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Abstract. We apply first-principles method to investigate the effect of the diameter on the stability and
electronic properties of zigzag carbon nanotubes doped with iron, nickel and manganese impurity atoms.
In this contribution we follow the evolution of the electronic and structural properties as a function of the
nanotube diameter. As a general result, we found that the binding energy decreases with the increasing
nanotube radius. Additionally, depending on the interaction of transition metal impurity with the tubular
carbon structure, it is observed that the total magnetization varies with the tube diameter due to hy-
bridization and confinement effects. It is also shown that such magnetization varies with the curvature
radius, increasing for manganese impurity atoms and decreasing for iron and nickel.

1 Introduction

Physical properties of materials at the nanoscale size can
differ dramatically from their bulk counterparts. This is
especially appreciable when the electronic properties of
nanomaterials are analyzed. Since the quantum behavior
of electrons on nanometric scale becomes evident, such
properties turn to be very sensitive to the size, shape, and
symmetry of the atomic arrangement.

Curved nanoscale structures, which the best known ex-
amples are carbon fullerenes and nanotubes, have been
the focus of increasing scientific and technological in-
terest, due to their unique electronic and mechanical
properties [1–3]. Single-walled carbon nanotubes (SWC-
NTs) were first discovered by arc discharge, with a carbon
rod electrode containing transition metal (TM) catalysts.
Thereafter, substantial progress has been made to synthe-
size carbon nanotubes using, for example, laser-ablation
and chemical vapor deposition. A common characteris-
tic of these methods is the requirement of a metal or a
metal compound catalyst, in particular, 3d-TMs such as
Fe, Co, and Ni. These metals can eventually be mixed with
the carbon material, introducing metal impurities in the
nanostructure under synthesis, affecting the electronic and
magnetic properties of the resulting nanotube. Therefore,
the investigation of TM atoms interactions with SWC-
NTs should be of great interest in nanotechnology. Sev-
eral theoretical [4,5] and experimental [6,7] work, about
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the influence of TM impurities on the properties of SWC-
NTs and about transition metal adsorption in graphite,
have been reported in the literature. Recently, iron filled
SWCNTs [8–10] and the absorption of Fe clusters by car-
bon nanotubes [11] have been the subject of many studies,
with potential applications on the development of spin-
tronic devices. Nevertheless, the complete understanding
of the effects of such impurities remains a challenging is-
sue. For example, to our knowledge, the influence of the
tube diameter on the stability and magnetic properties of
SWCNTs, containing Fe, remains an open question.

Taking into account the technological interest on the
development of field emission devices, the work function
is an important parameter to characterize the electronic
structure of the SWCNTs. Suzuki et al., using ultraviolet
photoemission spectroscopy (UPS), have measured such
work function, obtaining a value of about 4.8 eV [12]. In
other experimental report, Masashi and coworker, using
photoelectron emission (PEE), have obtained a value of
4.95 eV [13]. More recently, Hyun et al., have developed
an experimental method to control the diameter of carbon
nanotubes and to investigate the effect of the tube diame-
ter on the field emission properties [14]. They observe that
decreasing the tube diameter increases the field emission
effect, while the emission stability remains almost unaf-
fected by the tube length and radius.

In the present contribution, we present a systematic in-
vestigation about the influence of transition metal impuri-
ties on the work function, electronic structure and stability
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of carbon nanotubes, using first-principles method. Addi-
tionally, we investigate how the electronic structure and
the stability of carbon nanotubes are affected by the im-
purity as a function of the tube diameter.

2 Calculation procedure

In the present work we apply the density functional the-
ory (DFT), including spin polarization (SP), as imple-
mented in the SIESTA code [15–17]. The calculations
are performed using the generalized gradient approxima-
tion (GGA), for the exchange-correlation functional [18],
and norm-conserving Troullier-Martins pseudopotentials,
in the Kleinmann-Bylander factorized form [19–21]. For
the basis set, we use a double-ζ basis composed of numer-
ical atomic orbitals of finite range including polarization
function. For comparison purposes all calculations were
also performed without spin polarization (SUP). The ini-
tial structure incorporates one metal impurity atom, ini-
tially placed in the central position of the tube supercell.
We use periodic-boundary conditions and a supercell ap-
proximation, with 64 C atom plus one atom – Fe, Ni, or
Mn, with a resulting length of 8.52 Å. Additionally, the
lateral separation of 15 Å between tube axis prevents any
tube-tube interaction. Such cell size should be enough to
ensure that impurity atoms, in neighboring cells, do not
interact with each other. Finally, the atomic arrangement
was considered to be optimized when the remaining forces
were smaller than 0.1 eV/Å.

