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We show that the intercalating of alkali atoms with adequate concentration can transform a metallic single-
walled carbon nanotubesSWCNTd into a semiconductor tube or a semiconductor SWCNT into a semiconduc-
tor tube with different band gaps due to a unique feature of the band structures in some SWCNTs as quasi-
one-dimensional materials. As examples, we predict the intercalated structure Li2C60 in the s5,0d tube to be a
semiconductor while the pures5,0d tube is a metal and the structure Li2C112 in the s4,2d tube to be a semi-
conductor with a direct gap while the pures4,2d tube has an indirect gap. Results of other alkali atoms
intercalating in various carbon nanotubes show that this transition mechanism is quite general.
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Carbon nanotubes1 have novel electronic properties attrib-
uted to their quasi-one-dimensional structures. The tubes can
be either metals or semiconductors depending on their diam-
eters and chiral vectors.2–4 For the applications in nanode-
vices, nanotubes containing heterojunctions and metal-
semiconductor junctions connected by two different types of
carbon nanotubes were investigated.5–8 Under pressure, car-
bon nanotubes could undergo metal-semiconductor
transitions.9–11 Meanwhile, atoms intercalating into carbon
nanotubes can modify the electronic properties, which has
attracted much attention.12–23 As a kind of typical electron-
donor dopant, alkali atoms can be intercalated into carbon
nanotubes, which have been investigated experimentally13–18

and theoretically.19–23For K-, Br-, and Cs-intercalated single-
walled carbon nanotubessSWCNTsd,13–17 the intercalating
can enhance the conductance. Theoretical studies19–21 show
that the alkali atom intercalating shifts up the Fermi energy,
which transforms a semiconductor tube into a metal tube
when the bands are half-filled. However, is it possible for an
atom intercalating to transform a metal tube into a semicon-
ductor tube or a semiconductor tube into a semiconductor
tube with different band gaps? If we can control the metal-
semiconductor and semiconductor-semiconductor transitions
with the concentrations of intercalating atoms, heterojunc-
tions can be manufactured within a single tube by simply
intercalating, while the same helicity remains in the tube.

In this paper, we show that intercalating of alkali atoms
could transform a metal tube into a semiconductor tube or a
semiconductor tube into a semiconductor tube with different
band gaps due to a unique feature of band structures in some
SWCNTs as quasi-one-dimensional materials. Let us first
consider the band structures of pure carbon nanotubes. For
the pures5,0d carbon nanotube, there is a singly degenerate
band near the Fermi energy in the band structure. In the
segmentsA to Bd of this band as shown in Fig. 1sad, there is
only one energy eigenvalue corresponding to a wave vector
k. This feature of band structure is due to the curvature ef-
fects of nanotubes with small diameters. This property of
band structure exists not only in thes5,0d tube, but also in
many nanotubes of other sizes and helicities, such as in the

s4,2d, s7,0d tubes shown in Figs. 1sbd and 1scd. The unit cell
of the nanotubes can be changed by atoms intercalating. For
example, if the unit cell of the nanotube is enlarged three
times, then due to the band folding, this single energy band is
folded to the boundary of the Brillouin zone. The energy
degeneracy is generally eliminated by the structure perturba-
tion due to the intercalating and a gap in the band structures
will appear. When the electrons from dopant atoms fully fill
in all the energy bands below the gap, the nanotube becomes
a semiconductor. This metal-semiconductor transition needs
two preconditions: One is the folding of a singly degenerate
band in the band structures. The other is the filling of elec-
trons in the energy bands below the gap. We show that
through adequate intercalating of alkali atoms, the above two
preconditions can be satisfied and the intercalating of alkali
atoms will induce the metal-semiconductor and
semiconductor-semiconductor transitions in some carbon
nanotubes.

