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D
oping via donors or acceptors is a
critical technique for many elec-
tronic applications of carbon

nanotubes.1,2 Semiconducting or metallic

single-wall carbon nanotubes (SWNTs) can

be filled with fullerenes, forming the so-

called carbon peapods, to modify and con-

trol their electronic properties at the nano-

scale.3 The fabrication of nanoscale

electronic devices such as field effect tran-

sistors (FETs) with carbon peapods contain-

ing various fullerenes or endohedral

fullerenes is well established.4 Electronic

transport measurements (i.e., the drain cur-

rent as a function of the gate biases) of FETs

with several types of peapod such as SWNTs

containing C60, C78, C90, La@C82, Gd@C82,

Dy@C82, La2@C80, Ti2@C80, Ce2@C80 and

Gd2@C92 fullerenes have been reported.5�10

These results show that the band gap of the

peapods depends on (1) the insertion of

fullerenes or metallofullerenes, (2) the in-

trafullerene charge transfer, that is, from the

metal atom to the carbon cage, and (3) the

size of the encapsulated fullerenes. Theo-

retical calculations are needed to establish

the mechanisms underpinning these ob-

served correlations, such as the charge

transfer mechanism, the effects of doping

on the electronic structure and correlations

in carbon peapods, and the possible con-

ductive pathways in the above experimen-

tal measurements.

Previous theoretical studies using hy-

brid density functional theory (DFT) on

SWNTs containing Sc@C82 reveal that the

bands derived from the highest occupied

molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO) of

Sc@C82 are separated by an energy gap of

0.530 eV. We denote the two fullerene

bands as the upper and lower Hubbard

bands. Remarkably, the upper and lower
Hubbard bands of the fullerene chain lie en-
tirely within the band gap of the semicon-
ducting (14,7) SWNT, and the system is a
Mott insulator.11

In this paper we investigate the effects
of doping of peapods away from the Mott
insulating regime of the Sc@C82 chain
within the nanotube, which is potentially
significant in several respects. First, this is
relevant to transistor-like devices or other
gated structures in which there is charge
transfer to and from the peapod. Second,
we expect this to be a highly correlated
conductor and the question arises as to
where the mobile charge resides. If it re-
mains on the fullerene chain then this will
essentially become a one-dimensional
doped Mott insulator, encased in either a
semiconducting or metallic nanotube. Con-
versely, if there is charge transfer to the
nanotube then there will always be two par-
allel one-dimensional conducting channels,
expected to be weakly interacting; a weakly
correlated conductor along the nanotube
and a strongly correlated conductor along
the encapsulated chain. To investigate
these possibilities we have performed cal-
culations of Sc@C82 chains and peapod
structures with both semiconducting and
metallic nanotubes and doping levels in
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ABSTRACT Sc@C82 peapods, which form encapsulated spin-1/2 antiferromagnetic chains under doping with

electrons or holes are investigated using hybrid density functional theory. The narrow fullerene bands become

shifted relative to nanotube bands resulting in charge transfer and conducting channels along both the fullerene

chain and the nanotube. This is accompanied by a reduction in the magnetic moments on the fullerenes, consistent

with a 1D Hubbard�Anderson model description.
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which an average of either 1/2 or 1 electron per

fullerene is added or subtracted.

First, we give details of the computational method

used. This is followed by an analysis of a Sc@C82 chain

in which the fullerenes are separated by the same dis-

tance they have when encapsulated in the (14,7) pea-

pod. We also compare the DFT results with a mean-field

treatment of a simplified Hubbard model and demon-

strate their consistency, extracting hopping, and Cou-

lomb repulsion parameters. Then the results of DFT

simulations of peapod structures with both semicon-

ducting and metallic nanotubes are presented and the

charge rearrangement between fullerene chain and

nanotubes is determined. We show how these results

are consistent with an extended Hubbard�Anderson

model for two weakly interacting conduction channels

on the chain and the nanotube. Finally we summarize

the main results and conclusions.

