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T
he ability of synthesizing single lay-
ers of graphite (referred to as
graphene) with large surface areas

(up to cm2) has opened a new exciting area
of research.1,2 These 2D materials possess
unique electronic properties that arise from
an unusual linear band dispersion (for a
comprehensive review of the electronic
properties of graphene, see ref 3). Size ef-
fects play a particularly important role in
graphene materials. Depending on the
shape of the edges, graphene nanoribbons
could present different electronic proper-
ties. For instance, zigzag nanoribbons ex-
hibit edge states that are not present in the
armchair case.3�6 These edge shapes have
been observed experimentally and are
found to be stable for over micrometer
sizes.7 Recently, it has been demonstrated
that graphene can be cut selectively to form
zigzag and armchair nanoribbons.8,9 Such
developments have prompted investiga-
tions toward using these materials in de-
vices such as p�n and p�n�p junctions,
which are essential in electronics.10,11

Numerous theoretical studies have fo-
cused on tailoring the electronic properties
of graphene and graphene nanoribbons for
nanoelectronics applications. Some re-
searchers have adopted an approach simi-

lar to that of conventional semiconductor
industry and focused on ion impurities and
vacancies (doping).12,13 Others have incor-
porated adsorbed molecules or ions at the
edges or studied the effect of different sub-
strates. Another promising approach con-
sists of joining an armchair and a zigzag
nanoribbon by rotating the cutting
direction, resulting in Z-shaped,14�17

T-shaped,18,19 L-shaped,20,21 cross-
shaped,22�24 and arrow-shaped25�27

graphene nanoribbon intramolecular
junctions.

For any graphene-based application to
be viable, it is essential to understand the
effect of defects and disorder. In this con-
text, it is known that edge roughness
strongly affects the electronic and trans-
port properties of graphene nanoribbons.28

Here, we present results obtained for
nanoribbon junctions that are based on an
ordered array of structural defects. Such ar-
rays of defects have been observed experi-
mentally and could be visualized as grain
boundaries in a graphene or graphite crys-
tal.29 In particular, an array of pentagons and
heptagons can be used to join an armchair
and a zigzag nanoribbon. Andriotis and Me-
non have used a similar approach to con-
struct T-junctions with all zigzag or armchair
edges and compute junction transport prop-
erties as a function of the size of the
branches.18,30 In this work, we present a com-
plete study on the electronic and magnetic
properties of 2D hybrid armchair�zigzag
graphene and 1D hybrid armchair�zigzag
graphene nanoribbon systems using density
functional theory (DFT), as well as the elec-
tron transport for the 1D structures. We find
that 2D hybrid graphene sheets have states
at the Fermi level and that hybrid nanorib-
bons exhibit spin polarized transport as well
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ABSTRACT We present a class of intramolecular graphene heterojunctions and use first-principles density

functional calculations to describe their electronic, magnetic, and transport properties. The hybrid graphene and

hybrid graphene nanoribbons have both armchair and zigzag features that are separated by an interface made up

of pentagonal and heptagonal carbon rings. Contrary to conventional graphene sheets, the computed electronic

density of states indicates that all hybrid graphene and nanoribbon systems are metallic. Hybrid nanoribbons are

found to exhibit a remarkable width-dependent magnetic behavior and behave as spin polarized conductors.
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as unusual magnetic proper-
ties that depend on the width
of the zigzag section.

RESULTS AND
DISCUSSION

Geometry of Grain Boundaries

in Graphene. In 1992, Terrones

and Mackay proposed that

graphene can exhibit grain
boundaries by the inclusion

of pentagons and hepta-
gons, preserving the total

Gaussian curvature equal to
zero at the graphene layer
and changing the chirality in
such a way that zigzag and
armchair edges coexist in the
same structure (see Figure
1).31 This kind of grain
boundary was studied be-
fore32 and has been ob-

served experimentally by
scanning tunneling micros-
copy (STM) in highly ordered

pyrolytic graphite (HOPG).29 In addition, it has been

shown that these kinds of defects could be easily iden-

tified experimentally with IR and Raman spec-

troscopies.33 A whole new class of finite graphene

structures (nanoribbons) could be built following the

main idea outlined in the study of graphitic grain

boundaries. When simulating the diffraction pattern of

graphene with a 5�7 grain boundary, we find that zig-

zag and armchair features are present in the form of a

pattern with 12 spots (see Figure 1c). Such fingerprint

could be useful for experimentally identifying these

systems.

