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Structure and magnetic properties of adatoms on carbon nanotubes
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(Received 27 October 2003; published 20 April 2D04

We useab initio methods to calculate the physical and electronic properties of carbon adatoms on different
characteristic carbon nanotubes. We found that for every tube the energetically favored adsorption geometry is
a “bridgelike” structure between two surface carbons, perpendicular to the long axis of the tube. For adsorp-
tion perpendicular or parallel to the axis, the calculations show that the adatom is spin polarized, although the
magnitude of the magnetic moment depends mainly on the electronic structure of the nanotube itself.

DOI: 10.1103/PhysRevB.69.155422 PACS nunider73.22—f, 75.75+a, 73.20.Hb

I. INTRODUCTION nanotubes. The determination of whether a tube is a metallic
or semiconducting is as follows: if—m is divisible by 3 the

As the focus in nanotube studies becomes increasinglfube is metallic, otherwise it is semiconducting. This can be
atomistic, the importance of defects in nanotube properties ignderstood in terms of zone folding and analogy to
more frequently highlighted. Understanding the properties ofiraphite—the degeneratew* bands at theK point of the
these defects has become an essential part of such diverggphite Brillouin zone are folded into thé point in the
processes in carbon materials such as siréifhjum storage nanotube®~?* However, this type of description does not
in nanotube based batterfesatalytic growth® junctions*  take into account the effect of curvature. Due to the curva-
and quantum dot creaticrf. Studies of radiation effectsn  ture of the nanotube the* ando* bonds hybridize and thus
graphite and other carbon nanostructures and experiments @nsmall gap opens in zigzag nanotubes. This effect is stron-
as-grown nanotube$ have demonstrated that intrinsic car- gest with nanotubes which have radius less than that of
bon defects are a common phenomenon in standard sampléso-> Table | shows the effective “class” of the nanotubes
One of the most common intrinsic defects created is the caused in this study according to this analysis.
bon vacancy-adatom pdirand therefore it is important to
study the influence this kind of defect will have on the sur- II. METHODS
face physical and electronic structure. Recently, this defect
pair has been considered on grapRiwnd the adatom on The calculations have been performed using the plane-
graphené? so here we expand the study to nanotubes.  wave basisvasp code?®>?* implementing the spin-polarized

The study of intrinsic defects in pure carbon systems hasglensity-functional theoryDFT) and the generalized gradient
also become of specific interest currently due to the recerapproximation of Perdew and and Wahgnown as PW91.
experimental demonstrations of magnetism in pure carboifo represent the core 1) electrons of carbon we have used
systems!~1° Some of these studies have speculated that inprojector augmented wavéPAW) potentials?®?’ 2s? and
trinsic carbon defects could be responsible for the observedp? electrons are considered as valence electrons. A kinetic
magnetic properties. Some theoretical studies have pre- energy cutoff of 400 eV was found to give energy conver-
dicted magnetism in defective fulleren€s, and we have gence of up to a few meV.
demonstrated previously that an adatom on a graphene sheetln order to check the validity of the PAW potentials we
is magnetic? hence it is also important to see if this behav- initially determined the lattice parameters for the bulk graph-
ior is consistent for nanotubes. ite. The calculated lattice constants for graphite are

In order to make the following discussion transparent, at=2.467 A andc=6.925 A using a Monkhorst-Patk8x 8
this point we will introduce some fundamental concepts inx 8k-point grid to sample the Brillouin zone. The experi-
carbon and carbon nanotube physics. The carbon atom hasental values are 2.464 A and 6.711Hef. 29 for a andc,
four valence electrons, and in graphite carbons are ordered iespectively. The calculatealis thus only 0.1% larger than
such a way that they form a net of hexagons where everyhe experimental while the difference in the interlayer dis-
carbon atom has three nearest neighbors. This means thaice is 3.2%. Note that the agreementciis fortuitious,
three out of four electrons forrap? bonds in the graphite since DFT does not reproduce the real interlayer van der
plane. The remaining orbital is perpendicular to the surface Waals interaction’ However, as long as we avoid interlayer
and forms metallicm bands across the surface. The interac-processes our method should provide a very good model for
tion between layers is of weak, van der Waals type. these carbon systems.

