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Carbon nanotube peapods have been suggested as nanoelectronic devices, such as bucky shuttlememories and three-terminal switching devices. However, relevant physical properties are not fullyunderstood. We calculate the polarizability of carbon nanotube peapods from �rst-principles. Weobtain a substantial reduction in the polarizability of an endohedral C60 moledule in various carbonnanotube peapod structures. The reduction depends on the structures and the directions of theexternal electric �elds. The features of polarizability will be important in device applications ofcarbon nanotube peapods.
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I. INTRODUCTION
Carbon nanotubes (CNTs) have scienti�c and techno-

logical signi�cance because of a wide range of nanoelec-
tronic applications due to their versatile and unique elec-
tronic and mechanical properties. CNTs can be metallic
or semiconducting, depending on their chiralities [1{3];
they also have exceptionally good mechanical strength
[4]. Nanoelectronic applications of CNTs have been pro-
posed in theoretical and experimental works [1{8]. As-
sembled structures of fullerenes and CNTs are called
carbon nanotube peapods [9{12]. The peapod struc-
tures have already been studied theoretically [13] and
have been suggested as materials for nanoelectronic de-
vices such as bucky shuttle memories and three-terminal
switching devices [14,15]. The positions of the fullerene
inside the CNT determine the states of the devices.
The positions may be controlled by external electric
�elds, and the dielectric response of the peapod struc-
ture should provide relevant information. We present
�rst-principles calculations of the polarizabilities of var-
ious CNT peapods decomposed into those of the endo-
hedral fullerene and the encapsulating CNT.

II. CALCULATION
Our calculations are carried out using SIESTA [16]

within the generalized-gradient approximation [17] and
the norm-conserving pseudopotentials [18] scheme. The
basis functions are pseudo-atomic orbitals(PAO) [19]
generated by using the split-valence scheme for a double-
zeta polarization basis set. The basis set consists of 13
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PAO basis functions per one carbon atom : two di�erent
sets of basis orbitals for the 2s states and the 2p states,
and the polarization orbitals for the 2p states. The radii
of con�nement are 2.64 �A for the 2s states and 3.31 �A
for the 2p states and the polarization orbitals.
We have calculated one open CNT peapod (OP), two

closed CNT peapods (CP1, CP2), and C60@C240. The
open peapod is composed of nine (10,10) CNT primitive
unit cells and a C60 molecule, as is shown in Figure 1(a).
CP1, which is shown in Figure 1(b), is a closed CNT
peapod composed of six (10,10) CNT primitive unit cells
capped with half of a C240 molecule on each side and
a C60 molecule. CP2 is a closed CNT peapod similar
to CP1, except that a part of CP2 is two (10,10) CNT
primitive unit cells. All the structures are relaxed with
the conjugate gradient method until the maximum force
component acting on an atom is less than 0:07eV=�A.
The supercells are rectangular parallelpipeds, and the
size along tube axis is chosen to be large to ensure no
interaction between the supercell images. The distance
between carbon atoms belonging to di�erent supercell
images are larger than the diameter of the (10,10) CNT.
To calculate the longitudinal and the transverse polar-

izabilities of the systems, we calculate the �rst derivative

Fig. 1. (a) Open (10,10) CNT peapod (OP). (b) Closed(10,10) CNT peapod (CP1).
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of the dipole moment along an external electric �eld,

�i = dpi
dEext i ; (1)

where �i = �ii, and pi and Eext i are i-th components
of the dipole moment and the external electric �eld, re-
spectively. We have obtained polarizabilities from a lin-
ear regression of the dipole moments in the presence of
external electric �elds of 0.1, 0.2, 0.3 and 0.4 in units
of eV/�A. The dipole moment is obtained from the elec-
tronic charge density matrix

�el(r) =
X
��

���'��'� ; (2)

where �el is the electronic charge density at r and ���is the electronic charge density matrix of the PAO basis,
'� and '� . Note that � is de�ned to be fIlmng, where
I is an atom index and l,m,n are quantum numbers.
We decompose the electronic charge density of a CNT

peapod into two parts. One is for the C60 molecule, and
the other is for the CNT:

