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Properties brought about by lateral in-plane coupling between graphene nanoribbons (GNRs) are

investigated using the first-principle total energy calculations. It is found that, when two GNRs

approach each other, the lateral coupling between the two brings about edge state splitting.

Between zigzag-edged graphene nanoribbons (ZGNRs), the coupling mainly results from Coulomb

and spin-spin interaction, while for armchair-edged graphene nanoribbons (AGNRs), it is from

Coulomb interaction only. It is further found that the maximum inter-ribbon distance for effective

coupling depends on the type of ribbons, which is �10 Å for ZGNRs, but �6 Å for AGNRs. Also,

displacements of the GNRs along the ribbon direction are found to affect the electronic properties

of the coupled GNRs. The results may be important for the microminiaturization of future

nanoelectronic and spintronic devices based on graphene. VC 2012 American Institute of Physics.

[doi:10.1063/1.3686673]

I. INTRODUCTION

Since its isolation by scotch tapes, graphene, a single

graphite layer, has attracted a broad research interest, due to

its superior physical and chemical properties.1 Graphene can

be patterned into narrow ribbons, graphene nanoribbons

(GNRs), and so the carriers are confined to a quasi-one-

dimensional (1D) system. Similar to carbon nanotubes

(CNTs), GNRs are classified into two types: zigzag-edge

GNRs (ZGNRs) and armchair-edge GNRs (AGNRs). Calcu-

lations based on tight binding predict that ZGNRs are always

metallic, while AGNRs can be either metallic or semicon-

ducting, depending on their width. However, recent density

functional theory calculations show that AGNRs are semi-

conducting, with an energy gap scaling with the inverse of

the GNR width.2 ZGNRs are also semiconductors with two

localized electronic edge states,3 which may become half-

metallic when subjected to an external transverse electric

field.4 This opens the possibility of graphene-based spintronic

applications. AGNRs, however, exhibit semiconducting

behavior with an extremely low carrier effective mass, mak-

ing them potential candidates for novel channel materials in

the next generation field-effect-transistors5–8 and integrated

circuits.9 Bandgap oscillations have also been predicted for

semiconducting narrow armchair ribbons as the ribbon width

varies.10 These bandgap oscillations make it possible to tailor

the electronic structure of graphene. Due to the weak spin-

orbital coupling, graphene has been suggested to be an ideal

material for spintronic applications, such as spin field-effect

transistors. Ohishi et al.11 demonstrated spin injection into a

graphene thin film (GTF) with high reliability by employing

a “non-local” four-terminal measurement scheme. Abanin

et al.12 observed a large nonlocal response near the Dirac

point in fields as low as 0.1 T, which persisted up to room

temperature, and found that graphene could effectively con-

duct electron spin. The study also showed that the spin cur-

rent in graphene was stronger and easier to control than in

some other materials. Therefore, graphene is expected to

become the next generation spin-based electronic material.

Originally, people believed that GNRs would be more

difficult to manufacture than CNTs. Making GNRs using

lithographic,13–15 chemical,16–19 or sonochemical20 methods

is indeed challenging21 and cannot be used for large-scale

manufacturing with controllable width. Recently, however,

many new methods have been developed. Very narrow

(10–20 nm widths) graphene nanoribbons with smooth edges

were fabricated successfully by longitudinally unzipping car-

bon nanotubes.21,22 Parallel graphene ribbons with widths

reaching several microns have been made by converting pre-

patterned graphite belts, and the gaps between parallel gra-

phene ribbons could reach a size comparable to the width of

the ribbons.23 The other methods that have demonstrated suc-

cesses of manufacturing graphene patterns or ribbons include

mask lithography,24 transfer printing,25 and laser- or ion-beam

direct-writings.26 In particular, graphene nanogap electrodes

with gap width below 10 nm have been fabricated by atomic

force microscopy (AFM) nanolithography.27 These advances

in technology allow the fabrication of microscale and nano-

scale features readily achievable, paving the way of integrat-

ing all-carbon electronics in the semiconductor industry.28

With continued shrinkage of device size in microchips,

lateral in-plane coupling (LIPC) between neighboring mate-

rials or devices becomes increasingly important. Currently,

theoretical studies on GNR are mainly on isolated GNR and

layered GNRs,29,30 and the effects of LIPC, which is differ-

ent from inter-layer coupling,31 between lateral parallel

GNRs have been rarely investigated. So far, we have not

found another report on effective coupling distance between

lateral parallel GNRs. In this work, we carry out a
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first-principle investigation using spin-polarized density

functional theory (spin-polarized DFT), unveiling the elec-

tronic and magnetic properties of lateral coupled GNRs with-

out hydrogen passivation. The effect of the inter-ribbon

displacement (IRD) along the ribbon direction on the inter-

ribbon LIPC is examined, and such coupling may be signifi-

cant in the fabrication of GNRs for nanoelectronic devices.

