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The structural arrangements and magnetic properties of iron encapsulated in single wall carbon nanotubes
(SWCNT) are investigated. Fe nanowires are of interest because of their potential use in spintronics. They have
also been fabricated inside carbon nanotubes, where occasionally exchange bias has also been detected. An
additional motivation to study these systems is to contribute to the understanding of how the iron-carbon
interaction determines the magnetic ordering. Here we investigate, using ab initio methods, the geometry and
magnetic structure of freestanding and encapsulated Fe nanowires, and also the properties of the nanowire-
nanotube system when defects are present in the single wall carbon nanotube. When the ratio of the nanowire
to nanotube diameter is small the system is stable and the spin polarization at the Fermi energy is large, thus
making the system potentially interesting for spintronics. When this ratio is close to one the system is less
stable and a tendency towards antiferromagnetic ordering is observed.
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I. INTRODUCTION

For some time research in the field of carbon nanotubes
(CNT) has attracted a great deal of interest.! In particular, the
filling of these nanotubes with magnetic elements, like iron
or other transition metals, makes them potential candidates
for use in nanodevices and in the magnetic storage
industry.>? Their possible use is suggested by at least two
features they may display: strong differences between major-
ity and minority densities of states at the Fermi level* and the
experimental observation of exchange bias that was recently
reported.>® Moreover, the possibility of generating spin po-
larization in a nanotube in contact with a magnetic substrate
has also been examined recently.” On the experimental front
CNT have been successfully filled with several metals.® In
addition, metallic nanotubes and nanowires’ have also been
fabricated and investigated theoretically.'®!! These develop-
ments open a new and promising field, which is just begin-
ning to be explored. However, not all the experimental and
theoretical papers report the same properties.'>'* In fact,
these properties depend on the theoretical approaches that are
adopted, the techniques with which they are treated, as well
as the fabrication procedures of the samples.

This paper, as other previous work,*!>-1° attempts to de-
velop a better understanding of the interaction between metal
nanowires and carbon coatings. Our first step in this direc-
tion was to investigate freestanding Fe nanowires, focusing
our interest on hcp (0001) and bee (011) wire structures
since they are the ones that, along the nanowire axis, have a
periodicity that is compatible with both the CNT periodicity
and the requirement that the unit cell be small enough to
carry out meaningful calculations within reasonable comput-
ing time. Thus we discarded, for the time being, Fe-fcc struc-
tures since to allow for the compatibility of the nanowire and
CNT periodicities a rather large unit cell is required.

We started carrying out ab initio calculations for hcp bulk
iron. While the antiferromagnetic (AF) bulk hcp structure
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converges well with both codes used in this paper (Wien2k
and SIESTA) neither achieved convergence for the ferromag-
netic (FM) iron hcp bulk structure. However, when the same
codes were implemented for nanowires along the hep (0001)
direction, the resulting minimum energy magnetic structure
is FM. Moreover, as will be discussed below, for an increas-
ing number of atoms per layer the FM and the antiparallel
(AP) ordering, in which two successive layers have opposite
magnetizations, have almost identical energies. FM order fi-
nally sets in because it achieves a larger energy gain than the
AP when both of them are allowed to relax. This naturally
leads to the conjecture that when the nanowire is encapsu-
lated by a CNT, AP order may stabilize, since the CNT is
quite rigid and acts as a containing wall.

On the other hand, if the FM and the AP structures are
very close in energy it is quite likely that they may coexist.
In turn, this coexistence could generate the exchange bias
phenomenon,?®?! which has been suggested by experiment,’
thus opening the way to uses of interest to novel
technologies.?>?3

