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Ab initio study of an iron atom interacting with single-wall carbon nanotubes
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The interaction of an iron atom with a single-wall carbon nanotube is investigated using spin-polarized
total-energy first-principles calculations. A systematic study for the atom approaching the tube surface, both
from outside and inside, is presented for several configurations to determine the equilibrium distances and the
binding energies. It is shown that when the atom interacts with the tube from outside, a 3d7 4s1 effective
configuration is obtained and the total magnetization is close to the atomic value. For the inside case, as a
consequence of higher hybridization and a confinement effect, the magnetization decreases and the finally
obtained effective configuration is 3d8 4s0.
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I. INTRODUCTION

The high potential of carbon nanotubes for fundamen
studies and technical applications is due to their pecu
physical, chemical, and mechanical properties.1,2 Conse-
quently, they are candidates to constitute building blocks
nanoelectronic devices by themselves, and also through
combination with other elements. One of the proposed rou
towards new materials with specific properties has been
associate single-wall carbon nanotube~SWCN! with
transition-metals~TM! atoms.

The physical properties of TM atoms adsorbed on SW
are certainly of great current interest in nanophysics.
cently, a few theoretical3 and experimental4 works related to
TM interacting with SWCN have been reported in the lite
ture. Nevertheless, a complete understanding of the inte
tion between TM atoms and SWCN remains a challeng
issue. For instance, SWCN is synthesized using a comb
tion of catalyst TM particles and dense carbon vapor.5 The
exact growth mechanism of SWCN during the closer
counter of carbon vapor with TM atoms is not complete
clear and the key role played by TM atoms in the product
of SWCN is still under investigation.

The reduction of the contact resistance between nanot
and TM atoms, which is a critical problem in the nanoele
tronic applications, specially those based on spintronic,
quires a better understanding of the interaction betw
them. The bonding of the atoms on SWCN has been sh
to depend on the detailed contact conditions.6,7 Moreover,
there is an extraordinary interest about the magnetic orde
low-dimensional systems. SWCN covered with TM atom
presenting magnetic order provides an unique interes
field to discuss magnetic behavior at surfaces with qu
one-dimensional character. In particular, encapsulating fe
magnetic structures inside carbon nanotubes has becom
active research topic for their potential applications in
cording media and magnetic inks.8

In contrast to the lack of detailed studies of TM atom
interacting with SWCN, the interactions of these atoms w
graphite have been extensively investigated, b
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experimentally9 and theoretically.10 Different from graphite
or graphene, SWCN makes the problem much more excit
since the tube curved surface~i! does not present a puresp2

hybridization, with a resulting mixing betweens and p
states, and~ii ! leads to the confinement of states around
tube circumference, and therefore, we should expect a di
ent behavior for TM atoms on SWCN when compared w
graphite sheet.11

The first step towards the understanding of all the pr
lems pointed out above is the complete understanding of
structural, electronic, and magnetic properties of a single
atom interacting with an SWCN. In this work, a systema
study of an iron atom adsorbed on SWCN through sp
polarized total-energy first-principles calculations is p
formed. In the following section we present the method us
in all our calculations, followed by a discussion of our resu
and the overall conclusions.

II. CALCULATIONS PROCEDURE

Our study is based on first-principles spin-polariz
density-functional theory.12 We have used the SIESTA
code,13 which performs fully self-consistent calculation sol
ing the standard Kohn-Sham~KS! equations. The KS orbitals
are expanded using linear combinations of pseudoatomic
bitals proposed by Sankey and Niklewski.14 In all calcula-
tions, we have used a double-zeta basis set with polariza
functions.15 For the exchange and correlation term, the ge
eralized gradient approximation~GGA! is used as propose
by Perdew-Burke-Ernzerhof.16 The standard norm conserv
ing the Troullier-Martins pseudopotential is adopted.17 A cut-
off of 150 Ry for the grid integration was utilized to repre
sent the charge density. We have used 15 Monkhorst-Pak
points for the Brillouin-zone integration along the tube ax
The relaxed atomic configurations of the tubes were obtai
by a minimization of the total energy using the Hellma
Feymann forces including Pulay-like corrections. Structu
optimizations were performed using the conjugate grad
algorithm until the residual forces were smaller th
0.05 eV/Å.
©2003 The American Physical Society14-1
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The adopted SWCN is the zigzag~8,0!, which is known to
be a semiconductor. For the pure tube, we obtain a ga
0.55 eV and a diameter of 6.26 Å. We use periodic-bound
conditions and a supercell approximation, with 64 C ato
plus one Fe atom, with a resulting length of 8.52 Å. Th
should be enough to make sure that the Fe atoms in ne
boring cells do not interact with each other. We use a late
separation of 15 Å between tube centers, which prevents
tube-tube interaction.

