
Computer Physics Communications 182 (2011) 68–70
Contents lists available at ScienceDirect

Computer Physics Communications

www.elsevier.com/locate/cpc

Low-energy electronic structures of nanotube–nanoribbon hybrid systems
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The electronic properties of a nanotube–nanoribbon hybrid system are investigated by the first-principles
calculations. This hybrid system is constructed by a zigzag carbon nanotube and an armchair graphene
nanoribbon. Its electronic structures strongly depend on the nanotube location and stacking configuration.
The interactions between the two subsystems would break the state degeneracy, open subband spacings,
and induce more band-edge states. The predicted results could be measured directly by the scanning
tunneling spectroscopy.

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

The graphite-related systems have attracted much attention
over the past decades. For example, a single-walled carbon nan-
otube (SWCNT) is a rolled-up graphite sheet in a seamless cylindri-
cal form, first synthesized and observed in 1991 by Iijima [1]. The
structure is specified by a circumferential vector Rx = ma1 + na2,
where a1 and a2 are primitive lattice vectors of a graphite sheet
[2]. The radius and chiral angle of a (m,n) carbon nanotube are, re-
spectively, r = b

√
3(m2 + mn + n2)/2π and θ = tan−1[−√

3/(2m +
n)] (b is the C–C distance). The electronic properties of the SWCNTs
reveal the quasi-one-dimensional (Q1D) characteristics and are ex-
pected to be related with those of the monolayer graphene. They
are either metal or semiconductor depending on the radius and
chirality [2–4]. There are three types of carbon nanotubes accord-
ing to their gaps. A (m,n) CNT is the gapless metal for m = n. For
2m + n �= 3I (I an integer), the CNTs own moderate gaps whose
magnitudes are 1/r dependence. The CNTs with 2m + n = 3I and
m �= n would open narrow gaps due to the curvature effects, the
misorientation of 2pz orbitals and the hybridization of π and σ
electrons. These gaps are inversely proportional to r2.

The graphene nanoribbons (GNRs), associated with monolayer
graphene, are also another Q1D system. They can be regarded as
the elongated strips of graphene layer with finite width in a certain
direction, and produced by the physical treatment and chemical
synthesis [5–10]. The width and edge structure of GNRs domi-
nate their electronic properties. The ribbon width is defined as
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the number of dimer or zigzag lines (N y) along the transverse
direction. The armchair and zigzag GNRs, with the former pos-
sessing armchair structure and the latter zigzag structure along
the longitudinal direction, have been widely studied. Predicted by
the tight-binding model [11,12] and the density-functional theory
(DFT) [13–16], the armchair GNRs display the gap oscillations as
a function of widths. However, the apparent difference between
them is that the N y = 3I + 2 armchair GNRs are metallic by the
tight-binding model but will open gaps in the DFT calculations.
On the other hand, the zigzag GNRs own the partial flat bands,
which are contributed by the edge carbon atoms [12,17]. Further
considering the spin orientation at the edge atoms, there exist two
metastable configurations in the zigzag GNRs [18,19]. The ferro-
magnetic (FM) configuration means that the spins of the atoms
on both sides parallel each other, whereas the antiferromagnetic
(AFM) configuration denotes that the spins are antiparallel. Be-
sides, the partial flat bands intersect or separate at the Fermi
Level (E F ) corresponding to the FM or AFM configurations, respec-
tively.

The multi-layered sp2 systems, such as few-layer graphenes,
multi-walled carbon nanotubes, and carbon nanotube bundles, are
affected by the interactions of adjacent layers [20–24]. The inter-
layer atomic interactions also play an important role in the hybrid
systems. For example, the systems consisting of CNT and GNR have
been investigated by the tight-binding model [25,26]. These studies
indicate that the interactions between the two subsystems modify
the band structures, such as the destruction of state degeneracy
and the occurrence of new band-edge states. The energy-gap mod-
ulation by means of the interlayer atomic interactions in the hybrid
system is worthy to be examined.
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Fig. 1. The (9,0) zigzag carbon nanotube on the N y = 15 armchair graphene
nanoribbon. The former is situated at (a) (Xloc = 0, Yloc = 0), (b) (b,0), and
(c) (3b/2,0).

2. Theory

Our calculations are performed by the density-functional the-
ory with the Vienna ab initio simulation package (VASP). The
exchange–correlation of electrons is treated within the general-
ized gradient approximation, as implemented by Perdew–Burke–
Ernzerhof [27]. The cutoff energy for the expansion of wave func-
tions and potentials in the plane-wave basis is chosen to be
500 eV. The Brillouin zone sampling is adopted with a grid of
1×1×80. The atomic relaxation is carried out until the Helmann–
Feynman forces are less than 0.01 eV/Å. The vacuum layer in the
supercell used in our calculations is set to be 10 Å, large enough
to minimize the artificial interlayer interactions.

