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Novel conductance step in carbon nanotube with
wing-like zigzag graphene nanoribbons*
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Connecting one armchair carbon nanotube (CNT) to several zigzag graphene nanoribbons (ZGNRs) we find that
the topologically-protected edge states of ZGNRs and the massless Dirac particle inherited from CNT still hold from the
analysis of the band structure and the edge state. Furthermore, the lowest conductance step at the valley bottom increases
proportionally with increasing the number of ZGNR wings. A novel conductance step of a peak occurs in the valley, which
is two steps higher than the lowest step at the valley bottom. In addition, with increasing the number of ZGNR wings the

width of the novel conductance step becomes narrow.
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1. Introduction

Since the discovery of carbon nanotubes (CNTs)!! and
the groundbreaking experiments regarding the monolayer
graphene, ! the low-dimensional carbon nano-material has
been considered a promising material for future electronics.
Extensive experimental and theoretical researches have been
devoted to the studying of their various novel physical proper-
ties. The subsequent experimental measurement on graphene
layers motivates the investigation on the spin quantum trans-
port in graphene. [>* Recently, topological surface states (edge
states) in condensed matter have received a lot of attention;
specially zigzag-edged graphene nanoribbons (ZGNRs) have
recently received significant attention due to their unique spin-
related electronic structures and the topologically-protected
edge states.>"!!] One proposed that the quantum spin Hall
effect (QSHE)!>~13] can occur in the topological insulators
(TIs) without applying any magnetic field.!'6->>) Nowadays,
many experimental and theoretical studies focus on looking
for new two-dimensional layered materials in order to obtain
new two-dimensional TIs having large bulk energy gaps for
QSHE in practice. Recently many new two-dimensional TIs
have been found such as HgTe/CdTe,['®! InAs/GaSb,!'”! and
Cd3As; '8! quantum-well structures, BirTel,!'”! the bismuth
(111) bilayer,?%! and the simple binary compounds ZrTes and
HfTes.[?1:?21 However, by using the known two-dimensional
TIs, the assembled quasi-one-dimensional materials have been
studied little, especially using two-dimensional graphene. In
2015, Weng et al. proposed three-dimensional graphene net-
works with negative curvature having topologically nontrivial
node lines in bulk based on the first-principle calculations. 3]
Obviously, the assembled carbon nanomaterials (ACNMSs) can
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help us develop many possible ways to construct new artifi-
cial materials or devices with many more expected function
effects.

These ACNMs have stable geometrical structures and can
be produced artificially due to the various bond configurations
of a carbon atom connecting to its neighbor atoms. In the
present work, we try to assemble armchair CNTs together with
ZGNR slices as a new type of quasi-one-dimensional carbon
nanomaterial. We can optimize it by using the empirical po-
tential and the first-principle calculations. We think that these
ACNMs have not only the merit characters inherited from both
CNTs and graphene, but also some novel effects due to the ex-
istence of the sp> hybrid bonds connecting the CNT with the
ZGNRs.

Fig. 1. (color online) Structures of ZW-CNTs based on the tubes (6, 6)
and (20, 20), i.e., (a) ZW-(6, 6), (b) ZW,-(6, 6), (c) ZW4-(6, 6), and
(d) ZWg-(20, 20). The integer N refers to the number of carbon atoms
in the primitive cell. For comparison, the red balls show these atoms
bonding to four nearest-neighbor atoms by the sp> hybrid orbits.
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As is well known, the ZGNRs have the topologically-
protected edge states, and an armchair tube has two Dirac
points, so we are interested in using ZGNR and one armchair
tube as the elements to build up ACNMs, called CNT with
wing-like ZGNR slices (ZW-CNT). In Fig. 1 we show the ge-
ometrical structures of the ZW-(6, 6), ZW;-(6,6), ZW4-(6,6),
and ZWg-(20, 20), respectively, in which the subscript integer
refers to the number of ZGNR slices. We find that near the
Fermi energy the electronic structure of ZW-CNT is indepen-
dent of the connected place of ZGNR slices with the tube. In
the present work, we take the ZW,-(6,6) for example to inves-

tigate the electronic structure and the transport properties.