RESULTS AND DISCUSSION
We have performed total-energy band-structure

DFT calculations of electron or hole-doped Sc@C82

fullerene chains and peapods with the hybrid exchange

density functional B3LYP12�14 as implemented in the

CRYSTAL package.15 The calculations reported here are

all-electron, that is, with no shape approximation to the

ionic potential or electron charge density. The geom-

etry optimizations are performed using the algorithm

proposed by Schlegel et al.16 The crystalline wave func-

tions are expanded in Gaussian basis sets of double va-

lence quality (6-21G* for carbon and 864-11G* for scan-

dium). Atomic charges are estimated using Mulliken

population analysis.17 The system is modeled as a three

dimensionally periodic array with reciprocal space sam-

pling performed on a Monkhorst�Pack grid contain-

ing 30 symmetry irreducible k-points which converges

the total energy to within 10�4 eV per unit cell. The

center-to-center distance between the tubes in neigh-

boring tetragonal unit cell is 30 Å, large enough to

eliminate direct tube�tube interactions. As model sys-

tems, we choose Sc@C82 in (14,7) (semiconducting) and

(11,11) (metallic) SWNTs. Our calculations predict an

exothermic encapsulation of Sc@C82 for both tubes. The

repeat units containing one Sc@C82 molecule in the

(14,7) and (11,11) peapods are 11.42 and 12.47 Å, re-

spectively.18 The interwall separations between the

(14,7) and (11,11) tubes and Sc@C82 are 3.35 Å (van der

Waals distance) and 3.55 Å, respectively. The relaxed

structure of an isolated Sc@C82 molecule is found to be

in agreement with ref 19 with a Sc-Cdistance of 2.26 Å.

The doping levels considered are one electron or hole

per unit cell containing one Sc@C82 fullerene in (14,7)

and (11,11) tubes, or one electron per unit cell contain-

ing two Sc@C82 fullerenes in the same tubes, with a uni-

form charged background of opposite sign to neutral-

ize the system. For charged Sc@C82 chain and peapods,

the results are obtained at the optimized geometries
for the corresponding neutral systems.

First we will present the results of doped Sc@C82

chains which are stepping stones for an understanding
of the more complicated peapods systems. Figure 1
shows the electronic structures of neutral and charged
Sc@C82 chains. Figure 1 a shows a chain of parallel spins,
which we denote as the ferromagnetic (FM) state. The
state is found to be a Mott insulator with a band gap of
0.530 eV. The fullerene band derived from the HOMO
of Sc@C82 splits into an occupied and an unoccupied
band. For a chain of Sc@C82 molecules doped with one
electron per fullerene, the electronic structures of
spin-up and spin-down electrons are identical. The un-
paired electron of Sc@C82 and the additional electron
occupy one spin-up orbital and one spin-down orbital
giving a filled-band insulator. Figure 1c or 1d shows a
chain of Sc@C82 doped with 1/2 electron or hole per
fullerene, respectively; the unit cell contains two
fullerenes. The Fermi energy is where the bands touch
at the zone boundary which is consistent with a half-
filled conduction band for the extended zone with one
fullerene per unit cell. In both cases, the unpaired elec-
tron is shared equally between two fullerenes in the
unit cell. At the � point, the unpaired electron is in a
bonding orbital, and the lowest unoccupied band is in
an antibonding orbital. The energy gap between bands
in spin-up and spin-down derived from the HOMO is
0.270 eV.

It has been shown that a Hubbard model with the
hopping parameter, t � 0.017 eV for the interfullerene
spacing R � 11.42 Å (cage center-center distance), and
the intrafullerene Coulomb repulsion, U � 0.530 eV, is a
good approximation to the electronic structure of un-
doped peapods.11 Here it can be used to gain insight
into the effects of doping. The Hamiltonian is

Hfc ) ∑
kσ

Ekσakσ
† akσ + U ∑

i

nivniV (1)

where Ek are the dispersion energies of the bands de-
rived from the HOMO of Sc@C82 with quasi-momentum
k, ak�

† is a creation operator for an electron in the HOMO-
derived band of the fullerenes with spin �, U is the in-
trafullerene Coulomb repulsion energy, and ni� � ai�

† ai�

is the number operator for an electron of spin � in the
HOMO-derived Wannier function on the ith fullerene.