In this work, we have used a linear array of pen-

tagons and heptagons as a grain boundary to ro-

tate a piece of a graphene, and in this way, smoothly

converting an armchair nanoribbon into a zigzag

nanoribbon (see Figure 1a). In other words, an arm-

chair nanoribbon (blue part in Figure 1) can be

joined to a zigzag nanoribbon (green part in Figure

1) using a grain boundary formed by a linear array of

pentagons and heptagons (called 5�7 chain from

here on), thus forming a hybrid nanoribbon (HNR).

Similarly, a 2D system can be constructed by merg-

ing zigzag and armchair ribbons consecutively (Fig-

ure 1b), thus creating a hybrid graphene (HG). Differ-

ent systems could be constructed in a systematic

way by tweaking the number of armchair dimers (NA)

and the number of zigzag chains (NZ), resulting in a

(NA,NZ) HNR or a (NA,NZ) HG for the 1D and 2D cases,
respectively. Additionally, more complex 1D sys-
tems could be achieved by incorporating more than

one 5�7 chain, thus resulting in

armchair(NA)�zigzag(NZ)�armchair(NA) HNRs or

zigzag(NZ)�armchair(NA)�zigzag(NZ) HNRs, and so

on.

The incommensurability of the graphene ribbons

in the zigzag and armchair directions is manifest in

these structures. The armchair segments are under

Figure 1. Molecular models of ordered arrays of pentagon�heptagon defects on (a) a hybrid graphene
nanoribbon (NA � NZ � 6) and (b) a NA � 5, NZ � 8 single hybrid graphene layer. The shaded region rep-
resents the unit cell for each case; the nanoribbon is periodic on the x direction, while the graphene layer
is periodic in x and y. Colors indicate the armchair (blue), zigzag (green), and 5�7 chain region (red) for
clarity. (c) Simulated diffraction pattern of graphene with a 5�7 grain boundary.

Figure 2. Electronic density of states for hybrid graphene lay-
ers with different armchair widths. Note that all of the systems
exhibit a large density of states around the Fermi level (EF is set
to zero). When the number of armchair dimers NA is a multiple
of 3, there is an increment on the states at the Fermi level.
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tension, whereas the zigzag segments
are under compression. The hexagonal
network is deformed, and the angles
change from 120 to 114.7, 122.6, and
122.6° for the armchair case and 113.6,
123.2, and 123.2° for the zigzag case.
The bond lengths are also distorted,
being extended up to 1.54 Å for the
armchair section and compressed up
to 1.38 Å in the zigzag case.

Electronic and Magnetic Properties. It is
well-established that the electronic prop-
erties of armchair ribbons depend on
their width, resulting in three families of
nanoribbons. In particular, ribbons with
NA � 3p, where p is an integer, are semi-
metallic, according to LDA calculations,34

or have a small band gap in calculations
including electron�electron interac-
tions.35 In any case, it is interesting to in-
vestigate the effect of width on the elec-
tronic properties of the hybrid graphene
systems described above.

Two-Dimensional Hybrid Graphene. We have
computed the electronic properties of
HG with different armchair and zigzag
widths. In particular, we have studied
(2,4)�(6,4) HG and (5,8) HG systems. De-
spite the different widths, all of the sys-
tems show similar behavior. In close si-
militude to the related Haeckelites
systems, all of the 2D systems show
states at the Fermi level (EF).36 The den-
sity of states (DOS) of these systems is
shown in Figure 2. LSDA calculations re-
vealed a zero magnetic moment. It is im-
portant to note that some of the states
around the EF could be induced by sym-
metry loss due to lattice distortion.

In order to further investigate the
properties of the states lying close to the

Figure 4. Spin resolved total DOS compared to the local DOS on the (a) armchair, (b) zig-
zag, and (c) 5�7 chain regions of a (4,4) hybrid nanoribbon. Note that all regions contrib-
ute to the states near the Fermi level (EF � 0); however, only the zigzag region contributes
to the magnetic moment.

Figure 3. Wave functions with energies (E) around the Fermi level plotted at gamma point: (a) �1.2, (b) �0.2, and (c)
0.12 eV. The shaded region in (a) represents the unit cell of the (3,4) hybrid graphene layer.

