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The adsorptions of rare-earth (RE) atoms on (6, 0) and (8, 0) single-walled carbon nanotubes
(SWCNTs) have been investigated by using the first-principles pseudopotential plane wave method
within density functional theory (DFT). The binding energy, Mulliken charge, magnetic properties,
band structure and DOS were calculated and analyzed. Most of RE atoms including Nd, Sm and Eu
have a magnetic ground state with a significant magnetic moment. Some electrons transfer between
RE-5d, 6s and C-2p orbitals. Owing to the curvature effect, the values of binding energy for RE
atoms doped (6, 0) SWCNT are lower than those of the same atoms on (8, 0) SWCNT. The pictures
of DOS show that hybridizations between RE-5d, 6s states and C-2p orbitals and between RE-4f
and C-2p orbitals appear near the Fermi level. Results indicate that the properties of SWCNTs can
be modified by the adsorptions of RE atoms.
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1 Introduction

Since its discovery by Iiyima twenty years ago [1], car-
bon nanotubes (CNTs) have attracted a lot of attention
from scientific community. This is because CNTs, espe-
cially SWCNTs (single-walled carbon nanotubes), have
special geometries and unique properties [2, 3] that of-
fer great application potentials, such as nanoelectronic
devices [4], nanomagnets [5], hydrogen storage media
[6], catalyst support [7] and so on. However, the proper-
ties of SWCNTs can be modified better by doping metal
atoms. Upon the adsorptions of metal atoms, the elec-
trical conductivity of SWCNTs changes remarkably [8].
As we know, hydrogen storage is an important issue [9–
12]. Some metal atoms on SWCNTs can significantly en-
hance the hydrogen storage [13]. Meanwhile, the single-
walled carbon nanotubes are produced by arc-discharge
[14], laser ablation [15] or catalyst chemical vapor [16].
A common feature of these methods is the requirement
of transition or rare-earth metal catalysts, so studies of
the interaction between metal atoms and SWCNTs are
badly needed.

Up to now, many researchers have widely investigated

the adsorptions of alkali and transition metals (includ-
ing a single atom, cluster and atomic wire) on the surface
of SWCNTs or SWCNT bundles [17–25]. For instance,
first-principles study has indicated that Li intercalated
carbon nanotube ropes are promising candidate mate-
rials for anode in battery application [17]. The effect of
doping transition metals (TMs) into single-walled carbon
nanotubes was investigated [22]. It was found that the
doping of Mn, Fe and Co make metallic (3, 3) SWCNT
semi-metallic, while Ni doping leads it to a semiconduc-
tor. Durgun [20, 21] studied extensively the adsorptions
of large numbers of individual atoms on the surface of
(8, 0) and (6, 6) SWCNTs, and found that they have
revealed the character and geometry of the bonding and
the effect of adsorptions on the physical properties such
as electronic and magnetic properties. However, to our
knowledge there are a few reports on the interaction
between rare-earth metals and SWCNTs and only Eu
doped armchair carbon nanotubes [26] and Eu doped (8,
0) SWCNTs [27] were studied by density functional the-
ory (DFT). The study of this interaction is essential in
understanding the role that the rare-earth catalysts play
in the process of SWCNTs growth [14]. And doping RE
atoms can influence the magnetic properties of SWC-
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NTs, which is the basis of nanomagnent. Furthermore,
the hydrogen adsorption property of RE doped SWCNT
is an interesting topic too, because the unpaired 4f elec-
trons of RE (such as Eu) could serve as electron donors
or acceptors to increase the binding energy for H2 on
SWCNT [28].

In this work, we study the interaction between SWC-
NTs and RE metals (La, Nd, Sm and Eu) by the ab inito
calculations. The (6, 0) and (8, 0) SWCNTs were chosen
here. Although they are both zigzag carbon nanotubes,
they have different curvatures and conductivity. The (6,
0) SWCNT is a metal of 4.70 Å in diameter and the (8,
0) SWCNT is a common semiconductor with a diameter
of 6.26 Å. The focus is placed on the effect on SWCNT
by doping different RE atoms and the influence of the
SWCNTs’ curvature and conductivity. We present and
discuss the structure, electronic and magnetic properties
of RE doped SWCNTs.

