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Manipulation of fullerene-induced impurity states in carbon peapods

Mao-Hua Du and Hai-Ping Cheng
Department of Physics and Quantum Theory Project, University of Florida, Gainesville, Florida 32611, USA
(Received 22 April 2003; published 11 September 2003

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 insidg,Con the energy level and the electron occupation number of
Ceoinduced impurity states in semiconducting peapods. The manipulation of these impurity states controls the
type of the majority carrierg 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 1985d In this paper, we report our work on electronic structures
nanotubes in 1991 these two carbon allotropes have at- of several semiconducting and metallic nanopeapods. We
tracted considerable attention in the scientific community bemanipulate the g induced impurity states inside the band
cause of their unique structures and properties. A carbogap of the host semiconducting nanotubes by controlling the
nanotube can be metallic or semiconducting, depending odlistance between the tube angy@nd the type of the en-
its chiral vector i,m). Chemical doping can further modify caged metal atom insidegg: The states hybridization and
electrical properties of carbon nanotubes, for instance, potashe effects of density and orientation of encapsulatgg C
sium or bromine doping enhances conductiviglkali metal ~ molecules have been analyzed. In addition, we discuss the
and alkaline-earth intercalated fullerenes have also beepossibility of superconductivity of potassium-doped
studied extensively because of their complex phase diagrameapods.
and superconductivity at temperatures surpassed only by the The electronic structure calculations are performed using
high-T, cuprated:® density functional theory with the local density approxima-

The empty spaces inside carbon fullerenes and nanotub&isn. The electron-ion interactions are described by ultrasoft
provide the possibility to modify their properties by inserting pesudopotential® The valence wave functions are ex-
atoms or molecules into these hollow spaces. A large numbgranded in a plane-wave basis set with an energy cutoff of
of species have been experimentally observed to sit stabl#86 eV, which has been tested and found to give a good
inside fullerene cagé$®or nanotube$®* Theoretical cal- energy convergence. The supercell is chosen such that the
culations have revealed the details of the energetics and eledistance between adjacent nanotube walls is longer than 6.7
tronic structure of fullerene and nanotube endohedral. We use twok points in the irreducible Brillouin zone. All
complexes?13141516Recently, Smithet al. have success- calculations are performed using the Vierata initio simu-
fully encapsulated g molecules in single-wall carbon nano- lation packagé’®
tubes(SWNTs (Ref. 17 and achieved a high-yield synthesis  As the model systems for our theoretical investigation, we
of such “peapods.®® More complex metallofullerene pea- choose(16, 0, (17, 0, (19, 0, and(10, 10 nanotubes and
pods [(Gd@ G,) @ SWNTs, (La@ Cs0),@SWNTs, etd.  their corresponding fullerene or metallofullerene encapsu-
have also been identified in transmission electron microskated peapods. A commensurability condition is imposed be-
copy imageg®2021 tween the periodicity of the nanotube and that of thg C

Encapsulation of fullerenes and metallofullerenes insidechain. The optimized lattice parameteris 9.79 A for the
nanotubes enables the development of a new class of hybrid0, 10 nanotube, and 12.68 A for all zigzag tubes. In order
materials, which exhibits many interesting properties. Theo study (17, 0 peapods with different & intermolecular
electrical resistivity, thermopower and thermal conductivitydistances, we use two different lattice lengttisple and
of peapods are different from those of empty SWN&2%  quintuple periodicity of a zigzag nanotubfer the (17, 0
Scanning tunneling microscog$TM) studies show the spa- peapod. These two different unit cells contain one and two
tially varied local density of stated.DOS) in Cso@SWNT  Cgo molecules with optimized lattice parameters of 12.68 and
(Ref. 24 and the spatial modulation of energy band gap21.14 A, respectively(17, 0 peapods with smaller and
in (Gd@ G,),@SWNT?® A temperature-induced change larger lattice parameters are labeled as (F7edd (17,09
from p to n conduction in (Dy@ @,),@ SWNT (Ref. 26  peapods in the rest of the paper.
and ambipolar field-effect transistor behavior of In an isolated G, molecule, there is a threefold degener-
(Gd@ Gp) @ SWNT (Ref. 27 have also been reported. An ate lowest unoccupiet,, state. Figure 1 shows the elec-
encapsulated £ chain may also show superconductivity tronic band structures of thegg@ (17,0) peapod. The band
upon alkaline doping, in analogy with fullerene intercalationstructure of the(10, 10 peapod obtained in this work is
compound$:® In order to fully understand how the different similar to a previous resuff. From Figs. 1b) and 1c), the
encapsulants affect physical properties of their host nano-l7, O peapod remains a semoconductor. In the (Efep-
tubes, substantial theoretical studies of the electronic strugod, the flat energy band inside band gap is derived from the
tures of peapods are highly desired. t,, state of Gy. There is nearly no energy dispersion for the
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FIG. 1. Energy band structures of empty ang €ncapsulated
(17, 0 nanotube. (@) Empty nanotube.(b) Cg@ (17,07 (c) V)
Ceo@ (17,0%. In (c), only Cgo t,-derived impurity bands inside the 10 -056 00 05 1.0

