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Stable geometries and magnetic properties of single-walled carbon nanotubes doped
with 3d transition metals: A first-principles study
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The interaction of 3d transition metal atoms and dimers with a single-walled armchair carbon nanotube has
been investigated by first-principles density functional calculations. For Fe-, Co-, and Ni-doped~4,4! nano-
tubes, outside adsorption sites are the most favorable. The interactions are largely ferromagnetic for Fe and Co,
with the local magnetic moments of the dimers being similar to the free dimers. However, for Ni most
structures are nonmagnetic. We have also examined the effects of curvature with calculations for graphene and
the ~8,8! nanotube. For the~8,8! nanotube, the interaction of Co becomes more favorable inside the nanotube.
Doping of a single Co atom transforms the~4,4! and~8,8! nanotubes into half-metals. These results are useful
for spintronics applications and could help in the development of magnetic nanostructures and metallic nano-
tube coatings.
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I. INTRODUCTION

Single-walled carbon nanotubes~SWNTs! were first dis-
covered in arc discharge from a carbon rod containing tr
sition metal ~TM! catalysts.1,2 Thereafter, substantia
progress has been made to synthesize SWNTs using o
methods such as laser-ablation3 or chemical vapor
deposition.4 A common feature among these methods is
requirement of a metal or a metal compound catalyst.
particular, 3d-TMs ~Fe, Co, and Ni! are frequently used, an
can mix with the nanotubes to affect their electronic a
magnetic properties. This has been demonstrated by Gr
rian et al.,5 who observed an anomalous temperature dep
dence of thermopower and resistivity that varies with
metal catalyst.

Study of the interaction of metal atoms with nanotubes
important to understand their potential applications, inclu
ing nanowires, high strength composites, metal coated st
tures, and nanoelectronic devices.6 The interaction of mag-
netic atoms with nanotubes could lead to half-meta
systems that are of interest for spintronics devices7,8 as well
as nanomagnets. Such studies also provide the opportun
investigate the magnetism of low dimensional systems. S
carbon nanotubes are ballistic conductors,9–11 the spin polar-
ization of the electrons induced from a magnetic electro
~such as Fe, Co, or Ni! can be preserved as the electro
propagate through the nanotube. For this aim it is neces
to know which elements can best be bonded with nanotu
and how the magnetic properties are affected. Knowledg
the bonding of metal atoms with nanotubes is also impor
to develop low contact resistance materials.12

The interactions of TM atoms with graphite or a graphe
sheet have been studied both experimentally13–17 and
theoretically.18–21 These works show that carbonpz orbitals
(p bonded states! hybridize strongly with thed orbitals
of the TM atoms. The nanotube, however, has signific
curvature, and hence its bonding picture is different fro
that of graphite or a graphene sheet because ofs-p
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hybridization.22,23 Curvature may also lead to a coordinatio
of TM atoms both inside and outside of the nanotube tha
different from the flat graphene sheet. It is interesting
examine these effects for different dopants. Faganet al.24

studied the interaction of an Fe atom on an~8,0! semicon-
ducting zigzag nanotube. The most stable configuration
found to be a hole site outside of the nanotube~Fig. 1! some-
what similar to an Fe atom on graphite, with magnetic m
ments higher for the outside configuration than the inside
another recent study25 adsorption of several metal atoms w
considered for~8,0! zigzag and~6,6! armchair nanotubes in
order to understand the variations in binding energies as
as the magnetic properties.

In the present study, we have performed first-princip
calculations to clarify the interaction of 3d-TM atoms ~Fe,
Co, and Ni! on SWNTs and a graphene sheet. We have c
centrated our efforts on armchair nanotubes due to their

FIG. 1. Considered adsorption sites for a single atom on
graphene sheet (bridge5bridge-2! and SWNT.
©2004 The American Physical Society14-1
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YOSUKE YAGI et al. PHYSICAL REVIEW B 69, 075414 ~2004!
portance to electron transport. In order to emphasize the
fects of curvature, we have investigated the~4,4! armchair
SWNT, which has a diameter of about 5.5 Å, and compa
the results with those of the graphene sheet and the la
diameter~8,8! SWNT. The effects of TM atoms on the prop
erties of SWNTs and graphene sheets and the curvature
pendence of those effects have been analyzed. Finally
briefly discuss results for the~4,4! SWNT and graphene
doped with TM dimers.