2 Computational method

We used first-principles, pseudopotential, spin unre-
stricted density functional theory (DFT) as an imple-
ment in the DMol package [29, 30]. For the exchange
and correlation terms, the generalized gradient approx-
imation (GGA) with the Perdew, Burke and Ernzer-
hof (PBE) function was used. Previous work has con-
firmed that the DFT and GGA methods can be used
to predict the structure of lanthanide complexes cor-
rectly [31–33]. DFT calculations with GGA describe the
strong coulomb correction properly because GGA treats
the nonlocality of exchange-correlation better than LDA
[34–36]. Double numerical basis set with polarization
function (DNP) was selected. The DFT semicore pseu-
dopotential (DSPP) was performed for the relativistic
effect, which replaces core electrons as a single effective
potential [37].

In the present calculation, we applied a super hexag-
onal cell whose lattice constants (a and b) are 16 Å. In
order to reduce the interaction of RE atoms in neigh-
boring nanotube cells, two primitive cells were adopted
in the axial direction for the zigzag (8, 0) and (6, 0)
SWCNTs. The Brillouin zone integration was performed
with the Monkhorst-pack scheme using 1×1×6 k-points
[38]. The global orbital cutoff was set to be 5.5 Å. In the
meantime, the atomic positions in all of the computa-
tion models were fully relaxed until they had reached a
convergence energy of 2×10−5 Ha (1 Ha = 27.2114 eV).
The maximum force and the maximum stress were set to
be 0.004 Ha/ Å and 0.005 Å, respectively. The charge
and magnetic moment were obtained by Mulliken pop-
ulation analysis. For comparison, we used an identical
simulation in all the computations.

3 Results and discussion

For most of single atoms doped outside of SWCNTs,
the hollow site is more favorable than others. So in the
present work we only discuss RE atoms doped in this
site. First, we carried out the geometry optimization for
the pure SWCNTs and RE doped SWCNTs, respectively.
The original structure of RE atom doped (6, 0) and (8,
0) SWCNTs are shown in Fig. 1. Upon optimization the
tube structures changed slightly. The C–C bonds of the
C6 rings near the RE atoms were elongated or shortened.
And under the repulsion interaction, the distance from
RE to CNT got a little longer. Based on the optimization
structures, we calculated the average distance of RE to
the six nearest carbon atoms, binding energy, magnetic
moment and Mulliken charge. The binding energy was
calculated by the following formula:

Eb = ET [RE − SWCNT ]− ET [RE]

−ET [SWCNT ] (1)

where ET [RE − SWCNT ] is the spin-polarized total
energy for the optimized configuration of RE doped
SWCNT, ET [RE] is the spin-polarized total energy of
an RE atom (La, Nd, Sm or Eu) in the ground state, and
ET [SWCNT ] is the total energy of the pure optimized
SWCNT. A summary of the results for the equilibrium
structure was given in Table 1.

Fig. 1 The original structures of RE atom doped (6, 0) and (8,
0) SWCNTs, respectively.

As shown in Table 1, Nd is the most favorable
dopant for (6, 0) SWCNT with a binding energy of
−3.25 eV, which is lower than other cases. And the most
favorable RE atom doped in (8, 0) carbon tube is La with
a binding energy of −2.44 eV. It can be found from the
obtained results that the value of binding energy ranges
from −1.85 eV to −3.25 eV, thus the RE atoms are suit-
able to dope (8, 0) and (6, 0) SWCNTs. While the bind-
ing energy of an individual RE atom becomes lower for
adsorption on the (6, 0) carbon nanotube in compari-
son with the (8, 0) carbon nanotube. This trend can be
explained by the curvature effect, as shown in previous
investigations [13, 39]. The average RE–C bond distances
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Table 1 Summary of results for RE metal atoms adsorbed on the (6, 0) and (8, 0) carbon nanotubes. The average distance of adatom
to six nearest carbon atoms, binding energy, magnetic moment on RE atoms, magnetic moment per supercell and Mulliken charge of
RE atoms are listed here, respectively.

Model dRE-C/Å Eb /eV µRE /µB µRE-CNT /µB Charge/a. u.