We have performed the calculations of total energies and
band structures of alkali-intercalated SWCNTs using VASP
sVienna Ab initio Simulation Packaged.24,25 The approach is
based on an iterative solution of the Kohn-Sham equations of
density-functional theory in a plane-wave basis set with
Vanderbilt ultrasoft pseudopotentials.26 We use the exchange
correlation with the generalized gradient approximation
given by Perdew and Wang.27 We set the plane-wave cutoff
energy to be 400 eV. The Monkhorst-Pack scheme is used to
sample the Brillouin zone. The optimizations of the lattice
constants and the atom coordinates are made by minimiza-
tion of the total energy. The tolerance of energy convergence
is 10−4 eV. All the structures are fully relaxed with a mesh of
13139 and the mesh ofk space is increased to 131
316 for Li2C112, K2C112, and 131320 for other structures
to obtain accurate energies and band structures with atoms
fixed after relaxations.

There are different positions for intercalating atoms: in-
side the tube,19 outside the tube,22 and at the intersection
channels of bundles.20,23We consider the intercalating inside
the tubes, where the intercalating atoms are favored to locate
along the axis of tube. The mechanism could also be applied
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to the case of intercalating on the outside surface of the
tubes. We first consider thes5,0d tube intercalated with Li
atoms, which is one of the simplest cases for the donor in-
tercalating. Stable intercalated structures with different con-
centrations of Li atoms are shown in Fig. 2. There is a chiral
vector Ch for each carbon nanotube. The projection of the
start point of this vector on the axis is marked asO. The
alkali atom positions are given through the coordinates of the
Z axis from the origin pointO. For an isolated Li atom, the
favorite adsorbed site is on the center of the hexagonal car-
bon units. The cell of Li2C60 contains six favorite sites for Li
atoms denoted as A to F as shown in Fig. 2 and thus there are
three kinds of possible structures, which are marked with I,
II, and III. Li atoms are located at A and D for structure I, A
and C for structure II, and A and B for structure III. The
structure parameters are shown in Table I. As is shown in
Fig. 1sad, the pures5,0d tube is a metal, in agreement with
other theoretical results.28 For the structure Li2C60 sId, Li
intercalating causes the band structurefshown in Fig. 1sadg to

be folded at k=p / s3ad, wherea is the lattice constant, and
the Fermi energy to be shifted up to the ending point of the
band at the boundary of the Brillouin zone, as is shown in
Fig. 3sad. This intercalated tube is a semimetal. The structure
Li2C60 sII d has less symmetry as compared to Li2C60 sId. For
Li2C60 sII d, there are two different distances between neigh-
boring Li atoms in the carbon nanotube: one is 4.36 Å and
the other is 8.36 Å, as is shown in Table I. This intercalating
structure is calculated to be a semiconductor with a gap of
30 meV at the X point of the band structure, as is shown in
Fig. 3sbd. For the structure Li2C60 sIII d, where the two dis-
tances between the neighboring Li atoms are 3.10 Å and
9.62 Å, respectively, there is a gap of 123 meV at the X
point of the band structure, as is shown in Fig. 3scd. Now we
explain how the metal-semiconductor transitions occur in the
Li2C60 structures. As is shown in Fig. 1sad, there is a “singly
degenerate band” in the pures5,0d tube near the Fermi en-
ergy. In the segmentsA to Bd of this band, where the energy
ranges from 0.05 eV to 0.56 eV with wave vectork chang-
ing from k=0.28p /a to k=0.43p /a, there is only one energy
eigenvalue corresponding to a wave vectork. Thus the band

FIG. 1. Band structures of
pure tubes:sad the s5,0d tube, sbd
the s4,2d tube, scd the s7,0d tube.
The Fermi energyEF has been set
at zero.

FIG. 2. Carbon nanotubes and the coordinates for intercalating
positions. Atomic positions are given through the coordinates of the
Z axis and the origin point is marked asO. The structure Li2C60 is
given as an example.

TABLE I. Structural parameters and formation energies for the
intercalated tubes. The radii are for the intercalated tubes. The po-
sitions of intercalating atoms are along the axis of the tube and are
measured from theO point shown in Fig. 2.