II. METHOD

All calculations were performed with a spin-polarize
first-principles pseudopotential plane-wave approach ba
on the density functional method and ultraso
pseudopotentials.26–28We took the cutoff energy of the plan
waves to be 287 eV for all calculations. The 3d4s and 2s2p
orbitals were treated as valence states for the TMs and
bon, respectively. For the exchange-correlation energy
used the generalized gradient approximation designed
Perdew and Wang.29

Calculations were performed for the graphene sheet
the ~4,4! and ~8,8! SWNTs. All were considered as isolate
and infinite in extent or length. For this purpose, we us
periodic boundary conditions on supercell geometries w
sufficient lateral separations among neighboring layers~10
Å! or tubes~7 Å!. In order to reduce the interaction of tran
sition metal atoms or dimers in neighboring nanotube ce
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we used supercells two@4.92 Å for the~8,8! SWNT# or four
@9.85 Å for the~4,4! SWNT# times larger than the unit cell in
the axial direction. For the same reason, we employe
graphene supercell containing 32 carbon atoms.

Structural optimizations were performed using the con
gate gradient method. The Brillouin zone was sampled w
131321, 131341, and 93931 k points for the~4,4!,
~8,8!, and graphene sheet calculations, respectively. Thz
direction was taken either along the nanotube axis or perp
dicular to the graphene sheet. To improve the energy con
gence we introduced partial occupancies using Gaus
broadening with a width ofs50.01 eV. In some cases
when the calculated system was known to be metallic,
used the Methfessel-Paxton method30 instead of the Gaussia
smearing method. Structural optimizations were deemed
ficiently converged when the forces were less than 5 meV
.

III. RESULTS AND DISCUSSION

Three distinct sites were considered for a single atom o
graphene sheet, and one additional site was considered
the SWNTs. These consist of an atom~i! directly above a C
atom~atop site!, ~ii ! above the center of hexagon~hole site!,
~iii ! over a C-C bond~bridge site!, and finally ~iv! an in-
equivalent bridge site~bridge-2 site! for the nanotubes.
These sites are shown in Fig. 1. A summary of results for
stable configurations is given in Table I.
s. The

ined by
TM-C
TABLE I. Summary of results for transition metal atoms on the graphene sheet and nanotube
binding energy~BE! per TM atom is defined byEpure1ETM2Edoped. The values of the magnetic momentm
are for the local magnetic moments of the transition metal atoms, i.e. the magnetic moments determ
integrating the spin over the Voronoi cells. The number of nearest carbon neighbors with the same
bond length is indicated in parentheses.

Site BE mTM TM-C dist.
~eV/TM! (mB) ~Å!

graphene Fe hole 0.99 2.1 2.12~6!, ~height51.51!
Co hole 1.58 1.0 2.10~6!, ~height51.49!

bridge 1.44 1.0 1.96~2!, ~height51.86!
Ni hole 1.53 0.0 2.12~6!, ~height51.52!

bridge 1.22 0.0 1.95~2!, ~height51.88!
~4,4! SWNT Fe outside hole 1.33 3.1 2.14~4!, 2.41 ~2!

outside bridge-2 1.18 4.0 2.12~2!

outside bridge 1.15 3.9 2.08, 2.11
inside hole 1.13 2.3 2.01~2!, 2.21 ~4!

Co outside atop 1.90 1.3 1.90, 2.08~2!, 2.30, 2.36
outside hole 1.86 1.3 2.07~2!, 2.10 ~2!

outside bridge 1.64 1.3 1.93~2!

inside hole 1.61 1.0 1.95~2!, 2.16 ~4!

Ni outside atop 2.00 0.0 1.87, 2.06, 2.07
outside hole 1.76 0.0 2.08~2!, 2.09 ~2!, 2.31, 2.34
outside bridge 1.69 0.0 1.91~2!

inside hole 1.31 0.0 2.00~2!, 2.24 ~4!

~8,8! SWNT Co inside hole 1.65 1.1 2.02~2!, 2.12 ~4!

outside hole 1.63 1.2 2.09~4!, 2.21 ~2!

outside bridge 1.30 1.3 1.98~2!
4-2
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STABLE GEOMETRIES AND MAGNETIC PROPERTIES . . . PHYSICAL REVIEW B 69, 075414 ~2004!
A. Interaction of a single atom with graphene

For graphene, we found the hole site to be the most st
for each element after optimization, while the atop site
unstable. The bridge site is also unstable for Fe. As see
Table I, for the stable sites the TM-C distances are qu
similar for all atoms. The bond lengths for the more high
coordinated hole site are longer than for the bridge site.
magnetic moments of the TM atoms on graphene are redu
by up to 2mB relative to the free atom. The reason for th
reduction, as well as others to follow, will be discussed
Sec. III D in terms of the promotion of 4s electrons to 3d
states.