II. MODELS AND METHODS

The calculations were performed within the framework

of generalized-gradient approximation (GGA), as imple-

mented within the Vienna Ab-initio Simulation Package

(VASP),32,33 employing projector augmented wave (PAW)

potentials. The Kohn-Sham orbitals were expanded in plane

waves with a relatively high energy cutoff of 460 eV. We

found no significant change in the structural parameters if

the energy cutoff was increased to 500 eV.

The GNR was modeled based on the calculated lattice con-

stant (a¼ 2.468 Å), and a 15 Å vacuum layer was employed to

separate neighbor graphene layers. The widths of the 8-ZGNR

and 14-AGNR are wZ¼ 6.35 a and wA¼ 6.5 a, respectively,

where, by convention,19,34 the 8-ZGNR denotes a zigzag-

edged GNR with 8 zigzag chains in width and the 14-AGNR

denotes an armchair-edged one having 14 dimer lines across

the ribbon width (see Fig. 1). The choice of the ribbon width

was based on our test results that interedge coupling in such

a ribbon is negligible. Different nanogaps between graphene

ribbons were examined by setting different initial inter-

ribbon distances l0 in the calculations. l0 is defined as the dis-

tance between the two parallel dashed lines shown in Fig. 1,

which pass through the two outermost rows of atoms. There

could also be a displacement of the two adjacent GNRs by

aZ/2 (aA/2) along the ribbon direction (x in Fig. 1) for

8-DZGNRs (14-DAGNRs) [Fig. 1(b) and 1(d)] relative to that

of 8-ZGNRs (14-AGNRs) [Fig. 1(a) and 1(c)]. Here, aZ¼ a

and aA ¼
ffiffiffi
3
p

a. Considering such inter-ribbon displacements,

two ribbons are included in the supercell, i.e., bZ¼ 2(l0þwZ)

and bA¼ 2(l0þwA). In the calculation, four rows of the outer-

most edge atoms in the ribbons were allowed to relax and the

force tolerance was set to be 0.03 eV/Å. Monkhorst-Pack

grids of (5� 1� 3) were employed to sample the Brillouin

zone. A test showed that further increasing the number of

k-points only led to an energy change of less than 0.5 meV.

III. RESULTS AND DISCUSSIONS

A. Effects of inter-ribbon LIPC on ZGNRs

1. Atomic structure and charge density

The atomic structures of the 8-ZGNRs and 8-DZGNRs

with different initial inter-ribbon distance l0 have been stud-

ied. After optimization, there is a change of the inter-ribbon

spacing, and the magnitude of change Dl¼ l� l0 is plotted in

Fig. 2(a). Figure 2(b) shows the corresponding energy E. It is

found that there are damped oscillations both in Dl and in E
with changing l0. This is in good agreement with the previ-

ous theoretical result that the inter-ribbon tensile stress

exhibits a damped oscillation with increasing inter-ribbon

distance.35 Considering the symmetries of the ZGNR and

DZGNR systems, the atomic configurations of the systems

are given in Figs. 2(c)–2(f). When l0 is very small (�3 Å),

the edge atoms in two ZGNRs move close to each other and

the two ribbons combine into one. On the other hand, for

l0> 10 Å, invariable Dl and E indicate the interaction

between ribbons becomes negligible. So the most interesting

and variant interactions between GNRs are those where their

separations l0 are in the range of 3 to 10 Å. Also shown in

Fig. 2(b) is the insensitivity of the energy to inter-ribbon dis-

placement when l0 is greater than 5 Å, as ZGNRs and

DZGNRs display the same energy for l0> 5 Å. In other

words, the effect of IRD on LIPC between ZGNRs is insig-

nificant when they are widely separated.