II. CALCULATION METHODS

For the calculations we used mainly SIESTA,?*-%% but also
the Wien2k code?’ which we employed previously.* This
way we are in a position to compare and check results. The
Wien2k code is an implementation of the full potential linear
augmented plane waves (FPLAPW) method. We used a spin
polarized approach and the exchange and correlation given
by Perdew, Burke, and Ernzerhoff.?8-3 The generalized gra-
dient approximation (GGA) was chosen because it gives
good results for the bulk bce Fe lattice parameter and cohe-
sive energy. The number of plane waves used, given by the
parameter RKM=7, corresponds to an energy cutoff of
15 Ry. The calculation is scalar relativistic and includes local
orbitals for the 3p states of Fe. The atomic sphere radii (muf-
fin tins) were taken as 2 (a.u.) for Fe and 1.8 (a.u.) for C.
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FIG. 1. (Color online) Nanowires with 6 Fe atoms per layer
arranged in two crystal structures, hcp (0001) and bee (110), are
illustrated in the top and bottom panels, respectively. The top and
lateral view of the initial, or unrelaxed, system is on the left and the
top view of the relaxed structure is on the right. The darker and
lighter circles correspond to the different layers in the unit cell.

For the relaxation of the structures we found it more con-
venient to use the Siesta code,2*2° which is also a DFT
code®'32 but replaces the core electrons by nonlocal norm-
conserving pseudopotentials and describes the valence elec-
trons by a linear combination of numerical pseudoatomic
orbitals. The pseudopotential and the basis set for Fe atoms
are the same as in Fu et al.3*** The cutoff radius for the
pseudopotential of C is set to 0.66 A, and its basis set con-
sists of localized functions with a cutoff radius of 2.22 A for
the two functions, and 2.64 A for the six functions represent-
ing, respectively, the 2s and the 2p states. The 3d state is
included as polarized orbitals in order to increase angular
flexibility. The charge density is represented on a regular real
space grid of 2400 points/A>. Relaxation of the structure by
the conjugate gradient method was performed until the
forces on each atom were less than 0.04 eV/A. A large num-
ber of k points along the periodic axis was used for bare
nanowires, but for the encapsulated ones the unit cell con-
tains many more atoms, so that only a few k points were
calculated. In our previous paper* we used the Wien code
without relaxing the geometries, but in the present calcula-
tions we use larger unit cells, of up to 60 atoms, and struc-
tural relaxation. For this purpose the Siesta code is more
convenient and faster. We therefore recalculated the bare Fe
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wires, and also a few systems containing both C and Fe
atoms, verifying that the agreement is excellent, as will be
shown below.

III. MODEL GEOMETRIES AND RESULTS
A. Free standing Fe nanowires

To make significant comparisons we start by considering
free standing iron nanowires. Two structures were adopted:
the Fe hcp (0001) and the Fe bee (110) crystal structures
illustrated in Fig. 1. For them we adopted a unit cell size,
along the tube axis, of 4.06 A, which is the experimental
separation between layers in fcc and hep iron along the (111)
direction and also that between layers in bcc iron along the
(110) direction. All the results we report in this contribution
are obtained without relaxing the cell in the axis direction.

For hep (0001) iron nanowires we computed configura-
tions with 3, 6, 12, and 18 atoms per layer, both ordered FM
and AP. Instead, for the bee (110) iron case only FM ordered
wires were considered. The bec (110) iron nanowire is a
cylindrical cut of iron bce, that repeats periodically along the
wire axis. We consider bilayers of 9 (4+5), 11 (5+6), 12
(6+6), 20 (10+10), 24 (12+12), and 27 (13+14) atoms,
where the number of Fe atoms in each of the two layers of
the bilayer is indicated in parentheses.

The differences between the cohesive energy of Fe in hcp
(0001) nanowires (NW), and that of bulk bec Fe obtained
with the same type of calculation, AEy\y, are given in Table
I. Analytically they are given by

E

AENW=NLF:V_EB’ (1)
where Eyy is the total energy of the unit cell containing Ng,
iron atoms. Our calculations yield for bulk bcc iron a cohe-
sive energy of Ez=6.5 eV/atom. It is clear from Table I that
FM order is always favorable, since for the nanowires
AER,>AER,,, and we also find that the nanowire is stable
against dissociation into atoms. The relaxation of the struc-
ture to minimize its energy, which implies an increase of the
wire diameter, is seen to be more important in the FM cases.

The particular case of 6 Fe atoms per layer was also cal-
culated with the Wien2k code, both for the unrelaxed and the
relaxed configurations. The ferromagnetic configuration is
also preferred and the difference between FM and AP ener-

TABLE I. Energy differences per atom, relative to bulk bee Fe for freestanding hep (0001) iron nanowires

of N atoms per layer, or 2N per unit cell. NR stands for unrelaxed and R for relaxed. FM stands for
ferromagnetic and AP for antiparallel alignment. NC denotes nonconvergence of the calculation. The mag-
netic moments u,, of the peripheral (P) and interior (I) Fe atoms are also shown.

