.

of both of the AGNRs and the ZGNRs are around 1 TPa. It demon-
strates that GNRs exhibit extraordinary stiffness as well as CNTs
and graphene. The Y0 of a ZGNR increases and tends to approach
that of graphene as the ribbon is growing wider. The stress–strain
relations of the GNRs under tensile strains are illustrated in Fig. 2.
It exhibits nonlinear behavior for both of the AGNRs and the
ZGNRs. Further, the nonlinear stress–strain relation of CNT and
graphene has also been reported [18,23]. Whereas the stress in-
creases linearly with the tensile strain as the strain is less than
0.05 for the ZGNRs and 0.07 for the AGNRs. The stress–strain curve
of an AGNR reaches maximum as the strain is around 0.2 (critical
strain), and then drops dramatically as the strain increases con-
tinuously. Nevertheless, the maximum of the stress–strain curve
of a ZGNR occurs at a larger critical strain (around 0.26) and the
curve goes down more slowly. The critical strains of the ZGNRs
and the AGNRs are close to that of graphene pulled in the zigzag
direction and in the armchair direction, respectively. As the rib-
bon is growing wider, the ideal strength of the AGNR increases,
while that of the ZGNR decreases. The ideal strength of the ZGNRs
is greater than that of the AGNRs, while that of graphene sheet
stays in between. To approach the stiffness of graphene, the ideal
strengths of the AGNRs and the ZGNRs display opposite behavior
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Fig. 3. (a) Band gap of the ZGNRs and (b) band gap of the AGNRs as a function of uniaxial strain.
with the width. The ZGNRs own stronger ideal strength and larger
Young’s modulus than the AGNRs. The ZGNRs would be stiffer than
the AGNRs. This result is accordant with the previous study of
graphene [23], they predict a graphene sheet which is more rigid
in the zigzag direction than in the armchair direction.

3.2. Electromechanical properties

It is found that a mechanical deformation will affect the elec-
tronic structures of GNRs as well as the CNTs. The band gap can
be changed as GNRs under uniaxial strain. At ambient condition,
the band gap of AGNRs (E g ) is at the center of Brillouin zone,
while the E g of ZGNRs is determined by the edge bands. The E g of
AGNRs under strains is also at the center of Brillouin zone. Fig. 3
depicts the band gaps of ZGNRs and AGNRs under uniaxial strains.
The E g -strain curves of ZGNRs and AGNRs display quite different
behavior. The E g of ZGNR does not vary significantly regardless of
the type of strain (tensile or compressive). Nevertheless, the E g of
ZGNR is reduced dramatically to zero as the compressive strain is
greater than 0.17 (ε < −0.17) (Fig. 3a). On the other side, the E g of
AGNR exhibits a sawtooth shaped oscillation under uniaxial strain,
and the oscillating strength of the E g (peak to peak) is up to 1.0 eV
(Fig. 3b). The oscillating strength of the E g of AGNR increases as
the strain, but decreases as the width of the ribbon increases. The
N-AGNR is usually divided as three distinct family groups: N = 3n,
3n+1 and 3n+2, according to the different electronic properties of
the AGNR. Based on tight-binding model, the 3n + 2 family group
of AGNRs has zero gap, while the other two family groups of AG-
NRs exhibit as a semiconductor. However, the E g of the AGNRs of
each family group is inversely proportional to the width of the rib-
bon (see Ref. [7] and reference therein). The order of E g of the AG-
NRs of the three family groups is E g(3n+1) > E g(3n) > E g(3n+2)

at ambient condition, and the three family groups are all predicted
to be semiconductors by first-principles calculations [7]. The cor-
responding E g of the 12-, 13- and 14-AGNRs at ambient condition
are 0.59, 0.91 and 0.18 eV (0.55, 0.90 and 0.19 eV for Ref. [29]),
respectively. Although strain can reduce the E g of AGNRs to tens
meV, the AGNRs are still semiconductor under strain. For both of
AGNRs and ZGNRs, the different behavior of the E g varied with
strain can be referred to distinct mechanisms for creating the band
gap. For the ZGNRs, the carbon atoms at each edge of the ribbon
(called edge atoms) play a crucial role, and the ZGNRs favor the
anti-ferromagnetic state that is the edge atoms belong to opposite
side of edge own opposite spin. The bands near the Fermi energy
(E F ) of ZGNRs are dominated by the edge atoms, and called edge
bands. Those bands are not sensitive to the strain but sensitive to
the width of the ribbon and the magnetic moment of edge atom.
When a ZGNR is under a strain greater than −0.17, the E g of ZGNR
occurs at the edge bands. On the contrary, those bands near the E F

of an AGNR belong to bulk bands and are mainly contributed by
the atoms near the ribbon center, and the edge atoms have less
contribution. As a result, the bands near the E F of an AGNR are
sensitive to the strain. The E g of AGNRs would have a large vari-
ation as the ribbon is under strain. It reveals that the mechanical
deformation can provide an opportunity for tuning the band gap
of an AGNR.

4. Conclusions

We have carried out the first-principles calculations for the me-
chanical properties and the electromechanical effect of GNRs. The
Young’s modulus and the ideal strength reveal that the ZGNRs
seem to be stiffer than the AGNRs. The band gap of AGNRs ex-
hibits sawtooth shaped oscillations under strain. On the contrary,
the band gap of ZGNRs is insensitive to the strain. The insensitive
of the band gap of ZGNRs can be referred to the origin of the band
gap. The large variation of the band gap of AGNRs under strain in-
dicates that deformation can provide an opportunity for tuning the
band gap of an AGNR.
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