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We study the effects of the electrostatic interaction produced by charged metallofullerenes encapsulated in
carbon nanotubes, showing that they are able to modify locally the electronic density of states in the hybrid
system. In the cases where the interaction is felt as an attractive potential by the electrons in the nanotube,
localized electronic states are formed in the nanotubes around the position of the fullerenes. This produces an
effective narrowing of the gap in semiconducting nanotubes over a distance of a few nanometers, in agreement
with the spatial modulation of the gap observed in the experiments.
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Carbon nanotubes currently have a great potential for
technological applications in devices at the nanometer scale.
This makes it very important to have precise knowledge of
their electronic properties, once the first step of discerning
their metallic or insulating behavior has been completed after
confirmation of the theoretical analyses1 by experimental
results.2 We have learned from these studies that the low-
energy spectrum of a carbon nanotube may be gapless or not,
depending on the helicity of the tubular structure.

Hybrid structures have been recently synthesized by en-
capsulation of fullerenes in the hollow space of the nano-
tubes. It has been shown that the insertion of the fullerene
molecules in these so-called peapods leads to a significant
modification of the electronic spectrum of the carbon nano-
tubes, opening the possibility to tailor different structures
with the desired functionality. In the experiment reported in
Ref. 3, chains of C60 molecules have been encapsulated in
the interior of semiconducting nanotubes, showing that the
measured spectra can be explained from the hybridization
of the electronic states in the nanotubes with those in
the fullerenes. In Ref. 4, a different kind of peapod has
been studied, formed by the encapsulation of sparse
metallofullerenes Gd@C82 in semiconducting nanotubes. In
that case, a striking observation has been the spatial modu-
lation of the nanotube band gap, which is narrowed from
0.43 eV down to 0.17 eV at the fullerene positions.

Several electronic-structure calculations have shown that
some levels of the fullerene molecular orbitals may lie within
the gap of the semiconducting nanotubes.5,6 These results
have been used to explain the narrowing of the band gap
observed experimentally by claiming that, at the fullerene
sites, the measured gap should correspond to the distance
from the top of the valence band to the lowest unoccupied
molecular level within the nanotube gap. This kind of effec-
tive reduction of the gap seems to be in agreement with the
value measured in the experiments. On the other hand, it has
been already pointed out in Ref. 5 that a more detailed study
of the states within the gap would be required to account for
its continuous modulation along the longitudinal direction of
the nanotube.

The distinctive feature of the peapods displaying the
modulation of the band gap lies in the charge of the encap-
sulated metallofullerenes. It is natural to assume that the Gd

element, as in other chemical compounds, will be in an ionic
state sthe most common oxidation state being Gd3+d. As
shown in Ref. 5, the metallofullerenes give away the electron
from the highest occupied molecular orbital in the experi-
mental setup described in Ref. 4. Thus, they acquire a net
positive charge and, besides the effect of the empty molecu-
lar level left within the gap, it becomes pertinent to take into
account the Coulomb interaction between the net charge of
the metallofullerenes and the electrons in the nanotube.

In the present paper, we show that the Coulomb interac-
tion produced by the charged metallofullerenes is able to
modify locally the electronic density of states of the peapods.
In the cases where the net chargeQz gives rise to an attrac-
tive potential for the electrons in the nanotube, localized
electronic states are formed in the nanotubes around the po-
sition of the fullerenes. Their spatial extension as well as
their number can be estimated by scaling arguments follow-
ing from the particular form of the potential. For that pur-
pose, we can rely on a one-dimensionals1Dd low-energy
model of the semiconducting nanotubes, which will allow
the determination of the bound states formed by the Cou-
lomb potential within the gap. The description of the local-
ized states induced by the Coulomb interactions using a basis
built up from states near the edges of the valence and con-
duction band is standard in the study of impurities in semi-
conductors. The main difference, in the present case, is the
reduction of screening effects due to the 1D geometry. This,
in turn, implies stronger interaction effects, which we will
estimate through a consistent description of the screening
processes using bosonization methods.