N AENS (V) AERy, (eV) AENE (eV) AER, (eV) Hiy (45) el ()
3 1.86 1.84 2.02 2.01 3.0 3.0

6 1.54 1.48 1.64 1.61 3.2 2.6
12 1.06 0.99 1.07 1.04 29 2.6
18 0.97 0.89 0.99 0.97 3.1 2.5

o0 NC 0.04 NC 0.02
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TABLE II. Per atom energy differences, relative to the Fe bcc
bulk value, for FM ordered bec (110) iron nanowires. Here, in
contrast with Table I, N is number of atoms per bilayer. NR and R
stand for relaxed and unrelaxed, respectively. The magnetic mo-
ments u, of the peripheral (P) and interior (/) Fe atoms are also
shown.

N AEp; (V) ARy (V) pg (e sy (kp)
9 1.60 1.54 3.0 2.1
11 1.58 1.51 3.1 2.3
12 1.35 1.31 3.0 2.5
20 1.01 0.98 3.0 2.5
24 0.91 0.89 3.0 2.5
27 0.91 0.87 3.0 2.5

gies is 0.09 eV for the unrelaxed case, the magnetic mo-
ments being 2.5 and 3.0 up for the internal and peripheral
atoms, respectively. The energy difference between the re-
laxed and unrelaxed ferromagnetic cases is 0.7 eV, very
close to that obtained with the Siesta code.

In Table II we provide the energy differences for bcc
(110) FM iron nanowires, relative to the bulk value. Com-
parison of the rows corresponding to N=12 of Tables I and II
shows a slight preference for the bce structure. However, the
difference is small enough to conjecture that encapsulating
these nanowires in a CNT might change the outcome and
allow for metastable coexistence of hcp/bee, or eventually
even fcc/bee, arrangements. We mention that the interlayer
separation of hcp (0001) and bee (110) is identical if the
nearest-neighbor distance is kept constant.

B. Fe nanowires encapsulated in SWCNT

To integrate this study with our previous work on carbon
coated nanowires* we recalculated the same structures with
the SIESTA code. The purpose is twofold: to confirm consis-
tency between the methods, and to study the relaxation of the
geometrical structures. We found that the lowest energy con-
figuration is also AP and that the energy difference between
FM and AP alignment is also of the order of 0.01 eV per
atom. The magnetic moments and the charge transfers are
also very similar. However, when the structure is allowed to
relax the geometry changes significantly, the carbon atoms
move towards the axis and intercalate with the peripheral
irons. Again the lowest energy configuration is AP, but the
interior Fe atoms carry a lower magnetic moment than the
peripheral ones, contrary to what happened in the unrelaxed
case. The large changes due to relaxation are a consequence
of the low coordination of C atoms in these systems. We do
not expect this to carry on to iron encapsulated in carbon
nanotubes, since in that case the covalency between Fe and C
is much smaller.

Now we specify the structure of the iron wires encapsu-
lated in single wall carbon nanotubes (SWCNT). It is impor-
tant to keep in mind that the Fe wire and the SWCNT must
share a unit cell of reasonable size, which is repeated peri-
odically along the system axis, with a misfit of only a few
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FIG. 2. (Color online) Iron hcp (0001) nanowire, with 6 atoms
per layer, encapsulated in a carbon (12,0) zig-zag nanotube. The
smaller peripheral atoms depict carbon, the larger interior atoms
depict Fe, darker and lighter ones correspond to the different layers
in the unit cell. We show the initial or unrelaxed system, in top and
lateral viewpoints on the left and the top view of the relaxed struc-
ture on the right. The arrows indicate the direction of displacement
of the atoms as the system relaxes.

percent. The fact that the hcp (0001) structure can be ob-
tained with a two iron layer unit cell that is compatible with
the periodicity of the SWCNT, and the fact that the hcp
structure could give an AP solution, are the reasons to justify
the calculation using wires with hcp structure. On the other
hand, the fcc iron structure has a minimal three layer unit cell
and to fit it to the nanotube periodicity at least six layers are
required. For the bare SWCNT, and also for the encapsulated
iron cases, we adopted the experimental distance of 4.26 A,
which implies a misfit of around 5% with the previous unit
cell of the bare Fe nanowires. We have verified that Fe nano-
wires calculated with an expanded unit cell of 4.26 A do not
change appreciably their electronic or magnetic properties.