Nanotube
Radius

sÅd Structures

Atom
positions

sÅd

Formation
energies

seVd

Cell
length

sÅd

s5,0d 2.06 Li2C60 sId 0.71,7.06 2.90 12.72

s5,0d 2.06 Li2C60 sII d 0.47,4.83 2.88 12.72

s5,0d 2.06 LiC60 sIII d 0.62,3.72 2.79 12.72

s4,2d 2.15 Li2C112 −0.08,3.58 2.46 22.54

s7,0d 2.81 K2C112 0.67,5.02 1.85 17.05
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structure folded at k=p / s3ad would make the singly degen-
erate band end at the boundary of the Brillouin zone when
the unit cell is enlarged three times. Since 2NsN is the
number of lattice sitesd electrons fill one energy band fully,
intercalating two Li atoms in each unit cell would shift up
the Fermi energy to the boundary of the Brillouin zone. It is
noted that the folding position ofk should be between
k=0.28p /a and k=0.43p /a. For example, the structure
LiC40 whose band structure is folded at k=p / s2ad is still
metallic because k=p / s2ad is not in the wave-vector range
of a singly degenerate band.

Now we consider the stability of the above Li-intercalated
tubes. We have calculated the formation energiesEh to de-
termine whether the intercalating is exothermic. The forma-
tion energy Eh per alkali atom is defined as follows:
Eh=sE0+nEm−Edd /n, whereEd andE0 are the energies per
cell with and without alkali atoms intercalated,Em is the
energy of free alkali atoms, andn is the number of alkali
atoms in each cell. The structures withEh.0 can be formed
because it is exothermic for atoms to be intercalated into the
tube. IfEh is larger than the formation energy of alkali atoms
in the bulk bcc metals1.90 eV and 1.03 eV for Li and K
bulks, respectivelyd, it is exothermic for alkali atoms to be
intercalated into the tube as compared to forming the bulk
alkali metal. From our calculations, the structures Li2C60 sI,
II, III d are stable, asEh is from 2.79 eV to 2.90 eV. The
reason that these structures are stable can be explained by
comparing the case of intercalation in graphite. It is expected
that the intercalated structures are stable if the diameters of
the tube and the bonding length of Li and carbon atoms are
matched and the distances of Li atoms are not too small as
compared to the distances in the bcc bulk. For Li-intercalated
graphite, the distance between Li atoms and the sheet is
1.85 Å,29 while the radius of thes5,0d tube is 2.04 Å. Thus
thes5,0d tube is suitable for Li intercalating. The calculations
show that the variation of the radii of the tubes after interca-
lating is less than 0.03 Å, as is shown in Table I. When the
Li atoms are intercalated into the tubes, there is a charge
transfer from Li atoms to the tubes and there is a Coulomb

repulsion between Li atoms. The equilibrium distance be-
tween Li atoms in the Li bulk is 3.04 Å. For all the interca-
lated structures we calculated, the smallest distance of Li
atoms is 3.10 Å for Li2C60 sIII d, as is shown in Table I. Thus
these structures should be stable. As is shown in Table I, the
structure Li2C60 sId is the ground state and the structuressII,
III d are metastable for this concentration. The formation en-
ergy for Li2C60 sII d is close to that of structuresId, which is
only 0.02 eV higher. Thus structuresII d might be formed
experimentally.