2. Electronic structure and quantum conduc-
tance

Within the 7-electron tight-binding method only consid-
ering the nearest neighbors, the band structures of various
ZW,-CNT are shown in Fig. 2. In the calculation the hopping
parameter is t;; = fo = —2.75 eV between two nearest neigh-
bor sites i and j. Because the model neglects the influences
of bond length and the angle between two bonds on the hop-
ping parameter, the differences in band structure are caused by
the bond configuration in various ZW-CNTs. The band struc-
tures of the corresponding (6, 6) tube and pure ZGNR are also
shown in Figs. 2(a) and 2(b) for comparison. In addition, al-
though the Hamiltonian only considers one single w-electron,
we think that it can still provide the basic characteristics of
the electronic structure of the system. The total number of
electrons filling in the bands is not equal to the total number
of carbon atoms in the system, because the four electrons of

the atoms at the connection sites are used to form the four sp>

hybrid bonds.
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Fig. 2. Band structures of various ZW-(6, 6), i.e., (a) ZGNR (N = 40),
(b) CNT (6,6), (c) ZW-(6,6), (d) ZW,-(6,6), and (¢) ZW4-(6,6). Tube
(6,6) and ZGNR (N = 40) given here are for comparison.
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Naturally, in the energy region away from the zero energy
point, the band structure of ZW,-(6,6) is similar to that of the

pure ZGNR under the condition of the same size (N = 40).
However, some obvious differences are found in the energy
region of interest, near the zero energy. No matter how many
wing-like ZGNR slices are connected to the tube (6, 6), the
two Dirac points at &1/3 inherited from armchair tube (6, 6)
still hold. Furthermore, between the two wave vector points
—1/3 and 1/3, the bands through the Dirac points change di-
rection and go back to zero energy, and the states become edge
states, which are shown in Fig. 3 and are discussed below.

Another remarkable feature is that the number of bands
drifting into the zero energy increases proportionally with the
number of wings increasing.

Considering no spin degree, at the zero energy the num-
bers of bands are 2, 4, and 8 for ZW-(6, 6), ZW,-(6, 6), and
ZW4-(6, 6), respectively. Taking the ZW,-(6, 6) for exam-
ple, in order to illustrate the edge-distribution characteristics
of the states in these four bands drifting to the zero energy, in
Figs. 3(a)-3(e) we plot the spatially occupied probabilities of
the four states in these four bands. From Fig. 3, at the Dirac
points —1/3 and 1/3 none of the four states is an edge state,
but the states of k wave vectors between about 0.4 and 0.6 are
all edge states. Especially, at the wave vector k = 0.5 the prob-
ability of the states reaches 100% at the edge sites 13 and 33,
which are the outside edge sites of two ZGNR wings. Ob-
viously, there are two electrons fully distributed at these two
outside edge sites, which are shown by the big red balls in
Fig. 3(f). It shows that the corresponding two bands originate
from the pure ZGNR.

On the opposite-direction edge side of the ZGNR slice,
that is to say, at the connection place, the probability distribu-
tion is different from that in the case of the pure ZGNR. At the
sites 9, 20, 29, and 40, denoted by the relatively small red balls
in Fig. 3(f), respectively, the occupied probability is the same
value of 50% at k = 0.5. At the connection place the four sites
9,20, 29, and 40 averagely share the two electrons. Obviously,
it shows that the two states in the two bands through the Dirac
points are the edge states at k = 0.5.

By use of the Landauer formula and Green’s function
method?*-?8] the quantum conductance through a region of in-
teracting electrons can be calculated and is shown in Fig. 4. By
comparing the two curves of ZW»-(6,6) and the pure ZGNR
(N =40), in the high energy region the quantum conductance
steps on ZW,-(6, 6) on the blue dotted line are similar to those
on the black dotted line for the pure ZGNR.

