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Energetics and electronic structures of potassium-intercalated Cg, peapods
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Total-energy electronic-structure calculations were performed to explore energetics and electronic structures
of a one-dimensional array of Cg, and potassium atoms encapsulated in metallic nanotubes. We find that the
electron states of the potassium intercalated peapods depend on the number of potassium atoms intercalated.
Intercalation induces substantial hybridization between 7 electron states of Cg, and the nanotube. The local
density of states around the Fermi level shows that the potassium intercalated Cgy-peapod is a novel metal
whose carriers are distributed on both the Cg, and the nanotube.
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Since the discovery of one-dimensional arrays of
fullerenes encapsulated in nanotubes,! known as fullerene
peapods, there have been a lot of experimental>® and
theoretical’~ works on this new form of a crystalline carbon.
The structures of the peapods are characterized by an inter-
esting combination of one- and zero-dimensional constituent
units, i.e., carbon nanotubes and fullerenes. It has been
shown that the multiplicity of the combination of the con-
stituent units induces an interesting variety of electronic
properties: The energy gap of peapods was found to depend
not only on the encapsulated fullerene species but also on the
space between the nanotube and the fullerenes.®” Moreover,
metallic nanotubes containing a Cg, chain were found to be
semimetals with multicarriers each of which is distributed
either along the nanotube or on the Cg, chain.” These facts
suggest that intercalation of foreign atoms or molecules into
peapods results in different electronic properties from those
of the conventional fullerene compounds.'®'* Several stud-
ies reported that the chemical doping of FeCl; or potassium
atoms results in the injection of holes or electrons into pea-
pods, respectively.'3~!7 In the case of potassium intercalation,
the atoms are accommodated not only in an intratube spacing
but also in an intertube spacing of bundles of nanotubes.
Indeed, recent high-resolution transmission electron micros-
copy (HR-TEM) experiments clearly demonstrated that the
potassium atoms are located at the spacious regions sur-
rounded by two Cgys and a wall of the nanotube.'® Thus,
alkali-intercalated Cgy-peapod can be regarded as a novel
fullerene-based conductor with a different dimensionality
with respect to the conventional Cg, fullerides, such as
K;Cgo'%'* and Na,CsCg,'>?° and is expected to be a stable
alkali-intercalated fulleride due to their encapsulated struc-
ture.

The purpose of this work is to reveal the energetics of the
encapsulation of potassium atoms into peapods and elec-
tronic structures of resulting K, Cqo-peapods (x=1, 2, 3, 4, 6,
and 8). In this work, we take a peapod consisting of the Cg,
and the metallic (10,10) nanotube to study a possibility of a
Ceo conductor with different characteristics to the conven-
tional Cg fullerides. Our first-principles total-energy calcu-
lations show that encapsulations are exothermic processes
due to an ionic interaction between potassium atoms and the
peapod in all the potassium compositions examined. The
electronic structure does not exhibit a rigid band nature but
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strongly depends on the number of potassium atoms interca-
lated: The energy level of t;, states shifts upward and their
width increases by increasing the number of potassium at-
oms. The calculated density of states at the Fermi level de-
pends also on the potassium amount. The distribution of the
wave functions indicates that substantial hybridization be-
tween the 7 states of Cg and the nanotube takes place. These
results clearly indicate that the potassium-intercalated pea-
pods are novel one-dimensional conductors in which the
electrons are distributed both on Cg, and nanotubes.

All calculations have been performed using the local-
density approximation (LDA) in the density-functional
theory.?!?? For the exchange-correlation energy among elec-
trons, we use a functional form?? fitted to the Monte Carlo
result for the homogeneous electron gas.?* Norm-conserving
pseudopotentials generated by using the Troullier-Martins
scheme are adopted to describe the electron-ion
interaction.?>® The valence wave functions are expanded by
the plane-wave basis set with a cut-off energy of 50 Ry
which is known to give enough convergence of total energy
to discuss the relative stability of the various carbon
phases.”>> We adopt a supercell model in which a peapod is
placed with its nanotube wall being separated by 6.5 A from
another wall of an adjacent peapod. The conjugate-gradient
minimization scheme is utilized both for the electronic-
structure calculation and for the geometry optimization.?’ In
the geometry optimization, we impose a commensurability
condition between the one-dimensional periodicity of the
atomic arrangements in the nanotube and that of the chain of
encapsulated Cqps and K atoms. Consequently, the lattice
parameter ¢ becomes 9.824 A along the tube direction which
corresponds to the quadruple of the periodicity of the arm-
chair nanotube. Integration over the one-dimensional Bril-
louin zone is carried out using four k points.