For the SWCNT we have chosen the zig-zag structures
denoted® as (n,0). In particular, we limit our attention to
nanotubes with 9<n<15. An illustration of the (12,0) case
is given in Fig. 2.

We have considered the following arrangements:

(1) Encapsulated Fe hep (0001) wires of 6 atoms per
layer in zig-zag nanotubes (n,0) with n ranging from 9 to 15.

(2) Encapsulated Fe bee(110) wires of 6 atoms per
layer in zig-zag nanotubes (12,0).

(3) Encapsulated Fe hep (0001) wires, with 12 atoms
per layer, in (13,0) and (15,0) carbon nanotubes.

Our strategy is to keep the NW structure fixed (6 and 12
Fe per layer) and vary the value of n of the SWCNT to study
the effects of encapsulation on the electronic and magnetic
properties of the composite system.

In order to determine the stability of iron encapsulated in
the various SWCNT that are studied, we calculate the inter-
action energies E by subtracting the energy of the bare
SWCNT plus that of the free standing relaxed Fe nanowire
from the energy of the (CNT+Fe) system, that is E
=Ecntire— Eont— Enw- For the calculation of these encapsu-
lated cases we use the unit cell size of the bare SWCNT,
assuming that the strong bonding of the nanotube prevails.
We have confirmed this for one particular case, by allowing
the cell size to relax along the wire axis. The results are
displayed in Table III. For the six iron per layer wire, in the
hep (0001) structure, the (12,0), (13,0), and (15,0) encapsu-
lated systems are attractive and FM. Relaxation of the struc-
tures increases slightly the diameter of the SWCNT and the
Fe atoms move away from C and closer to each other. This is
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TABLE III. Interaction energies £, magnetic moments ., and electronic charges ¢, of Fe encapsulated in
(n,0) single wall carbon nanotubes. NR indicates nonrelaxed and R relaxed systems. AE=Efyr.r.

_ENR

CNT+Fe- The superindices P and [ stand for peripheral and interior iron atoms, respectively. The last two

rows show the results for free standing iron wires with 6 and 12 atoms per layer, for comparison.

Type EVR(eV)  EF(eV)  AE(V)  ulh(up)  uml (up) q" q
(9,0)-6Fe 332.0 13.9 -318.1 0.4 1.9 7.95 7.98
(10,0)-6Fe 115.9 5.6 -110.3 1.9 2.2 7.95 8.00
(11,0)-6Fe 19.4 -3.8 -23.2 2.6 2.6 8.00 8.00
(12,0)-6Fe -1.4 -4.3 -2.9 2.7 2.7 8.00 8.00
(13,0)-6Fe -3.6 -4.6 -1.0 2.9 2.7 7.99 8.01
(15,0)-6Fe -1.9 2.4 -0.5 3.2 2.7 8.01 7.97
(13,0)-12Fe 91.9 2.4 -89.5 -1.1 2.1 7.95 7.98
(15,0)-12Fe -2.4 -6.9 -4.5 2.8 2.6 7.99 8.00
6Fe 3.2 2.6 8.05 7.95
12Fe 29 2.6 7.98 8.02

shown in Fig. 2 using arrows to indicate the displacements of
the Fe atoms. For the (11,0) system the relaxed encapsulated
structure is attractive, but the unrelaxed one is repulsive. For
thinner SWCNT the interaction is repulsive, but relaxation of
the structure decreases considerably to this repulsion. We
remark that the initial configuration chosen is arbitrary, as the
Fe wire may be rotated with respect to the SWCNT which, if
the Fe and C atoms are close, may change the interaction
energy and even the magnetic configuration. In fact, for the
(9,0) case we found two possible relaxed structures depend-
ing on the initial configuration. One is stabilized as FM,
although the magnetic moments of the Fe atoms close to C
are very small, while the other is AP.