We illustrate our 1D low-energy description in the case of
the zigzag nanotubes. These have a unit cell with length 3a,
in terms of theC-C distancea. For each transverse array of
atomsn=1,2, . . . ,N at a given nanotube sectionx, it is con-
venient to introduce the Fourier transform of the electron
operatorscsx,nd,

csx,nd , o
p

dpsxdei2pnp/N, s1d

where the index p labels the different subbandsp
=0, ±1, . . . , ±N/2. Within the tight-binding approach, the
Hamiltonian for the zigzag nanotube is

PHYSICAL REVIEW B 71, 193409s2005d

1098-0121/2005/71s19d/193409s4d/$23.00 ©2005 The American Physical Society193409-1



Htb = − tio
p,l

dp
+s3laddps3la + ad − t'o

p,l
zpdp

+s3la + addps3la

+ 3a/2d − tio
p,l

dp
+s3la + 3a/2ddps3la + 5a/2d

− t'o
p,l

zp
*dp

+s3la + 5a/2ddp„3sl + 1da… s2d

with zp=1+expsi2pp/Nd andl PZ. Henceforth, we will con-
sider that the transfer integrals for the two different bond
orientations can be taken approximately equal,t'= ti= t.
Within this description, each band is obtained from the di-
agonalization of a one-dimensional chain with two orbitals
per unit cell, with gap 2Dp=2tu1−2 cosspp/Ndu. This simple
one-particle description accounts for the semiconducting
character of the zigzag nanotubes whenN is not a multiple of
3.

In the semiconducting nanotube, we can writeN
=3N8±1. The subbands closest to the Fermi level havep
<N8, and a dispersion typical of a 1D Dirac spinor with
Fermi velocity vF=3ta/2 and a mass parameterm=Dp,
«skd< ±ÎvF

2k2+m2.7 In the following, we assume that the
metallofullerene potential has radial symmetry, so that the
subband indexp remains a good quantum number. Then, the
calculation of the perturbed energy levels can be factorized
into a set of equivalent problems, one for each subband of
the nanotube. For the sake of describing the many-body ef-
fects in the interaction with the metallofullerene chargeQz, it
is most convenient to write the model for the low-energy
electronic states in terms of the 1D Dirac spinor field with
componentsCL andCR. We will assume that the chargeQz
has a finite extension as seen along the longitudinal dimen-
sion of the nanotube, being centered at a given positionz and
spreading over a distanceR of the order of the fullerene
radius. The Hamiltonian of the interacting theory becomes
then for each low-energy subband

H =E dxs− ivFCL
+]xCL + ivFCR

+]xCR + mCL
+CR + mCR

+CLd

+
e2

2
E dxdyfrLsxd + rRsxdg

1

ux − yu
frLsyd + rRsydg

− Qze
2E dxdy

1
ÎpR

e−sx − zd2/R2 1

ux − yu
frLsyd + rRsydg, s3d

whererLsxd, rRsxd are the respective electron density opera-
tors for the two spinor components.8

The effect of the metallofullerene charge in the electronic
spectrum can be understood by applying the semiclassical
approximation to the electron wave functions. In this ap-
proach, we assume that the only significant effect of the
electron-electron interaction within the nanotube is to induce
some charge distribution screening the net charge of the met-
allofullerene. The screening is not complete, as it is produced
by a system with a gap at the Fermi level, and it can be
encoded at a later stage in the form of a suitable dielectric
function. At this point, we concentrate therefore on the reso-
lution of the eigenvalue problem,

f− ivF]x + Vsx − zdgCL + mCR = «CL, s4d

fivF]x + Vsx − zdgCR + mCL = «CR, s5d

whereVsx−zd stands for the potential created by the charge
Qz centered atz.

