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Manipulation of fullerene-induced impurity states in carbon peapods
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Electronic structures of several semiconducting and metallic carbon peapods have been studied using density
functional theory. We have systematically investigated the effects of two key factors, the tube diameter and the
type of the encaged metal atom inside C60, on the energy level and the electron occupation number of
C60-induced impurity states in semiconducting peapods. The manipulation of these impurity states controls the
type of the majority carrier (p or n) and the carrier density of a semiconducting peapod. In addition, the
possibility of superconductivity of potassium-doped peapods has been discussed.
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Since the discoveries of carbon fullerenes in 19851 and
nanotubes in 1991,2 these two carbon allotropes have a
tracted considerable attention in the scientific community
cause of their unique structures and properties. A car
nanotube can be metallic or semiconducting, depending
its chiral vector (n,m). Chemical doping can further modif
electrical properties of carbon nanotubes, for instance, po
sium or bromine doping enhances conductivity.3 Alkali metal
and alkaline-earth intercalated fullerenes have also b
studied extensively because of their complex phase diag
and superconductivity at temperatures surpassed only by
high-Tc cuprates.4,5

The empty spaces inside carbon fullerenes and nanot
provide the possibility to modify their properties by insertin
atoms or molecules into these hollow spaces. A large num
of species have been experimentally observed to sit st
inside fullerene cages6,7,8 or nanotubes.9,10,11Theoretical cal-
culations have revealed the details of the energetics and
tronic structure of fullerene and nanotube endohed
complexes.12,13,14,15,16Recently, Smithet al. have success
fully encapsulated C60 molecules in single-wall carbon nano
tubes~SWNTs! ~Ref. 17! and achieved a high-yield synthes
of such ‘‘peapods.’’18 More complex metallofullerene pea
pods @(Gd@C82)n@SWNTs, (La2@C80)n@SWNTs, etc.#
have also been identified in transmission electron micr
copy images.19,20,21

Encapsulation of fullerenes and metallofullerenes ins
nanotubes enables the development of a new class of hy
materials, which exhibits many interesting properties. T
electrical resistivity, thermopower and thermal conductiv
of peapods are different from those of empty SWNTs.19,22,23

Scanning tunneling microscopy~STM! studies show the spa
tially varied local density of states~LDOS! in C60@SWNT
~Ref. 24! and the spatial modulation of energy band g
in (Gd@C82)n@SWNT.25 A temperature-induced chang
from p to n conduction in (Dy@C82)n@SWNT ~Ref. 26!
and ambipolar field-effect transistor behavior
(Gd@C82)n@SWNT ~Ref. 27! have also been reported. A
encapsulated C60 chain may also show superconductivi
upon alkaline doping, in analogy with fullerene intercalati
compounds.4,5 In order to fully understand how the differen
encapsulants affect physical properties of their host na
tubes, substantial theoretical studies of the electronic st
tures of peapods are highly desired.
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In this paper, we report our work on electronic structur
of several semiconducting and metallic nanopeapods.
manipulate the C60 induced impurity states inside the ban
gap of the host semiconducting nanotubes by controlling
distance between the tube and C60 and the type of the en
caged metal atom inside C60. The states hybridization an
the effects of density and orientation of encapsulated60
molecules have been analyzed. In addition, we discuss
possibility of superconductivity of potassium-dope
peapods.

The electronic structure calculations are performed us
density functional theory with the local density approxim
tion. The electron-ion interactions are described by ultras
pesudopotentials.28 The valence wave functions are e
panded in a plane-wave basis set with an energy cutof
286 eV, which has been tested and found to give a g
energy convergence. The supercell is chosen such tha
distance between adjacent nanotube walls is longer than
Å. We use twok points in the irreducible Brillouin zone. All
calculations are performed using the Viennaab initio simu-
lation package.29