A nanotube can be considered as a rolled graphene sheet For each tube considered we checked the dependence of
(a single plane of graphiteThe nature of the rolling decides the results ork-point sampling and the vacuum surrounding
many of the tube’s electronic properties and this is indicatedhe tube. Generally &-point mesh of (X 1x7) (I' point
by the so-called chiral vector—given as,(n). If the nano- included and a vacuum gap of abb@ A was enough to
tube’s chiral vector is of the formn(0) the nanotube is converge the total energy of the system to within 10 meV.
called zigzag. If the chiral vector has formm,) then the  Since we are considering defects in this study, it was also
tube is called armchair. The rest of the tubes are called chiraimportant to check the influence of defect-defect interactions
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TABLE |. Data for the various nanotubes considered in this study. The values for a graphene sheet are given as in Ref. 10.

Nanotube Class Radiu#) Adsorption energyeV) Magnetic moment £g)

Parallel Perpendicular Parallel Perpendicular
(8,0 Semiconducting 3.13 2.37 2.89 0.01 0.23
(10,0 Semiconducting 3.96 2.09 2.57 0.25 0.23
(11,0 Semiconducting 4.41 2.03 2.49 0.20 0.22
(5,9 Metallic 3.39 2.33 3.29 0.23 0.44
(9,0 Semiconducting 3.57 2.35 2.80 0.24 0.35
(6,6 Metallic 4.07 2.15 2.91 0.27 0.43
(12,0 Semiconducting 4.97 2.04 2.50 0.32 0.36
Graphene Metallic 0 1.40 1.40 0.45 0.45
along the tubdradially they are suppressed by the vacyium . RESULTS

We found that a nanotube length providing three carbon
rings gave a good model of isolated adatom defects on the ) ]
tube surface. Figures 1 and 2 show examples of the defected !N this study we consider seven nanotubes: (B¢),

unit cells used fof5,5) and(9,0) nanotubes. Thés,5), (6,6, (2.0, (10,0, (11,0, (12,0, (5,9, and (6,6 tubes. These

(8,0, (9,0, (10,0, (11,0, and (12,0 nanotubes used unit nanotubes provide a reasonable sample of nanotube radius,
cells co'ntéininé 601 7241 64r1 72+1 so+1 sg chirality and electronic structure. Table | summarizes the

. properties of the various nanotubes. By the rule discussed
1, and 96-1 atoms, respectively. previously, the(8,0), (10,0, and (11,0 are semiconducting,
and(5,5 and(6,6) are metallic(9,0) and(12,0 are formally
metallic, but due to their radius a small band gap opens.
For each tube the qualitative behavior of adatoms on the
surface is very similar—the adatom adsorbs in a bridgelike

A. Physical structure

FIG. 1. The equilibrium positions of an adatom of@z0) nano- FIG. 2. The equilibrium positions of an adatom of6zb) nano-
tube in the(a) parallel and(b) perpendicular positions. tube in the(a) parallel and(b) perpendicular positions.
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FIG. 3. (Color online The charge density in a plane of an ada-
tom on(10,0 nanotube at perpendicular position. The view is from
the side of the triangle formed by the adatom and the nearest neigh-
bors. The origin corresponds to the position of the adatom.

position between two carbon surface atofsse, for ex-
ample, Figs. 1 and)3This behavior is similar to that seen
for previous calculations of adatoms on a graphene
sheet1%3132However, for nanotubes the adatom can form a
bridge either “parallel”(see Fig. 4 or “perpendicular”(see
Fig. 4) to the tubes’ axis. Table | gives the adsorption ener-
gies for both positions of each nanotube. This energy was |
found by subtracting the total energy of an ideal tube and an (b) Distance (A)
isolated carbon in the triplet state from the total energy of the . .
defected tube. It is immediately evident that in every case the G- 4- (Color onling (&) A schematic diagram of the bond
perpendicular position is the favored site. This can be underc-)rb'tals at the equilibrium position in a pla.ne thro”gh. the adatqm
. . . : . and the two surface carbons. Note that this schematic is a projec-
stood from simple carbon bonding considerations: in the per:

dicul - ier for the ad h th tion, and that thep, orbital is orthogonal to the adatom-surface
pendicular case it Is easier for the adatom to push the tWBonds.(b) The spin density ire/A3 of a plane normal to the surface

adjac_ent nanotubg atom_s apart, sinC(_a the curvaturel increasiﬁﬁ)ugh the center of the adatom when the adatom is at the equilib-
the distance to neighboring carbons in the perpendicular dij,m position. The adatom is #0,0).

