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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 8 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-¢hgedano-
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 thé8,8) nanotube, the interaction of Co becomes more favorable inside the nanotube.
Doping of a single Co atom transforms tte4) 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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. INTRODUCTION hybridization?>?® Curvature may also lead to a coordination
of TM atoms both inside and outside of the nanotube that is
Single-walled carbon nanotub¢SWNTS were first dis-  different from the flat graphene sheet. It is interesting to
covered in arc discharge from a carbon rod containing tranexamine these effects for different dopants. Fagaal®*
siton metal (TM) catalysts®?> Thereafter, substantial Studied the interaction of an Fe atom on @y0) semicon-
progress has been made to synthesize SWNTs using oth@Hcting zigzag nanotube. The most stable configuration was
methods such as laser-ablafforor chemical vapor foundto be a hole site outside of the nanot(iig. 1) some-
deposition® A common feature among these methods is theVhat similar to an Fe atom on graphite, with magnetic mo-

requirement of a metal or a metal compound catalyst. ifnents higher for the outside configuration than the inside. In
particular, 21-TMs (Fe, Co, and Niare frequently used, and another recent studyadsorption of several metal atoms was

can mix with the nanotubes to affect their electronic andCOnSIdered foX8,0 zigzag and(6,6) armchair nanotubes in

magnetic properties. This has been demonstrated by Griglc())_rder to unders_tand the variations in binding energies as well
as the magnetic properties.

. 5 A
zan et aI];, tzvho observed ag anqrr:gll?us;;e[nper'ature'?hept)ﬁ " In the present study, we have performed first-principles
ence of thermopower and resistivity that varies wi €calculations to clarify the interaction ofd3TM atoms (Fe,

metal catalyst. Co, and Nj on SWNTs and a graphene sheet. We have con-

~ Study of the interaction of metal atoms with nanotubes i;gnrated our efforts on armchair nanotubes due to their im-
important to understand their potential applications, includ-

ing nanowires, high strength composites, metal coated struc-
tures, and nanoelectronic devide$he interaction of mag-
netic atoms with nanotubes could lead to half-metallic
systems that are of interest for spintronics devi€es well

as nanomagnets. Such studies also provide the opportunity to
investigate the magnetism of low dimensional systems. Since
carbon nanotubes are ballistic conductbrs,the spin polar-
ization of the electrons induced from a magnetic electrode
(such as Fe, Co, or Nican be preserved as the electrons
propagate through the nanotube. For this aim it is necessary
to know which elements can best be bonded with nanotubes
and how the magnetic properties are affected. Knowledge of
the bonding of metal atoms with nanotubes is also important
to develop low contact resistance materfals.

The interactions of TM atoms with graphite or a graphene
sheet have been studied both experimentilly and
theoretically'®=2! These works show that carbqm orbitals
(7 bonded statgshybridize strongly with thed orbitals
of the TM atoms. The nanotube, however, has significant
curvature, and hence its bonding picture is different from FIG. 1. Considered adsorption sites for a single atom on the
that of graphite or a graphene sheet becausecof graphene sheet (bridgeoridge-2 and SWNT.

nanotube axis B

. Jbridge
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portance to electron transport. In order to emphasize the efve used supercells twj@.92 A for the(8,8) SWNT] or four
fects of curvature, we have investigated {ded) armchair  [9.85 A for the(4,4) SWNT] times larger than the unit cell in
SWNT, which has a diameter of about 5.5 A, and comparedhe axial direction. For the same reason, we employed a
the results with those of the graphene sheet and the larggraphene supercell containing 32 carbon atoms.
diameter(8,8) SWNT. The effects of TM atoms on the prop-  Structural optimizations were performed using the conju-
erties of SWNTs and graphene sheets and the curvature dgate gradient method. The Brillouin zone was sampled with
pendence of those effects have been analyzed. Finally, wex 1x21, 1X1X41, and X 9X1 k points for the(4,4),
briefly discuss results for thé4,4) SWNT and graphene (8,8), and graphene sheet calculations, respectively. Zhe
doped with TM dimers. direction was taken either along the nanotube axis or perpen-
dicular to the graphene sheet. To improve the energy conver-
gence we introduced partial occupancies using Gaussian
broadening with a width ofor=0.01 eV. In some cases,
All calculations were performed with a spin-polarized when the calculated system was known to be metallic, we
first-principles pseudopotential plane-wave approach basedsed the Methfessel-Paxton metfibidstead of the Gaussian
on the density functional method and ultrasoft Smearing method. Structural optimizations were deemed suf-
pseudopotentia® ~28We took the cutoff energy of the plane ficiently converged when the forces were less than 5 meV/A.
waves to be 287 eV for all calculations. Thd4s and X32p
orbitals were treated as valence states for the TMs and car-

