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A B S T R A C T

We investigate the electronic and magnetic properties of the corrugated zigzag graphene nanoribbons (ZGNRs)
with divacancy defects by means of the first principle calculations. We show that the magnitude of corrugation
in the defective ZGNR determines whether the system is in the antiferromagnetic state, in the ferromagnetic
state, or in the nonmagnetic state. Correspondingly, the mutual transition between the semiconductor and the
metal can also be realized in this structure. Moreover, for semiconductors the energy gap displays oscillating
behaviors as the magnitude of corrugation increases. These results are identified as being useful in
manufacturing flexible devices.

1. Introduction

Graphene, a two-dimensional network of carbon atoms, has
attracted extensive interest due to its unique physical properties and
promising applications in future nanodevices [1]. However, pure
graphene is a zero gap semiconductor, which seriously hinders its
way to use for logic electronics, thus raising the question of how to
effectively tune the energy gap. One of brilliant strategies is to tailor the
graphene sheet into zigzag nanoribbons (ZGNRs), which not only
modifies the electronic structure but also brings the edge magnetism
[2–4]. Such edge magnetism was shown to be very promising for
applications in spintronics devices [5–8]. Besides processing the
graphene sheet into nanoribbons, chemical doping [9–12], defects
[13–15], and mechanical deformations such as strained [16–18],
twisted [19], wiggled [20], folded [21], bended [22–24] structures,
and graphene corrugations [25], also have significant effects on the
electronic and magnetic properties of graphene. Corrugations inhere in
the suspended graphene sheet [26], and can also be induced by
substrates [27], defects [28], or adsorbates [29]. Such corrugations
would lead to a long-range scattering potential in single-layer gra-
phene, and severely modify the charge-carrier mobility [30] as well as

spin-orbit couplings and spin relaxation [31]. In graphene nanoribbons
(GNRs) [32–35], these corrugations also play a significant role in their
electronic band structures [33,34] and transport properties [35]. Thus,
understanding of how corrugations modify the electronic and magnetic
properties of graphene and GNRs is a very important issue for the basic
research.

From the practical standpoint, such knowledge is also very im-
portant for graphene's applications in flexible electronics [36], because
the corrugations are difficult to avoid. On the one hand, in the process
of fabricating graphene-based flexible devices, graphene is always put
on a substrate, which may enhance the corrugations in graphene due to
the interaction and the lattice mismatch between graphene and
substrate surface. On the other hand, mechanical deformations or
other factors can also cause graphene corrugations. Recently, numer-
ous graphene-based flexible devices have been widely studied including
energy conversion and storage [37–39], transistors [40,41], sensors
[42,43], and wearable devices [44,45]. However, the role of corruga-
tions is less considered.

In this paper we study the influences of corrugations on the
electronic and magnetic properties of the ZGNR with divacancy defects.
These defects might be created in regions of different curvature by
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using a focused electron beam [46]. As we all know, vacancies can
induce magnetic moment [47,48], and modify the electronic and
phonon properties of graphene [49]. Moreover, the magnetism of
vacancies in corrugated graphene can be controlled by altering the
magnitude of corrugation under isotropic strain [50]. In the present

work, we mainly focus on the role of the magnitude of corrugation. We
will show that when the magnitude of corrugation increases the
electronic property of ZGNR with divacancy defects experiences a
semiconductor-metal-semiconductor transition, while for the magnetic
property the system exhibits an antiferromagnetic-ferromagnetic-non-
magnetic phase transition. We further show that the energy gap
displays oscillating behaviors when the system is tuned to the
nonmagnetic state.

2. Model and method

The original structure was constructed by asymmetrically bending
the ZGNR with double-vacancy defects in the periodic supercell. For
convenience, this ribbon is denoted by DV-ZGNR. The degree of initial
curvature is characterized by angle θ [see Fig. 1(a)], which determines
the magnitude of corrugation when the curved site is fixed [see the
green dashed line in Fig. 1(b)]. The double-vacancy locates in the
vicinity of the border region of the supercell, and all the edge carbon
atoms are saturated by hydrogen atoms to avoid dangling bonds.