Two theoretical studies concerning interactions betw
TM atoms and graphene have been published previously20,21

Duffy et al.20 used a linear combination of atomic orbita
molecular-orbital approach within the density function
method, where the exchange-correlation effects were
cluded within the local spin density approximation~LSDA!.
Their results for the most stable sites, magnetic mome
and TM heights agree closely with our results. The bind
energies of the TM atoms from our calculations are, ho
ever, smaller than theirs. This may be due to the use of
LSDA in their calculations. Aside from the subtle case
graphite,31 local density methods tend to overestimate bin
ing more significantly than those that incorporate gradi
corrections,32,33 and this overestimation has been seen to
cur in transition metal systems.34–36 Considering the use o
pseudopotentials, the calculations of Duffyet al. include the
3s and 3p electrons of the TM atoms in the valence, and t
good agreement with our results suggests that our appr
mation, including only the 3d and 4s electrons in the va-
lence, is reasonable for this type of calculation.

On the other hand, Menonet al.21 studied Ni on graphene
and found that the Ni atom exhibits a magnetic moment
0.2mB compared to zero found by us and Duffyet al.Menon
et al. employed the tight-binding molecular dynami
method, which uses parameters fitted to experimental anab
initio results. Their tight-binding method requires not on
parameters for the transfer integral matrix and overlap in
gral matrix elements, but also parameters for the interac
between the TM atoms and the graphene sheet. These pa
eters were obtained from density functional calculations
NimCn , n1m<4 clusters. The authors obtained an ene
difference of 15.4 eV for Ni at the atop and hole sites. T
large difference suggests their parametrization was in
equate for the study of TM atoms on graphene.

B. Interaction of a single atom with the „4,4… SWNT

As shown in Fig. 1, four sites were considered for a sin
atom bound to the SWNT wall. Since the nanotube has b
inside and outside surfaces, a total of 8 sites were conside

Looking first at Fe, we see from Table I that, for inside t
tube, only the hole site is stable, as the Fe atom initia
placed at all other sites moves to the hole site after geom
optimization. In the case of the outside of the tube, th
sites, the hole, bridge, and bridge-2, are stable upon re
ation. An Fe atom initially placed at the atop site migrates
the bridge-2 site. The hole site is the most favored. Th
07541
le
s
in
e

e
ed

n

l
n-

s,
g
-
e

f
-
t
-

e
xi-

f

-
n
m-
r
y
s
d-

e
th
d.

y
ry
e
x-
o
e

results show some interesting differences with recent ca
lations on an~8,0! zigzag SWNT by Faganet al.,24 where the
authors found the hole site outside of the nanotube to be
most stable~1.40 eV, with a magnetic moment of 3.9mB),
followed by the atop and bridge sites. Durgunet al.25 con-
sidered only the outside configurations of the~8,0! nanotube
and obtained a 0.8-eV binding energy and a 2.3mB magnetic
moment for the hole site. The disparity between our res
and those for the~8,0! nanotube most likely occur due to th
differences in curvature for the two types of nanotubes.
seen in Table I, the magnetic moment of the Fe atom at
outside hole site is larger than the atom either the inside h
site or on the graphene sheet. From the table we can also
that the two bridge sites, which have the lowest coordinati
have the highest magnetic moments. For these two sites,
ferences in the occupation between the majority and mino
d levels are similar to the isolated atom, but for the oth
sites, the minorityd occupation is higher, resulting in a ne
reduction of the magnetic moment. The band structures
the undoped and most stable inside and outside config
tions of the~4,4! nanotube are shown in Fig. 2, and all a
metallic. For the inside hole configuration the majority ban
in the vicinity of the Fermi level are only slightly perturbed
as the TM atom derived states lie below the Fermi lev
However, the minority bands show significant hybridizati
of the TM and nanotube states. There is an opening o
small gap just above the Fermi energy, making it close t
half-metal. For the outside hole configuration both the m
jority and minority bands of the nanotube have significa
hybridization with thed states of the TM atom.