�el(r) =
X

�;�2C60

���'��'� +
X

�;�2CNT
���'��'� : (3)

The dipole moment can be similarly decomposed into
two parts with the decomposed charge densities, and the
polarizability of either the C60 molecule or the CNT can
be calculated form the corresponding decomposed dipole
moment. The e�ective electric �eld for the endohedral
C60 can be calculated from the decomposed polarizabil-
ity for the C60 molecule. Care has to be taken in choosing
the origins for the calculations of decomposed polariz-
abilities. We have chosen the center of ionic charge of
the subsystem, either the C60 molecule or the CNT, as
the origin for the calculation of its polarizability.

III. RESULTS AND DISCUSSION
Our calculated polarizability of a free C60 molecule,

�freeC60
, is 82.14 �A3, which is consistent with calculations,

within the local density approximation, of about 82 �A3
[20{22], and experimental values of �freeC60

= 76:5 � 8
�A3 [23] and �freeC60

= 79 � 4 �A3 [24]. We have also
calculated the decomposed polarizabilities of C60@C240,which is composed of a C60 molecule enclosed by a C240molecule. Both C60 and C240 are icosahedral fullerenes.We have obtained �C240 = 461:47 �A3 and �C60 = 11:86
�A3. Therefore, �C60

�freeC60

= 0:1444. We estimate the e�ective
external electric �eld, Ee� , applied to the endohedral C60of the peapods from the formulas

pC60 = �freeC60
Ee� = �C60 Eext (4)

and
Ee�
Eext =

�C60

�freeC60

; (5)

Table 1. Polarizabilities along the longitudinal externalelectric �elds, �l. L is the length of a CNT peapod. OP, CP1and CP2 correspond to C60@C360, C60@C480 and C60@C320,respectively. See the text for detailed explanations.
CNT peapod Capping L (�A) �lCNT (�A3) �lC60 (�A3) �

lC60
�freeC60OP Open 21.14 1340.03 19.60 0.2386

CP1 Closed 29.78 1644.22 14.39 0.1752
CP2 Closed 19.82 708.96 17.70 0.2155

Table 2. Polarizabilities along the transverse external elec-tric �elds, �t. See the caption for Table 1.
CNT peapod Capping L (�A) �tCNT (�A3) �tC60 (�A3) �

tC60
�freeC60OP Open 21.14 889.55 26.80 0.3263

CP1 Closed 29.78 976.97 16.91 0.2059
CP2 Closed 19.82 662.90 13.51 0.1644

where pC60 is the decomposed dipole moment for the C60
molecule. If the ratio �C60

�freeC60

is unity, the external e�ec-
tive electric �eld, Ee� , is equal to the external electric
�eld, Eext. If the ratio is smaller than unity, Ee� is
smaller than Eext, and the relative decrease of Eext is
1� �C60

�freeC60

. In the case of C60@C240, the decrease of Eext
is 0:8556Eext.For the longitudinal external electric �elds parallel to
the CNT tube axis, the calculated polarizabilities of the
CNT peapods are summarized in Table 1. We include the
calculated values of C60@C240 in the discussion for com-
parison. The value of �lC60

of OP is the largest among
the calculated values because the external electric �eld
can penetrate the short open peapod along the CNT tube
axis more easily than it can for the other structures. The
value of �C60 of C60@C240 is the smallest among the cal-
culated values. CP1 and CP2 could be considered to be
elongated CNT peapods of C60@C240, and the results
for C60@C240 could be considered to be an extreme case
of the edge e�ect. The geometry argument would im-
ply that the longer a closed CNT peapod, the smaller
the edge e�ect, and the larger the value of �lC60