In this hybrid system, the (9,0) zigzag carbon nanotube lies
on the armchair graphene nanoribbon. The width of the GNR is
N y = 15, defined as the number of dimer lines along the y-
axis. b is the C–C bond length and a = √

3b is the length of the
primitive unit vectors in the graphite sheet. There are 66 car-
bon atoms and 4 hydrogen atoms in this unit cell. As shown in
Fig. 1(a), the C–C bonds from the bottom of CNT are projected
directly onto the C–C bonds at the center of the ribbon. This ar-
rangement is regarded as AA stacking and the nanotube location
on the ribbon is assumed as Xloc = 0 and Yloc = 0. After mov-
ing CNT along the x-axis with b, another configuration AB stack-
ing arises, as presented in Fig. 1(b). One atom of the C–C bond
is projected onto the carbon atom of the ribbon, and another is
projected onto the center of the hexagonal lattice, usually found
in bulk graphite. Another notable configuration is called the AA′
stacking at Xloc = 3b/2 and Yloc = 0 [Fig. 1(c)]. It is similar to AA′
graphite, where alternate planes are shifted by half the hexagon
width [28]. The interlayer spacing between the carbon nanotube
and graphene nanoribbon is presumed as 3.15 Å. Complete re-
laxation of the combined structure of the CNT and the GNR is
attained. After relaxation, the spacing between them in AB stack-
ing remains unchanged, whereas that of AA stacking increases to
3.26 Å.
Fig. 2. The total energy difference per unit cell as a function of the nanotube loca-
tion Yloc with (a) Xloc = b. The total energies are relative to those of the configura-
tion with the location (Xloc = b, Yloc = 2a). The inset is the energy difference as a
function of the location Xloc at Yloc = 2a.

3. Results

The dependence of the total energy on the nanotube location is
discussed. The total energy differences are relative to the location
(Xloc = b, Yloc = 2a), which is the most favorable in our calcula-
tions [Fig. 2(a)]. At Xloc = b, the total energy exhibits an oscillatory
behavior as Yloc increases. When the CNT lies on the center of the
ribbon, as illustrated in Fig. 1(b) with the AB stacking, there exists
the lower total energy and reveals more stable. The total energy
increases about 22 meV per unit cell after the CNT is moved with
a/2 toward y-axis. At Yloc = a, the total energy reduces because
the AB stacking is formed again. As the CNT gradually becomes
closer to the edge of the ribbon, the total energy declines. How-
ever, when Yloc is above 2a, the total energy is drastically raised
even in AB stacking.

The effects of the stacking configuration are investigated fur-
ther, as shown in the inset of Fig. 2(a). The Yloc is set at 2a and we
change Xloc from 0 to 3b/2. The AA stacking (Xloc = 0, Yloc = 2a),
as presented in Fig. 1(a), owns the highest total energy among
these stacking configurations. This shows that the hybrid system
with the AA stacking is unstable. On the contrary, there exists a
metastable configuration at (Xloc = 3b/2, Yloc = 2a), which denotes
the AA′ stacking, as illustrated in Fig. 1(c).

We first discuss the low-energy band structures of two sys-
tems in the absence of the interlayer atomic interactions. As to
the armchair GNR of N y = 15, the 1D subbands have also parabolic
dispersions. Besides, a moderate energy gap occurs at kx = 0. How-
ever, an isolated (9,0) zigzag CNT possesses a narrow energy gap
opening near the E F = 0, owing to the curvature effects [the in-
set of Fig. 3(a)]. Meanwhile, these energy bands nearest to E F
originating from the (9,0) CNT are double degeneracy. With in-
terlayer atomic interactions, the band structures are dramatically
altered, such as the change of subband curvature and energy gap
[Fig. 3(b)]. The state degeneracy is also broken by the interactions
between the two subsystems. After changing Yloc to 2a, the band
structures are slightly modified, as illustrated in Fig. 3(c). The nan-
otube location mainly affects the energy bands derived from the
GNR. On the other hand, the stacking configuration also influences
the low-energy electronic properties [Figs. 3(d)–3(f)]. It could be
found that the degenerate bands close to the E F are split evidently
in the AA and AA′ stacking.
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Fig. 3. The band structures of the nanotube location (Xloc , Yloc) (b) (b,0), (c) (b,2a),
(d) (0,2a), (e) (b/2,2a), and (f) (3b/2,2a). The bands of the isolated (9,0) CNT and
N y = 15 armchair GNR are also shown in (a).

4. Conclusion

The density-functional theory is performed to calculate the
structural and electronic properties of nanotube–nanoribbon hy-
brid. The hybrid consists of zigzag (9,0) carbon nanotube on an
armchair graphene nanoribbon with N y = 15. The most stable ar-
rangement occurs when the tube approaches the border of the
ribbon and forms the AB-stacked configuration. The interlayer in-
teractions would destroy the state degeneracy from the (9,0) car-
bon nanotube, induce more band-edge states, and vary the en-
ergy gap. Moreover, the different stacking configuration also play
an important role. The optical absorption spectrum and transport
measurements would provide powerful tools to observe the above-
mentioned effects.
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