When the Hubbard�U term is treated in mean-field
theory, the Hamiltonian (1) reduces to the one-electron
form,

H̃fc ) ∑
kσ

Ekσakσ
† akσ (2)

with band energies

Ekσ ) εσ - 2t cos k (3)
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and spin-dependent on-site energies

εσ ) ε0 + U〈n-σ〉, (4)

where ε0 is the energy of a single electron in the HOMO
of a fullerene and �n��� is the probability of finding an
electron of opposite spin on the same fullerene. Note
that the energy separation of the band centers is

∆ ) εV - εv ) U(〈nv〉 - 〈nV〉) ) Um (5)

where m is the mean magnetic moment. The disper-
sions of the HOMO and LUMO derived bands of Sc@C82

for the cases shown in Figure 1 show excellent fits with
the cosine form of eq 3. Further consistency with the
simple Hubbard model picture is given by comparing t
and U for the undoped and doped cases. These results
are listed in Table 1, showing excellent transferability of
the model parameters. We will then discuss the valid-
ity of the Hubbard model for the chain in doped pea-
pod systems for which there is electron transfer to the
nanotube.

In the following, we discuss how the picture changes

in the peapods and extend the Hamiltonian (1) to a ge-

neric Hubbard�Anderson model when the band occu-

pancy is changed to include the nanotube bands and

the interaction between fullerenes and the nanotube

after doping.

Figure 2 shows the electronic charge rearrange-

ment of an extra electron added per unit cell in the

Sc@C82@(14,7) peapod: 40% of the charge density asso-

ciated with the additional electron resides on the

fullerene and 60% on the tube. Similar quantitative re-

sults are obtained for the case of removing an electron.

Table 2 shows the Mulliken charge and spin popula-

tions, the energy gap � between the bands derived

Figure 1. Spin-polarized band structures of (a) Sc@C82 chain for the FM configuration, (b) Sc@C82 chain with one extra elec-
tron per cell containing one fullerene, (c or d) Sc@C82 chain with 1/2 electron or hole per fullerene, respectively; the unit cell
contains two fullerenes. Left-(right-)hand side refers to spin-up (-down) electrons. EF is the Fermi energy. (e) Wave function
plot of unpaired electron of (Sc@C82)2

� or (Sc@C82)2
� chain at � point. (f) Wave function plot of lowest unoccupied band of

(Sc@C82)2
� or (Sc@C82)2

� chain at � point. The red and blue lobes represent positive and negative phases, respectively.

TABLE 1. �n1�, �n2�, U, and t for Sc@C82, Sc@C82
�,

Sc@C82
0.5�, Sc@C82

0.5� Chains

system �n1� �n2� U (eV) t (eV)

Sc@C82 1 0 0.530 0.017
Sc@C82

� 1 1 0.530 0.018
Sc@C82

0.5� 1 1/2 0.536 0.020
Sc@C82

0.5� 1/2 0 0.530 0.019
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from the HOMO and LUMO of Sc@C82, in neutral
Sc@C82@(14,7) and Sc@C82@(11,11) peapods, and the
same systems with an added electron or hole per unit
cell. In both peapods, the extra electron or hole is dis-
tributed partially on the nanotube and partially on the
fullerene. The local magnetic moment on the fullerenes
is reduced in charged peapods with a corresponding re-
duction of the energy gaps between the bands de-
rived from the HOMO and LUMO of Sc@C82, consistent
with eq 5. Doping suppresses the total spin in the me-
tallic peapod less than in the semiconducting case, con-
sistent with a mean moment m � 	B(1 � n), where n
is the extra charge (electron or hole) residing on a
fullerene.

Figure 3 shows the spin-polarized band structures
of neutral and charged Sc@C82@(14,7) and
Sc@C82@(11,11). Figure 3 panels a and d show the FM
state, which is the configuration of the peapods with
parallel spins along the Sc@C82 chain. The semiconduc-
tor case (Figure 3a) is a Mott insulator with
Mott�Hubbard gap � 0.530 eV and hopping t �

0.017 eV, estimated directly from the separation and
dispersion of the narrow cosine bands (cf. equation 3
and 4 with � n1� � 1, �n2� � 0), consistent with weak
hopping of electrons along the fullerene chain. In the
metallic nanotube case (Figure 3d), these bands cross

the wide nanotube bands opening
up small hybridization gaps.