As with Fe doping, only the hole site is stable when a
atom is located inside the nanotube. For the outside, th
sites, the atop, hole, and bridge, are stable on relaxatio
Co atom initially placed at the bridge-2 site moves to t
atop site. The magnetic moment is about 1mB for each site,
which is also the case for graphene. The atop site, whic
unstable for graphene, is the most stable site; however,
energy difference between the atop and hole sites is s
~0.04 eV!. Therefore, it may be possible for a Co atom at t
atop site to migrate to the hole site at room temperature.
binding energy of Co is significantly higher~1.90 eV! than
Fe ~1.33 eV!. Similar behavior was obtained25 for Co on an
~8,0! nanotube, but in this case the hole site was of low
energy. The atomic structure of the outside atop site for
~4,4! SWNT doped with a Co atom is shown in Fig. 3. On
can see that Co and its neighboring carbon atoms form
sp3-like configuration. This site also has special significan
for the armchair nanotubes. The existence of the TM at
breaks the mirror symmetry of the~4,4! SWNT and lifts the
degeneracy of thep andp* bands.37 Consequently, a smal
gap is generated near the Fermi level~Fig. 4!. This small gap
will contribute to the increasing resistivity of SWNTs at lo
temperature. Finally, it is very interesting that the~4,4!
SWNT doped with a Co atom at the inside hole site can a
be half-metallic~Fig. 2!, i.e., the majority spin state is me
tallic, and the minority spin state is semiconducting. Ha
metallic materials are important because of their uniq
magneto-transport properties38 and application to spintronics
devices.39
4-3



l

YOSUKE YAGI et al. PHYSICAL REVIEW B 69, 075414 ~2004!
FIG. 2. Band structures for the
~4,4! SWNT doped with transition
metal atoms. The Fermi leve
(EF50) is indicated by the
dashed line.
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The stable sites for Ni are the same as for Co. The bind
energy of Ni is similar to that of Co. Similar behavior ha
been obtained for Ni on an~8,0! nanotube25 where the mag-
netic moment of Ni is almost fully quenched, though aga
the adsorption site differs. Ni at the outside atop site, wh
is the most stable, causes a small gap at the Fermi level~Fig.

FIG. 3. Geometric structure of the outside atop site for the~4,4!
SWNT doped with a Co atom; overview~right! and cross section
perpendicular to the tube axis~left!.
07541
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4!, as also happens with Co. Owing to the additionald elec-
tron contributed by the Ni atom, the identical majority an
minority spin bands are more similar to the Co majority sp
bands than the minority spin. These results show the in
esting possibility of tailoring the properties of nanotubes
TM doping.

C. Interaction of Co with the „8,8… SWNT

To investigate curvature effects upon TM atom dopin
we studied the~8,8! SWNT, which has a diameter twice a
large as the~4,4! nanotube. Co doping is the most represe
tative, because the Co-doped SWNTs have net magnetic
ments and the adsorption sites are mostly the same as fo
doping. Therefore, we calculated the~8,8! SWNT doped only
with Co.

As mentioned earlier, we employed a supercell two tim
longer than the unit cell@half as long as for the~4,4! nano-
tube# to minimize computational time. However, the short
interval between the TM atoms could allow for greater int
4-4
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FIG. 4. Band structure near th
Fermi level of the pure~4,4!
SWNT, and the SWNT doped
with Co and Ni at the outside atop
sites. The Fermi level (EF50) is
indicated by the dashed line.
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actions between TM atoms in neighboring supercells. To
timate this effect, we calculated the~4,4! SWNT doped with
Co using the smaller supercell~two units! and compared the
results with those using the larger supercell~four units!. The
differences between two units and four units are shown
Table II. The TM geometries and magnetic moments are
changed significantly with the supercell length. On the ot
hand, the binding energy and energy gap at the Fermi le
do have some differences. The difference in the binding
ergy (DBE) for the inside hole site is 0.12 eV. Also, th
shorter interval between the TM atoms increases the gap
makes the~4,4! SWNT doped on the outside hole site
half-metal. Therefore, calculations for the~8,8! nanotube us-
ing two units may also be similarly affected.

As in the case with doping of the~4,4! SWNT, four inside
sites and four outside sites were considered for the~8,8!
SWNT. For the inside of the nanotube, only the hole site
stable, as the Co atom initially placed at all other sites mo
to the hole site after geometry optimization. Outside the tu
two sites, the hole and bridge sites, are stable on relaxa
The outside atop site, which is the most stable site for
~4,4! SWNT, is unstable here. A Co atom initially placed
the atop or bridge-2 site migrates to the hole site.