III. RESULTS AND DISCUSSION

Six distinct sites are considered to investigate the inte
tion of a single Fe atom adsorbed on the~8,0! SWCN sur-
face. These initial sites are described in the following w
three from inside~subscript in!; one with the atom approach
ing the center of a hexagon (HC)in ; one with the atom along
a direction perpendicular to the tube surface and poin
towards the middle of C-C bond (BC)in ; and one directly
above a C atom~TOP! in ; three similar configurations with
the Fe atom outside the nanotube~subscript out!, labeled
(HC)out , (BC)out , and (TOP)out , respectively. All sites
have been studied in such a way that the energies were m
mized and all the atoms were allowed to relax.

The final fully relaxed structural configurations are sho
in Fig. 1 for the four most stable ones:~a! (HC)out , ~b!
(BC)out , ~c! (HC)in , and~d! (BC)in . For the~HC! configu-
rations, the initially assumed positions were symmetri
with respect to the carbon hexagonal atoms; after the opt
zation, as seen in Fig. 1~a!, the resulting asymmetry is no
ticeable. There are two sets of similar bonds between the
and C atoms, one with four~to the atoms C2, C3 , C5, and
C6) and the other with two~to the atoms C1 and C4) bonds,
which is related to a mirror plane parallel to the tube axis a
that passes through the~HC! site and the C1 and C4 atoms.
Whereas in (HC)out the approaching atom gets closer to C1

FIG. 1. Final full-relaxed structural configurations for the F
tube configurations~a! (HC)out , ~b! (BC)out , ~c! (HC)in , and~d!
(BC)in .
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and C4, when compared to the distances to the other fou
atoms, the opposite is true for (HC)in . This can be under-
stood as a consequence of the tube curvature. From in
there is a concave geometry whereas from outside the
atom approaches a convex geometry. The equilibrium
tances from the center of the hexagon, characterizing
tube surface, to the Fe atom are 1.6 Å for (HC)out and 1.7 Å
for (HC)in . The similar equilibrium distances for the~BC!
configurations are bigger than the corresponding~HC!. As
shown in Figs. 1~b! and 1~d!, they are 2.0 Å and 1.9 Å for
(BC)out and (BC)in , respectively. This occurs in order tha
the Fe-C bond lengths can become.2. Å.

In Fig. 1~a!, the numbers in parenthesis are those obtai
through calculations not including spin polarization. No
that, even for structural properties, the inclusion or not
spin polarization leads to different results; if spin polariz
tion is not taken into account, the equilibrium distances
around 0.2 Å shorter.

The calculated binding energies for all studied sites
summarized in Table I. The binding energies are calcula
through the expression

Eb5E(tube1Fe)2E(tube)2E(Fe) , ~1!

where E(tube1Fe) is the spin-polarized total energy for th
equilibrium structure of the~8,0! tube plus the adsorbed F
atom,E(tube) is the energy of the isolated tube, andE(Fe) is
the spin-polarized total energy of an Fe atom at the 3d64s2

ground-state configuration. We obtain as the most stable c
figuration the (HC)out site, as can be seen in Table I. Exce
for the ~HC! site, the ‘‘in’’ positions have lower binding en
ergies than the corresponding ‘‘out’’ positions. These diff
ences, however, will tend to zero as the diameter of the na
tube increases.

In Figs. 2 and 3 the band structures are shown for
(HC)out and (HC)in configurations, respectively. In the le
side of these figures it is presented, for comparison, the b
structure for the isolated~8,0! tube. The bands are seen sep
rately for up ~majority! and down~minority! spins. In Fig.
2~b!, a level with predominant 4s character from the Fe at
appears in the gap region, with a rather small dispers
This very flat level is a consequence of the small interact
between the iron atoms in different cells, either directly
through the nanotubes states. The majority spin bands
predominant Fed character appear resonant in the SWC
valence band, being located approximately between 2.0

TABLE I. Binding energies (Eb) for all the Fe configurations.
The total magnetizationM, as well as its contributions from 4s
(ms), 4p (mp), and 3d (md) orbitals are shown.

Fe-position Eb(eV) M(mB) ms(mB) mp(mB) md(mB)

(HC)out 21.40 3.90 0.48 0.25 3.07
(BC)out 20.85 3.92 0.61 0.21 3.21
(TOP)out 20.65 3.93 0.60 0.20 3.14
(HC)in 21.07 2.36 0.02 0.07 2.38
(BC)in 21.15 2.22 0.02 0.06 2.29
(TOP)in 20.80 2.44 0.04 0.04 2.46
4-2
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and 3.0 eV bellow the top of the valence band. In the cas
minority spins@Fig. 2~c!# the Fe atom introduces a very lo
calized state withd character in the energy gap. There is a
one d-character resonant state that interacts with the top
valence band, leading to the splitting of the originally twi
degenerated level. The other down orbitals withd character
are located inside the conduction band. The band struc
for the Fe atom located at (HC)out indicates that there is a
charge transfer from the Fe 4s orbital to the Fe 3d orbital,
leading to an effective 3d74s1 atomic configuration. The
overall characteristics of the (BC)out and (TOP)out band
structures are very similar to these ones, making it redund
to discuss those results here.