The inter-ribbon distance influences strongly, however,

on atomic structure and charge density distribution in nano-

ribbons when l0< 5 Å. Charge density plot of ZGNRS with

l0¼ 3 Å [Fig. 2(c)] shows that the edge atoms in the two rib-

bons form C–C bonds. The C–C bonds’ lengths, in the per-

pendicular direction to the ribbon, are increased from the

ideal 1.43 Å for graphene to 1.67 Å, while the other bond

lengths are almost unaltered. Similar results were not found

for DZGNRs with l0¼ 3 Å [Fig. 2(d)]. Rather, there is an

obvious space between two ribbons after optimization. Thus,

the IRD significantly affects the charge distribution near the

edges when the initial inter-ribbon distance is less than 5 Å.

FIG. 1. Geometry of graphene ribbons separated by a spacing of l0 perpen-

dicular to the direction of the ribbon edge. The ribbons have finite width in

the y direction and are assumed to be infinite along the x direction. The solid

rectangles shows the supercell with length aZ (aA) and bZ (bA) in the x and y
direction for ZGNRs (AGNRs), respectively. Here, the GNRs, which are

single-layer and coplanar, are laterally parallel to each other. There is an

IRD of aZ/2 and aA/2 along the x direction between two adjacent ribbons in

the assembled structures (b) and (d) in comparison with that in structures (a)

and (c), respectively.
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2. Spin density

The distributions of electron spin polarization and local

magnetic moment of the two types of coupled GNRs

(ZGNRs and DZGNRs) with different inter-ribbon distances

have been calculated and the results are shown in Fig. 3.

From the figure, it is found that the magnetic moments are

strongly localized at the zigzag edge sites. In the Bader anal-

ysis, the moment per C atom manifests exponential decay

from the edge to the center of the ribbon. For the system of

ZGNR with l0¼ 6 Å, the local magnetic moment of a C atom

located at the utmost edge is 1.13 lB and the magnetic

moment provided by the utmost edge atoms is accounting

for 87.9% of the total magnetic moment. The inter-ribbon

distance and the IRD along the ribbon direction hardly affect

the spin distributions in the coupled ZGNRs when l0 is

greater than 5 Å.

3. Energy band structure

The spin-polarized electronic energy bands of (D)ZGNRs

are shown in Fig. 4. The energies are measured relative to the

Fermi level. There is a shift between the up- and down-spin

subbands, which results in the net magnetic moment of the

system. The shift derives from the 2 p electron spin polariza-

tion of C atoms near the edges. The up- and down-spin edge

states UZ and DZ are situated below and above the Fermi

level, respectively. Since the edge states UZ and DZ form flat

bands, they situate on both sides of the Fermi energy (EF) and

give rise to large density of states peaks at EF. Unlike the case

of two-dimensional graphene with a zero density of states at

EF, infinitesimally small on-site repulsions in ZGNRs could

make the latter magnetic.19

When l0� 10 Å [Fig. 4(f)], edge state UZ is split into

two states UZ1 and UZ2 below the Fermi level at the Gamma

point (C). The two states are all twofold degenerate and

located about 1.71 eV and 1.74 eV below the Fermi level,

respectively. The energy band splitting at C remained at

�0.03 eV. Comparing with our calculations of single

ZGNR, the energy band splitting (UZ splits into UZ1 and

UZ2 when l0� 10 Å) may be caused by the Ruderman-

Kittel–Kasuya–Yosida (RKKY)-like interaction36 as medi-

ated by p electrons between two edges of ZGNR. There is

no interaction between two zigzag graphene nanoribbons

when l0� 10 Å, which is in agreement with the conclusion

from the total energy of systems.

When l0¼ 9 Å [Fig. 4(e)], UZ1 (UZ2) is split into two

states UZ1a and UZ1b (UZ2a and UZ2b) and has a small energy

splitting of about 1 meV at C. This indicates the weaker

inter-ribbon interaction. With the decrease of l0, energy split-

ting of UZ1 (UZ2) becomes increasingly apparent. The split-

ting is 34 meV (35 meV) for UZ1 (UZ2) when l0¼ 6 Å

[Fig. 4(c)]. For l0¼ 4 Å [Fig. 4(b)], energy splitting of the

spin-up (spin-down) edge state at C is found to be 0.54 eV

(0.87 eV) and the splitting extends from C to X. For the

ZGNRs, due to the ferrimagnetic spin texture near the edge,

two counterproductive spin-spin interactions act on them and

FIG. 2. (Color online) (a) The difference between the inter-ribbon distances

before and after optimization and (b) the total energy of 8-(D)ZGNRs with

the different initial inter-ribbon distances l0. The total energy of the system

with l0¼ 15 Å is set as the reference point for energy. Atomic structure and

charge density distribution of 8-ZGNRs (c, e) and 8-DZGNRs (d, f) systems

with different l0: 3 Å (c, d) and 10 Å (e, f). Here, Angstrom is used as the

unit of length, the charge density is drawn from the graphene plane, and a

common scale is adopted. The symbol a0 denotes the Bohr radius, and the

black balls represent C atoms, similarly hereinafter.

