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1. INTRODUCTION

Low-dimensional structures, such as nanowires and nano-
tubes, continue to grasp attention for their ever wider range of
application in nanoelectronics.1�4 The finite size effect causes
their structural, electronic, magnetic, and optical properties to
deviate drastically from those of the bulk structures. The bismuth
(Bi) nanowire (NW), for example, is a good candidate for the
study of the finite size effect on the electronic and transport
properties. Bulk Bi is a semimetal with small electronic effective
mass components, high anisotropic Fermi surface, low thermal
conductivity, and long mean free path.5�10 When the diameter
of the Bi wire is less than 50 nm, which is around the Fermi
wavelength of bulk bismuth, a semimetal�semiconductor transi-
tion can occur.11,12

However, a free-standing nanowire becomes less stable as it
gets thinner.13 Enhancing the structural stability of nanowires is
thus crucial for their application. Nanowires filled inside carbon
nanotubes (CNTs) have been studied both experimentally and
theoretically.14�17 CNTs have high fracture strength and mostly
defect-free structures to prevent the oxidation tendency or
chemical reaction on the part of nanowires.18 Recently, atomic
thin NWs have been synthesized in single-walled and double-
walled CNTs and display various geometrical configurations
observed by the high-resolution transmission electron microscope.19

It is therefore quite feasible to utilize the cavity inside a CNT to
accommodate a very thin nanowire. Exact configuration of the
encapsulated wire depends on the size of the CNT. By choosing
the CNT sheath properly one can thus tune the electrical
property of the nanocable, which is dominated by the electronic
structure of the enclosed wire.

In addition to BiNW, we also include lead (Pb) nanowire in
our investigation.20 Bulk Bi and Pb have lower melting tempera-
tures than the temperature of transformation of carbon nano-
tubes. The encapsulation is usually achieved by the contact of an

open-capped CNT with Bi or Pb in liquid phase and subsequent
entering of the atoms into the CNT cavity.14 In this work, we
study how the two subsystems interact with each other and how
this interaction determines the overall electronic structure and
the relation between the geometric structure of the nanowire and
the size of the encapsulating nanotube. As we shall see,
spin�orbit interaction plays an important role in energy disper-
sions from the Bi and Pb nanowires.

The calculations are performed using the density functional
formulation implemented in Vienna ab initio simulation package.21,22

The electron-ionic core interaction is represented by the projector-
augmented wave potential. The Perdew�Burke�Ernzerhof for-
mulation of the generalized gradient approximation is chosen to
treat the exchange-correlation of the electrons.23 Complete
relaxation of the combined structure of the CNT and the BiNW
is attained by a 1� 1� 12 sampling of the Brillouin zone and an
energy cutoff of 400 eV. A larger sampling of 1 � 1 � 80 is
employed for band structure calculations. To minimize the
artificial interlayer interaction, a large supercell is chosen so that
adjacent CNTs are kept at least 10 Å away.

2. STRUCTURAL PROPERTIES

2.1. Bismuth Nanowires.We first have to find out the bond
length and lattice constant of a free-standing bismuth nanowire
before it is incorporated into the carbon nanotube. Three
geometrical configurations, linear, zigzag, and double zigzag
ones, are considered. For the linear configuration, bond length
is found to be 2.87 Å from our calculation, close to that obtained
by Springborg and Schmidt.24 Periodicity of the composite
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structure is then 8.52 Å along the tube direction, which is about
three times the period of the linear BiNW and two times the
period of the (11,0) CNT (equal to 4.26 Å) (Figure 1a). The
zigzag nanowire contains two Bi atoms per unit cell and the
derived periodicity along the z axis, 4.18 Å, is comparable to the
result from previous study.25 The bond length and bond angle
are 2.91 Å and 91.8�, respectively. To minimize the mismatch, a
zigzag CNT is also chosen to coat the zigzag BiNW, as is

illustrated in Figure 1b. As to the double zigzag BiNW, two
zigzag chains are placed parallel to each other, separated by 3.08
Å in a direction normal to the wire axis (Figure 1c). The

Figure 1. (a) Linear and (b) zigzag Bi nanowires are encapsulated into
the (11,0) CNT. Double zigzag Bi and dumbbell Pb nanowires in (14,0)
CNT are illustrated in (c) and (d), respectively.