The energy difference between the inside hole and out
hole sites is only 0.02 eV, with the inside site being mo
favorable. In contrast, for the~4,4! SWNT the difference
between the two sites is 0.24 eV and the outside site is m
favorable. This demonstrates one aspect of curvature. S
the ~8,8! SWNT has a diameter of about 11 Å its curvature
relatively small. Therefore, thep character inside the nano
tube does not significantly differ from the outside. Co dopi
at the inside hole and outside hole sites makes the~8,8! half-
metallic with gaps of about 0.25 and 0.20 eV, respectively
the minority spin component, similar to the~4,4! SWNT.
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D. Curvature effects

The curvature dependence of the binding energy at
hole site is shown in Fig. 5. As discussed earlier, the outs
of the ~4,4! SWNT is the most stable for all elements, whi
for the inside, the relative energy varies with the type of T
atom. The preference for a TM atom to bond with a nanotu
over graphene is consistent with results from x-ray diffra
tion experiments.40 Fe and Co atoms favor a positive rath
than zero curvature~on graphene!; however, the energy o
the Ni atom changes linearly with curvature. The C-Cp
bonds that participate in bonding with the TM atom chan
monotonically with the curvature~Fig. 5!. Therefore, we
might expect as a first approximation that the TM atom bin
ing energy will also vary monotonically. However, the coo
dination number is different for the same site inside and o
side of the nanotube. For instance, the inside hole site
two nearest neighbor C atoms and the outside hole site
four ~Fig. 5!. Therefore, the energy does not depend only
the curvature but on a more subtle interplay of curvatu
preferred coordination, and magnetization energy.

Only for the Fe atom does the magnetic moment cha
significantly with curvature. The magnetic moments for t
outside of the~4,4! SWNT are larger than those for eithe
graphene or the inside of the nanotube. All the magne
moments of the TM atoms except for Fe on the outside of
tube are about 2mB lower than those of the free atoms. Duff
et al. examined the molecular orbitals of Fe at the hole s
on graphene, and found the reduction of the magnetic m
ment to be caused by the promotion of the 4s electrons into
3d orbitals.20 In a simple atomic picture, this is equivalent
the conversion of a 3d64s2 state with a magnetic moment o
4mB to a 3d8 state with a moment of 2mB . Looking at the
local density of states for Fe at the inside hole and outs
the
s

TABLE II. Differences in~4,4! SWNT results obtained by using the supercells two times larger than
unit cell ~two units! and four times larger than the unit cell~four units!. The majority and minority band gap
~BG! are calculated separately. The difference in values is obtained from~four units!–2 3 ~two units!.

DBE422 Dm BG, two units~eV! BG, four units~eV!

~eV! (mB) majority spin minority spin majority spin minority spin

outside atop 20.01 0.03 ;0.1 ;0.1 ;0.1 ;0.1
outside hole 0.00 0.14 0.0 ;0.2 0.0 0.0
outside bridge 20.03 20.05 0.0 0.0 0.0 0.0
inside hole 20.12 0.03 0.0 ;0.4 0.0 ;0.1
4-5
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YOSUKE YAGI et al. PHYSICAL REVIEW B 69, 075414 ~2004!
hole sites~Fig. 6!, we can see that the states withs character
for the inside hole site lie predominantly above the Fer
level and are thus unoccupied. The minority spins character
levels for the outside hole site are also unoccupied, while
corresponding majority spin levels straddle the Fermi le
and are partially occupied. Thus, for the inside hole site
observe greater promotion of the 4s electrons into the 3d
orbitals, resulting in a lower local moment for the inside s
compared to the outside site. Similar behavior was seen
Faganet al.24 for Fe on an~8,0! nanotube.

From the above discussion we can say that a TM atom
graphene or a nanotube will generally be in ad-rich (s-poor!
state. In addition to the reduction in the local magnetic m
ment, this also explains the smaller binding energy of
compared to the other TM atoms studied here. The 4s-3d
interconfigurational energies for 3d TMs have been investi
gated by many researchers, both experimentally41 and
theoretically.42,43According to these works, the 4s-3d inter-
configurational energy for Fe is larger than for Co or Ni, i.
a d-rich state is unfavorable for isolated Fe. The most sta
state for the TM atom bonding to graphene or a nanot
will be determined by the reduction in energy caused
bond formation and the increase in energy resulting fr
changes in the magnetic state. Therefore, because si
changing the magnetic state of Fe is relatively costly,
magnetic state of Fe will most easily be changed with
environment, i.e., curvature. Further, because the increa
energies resulting from the changing magnetic state for
and Ni are small, the magnetic states can always bed rich,
and the magnetic moments will not vary with curvature.