The above transition mechanism can be generalized to Li
atoms intercalating in other tubes. As is shown in Fig. 1sbd,
the pures4,2d tube is a semiconductor with an indirect gap of
264 meV and there is a “singly degenerate band” near the
Fermi energy. In the segment of this band, where the energy
ranges from 0.20 eV to 1.05 eV with wave vectork chang-
ing from k=0.18p /a to k=p /a, there is only one energy
eigenvalue corresponding to a wave vector k. For the struc-
ture Li2C112, whose structure parameters are shown in Table
I, the band structure is folded at k=p / s2ad and there is a
direct gap of 313 meV at the point of X, as is shown in Fig.
4sad. The radius of thes4,2d tube is 2.14 Å, which is suitable
for Li atoms intercalating because the distance between Li
atoms and the sheet is 1.85 ÅsRef. 29d for Li-intercalated
graphite. The formation energyEh is equal to 2.46 eV for the
structure Li2C112, and the structure Li2C112 in the s4,2d tube
is stable. Thus Li intercalating can also induce
semiconductor-semiconductor transitions, transforming the
indirect gap into the direct gap with different gaps, as is
shown in the case of Li2C112.

In the following, we consider the intercalatings of other
alkali atoms, such as K atoms, in the carbon nanotubes. It
has been predicted that potassium intercalating in thes7,0d
ands8,0d tubes is stable.19 As is shown in Fig. 1scd, the pure
s7,0d tube is a semiconductor with a direct gap of 181 meV
and there is a “singly degenerate band” near the Fermi en-
ergy. In the segment of this band, where the energy ranges
from 0.17 eV to 0.72 eV with wave vectork changing from
k=0 to k=0.27p /a, there is only one energy eigenvalue cor-

FIG. 3. Band structures of the
s5,0d tube intercalated with Li at-
oms: sad Li2C60 sId, sbd Li2C60

sII d, scd Li2C60 sIII d. The Fermi
energyEF has been set at zero.
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responding to a wave vector k. In order to have a
semiconductor-semiconductor transition, the band should be
folded at k=p / s4ad. For the structure K2C112 shown in Table
I, the band structure is folded at k=p / s4ad and there is an
indirect gap of 80 meV, as is shown in Fig. 4sbd. Similarly,
we can also deduce that the structures K2C283m sm is an
integer larger than 4d are semiconductors. However, for the
structure KC28, the band structure is not folded and the in-
tercalated structure is a metal, which agrees with the results
of Ref. 19. The structure K2C112 is stable because its forma-
tion energyEh.0. Thus, K atoms intercalating can also in-
duce semiconductor-semiconductor transitions, transforming
the direct gap to an indirect gap with different gaps, as
shown in the case of K2C112.

In summary, we have shown that the adequate intercalat-
ing of alkali atoms into some types of carbon nanotubes
could transform the metal and semiconductor tubes into
semiconductor tubes. The transitions occur if the following
points are satisfied:sid there is a “singly degenerate band”
near the Fermi energy;sii d the diameters of the carbon nano-
tubes and the bonding length of alkali and carbon atoms are
matched in order to have an exothermic intercalating;siii d
the changes of the band structures are small except for the
shift of the Fermi energy after intercalating;sivd the concen-
tration of intercalating atoms should be adequate. The size of
the unit cell and folding multiple of the band structures are

determined by the structures of the intercalated tubes. The
electrons from dopant atoms shift up the Fermi energy to the
ending point of the singly degenerate band at the boundary
of the Brillouin zone. Then the gap in the band structures
appears as a result of structure perturbation due to the inter-
calating. As examples, the metal-semiconductor transition
for the case of Li2C60 in the s5,0d tube and the semi-
conductor-semiconductor transition for the case of Li2C112 in
the s4,2d tube are predicted by our calculations. Results of
other alkali atoms in various carbon nanotubes show that this
transition mechanism is quite general and there are possibili-
ties to induce metal-semiconductor transitions and semi-
conductor-semiconductor transitions in various nanotubes by
the intercalating of alkali atoms. Using this mechanism, one
can transform semiconductor nanotubes with an indirect
band energy gap into those with a direct energy gap, which is
very important for fabricating the light-emitting devices. At
the same time, this would also lead to a new method for
forming the heterojunctions and be useful and important in
the applications of nanodevices.
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FIG. 4. Band structures of carbon nanotubes
intercalated with Li and K atoms:sad Li2C112 in
the s4,2d tube, sbd K2C112 in the s7,0d tube. The
Fermi energyEF has been set at zero.