Figure 2. Adsorption energies for linear, zigzag, and double zigzag Bi
nanowires in different zigzag CNTs. Spin�orbit interaction is also
considered.

Table 1. Adsorption Energies for Linear, Zigzag, and Double
Zigzag Bi Nanowires in Different Zigzag CNTsa

BiNW CNT diameter (Å)

Eads (without SOI)

(eV/atom)

Eads (with SOI)

(eV/atom)

linear (6,0) 4.70 4.527 4.905

(7,0) 5.48 2.727 2.479

(8,0) 6.26 1.260 1.179

(9,0) 7.05 0.432 0.389

(10,0) 7.83 0.112 0.065

(11,0) 8.61 0.003 �0.043

(12,0) 9.39 �0.062 �0.088

(13,0) 10.18 �0.021 �0.048

zigzag (7,0) 5.48 5.444 5.544

(8,0) 6.26 2.888 2.860

(9,0) 7.05 1.308 1.267

(10,0) 7.83 0.503 0.471

(11,0) 8.61 0.168 0.147

(12,0) 9.39 0.020 0.009

(13,0) 10.18 0.001 �0.023

(14,0) 10.96 �0.026 �0.034

double zigzag (10,0) 7.83 2.605 2.487

(11,0) 8.61 1.287 1.190

(12,0) 9.39 0.518 0.462

(13,0) 10.18 0.175 0.149

(14,0) 10.96 0.039 0.024

(15,0) 11.74 �0.004 �0.027

(16,0) 12.53 �0.009 �0.030

(17,0) 13.31 �0.016 �0.037
a Spin�orbit interaction is also considered.

Table 2. Adsorption Energies of Linear and Dumbbell Lead
Nanowires in Different Zigzag CNTsa

PbNW CNT diameter (Å)

Eads (without SOI)

(eV/atom)

Eads (with SOI)

(eV/atom)

linear (6,0) 4.70 2.552 2.701

(7,0) 5.48 1.013 1.111

(8,0) 6.26 0.692 0.573

(9,0) 7.05 0.273 0.236

(10,0) 7.83 0.085 0.070

(11,0) 8.61 0.002 �0.002

(12,0) 9.39 �0.022 �0.030

(13,0) 10.18 �0.012 �0.013

dumbbell (9,0) 7.05 3.366 3.378

(10,0) 7.83 1.877 1.863

(11,0) 8.61 0.870 0.866

(12,0) 9.39 0.287 0.290

(13,0) 10.18 0.082 0.086

(14,0) 10.96 0.008 0.009

(15,0) 11.74 �0.017 �0.021

(16,0) 12.53 �0.015 �0.017
a Spin�orbit interaction is also considered.
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periodicity of 4.34 Å is also close to previous calculations.25 Bond
length between two neighboring Bi atoms of the same zigzag
chain is 3.06 Å, and bond angle is 90.3�.
To investigate the stability of the BiNW encapsulated inside

CNTs with different diameters, the adsorption energy per
bismuth atom (Eads) is calculated by

Eads ¼ EBiNW@CNT � ðEBiNW þ ECNTÞ
n

ð1Þ

where EBiNW@CNT, EBiNW, and ECNT represent the total energies
of BiNW encaged inside CNT, of isolated BiNW, and of the
pristine CNT, respectively, with n being the number of Bi atoms
in the unit cell.
Figure 2 andTable 1 show how the adsorption energy (Eads) of

an encapsulated linear, zigzag, or double zigzag BiNW evolves as

the diameter of the coating zigzag CNT increases. Absolute
values of Eads reveal how strong the two subsystems interact with
each other, and positive (negative) values represent repulsive
(attractive) interactions. The linear BiNW is filled inside CNTs
ranging from (6,0) to (13,0). As the diameter of the CNT
increases, the interaction becomes less repulsive. At the critical
diameter of 8.61 Å, which belongs to the (11,0) CNT, Eads is
close to zero, signaling the beginning of attractive interactions
and more stable configurations. However, it needs larger CNTs
to cage the zigzag BiNW in order to form a stable structure. For
example, Eads is only around zero for the (13,0) CNT, which has a
diameter of 10.18 Å. This means that if the diameter of CNT is
larger than 10.18 Å, then both the linear and zigzag BiNWs can be
formed inside the tube. However, the configuration of the BiNW
filled inside the CNTs from (11,0) to (13,0) is unambiguously
linear. More configurations for the BiNW would occur as the
CNT gets larger and has more space for the accommodation of
the wires. For the double zigzag BiNW, the adsorption energies
of (13,0), (15,0), and (17,0) CNTs are 0.175, �0.004, and
�0.016 eV per Bi atom, respectively, showing again the enhanced
stability of the hybrid structure with the increase of the tube size.
It also suggests the possibility of manipulating the configuration
of the encapsulated BiNWby proper choice of carbon nanotubes.
Adsorption energy is altered by the inclusion of spin�orbit