As the model systems for our theoretical investigation,
choose~16, 0!, ~17, 0!, ~19, 0!, and ~10, 10! nanotubes and
their corresponding fullerene or metallofullerene encap
lated peapods. A commensurability condition is imposed
tween the periodicity of the nanotube and that of the C60
chain. The optimized lattice parameterc is 9.79 Å for the
~10, 10! nanotube, and 12.68 Å for all zigzag tubes. In ord
to study ~17, 0! peapods with different C60 intermolecular
distances, we use two different lattice lengths~triple and
quintuple periodicity of a zigzag nanotube! for the ~17, 0!
peapod. These two different unit cells contain one and t
C60 molecules with optimized lattice parameters of 12.68 a
21.14 Å, respectively.~17, 0! peapods with smaller and
larger lattice parameters are labeled as (17,0)a and (17,0)b

peapods in the rest of the paper.
In an isolated C60 molecule, there is a threefold degene

ate lowest unoccupiedt1u state. Figure 1 shows the elec
tronic band structures of the C60@(17,0) peapod. The ban
structure of the~10, 10! peapod obtained in this work i
similar to a previous result.30 From Figs. 1~b! and 1~c!, the
~17, 0! peapod remains a semoconductor. In the (17,0)a pea-
pod, the flat energy band inside band gap is derived from
t1u state of C60. There is nearly no energy dispersion for th
©2003 The American Physical Society02-1



di
y

he

is
o

th

d
o-

ia
-
C

o
le
a

n
ap

,
e
f

e
c

0
llic

be
l

the
all
r of
of

y-
the

C

llic
if-

in

con-
emi-
nic

ple,

nors.
on

tor

a
of

-

e

ne,
-
of

e

e
fo
f

ll in

d
f of

BRIEF REPORTS PHYSICAL REVIEW B68, 113402 ~2003!
t1u-derived band because of the long center-to-center
tancedc between two C60 molecules, while there is a ver
small energy dispersion in the (17,0)b peapod. Whendc is
large, the C60 chain is broken and not conductive, so that t
t1u-derived states behave as impurity states@see Fig. 1~b!#
and carriers are distributed on the nanotube wall. Whendc
decreases, these impurity states become impurity bands@see
Fig. 1~c!# and conductive, resulting in most hole carriers d
tributed on the nanotube wall and most electron carriers
the C60 chain at a temperature not high enough to make
intrinsic carrier concentration dominant.

The smallt1u bandwidth in the (17,0)b peapod is not only
due to the relatively largerdc , but also due to the ordere
orientation of the C60 molecules inside the nanotube. On r
tating one of the two C60 molecules in the unit cell of the
(17,0)b peapod around the tube axis by 180°, we find
doubledt1u bandwidth and a reduction of thet1u density of
states peak by about 20%, while the total energy essent
remains the same. Ifdc is about 10 Å, as found in experi
ment, and taking into account the random orientation of60
molecules at room temperature, we expect a biggert1u band-
width than that shown in Fig. 1~c!.

While dc and the orientation of C60 molecules largely de-
termine thet1u band dispersion, the space between C60 and
the nanotube wall is a key factor for the energy levels
t1u-derived states. Our calculations show that the energy
els of t1u-derived states are about two-thirds of the band-g
~0.6 eV! above the top of the valence band (Ev) in
C60@(17,0)@see Fig. 1~b!#, while they are inside conductio
band in C60@(16,0), and about one-third of the band g
~0.48 eV! aboveEv in C60@(19,0) ~not shown!. The diam-
eters of ~16, 0!, ~17, 0! and ~19, 0! nanotubes are 12.48
13.26, and 14.80 Å, respectively. It was reported in a rec
paper that energy levels oft1u-derived states are two-fifths o
the band gap~0.5 eV! aboveEv in C60@(14,7).31 The diam-
eter of the~14, 7! nanotube is 14.48 Å. It is evident that th
t1u-derived states shift down toward the top of the valen
band as the tube diameter increases from 12.48 to 14.8
The similar trend has also been found in meta
nanotubes.30

Figure 2~a! shows the calculated LDOS of the nanotu
wall along the axis of the (17,0)a peapod. Although the tota