Figure 3b shows the band struc-
ture of Sc@C82@(14,7) with one ex-
tra electron per cell. The fullerene-
derived bands become shifted to
higher energies relative to the un-
doped case causing both the
LUMO-derived spin-down band
and the nanotube conduction
bands to become partially occu-
pied. The fullerene chain, which is
now conducting, behaves as a
doped Mott insulator. Comparing
Figure 3 panels a and b, the energy

gap between the top of the nanotube valence bands
and the bottom of the nanotube conduction bands at
the � point remains unchanged. Table 3 shows the shift
of the spin-up and spin-down bands derived from the
HOMO of Sc@C82 in doped peapods compared with un-
doped peapods. The spin-up (-down) fullerene band
has been shifted upward by 0.438 (0.196) eV relative to
the top of the nanotube valence bands from Figure
3a,b. This is consistent with eq 4, with �n1� unchanged
with doping and �n2� increasing from zero. The upward
shift of the fullerene bands implies that the electrons
on the fullerene chain have higher energy than the
electrons on the nanotube. This can be understood
with a simple electrostatic model, in which we treat
the fullerene chain and the nanotube as two cylindri-
cal surfaces with different surface charge densities. A
test electron between the cylinders will feel the repul-
sion of the electrons on the inner cylinder with poten-
tial energy decreasing like 
 ln r where 
 is the charge
per unit length and r is the radial distance. On the other
hand, it is a consequence of Gauss’ Law that electrons
on the outer tube will not affect the test electron be-
tween the tubes. Hence the potential energy of elec-
trons on the outer tube will always be lower. This is con-
sistent with the relative shifts of fullerene and nanotube
bands shown in Figure 3 and, furthermore, explains
why the effect is greater for the semiconducting tube
case as the charge on the fullerenes is greater. A simi-
lar argument applies for hole doping. The energy gap
between centers of the bands derived from the HOMO
and LUMO of Sc@C82, �, is 0.317 eV for Sc@C82@(14,7)
with one extra electron per cell. This is in good agree-
ment with eq 5, using m � 0.6 	B from Table 2 and U �

0.530 eV. We note that the relative displacement of
the nanotube and fullerene bands respect
electron�hole symmetry, by which we mean that the
fullerene states undergo a comparable downshift rela-
tive to the nanotube states under hole doping, as plot-
ted in Figure 3c. Using the same reference point, the
spin-up and -down fullerene levels have been shifted
downward by 0.245 and 0.487 eV, respectively, com-
pared to Figure 3a. This is again consistent with eq 4,

Figure 2. Difference in charge density of Sc@C82@(14,7) peapod with and without one extra elec-
tron per cell, which is the plot of �[Sc@C82@ (14,7)� ]��[Sc@C82@(14,7)]. Value for the blue surface
is � 0.001 e/Å3. Left (right) hand shows front (side) view. The atom colored in gold is Sc.

TABLE 2. Charge and Spin Populations and Energy Gap
between the Bands Derived from the HOMO and LUMO of
Sc@C82 in the Peapods

system component q (e) m (�B) � (eV)

Sc@C82@(14,7) Sc@C82 �0.13 1 0.521
tube 0.13

Sc@C82@(14,7)� Sc@C82 �0.40 0.60 0.317
tube �0.60

Sc@C82@(14,7)� Sc@C82 0.44 0.56 0.293
tube 0.56

Sc@C82@(11,11) Sc@C82 �0.07 1 0.527
tube 0.07

Sc@C82@(11,11)� Sc@C82 �0.27 0.79 0.414
tube �0.73

Sc@C82@(11,11)� Sc@C82 0.05 0.88 0.464
tube 0.95
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with �n2� unchanged with doping with �n1� increas-

ing from zero.

Figure 4 shows the band structures of Sc@C82@(14,7)

with one electron or hole doped to the unit cell in

double cell calculations, that is, an average of 1/2 elec-

tron added or removed per fullerene. These results also

show that the upper Hubbard band is pushed up cross-

ing the nanotube conduction bands, giving a band-

crossing one-dimensional insulator�metal transition,

resembling those in Figure 3b,c. Interestingly, in both

cases there are now two conducting channels: a band

conductor in the nanotube and a doped Mott-

insulator in the fullerene chain. A Mulliken popula-

tion estimate of the total amount of the doped

charge carriers is distributed �40% on the fullerene

chain, and �60% on the nanotube, consistent with

those in Sc@C82@(14,7)� and Sc@C82@(14,7)�. This re-

veals that the majority of charge always goes to the

delocalized nanotube conduction bands under the

different doping levels considered. Plotting the wave

functions of HOMO-derived bands, we find that the

remaining electron or hole on the fullerene chain is

equally shared between two fullerenes in the cell,

that is, the fullerene bands are derived from dimer

bonding orbitals of the pair of fullerenes in the unit

cell.