interaction (SOI), as is presented in Figure 2 and shown in detail
in Table 1. Eads is generally reduced (more negative) by the SOI
except for the least stable encapsulations, which includes linear
BiNW in (6,0) CNT and zigzag BiNW in (7,0) CNT. Further-
more, the energy difference between the adsorption energies
with and without SOI decreases gradually as the diameter of
the CNT enlarges. It could be summarized that SOI promotes
attractive interaction between the Bi nanowire and carbon
nanotube and tends to stabilize the encapsulation.
2.2. Lead Nanowire. For Pb nanowires, two configurations,

linear and dumbbell, are considered. The free-standing linear Pb
nanowire was considered unstable and was not expected to be
observed.26 However, the synthesis of linear lead nanowires in
CNT has a better chance of being achieved since the wire is

Figure 4. Band structures of zigzag BiNW filled in (13,0) CNT (b) without and (c) with spin�orbit interaction. The isolated BiNW is shown in (a).

Figure 3. Adsorption energies for linear and dumbbell lead nanowires
in different zigzag CNTs. Spin�orbit interaction is also considered.
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protected by the coating. Lattice constant of a linear lead
nanowire is 2.85 Å in our calculations. We therefore double
the unit cell for the pristine CNT to accommodate three Pb
atoms of the linear wire within the cell. The free-standing

dumbbell Pb nanowire contains four Pb atoms per unit cell.
They are grouped into two perpendicularly crossing dimers each
located on a plane normal to the wire axis. The two planes are
separated by 2.115 Å. Lattice constant is 4.23 Å after relaxation

Figure 6. Same plot as Figure 4 but shown for the double zigzag BiNW encapsulated side (15,0) CNT.

Figure 5. (a) DOS of zigzag BiNW in (13,0) CNTwith the SOI. LDOS
of the (b) Bi and (c) C atoms.

Figure 7. Same plot as Figure 5 but shown for the double zigzag BiNW
encapsulated inside (15,0) CNT.
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and is in agreement with the result of a recent theoretical study.26

Bond length of the Pb dimer is found to be 3.407 Å. As in the
previous cases, a zigzag CNT is also chosen to enclose the
dumbbell Pb nanowire because the lattice constant of the CNT
(4.26 Å) is very close to the latter (Figure 1d).
Listed in Table 2 and plotted in Figure 3 are the adsorption

energies of linear and dumbbell PbNW as a function of the CNT
diameter.We again see the pattern that pretty much describes the
interaction between two giant molecules. The adsorption energy
is positive and large when the wires are enclosed by smaller tubes.
As the diameter of the tube gets larger, the interaction becomes
less repulsive and eventually reaches a state of weak attraction
indicated by the negative values of the adsorption energy. The
inclusion of SOI once again contributes to the stability of the
composite structures, although the effect of SOI is less felt in the
Pb wires than in the Bi wires. For instance, Eads for the linear Pb
wire is reduced from�0.022 to�0.03 eV/atoms in (12,0) CNT,
which is not as substantial as that of Bi nanowire (�0.062 f
�0.088). Similar effects are also observed in the dumbbell
PbNW@zigzag CNT.

3. ELECTRONIC PROPERTIES

We first calculate the band structure of an isolated zigzag
BiNW. Shown in Figure 4a are the results with (open circles) and
without (black dots) SOI. In either case, the wire is metallic.
However SOI does effect conspicuous alteration of energy
dispersion, including a removal of band crossing at about 1 eV
below the Fermi level, causing an approximate 1 eV spacing
between the two bands. Similar effect of energy splitting has also
been reported by Agrawal et al.27 All energy bands presented in
the energy range of the panel are comprised of the 6p orbitals of
Bi.