FIG. 3. (Color online) Spin density distribution for (a) the 8-ZGNRs (b) the

8-DZGNRs with l0¼ 6 Å. The dark (green) and light (gray) isosurfaces

4:0� 10�2e � a�3
0

� �
in the images represent the spin-up and spin-down spin

densities, respectively.

043714-3 Zhao et al. J. Appl. Phys. 111, 043714 (2012)

Downloaded 02 Apr 2012 to 147.8.21.150. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



give rise to the splitting of edge state when two ribbons are

laid closely. The spin-spin interaction between the ribbons is

a contributory cause of the band splitting besides the Cou-

lomb interaction between ribbons. In the case of l0¼ 3 Å, the

coupled ZGNRs are actually transformed into partially

strained graphene, which shows the metal characteristics [See

Fig. 4(a)]. The strained segments resemble extended defects

in graphene as a metallic wire.37 It is different from the case

of wholly strained graphene with a tunable energy gap.38

As shown in Fig. 4(g)–4(l), the initial inter-ribbon distance

l0 (in the range of 3 to 9 Å) influences the energy band structure

of the DZGNRs system. The splitting of edge states widens dra-

matically from 1 meV at l0¼ 9 Å [Fig. 4(k)] to about 1.41 eV at

l0¼ 3 Å [Fig. 4(g)]. When l0 is more than 10 Å, the constant

band splittings suggest the interaction between the ribbons can

be negligible. From energy band structures of ZGNR and

DZGNR, it is found that the IRD affects the energy band struc-

ture of ZGNRs only when l0 is less than about 5 Å.

B. Effects of inter-ribbon LIPC on AGNRs

1. Atomic structure and charge density

In this section, the inter-ribbon LIPC properties of

AGNRs are investigated. Being similar to the case of

ZGNRs, the change of inter-ribbon distance Dl and the total

energy E exhibit damped oscillations with the increase of the

inter-ribbon distance l0. When l0 is greater than 5 Å, Dl and

E remain relatively constant. Structural optimizations show

that the C–C bond lengths at the edge are about 1.25 Å. It is

believed that the charge redistribution near the edges of arm-

chair ribbons results in the formation of strong C–C covalent

bonds that are close to C–C triple bonds. In addition, only

when the initial inter-ribbon distance is very small (l0� 3 Å)

would the weak electron-spin polarize, giving rise to a very

feeble magnetization (�0.07 lB/supercell) in C atoms at the

edge. The electron spin polarization is not observed in the

AGNRs when l0 is greater than 3 Å. The spin-spin interaction

between adjacent ribbons is negligible. This may be one of

the reasons that the critical coupling distance in AGNRs is

smaller than that in ZGNRs.

2. Energy band structure

Figure 5 depicts the energy band structure of the

14-AGNRs and 14-DAGNRs with some specific inter-ribbon

distances (l0¼ 3 Å, 4 Å, 5 Å, and 6 Å). In the case of l0¼ 3 Å

[Fig. 5(a)], the system of AGNRs presents metallic behavior

because the edge state and p state pass through the Fermi

level near X and C points, respectively. Like the vacancy

defects,37,39 the narrow nanogap with the armchair edges in

graphene resembles an extended metallic wire in the gra-

phene sheet. For l0> 3 Å [Fig. 5(b)–5(d)], AGNRs show

semiconductor behaviors with tunable indirect energy gap by

changing the width of the inter-ribbon gap, which increases

from 0.20 eV at l0¼ 4 Å to 0.34 eV at l0¼ 5 Å), and 0.38 eV

for l0> 5 Å (Table I). The effects of IRD on the energy gap

of the system are negligible when l0> 5 Å. There is a direct-

to-indirect band-gap transition when l0 is increased from 4 to

5 Å for DAGNRs.