IIl. METHOD

bon, respecnvely.. For the gxchange—cgrrelgmon energy we Il RESULTS AND DISCUSSION
used the generalized gradient approximation designed by
Perdew and Wang®’ Three distinct sites were considered for a single atom on a

Calculations were performed for the graphene sheet andgraphene sheet, and one additional site was considered for
the (4,4) and (8,8 SWNTs. All were considered as isolated the SWNTs. These consist of an atdimdirectly above a C
and infinite in extent or length. For this purpose, we usedcatom (atop site, (ii) above the center of hexagdmnole sitg,
periodic boundary conditions on supercell geometries withiii) over a C-C bondbridge sit¢, and finally (iv) an in-
sufficient lateral separations among neighboring layéfs equivalent bridge site(bridge-2 sit¢ for the nanotubes.
A) or tubes(7 A). In order to reduce the interaction of tran- These sites are shown in Fig. 1. A summary of results for the
sition metal atoms or dimers in neighboring nanotube cellsstable configurations is given in Table I.

TABLE I. Summary of results for transition metal atoms on the graphene sheet and nanotubes. The
binding energy(BE) per TM atom is defined b e+ Etm— Eqopea- The values of the magnetic moment
are for the local magnetic moments of the transition metal atoms, i.e. the magnetic moments determined by
integrating the spin over the Voronoi cells. The number of nearest carbon neighbors with the same TM-C
bond length is indicated in parentheses.

Site BE MM TM-C dist.
(eVITM) (me) A)
graphene Fe hole 0.99 2.1 2.18, (height=1.51)
Co hole 1.58 1.0 2.106), (height=1.49
bridge 1.44 1.0 1.962), (height=1.86
Ni hole 1.53 0.0 2.126), (height=1.52
bridge 1.22 0.0 1.9%2), (height=1.88
(4,4 SWNT Fe outside hole 1.33 3.1 2.14), 2.41(2)
outside bridge-2 1.18 4.0 2.12)
outside bridge 1.15 3.9 2.08, 2.11
inside hole 1.13 2.3 2.002), 2.21(4)
Co outside atop 1.90 1.3 1.90, 2.(B, 2.30, 2.36
outside hole 1.86 1.3 2.02), 2.10(2)
outside bridge 1.64 1.3 1.92)
inside hole 1.61 1.0 1.98), 2.16(4)
Ni outside atop 2.00 0.0 1.87, 2.06, 2.07
outside hole 1.76 0.0 2.0Q), 2.09(2), 2.31, 2.34
outside bridge 1.69 0.0 1.92)
inside hole 1.31 0.0 2.0®@), 2.24(4)
(8,8 SWNT Co inside hole 1.65 1.1 2.02), 2.12(4)
outside hole 1.63 1.2 2.0@), 2.21(2)
outside bridge 1.30 1.3 1.98)
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A. Interaction of a single atom with graphene results show some interesting differences with recent calcu-