Finally, curvature changes the C-C bond angle of the~4,4!
SWNT from 120° ~as for graphene! to 119.2° and 117.8°,
which is tending slightly towards the bond angles in thesp3

configuration of diamond (109.5°). Thus, thesp2 bonds in
the ~4,4! SWNT also acquire somesp3-like character. It fol-
lows that the atop site of the~4,4! is the most stable for Co
and Ni, though that of graphene or the~8,8! SWNT is un-
stable. In a truesp3 configuration, the TM atom should be a

FIG. 5. Curvature dependence of the binding energy at the
site. Figures under the horizontal axis show the charge densit
the p orbital bonding with the transition metal atom. The atom
structure illustrates the difference in coordination between the
side and outside nanotube sites. Note that the hole site is no
most stable for all the systems studied here.
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the apex of the tetrahedron consisting of four C atoms.
graphene and inside the nanotube, the cost of generating
tetrahedron is large, causing the atop site to be unstable

E. Interaction of a dimer with graphene

In order to understand the role of TM-TM interactions
TM-C bonding, we investigated dimer doping on graphe
and the~4,4! SWNT. We considered three different config
rations for the bonding of a TM dimer to a graphene she
with the TM atoms each placed at the hole, bridge, and a
sites, similar to the single atom placements. From Table
we can see that for Fe, the bridge site has the highest bin
energy, while the atop site is unstable and relaxes to
bridge site. All three sites are stable for both Co and Ni. T
bridge site is also most stable for Co, whereas for Ni
bridge and atop sites are nearly degenerate. These resul
in good agreement with the previous local density appro
mation calculation,20 except for the ordering of the Ni bridg
and atop sites. All of the stable sites are favored over
isolated dimer~Table III!.

The TM dimer bond lengths are elongated by 0.14–0
Å due to interaction with the graphene sheet. The bo
lengths at the highly coordinated hole site are the long
The shortest TM-carbon bond lengths vary between 1.9
~Ni atop site! and 2.25 Å~Fe hole site!, with the shortest
bond lengths occurring for the sites with lowest coordinatio
For comparison, the calculated values of the isolated dim
bond lengths are 1.97, 1.96, and 2.09 Å for Fe, Co, and
respectively. Unlike single-atom adsorption, interaction
the TM dimer with the graphene sheet does not gener
lead to a reduction in the dimer magnetic moments~Table
III !, where the free dimer moments are 3mB /atom,
2mB /atom, and 1mB /atom for Fe, Co, and Ni, respectively
This is due, in part, to the elongation of the TM dimer a

le
of

-
he

FIG. 6. Local density of states~LDOS! of Fe at the inside hole
and outside hole sites of the~4,4! SWNT. The Fermi level (EF

50) is indicated by the dashed line.
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TABLE III. Summary of results for transition metal dimers on a graphene sheet. The binding energ
TM atom is defined by (Epure12ETM2Edoped)/2. HereDBE is calculated with respect to the binding energ
of the isolated dimers~1.56, 1.93, and 1.53 eV for Fe, Co, and Ni, respectively!. The values of the magnetic
momentm are for the local magnetic moments of the transition metal atoms. The number of nearest
neighbors with the same TM-C bond length is indicated in parentheses. The TM-C distances are the s
both TM atoms.

Site BE DBE mTM TM-TM dist. TM-C dist.
~eV/TM! ~eV/TM! (mB) ~Å! ~Å!

Fe bridge 1.83 0.27 3.2, 3.2 2.11 2.12, 2.17
hole 1.75 0.19 3.1, 3.5 2.22 2.25~2!, 2.31 ~2!

atop — — — — —
Co bridge 2.19 0.26 2.1, 2.1 2.08 2.09~2!

atop 2.09 0.16 2.2, 2.2 2.08 2.05, 2.36~2!

hole 2.04 0.11 2.1, 2.1 2.35 2.24~2!, 2.25 ~2!, 2.28 ~2!

