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Zigzag graphene nanoribbons with curved edges
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Zigzag-edged single and double folded graphene nanoribbons are studied using density functional theory

methods. Some asymmetric folds and folds with an octagon/hexagonal extended defect line are also

considered. The long-range van der Waals interactions are taken into account via semiempirical pairwise

optimized potential. The geometrical and magnetic phases of the studied structures are obtained. It is

shown that the magnetic states of the folds depend strongly on their stacking patterns. The electronic

structures in terms of energy needed for the folding process, van der Waals contribution, energy band

gaps, band structures, and densities of states are also calculated. We find that significant changes in the

electronic structure can be achieved as a result of folding and adding line defects.

1 Introduction

Graphene is an atomically thin sheet of sp2-bonded C atoms
arranged in a honeycomb lattice. This material is stable under
ambient conditions and it possesses exceptional mechanical,
transport, and optical properties.1,2 Graphene nanoribbons
(GNRs) are quasi-one dimensional graphene derivatives with a
finite width and distinct edge structure. GNR edges can have
armchair or zigzag types determining their electronic structure
characteristics. An unusual feature is the presence of
antiferromagnetic ordering in GNRs with zigzag edges.3–5

Both, graphene and GNRs, are considered to be promising
materials for applications in novel technologies, especially for
high-speed electronics.6

Structural engineering is an emerging tool for tailoring
properties of materials, such as carbon-based systems.
Creating organized extended defects or mechanical wrapping
and folding of graphene structures are particularly promising
methods. For instance, a line defect consisting of sp2 C
pentagons and octagons behaves as a metallic wire embedded
in graphene.7 Rolling, twisting, and folding in out of plane
direction can also be achieved due to the graphene and GNR
flexibility. In particular, folding can be achieved via mechan-
ical stimulations,8,9 etching10 or high temperature annealing11

techniques.
A topic of considerable interest is to study the interplay

between the particular types of GNRs, the presence of extended
defects and folding in order to find new ways to further change
the properties of these functional materials. In an earlier
publication,12 we investigated folded armchaired GNRs as a
function of their width. Our electronic structure calculations

showed that the interlayer van der Waals (vdW) coupling
together with the strain from the folding can lead to
semiconductor–semi-metal transitions in the energy band
structure. The interlayer dispersive interaction is registry
dependent and it plays a significant role for the stability of
the folded structures.

The motivation for this work is to propose additional ways
to modify properties of nanoribbons combining the unusual
electronic and magnetic characteristics stemming from the
zigzag type of edging. In addition, the presence of pentagon/
octagon extended line defects in folded zigzag GNRs is also
studied to show how the properties are further evolved.
Analysis and comparison of folded graphene nanoribbons
with armchaired edges are also presented, in order to
demonstrate the differences and similarities and highlight
the zigzag edge and its magnetic nature.

2 Method and structures

The results reported here are obtained utilizing self-consistent
density functional theory (DFT) calculations within the Vienna
Ab Initio Simulation Package (VASP).13 In this state of the art
code, the Kohn–Sham equations are solved using the
projector-augmented-wave (PAW) method of Blochl,14 with a
plane-wave basis set and periodic boundary conditions. The
exchange–correlation energy is described by the Perdew–
Burke–Ernzerhof15 (PBE) functional. For all of our calcula-
tions, we have used a plane wave cutoff of 450 eV and a
Brillouin zone sampling of (1 6 1 6 7) automatic-mesh
k-points. To ensure that each structure reaches its equilibrium
state we set the total energy and force criteria to 1025 eV and
1022 eV Å21, respectively. Each supercell is constructed so that
the distance between nearest structures in each direction is
20 Å. Increasing the size of the supercell or improving the
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convergence criteria does not lead to significant changes in
our results.

The long-ranged van der Waals (vdW) interaction plays a
determining role in the formation and stability of the folded
structures. The vdW coupling is taken into account via the
DFT-D2 approach16,17 implemented in VASP, with the para-
metrization given by Grimme et al.18,19 In this method, a
semiempirical dispersion potential is added to the conven-
tional Kohn–Sham energy, and the vdW correlations are
calculated self-consistently through a pairwise force field
optimized for DFT functionals. Despite its two-body nature,
the DFT-D2 implementation is an efficient way enabling first
principles calculations to take into account vdW dispersive
interactions.