A
RT

IC
LE

VOL. 3 ▪ NO. 11 ▪ BOTELLO-MÉNDEZ ET AL. www.acsnano.org3608



Fermi energy, we represent isosurface
contour plots of three wave functions
with energies around the Fermi level
(see Figure 3). The states close to EF are
localized at the interface between the
nanoribbon regions and the 5�7
chain. The first wave function plotted
(Figure 3a) exhibits states at the zigzag
region edges hybridized with states
at the pentagons of the 5�7 chain. In
addition, some states in the middle of
the armchair region are present. The
second wave function (Figure 3b)
shows the typical zigzag edge states
found in zigzag nanoribbons. States
along the armchair region similar to
those found in armchair nanoribbons
are also observed. Finally, the third
wave function (Figure 3c) shows states
at the armchair region closely related
to the conduction bands of armchair
nanoribbons. We can conclude from
these observations that the general
effect of the grain boundary is to shift

down the Fermi level of the armchair nanoribbons in or-

der to achieve band alignment.

Hybrid Nanoribbons. Our calculations show that HNRs

could exhibit unusual electronic and magnetic proper-

ties. It can be observed that HNRs are degenerate in most

of the energy spectrum, with the exception of the region

close to the Fermi level. The spin resolved DOS for a (4,4)

HNR shown in Figure 4 exhibits states at the Fermi level

and a magnetic moment � � 0.35 �B. Figure 4a�c shows

the total DOS compared to the local DOS projected on

the armchair, zigzag, and 5�7 chain regions, respectively.

This detailed analysis indicates that the three regions of

the HNR contribute to the states at the Fermi level. How-

ever, only the zigzag region contributes to the magnetic

moment, which is consistent with previous nanoribbon

calculations using only zigzag architectures.

The spin resolved band structure for a (4,4) HNR is

shown in Figure 5 left. It can be noted that there is a

small energy gap of ca. 0.2 eV in the minority spin states.

Table 1 shows that, for ribbons with an even width, there

is a gap in the spin down states; that is, the systems ex-

hibit half metallicity (spin polarized conduction). We con-

firmed the presence of this energy gap obtained within

the local spin density approximation by using the

Perdew�Burke�Ernzerhof functional within the spin po-

larized generalized gradient approximation (s-GGA) for

the hybrid nanoribbons obtaining similar results, which

are summarized in Figure S1 in the Supporting Informa-

tion. In addition, the calculation of the (4,4) hybrid nano-

ribbon using the hybrid PBE0 functional for exact ex-

change shows an energy gap of the minority spin at the

� point.

The isosurface plots of the wave functions close to
the Fermi level are represented in right panels of Fig-
ure 5. It can be noted that some of these bands (top) are
closely related to the zigzag nanoribbon edge states.
However, it is important to note that, opposite to a zig-
zag nanoribbon, there is only one edge state. It has
been previously found that, for zigzag nanoribbons, an
antiferromagnetic configuration between ferromagnet-
ically ordered edge states at each edge is energetically
favored over the configuration with same spin orienta-
tion between the two edges,37 thus resulting in a
null total magnetic moment. However, in this case,
since there is only one ferromagnetically ordered edge
state, there is always a net magnetic moment.

We have constructed more complicated
zigzag�armchair�zigzag HNRs. In this case, there are
two zigzag edge states, but they are separated by an
armchair segment and two 5�7 chains. When the arm-
chair segment width is small, there is interaction be-
tween the ferromagnetically ordered edges (e.g., in the

Figure 5. Left: Computed spin polarized band structure for a (4,4) hybrid nanoribbon. Note
the energy gap (Eg � 0.27 eV) on the minority spin (red). The arrows illustrate the region of
the HNR that contributes to the bands marked. Right panels show the wave functions of the
bands close to the Fermi level plotted at the gamma point.

TABLE 1. Dependence of the Electronic and Magnetic
Properties on the Width of the Armchair and Zigzag
Regions in HNRs

system
magnetic
moment

(�B) LSDA

spin down
Eg(eV) LSDA

magnetic
moment

(�B) s-GGA

spin down Eg

(eV) s-GGA

(3,3) HNR 0.27 0.00 0.20 0.04
(4,4) HNR 0.35 0.27 �0.42 0.42
(5,5) HNR 0.02 0.00 �0.43 0.36
(6,6) HNR 0.43 0.22 �0.45 0.34a

NZ � 8, NA � 5, NZ � 8 0.00 0.00
NZ � 3, NA � 8, NZ � 3 0.54 0.00

aEnergy gap present in majority carriers.
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NZ � 8, NA � 5, NZ � 8 HNR case). However, as the
width of the armchair segment is increased, the cou-
pling disappears, and a magnetic moment is again ob-
served (e.g., in the case of NZ � 3, NA � 8, NZ � 3 HNR).
The magnetic moments for the different HNRs calcu-
lated are listed in Table 1.