Ni bridge 1.85 0.32 1.0, 1.0 2.24 2.06~2!

hole 1.84 0.31 0.0, 0.0 2.41 2.16~2!, 2.17 ~2!, 2.18 ~2!

atop 1.78 0.25 1.0, 1.0 2.24 1.99, 2.33~2!
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TM-C bonds. The only exception occurs for the Ni hole si
where the TM-C distances are similar for both the sin
atom and dimer, and the magnetic moments are comple
quenched.

F. Interaction of a dimer with the „4,4… SWNT

As with the single atom, the curvature of the~4,4! SWNT
greatly increases the number of possible bonding sites for
TM dimer. In our calculations, we have limited the sites
four outside sites~bridge, hole, atop anti-parallel, and ato
parallel! and four inside sites~straddle, atop non-aligned
hole parallel, and center!. For all TM atoms, all inside sites
were considered. For Ni and Co, all outside sites were a
examined, while for Fe, the least likely sites from the sin
atom calculations were excluded. The stable optimized
ometries are shown in Figs. 7–9.

For all TM atoms, the outside of the nanotube is mo
favorable to bonding than the inside~Table IV!. The outside
bridge site is most favorable for Fe. This site also has
highest binding energy for Co, while for Ni, the site wi
highest binding energy is the outside atop site parallel to
long axis of the nanotube. This atop site is actually a str
ture intermediate to a true atop or bridge site, since both
atoms are two-fold coordinated with their carbon neighbo
The increase in binding energy compared to the single a

FIG. 7. Optimized configurations for the~4,4! SWNT doped
with an Fe dimer. Outside: bridge and hole. Inside: straddle, a
non-aligned, hole parallel, and center.
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is due to TM-TM interactions. Relative to the free dimer a
nanotube energies, all outside sites are favored~Table IV!.
However, for Fe, all inside sites are higher in energy, as
the Co and Ni hole parallel sites.

It is interesting that a TM atom placed inside the nanotu
along its long axis~the center site! is either unstable~for Co
and Ni! or has the smallest binding energy of all the sit
considered~for Fe!. This result suggests that formation of
one-dimensional atomic wire within the nanotube would
unlikely. However, the formation of a spiral chain~from the
atop non-aligned structure! or a zigzag chain~from the
straddle structure! inside the nanotube may be possible if t
TM atoms could enter the nanotube. Indeed, Yanget al.44

recently performed calculations for Co and Fe chains in
~9,0! zigzag SWNT and obtained large magnetic mome
and high spin polarization for these structures, while Fag
et al.45 studied an Fe chain on an~8,0! zigzag SWNT. Recent
calculations46 also show that Ti forms a continuous chain o
a variety of SWNTs and transforms semiconducting na
tubes into metallic ones. Ti has also been found47 to facilitate
metal wire formation on nanotubes due to strong interato
interactions.

Table IV shows that, similar to graphene, the TM dim
bond lengths for the~4,4! SWNT vary between 2.07 and 2.4
Å. Except for the center site, there is less variation in
TM-C bond lengths than for graphene. This is due to

p
FIG. 8. Optimized configurations for the~4,4! SWNT doped

with a Co dimer. Outside: bridge, atop anti-parallel, and atop p
allel. Inside: atop non-aligned, straddle, and hole parallel.
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YOSUKE YAGI et al. PHYSICAL REVIEW B 69, 075414 ~2004!
curvature of the nanotube, in which there are no bond
sites with higher than four-fold coordination.

Our results show that the interactions between TM ato
are generally ferromagnetic for Fe and Co. The Ni-dop
nanotubes are typically non-magnetic. The net magnetic
ments (6.2mB and 4.0mB , respectively! of the most favored
sites for the Fe and Co dimers are large and close to the
dimer values, suggesting that such TM-doped nanotu
could be useful as nanomagnets. The moments for the
inside the nanotube are reduced or completely quenched
all TM dopants. The Fe atoms at the inside hole parallel s
have different local magnetic moments due to the asymm
of the bonding, in which one of the Fe atoms is pulled aw
from the nanotube wall. Band structure calculations sh
that for the most favored sites the nanotubes are metalli

FIG. 9. Optimized configurations for the~4,4! SWNT doped
with a Ni dimer. Outside: atop parallel, bridge, atop anti-paral
and hole. Inside: straddle, and hole parallel.
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The lowest energy bonding sites for the TM dimers on
nanotube are similar to those on the graphene sheet in
each dimer atom is two-fold coordinated with carbon, w
similar magnetic moments for Fe and Co. The largest diff
ence in binding energies between the most favored ins
and outside nanotube sites is 0.95 eV, and for all TM ato
the binding energy varies monotonically with curvature. U
like graphene, there is no clear trend between single a
and dimer interaction with the nanotube. For Fe, the TM
bond lengths at the most favored dimer site are shorter t
for the atom, resulting in slightly lower local moments~Table
IV !, while the opposite case occurs for Co. For Ni the bo
lengths are nearly the same. These results illustrate the
ness of the properties that can be achieved by doping w
magnetic atoms.