The general tendency is that the encapsulated nanowires
are stable and FM unless the Fe atoms are positioned too
close to the carbons, at which point the system becomes
unstable and the AP structure may be preferred. In many
cases both FM and AP structures could be stabilized as the
energy difference between them was small. Thus, one could
expect them to coexist at finite temperatures, with the impli-
cations for the exchange bias phenomenon®?%?! we men-
tioned before.

Apart from hep (0001) encapsulated wires we also com-
puted the energies and magnetic moments of an iron bcc
(110) nanowire of 6 Fe atoms per layer, in the FM structure,
encapsulated in a (12,0) SWCNT. The magnetic moment is
2.6 up per iron atom. The energy of this system is only
0.1 eV per Fe atom lower than that of the hcp (0001) nano-
wire with 6 Fe atoms per layer. The AP solution was also
found but it has a much larger energy.

For the 12-Fe per layer wires we studied only two encap-
sulated cases, in (13,0) and (15,0) SWCNT; the larger diam-
eter (15,0) case turns out to be stable (attractive), but the
(13,0) is weakly repulsive. The unrelaxed and relaxed struc-
tures are illustrated in Fig. 3. In the (13,0) SWCNT the op-
timized geometry of the nanowire is slightly distorted rela-
tive to the unrelaxed one (see the upper panel of Fig. 3). The
average diameter of the nanotube increases from 10.33 A to
11.04 A, and the width of the wire shrinks from 7.37 to
7.26 A. As far as the magnetism is concerned a striking

change takes effect: we cannot stabilize the FM structure and
a special AP ordering appears. The average magnetic mo-
ment of the interior iron atoms is opposite to that of the
peripheral ones, which amounts to a qualitative reordering of
the magnetic structure. The average magnetic moment of the
carbon atoms is less than 0.1 ug. The magnetic moments and
charges of the Fe atoms are shown in Table III. The nanowire
encapsulated in the (15,0) SWCNT after relaxation may
change its structure from hcp to bee. Both situations are
stable and their energies differ by 1 eV per unit cell, or
0.04 eV per Fe atom, favoring the bee (001) structure. In that
case the initial wire diameter of 7.47 A stretches to 8.04 A

FIG. 3. (Color online) Iron hcp (0001) nanowire, with 12 Fe
atoms per layer, encapsulated in a carbon nanotube system. The top
illustrations correspond to the (13,0) SWCNT, and the bottom ones
to the (15,0) nanotube. The unrelaxed configurations are shown on
the left and relaxed configurations on the right. The atoms are rep-
resented in the same way as in Fig. 2.
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FIG. 4. (Color online) Isocurves of the difference between the
spin up and the spin down charge densities for one layer of the 12
Fe-atom per layer wire encapsulated in a (13,0) carbon nanotube.
The darker color represents a net spin up and the lighter color a net
spin down charge. (a.u.) stands for atomic units.

after relaxation and the nanotube also increases its diameter
from 11.85 A to about 12.2 A. If the structure remains as
hep (0001) the change in the dimensions is much smaller
(7.59 A and 11.94 A).

The isocurves of the spin density distribution for the 12-
Fe per layer wire encapsulated in (13,0) and (15,0) SWCNT
are shown in Figs. 4 and 5, where the darker (lighter) color
represent the net spin up (down) charge. As mentioned be-
fore, in the more tightly encapsulated (13,0) nanowire the
charge densities of the outermost iron atoms polarize oppo-
site to the inner ones. Associated with this polarization is a
charge transfer from the Fe to the C atoms as seen in Table
III.

The average magnetic moment of the innermost iron at-
oms is 2.1up, while for the outermost it is —1.2 up. The
situation is quite different for the wire encapsulated in the
(15,0) SWCNT since all the iron atoms are polarized in the
same direction, with almost the same charge, and also a neg-
ligible charge transfer. For the (15,0) SWCNT all the iron
atoms have a magnetic moment of =2.6up.