In Fig. 3 we show the band structure for Fe in the (HCin
site. Even though the local symmetry is similar~an Fe atom
surrounded by 6 C atoms!, the fact that the Fe is now insid
the tube changes its electronic structure in a significant w
For example, it can be seen from Fig. 3~b! for the majority
spins band structure that the 4s orbital that appeared in
energy gap for (HC)out is now absent, being higher up i
energy. This could be a result of a confinement effect, an

FIG. 2. Band structures for~a! the pure SWCN~8,0!; ~b! the
(HC)out majority spins; and~c! the (HC)out minority spins. The
dashed lines correspond to the Fermi energy.

FIG. 3. Band structures for~a! the pure SWCN~8,0!; ~b! the
(HC)in majority spins; and~c! the (HC)in minority spins. The
dashed lines correspond to the Fermi energy.
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such may disappear as the tube diameter increases. From
figure we can also observe the strong change in the bottom
conduction band due to the strong interaction between
4s-up orbitals and thep* states. Moreover, the valenc
bands are strongly modified due to the coupling to the 3d Fe
orbitals. In conclusion, for (HC)in , the occupied states hav
very little contribution from the 4s orbitals and have a stron
ger hybridization between the tube states and the Fe-d orbit-
als, when compared to (HC)out . In the minority spins bands
@Fig. 3~c!#, the three occupied states, with small dispersio
in the gap, have a strong Fe-d character. Therefore, when th
Fe ion is inside the tube there is a substantial charge tran
between the 4s and 3d Fe orbitals, resulting in an effective
d8s0 configuration for the Fe, similarly to interstitial Fe i
semiconductors.18

To have a better understanding of the role played by F
the nanotube, we present in Fig. 4 the projected local den
of states onto the Fe-atom, forl 50 andl 52. Analyzing the
l 50 (4s), it is clear that for (HC)in @Fig. 4~c!#, there is no
contribution from the 4s orbital to the occupied states, sinc
almost all the 4s weight is located above the Fermi energ
In contrast, for the (HC)out an occupied 4s-state is observed
very close to the bottom of the conduction band, as see
Fig. 4~a!. For the inside Fe, the 3d orbitals @Fig. 4~d!#
present higher dispersions and are energetically closer to
top of the valence band when compared to the outside c
@Fig. 4~b!#. For the outside Fe there is a transfer of one el
tron from the 4s orbital to the 3d orbital, which is related to
a decrease of the intra-d Coulomb repulsion. For the Fe in
side case, not only there is this Coulomb repulsion decre
ing, but there is also a confinement of thes states, which
results in the transfer of two electrons to thed orbitals. In
conclusion, we can say that a free Fe atom (3d64s2), when
interacting with an SWCN from outside, will have an effe
tive 3d74s1 configuration, whereas, when it interacts wi
the nanotube from inside~for small tube diameters!, an ef-
fective 3d84s0 configuration will result. Assuming the sam
behavior for the other transition metals, one would exp

FIG. 4. The local density of states projected onto the Fe a
for l 50 and l 52. ~a! (HC)outl 50; ~b! (HC)outl 52; ~c! (HC)inl
50; and~d! (HC)inl 52. The dashed lines correspond to the Fer
energy.
4-3
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that an Ni atom inside the nanotube would have an effec
3d104s0. This would probably lead to a situation where t
Ni atom would have a very weak interaction with th
SWCN, a behavior already seen by Andriotiset al.3

The ratioDex /DCF between the exchange splitting (Dex)
and the crystal-field splitting (DCF) gives us information
about the localization of the d orbitals. A typical highly lo
calized state with a strong atomic character occurs
Dex /DCF@1. In our case, we estimate19 Dex /DCF around
4.5 for Fe in (HC)out and 3.0 for (HC)in . These values
indicate a non-negligible hybridization between the Fe-io
and the tube. The effect of this hybridization can be clea
seen in Fig. 5, where we present contour plots of the t
charge density for both the (HC)out and the (HC)in configu-
rations. As can be seen in this figure, there is a clear cova
character in the interaction between the Fe atom and
SWCN, for the outside as well as for the inside configu
tions. In Fig. 5~a!, we show the contour plot for the (HC)out
case in a plane that passes through the C5-Fe-C2 atoms,
whereas in Fig. 5~b!, we present a similar plot@also for
(HC)out] in a plane that passes through the C4-Fe-C1 atoms.
As can be seen, the interaction is stronger~characterized by a
larger value of the charge density between the Fe-C ato!
for this latter situation, which is consistent with the smal
values of the Fe-C4 and the Fe-C1 bond lengths when com
pared to the Fe-C5 and the Fe-C2 bond lengths. On the othe
hand, for the (HC)in we obtain the opposite behavior, with