The structures of interest here are zigzag GNRs with
saturated by H end bonds. Each GNR is specified by the
number N of its zigzag C lines extending along the axial
direction, which also corresponds to a particular width W as
shown in Fig. 1a. We study single and double folded
symmetric ribbons Fig. 1b and 1d. Single folds in which the
top Nt and bottom Nb flat portions have different size are also
considered. These are termed as ‘‘asymmetric’’ structures
(shown in Fig. 1c). Line defects comprised of rotated CC bonds
and forming an ordered extension of two pentagons followed

by an octagon are also created in the center of a zigzag GNRs
Fig. 2a. Consequently, single and double folded defective
GNRs are investigated, as shown in Fig. 2b and 2c.

3 Results and discussion

In this work we consider zigzag GNRs with 10 ¡ N ¡ 27, for
which single folded structures are found to be stable. Double
folds, however, exist for N ¢ 18 and here we investigate
structures with 18 ¡ N ¡ 27. The studied systems were
relaxed within the criteria specified above and some repre-
sentatives are shown in Fig. 1 after relaxation. We consider the
magnetic state of each structure by performing self-consistent
relaxations with ferromagnetic (FM), antiferromagnetic (AFM),
and nonmagnetic (NM) ordering. It turns out that for all
unfolded and double folded ribbons, the ground state is
always AFM. For single folds with odd N, the ground state is
always AFM, while the ground state for even N is always NM. In
all cases, the FM state is found to be least stable (the total
energy is about 15 meV higher than the most stable
configuration), thus it is not considered further. The folded
structures are found to be stable due to the balance between
the elastic bending from the curved regions and the vdW force
from the flat-like portions. The elastic bending resists the
curving, while the vdW attraction favors it. The shape of the
single folds looks like a racket, but for N , 21 (W , 43 Å) the
racket does not have a ‘‘handle’’, which is its flat-like portion.
For larger ribbons, the flat portions are bigger and the curved
regions are slightly reduced, which causes the configurations
to be more stable.

We note that for the cases of armchair single folds,12 there
is an abrupt geometrical transition at N = 28 carbon lines (W =
33 Å), where the folded ribbon experiences a significant
reduction of the curved region (by y1/2) and increase in the
‘‘handle’’ (by y2) as compared to N = 27. For the zigzag single
folds, however, there is a gradual transition as the shape of the
curved region remains practically constant, but the size of the
parallel parts increase gradually.

Of particular interest is the variety of stacking patterns one
achieves by such fractional nanotubes. For example, AA
stacking is found for all even N 1 folds, while the pattern for
all odd N is the one shown in Fig. 1b, which is called AB’.

Fig. 1 Top and side views of the GNR structures: (a) unfolded ribbon with N = 10
zigzag C lines; (b) single folded ribbons with N = 21 C lines; (c) asymmetrically
single folded ribbon with N = 26 (Nt = 3 C lines on top and Nb = 10 C lines on
bottom in the flat region); (d) double folded ribbon with N = 27 C lines. The
magnetic moments for each structure are shown as arrows on the corre-
sponding atoms.

Fig. 2 A GNR with N = 20 C lines and pentagon/octagon defective line in the
center for: (a) unfolded; (b) single folded; (c) double folded cases.
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Other variations can be found in the 2 folds. We point out that
achieving different CC ring orientations in layered graphene
systems maybe difficult to obtain experimentally, however,
folding seems to provide many possible ways of obtaining
layered registry dependence. For the asymmetric 1 folds, by
changing the size of the overlap region we can also obtain
various types of stacking patterns. The natural form of bilayer
graphene and graphite is the Bernal (AB) stacking. However,
other patterns have been seen in scanning tunneling micro-
scopy imaging due to misaligned or twisted graphene layers.20

Different patterns in such graphene layered systems can lead
to modifications in their electronic and optical properties.21,22

We also simulate unfolded, single and double folded
structures for a GNR with N = 20 zigzag lines and with an
extended linear defect comprised by octagon/pentagons
patterns positioned in the center. This line defect breaks the
CC hexagonal symmetry and the curvature is reduced as
compared to the defect free case. However, the double fold
geometrical form is practically unchanged since the line defect
is in the center of the ribbon Fig. 2.