The densities of states of the relaxed structures for the
12-Fe atoms per layer wire encapsulated in (13,0) and (15,0)
SWCNT, for the majority and minority bands, are shown in
Fig. 6. The density of states at the Fermi level for the (15,0)
SWCNT greatly differs for the spin up and the spin down
bands. Although zig-zag carbon nanotubes (n,0) can be
semiconductors or metals according to the value of n, those
filled with Fe are always metallic. The interesting parameter
is the spin polarization of the electrons at the Fermi level.
When the diameter of the nanotube is large, the spin polar-
ization is also large, as for the bare nanowires. These systems
could be of interest for the use in electron spin injection.
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FIG. 5. (Color online) Isocurves of the difference between the
spin up and the spin down charge densities for one layer of the 12
Fe-atoms per layer wire encapsulated in a (15,0) carbon nanotube.
All the Fe atoms show a net spin up charge. (a.u.) stands for atomic
units.

It also is interesting to compare the effect of encapsulating
hep (0001) nanowires (which are FM when freestanding)
with hep (0001) slabs (which are layered AF when freestand-
ing). For this reason we computed the energies and magnetic
configurations of a system built as a “sandwich,” with two
graphene layers on the “outside” and three iron layers, hcp
like ordered (ABA), “inside.” The lowest energy configura-
tion corresponds to the A type iron atoms located on top of
the nearest carbon atom of the graphene layer. The magnetic
structure of the three iron layers is AP-like, that is up-down-
up, for stable ABA configurations (attraction between the
iron slab and the graphene layers). As we have seen, encap-
sulated iron nanowires are always FM unless the Fe atoms
are very close to the C atoms, in which case AP order may
appear. In fact, the case of a 12-Fe per layer wire inside a
(13,0) SWCNT is only slightly repulsive, and thus one could
expect that thicker wires could be attractive and with con-
centric layers ordered AP. It had been suggested by Prados et
al’ that inside the CNT there may be a core of bcc iron
surrounded by antiferromagnetic fcc iron, which seems simi-
lar to this situation. Also, this magnetic structure can be
imagined as the “rolling up” of the previous slab along its
axis.

C. Fe nanowires encapsulated in defective SWCNT

We have also considered nanowires encapsulated in de-
fective SWCNT, hereafter denoted as dCNTs. Our purpose is
to explore the structural and magnetic effects of vacancies or
vacancy clusters, represented as abundant defects in carbon
nanotubes. Also, to analyze the possibility that the inclusion
of an excess of inserted iron may break the SWCNT or pre-
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FIG. 6. Densities of states of wires with 12 Fe atoms per layer, encapsulated in a (13,0) nanotube (left) and in a (15,0) nanotube (right)
for the majority (positive) and the minority (negative) spins. Notice the significant difference between majority and minority densities at the

Fermi level for the nanowire in the (15,0) nanotube.

vent self-healing. Due to the size of the unit cell used in the
present calculations the defects we studied remove a whole
row of atoms along the nanotube. Although there is no ex-
perimental evidence for this type of defect we believe that
the local structure and magnetic moments close to the vacant
sites will, in general, be adequately described. Unfortunately
not much experimental data on the structure of the most
frequent defect is available, and in this respect we mention
that large defects have been recently proposed to reconcile
the discrepancy between experimental®® and calculated®’-38
fracture strengths of unfilled carbon nanotubes. The type of
defect studied here is illustrated in Fig. 7 and consists of
removing 2 or 3 carbon atoms from the unit cell. The ex-
amples we show below remove 3 carbon atoms from the
(11,0) SWCNT and 2 carbon atoms from the (12,0) one.

To create such a defect in the SWCNT has a large energy
cost which can be estimated as Egonr—Ecnt+NcE(C),
where N¢ is the number of C atoms that is removed [3 and 2
for the d(11,0) and d(12,0), respectively], and E(C) is the
energy of the C atom calculated in the same way as for the
nanotube and the encapsulated system. The values we ob-
tained are 32.7 eV and 20.5 eV for the d(11,0) and d(12,0),
respectively. However, in fullerenes it was observed that C,
molecules, instead of single C atoms, are generated. Thus, it
is more realistic to reduce these values by 9.5 eV, the forma-
tion energy of C,.