3 Structural properties

In the present calculations, we considered (6, 0), (7, 0),
(8, 0), (9, 0), and (12, 0) SWCNTs doped with Fe, Mn,
and Ni impurity atoms. For the initial position of the im-
purity atom inside the nanotube, we use the theoretical
results found in reference [4]. Schematic representations
of the fully relaxed structures are exemplified in Figure 1.
In this figure one can see that, according to the obtained
(6, 0) SWCNTs relaxed structures, the TM impurities are
centered, i.e. their location remain very close to the nan-
otube axis. On the other hand, according to the (7, 0), (8,
0), (9, 0) and (12, 0) relaxed structures, it is found that
the impurities are displaced from such axis, approaching
the internal side of the carbon encapsulation wall. With
the exception of the Mn doped (7, 0) nanotube, the impu-
rity atoms are located in an equidistant position relative
to the vertices of an hexagon, distant from 1.98 to 2.22 Å
from each carbon atom, aligned with the center of such
hexagon. It is interesting to point out that the presence
of an impurity is always reflected on the carbon neigh-
borhood, where the average C−C bond length systemat-
ically increases an amount of about 0.02 Å. Additionally,
it is highly probable to occur electronic charge transfer
between the TM and carbon atoms, due to the proximity
of such impurity to the tube wall. Therefore, it is possible
to infer that the diameter should not be the only relevant

Fig. 1. Position of the metal atom inside the (6, 0) and (12,
0) carbon nanotubes. The black circle corresponds to Fe, Ni,
or Mn atom, and the grey circles correspond to C atoms.

Table 1. Calculated binding energies, with (ESP
b ) and with-

out (ESUP
b ) spin polarization, of Fe, Mn, and Ni impurities in

carbon nanotubes.

ESP
b (eV) ESUP

b (eV)
Nanotube Fe Mn Ni Fe Mn Ni

(6, 0) 3.17 –0.01 1.45 5.54 2.80 3.90
(7, 0) 1.97 0.34 0.69 5.21 2.22 3.00
(8, 0) 1.70 0.29 0.35 4.92 1.70 3.00
(9, 0) 1.79 0.20 0.35 4.93 1.70 2.90
(12, 0) 1.69 0.00 0.31 4.70 1.70 3.10

parameter for the changes on the structure and nanotube
properties.

The binding energy, Eb, is calculated using:

Eb = E(tube) + E(metal) − E(tube+metal)

where E(tube+metal) is the calculated total energy of the
doped tube, E(tube) is the total energy of the carbon nan-
otube and E(metal) is the total energy of an isolated metal
atom.

Table 1 shows the calculated binding energies, with
and without spin polarization – ESP

b and ESUP
b , respec-

tively, for Mn, Fe and Ni impurities as a function of the
tube diameter D. The results show that Eb decreases with
the increasing diameter, i.e. decreasing tube curvature,
and saturates at a value which corresponds to a graphene
plane interacting with an iron atom. Therefore, it is pos-
sible to conclude that highest binding energies of doped
nanotubes are the ones with smaller diameters. This is en-
tirely different from non-doped SWCNTs, where the strain
energy decreases with the diameter following the classical
1/D2 law [22]. Such behavior can be explained by the
curvature effect, as mentioned in reference [23], where the
binding was found to be stronger at large tube curvatures
under radial deformation. It is also possible to observe
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Fig. 2. (Color online) Magnetization energy, EMag., as a func-
tion of the nanotube diameter for Fe (full circles), Mn (open
triangles), and Ni (open squares) impurities.

that the metallic impurity which presents the larger bind-
ing energy is Fe. Therefore, from the point view of stabil-
ity, the iron impurity is the most stable one. Such result
disagree with the one obtained by Yu-Lian et al. [24], for
graphite, where it is reported that the Mn is the most sta-
ble impurity. Nevertheless, the present result is supported
by the calculation performed by Duffy and coworkers [25],
where it is shown that the most favorable position of a
manganese atom is above the C ones, rather than aligned
with the hexagon central position.

Additionally, for Mn impurity atoms, which have the
smaller number of electron in the 4d orbital when com-
pared to Ni and Fe, it is found Eb = 0 for the (12, 0)
tube, using spin polarized calculation. Such behavior can
be understood when we compare the resulting Mn–C bond
length obtained from spin polarized (SP) and spin un-
polarized (SUP) calculations. For SP, the average Mn–C
bond length, dMn−C, is about 2.17 Å, while for SUP is
2.84 Å. Therefore, it is possible to conclude that for SUP
calculation the Mn atom is not bonding to the carbon
nanotube, which leads to such a null value for the bond-
ing energy.