La-(6, 0) SWCNT 2.70 –2.98 0.0 0.0 0.761

Nd-(6, 0) SWCNT 2.68 –3.25 –4.029 –3.967 0.597

Sm-(6, 0) SWCNT 2.69 –2.35 –6.215 –6.075 0.975

Eu-(6, 0) SWCNT 2.70 –2.18 7.234 7.182 0.963

La-(8, 0) SWCNT 2.69 –2.44 0.0 0.0 0.725

Nd-(8, 0) SWCNT 2.69 –2.42 –4.708 –3.988 0.546

Sm-(8, 0) SWCNT 2.68 –1.85 –6.273 –6.083 0.955

Eu-(8, 0) SWCNT 2.70 –1.67 7.327 7.299 0.930

range from 2.67 Å to 2.70 Å, which are larger than the
distance of TM–C in transition metals doping cases [21].
The results of magnetic properties were also presented
in Table 1. The magnetic moments of RE atoms (in-
cluding Nd, Sm and Eu) are preserved after doping and
the magnetic moment of doped SWCNT per supercell
is slightly smaller than that of the adsorbed RE atom.
Perhaps these systems can be used as potential materials
for nanomagnets which have been applied in many fields
[40]. This phenomenon can also be observed in TM doped
carbon tubes [26] and RE doped C60 [41]. However, the
adsorbed La has no magnetic moment (0µB) and that of
the free La atom is 2.220µB. The magnetic moments of
Eu atom adsorbed onto (6, 0) and (8, 0) SWCNTs are
7.234 and 7.327µB, respectively. In the calculation of Eu
doped (3, 3), (4, 4) and (6, 6) SWCNTs [22], the results
are 7.162, 7.519 and 7.850 µB, respectively. For (6, 0) and
(8, 0) carbon tubes, the magnetic moments of Sm atom
are 6.125 and 6.273µB, respectively. And in Lu’s work
[42], the magnetic moment of Sm doped C60 is 6.460µB.
Our results for the magnetic moments agree closely with
theirs.

For a further study, we calculated the electrons
distribution on orbitals of RE and C atoms. Now we
take La and Eu doped (8, 0) SWCNT as examples for
analysis. The electronic configurations of La and Eu
are [Xe] 4f05d1.7526s1.248 and [Xe] 4f6.9975d0.1426s1.860

respectively before doping. They become [Xe]
4f0.0665d1.7686s0.312 and [Xe] 4f6.9625d0.6446s0.359 after
the doping. And in the pure (8, 0) tube, the electronic
configuration of C atom is [He] 2s1.2622p2.671. Upon the
doping of La and Eu, the electronic configurations of the
nearest C atoms change to [He] 2s1.2982p2.840 and [He]
2s1.2982p2.861, respectively. About 0.936e (1.445e) elec-
trons of La-6s (Eu-6s) transfer to SWCNT, but the elec-
trons of 5d orbital increase slightly for a contribution
of back-donation of the occupied orbitals of SWCNT.
Other doping cases are similar to them. So the interac-
tion between RE atoms and SWCNT is primarily ionic
due to the charge transfer from RE-6s orbital to C-2p
orbital. As we know, the magnetic moments of La and
Eu atoms are predominantly contributed by the polar-
ized 5d6s electrons and the localized 4f electrons. Upon
doping, most of the 6s electrons of La transfer to C-2p
orbital and the 4f electrons of Eu remain in the orbital.
It may be the reason why the magnetic moment of Eu is
preserved but that of La is zero.

In order to observe the change in the band struc-
tures of pure tubes induced by the adsorbates, we first
presented the band structure of the pure (6, 0) and (8,
0) tubes in Fig. 2. Note that the bare (6, 0) SWCNT is
metallic with the top of valence bands crossing the Fermi
level. For the pure (8, 0) SWCNT, the valence band max-
imum (VBM) and the conduction band minimum (CBM)

Fig. 2 Band structures of the pure (6, 0) and (8, 0) SWCNTs, respectively. The horizontal dotted line represents the
Fermi energy level.
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Fig. 3 Band structures for La doped (6, 0) and (8, 0) SWCNTs, Nd doped (6, 0) and (8, 0) SWCNTs, Sm doped (6, 0)
and (8, 0) SWCNTs and Eu doped (6, 0) and (8, 0) SWCNTs, respectively. The horizontal dotted line represents the Fermi
energy level.