Figure 3. Spin-polarized band structures of (a) Sc@C82@(14,7) for the FM configuration, (b) Sc@C82@(14,7) with one extra
electron per cell, (c) Sc@C82@(14,7) with one extra hole per cell, (d) Sc@C82@(11,11) for the FM configuration, (e)
Sc@C82@(11,11) with one extra electron per cell, and (f) Sc@C82@(11,11) with one extra hole per cell. EF is the Fermi energy.

TABLE 3. The Shift of the Spin-up and Spin-down Bands
Derived from the HOMO of Sc@C82 in Doped Peapods
Compared with Undoped Peapodsa

system ��1 (eV) ��2 (eV)

Sc@C82@(14,7)� 0.438 0.196
Sc@C82@(14,7)� �0.245 �0.487
Sc@C82@(11,11)� 0.289 0.175
Sc@C82@(11,11)� �0.117 �0.177

aThe reference point is the top of nanotube valence bands (in the semiconducting
nanotube case) or the anticrossing point of the nanotube linear dispersion conduc-
tion and valence bands (in the metallic nanotube case). Positive (negative) values
represent the shift upwards (downwards).
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For the metallic nanotube case, going from Figure

3 panel d to panel e, the spin-up fullerene level has

been shifted upward by 0.289 eV relative to the nano-

tube linear-dispersion conduction and valence bands.

In comparison, the spin-down fullerene level has only

been shifted upward by 0.175 eV and is pinned at the

Fermi energy. For Sc@C82@(11,11), � becomes 0.414 eV

with one extra electron per cell. Similar qualitative re-

sults have been obtained for the hole case in the metal-

lic tube, as plotted in Figure 3f. Using the same refer-

ence point, the spin-up and spin-down fullerene levels

have been shifted downward by 0.117 and 0.177 eV

compared to Figure 3d, respectively. The band shift in

the metallic nanotube cases is less than that in the semi-

conducting nanotube cases.

The above results show that a rigid band model, as-

suming that all states are shifted roughly equally by the

perturbing potential under n- or p-type doping, is vio-

lated for the Sc@C82 HOMO-derived states. The ob-

served band crossing insulator�metal transition fol-

lows from the changes in the charge (i.e., Coulomb

fields) and in the mean magnetic moment (i.e., ex-

change fields). On one hand, charge distribution is the

result of the interplay between additional charge carri-

ers delocalizing in the wide nanotube conduction

bands or localizing on the fullerene levels. The former

gives lower kinetic energy and Coulomb energy com-

pared to the latter, the majority of the doped electrons

or holes going onto the nanotube leaving the minority

on the fullerene chain. This redistribution of charge

changes the Coulomb fields. On the other hand, the

added electron or hole going to the spin-up and -down

nanotube conduction bands is paired up, leaving a re-

duction of the mean magnetic moment, m, on the

fullerene chain with a reduction of �. The behavior of

� as a function of m is plotted in Figure 5, showing a sig-

nificant linear relationship in agreement with eq 5.

It has been shown that a Hubbard�Anderson model

with the hybridization parameter � � 5 meV in the me-

tallic peapod and the Kondo exchange parameter JK 


0.1 meV is consistent with DFT results in mean-field for

undoped peapods.11 This model is also consistent with

the doped case discussed in this paper and examina-
tion of the hybridization gaps and energy shifts show
that the systems become pinned in the mixed valence
regimes with ε0 � U � EF or EF � ε0 and the hybridiza-
tion parameter, �, is in the range of 10�20 meV.