Transport Properties. Quantum conductance calcula-
tions were carried out in two different ways. First, a set
of (NA,NZ) HNRs were considered as both leads and
channels. It can be confirmed that the conductance of
these HNRs is obtained straightforwardly from their
density of states. The half metallicity of the (4,4) HNR is
reflected in the conductance (see Figure 6), and as ex-
pected, in a small region of the energy spectrum, HNRs
behave as a spin polarized conductor.

Another interesting case arises when an arm-
chair segment is placed between two conducting
zigzag nanoribbons which are used as leads (see Fig-
ure 7a). In this case, the 5�7 defects are used to
join zigzag nanoribbon leads (labeled as Z) to an
armchair (NA � 1�5) segment. The results presented
in Figure 7b demonstrate that the conductance near
the Fermi level is reduced as the armchair section is
increased, denoting a tunneling driven transport
across the junction.

CONCLUSIONS
Electronic and magnetic properties of hybrid

graphene systems consisting of armchair-like and zigzag-
like segments joined by a grain boundary formed by a lin-

ear array of 5�7-rings were fully examined using DFT cal-

culations. The results showed that these systems exhibit

electronic and magnetic properties not observed in

graphene. Two-dimensional hybrid systems exhibit elec-

tronic states at the Fermi level, while one-dimensional hy-

brid nanoribbons (for even widths) can exhibit half metal-

licity without the use of an external field. Transport

calculations reveal that these systems could behave as

spin polarized conductors when current is applied along

the HNR axis or could exhibit tunneling driven conduction

if current is applied perpendicular to the HNR axis. The

grain boundaries of these systems have been found ex-

perimentally, and a study of their properties is therefore

important. In summary, it has been demonstrated that

different arrays of structural defects (e.g. pentagons

and/or heptagons) embedded in sp2 hybridized carbon

networks, could result in nanostructures exhibiting fasci-

nating electronic properties that could be used in the de-

velopment of novel electronic devices. Therefore, other

possibilities of hybrid structures could be constructed and

further studies still need to be carried out.

METHODOLOGY
Electronic calculations were performed using density func-

tional theory,38,39 within the local spin density approximation
(DFT-LSDA) using the Ceperley�Alder parametrization40 as
implemented in the SIESTA code.41 The wave functions for the
valence electrons were represented by a linear combination of

pseudoatomic numerical orbitals using a double-� polarized ba-
sis (DZP),42 while core electrons were represented by norm-
conserving Troullier�Martins pseudopotentials in the
Kleynman�Bylander nonlocal form.43,44 The real-space grid
used for charge and potential integration is equivalent to a
planewave cutoff energy of 150 Ry. The pseudopotentials were

Figure 6. Quantum conductance for a typical (4,4) hybrid
graphene nanoribbon. The energy gap in the minority spin
for (4,4) observed in the conductance is in accordance with
the band structure and the density of states (see Figures 4
and 5). The nanoribbon is spin degenerate in most of the en-
ergy spectrum, except for the region close to the Fermi level.

Figure 7. (a) Molecular model of a hybrid structure with zig-
zag leads (Z) connected by 5�7 chains to an armchair seg-
ment with NA � 5 (Z-5-Z hybrid structure). (b) Quantum con-
ductance for zigzag�armchair�zigzag devices joined by
5�7 defects. It is observed that the conductance is reduced
as the armchair section is increased, revealing a tunneling
driven transport.
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constructed from 4 valence electrons for the C atoms. Periodic
boundary conditions were used, and the inter-ribbon distance
was kept to a minimum of 10 Å to avoid lateral interactions. Sam-
pling of the 1D and 2D Brillouin zones was carried out with 16
� 1 � 1 and 16 � 16 � 1 Monkhorst-Pack grids, respectively. All
nanoribbons were saturated with hydrogen atoms to eliminate
dangling bonds and relaxed by conjugate gradient minimization
until the maximum force was less than 0.04 eV/Å. Calculations
using the spin polarized general gradient approximation
(s-GGA) with the Perdew�Burke�Ernzerhof (PBE)45 functional
were performed in the hybrid nanoribbons in order to verify the
LSDA results. Exact exchange hybrid PBE0 functional calcula-
tions were carried out using the NWChem package.46,47

Ab initio quantum transport properties were calculated by ex-
tracting the Hamiltonian and overlap matrices from SIESTA and
using the Landauer formalism48,49 and the surface Green’s func-
tion matching method.50,51
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