band gap are shown. Note the size of the first-Brillouin zone for E (eV)
(17,0F peapod is three-fifths of that for (17Q)eapod because of

its larger unit cell. FIG. 2. The density of states projected on the nanotube wall in

slices(l), (1), (111, and(IV). The sliced nanotube is shown (b).
t,,-derived band because of the long center-to-center disSontour maps of the charge distribution of the lowggtderived
tanced; between two g, molecules, while there is a very energy band are shown fér) a (17,0} semiconducting peapod and
small energy dispersion in the (17°0)eapod. When, is (d) a(10, 10 metallic peapod. Each contour represents twice/half of
large, the G, chain is broken and not conductive, so that thethe density of the neighboring line.
t,,-derived states behave as impurity stdtese Fig. 1b)]
and carriers are distributed on the nanotube wall. Wéen DOS is only projected on the nanotube, the feature from the
decreases, these impurity states become impurity biaegs  Cqy, t,, state still appears in the LDOS of the nanotube wall
Fig. 1(c)] and conductive, resulting in most hole carriers dis-and gradually disappears when the distance to the center of
tributed on the nanotube wall and most electron carriers ofthe Gy, molecule increases. This feature is the signature of
the G chain at a temperature not high enough to make thehe hybridization of ther states on the tube and the bucky-
intrinsic carrier concentration dominant. ball. This result is consistent with a recent STM study on the

The smallt;,, bandwidth in the (17,8)peapod is not only ~ semiconducting peapdd.An analysis of hybridizedt,,
due to the relatively larged., but also due to the ordered wave functions shows that they are distributed on bagh C
orientation of the G, molecules inside the nanotube. On ro- molecules and the tube wall and spatially variede Figs.
tating one of the two g molecules in the unit cell of the 2(c) and 2d)]. Also, they are more localized around thg,C
(17,0 peapod around the tube axis by 180°, we find amolecule in the semiconducting peapod than in the metallic
doubledt,, bandwidth and a reduction of the, density of  peapod, which suggests that it would be relatively more dif-
states peak by about 20%, while the total energy essentiallficult for STM to image the spatial variation of the LDOS in
remains the same. M, is about 10 A, as found in experi- a metallic peapod.
ment, and taking into account the random orientation gf C ~ Encapsulated fullerenes or other species inside a semicon-
molecules at room temperature, we expect a biggeband-  ducting nanotube can be treated as impurities, whose chemi-
width than that shown in Fig.(&). cal properties have an important influence on the electronic

While d. and the orientation of & molecules largely de- properties of the host semiconducting nanotube. In principle,
termine thet,, band dispersion, the space betwegg &d a semiconducting peapod can bepbr n type, depending
the nanotube wall is a key factor for the energy levels ofon whether the encapsulants are electron acceptors or donors.
t,,-derived states. Our calculations show that the energy lev- Cgo has a high electron affinity and thus is an electron
els oft,,-derived states are about two-thirds of the band-gamcceptor. It is clear from the band structure gH@ (17,0)
(0.6 eV) above the top of the valence band,j in [Fig. 1b)] that G t;,-derived states are deep acceptor
Ceo@ (17,0)[see Fig. 1b)], while they are inside conduction states. Encaging a metal atom inside g @olecule can
band in Gy@ (16,0), and about one-third of the band gapchange the electron affinity of the molecule and result in a
(0.48 eV} aboveE, in Cqo@(19,0) (not shown. The diam-  change of the impurity energy level inside the band gap of
eters of (16, 0, (17, 0 and (19, O nanotubes are 12.48, the(17, 0 nanotube. Figures(8-3(d) show the band struc-
13.26, and 14.80 A, respectively. It was reported in a recentures of three metallofullerene peapddé@ Cs,@ (17,07,
paper that energy levels of -derived states are two-fifths of Ca@ Gy@ (17,0F, and Y@ Gy@ (17,07]. (We have per-
the band gag0.5 eV) aboveE, in Ce@ (14,7)3 The diam- formed  the  spin-polarized  calculation  for  the
eter of the(14, 7) nanotube is 14.48 A. It is evident that the Y@ Cso@ (17,0F, and found one electron spin peggdnol-
t,,~derived states shift down toward the top of the valencescule) The encaged K, Ca, and Y atoms transfer about one,
band as the tube diameter increases from 12.48 to 14.80 Awo, and three electrons to thed®age, respectively, as es-
The similar trend has also been found in metallictimated by counting the electron occupation numbers of
nanotubes® t,,-derived states. The energy levelstgf-derived states in