Figure 1 shows the geometric structures of K,Cgo-peapods
(x=1, 2, 3, 4, 6, and 8). The potassium atoms are located at
about 2.5 A above the wall of the nanotube, which is close to
the spacing between the potassium and graphite layers in the
graphite intercalation compound (K-GIC).?® We first focus
on the energetics of potassium intercalated Cgy-peapods for
different amounts of potassium atoms. The stability of
K, Cgo-peapods is evaluated by calculating the energy differ-
ence of the following reaction:
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FIG. 1. (Color online) Top and side views of geometric structures of potassium intercalated Cgy-peapods, (a) K Cgp, (b) K5Cgp, (¢) K5Cgp,
(d) K4Cgp, (e) KgCgp, and (f) KgCgp. Gray (red) circles denote carbon and potassium atoms, respectively.

Cyo @ (10, 10)tube + XK — K, Cy @ (10, 10)tube — AE.

The total energy of the potassium atom is obtained as the
total energy per atom in the bulk potassium crystal. The en-
capsulation process turns out to be exothermic for all the
potassium compositions considered, as shown in Fig. 2.
Thus, as in the case of the other potassium-intercalated car-
bon materials, e.g., K5;Cg4y, K,-nanotubes, and K-GIC, potas-
sium atoms are stabilized by encapsulation in the space in-
side the nanotube. Although the formation energy
monotonically decreases with increasing the number of po-
tassium atoms studied here, the formation energy per potas-
sium atom has a minimum for the composition x=3. This
result suggests that x=3 is a relatively preferable composi-
tion for peapods consisting of Cg, and the (10,10) nanotube.
For x greater than three, the Coulomb repulsive interaction
between the potassium ions might lead to an increase in the
energy cost for the encapsulation.

Figure 3 shows the electronic structures of the
K, Cgo-peapods in terms of electronic energy band and den-
sity of states. The intercalation results in the charge transfer
from the 4s electron of potassium atoms to the peapods, so
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FIG. 2. Reaction energies AE (see text) in the intercalation re-
action of the potassium atoms for the Cg chain encapsulated in (10,
10) nanotube.

that not only the 1, states of Cg but also the 7" bands of the
nanotubes cross the Fermi energy. We find that the electron
states around the Fermi energy are remarkably modulated
from that of the pristine peapods:” The ¢, and h, states shift
upward in energy by increasing the number of potassium
atoms intercalated. We found that the magnitude of the shift
of the bottom of the #;, states to that of pristine phase is 0.32,
0.34, 0.44, 0.42, 0.55, and 0.47 eV for x=1, 2, 3,4, 6, and 8,
respectively. Thus, in sharp contrast to the pristine
Ceo-peapods, the 1, states of the K,Cgy-peapods do not
emerge near the crossing point of the two linear dispersion
bands of the metallic nanotubes. The result interprets the
recent photoemission spectroscopic experiment reported by
Rauf et al.?® In addition to the shift, the band width of the ¢,
states is also found to increase with increasing the potassium
intercalation. The calculated width of the #;, band is 0.24,
0.25, 0.29, 0.36, 0.41, and 0.40 eV for x=1, 2, 3, 4, 6, and 8,
respectively.

The modulation of the electron states of the peapods in-
dicates that the substantial interaction takes place not only
between Cggs but also between Cg, and the nanotube. Indeed,
in our previous calculations for pristine peapods,’” it was
shown that the 7, band of Cg, chains encapsulated in the
nanotubes of which diameter is smaller than 13 A shifts up-
ward in energy compared with those encapsulated in the
(10,10) or thicker nanotubes: For thin nanotubes, the inter-
wall spacing between the Cg and the nanotube is insufficient
to allow the 7;, states of Cg, to be distributed in the space so
that substantial interaction between the 7 states of the con-
stituent units induces a large hybridization resulting in the
upward shift of the ¢,, state. In the K, Cgy-peapods, as shown
in Fig. 3, the upward shift of #;, states indicates that interca-
lation of potassium atoms extends the distribution of the
electron states of both the nanotubes and the Cg,. The ex-
tended distribution of 7 electron states effectively decreases
the inter-wall spacing between the constituent units so that a
large hybridization takes place between 7 states in the units.
The hybridization results in the upward shift and width in-
crease of the 1, band. This fact is corroborated by the analy-
sis of the distribution of squared wave functions shown in
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FIG. 3. (Color online) Electronic structures of potassium intercalated Cgp-peapods, (a) K;Cgp, (b) K5Cgp, (€) K3Cgp, (d) K4Cgp, (e) KgCgps
and (f) KgCg. Right and left panels of each figure are the electronic energy band and density of states (DOS), respectively. Energies are
measured from the Fermi level energy Ef. Dotted vertical lines denote the Fermi level energy.