FIG. 1. Energy band structures of empty and C60 encapsulated
~17, 0! nanotube. ~a! Empty nanotube.~b! C60@(17,0)a. ~c!
C60@(17,0)b. In ~c!, only C60 t1u-derived impurity bands inside th
band gap are shown. Note the size of the first-Brillouin zone
(17,0)b peapod is three-fifths of that for (17,0)a peapod because o
its larger unit cell.
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DOS is only projected on the nanotube, the feature from
C60 t1u state still appears in the LDOS of the nanotube w
and gradually disappears when the distance to the cente
the C60 molecule increases. This feature is the signature
the hybridization of thep states on the tube and the buck
ball. This result is consistent with a recent STM study on
semiconducting peapod.24 An analysis of hybridizedt1u
wave functions shows that they are distributed on both60
molecules and the tube wall and spatially varied@see Figs.
2~c! and 2~d!#. Also, they are more localized around the C60
molecule in the semiconducting peapod than in the meta
peapod, which suggests that it would be relatively more d
ficult for STM to image the spatial variation of the LDOS
a metallic peapod.

Encapsulated fullerenes or other species inside a semi
ducting nanotube can be treated as impurities, whose ch
cal properties have an important influence on the electro
properties of the host semiconducting nanotube. In princi
a semiconducting peapod can be ofp or n type, depending
on whether the encapsulants are electron acceptors or do

C60 has a high electron affinity and thus is an electr
acceptor. It is clear from the band structure of C60@(17,0)
@Fig. 1~b!# that C60 t1u-derived states are deep accep
states. Encaging a metal atom inside a C60 molecule can
change the electron affinity of the molecule and result in
change of the impurity energy level inside the band gap
the ~17, 0! nanotube. Figures 3~a!–3~d! show the band struc
tures of three metallofullerene peapods@K@C60@(17,0)a,
Ca@C60@(17,0)a, and Y@C60@(17,0)a]. ~We have per-
formed the spin-polarized calculation for th
Y@C60@(17,0)a, and found one electron spin per C60 mol-
ecule.! The encaged K, Ca, and Y atoms transfer about o
two, and three electrons to the C60 cage, respectively, as es
timated by counting the electron occupation numbers
t1u-derived states. The energy levels oft1u-derived states in
K@C60@(17,0)a @Fig. 3~a!# are about 0.1 eV lower than
those in C60@(17,0)a @Fig. 1~b!#. As the charge states of th

r

FIG. 2. The density of states projected on the nanotube wa
slices~I!, ~II !, ~III !, and~IV !. The sliced nanotube is shown in~b!.
Contour maps of the charge distribution of the lowestt1u-derived
energy band are shown for~c! a (17,0)a semiconducting peapod an
~d! a ~10, 10! metallic peapod. Each contour represents twice/hal
the density of the neighboring line.
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FIG. 3. Energy band structures of~a! K@C60@(17,0)a, ~b! Ca@C60@(17,0)a, ~c! Y@C60@(17,0)a ~spin-up!, ~d! Y@C60@(17,0)a

~spin-down!, and~e! K@C60@(16,0). The origins of the energies are set at the top of the valence band (Ev). The Fermi levelEF is indicated
in ~a! and ~e!, and equal toEv in other figures. In~d!, one of thet1u derived states is a shallow acceptor state slightly aboveEv .
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encaged ions change from11 and 12 to 13 ~the whole
system is neutral!, threet1u-derived energy levels downshi
toward the valence band, which implies an easier elec
transfer from nanotube to encapsulated C60s. The experimen-
tally measured electron affinity of C60 is 2.667 eV.32 Our
calculated electron affinities for C60 and K@C60 are 2.69 and
2.87 eV, respectively.33 It has been found experimentally th
metallofullerenes usually have higher electron affinity th
empty C60.34 Therefore, K@C60, Ca@C60 and Y@C60 are
better electron acceptors than empty C60, which results in a
downshift of C60 t1u-derived states toward the valence ba
upon encaging these metal atoms. As we already discus
decreasing the tube-fullerene distance can raise the en
levels oft1u-derived states. Figure 3~e! shows the band struc
ture of K@C60@(16,0). The partially occupiedt1u states are
below and near the bottom of the conduction band (Ec).
According to the band structures shown in Figs. 3~c!–3~e!,
Y@C60@(17,0) is a p-type semiconductor and
K@C60@(16,0) is ann-type semiconductor. Apparently, th
tube diameter and the type of the encaged metal atom
two key factors that determine the energy level and the e
tron occupation number of impurity states inside the ba
gap of the host semiconducting nanotube.