Our calculations were performed in the framework of the spin-
polarized density functional theory (DFT), as implemented in the
plane-wave-basis-set VASP code [51]. The generalized gradient ap-
proximation (GGA) of Perdew-Burke-Ernzerhof (PBE) form [52] was
employed to describe the exchange-correlation term. The core electrons
were treated with projector augmented wave (PAW) potentials [53].
The plane wave cutoff energy was set to 500 eV, and further increasing
this value had little effect on the results. The structures were relaxed
until the energy and force on each atom were less than 10−6 eV and
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Fig. 1. (a) Side view and (b) top view of original model structural of DV-ZGNR in the periodic supercell. θ is the curvature angle before structure relaxation. (c) Side view and
(d) top view of the model structural of DV-ZGNR after full relaxation. (e) Full view of optimized model structure for θ = 120o. The gray and the purple balls represent carbon
and hydrogen atoms, respectively. The green line indicates the curved site. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. The energy difference per supercell between the NM and the FM (AFM) state as a
function of the curvature angle θ.
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0.01 eV/Å, respectively. A 15×1×1 gamma-centered k-point mesh was
chosen to sample the one-dimensional Brillouin zone. Lower values of
smearing (0.01 eV) were used to get the accurate spin configurations
for the relaxed structures. To simulate the solo ribbons, both layer-

layer and edge-edge distances were kept no less than 15 Å. After full
relaxation, the model structure exhibits a wavelike geometry, as
illustrated in Figs. 1(c)-(e).

3. Results and discussions

It is well known that flat pristine ZGNRs have two stable edge states
[4,54]. One is the ferromagnetic (FM) state, and another is the
antiferromagnetic (AFM) state. In order to determine the stable ground
state of the corrugated DV-ZGNR, the spin-polarized total energy
calculations were performed for different magnetic phases including
nonmagnetic (NM), FM, and AFM configurations. Fig. 2 shows the
energy difference per supercell between the nonmagnetic state and the
magnetic state (both AFM and FM) as a function of the curvature angle
θ. We found that the energy of AFM state is lower than the
corresponding FM state when θ164 ≤ ≤ 180o o, indicating that AFM
state is stable in this range. As the curvature degree increases, the
system becomes ferromagnetic near the critical point
θ = 163o. Continuously bending the ZGNR, the system gradually trans-
forms into a NM state. When θ < 142o, the magnetism completely
vanishes, and further curving does not change the NM state even
though θ = 65o. Thus, we found a corrugation-induced magnetism
transition from AFM state to FM state and then to NM state in the
DV-ZGNRs.

In order to illustrate this phenomenon, we calculated the spin
densities of systems in ground state after full relaxation. For conve-

Fig. 3. Side view (upper) and top view (lower) of the spatial spin density distribution for (a) 164°-DV-ZGNR, (b) 163°-DV-ZGNR, (c) 142°-DV-ZGNR and (d) 141°-DV-ZGNR. The
isovalues for red and blue isosurfaces are 0.003 e/Å3 and −0.003e/Å3, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Local magnetic moments on each carbon atom at the lower edge of corrugated
DV-ZGNRs. The position of each lower-edge carbon atom is shown in Fig. 1(b).
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nience, the different corrugated DV-ZGNRs are denoted by θ-DV-
ZGNRs in this paper. Fig. 3(a) shows the spin distribution of 164°-DV-
ZGNR, which is FM coupled along each edge and AFM coupled
between the opposite two edges, similar to that of the flat ZGNR. It
also shows that the spin density almost distributes in the whole DV-
ZGNR and decays from its edges to middle. Fig. 3(b) presents the FM
spin density of 163°-DV-ZGNR, which mostly localizes on the two
edges and also decays towards to the middle of the ribbon. For 142°-
DV-ZGNR, the spin distribution is entirely restricted to the two edge
carbon atoms across the double vacancy, as shown in Fig. 3(c). For
141°-DV- ZGNR, we can see that the spin density completely dis-
appears and the system becomes nonmagnetic, as shown in Fig. 3(d).
Comparing the spin density distributions for different θ-DV-ZGNRs,
we found that the spin density of the edge-site carbon atom adjacent to
the double vacancy is locally higher than that of other sites [see
Figs. 3(a)–(c)]. The corresponding changes of the local magnetic
moments on lower-edge carbon atoms during the corrugation are
shown Fig. 4. Obviously, the carbon atomic magnetic moments
decrease monotonically with increasing curvature angle.