Fig. 4: It is found that the two of three ¢, states of
K3Cgp-peapods, which are located at just below the Fermi
energy at the I' point, keep their 7 electron character of Cg,
[Figs. 4(a) and 4(b)]. In sharp contrast to these two states, the
wave function of the highest branch of the 7, band clearly
exhibits a hybridized character between 7 states of Cg, and
the nanotube [Fig. 4(c)].

Calculated density of states (DOS) for potassium interca-
lated peapods are shown in the right panel of each electronic
structure in Fig. 3. For the integration over the one-
dimensional Brillouin zone (BZ), we use 20 k points in the
first BZ. Since Cggs inside the nanotube are weakly bound to
each other, the 7 electron states form narrow dispersion
bands which result in substantial peaks in the DOS. Thus, the
intercalation of potassium atoms results in a large DOS at the
Fermi level [N(Ep)] similar to the case of the face-centered
cubic phase of alkali metal intercalated Cg,. The estimated
values of N(Ey) of the K,Cgy-peapods are 11.16, 9.06, 5.85,
4.07, 8.05, and 5.49 states per Cg for x=1, 2, 3, 4, 6, and 8,
respectively, which are comparable to the alkali-metal-
intercalated superconducting fullerides.'* By reflecting a
double-peak structure of the f;, band, the N(Ep) strongly
depends on the number of potassium atoms intercalated. In
K,Cgo-peapods with metallic nanotubes studied here, it
should be noted that the number of potassium atoms is not
identical to the number of electrons injected into Cgy, be-
cause the two 7" bands of the metallic nanotubes with linear
dispersion can accommodate electrons provided by potas-
sium atoms. The number of electrons injected into Cg is
estimated to be 0.9¢, 1.3¢, 1.8¢, 3.9¢, 4.7¢, and 5.5¢ for x
=1, 2, 3, 4, 6, and 8, respectively. Hence the systems are
candidates for a superconducting material possessing differ-
ent dimensionality and alkali-atom composition from the
conventional superconducting fullerides A;Cg.

(a) (b)

In Fig. 5, the local density of states near the Fermi level
pe,(r) of the K,Cyp-peapods are shown. It is defined by

Ep+A r 2
dE |¢nk( )|

1
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where A=0.1 eV which is the typical phonon energy in ful-
lerides, and 4 k points in the one-dimensional BZ are taken
for the k summation. The distribution clearly exhibits their =
electron character in which electrons are located both on the
nanotube and on the C¢,. Hence, it is corroborated that a Cg,
chain encapsulated in a metallic nanotube with potassium
atoms is a novel metal with multicarriers each of which pos-
sesses a different effective mass resulting in an interesting
variety of conducting properties: Besides the carriers with
light effective mass on the nanotubes, heavy carriers on Cg,
chains form additional conducting channels resulting in the
modulation of the ballistic conducting properties of the pris-
tine metallic nanotubes. Indeed, the recent experimental
work indicated that the conducting properties of the peapods
can be modulated by potassium doping.?’

In summary, our calculations, based on the density func-
tional theory, have clarified that intercalation of potassium
atoms into the Cg, chain encapsulated in the metallic nano-
tube results in a novel class of metallic fullerides with dif-
ferent dimensionality from those reported in previous works.
We found that the encapsulation of potassium atoms is exo-
thermic due to the substantial ionic interaction between po-
tassium atoms and the peapod. It was clarified that the elec-
tronic structure of potassium intercalated peapods strongly
depends on the number of potassium atoms exhibiting differ-
ent characteristics to that of the face-centered-cubic phase of
K3Cqp. A large hybridized character of ¢, states of
K,Cgo-peapods exhibits that the intercalation of potassium

FIG. 4. Contour plots of the squared wave
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function at the I' point of the #;,-like states of

--&-8-+-4 K3Cgp-peapod. (a) The lowest, (b) the second

lowest, and (c) the highest branches of the
t1,-like states. Each contour represents the twice
(or half) of the density of the adjacent contour
lines. The lowest values represented by the con-
tour is 1.562%X 1074 e/(a.u.)3. The dotted circle
and lines denote the atomic positions of Cg, and
nanotube, respectively.
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FIG. 5. Contour plots of the local density of
states near the Fermi level (pEF(r)) of the
K,Cgo-peapods, (a) K;Cy, (b) KoCop, (c) K3Csp,
(d) K4C60, (e) K(,C(,(), and (f) KgCﬁo. Each con-

tour represents the twice (or half) of the density
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of the adjacent contour lines. The lowest
values represented by the contour is 6.25
X 107%¢/(a.u.)?. The dotted circle and lines de-
note the atomic positions of Cg, and nanotube,
respectively.

atoms increases the interaction between 7 states of the Cg
and nanotube. The local density of states around the Fermi
level shows that the K Cgy-peapods are metallic fullerides
possessing different conducting properties from pristine
nanotubes.