Figure 2 shows the calculated magnetization energy,
Emag, obtained from the difference between the total en-
ergy of the system with and without spin polarized config-
urations, plotted against the tube diameter. For Ni, Emag

has the smallest variation, raging from zero to a minimum
of –0.42 eV, at D = 5.5 Å. For Fe, the magnetization en-
ergy reaches a minimum of –1.41 eV, at D = 4.8 Å. It
increases up to 0.5 eV at D = 5.5 Å and slowly decreases
for higher diameters reaching –0.8 eV at D = 9.6 Å. On
the other hand, manganese shows a quite different behav-
ior, where Emag systematically decreases from –6.33 eV to
a saturation value of about –7.7 eV. Such magnetization
energy values are the smaller ones when compared with
the corresponding results obtained for Fe and Ni. This
result may be related with the peculiar behavior of the

Mn bonding energy, as mentioned above, and the higher
magnetization, as described below.

4 Electronic structure

Analyzing the calculation results, summarized in Figures 3
and 4, it is possible to observe that all metal impurities
introduce an energy level inside the energy gap region.
These figures show that the electronic states inside the gap
are predominantly associated to the electrons of the d-like
orbitals from the metallic atoms, which is consistent with
the interpretation that the additional atom (or molecule)
represents a defect in a gap material. In other words, it is
clear that the gap states are due to the d and s orbitals of
the impurity atom as one can see in Figures 5 and 6.

Defining the work function as the difference between
the potential energy of an electron in the vacuum level
(assumed as zero) and in the highest occupied molecular
orbital level on the valence band [26], we obtain the val-
ues quoted in Table 2, for nanotubes with and without
metal impurities. From such data, it is possible to verify
that the work function of SWCNTs varies with the tube
diameter from 4.1 to 4.5 eV, in agreement with the experi-
mental values [13,14]. For doped tubes it is possible to see
a significant reduction of the work function in all cases.
It is interesting to point out that for Mn impurities this
reduction reaches the maximum value, of about 0.5 eV.
Therefore, the present calculations indicate that the per-
formance of carbon nanotubes in field emission devices
would be sensitive to the incorporation of TM impurities.

5 Magnetic properties

An important aspect in the study of carbon nanotubes
doped with metal impurities is the investigation of the re-
sulting magnetization and its relation with the tube cur-
vature. Table 2 shows the calculation results obtained for
the total magnetic moment, M , as a function of the tube
diameter. From such results it is possible to observe that
M presents a significant variation and rapidly saturates at
values corresponding to that ones obtained for graphene
planes. For Fe and Ni impurities, the magnetization de-
creases for higher diameters. On the other hand, for Mn
impurity, the magnetization systematically increases with
D. Additionally, the smallest values of the total magnetic
moment are observed for Ni and the higher ones for Mn,
which are about two times the obtained magnetization for
Fe.

Table 3 summarizes the calculation results, obtained
using Mulliken population analysis, for the orbital con-
tributions to the magnetic moment of carbon nanotubes
containing TM impurities. In each table section αs, αd,
and αp indicate the corresponding contributions of the
4s, 3d and 4p electrons of the impurity atom, and βp indi-
cates the contribution of the 2p electrons of the adjacent
carbon atoms.

The behavior of the magnetic moment for Fe results
from the depletion of the 4s orbitals due to confinement
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Fig. 3. Density of states of (6, 0), (7, 0), (8, 0), (9, 0) and (12, 0) carbon nanotubes, with and without Fe impurity atom.

Fig. 4. Density of states of (6, 0), (7, 0), (8, 0), (9, 0) and (12, 0) carbon nanotubes, with Ni and Mn impurity atoms.
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Table 2. Calculated work function, W , and total magnetic moment, M , of carbon nanotubes containing Fe, Mn and Ni
impurities, as a function of the tube diameter (D). The third column shows the work function of SWCNT’s without impurities.
The values in brackets indicate the total magnetic moment of an isolated impurity atom.

W (eV) M(μB)

Nanotube D (Å) C Fe Ni Mn Fe [4.0] Ni [2.0] Mn [5.0]

(6, 0) 4.8 4.50 4.20 4.30 4.20 2.37 0.79 5.00

(7, 0) 5.5 4.50 3.95 4.12 3.84 2.55 1.18 5.62

(8, 0) 6.4 4.45 3.86 3.96 3.64 2.21 1.27 5.80

(9, 0) 7.1 4.10 3.81 3.80 3.65 1.97 0.01 5.80

(12, 0) 9.6 4.10 3.91 3.92 3.56 2.00 0.03 5.90

Table 3. Calculated orbital contributions, in μB units, for the resulting magnetic moment of carbon nanotubes containing
transition metal impurities obtained using Mulliken population analysis. In each section αs, αd, and αp indicate the contributions
of the 4s, 3d and 4p orbitals of the impurity atom, respectively. Additionally, βp indicates the contribution of the 2p orbital of
the adjacent carbon atoms.