The energetics for the studied zigzag GNRs is further
investigated. In Fig. 3a, we show DE = EAFM 2 ENM, which is the
difference between the total energies for the AFM and NM
ground states for the 0, 1, and 2 folded structures. The figure
shows that the ground state for all unfolded and double folded
GNRs is AFM. The C atoms at the very ends are found to have

magnetic moments with magnitude m = 0.16mB (mB is the Bohr
magneton). The magnetic moment strength quickly decreases
towards the middle of the ribbon (Fig. 1). The value of m here
is compatible with the value found by M. Fujita et al. (m =
0.19mB) in.3 For the 1 folded ribbons with even N, however, the
ground state is always found to be nonmagnetic. We note that
for such 1 folded ribbons, the AA stacking pattern causes the
edge C atoms from the two sublattices residing on the two flat
portions to be directly above each other, while for odd N the
AB’ stacking is realized (Fig. 1b). Consequently, the first type of
registry dependence destroys the AFM ordering, while the
second one does not. We further note that the symmetric
ribbons with a line defect experience the same magnetic
ordering as the corresponding defect-free ones do. Since N is
even, the 1 folded defective ribbon is nonmagnetic, while the 0
and 2 folded ribbons maintain their edge AFM moments. This
indicates that the defect line in the center does not influence
the edge magnetism of the graphene nanostructures. The
asymmetrically single folded structures preserve the localized
edge moments for all N, since the edge atoms from the
opposite sublattices/flat regions are never above each other.

Fig. 3b shows how the vdW energy for each folded GNR
changes as the width becomes larger. EvdW increases as N
grows, which is a consequence of the increase of overlap
between the flat-like portions of each fold. The saw-tooth-like
behavior of |EvdW| vs. N indicates a strong influence from the
geometrical dependence of the interacting atoms.23 Generally,
we find that |EvdW| is smaller for even N as compared to the
closest odd N cases for the single folds. For the double folds,
the oscillatory-like pattern is characterized by a period of N = 2
separating the lowest and highest points of this functional
behavior.

We also investigate the electronic structure for the different
folds by examining their energy gaps. Fig. 3c shows that all
studied unfolded ribbons are semiconductors with gradually
decreasing energy gaps Eg as the width of the ribbons
increases. All the double folds are also semiconductors,
however, their energy gaps differ significantly for some N
from the smooth Eg decrease for the unfolded ribbons. For
single folds, only the ones with odd N are semiconductors.
Interestingly, most of the nonmagnetic 1 folds of even N have
been found to be semi-metals. We note that some of the
armchaired 1 folds,12 which are nonmagnetic, are also semi-
metal, but no such clear pattern as the one for the zigzag 1
folds was established. Fig. 3c reveals an oscillatory-like
behavior following the pattern for the vdW energy. For
example, 1 fold GNRs have larger gaps for odd N (correspond-
ing to smaller |EvdW|) as compared to the cases of even N
(corresponding to larger |EvdW|).

The characteristic energy band structure for some struc-
tures is given in Fig. 4. The energy gaps appear at the k-point of
the GNR Brillouin zone. The two parallel-like energy levels
which are closest to the Fermi level are determined by the edge
p states. Upon folding, the interaction between the flat
portions causes these energy bands to move closer in some
cases or farther apart in others from the Fermi level, while the