FIG. 5. Contour plots of the total charge density for both t
(HC)out and the (HC)in configurations. For (HC)out , we show the
results for~a! a plane that passes through the C5-Fe-C2 atoms and
~b! a plane that passes through the C4-Fe-C1 atoms. For (HC)in , we
present the results for~c! a plane that passes through the C5-Fe-C2

atoms and~d! a plane that passes through the C4-Fe-C1 atoms. The
labeled C atoms are shown in Fig. 1. The outermost and the in
most contour lines correspond to 0.003 e/Å3 and 0.099 e/Å3, re-
spectively, and the contour line spacing is 0.004 e/Å3.
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stronger interaction between the Fe-C5 and the Fe-C2 bonds
than between the Fe-C4 and the Fe-C1 bonds, as can be see
in Figs. 1~c! and 1~d!. This happens because for the insi
configuration, as opposed to the Fe outside structure,
bond lengths for the Fe-C5 and Fe-C2 bonds are the smalle
ones. Therefore, the large observed values for the bind
energies have a clear covalent-bond character contribu
Moreover, a binding energy value of the order of 2 eV is a
observed for the interaction of Fe with graphite10 and with
the benzene molecule.20

We also examine the magnetic moments that are show
Table I. The total magnetic momentsM for the Fe in the
outside configurations are higher than inside configuratio
as a consequence of both a smaller hybridization for the
side as well as ans-orbital confinement for the inside struc
tures. In general, except for the (TOP)out configuration, the
tube presents a net antiparallel magnetization when c
pared to the Fe-ion magnetization, of the order of 0.1mB . It
is interesting to compare our results with the results for Fe
graphite10 and Fe on benzene.20 The Fe magnetic moment fo
both the graphite as well as the benzene case has
obtained10,20 to have a value of 2mB . This should be con-
trasted to the larger values obtained in the present cas
3.9mB for the (HC)out configuration and 2.4mB for the
(HC)in configuration. To understand this different behavi
we have also performed a calculation for Fe on benze
Similar to what has been obtained by Pandeyet al.,20 we
have also obtained in this case an Fe magnetic momen
approximately 2mB . However, to study the effect of the cu
vature on the Fe magnetic moment, we raised two diame
cally opposite C atoms of the benzene molecule outside
the molecular plane, and considered two situations,
where the Fe atom is closer to these two atoms and fur
away from the four remaining C atoms, and another wh
the Fe atom is closer to the four remaining C atoms than
the two raised C atoms. This latter situation is similar to t
(HC)in configuration, whereas the former one is similar
the (HC)out configuration. In both the cases we obtain
increase in the Fe magnetic moment to a value close to 4mB ,
similar to what we obtain for the Fe in the (HC)out configu-
ration ~not only the total magnetic moment is similar, b
also the individuals, p, andd contributions!. This indicates
that the effect of curvature is responsible for the increase
the Fe magnetic moment from 2mB to 4mB . However, for
the (HC)in configuration we do not observe such high val
for the Fe magnetic moment. This is caused by the confi
ment effect mentioned previously, which leads to an elect
transfer from the Fes orbital to the Fed orbitals.

IV. CONCLUSIONS

In conclusion, this paper presents a systematic un
standing of the structural, electronic, and magnetic proper
of a single Fe atom interacting with a~8,0! SWCN. The final
fully relaxed structural configurations and the equilibriu
distances from the tube surface to the Fe atom, approac
from outside and inside, were determined for different po
tions. The most stable configuration is determined to
(HC)out , similar to what is found for the adsorption of Fe

r-
4-4



he
t

h
ni
te

t

Fe

the

he
side
o-

AB INITIO STUDY OF AN IRON ATOM INTERACTING . . . PHYSICAL REVIEW B67, 205414 ~2003!
graphite.10 Moreover, the energy difference between t
(HC)out and (TOP)out configurations is also similar to wha
is found for Fe in graphite.10 The importance of taking into
account the spin polarization in the calculations was emp
sized, even for structural properties. In terms of electro
structure, it was demonstrated that when the Fe atom in
acts with an SWCN from outside an effective 3d74s1 con-
figuration results as a consequence of a decreasing in
,

ys

, S

ar-

tt.

s.

nd

S.
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intra-d Coulomb repulsion and a curvature effect. For the
inside cases, there is also a confinement of thes states, which
results in a complete migration of the two electrons to
d-orbitals, leading to a 3d84s0 final effective configuration.
The smaller hybridization for the outside compared with t
inside cases, as with well as confinement states for the in
positions, help to elucidate the higher total magnetic m
ments observed in the outside configurations.
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