ACKNOWLEDGMENTS

The author would like to thank A. Oshiyama for providing
the DFT program used in this work. This work was partly

supported by ACT-JST in Japan Science and Technology
Corporation, a special research project on nanoscience in
University of Tsukuba, NEDO project under the nanotech-
nology materials program, and a grant-in-aid for scientific
research from the Japanese Ministry of Education. Compu-
tations were done at the Science Information Processing
Center, University of Tsukuba, and Research Center of the
Computational Science, Okazaki National Institute.

I'B. W. Smith, M. Monthioux, and D. E. Luzzi, Nature (London)
396, 323 (1998).

2B. Burteaux, A. Claye, B. W. Smith, M. Monthioux, D. E. Luzzi,
and J. E. Fischer, Chem. Phys. Lett. 310, 21 (1999).

3B. W. Smith, M. Monthioux, and D. E. Luzzi, Chem. Phys. Lett.
315, 31 (1999).

4]. Sloan, R. E. Dunin-Borkowskib, J. L. Hutchisonb, K. S. Cole-
mana, V. C. Williamsa, J. B. Claridgea, A. P. E. Yorka, C. Xua,
S. R. Baileya, G. Browna, S. Friedrichsa, and M. L. H. Green,
Chem. Phys. Lett. 316, 191 (2000).

SH. Kataura, Y. Kumazawa, Y. Maniwa, I. Umezu, S. Suzuki, Y.
Ohtsuka, and Y. Achiba, Synth. Met. 121, 1195 (2000).

6K. Hirahara, K. Suenaga, S. Bandow, H. Kato, T. Okazaki, H
Shinohara, and S. Iijima, Phys. Rev. Lett. 85, 5384 (2000).

7S. Okada, S. Saito, and A. Oshiyama, Phys. Rev. Lett. 86, 3835
(2001).

8S. Okada, M. Otani, and A. Oshiyama, Phys. Rev. B 67, 205411
(2003).

9M. Otani, S. Okada, and A. Oshiyama, Phys. Rev. B 68, 125424
(2003).

10A. F. Hebard, M. J. Rosseinsky, R. C. Haddon, D. W. Murphy, S.
H. Glarum, T. T. M. Palstra, A. P. Ramirez, and A. R. Kortan,
Nature (London) 350, 632 (1991).

M. J. Rosseinsky, A. P. Ramirez, S. H. Glarum, D. W. Murphy, R
C. Haddon, A. F. Hebard, T. T. M. Palstra, A. R. Kortan, S. M.
Zahurak, and A. V. Makhija, Phys. Rev. Lett. 66, 2830 (1991).

2P, W. Stephens, L. Mihaly, P. L. Lee, R. L. Whetten, S. Huang, R.
Kaner, F. Deiderich, and K. Holczer, Nature (London) 351, 632
(1991).

B3R, Tanigaki, T. W. Ebbesen, S. Saito, J. Mizuki, J. S. Tsai, Y.
Kubo, and S. Kuroshima, Nature (London) 352, 222 (1991).

148, Saito and A. Oshiyama, Phys. Rev. B 44, R11536 (1991).

5T, Pichler, H. Kuzmany, H. Kataura, and Y. Achiba, Phys. Rev.
Lett. 87, 267401 (2001).

I6T. Pichler, A. Kukovecz, H. Kuzmany, H. Kataura, and Y.
Achiba, Phys. Rev. B 67, 125416 (2003).

17X. Liu, T. Pichler, M. Knupfer, J. Fink, and H. Kataura, Phys.
Rev. B 69, 075417 (2004).

181.. Guan, K. Suenaga, Z. Shi, Z. Gu, and S. lijima, Phys. Rev.
Lett. 94, 045502 (2005).

19K. Tanigaki, I. Hirosawa, T. W. Ebbesen, J. Mizuki, Y. Shi-
makawa, Y. Kubo, J. S. Tsai, and S. Kuroshima, Nature
(London) 356, 419 (1992).

20M. J. Rosseinsky, D. W. Murphy, R. M. Fleming, R. Tyco, A. P.
Ramirez, T. Siegrist, G. Dabbagh, and S. E. Barrett, Nature
(London) 356, 416 (1992).

2P, Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).

22W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).

23]. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).

%D. M. Ceperley and B. . Alder, Phys. Rev. Lett. 45, 566 (1980).

2N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991).

26L. Kleinman and D. M. Bylander, Phys. Rev. Lett. 48, 1425
(1982).

270. Sugino and A. Oshiyama, Phys. Rev. Lett. 68, 1858 (1992).

28H. Kamimura, Phys. Today 40, 64 (1987).

29H. Rauf, H. Shiozawa, T. Pichler, M. Knupfer, J. Fink, B. Buch-
ner, and H. Kataura, Phys. Rev. B (to be published).

153409-4