Except for l0¼ 3 Å, the up- and down-spin states are

degenerate for the system of 14-AGNRs. Edge states SA1 and

FIG. 4. (Color online) Spin-up (solid curves) and spin-down (dotted curves) energy-band structure of 8-ZGNRs with initial inter-ribbon distance l0¼ 3 Å (a),

4 Å (b), 6 Å (c), 8 Å (d), 9 Å (e), 10 Å (f) and 8-DZGNRs with l0¼ 3 Å (g), 4 Å (h), 6 Å (i), 8 Å (j), 9 Å (k), 10 Å (l), respectively. The insets are magnified plots

of the less energy regions in plots (a), (c), and (e)-(f). Dashed lines represent the Fermi energy and EF¼ 0. The up- and down-spin edges states UZ and DZ are

located below and above the Fermi level, respectively.
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SA2 are located above and below the Fermi level, respec-

tively. When l0 is less than 6 Å, the state SA1 (SA2) is split

into SA1a and SA1b (SA2a and SA2b). Unlike the edge state

splitting in ZGNRs, the splitting of the state SA1 is almost the

same from C to X in AGNRs with l0< 6 Å. This may be due

to the fact that the C–C bonds at the edge are parallel to the

armchair nanoribbon edge (x axis in Fig. 1) For l0 � 6 Å,

however, the edge-state splitting disappears and the energy

band structure is unchanged with increasing l0. So inter-

ribbon interaction is negligible. After undergoing IRD with

aA/2 along the ribbon direction, the occupied (unoccupied)

edges states SA2a and SA2b (SA1a and SA1b) are degenerate at

the X points, while the edges states remain split at C when

l0< 5 Å. This comes from the variation of the system sym-

metry after the displacement. The inter-ribbon distance

affects the energy band structure of AGNRs when l0 is less

than 6 Å. The edge-state splitting decreases with the increase

of the inter-ribbon distance. When l0 is more than 6 Å, there

are no changes in the energy band structures with changing

inter-ribbon distances and the interaction between the rib-

bons could be neglected. The spin-spin interaction is not

found between the edge atoms of the AGNRs. This may be

one of the reasons that the coupling distance of the AGNRs

is smaller than that of ZGNRs.

IV. CONCLUSIONS

The first-principle plane wave pseudopotential method

has been employed to study the electronic and magnetic

properties of lateral in-plane coupled GNRs. With the

increase of inter-ribbon distance, the total energy exhibits a

degenerative oscillation for the modeled systems. The under-

lying physics can be ascribed to Coulomb interaction and

spin-spin coupling between ZGNRs, while only Coulomb

interaction is operative in AGNRs. When the initial inter-

ribbon distance is greater than 10 Å (6 Å) for ZGNRs

(AGNRs), the total energies reach a constant value. Energy

band of the GNRs with small inter-ribbon distance shows

that the LIPC will result in edge-state band splitting. This

indicates that LIPC should be considered in lateral parallel

GNRs with small inter-ribbon distances, but the coupling is

negligible when the inter-ribbon distance exceeds 10 Å (6 Å)

for ZGNRs (AGNRs). The LIPC between ZGNRs is stronger

than that between AGNRs, and the spin-spin interaction

between the edge atoms of the ZGNRs may be one of the

factors. The inter-ribbon displacement along the ribbon

direction influences the energy band structure of GNRs only

when the initial inter-ribbon distance is less than 5 Å. This

study may provide predictive theoretical guidance to fabrica-

tion of graphene-based nanoelectronics and spintronic devi-

ces in the future.

FIG. 5. (Color online) Energy-band structure of 14-AGNRs with l0¼ 3 Å (a), 4 Å (b), 5 Å (c), 6 Å (d), and 14-DAGNRs with l0¼ 3 Å (e), 4 Å (f), 5 Å (g), 6 Å

(h), respectively. Except for AGNRs with l0¼ 3 Å [spin-up (solid curves) and spin-down (dashed curves)], the up-and down-spin states are degenerate for all

the other systems mentioned here. Dashed lines represent Fermi energy and EF¼ 0. Edges states SA1 and SA2 are located above and below the Fermi level,

respectively.

TABLE I. The band gap EA
g ðEDA

g Þ of 14-AGNRs (14-DAGNRs) with the

different inter-ribbon distance l0. The result marked with a superscript "d"

means that it is "direct" band gap; otherwise, "indirect" one.

l0 (Å) 3 4 5 6 7 8 9 �10

EA
g (eV) Metallic 0.20 0.34 0.38 0.38 0.38 0.38 0.38

EDA
g (eV) 0.35d 0.38d 0.39 0.39 0.39 0.39 0.39 0.38
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