For graphene, we found the hole site to be the most stabligtions on an(8,0) zigzag SWNT by Fagaet al.** where the
for each element after optimization, while the atop site isauthors found the hole site outside of the nanotube to be the
unstable. The bridge site is also unstable for Fe. As seen ifost stable(1.40 eV, with a magnetic moment of 3.8),
Table 1, for the stable sites the TM-C distances are quitdollowed by the atop and bridge sites. Durgehal** con-
similar for all atoms. The bond lengths for the more highly sidered only the outside configurations of 118¢0) nanotube
coordinated hole site are longer than for the bridge site. Thand obtained a 0.8-eV binding energy and g 3nagnetic
magnetic moments of the TM atoms on graphene are reduceadoment for the hole site. The disparity between our results
by up to 2up relative to the free atom. The reason for this and those for th€8,0) nanotube most likely occur due to the
reduction, as well as others to follow, will be discussed indifferences in curvature for the two types of nanotubes. As
Sec. Il D in terms of the promotion ofstelectrons to @  seen in Table I, the magnetic moment of the Fe atom at the
states. outside hole site is larger than the atom either the inside hole
Two theoretical studies concerning interactions betweesite or on the graphene sheet. From the table we can also see
TM atoms and graphene have been published previdliély. that the two bridge sites, which have the lowest coordination,
Duffy et al?® used a linear combination of atomic orbitals have the highest magnetic moments. For these two sites, dif-
molecular-orbital approach within the density functional ferences in the occupation between the majority and minority
method, where the exchange-correlation effects were ind levels are similar to the isolated atom, but for the other
cluded within the local spin density approximatidrSDA).  sites, the minorityd occupation is higher, resulting in a net
Their results for the most stable sites, magnetic momentgeduction of the magnetic moment. The band structures of
and TM heights agree closely with our results. The bindingthe undoped and most stable inside and outside configura-
energies of the TM atoms from our calculations are, how+ions of the(4,4) nanotube are shown in Fig. 2, and all are
ever, smaller than theirs. This may be due to the use of thenetallic. For the inside hole configuration the majority bands
LSDA in their calculations. Aside from the subtle case ofin the vicinity of the Fermi level are only slightly perturbed,
graphite®! local density methods tend to overestimate bind-as the TM atom derived states lie below the Fermi level.
ing more significantly than those that incorporate gradientHowever, the minority bands show significant hybridization
corrections>*3and this overestimation has been seen to ocof the TM and nanotube states. There is an opening of a
cur in transition metal systeni$-3¢ Considering the use of small gap just above the Fermi energy, making it close to a
pseudopotentials, the calculations of Duéfiyal. include the  half-metal. For the outside hole configuration both the ma-
3s and P electrons of the TM atoms in the valence, and thejority and minority bands of the nanotube have significant
good agreement with our results suggests that our approxhybridization with thed states of the TM atom.
mation, including only the 8 and 4s electrons in the va- As with Fe doping, only the hole site is stable when a Co
lence, is reasonable for this type of calculation. atom is located inside the nanotube. For the outside, three
On the other hand, Menaet al?* studied Ni on graphene, sites, the atop, hole, and bridge, are stable on relaxation. A
and found that the Ni atom exhibits a magnetic moment ofCo atom initially placed at the bridge-2 site moves to the
0.2ug compared to zero found by us and Duéfyal. Menon  atop site. The magnetic moment is aboutglfor each site,
etal. employed the tight-binding molecular dynamics which is also the case for graphene. The atop site, which is
method, which uses parameters fitted to experimentaband unstable for graphene, is the most stable site; however, the
initio results. Their tight-binding method requires not only energy difference between the atop and hole sites is small
parameters for the transfer integral matrix and overlap intet0.04 e\j. Therefore, it may be possible for a Co atom at the
gral matrix elements, but also parameters for the interactioatop site to migrate to the hole site at room temperature. The
between the TM atoms and the graphene sheet. These parahinding energy of Co is significantly high¢t.90 eV} than
eters were obtained from density functional calculations fof~e (1.33 eV). Similar behavior was obtainétifor Co on an
Ni,C,, n+m=4 clusters. The authors obtained an energy(8,0 nanotube, but in this case the hole site was of lowest
difference of 15.4 eV for Ni at the atop and hole sites. Thisenergy. The atomic structure of the outside atop site for the
large difference suggests their parametrization was inad4,4 SWNT doped with a Co atom is shown in Fig. 3. One
equate for the study of TM atoms on graphene. can see that Co and its neighboring carbon atoms form an
sp*-like configuration. This site also has special significance
. . . for the armchair nanotubes. The existence of the TM atom
B. Interaction of a single atom with the (4,4) SWNT breaks the mirror symmetry of thHd,4) SWNT and lifts the
As shown in Fig. 1, four sites were considered for a singledegeneracy of ther and 7* bands>’ Consequently, a small
atom bound to the SWNT wall. Since the nanotube has botlgap is generated near the Fermi leiigly. 4). This small gap
inside and outside surfaces, a total of 8 sites were consideredill contribute to the increasing resistivity of SWNTs at low
Looking first at Fe, we see from Table | that, for inside thetemperature. Finally, it is very interesting that tli,4)
tube, only the hole site is stable, as the Fe atom initiallySWNT doped with a Co atom at the inside hole site can also
placed at all other sites moves to the hole site after geometrge half-metallic(Fig. 2), i.e., the majority spin state is me-
optimization. In the case of the outside of the tube, thredallic, and the minority spin state is semiconducting. Half-
sites, the hole, bridge, and bridge-2, are stable upon relaxnetallic materials are important because of their unique
ation. An Fe atom initially placed at the atop site migrates tomagneto-transport propertisand application to spintronics
the bridge-2 site. The hole site is the most favored. Thesdevices>®
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The stable sites for Ni are the same as for Co. The binding), as also happens with Co. Owing to the additioth&lec-
energy of Ni is similar to that of Co. Similar behavior has tron contributed by the Ni atom, the identical majority and
been obtained for Ni on af8,0) nanotub& where the mag- minority spin bands are more similar to the Co majority spin
netic moment of Ni is almost fully quenched, though againbands than the minority spin. These results show the inter-
the adsorption site differs. Ni at the outside atop site, whichesting possibility of tailoring the properties of nanotubes by
is the most stable, causes a small gap at the Fermi (Eiggl TM doping.