In analogy with the alkali-intercalated C60 crystal, a doped
C60 chain may show superconductivity if the narrowt1u band
is nearly half filled. We encapsulate potassium atoms in
interstitial space between C60 and nanotube wall~Fig. 4!.
Electrons transfer from K atoms to both C60 molecules and
the nanotube. In KxC60@(17,0) peapods,t1u-derived bands
and EF are both shifted into the conduction band. Figure
shows the DOSs @N(E)# of K3C60@(10,10) and
(K3C60)2@(17,0)b. TheN(EF) per C60 in either the~10, 10!
or (17,0)b peapod is high and comparable to that of t
K3C60 crystal in the superconducting phase~about 7.2
states/eV spin!.5 @Note that there are two C60 molecules in
the (17,0)b peapod, and theN(EF) per C60 in the (17,0)b

peapod is higher than that in the~10, 10! peapod due to the
relatively larger C60 intermolecular distance in the (17,0)b

peapod.# Thus, the critical temperature (Tc) for alkali-doped
peapods may also be comparable to or even higher than
for the alkali-intercalated C60 crystal. On the other hand, th
lattice distortion of the C60 chain due to the weak C60-C60
interaction and the incommensurate charge filling of the60
11340
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molecules due to the alkali atom vacancies are generally
pected. How these problems affect the properties of peap
is still an open question. The future studies on the structu
and phase transformation in these dimensionally constra
systems would be very interesting.

Finally, we discuss the consequence of encapsula
other types of metallofullerenes inside a semiconduct
nanotube. There are many types of endohedral meta
ullerenes that have been synthesized in larger quantity
with a higher purification than M@C60. They have different
chemical and electronic properties, depending on
fullerene size, the type, and the number of metal ato
encaged.8,12 For example, C82 has a higher first electron af
finity than C60 and its lowest unoccupied molecular obit
~LUMO! is nondegenerate in contrast to C60. If M@C82 has
a charge state of M31C82

32 , the energy level of the singly
occupied LUMO11 will determine whether the peapod is
p- or n-type semiconductor. The space between C82 and the
nanotube wall is expected to play a key role in determin
the energy levels of the LUMO and LUMO11 of C82. In
general, the tube-fullerene distance and the chemical pro
ties ~electron affinity and charge state! of the encapsulated
metallofullerenes determine the energy level and the elec
occupation number of the fullerene-induced impurity sta
inside the band gap. A manipulation of these impurity sta
enables us to find a series of semiconducting peapods

FIG. 4. The geometry of K3C60@(17,0).
2-3
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BRIEF REPORTS PHYSICAL REVIEW B68, 113402 ~2003!
Fermi levels ranging from the valence band to the cond
tion band, and consequently to control the type of the ma
ity carrier (p or n) and the carrier density of semiconductin
peapods. The family of endohedral metallofulleren
(Mx

n1@C2y
n2) behaves like a superatom with tunable size a

FIG. 5. The density of states of~a! K3C60@(10,10) and~b!
K3C60@(17,0)b.
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chemical properties. Such a large family of metallofulleren
provides us an opportunity to fine tune the electronic pr
erties of semiconducting nanotubes to desired conditions

In summary, we have studied electronic structures of s
eral carbon nanotube peapods. The encapsulated fuller
induce impurity states in semiconducting peapods. We
manipulate these impurity states to desired conditions
controlling the tube-fullerene distance and the type of
encaged metal atoms. K doping of the peapod significa
increases the DOS atEF and makes the K-doped peapod
candidate superconductor. These findings give insights
the stable doping of the semiconducting nanotubes, and
control of the electronic properties of complex nanosc
materials.
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