Figure 2a) shows the calculated LDOS of the nanotube K@ Cgo@ (17,0} [Fig. 3(@)] are about 0.1 eV lower than
wall along the axis of the (17,0peapod. Although the total those in Gy@ (17,07 [Fig. 1(b)]. As the charge states of the
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FIG. 3. Energy band structures () K@ Cgo@ (17,0, (b) Ca@ Gy@ (17,0, (c) Y@ Cso@ (17,0} (spin-up, (d) Y@ Ceo@ (17,08
(spin-down), and(e) K@ Cso@ (16,0). The origins of the energies are set at the top of the valence Bgndtie Fermi leveEg is indicated
in (a) and(e), and equal td, in other figures. Ind), one of thet,, derived states is a shallow acceptor state slightly atifyve

encaged ions change from1l and +2 to +3 (the whole molecules due to the alkali atom vacancies are generally ex-
system is neutral threetq,-derived energy levels downshift pected. How these problems affect the properties of peapods
toward the valence band, which implies an easier electrofs still an open question. The future studies on the structural
transfer from nanotube to encapsulategsCThe experimen- and phase transformation in these dimensionally constrained
tally measured electron affinity of g is 2.667 e\?2 Our  systems would be very interesting.
calculated electron affinities forggand K@ G are 2.69 and Finally, we discuss the consequence of encapsulating
2.87 eV, respectivel§’ It has been found experimentally that other types of metallofullerenes inside a semiconducting
metallofullerenes usually have higher electron affinity thannanotube. There are many types of endohedral metallof-
empty Go.>* Therefore, K@ G,, Ca@G, and Y@ G, are  ullerenes that have been synthesized in larger quantity and
better electron acceptors than empty, Qwhich results in a  with a higher purification than M@4g. They have different
downshift of G, t;,-derived states toward the valence bandchemical and electronic properties, depending on the
upon encaging these metal atoms. As we already discusseitl/lerene size, the type, and the number of metal atoms
decreasing the tube-fullerene distance can raise the energycaged:*? For example, @, has a higher first electron af-
levels oft, ,-derived states. Figure@® shows the band struc- finity than G, and its lowest unoccupied molecular obital
ture of K@ G,@ (16,0). The partially occupied,, states are  (LUMO) is nondegenerate in contrast tgCIf M@ Cg, has
below and near the bottom of the conduction baiid)( a charge state of RfC3, , the energy level of the singly
According to the band structures shown in Figee)33(e),  occupied LUMOt 1 will determine whether the peapod is a
Y@Cs@(17,0) is a p-type semiconductor and p- or n-type semiconductor. The space betwegn &d the
K@ Cs0@ (16,0) is am-type semiconductor. Apparently, the nanotube wall is expected to play a key role in determining
tube diameter and the type of the encaged metal atom atée energy levels of the LUMO and LUMOL1 of Cg,. In
two key factors that determine the energy level and the eleggeneral, the tube-fullerene distance and the chemical proper-
tron occupation number of impurity states inside the bandies (electron affinity and charge statef the encapsulated
gap of the host semiconducting nanotube. metallofullerenes determine the energy level and the electron
In analogy with the alkali-intercalated;gcrystal, a doped occupation number of the fullerene-induced impurity states
Ceo chain may show superconductivity if the narroyy band  inside the band gap. A manipulation of these impurity states
is nearly half filled. We encapsulate potassium atoms in thenables us to find a series of semiconducting peapods with
interstitial space betweenggZand nanotube wal(Fig. 4).
Electrons transfer from K atoms to bothddnolecules and
the nanotube. In ¥Cgs@ (17,0) peapodd,,-derived bands K
andE¢ are both shifted into the conduction band. Figure 5
shows the DOSs[N(E)] of K3;Ce@(10,10) and
(K3Ce0) 2@ (17,0F. TheN(Eg) per Gy in either the(10, 10
or (17,0 peapod is high and comparable to that of the
K3Cgo crystal in the superconducting phagabout 7.2
states/eV spin°® [Note that there are two dg molecules in

the (17,95’ peapod, and th&l(Eg) per Gy in the (17,0% \\\l‘,(""' B ."
peapod is higher than that in tli&0, 10 peapod due to the PR \\\§;~g}{’//’. -
relatively larger @, intermolecular distance in the (17°0) K \\\\\\—;_‘5;////
peapod| Thus, the critical temperaturd ) for alkali-doped \\\'_OW/

: N K
peapods may also be comparable to or even higher than that \\"

for the alkali-intercalated £ crystal. On the other hand, the
lattice distortion of the g, chain due to the weak ¢ Cgg
interaction and the incommensurate charge filling of thg C FIG. 4. The geometry of KCqo@(17,0).
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FIG. 5. The density of states @) K;Cgo@ (10,10) and(b)
K3Ceo@ (17,0.

Fermi levels ranging from the valence band to the conduc-
tion band, and consequently to control the type of the major-

ity carrier (p or n) and the carrier density of semiconducting
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chemical properties. Such a large family of metallofullerenes
provides us an opportunity to fine tune the electronic prop-
erties of semiconducting nanotubes to desired conditions.

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

peapods. The family of endohedral metallofullerenes This work was supported by Department of Energy under
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