S

C. Interaction of Co with the (8,8) SWNT

» » To investigate curvature effects upon TM atom doping,
» > we studied thg8,8) SWNT, which has a diameter twice as
large as thd4,4) nanotube. Co doping is the most represen-
» 3 tative, because the Co-doped SWNTs have net magnetic mo-
» ments and the adsorption sites are mostly the same as for Ni
B > doping. Therefore, we calculated tf&8 SWNT doped only
L] with Co.
As mentioned earlier, we employed a supercell two times
FIG. 3. Geometric structure of the outside atop site for(thd)  longer than the unit cellhalf as long as for thé¢4,4) nano-
SWNT doped with a Co atom; overvie@ight) and cross section tube] to minimize computational time. However, the shorter
perpendicular to the tube axikeft). interval between the TM atoms could allow for greater inter-
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actions between TM atoms in neighboring supercells. To es- D. Curvature effects

timate this effect, we calculated tlié,4) SWNT doped with The curvature dependence of the binding energy at the

g;ljtssmv%ittmhsor;]:"e;r?u?ﬁ;cg:”zrug'@e?géucomptgre_?hthe hole site is shown in Fig. 5. As discussed earlier, the outside
using ger sup runits. the - the (4,4 SWNT is the most stable for all elements, while

differences between two units and four units are shown 'r}or the inside. the relative enerav varies with the t FTM
Table Il. The TM geometries and magnetic moments are not ' gy varies € lypeo