For the iron wire encapsulated in a defective nanotube we
calculate the interaction energy as E=FEjcntire—EdoNT
—ENw. For the (11,0) nanotube the interaction energy is
-7.3 eV, while for the (12,0) case it is —=5.4 eV. We notice
that in both cases this implies that these structures are more
favorable than the same iron wire encapsulated in a perfect
SWCNT. However, it is not easy to generate this type of
defect in a nanotube due to the large energy required.

The magnetic moments of the carbon atoms in the bare
defective SWCNT are negligible, except for some C atoms
on the edge of the nanotube opening where w,=~0.7ug, a
behavior that is consistent with recent reports.’>*? For the

total magnetic moment of the (11,0) and (12,0) dCNT we
obtain 0.8 and 0.0 up per unit cell, respectively. It is worth
mentioning that the (12,0) defective SWCNT “heals” the de-
fect upon relaxation, by closing the gap between carbon at-
oms on opposite edges of the defect. The (11,0) dCNT +Fe
instead remains open along the cut as illustrated in Fig. 7.
These results are similar to those of fullerene molecules, that
eject C, molecules and rebond when excited by laser radia-
tion.

When these dCNT are filled with an Fe hcp (0001) NW
with 6 atoms per layer all the magnetic moments change. For

FIG. 7. (Color online) Iron hep (0001) nanowire, with 6 atoms
per layer, encapsulated in defective carbon (11,0) (upper panel) and
(12,0) zig-zag (lower panel) nanotubes. The atoms are represented
the same way as in Fig. 2. The left (right) illustration corresponds to
the unrelaxed (relaxed) case.
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the d(11,0) case the moment of the C atom close to the
defect decreases considerably and orders antiparallel to that
of the nearest Fe atom, which is also very small, 1.3up.
However, the interior Fe atoms have moments of 2.8up. For
the d(12,0) case the effect subsists but it is smaller, again the
Fe atoms close to the defect have a smaller magnetic mo-
ment than the interior ones, 2.2up versus 2.8up. It is inter-
esting to compare this with the previous results for perfect
SWCNT, where the magnetic moment of all the Fe atoms
was the same. It is clear that defects in the nanotube structure
influence the magnetic properties of the composite system.

IV. SUMMARY AND CONCLUSIONS

We have examined the properties of iron nanowires en-
capsulated in SWCNT, through the study of several specific
examples. We started considering free standing iron nano-
wires to precisely determine the changes brought about by
the Fe-C interaction. The Fe nanowire geometries we
adopted consist of an increasing number of iron atoms per
layer, and two layers per unit cell, arranged in hcp (0001)
and bee (011) structures repeated periodically parallel to the
wire axis. In all cases the ferromagnetic structure was lower
in energy, in spite of the fact that bulk hcp iron and hcp
(0001) slabs are antiferromagnetic.

Next we computed the variations due to the encapsulation
of nanowires with 6 and 12 Fe atoms per layer into zig-zag
SWCNT of varying diameter, both with and without defects.
In the small diameter SWCNT, where the iron wire fits very
tightly, the encapsulated system is unstable and the iron may
order AP. In these cases the magnetic moment of the Fe close
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to the C is small and there is a transfer of electrons from Fe
to C. As one may expect, the repulsive interaction between
the NW and the SWCNT, per Fe atom, is smaller for thicker
wires and it may even change sign for the large diameter
wires used experimentally. As the diameter of the CNT in-
creases the internal and peripheral magnetic moments tend to
equalize, the charge transfer tends to disappear and a binding
energy between the wire and CNT appears. The maximum
attractive interaction amounts to about 0.3 eV per Fe atom. If
the diameter of the SWCNT is large the binding energy de-
creases, the Fe-C orbital hybridization is small and the mag-
netism of the system is almost equal to the free standing
nanowire, peripheral Fe atoms having larger magnetic mo-
ments.

Single wall carbon nanotubes with a linear defect were
also investigated. While the stability and energetics of the
system is only slightly altered, the magnetization of the iron
atoms close to the defect are substantially reduced.

The fact that the AP and FM arrangements, especially in
the case of tight encapsulation, have energies that differ only
slightly points to their likely coexistence in real systems at
finite temperatures. Thus, this may constitute an explanation
for the observation of the exchange bias phenomenon in
some systems that has recently been reported.>¢
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