rection. For tubes of similar electronic structure, the adsorp-

tion energy reduces as the radius increases, and this supports ,
the bonding argument. Increasing the radius means the supccupiesp orbitals of the adatom. Recent results on other

face atoms are closer together and more difficult toSYStem& *° demonstrated that this behavior is typical for
separate—graphene is the limiting case, where the surfad@W-dimensional systems. The half electron of fiieorbital
atoms are closest, and here we see the smallest adsorptiBFPV'dgS the magnetization of around Qug . In addition the
energy. The differences between semiconducting and meta$P-Sp” hybridization of the graphene carbon linked to the
lic tubes clearly reflect the difference in electronic structure 2datom decides the adsorption energetics of the adatom. This
with adatoms being more easily adsorbed onto the morémplies that on nanotubes, where the bonding is similar, ada-

weakly bonded metallic tubes in the perpendicular positionfoms should also be magnetic. Table | shows that for all the
nanotubes considered in this study, adsorbed adatoms have a

finite magnetic moment. The specific magnitude of the mag-
netic moment depends, as for the adsorption energies, on the
The model of magnetism for adatoms on a graphene sheatisorption geometry and electronic structure of the tube as is
presented previous!{is based on a simple electron counting explained in the following paragraphs.
argument. Both the two bonded atoms on the surface, as well Geometrically the magnetic moment is influenced by the
as the adatom, present a different hybridization: the surfacebility of the polarizedp, orbital to form bands with the
atoms attached to the adatom have@-sp® hybridization  surfacer orbitals. In graphene the, orbital is orthogonal to
while the adatom staysp?-like, as seen in the model of Fig. the = orbitals, and we get the maximum moment of
4. Concerning the adatom, the counting of the four carbor®.45 ug. For adsorption positions on nanotubes which lo-
electrons is as follows: two electrons participate in the covacally correspond to graphene, i.e., the perpendicular sites on
lent bond with the graphene carbons. From the two remain(s,5) and (6,6) (see Fig. 2, the magnetic moment is almost
ing electrons, one goes to the danglaywf bond, and another equivalent, as shown in Table I. This argument can be ex-
is shared between thep? bond and thep, orbital. Thisp,  tended if we consider graphenelike electronic structure as the
orbital is orthogonal to the surface orbitals and cannot limiting configuration, i.e., that it is energetically favorable
form any bands, remaining localized and therefore spin pofor nonmetallic nanotubes to become more metallic. For
larized. Figure 4 shows clearly that the spin polarized densitgemiconducting tubes the adatom acts as a dopant, and some