When the zigzag BiNW is placed inside the (13,0) CNT, the
interaction between the wire and the CNT removes the degen-
eracy of energy levels of Bi at the zone boundary (X Point) and an
energy gap of 0.288 eV is opened. Shown both in Figure 4b
(without SOI) and Figure 4c (with SOI) the gap essentially

remains intact even as the inclusion of SOI causes major changes
in other parts of the band structure. Thus the incorporation of the
metallic zigzag BiNW makes the composite system a narrow gap
semiconductor. Density of states (DOS) in Figure 5a gives a
picture of how the energy levels are distributed in a larger energy
window. And by inspecting the local density of states (LDOS) of
a Bi (Figure 5b) and C (Figure 5c) atoms, one can identify how
each component contributes to the energy levels. It clearly shows
that Bi p orbitals dominate the immediate energy range both
sides of the Fermi level.

The effect of SOI is most dramatic in the case of double zigzag
BiNW.Without SOI, there is an energy gap about 0.58 eV (black
dots in Figure 6a). This gap vanishes as a result of the splitting
and redistribution of energy bands after SOI is taken into the
calculation (open circles in Figure 6a).

The (15,0) CNT has a narrow band gap of about 0.07 eV
according to our calculation, which is consistent with an experi-
mental result showing a small gap on average.28 The double
zigzag BiNW@CNT system shrinks the gap to 0.02 eV, as is
shown in Figure 6b and its inset. However, the inclusion of SOI in
the calculation turns the system into a metal, as is evidenced by
the energy bands in Figure 6c and DOS in Figure 7a. LDOS
in Figure 7b,c reveal the source of this metallic property by
indicating the overwhelming presence of Bi p orbitals across the
Fermi level.

Band structure of the dumbbell PbNW has distinct features
not seen in the previous BiNWs. Shown in Figure 8a are three
energy bands (black dots), two of them degenerate, crossing the
Fermi level when SOI is not taken into account. With SOI,
however, the degeneracy is lifted and a parabolic band (open
circles) is formed, intercepted twice by the Fermi level. This
metallic property is carried over to the encapsulation of the wire
inside the (15,0) CNT with or without SOI (Figures 8b,c, and
9a). Similar to the previous two cases is the dominance of the p
orbitals from Pb in the vicinity of the Fermi level (Figure 9b,c).

As a further demonstration of the effect of SOI, we present in
Figure 10 the DOS of the linear Bi and Pb nanowires filled inside

Figure 8. Same plot as Figure 4 but shown for the dumbbell PbNW encapsulated inside (15,0) CNT.
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the (11,0) CNT. Both structures have similar distribution of
energy levels in the absence of SOI.With SOI taken into account,
there is a general red shift of DOS for BiNW@CNT and a blue

shift for PbNW@CNT. The height of DOS at EF is also
decreased for the former and increased for the latter accordingly.

4. CONCLUSIONS

We have demonstrated through density functional calculation
that a variety of Bi and Pb nanowires can be stably encapsulated
by CNTs. The size of CNT is an important factor in determining
the exact configuration of the enclosed nanowire. It is also shown
that the inclusion of SOI in the calculation generally increases
attraction between the wire and the tube. Furthermore, SOI can
be decisive in the derivation of electronic structure. Not only is
the energy dispersion significantly altered but semiconductor�
metal transition can even occur as a result. Our results can serve as
a reference for further research by theorists and experimentalists.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: ckyang@nccu.edu.tw. Tel: þ886-2-29393091 ext.
89612. Fax: þ886-2-29387769.

’ACKNOWLEDGMENT

This work was supported by the National Science Council of
the Republic of China under Grant NSC 98-2112-M-004-003-
MY3 and the National Center for Theoretical Sciences. We are
also grateful to the National Center for High-performance
Computing for computer time and facilities.

’REFERENCES

(1) Hu, J.; Odom, T.W.; Lieber, C. M.Acc. Chem. Res. 1999, 32, 435.
(2) Ishii, H.; Kataura, H.; Shiozawa, H.; Yoshioka, H.; Otsubo, H.;

Takayama, Y.; Miyahara, T.; Suzuki, S.; Achiba, Y.; Nakatake, M.;
Narimura, T.; Higashiguchi, M.; Shimada, K.; Namatame, H.; Taniguchi,
M. Nature 2003, 426, 540.