changed significantly with the supercell length. On the othelatom' The preference fgr aTMm gtom to bond with nanotube
hand, the binding energy and energy gap at the Fermi levé]Ve" graphene |s0 consistent with results from x-ray diffrac-
do have some differences. The difference in the binding enlo" experiment§? Fe and Co atoms favor a positive rather
ergy (ABE) for the inside hole site is 0.12 eV. Also, the than zero curvaturéon grapheng however, the energy of
shorter interval between the TM atoms increases the gap arthe Ni atom changes linearly with curvature. The CaC
makes the(4,4 SWNT doped on the outside hole site a bonds that participate in bonding with the TM atom change
half-metal. Therefore, calculations for tk&8) nanotube us- Mmonotonically with the curvaturéFig. 5. Therefore, we
ing two units may also be similarly affected. might expect as a first approximation that the TM atom bind-
As in the case with doping of th@,4) SWNT, four inside  ing energy will also vary monotonically. However, the coor-
sites and four outside sites were considered for @& dination number is different for the same site inside and out-
SWNT. For the inside of the nanotube, only the hole site isside of the nanotube. For instance, the inside hole site has
stable, as the Co atom initially placed at all other sites move#vo nearest neighbor C atoms and the outside hole site has
to the hole site after geometry optimization. Outside the tubefour (Fig. 5. Therefore, the energy does not depend only on
two sites, the hole and bridge sites, are stable on relaxatiothe curvature but on a more subtle interplay of curvature,
The outside atop site, which is the most stable site for thereferred coordination, and magnetization energy.
(4,4 SWNT, is unstable here. A Co atom initially placed at  Only for the Fe atom does the magnetic moment change
the atop or bridge-2 site migrates to the hole site. significantly with curvature. The magnetic moments for the
The energy difference between the inside hole and outsideutside of the(4,4 SWNT are larger than those for either
hole sites is only 0.02 eV, with the inside site being moregraphene or the inside of the nanotube. All the magnetic
favorable. In contrast, for thé4,4) SWNT the difference moments of the TM atoms except for Fe on the outside of the
between the two sites is 0.24 eV and the outside site is mortibe are about 25 lower than those of the free atoms. Duffy
favorable. This demonstrates one aspect of curvature. Sinet al. examined the molecular orbitals of Fe at the hole site
the (8,8 SWNT has a diameter of about 11 A its curvature ison graphene, and found the reduction of the magnetic mo-
relatively small. Therefore, the character inside the nano- ment to be caused by the promotion of treelectrons into
tube does not significantly differ from the outside. Co doping3d orbitals?® In a simple atomic picture, this is equivalent to
at the inside hole and outside hole sites makeg8i® half-  the conversion of a@4s? state with a magnetic moment of
metallic with gaps of about 0.25 and 0.20 eV, respectively, irdug to a 3d® state with a moment of 25. Looking at the
the minority spin component, similar to tt{é,4) SWNT. local density of states for Fe at the inside hole and outside

TABLE II. Differences in(4,4) SWNT results obtained by using the supercells two times larger than the
unit cell (two unity and four times larger than the unit céibur unity. The majority and minority band gaps
(BG) are calculated separately. The difference in values is obtained (faam unitg—2 X (two units.

ABE,_, Au BG, two units(eV) BG, four units(eV)

(eV) (mB) majority spin  minority spin  majority spin  minority spin
outside atop -0.01 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 -0.03 —-0.05 0.0 0.0 0.0 0.0
inside hole -0.12 0.03 0.0 ~0.4 0.0 ~0.1
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2.00 - - - - - the apex of the tetrahedron consisting of four C atoms. For
graphene and inside the nanotube, the cost of generating this
tetrahedron is large, causing the atop site to be unstable.

= outside
< 1.60
;i " \}\ E. Interaction of a dimer with graphene
§ 10 L ¢ In order to understand the role of TM-TM interactions in
A —~-Fe \_/ TM-C bonding, we investigated dimer doping on graphene
E=iSdotr 0o and the(4,4 SWNT. We considered three different configu-
—&—Ni inside rations for the bonding of a TM dimer to a graphene sheet,
O e outide  on meidemeide with the TM atoms each placed at the hole, bridge, and atop
@4) (88 graphene (88) @44 sites, similar to the single atom placements. From Table IlI
PR we can see that for Fe, the bridge site has the highest binding

o energy, while the atop site is unstable and relaxes to the

FIG. 5. Curvature dependence of the binding energy at the holgridge site. All three sites are stable for both Co and Ni. The

site. Figures under the horizontal axis show the charge density qﬁridge site is also most stable for Co, whereas for Ni the
the 7 orbital bonding with the transition metal atom. The atomic bridge and atop sites are nearly degenerate. These results are

structure illustrates the difference in coordination between the iny, good agreement with the previous local density approxi-

side and outside nanotube sites. Npte that the hole site is not trﬁa'lation Calculatioﬁ,o except for the ordering of the Ni bridge
most stable for all the systems studied here. and atop sites. All of the stable sites are favored over the
isolated dimenTable IlI).