Fe impurity Mn impurity Ni impurity

Fe C Mn C Ni C

Tube αs αd αp βp αs αd αp βp αs αd αp βp

(6, 0) 0.07 2.95 –0.04 –0.61 0.13 4.66 0.09 –0.01 –0.042 0.987 0.007 –0.16

(7, 0) 0.02 2.76 0.00 –0.23 0.85 4.95 0.08 –0.25 –0.004 0.979 0.032 0.17

(8, 0) 0.02 2.26 0.13 –0.20 0.92 4.96 0.06 –0.16 0.047 0.960 0.058 0.20

(9, 0) 0.01 2.23 0.13 –0.40 0.92 4.96 0.08 –0.14 0.000 0.033 0.002 –0.03

(12, 0) 0.00 2.17 0.16 –0.32 0.92 4.97 0.09 –0.40 0.000 0.015 0.001 0.02

Fig. 5. Spin charge density for Fe atom in a carbon nanotube.
(a) Spin-down minus spin-up electronic charge density for a
(8, 0) cabon nanotube. (b) Spin-up minus spin-down electronic
charge density for the same nanotube.

effects. Indeed, from Table 3 data, it is possible to infer
about the charge transfer between the 4s and 3d orbitals.
For the (6, 0) tube, there is charge transfer from the Fe
4s to Fe 3d orbitals that leads to an effective 3d6.534s0.33

atomic configuration. For the (7, 0), (8, 0), (9, 0), and
(12, 0) nanotubes, the charge transfer leads to the same
3d6.74s0.44 configuration. Nevertheless, according to the
results quoted in Table 2, the magnetic moment of such
structures presents a significant variation. More careful
analysis of the results shows that there is some charge
transfer from the s orbital of the iron impurity to the p
orbital of the carbon, increasing the net spin. Therefore,
it indicates that the curvature effect is the responsible
for the decreasing magnetic moment (from M = 2.5 to

2.0 μB), rather than the confinement effect that leads to
electronic charge transfer from the s to the d orbital of
the Fe impurity. Figure 5 shows the difference between
spin-up and spin-down electronic charge density of an iron
impurity atom, where one can see that the majority spin
is associated to the 3d orbital.

For Ni impurity, there is a confinement of s states
due to the tube curvature. It results from the electronic
charge transfer from the 4s orbitals to 3d and 4p orbitals.
Such transference initially increases with the tube diam-
eter, but for the (9, 0) and (12, 0) tubes it results in the
4s0.483d8.64p0.5 configuration for the Ni atom, and 2p0.5

for the adjacent C atoms, similar to Fe impurities. Such
configuration leads to a magnetic moment per spin given
by 4s0.243d4.44p0.3, resulting in M = 0 μB for nanotubes
with larger diameters.

The calculation results for Mn impurity atoms demon-
strate that total magnetic moment systematically in-
creases with the nanotube diameter (see Tab. 2). Such be-
havior results from the depletion of the 4s orbitals due to
confinement, associated with the smaller electronegativity
of the manganese. Using the Mulliken population analysis,
it is possible to infer that an electron associated to 4s2 or-
bitals migrates to the adjacent carbon atoms rather than
to the 3d orbitals, as illustrated in Figure 6, in opposition
to the case of Fe and Ni impurities. Therefore, the small
eletronegativity of Mn associated to the tube curvature in-
duces the transference of electrons from 4s to 3d orbitals
of the Mn atom and 2p orbitals of the adjacent carbon
atoms, leading to the final configuration 4s0.923d4.97 and
to a resulting magnetic moment of about 5.8 μB.
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Fig. 6. Spin charge density for Mn atom in a carbon nan-
otube. (a) Spin-down minus spin-up electronic charge density
for a (12, 0) cabon nanotube. (b) Spin-up minus spin-down
electronic charge density for the same nanotube.

6 Conclusions

In summary, we apply first-principles method to investi-
gate the influence of transition metal impurities on the
stability and electronic properties of zigzag carbon nan-
otubes. The obtained results show that the impurity bind
energy decreases with the tube diameter, where iron is
the most stable one. The calculations indicate that the
performance of carbon nanotubes in field emission devices
should be affected by metal impurities, and that the re-
sulting magnetic moment is very sensitive to the impurity
element and tube diameter.
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