Fig. 3 (a) Difference in energy between an AFM (EAFM) and nonmagnetic (ENM)
ground states for 0 fold, 1 fold, 2 fold zigzag GNRs as a function of N; (b) vdW
energy EvdW as a function of N for 1 fold and 2 fold GNRs; (c) Energy gap Eg as a
function of N.
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bending from the curved regions has only a secondary effect.
Taking into account the vdW interaction can influence the
overall interlayer coupling. This can have quite a profound
effect on the energy gaps and the characteristic behaviour of
the low lying energy states for 0 fold, 1 fold, and 2 fold. The
band structure for the asymmetrically folded ribbons is not
changed significantly upon varying the Nt and Nb for the
considered cases. The vdW correction is taken into account
self-consistently, therefore the relaxation of the structures will
be affected at each step and it may contribute to changes in
the bond-lengths, curvature of the folded parts and equili-
brium distances. Comparing these results to the energy band
structure for the folded armchaired GNRs,12 one finds that no
metal-semiconductor transition are found for the zigzag folds.
For the armchair folds, however, a rich picture of several such
transition was uncovered. This includes closing the energy
gaps at different locations, and lifting the degeneracy of
several bands.

Finally, we investigate the electronic structure of the
unfolded, single and double folded GNRs for the particular
case of a ribbon with N = 20 zigzag lines and with an octagon/
pentagon topological defect line in the middle. The energy
band structures and corresponding densities of states are
calculated and shown in Fig. 5. We find that the magnetic
ordering is not influenced by the line defect, as the magnetic
edge states maintain the pattern found for non-defective
structures. However, other researchers have shown that
various locations of the line defect with respect to the edges
and/or the presence of strain can lead to half-metallic or
ferromagnetic behavior.24,25

The defect line destroys the particle-hole symmetry for the
perfect N = 20 ribbon and lifts the degeneracy of the bands
around the Fermi level, as seen in Fig. 5(a). The lowest valence
and highest conduction dispersionless bands are due to the
localized states at the octagon/heptagon line, while the next
closest to EF bands are due to the states localized at the edges.
Very similar characteristics are found for the double folded
ribbon (Fig. 5(c)) with the small difference that the flat bands

now reside on the Fermi level. The interaction between the flat
portions in the single folded structure, however, affects the
band structure in a profound way. The dispersionless bands
are pushed above the EF. The energy levels around the Fermi
level are still composed of the localized states at the defect
line, but they cross at k~0:33| p

a
, where a is the length of the

lattice vector. In fact, the band structure for the single folded
defective ribbon is very similar to the one found in single walled
armchaired carbon nanotubes (see,26 for example). Although, the
energy bands in both cases have similar behavior, the crossing at
k~0:33| p

a
for the armchaired nanotubes is due to the zone

folding due to the cylindrical boundary conditions. For the single
folded ribbons, this is due to the topological defect line in the
center of the ribbon together with the interaction between the
parallel-like regions.

4 Conclusion

In this work, we present DFT calculations investigating zigzag-
edged GNRs with single and double closed edges. The DFT
approach is augmented self-consistently via a semiempirical
correction (DFT-D2 dispersion correction) in order to take into
account the van der Waals interactions. Some asymmetric and
topological line defective structures are also considered. We
obtain the equilibrium configurations for various folds and
compare with similar ones for armchaired ribbons. We find
that the zigzag folded ribbons have a variety of stacking
patterns, which strongly affect the dispersive van der Waals
contribution to the total energy. These registry dependent

Fig. 4 Energy band structures of the unfolded, single and double folded GNRs
with N = 27 carbon lines, the single folded GNR with N = 26, and the asymmetric
single folded GNRs with N = 26 (Nt = 3; Nb = 10) and N = 27 (Nt = 4; Nb = 10), as
indicated in each panel.

Fig. 5 Band structures and densities of states of the unfolded, single and double
folded ribbons (as indicated in the right panel of each row) with N = 20 and with
a line defect in the middle.
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effects are also important for the energy band gap and
electronic structure modifications as a result of the folding
process. The energy band structure and the magnetic states of
the various structures are also analyzed. Modifications in the
electronic structure originating from extended defect octagon/
heptagon lines and folding are also found. Our studies present
a comprehensive description of the interplay between mechan-
ical alterations and electronic structure modifications in
graphene nanoribbon structure. Our results can be of interest
to researchers searching for ways to engineer graphene/
graphene nanoribbon properties taking advantage of the out
of plane flexibility of these nanostructured systems.
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