hole sitegFig. 6), we can see that the states withharacter The TM dimer bond lengths are elongated by 0.14-0.39
for the inside hole site lie predominantly above the FermiA due to interaction with the graphene sheet. The bond
level and are thus unoccupied. The minority spicharacter  lengths at the highly coordinated hole site are the longest.
levels for the outside hole site are also unoccupied, while th&he shortest TM-carbon bond lengths vary between 1.99 A
corresponding majority spin levels straddle the Fermi leve(Ni atop sit¢ and 2.25 A(Fe hole sitg with the shortest

and are partially occupied. Thus, for the inside hole site webond lengths occurring for the sites with lowest coordination.
observe greater promotion of thes #lectrons into the 8  For comparison, the calculated values of the isolated dimer
orbitals, resulting in a lower local moment for the inside sitebond lengths are 1.97, 1.96, and 2.09 A for Fe, Co, and Ni,
compared to the outside site. Similar behavior was seen bsespectively. Unlike single-atom adsorption, interaction of

Faganet al?* for Fe on an(8,0) nanotube. the TM dimer with the graphene sheet does not generally
From the above discussion we can say that a TM atom otead to a reduction in the dimer magnetic mome(iisble
graphene or a nanotube will generally be id-ech (s-poon)  1ll), where the free dimer moments areug/atom,

state. In addition to the reduction in the local magnetic mo2ug/atom, and kg/atom for Fe, Co, and Ni, respectively.
ment, this also explains the smaller binding energy of FeThis is due, in part, to the elongation of the TM dimer and
compared to the other TM atoms studied here. The3d
interconfigurational energies ford3TMs have been investi- 1
gated by many researchers, both experimerfallgnd o 1
theoretically*>*®According to these works, thes43d inter- majerity spin g
configurational energy for Fe is larger than for Co or Ni, i.e., i
ad-rich state is unfavorable for isolated Fe. The most stable I
state for the TM atom bonding to graphene or a nanotube? [
will be determined by the reduction in energy caused by & [
bond formation and the increase in energy resulting from & |
changes in the magnetic state. Therefore, because simplE |
changing the magnetic state of Fe is relatively costly, the 3 !
I
i
1
I
I
|
|

s (out-hole)
-- s (in-hole)

magnetic state of Fe will most easily be changed with thex P

environment, i.e., curvature. Further, because the increasin®

energies resulting from the changing magnetic state for Cc—

and Ni are small, the magnetic states can alwaysl beh,

and the magnetic moments will not vary with curvature.
Finally, curvature changes the C-C bond angle of(thé)

SWNT from 120°(as for grapheneto 119.2° and 117.8°,

which is tending slightly towards the bond angles in $E

configuration of diamond (109.5°). Thus, te@’ bonds in

the (4,4 SWNT also acquire somep’-like character. It fol-

lows that the atop site of thet,4) is the most stable for Co FIG. 6. Local density of stated DOS) of Fe at the inside hole

and Ni, though that of graphene or tk&8 SWNT is un-  and outside hole sites of th@,4 SWNT. The Fermi level E¢

stable. In a truesp® configuration, the TM atom should be at =0) is indicated by the dashed line.

L

minority spin

-4 -3 -2 -1 0 1 2 3
Energy (eV)
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TABLE lll. Summary of results for transition metal dimers on a graphene sheet. The binding energy per
TM atom is defined by, e+ 2E v — Eqgoped/2. HereABE is calculated with respect to the binding energies
of the isolated dimergl.56, 1.93, and 1.53 eV for Fe, Co, and Ni, respectivelyne values of the magnetic
momentu are for the local magnetic moments of the transition metal atoms. The number of nearest carbon
neighbors with the same TM-C bond length is indicated in parentheses. The TM-C distances are the same for
both TM atoms.