are both located at F symmetry point with a gap (F–
F) of 0.619eV, which is in good agreement with 0.620
eV reported in the previous literature [43]. Clearly the
(8, 0) SWCNT is a direct-gap semiconductor. The spin-
polarized band structures of adsorbed rear-earth atoms
(La, Nd, Sm and Eu) were displayed in Fig. 3. We find
that the majority (spin-up) and minority (spin-down)
band structures of La doped tubes are identical with
the zero magnetic moment of La atom. For La doped
metallic (6, 0) SWCNT, there is an opening of a small
gap (0.049 eV) just near the Fermi energy, making it
close to a semimetal. Comparing the bands of La doped
(8, 0) SWCNT with those of the bare (8, 0) SWCNT
(in Fig. 2), we have learned that a valence band of La
lies near the Fermi level and the energy gap deceases to
0.376 eV. In the case of Nd doped (6, 0) SWCNT, the
majority spin state is semi-metallic with an energy gap of
0.085 eV and the minority spin state is semiconducting
with a gap of 0.212 eV. Whereas a different case oc-
curs for Nd adsorbed on (8, 0) SWCNT where both the
spin-up and spin-down states are semimetal and whose
energy gap is about 0.069 eV. The system of Sm doped
(6, 0) SWCNT remains metallic. Meanwhile the major-
ity bands in the vicinity of Fermi level are only slightly
perturbed, but the minority bands show hybridization
between Sm and (6, 0) SWCNT below the Fermi level,
which also takes place in Nd and Eu situations. By the
latter analysis of PDOS, It is found that the hybridiza-
tion is contributed by RE-4f and C-2p states. After Sm
is adsorbed on the semiconducting (8, 0) tube, a band of
dopant atom crosses the Fermi level and both the ma-

jority and minority states become conductors. Similar
behavior can be obtained for the systems of Eu doped
(6, 0) and (8, 0) nanotubes. These results mean that the
conducting properties of nanotubes can be modified by
doping RE atoms.

To evaluate more on electronic structure and the spin-
up and spin-down states, we presented the total density
of states (TDOS) and the projected density of states
(PDOS) of all the configurations. For the band struc-
tures, we first calculated the TDOS of the pristine (6, 0)
and (8, 0) SWCNTs. The TDOS and PDOS after having
doped RE atoms (La, Nd, Sm and Eu) were shown in
Fig. 4 through Fig. 7. We first analyzed the DOS of RE
doped semiconducting (8, 0) SWCNT. In Fig. 4, the ma-
jority and minority PDOS of La atom are asymmetric.
The overlap of density states between La-5d, 6s and C-
2p orbitals appears in the range from −0.544 eV to 2.449
eV near the Fermi level, where the hybridization takes
place. This agrees with the mulliken analysis that some
electrons transfer between La-5d, 6s and C-2p orbitals.
In the case of Eu (in Fig. 7), the TDOS picture changes
slightly compared with that of the pure (8, 0) tube, and
the majority and minority PDOS are not asymmetric.
There are also hybridizations of atomic orbitals between
Eu-5d, 6s and C-2p orbitals (−0.541 eV to 3.537 eV)
and between Eu-5p and C-2s (−23.130 eV to 18.096 eV),
which is similar to the electronic structure of Eu doped
C60. The filled spin-up PDOS of Eu-4f orbital is much
localized with a sharp peak at −0.952 eV, but the empty
spin-down PDOS is very small at about 3.047 eV. It con-
firms that the positive spin magnetic moment of Eu is
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mostly contributed by the spin-up 4f state. For the cases
of other RE atoms (Nd and Sm) doped (8, 0) tube, the
density of states are similar with Eu doped (8, 0) tube
in some aspects, but there are some differences among
them. For the PDOS of Nd (in Fig. 5), a spin-up peak
and a spin-down peak of Nd-4f state are found around
0.095 eV and 2.517 eV, respectively. Due to the contri-
bution of the Nd-4f state, the TDOS (0 eV to 3.401 eV)
is more localized than those of other doping. Opposite
to Eu doped (8, 0) SWCNT, the filled minority peak of
Sm-4f state appears at −0.571 eV and the empty major-