IV. SUMMARY

In conclusion, we have studied the interaction of TM a
oms on graphene and small armchair nanotubes. Our re
show that curvature has a significant effect on the most
vored bonding sites and magnetic moments of the TM ato
For the single atom, the sixfold coordinated hole site
graphene is favored, but the curvature of the~4,4! SWNT
leads to favored sites with lower coordination, and allows
higher magnetic moments, as in the case of Fe. Doping w

,

y
,
r and
er of
TABLE IV. Summary of results for transition metal dimers bound to the~4,4! SWNT. The binding energy per TM atom is defined b
(Epure12ETM2Edoped)/2. HereDBE is calculated with respect to the binding energies of the isolated dimers~1.56, 1.93, and 1.53 eV for Fe
Co, and Ni, respectively!. A negative value inDBE indicates the dimer-nanotube system is unbound with respect to the free dime
isolated nanotube. The values of the magnetic momentm are for the local magnetic moments of the transition metal atoms. The numb
nearest carbon neighbors with the same TM-C distance is indicated in parentheses.

Site BE DBE mTM TM-TM dist. TM1-C dist. TM2-C dist.
~eV/TM! ~eV/TM! (mB) ~Å! ~Å! ~Å!

Fe outside bridge 2.36 0.80 3.2, 3.2 2.15 2.06~2! 2.06 ~2!

outside hole 1.86 0.30 3.3, 3.4 2.47 2.24~2!, 2.32 ~2! 2.24, 2.25,
2.29 ~2!

inside straddle 1.41 20.15 0.0, 2.9 2.20 1.97~2!, 2.17 ~2!

2.05 ~2!, 2.26 ~2!

inside atop non-aligned 1.31 20.25 0.0,0.1 2.31 1.95 - 2.03~4! 1.95 - 2.03~4!

inside hole parallel 1.30 20.26 2.3,20.2 2.42 2.06 - 2.20~4! 1.93 - 2.23~6!

inside center 1.24 20.32 3.4, 3.4 2.20 2.76
Co outside bridge 2.69 0.76 2.1, 2.1 2.07 2.03~2! 2.03 ~2!

outside atop anti-parallel 2.64 0.71 2.0, 2.0 2.21 2.04, 2.09~2! 2.04, 2.09~2!

outside atop parallel 2.58 0.65 2.1, 2.1 2.11 1.99, 2.16 1.99, 2.15
inside atop non-aligned 2.03 0.10 20.3, 0.3 2.35 1.95 - 2.05~4! 1.95 - 2.05~4!

inside straddle 2.02 0.09 1.1,20.1 2.27 2.02~2!, 2.01 ~2!, 2.05 ~2!

2.15, 2.16
inside hole parallel 1.87 20.06 1.1, 1.1 2.40 1.98 - 2.28~6! 1.98 - 2.31~6!

Ni outside atop parallel 2.37 0.84 0.0, 0.0 2.37 1.90, 2.01 1.90, 2.00
outside bridge 2.29 0.76 0.1, 0.1 2.24 1.98~2! 1.98 ~2!

outside atop anti-parallel 1.75 0.22 0.4, 0.4 2.24 1.99, 2.06~2! 1.99, 2.06~2!

outside hole 2.02 0.49 0.0, 0.0 2.42 2.13~3!, 2.14 2.12~2!, 2.14 ~2!

inside straddle 1.68 0.15 0.0, 0.0 2.34 2.07 - 2.12~4! 2.07 - 2.12~4!

inside hole parallel 1.44 20.09 0.0, 0.0 2.44 2.05 - 2.17~2! 2.06 - 2.16~4!
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TM dimers leads to lowest energy structures that have la
magnetic moments for Fe and Co. Spiral and zigzag ch
may form in the nanotubes if TM atoms enter the nanotu
These results may be helpful to understand further TM w
structures in nanotubes. The large moments of the Fe an
doped structures, as well as the half-metallic behavior
certain single-atom Co doped structures, could be usefu
magnetic device and spintronics applications.
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