Site BE ABE . TM-TM dist. TM-C dist.
@VITM)  (eVITM) () A) A)

Fe bridge 1.83 0.27 3.2, 3.2 2.11 2.12, 2.17
hole 1.75 0.19 3.1, 35 2.22 2.29), 2.31(2)
atop — — — — —

Co bridge 2.19 0.26 2.1, 2.1 2.08 2.09
atop 2.09 0.16 2.2,2.2 2.08 2.05, 2.G5
hole 2.04 0.11 2.1,2.1 2.35 2.28), 2.25(2), 2.28(2)

Ni bridge 1.85 0.32 1.0, 1.0 2.24 2.08)
hole 1.84 0.31 0.0, 0.0 2.41 2.18), 2.17(2), 2.18(2)
atop 1.78 0.25 1.0, 1.0 2.24 1.99, 2.3

TM-C bonds. The only exception occurs for the Ni hole site,is due to TM-TM interactions. Relative to the free dimer and
where the TM-C distances are similar for both the singlenanotube energies, all outside sites are favdible 1V).
atom and dimer, and the magnetic moments are completeldowever, for Fe, all inside sites are higher in energy, as are
guenched. the Co and Ni hole parallel sites.
Itis interesting that a TM atom placed inside the nanotube
. . ) along its long axigthe center siteis either unstabléfor Co
F. Interaction of a dimer with the (4,4 SWNT and Nj or has the smallest binding energy of all the sites
As with the single atom, the curvature of ttle4) SWNT  consideredfor Fe). This result suggests that formation of a
greatly increases the number of possible bonding sites for thene-dimensional atomic wire within the nanotube would be
TM dimer. In our calculations, we have limited the sites tounlikely. However, the formation of a spiral chaifilom the
four outside sitegbridge, hole, atop anti-parallel, and atop atop non-aligned structureor a zigzag chain(from the
paralle) and four inside sitegstraddle, atop non-aligned, straddle structupeinside the nanotube may be possible if the
hole parallel, and centerFor all TM atoms, all inside sites TM atoms could enter the nanotube. Indeed, Yangl**
were considered. For Ni and Co, all outside sites were alseecently performed calculations for Co and Fe chains in a
examined, while for Fe, the least likely sites from the single(9,0) zigzag SWNT and obtained large magnetic moments
atom calculations were excluded. The stable optimized geand high spin polarization for these structures, while Fagan
ometries are shown in Figs. 7-9. et al*® studied an Fe chain on 48,0) zigzag SWNT. Recent
For all TM atoms, the outside of the nanotube is morecalculationé® also show that Ti forms a continuous chain on
favorable to bonding than the insid€&able V). The outside a variety of SWNTs and transforms semiconducting nano-
bridge site is most favorable for Fe. This site also has theubes into metallic ones. Ti has also been fdtind facilitate
highest binding energy for Co, while for Ni, the site with metal wire formation on nanotubes due to strong interatomic
highest binding energy is the outside atop site parallel to thénteractions.
long axis of the nanotube. This atop site is actually a struc- Table IV shows that, similar to graphene, the TM dimer
ture intermediate to a true atop or bridge site, since both TMbond lengths for thé4,4) SWNT vary between 2.07 and 2.44
atoms are two-fold coordinated with their carbon neighborsA. Except for the center site, there is less variation in the
The increase in binding energy compared to the single atomM-C bond lengths than for graphene. This is due to the

HOO®OO OHOOOE
R 18 B B BT 1 K B R K3 1 183

FIG. 7. Optimized configurations for the,4 SWNT doped FIG. 8. Optimized configurations for the,4 SWNT doped
with an Fe dimer. Outside: bridge and hole. Inside: straddle, atopvith a Co dimer. Outside: bridge, atop anti-parallel, and atop par-
non-aligned, hole parallel, and center. allel. Inside: atop non-aligned, straddle, and hole parallel.
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The lowest energy bonding sites for the TM dimers on the

nanotube are similar to those on the graphene sheet in that
@ @ each dimer atom is two-fold coordinated with carbon, with
similar magnetic moments for Fe and Co. The largest differ-

ence in binding energies between the most favored inside
r.m ,’\ and outside nanotube sites is 0.95 eV, and for all TM atoms
PO }‘{I}{ }'é‘{ the binding energy varies monotonically with curvature. Un-

like graphene, there is no clear trend between single atom

FIG. 9. Optimized configurations for th@t,4 SWNT doped ~@and dimer interaction with the nanotube. For Fe, the TM-C

with a Ni dimer. Outside: atop parallel, bridge, atop anti-parallel,bond lengths at the most favored dimer site are shorter than
and hole. Inside: straddle, and hole parallel. for the atom, resulting in slightly lower local momeriiable