X. YANG AND J. NI PHYSICAL REVIEW B 71, 165438s2005d

165438-4



1S. Iijima, NaturesLondond 354, 56 s1991d.
2N. Hamada, S. I. Sawada, and A. Oshiyama, Phys. Rev. Lett.68,

1579 s1992d.
3J. W. G. Wildör, L. C. Venema, A. G. Rinzler, R. E. Smalley, and

C. Dekker, NaturesLondond 391, 59 s1998d.
4T. W. Odom, J. Huang, P. Kim, and C. M. Lieber, Nature

sLondond 391, 62 s1998d.
5L. Chico, V. H. Crespi, L. X. Benedict, S. G. Louie, and M. L.

Cohen, Phys. Rev. Lett.76, 971 s1996d.
6P. G. Collins, A. Zettl, H. Bando, A. Thess, and R. E. Smalley,

Science278, 100 s1997d.
7Y. Zhen, H. W. Ch. Postma, L. Balents, and C. Dekker, Nature

sLondond 402, 273 s1999d.
8M. Ouyang, J. L. Huang, C. L. Cheung, and C. M. Lieber,

Science291, 97 s2001d.
9P. E. Lammert, P. Zhang, and V. H. Crespi, Phys. Rev. Lett.84,

2453 s2000d.
10A. Maiti, A. Svizhenko, and M. P. Anantram, Phys. Rev. Lett.88,

126805s2002d.
11J. Q. Lu, J. Wu, W. Duan, F. Liu, B. F. Zhu, and B. L. Gu, Phys.

Rev. Lett. 90,156601s2003d.
12L. Duclaux, Carbon40, 1751s2002d.
13R. S. Lee, H. J. Kim, J. E. Fischer, A. Thess, and R. E. Smalley,

NaturesLondond 388, 255 s1997d.

14A. M. Rao, P. C. Eklund, S. Bandow, A. Thess, and R. E. Smal-
ley, NaturesLondond 388, 257 s1997d.

15L. Grigorian, G. U. Sumanasekera, A. L. Loper, S. Fang, J. L.
Allen, and P. C. Eklund, Phys. Rev. B58, R4195s1998d.

16G.-H. Jeonget al., Phys. Rev. B68, 075410s2003d.
17H. Rauf, T. Pichler, M. Knupfer, J. Fink, and H. Kataura, Phys.

Rev. Lett. 93, 096805s2004d.
18H. J. Liu, Z. M. Li, Q. Liang, Z. K. Tang, and C. T. Chan, Appl.

Phys. Lett.84, 2649s2004d.
19Y. Miyamoto, A. Rubio, X. Blase, M. L. Cohen, and S. G. Louie,

Phys. Rev. Lett.74, 2993s1995d.
20J. Zhao, A. Buldum, J. Han, and J. P. Lu, Phys. Rev. Lett.85,

1706 s2000d.
21T. Miyake and S. Saito, Phys. Rev. B65, 165419s2002d.
22X. Yang and J. Ni, Phys. Rev. B69, 125419s2004d.
23G. Gao, T. Cagin, and William A. Goddard III, Phys. Rev. Lett.

80, 5556s1998d.
24G. Kresse and J. Hafner, Phys. Rev. B47, R558s1993d.
25G. Kresse and J. Furthmüler, Comput. Mater. Sci.6, 15 s1996d.
26D. Vanderbilt, Phys. Rev. B41, R7892s1990d.
27J. P. Perdewet al., Phys. Rev. B46, 6671s1992d.
28H. J. Liu and C. T. Chan, Phys. Rev. B66, 115416s2002d.
29M. S. Dresselhaus and G. Dresselhaus, Adv. Phys.51, 1 s2002d.

METAL-SEMICONDUCTOR AND SEMICONDUCTOR-… PHYSICAL REVIEW B 71, 165438s2005d

165438-5