, which
could explain the smallest value of �C60 for C60@C240.However, the length of CP1 is greater than that of CP2,
although �lC60

of CP1 is smaller than that of CP2. The
puzzling order can be understood by considering that
�lCNT per C atom of CP1 is larger than that of CP2,
indicating a larger depolarizing �eld for CP1.
For the transverse external electric �elds perpendicular

to the CNT tube axis, the calculated polarizabilities of
the CNT peapods are summarized in Table 2. Again, we
include the calculated values of C60@C240 in the discus-
sion for comparison. The results are similar to the case
of the longitudinal external electric �eld in that the value
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Fig. 2. Equipotential lines of VH for the open CNT, a partof OP, with no external electric �eld. Darker lines correspondto lower potentials for an electron. Equipotential lines forjVHj < 0:35 eV are plotted. The spacing of adjacent lines is0.01 eV.

of �tC60
of OP is the largest among the calculated values.

In the case of the transverse external electric �elds, the
edge e�ect is smaller than it is for the longitudinal ex-
ternal electric �eld because charge accumulation at the
tube end is smaller. Therefore, the external electric �eld
can penetrate the short open peapod even more easily
than it can the other structures, which explains �tC60

be-
ing larger than �lC60

in the OP. Again, the value of �C60of C60@C240 is the smallest among the calculated values.
The geometry argument outlined above can explain the
smallest value of �C60 for C60@C240. Since the values of�lCNT per C atom of CP1 and CP2 are about the same,
the geometry argument can explain �tC60

of CP1 being
larger than �tC60

of CP2.
The reduced polarizabilities of the endohedral C60sand, hence, the reduced e�ective electric �elds are in-


uenced by the electric �elds from the CNTs. We have
calculated the CNT structures with no endohedral C60 inthe absence of an external electric �eld. We have plotted
the equipotential lines of VH, the sum of the Hartree po-
tential, and the local pseudopotentials, in Figure 2 and
Figure 3.
In Figure 2 for the open CNT, VH(r) decreases as rmoves toward the CNT. On the tube axis, VH has the

lowest value at the center of the CNT. However, the cen-
ter is a saddle point of VH because VH decreases away
from the center in the radial direction. The C60 molecule
cannot move along any radial direction of the (10,10)
CNT because the molecule �ts inside the CNT. The C60molecule, if negatively charged with n-type doping, will
be attracted toward the center of an open (10,10) CNT.
If positively charged with p-type doping, the molecule
will be attracted toward the end rings of an open (10,10)
CNT. For a larger CNT, if negatively charged with n-
type doping, the molecule will be attracted to the cen-
ter wall of the open CNT. If an external electric �eld is
applied, the saddle point moves away from the applied

Fig. 3. Equipotential lines of VH of the closed CNT, apart of CP1, with no external electric �eld. The range andthe spacing of the lines are the same as those of Figure 2.

external electric �eld, and the C60 molecule has new fa-
vored positions. The position of the C60 molecule may
be tuned by using the external longitudinal electric �eld.
In Figure 3, for the closed CNT, VH(r) decreases as rmoves toward the CNT as in the case of the open CNT.

VH has a saddle point at the center of the CNT, as is
the case in the open CNT. The behavior of the nega-
tively charged endohedral C60 molecule should be simi-
lar to that of the open peapod. The positively charged
endohedral C60 molecule will favor end regions. If an ex-
ternal electric �eld is applied, the saddle point changes
in a similar fashion. With a longitudinal external electric
�eld, the energetically favored position of the negatively
charged C60 molecule inside a closed (10,10) CNT will
lie at the end region away from the applied electric �eld,
and vice versa.

IV. CONCLUSIONS
In summary, we have presented �rst-principles calcu-

lations of the polarizabilities of various CNT peapods.
We obtain a reduction of the order of 0.7�freeC60

to 0.8�freeC60in the polarizability of an endohedral C60 moledule, de-
pending on the CNT peapod structure and the direc-
tion of the external electric �eld. The reduction is larger
for the C60@C240 structure. The electric �elds from the
CNTs of the CNT peapod structures are responsible for
the reduction. The electric �elds inside the CNTs de-
termine energetically favored positions of the endohe-
dral C60 moledule. The features of the polarizability
will be useful in device applications of carbon nanotube
peapods.
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