ity peak is small at 3.050 eV (in Fig. 6). So the magnetic
moment of Sm is negative (in Table 1), which can also
be observed in the Nd case. For (6, 0) tube, we want to
explore whether the metallic nature of the tube can in-
fluence the electronic structure in any essential manner.
However, it is found that the overall behavior of DOS
appears to be similar for the adsorption of RE on both
the (8, 0) and (6, 0) tubes. The TDOS plot of the (6, 0)
tube changes slightly by doping RE atoms. Hybridiza-
tions take place between RE-5d, 6s and C-2p orbitals and
between RE-4f and C-2p orbitals near the Fermi level.

Fig. 4 The left part is the DOS of La doped (6, 0) SWCNT and the right part is the DOS of La doped (8, 0) SWCNT.
(a) TDOS of pure SWCNT (black line) and La doped SWCNT (red line). (b) PDOS of C-2s orbital (black line) and C-2p
orbital (red line). (c) PDOS of La-5p orbital (red line), La-6s orbital (blue line) and La-5d orbital (black line). The Fermi
level is shown by the vertical dotted line.

Fig. 5 The left part is the DOS of Nd doped (6, 0) SWCNT and the right part is the DOS of Nd doped (8, 0) SWCNT.
(a) TDOS of pure SWCNT (black line) and Nd doped SWCNT (red line). (b) PDOS of C-2s orbital (black line) and C-2p
orbital (red line). (c) PDOS of Nd-5p orbital (red line), Nd-6s orbital (blue line), Nd-5d orbital (black line) and Nd-4f
orbital (magenta line). The Fermi level is shown by the vertical dotted line.
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Fig. 6 The left part is the DOS of Sm doped (6, 0) SWCNT and the right part is the DOS of Sm doped (8, 0) SWCNT.
(a) TDOS of pure SWCNT (black line) and Sm doped SWCNT (red line). (b) PDOS of C-2s orbital (black line) and C-2p
orbital (red line). (c) PDOS of Sm-5p orbital (red line), Sm-6s orbital (blue line), Sm-5d orbital (black line) and Sm-4f
orbital (magenta line). The Fermi level is shown by the vertical dotted line.

Fig. 7 The left part is the DOS of Eu doped (6, 0) SWCNT and the right part is the DOS of Eu doped (8, 0) SWCNT.
(a) TDOS of pure SWCNT (black line) and Eu doped SWCNT (red line). (b) PDOS of C-2s orbital (black line) and C-2p
orbital (red line). (c) PDOS of Eu-5p orbital (red line), Eu-6s orbital (blue line), Eu-5d orbital (black line) and Eu-4f orbital
(magenta line). The Fermi level is shown by the vertical dotted line.

4 Conclusions

In summary, the ab initio method at the density func-
tional theory (DFT) has been performed to study the
interaction between RE atoms (La, Nd, Sm and Eu) and
SWCNTs ((6, 0) and (8, 0)). It was found that trends
in the adsorptions of RE atoms on the (6, 0) and (8, 0)
tubes are similar except that the values of binding energy
in the former are consistently lower. This behavior was
attributed to the relatively bigger curvature of the (6, 0)
tube. By Mulliken analysis, we learned that the charge
transfer basically occurs between RE-5d, 6s and C-2p
orbitals. SWCNTs are predicted to behave as electronic
donors and the RE atoms serve as acceptors. Magnetic

moments of RE atoms (Nd, Sm and Eu) are preserved
after doping. The band structures and TDOS of the
pristine SWCNTs are affected slightly and the electrical
conductivity is changed by the doping. The study of
the electronic structure and the Mulliken analysis high-
light that the RE atoms and CNTs interact strongly and
hybridizations take place between RE-5d, 6s and C-2p
orbitals and between RE-4f and C-2p orbitals. These
results may be helpful to understand the influence of RE
metals on carbon tubes, and these systems could assist
magnetic devices and spintronics applications. We hope
this study will attract further study in the properties of
RE atoms doped CNTs.
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