The systems4d ands5d can be reduced to an equation for
any of the two components of the spinor. In the semiclassical
approximation, theCR component reads, for instance,

CRsxd <
e±s1/2dexdx]xVsx−zd/Îf« − Vsx − zdg2−m2

hf« − Vsx − zdg2 − m2j1/4

3 e±iexdxs1/vFdÎf« − Vsx − zdg2−m2
. s6d

The turning points are given by the roots of the equation
f«−Vsr0dg2=m2. When such points exist, the semiclassical
approximation gives rise to the quantization condition

E
−r0

r0

dxÎf« − Vsxdg2 − m2 = vFpSn +
1

2
D . s7d

When the potentialVsxd has the long-distance behavior
Vsxd,−1/uxu, it can be shown from Eq.s7d that there is an
infinite series of bound states with energy below and ap-
proaching the value ofm. If we definem−«=e, the quanti-
zation condition translates into

E
−r0

r0

dxÎf− Vsxd − egf2m− Vsxd − eg = vFpSn +
1

2
D . s8d

As the parametere goes to zero, we observe that the integral
on the left-hand side of the equation scales as 1/Îe, reflect-
ing the divergent range of integration. Thus, for large values
of n, we find the quantization rule

m− «n ,
1

sn + 1/2d2 . s9d

The above arguments convey that the Coulomb potential
of the metallofullerene charge has to induce localized elec-
tronic states within the nanotube gap. We show next that this
conclusion holds after incorporating the screening of the po-
tential by the electronic charge in the nanotube. Our con-
tinuum model allows actually an exact treatment of such an
effect by means of bosonization methods.9 Following these,
the electron density for a given subband near the Fermi level
can be mapped into a boson fieldFsxd according to the re-
lation s1/2pd]Fsxd=rLsxd+rRsxd. In terms of the boson
fields, the Hamiltonians3d can be expressed in the form

H =
1

2
E dxS4pvFP2sxd +

vF

4p
f]xFsxdg2 +

2m

pa
cosfFsxdgD

+
e2

8p2 E dxdy]xFsxd
1

ux − yu
]yFsyd

−
Qze

2

2p
E dxdy

1
ÎpR

e−sx − zd2/R2 1

ux − yu
]yFsyd, s10d

wherePsxd is the momentum conjugate of the fieldFsxd and
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a is a short-distance cutoff needed to regulate the product of
fields at the same point.

From the representations10d, we observe that the pres-
ence of the chargeQz induces a nonvanishing average value
of the field ]xFsxd. As we are interested in low-energy
screening properties, we can expand the cosfFsxdg depen-
dence to deal with a Hamiltonian quadratic in the boson
fields. The screening charge distribution can be obtained then
by shifting the fieldFsxd by a suitable function,Fsxd− fsxd
=F̃sxd, so that the redefined density has a vanishing average,

k]xF̃sxdl=0. The approach allows a straightforward generali-
zation to the case ofNf different electron flavors, accounting
for spin and subband degeneracies. Thus, the expression for
the screening electron density induced in the nanotube is in
general

rssxd =
1

2p
k]Fsxdl = QzE dk

2p
cosfksx − zdge−R2k2/4

3

2Nfe
2

pvF
k2 logs1 + k0/kd

k2 +
4m

avF
+

2Nfe
2

pvF
k2 logs1 + k0/kd

, s11d

where the logarithmic dependences come from the represen-
tation of the bare Coulomb potential in momentum space.10

The shape of the screening charge distribution has been plot-
ted in Fig. 1 for m/ t=0.1 and R=3a, taking Nf =4 and
e2/vF<2.7. We observe that in general there is only a partial
screening of the chargeQz around its center atz, due to the
absence of gapless excitations in the semiconducting nano-
tube. The results are not qualitatively changed if other sub-
bands with higher gaps are also included.

The dressed Coulomb potentialVdsx−zd felt in the nano-
tube is created by the sum of the background chargeQze

centered at pointz and the screening charge −erssxd. Thus
we have

Vdsx − zd = − Qze
2E dk

2p
cosfksx − zdge−R2k2/4

3

Sk2 +
4m

avF
D2 logs1 + k0/kd

k2 +
4m

avF
+

2Nfe
2

pvF
k2 logs1 + k0/kd

. s12d

We observe that the presence of the gapsaccounted for by
the m parameterd precludes an effective reduction of the
Coulomb interaction at small momenta. The dressed poten-
tial Vdsxd sfor the same choice of parameters made aboved
has been represented in the inset of Fig. 1, where it is also
compared with the bare Coulomb potential.