IV), while the opposite case occurs for Co. For Ni the bond
curvature of the nanotube, in which there are no bondindengths are nearly the same. These results illustrate the rich-
sites with higher than four-fold coordination. ness of the properties that can be achieved by doping with

Our results show that the interactions between TM atomgnagnetic atoms.

are generally ferromagnetic for Fe and Co. The Ni-doped
nanotubes are typically non-magnetic. The net magnetic mo-
ments (6.2 and 4.Qug, respectively of the most favored IV. SUMMARY
sites for the Fe and Co dimers are large and close to the free
dimer values, suggesting that such TM-doped nanotubes In conclusion, we have studied the interaction of TM at-
could be useful as nanomagnets. The moments for the sitesns on graphene and small armchair nanotubes. Our results
inside the nanotube are reduced or completely quenched fehow that curvature has a significant effect on the most fa-
all TM dopants. The Fe atoms at the inside hole parallel sitegored bonding sites and magnetic moments of the TM atoms.
have different local magnetic moments due to the asymmetrifor the single atom, the sixfold coordinated hole site on
of the bonding, in which one of the Fe atoms is pulled awaygraphene is favored, but the curvature of tded) SWNT
from the nanotube wall. Band structure calculations showeads to favored sites with lower coordination, and allows for
that for the most favored sites the nanotubes are metallic. higher magnetic moments, as in the case of Fe. Doping with

TABLE IV. Summary of results for transition metal dimers bound to @#g) SWNT. The binding energy per TM atom is defined by
(Epuret 2E1m— Egoped/2. HereABE is calculated with respect to the binding energies of the isolated difh&8, 1.93, and 1.53 eV for Fe,
Co, and Ni, respective)y A negative value inABE indicates the dimer-nanotube system is unbound with respect to the free dimer and
isolated nanotube. The values of the magnetic momeate for the local magnetic moments of the transition metal atoms. The number of
nearest carbon neighbors with the same TM-C distance is indicated in parentheses.

Site BE ABE MTM TM-TM dist. TM1-C dist. TM2-C dist.
(eVITM)  (eVITM) (me) A) A) A)
Fe outside bridge 2.36 0.80 3.2,32 2.15 2(Rp 2.06(2)
outside hole 1.86 0.30 33,34 2.47 224, 2.32(2) 2.24, 2.25,
2.29(2)
inside straddle 1.41 —0.15 0.0, 2.9 2.20 1.92), 2.17(2)
2.05(2), 2.26(2)
inside atop non-aligned 1.31 —-0.25 0.0,0.1 2.31 1.95 - 2.03) 1.95 - 2.03(4)
inside hole parallel 1.30 —-0.26 2.3,-0.2 2.42 2.06 - 2.204) 1.93 - 2.23(6)
inside center 1.24 -0.32 34,34 2.20 2.76
Co outside bridge 2.69 0.76 21,21 2.07 2(@8 2.03(2)
outside atop anti-parallel 2.64 0.71 2.0,20 221 2.04, 2209 2.04, 2.09(2)
outside atop parallel 2.58 0.65 21,21 2.11 1.99, 2.16 1.99, 2.15
inside atop non-aligned 2.03 0.10 -0.3,0.3 2.35 1.95 - 2.08%) 1.95 - 2.05(4)
inside straddle 2.02 0.09 1.1,0.1 2.27 2.022), 2.01(2), 2.05(2)
2.15, 2.16
inside hole parallel 1.87 —0.06 1.1, 1.1 2.40 1.98 - 2.28) 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@ 1.98(2)
outside atop anti-parallel 1.75 0.22 04,04 2.24 1.99, 2206 1.99, 2.06(2)
outside hole 2.02 0.49 0.0, 0.0 2.42 233 2.14 2.12(2), 2.14(2)
inside straddle 1.68 0.15 0.0, 0.0 2.34 2.07 - 242 2.07 - 2.12(4)
inside hole parallel 1.44 —0.09 0.0, 0.0 2.44 2.05 - 2.12) 2.06 - 2.16(4)
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