O Qg = =

Distance (A)
~10 .
o O m O ;O M,

|
=5

B. Magnetic properties
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of its charge density is delocalized around the system making For some adsorption sites on semiconductor nanotubes,
the nanotube more metallic, and consequently reducing thédne maximum spin-polarization density is along the tube axis
localized magnetic moment on the adatom. If we apply thigsee Fig. 1, while in metallic nanotubes the spin-polarization
argument to the results shown in Table I, we see that it exdensity is perpendicular to the plane of the adatom and its
plains the general trends in magnetic moment. The smallestearest neighbors. These differences between metallic and
moments are seen for the “|arge" gap Semiconducting tubes?’emiconductor nanotube Coupling with the lattice are inter-
(8,0, (10,0, and (11,0 nanotubes. Here, a large portion of esting, and will infll_Jence the Curie temperatures. It seems
the adatom charge is delocalized. Larger moments, anfat the doped semiconductor tubes, both because they show
hence less delocalization, are seen for those tubes where tI§SS Mmagnetization as well as a different role of the tube
gap is a consequence of the radius of the tube, and therefoflection, will show lower Curie temperatures.
smaller[0.13 eV for(9,0) compared to 0.73 eV for10,0 in
our calculationg—this applies to nanotubd8,0) and(12,0.
To support this idea we calculated the density of the states of |n this study we have considered the adsorption of carbon
the ideal and defecte®,0) and (10,0 nanotubes. Th€9,00  adatoms onto the outside surface of various carbon nano-
nanotube with a defect is metallic, i.e., the gap disappearsubes. We found that for every tube the energetically favored
while (10,0 remains a semiconductor with a reduced bandadsorption geometry is a “bridgelike” structure between two
gap. surface carbons, as predicted in previous calculations of a
To understand the differences of magnetic moments of agraphene sheé?.For all nanotubes a configuration with this
adatom at parallel and perpendicular adsorption sites, weridge perpendicular to the long axis of the tube was prefer-
must consider the interaction of the adatom with itselfable. The calculated adsorption energies decrease with in-
around the circumference of the tube. The adatom’s magnetigféasing radius of the nanotube, tending towards the “infi-
orbital causes a perturbation in the local charge densityite” radius graphene case. _
around the defect site, and the magnitude of this perturbation e have also demonstrated that the magnetic moment
depends on the electronic structure of the t(bis larger for previously predicted for adatoms on graphene is also present

metallic nanotubes where charge density is less localized" calculations of nanotubes. For the wide variety of nano-

For small nanotube radii, this perturbation can extend pelubes considered, we find that an adatom adsorbed onto the
yond half the circumference of the tube, and hence interacttsUbe is only nonmagnetior very weakly magnetjcfor the

with itself. This self-interaction only occurs when there is aparallel-brldge position on afB,0) nanotube. In all other

t of th tic orbital dicular to the t bcases, the magnetic moment is in the range 0.20—0g#44
component of the magnetic orbital perpendicutar to the tbg, ., e specific local bonding configuration of the adatom
axis, i.e., it has no effect on the perpendicular adsorptio

; . , : 4nd the electronic structure of the nanotube determining the
sites of adatom of5,5) and(6,6) since the magnetic orbitals 5qnjtyde of the magnetic moment. For tubes that are ini-

lie along the tube axis. Combining both the electronic strucyjg|ly semiconducting, we find that the adsorption of an ada-
ture and self-interaction effects we can summarize the beha\{(—)m reduces or even removes the band gap due to delocal-

IV. SUMMARY

ior of the magnetic moments. ization of the adatom charge density.

(1) For semiconducting tubed0,0 and (11,0 the elec- Due to the computational cost of such calculations, we did
tronic structure reduces the moments, but the radii are larggo; consider adatom diffusion explicitly in this study. How-
enough to avoid self-interaction. ever, tight-binding simulations for nanotub&save demon-

(2) For tubes(5,5 and(6,6) with adatoms in parallel ad-  gtrated that adatoms can be very mobile on nanotube sur-
sorption sites, strong self-interaction reduces the momentSfaces with migration barriers close to the graphene limit of
(3) For (9,0, a combination of small electronic structure o 5 ev/(Ref. 10 for radii as small as 1 nm. This is consistent
effect and self-interaction reduce the moment. _ with experimental observations that many defects on nano-
(4 For (12,0 the radius is large enough to avoid self- yhe syrfaces can be removed by annedliRgnce, it should
interaction, and the moment is slightly reduced due to elecpe phossible to control the concentration, and therefore mag-
tronic structure. _ . netism, of these defects on nanotubes via temperature. A fur-
(5) For (8,0 nanotube adatom in a parallel adsorption siteher consequence of this high mobility is that it would be
we get both strong electronic structure and self-interactionynortant to consider the interactions between adatoms, and
components resulting in a near zero moment. whether stable carbon clusters could nucleate on the surface.
The (8,0) nanotube acts as the limiting case for these efyt {hese clusters exist, it would be very interesting to see
fects due to its semiconducting nature and very small radiusynether they also exhibit magnetic properties.
In the parallel-bridge case the interaction of the adatom with
itself is much larger so that the ferromagnetism disappears. ACKNOWLEDGMENTS
In the perpendicular-bridge position, the small radius of the
tube is not so important since the magnetic orbital now lies This work was supported by Academy of Finland through
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