From the above analysis, it is clear that the dressed inter-
action keeps the long-range character of the Coulomb poten-
tial. Thus, in the more complete picture accounting for the
screening effects within the nanotube, the result of having
localized states due to the presence of the metallofullerene
charge remains unmodified. The actual number of them de-
pends on the valueQz of the net metallofullerene charge, as
well as on the length of the carbon nanotube. The form of the
spectrum within the gap can be obtained for a particular sys-
tem by diagonalizing the lattice Hamiltonian made of the
tight-binding term s2d and the interaction term with the
dressed potential

Hint = o
p,i

Vdsxi − zddp
+sxiddpsxid, s13d

wherexi label the different sections of atoms in the nanotube,
in the same fashion as in Eq.s2d.

The results of diagonalizing the HamiltonianHtb+Hint for
a semiconductings17,0d nanotube have been represented in
Fig. 2. The level of the deepest state within the gap depends
on the net chargeQz, but there is always an accumulation of
states near the conduction-band edge. Using the continuum
approximation, a state within the gap, at energy −mø«,m,
is localized within a lengthl <vF /Îm2−«2. This estimate
agrees well with the numerical calculations based on the
tight-binding model. Hence, the localization length of the
deepest levels within the gap is comparable to the diameter
of the nanotube. Note that each subband will give rise to a
set of localized states within its gap.

The existence of localized states within the gap of the
semiconducting nanotube has a significant impact on the
density of states of the system. This depends on the value of
the net chargeQz and, for each particular experimental setup,
on the amount of screening due to external charges. For the
sake of drawing a correspondence with the experiments re-
ported in Ref. 4, we have adopted a phenomenological ap-
proach by taking an effective valueQz<0.5, so that the
deepest localized state is near the center of the nanotube gap.
The local variation of the density of states can be assessed in
terms of the spatial extension of the states which are deep
within the gap. These have been obtained from the diagonal-
ization of the lattice HamiltonianHtb+Hint for a s17,0d nano-

FIG. 1. Plot of the model fullerene charge distribution forQz

=1 sdashed lined and of the screening charge distribution induced in
the carbon nanotubesfull lined. The distancex is measured with
respect to the center of the chargeQz at point z, in units of the
C-C distance in the nanotube. Inset: log-log plot of the bare Cou-
lomb potentialsdashed lined and of the dressed potential obtained
after considering the screening charge in the nanotubesfull lined.
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tube, and they are represented in Fig. 3. We observe that their
shape is consistent with the local variation of the gap mea-
sured in Ref. 4 around the position of each fullerene cluster.
In particular, we notice that the deepest states extend over a
distance of a few nanometers, in agreement with the spatial
modulation of the gap observed in the experiment.

Our results show that the Coulomb interaction between
the fullerene clusters and the nanotube has to be taken into
account to achieve a consistent explanation of the spatial
modulation of the gap in the peapods. In this respect, our
approach is complementary to those studies that have fo-

cused on the hybridization of the molecular orbitals of the
fullerenes with the nanotube states. The present analysis is
consistent with the fact that the narrowing of the gap has
been measured in the peapods with metallofullerenes, while
no gap reduction has been observed in the samples with en-
capsulated C60 molecules. Our investigation points to the
possibility of having control of the gap reduction in the pea-
pods, by varying the net metallofullerene chargeQz. This
effect should be confronted in suitably prepared samples, for
the sake of making progress in the local band-gap engineer-
ing of nanotube devices.
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FIG. 2. Diagram of the low-energy levels obtained from
the diagonalization of the lattice Hamiltonian forQz=0.5 sad and
Qz=1.0 sbd. The spectra are given in each case for a couple of
nanotube segments with lengthsL=300a and 1500a. The energies
are in units of the transfer integralt. The dashed lines mark the
border of the gap in the absence of the metallofullerene charge.

FIG. 3. Plot of the absolute value of the wave functions for the
deepest levels within the gap in the top diagram of Fig. 2, given
sfrom left to right and from top to bottomd in order of proximity to
the midpoint of the gap. The distancex is measured with respect to
the center of the chargeQz at pointz, in units of theC-C distance in
the nanotube. It is noted that the points in each plot form different
smooth envelopes, corresponding to different inequivalent positions
in the unit cell of the nanotube.
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