Besides the magnetic transformation, we also analyzed electronic
properties of the corrugated DV-ZGNR. The spin-polarized band
structures and the corresponding charge densities at the X point
(named as X states) were calculated for different corrugated config-
urations. Fig. 5(a) shows the band structure of 164°-DV-ZGNR, which

displays a metallic character. It clearly shows that the opposite spin-
orientation states are degenerate for all subbands. The charge density
analysis indicates that the spin-up X states are mostly localized on one
edge of the ribbon, while a few states are located in the vicinity of the
divacancy. The same behavior is also found in the spin-down X states.
For 163°-DV-ZGNR (142°-DV- ZGNR), the system still presents a
metallic character, as shown in Fig. 5(b) [Fig. 5(c)]. The corresponding
spin-up states at the X point are localized to the edges of the ribbon,
while the spin-down X states are mainly located in the vicinity of the
divacancy and a few of them are localized on some edge carbon (C)
atoms. In the case of 141°-DV-ZGNR, the system exhibits the NM
ground state and has a semiconductive character with energy gap of
0.334 eV. We can see in Fig. 5(d) that the lower unoccupied states come
from the contribution of edge C atoms, whereas the highest occupied
states are mainly attributed to the C atoms near divacancy.

Fig. 6 shows the projected density of states (PDOSs) for all the
lower-edge C atoms of the corrugated DV-ZGNRs. It is well-known that
the density of states at flat pristine ZGNRs edges may be peaked near
the Fermi level due to the presence of localized-edge states. The same
behavior is also found in the corrugated DV-ZGNRs. Our results show
that the PDOSs are almost composed of p-type states for all the
considered systems. In other words, the p-type states are the main
contributors to edge states. As can be seen in Figs. 6(a)–(c), the PDOS
is continuous around the Fermi lever for both spin channels. This

Fig. 5. Band structures of θ-DV-ZGNRs and the corresponding charge densities of the states near the Fermi level at the X point for (a) 164°-DV-ZGNR, (b) 163°-DV-ZGNR, (c) 142°-
DV-ZGNR, and (d) 141°-DV-ZGNR. The red solid line and blue dashed line denote spin-up and spin down subbands, respectively. The Fermi level is indicated by a horizontal green
dashed line. The isovalue is set to be 0.003 e/Å3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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behavior indicates that the system displays the metallic character,
consistent with the above analysis of the band structure. For 141°-DV-
ZGNR, the system is not spin polarized, and the zero PDOS at the
Fermi lever illustrates that the system is a zero gap semiconductor, as
shown in Fig. 6(d). These results indicate that the electronic structure
of the DV-ZGNR can be effectively modified by the small-magnitude
corrugation.

To get further insight into the electronic properties of the system,
we also performed the band-structure calculations for more corrugated
samples of DV-ZGNRs, and the results were summarized in Table 1.
Figs. 7(a)–(d) show the band structures of 168°-DV-ZGNR, 169°-DV-
ZGNR, 170°-DV-ZGNR, and 180°-DV-ZGNR, respectively. We can

clearly see that the system in the AFM state is highly sensitive to the
corrugation, where θ = 169o is a critical curvature angle separating the
metal character of system from the semiconductive one. For semicon-
ductors, the variation of the energy gap with increasing curvature angle
is shown in Fig. 8, and the oscillating behavior is found. The similar
behaviors also exist in relatively wide DV-ZGNRs, but the critical
curvature angle is changed.

4. Conclusions

We have investigated the electronic and magnetic properties of the
corrugated DV-ZGNRs by performing the first principle calculations
within the DFT. We found that the system exhibits an AFM-FM-NM
phase transition as the magnitude of corrugation increases, where the
magnitude is governed by the initial curvature angle θ of DV-ZGNR in
the unit supercell. Specifically, the system displays the NM state for

θ65 ≤ ≤ 141o o, the FM state for θ142 ≤ ≤ 163o o, and the AFM state for
θ164 ≤ ≤ 180o o. Correspondingly, the electronic property of the system

experiences a transformation from semiconductor to metal and then
back to semiconductor. We also found that the energy gap of the system
decreases monotonically for AFM states, and fluctuates with increasing
magnitude of corrugation for the NM states. These remarkable proper-
ties are mainly attributed to the effect of corrugations in DV-ZGNRs.

Fig. 6. PDOSs for all the lower-edge carbon atoms of (a) 164°-DV-ZGNR, (b) 163°-DV-ZGNR, (c) 142°-DV-ZGNR, and (d) 141°-DV-ZGNR. The positive red line and the negative
blue line represent spin-up and spin-down channels, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Magnetic phase and electronic character of the DV-ZGNRs at different initial curvature
angles after full relaxation. M and S denote metal and semiconductor, respectively.

Degree of curvature Magnetism Electronic character

θ65 ≤ ≤ 141o o NM S

θ142 ≤ ≤ 163o o FM M

θ164 ≤ ≤ 169o o AFM M

θ170 ≤ ≤ 180o o AFM S
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Fig. 7. Band structures of (a) 168°-DV-ZGNR, (b) 169°-DV- ZGNR, (c) 170°-DV-ZGNR,
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