(3) Kharissova, O. V.; Kharisov, B. I. Synth. React. Inorg., Met.-Org.,
Nano-Met. Chem. 2008, 38, 491.

(4) Bala, A.; Singh, P.; Nautiyal, T.; Auluck, S. J. Appl. Phys. 2010,
107, 024307.

(5) �Edel’man, V. Adv. Phys. 1976, 25, 555.
(6) Pippard, A.; Chambers, R. Proc. Phys. Soc., London, Sect. A 1952,

65, 955.
(7) Heremans, J.; Thrush, C. M. Phys. Rev. B 1999, 59, 12579.
(8) Cronin, S. B.; Lin, Y.-M.; Rabin, O.; Black, M. R.; Ying, J. Y.;

Dresselhaus, M. S.; Gai, P. L.; Minet, J.-P.; Issi, J.-P. Nanotechnology
2002, 13, 653.

(9) Cho, S.; Kim, Y.; Freeman, A. J.; Wong, G. K. L.; Ketterson, J. B.;
Olafsen, L. J.; Vurgaftman, I.; Meyer, J. R.; Hoffman, C. A. Appl. Phys.
Lett. 2001, 79, 3651.

(10) Cornelius, T. W.; Toimil-Molares, M. E.; Karim, S.; Neumann,
R. Phys. Rev. B 2008, 77, 125425.

(11) Lin, Y.-M.; Rabin, O.; Cronin, S. B.; Yang, J. Y.; Dresselhaus,
M. S. Appl. Phys. Lett. 2002, 81, 2403.

(12) Farhangfar, S. Phys. Rev. B 2007, 76, 205437.
(13) Kondo, Y.; Takayanagi, K. Science 2000, 289, 606.
(14) Ajayan, P. M.; Iijima, S. Nature (London) 1993, 361, 333.
(15) Grobert, N.; Hsu, W. K.; Zhu, Y. Q.; Hare, J. P.; Kroto, H. W.;

Walton, D. R. M.; Terrones, M.; Terrones, H.; Redlich, Ph.; R€uhle, M.;
Escudero, R.; Morales, F. Appl. Phys. Lett. 1999, 75, 3363.

(16) Hsin, Y. L.; Hwang, K. C.; Chen, F. R.; Kai, J. J. Adv. Mater.
2001, 13, 830.

(17) Hu, J.; Bando, Y.; Zhan, J.; Zhi, C.; Golberg, D.Nano Lett. 2006,
6, 1136.

Figure 9. Same plot as Figure 5 but shown for the dumbbell PbNW
encapsulated inside (15,0) CNT.

Figure 10. DOS for linear (a) BiNW and (b) PbNW filled inside the
(11,0) CNT. Spin�orbit coupling is also considered.



10530 dx.doi.org/10.1021/jp202477z |J. Phys. Chem. C 2011, 115, 10524–10530

The Journal of Physical Chemistry C ARTICLE

(18) Peng, B.; Locascio, M.; Zapol, P.; Li, S.; Mielke, S. L.; Schatz,
G. C.; Espinosa, H. D. Nat. Nanotechnol. 2008, 3, 626.
(19) Kitaura, R.; Nakanishi, R.; Saito, T.; Yoshikawa, H.; Awaga, K.;

Shinohara, H. Angew. Chem., Int. Ed. 2009, 48, 8298.
(20) Romanov, S. J. Phys.: Condens. Matter 1993, 5, 1081.
(21) Kresse, G.; Furthm€uller, J. Phys. Rev. B 1996, 54, 11169.
(22) Kresse, G.; Furthm€uller, J. Comput. Mater. Sci. 1996, 6, 15.
(23) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996,

77, 3865.
(24) Schmidt, K.; Springborg, M. Solid State Commun. 1997, 104, 413.
(25) Agrawal, B. K.; Singh, V.; Srivastava, R.; Agrawal, S. Nanotech-

nology 2006, 17, 2340.
(26) Agrawal, B. K.; Singh, V.; Srivastava, R.; Agrawal, S. Phys. Rev. B

2006, 74, 245405.
(27) Agrawal, B. K.; Singh, V.; Srivastava, R.; Agrawal, S. Nanotech-

nology 2007, 18, 415705.
(28) Ouyang, M.; Huang, J.-L.; Lieber, C. M. Annu. Rev. Phys. Chem.

2002, 53, 201.