Returning to the questions posed in the introduc-
tion, we can now see, for the peapods analyzed in this
work, why there is an apparent change in the bandgap
of a semiconducting nanotube on insertion of metallo-
fullerenes. For Sc@C82@(14,7) peapods, the HOMO- and
LUMO-derived bands of the fullerene chain lie entirely
within the bandgap of the (14,7) nanotube. Further-
more we have shown that these bands are consistent
with a half-filled single-band Hubbard model with one-
electron (spin) per fullerene cage and intraband excita-
tion energy 
 U 
 HOMO�LUMO gap 
 0.53 eV. This
spin chain was deduced from DFT results of Sc@C82 for
which intrafullerene charge transfer between Sc and
fullerene cage results in a single unpaired electron
(spin) delocalized over the fullerene cage for the HOMO
state. The intraband band excitation energy of the
fullerene chain in the peapod, corresponding to excita-
tion from lower to upper Hubbard bands in spin-
polarized DFT, is thus the effective bandgap, signifi-
cantly less than the nanotube bandgap of �0.82 eV.

Figure 4. Spin-polarized band structures of Sc@C82@(14,7) with (a) 1/2-electron, or (b) 1/2-hole per fullerene; the unit cell
contains two fullerenes. Left-(right-)hand side refers to spin-up (-down) electrons. EF is the Fermi energy.

Figure 5. Energy gap between the bands derived from the
HOMO and LUMO of Sc@C82 in Figure 3, �, as a function of
the magnetic moment per unit cell, m. Triangles refer to cal-
culated results and are fitted linearly of the form � � Um,
where U � 0.530 eV.
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On doping, electrons are either added to, or removed
from, the fullerene cages, pinning the Fermi energy to
either the upper or lower Hubbard bands. Due to limi-
tations in presently available computing resources, it
was only feasible to consider the extreme doping cases
of one extra electron or one extra hole per unit cell con-
taining one fullerene. The results show that the occu-
pied fullerene band crosses either the nanotube con-
duction band (electron doping) or the nanotube
valence band (hole doping) when the effectitve band-
gap becomes zero, that is, the nanotube is either n or p
doped. The relative shift of the bands is essential for
this and was interpreted from a simple electrostatic
model. We may now extrapolate these results to smaller
doping cases, inaccessible to DFT on currently avail-
able resources. As doping is increased from zero, the
highest occupied fullerene band will remain within the
nanotube bandgap and move toward either the con-
duction band edge (electrons) or valence band edge
(holes). The effective bandgap for the system will then
be either the interband excitation energy from fullerene
band to nanotube conduction band (electron doping)
or interband excitation energy from valence band to
fullerene band (hole doping). In both cases the effec-
tive bandgap will reduce monotonically to zero with in-
creased doping. The question of the dependence of
bandgap on size of fullerenes has not really been ad-
dressed in this work since we only consider one kind of
fullerene (C82) and nanotubes for which strain due to
size mismatch is negligible. For other peapods listed in
the introduction, the change in bandgap may be due to
other mechanisms, such as strain modulation of the
nanotube band edges, as speculated elsewhere.3

CONCLUSION
Under electron or hole doping, the majority of the

additional charge always goes on the nanotube with
the remainder on the fullerenes in both the semicon-
ducting and metallic nanotube cases considered. This
is due to a relative shift of nanotube and fullerene
bands, consistent with a simple electrostatic model.
There are therefore two conductive pathways in the
doped peapods: a one-dimensional doped Mott insula-
tor along the encapsulated fullerene chain and a weakly
correlated conductor along the nanotube. The doped
peapods are well described by a Hubbard�Anderson
model with a linear dependence of the energy gap be-
tween the HOMO-derived bands of Sc@C82 and the
mean magnetic moment. This provides the first step to-
ward an understanding of electrical transport experi-
ments in peapod devices.5�10 However, there are sev-
eral hurdles to overcome before the conductive
pathway derived from the fullerene chain can in prac-
tice sustain appreciable current. The effective mass of
electrons, m*, associated to the HOMO-derived band of
the fullerene chain is rather large (m* 
 1.72m0, where
m0 is the free electron mass) and any defect will intro-

duce substantial backscattering. Thus any disorder

(e.g., variation of interfullerene spacing or defects in

proximity of nanotubes) will give Anderson localiza-

tion, which will essentially block direct conduction

through the fullerene chain, when the length of the

peapod exceeds the localization length. Open experi-

mental challenges include the control of interfullerene

spacing and purification of nanotubes to increase the

localization length. Further investigation needs to take

into account charge rearrangement near the contacts

and Coulomb blockade effects.20
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