Specially, in the energy region from —1 eV to 1 eV, of
interest, there is one novel higher quantum conductance step
at the lowest valley for any curve of ZW,-(6, 6). In the present
theoretical model no matter how large the sizes of ZGNR and
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Fig. 3. (color online) Occupied probabilities at sites of states in the four bands drifting into the zero energy in ZW,-(6, 6) with N = 40. The
integers refer to the site indices. (a) At 1-8 sites, (b) at 9-16 sites, (c) at 17-24 sites, (d) at 25-32 sites, and (e) at 33-40 sites. (f) In one premitive
cell two edge sites 13 and 33 are denoted by big red balls expressing the probability 100%, and the four sites 9, 20, 29, and 40 are denoted by

small red balls expressing 50%.
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Fig. 4. (color online) Quantum conductances of various ZW,-(6, 6)
(n=1, 2, 4). The integer in brackets refers to the number of atoms in
the primitive cell. The quantum conductances for the tube (6, 6) and the
ZGNR are also shown for comparison.

the armchair tube are, their lowest conductance steps are al-
ways | and 2, respectively. However, the lowest conductance
steps are 1, 2, and 4 for ZW-(6,6), ZW>-(6,6), and ZW4-(6,6),
respectively, showing that it is not the summation of the low-
est steps of CNT and ZGNR slices. That is to say, the lowest
conductance step of ZW,,-CNTs is n, which is the number of
ZGNR wings.

Remarkably, at the valley bottom there are novel higher
conductance steps 3, 4, and 6 for ZW-(6,6), ZW,-(6,6), and
ZW4-(6,6), respectively, which is two steps higher than the
corresponding lowest conductance step. Obviously, this in-

crease of two channels for these novel conductance steps orig-
inates from the armchair tube. Furthermore, with increasing
the number of ZGNR wings the width of the novel conduc-
tance step becomes narrower in Fig. 4. It shows that in the
narrow energy region around the zero energy point the con-
ductance step is the summation of the lowest steps of CNT
and ZGNR slices. From the band structures in Fig. 2 the two
bands through the Dirac points change direction to the zero
energy. The energies at the turning points of these two bands
determine the width of this novel conductance step. According
to this result, for ZW3g-(20, 20) in Fig. 1(d) the lowest conduc-
tance step can reach 8, and the novel higher conductance step
at the valley bottom is 10, which is 10 times higher than the
lowest step of one pure ZGNR. It provides a way to build the
carbon nanomaterials having much higher conductance in the
lower energy region.

3. Conclusions

In our study, for the assembled ZW-CNTs two Dirac
points still hold and the topologically-protected edge states
of ZGNRs exist. We find that the lowest conductance step
in the valley is attributed to the edge states of all connected
ZGNR slices. Furthermore, because the bands through the
Dirac points change direction to the zero energy, and the states
become edge states at k = 0.5, there are two channels increased
that contribute two conductance steps higher than the lowest
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step of the valley bottom. Finally, with increasing the number
of wings, the width of the novel higher conductance step at
the valley bottom becomes narrow, the number of edge bands
increases, and the corresponding lowest quantum conductance
step increases proportionally.

Obviously, for this assembled quasi-one-dimensional
ZW,-CNT the conductance in the lower energy region is
higher than that for the single CNT or a pure ZGNR. Spe-
cially, the existence of the novel higher conductance step at the
zero energy can help us to design a more precisely-controlled
nanoswitch. Furthermore, due to there being much more
atoms in the primitive cell and lower symmetry than those
in CNT or ZGNR, it has super strong dipole matrix elements
along the axis direction. Naturally, the strong nonlinear op-
tical susceptibility and novel optical effect can be imaged for
the incident light polarized along the axis direction. There-
fore, in practical applications, we believe that this assembled
method provides a way to build various quasi-one-dimensional
or quasi-three-dimensional all-carbon nanomaterials for more
precisely-controlled nanodevices working in the lower energy
region, such as sensitive optoelectronic nanoswitches, thermo-
electronics, supercapacitors, hydrgon storage, absorbents, and
strong nonlinear optical devices. We will carry out detailed re-
search in the future in order to give a new in-depth insight into
the characteristics of edge states and the various properties in
this type of ACNM.
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