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The structure and the properties of the quasi-one-dimensional composites, i.e., carbon nanotubes filled with
nanowires or clusters of 3d metals �M=Ti, Fe, and Zn�, have been studied in the framework of the density
functional-based tight binding method. We show that the accommodation of nanosized metal species inside
carbon nanotubes �CNTs� may lead to essential changes of the structural, magnetic, and electronic properties of
the CNTs and the metal species. Especially, we examined the effect of interactions between iron and carbon
atoms on the electronic and magnetic properties of the Fen@CNT composites by comparing with freestanding
Fe wires and clusters. Our calculations support the increasing of the magnetic moments for both wires as well
as clusters encapsulated in CNTs in comparison with bulk bcc Fe and show a strong dependence of magnetic
moments on the thickness of the wires and on the size of clusters.
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I. INTRODUCTION

Nanotubes �NTs� and monolithic extended nanocrystal-
lites �nanowires, NWs�, two main groups of so-called quasi-
one-dimensional nanostructures, have been proved to be
promising materials for nanoelectronic, nanolithography,
photocatalysis, microscopy and other fields of modern
nanotechnologies.1 During the past few years, much progress
has been achieved in fabrication of nanocomposites based on
NTs and NWs with a set of advanced properties. One of the
promising ways to prepare such composites is to fill the
tubes with atoms, molecules, clusters, fullerenes, nanowires,
etc.2–5 For instance, carbon nanotubes �CNTs� filled with
such metals as Cr,6 Fe,7 Co,8 Ni,9 Cu,10 Ge,11 etc. have been
successfully synthesized via various techniques and routes:
by catalytic decomposition of precursors, by arc-discharged
method, by chemical vapor deposition, by laser vaporization,
etc.

In this context, because of their magnetic properties, low
dimensionality, and small volume, CNTs filled with magnetic
substances should be promising materials for future nanos-
cale devices. In particular, numerous forms of Fe-filled mul-
tiwalled carbon nanotubes �MWCNTs�, including iron
wires12–14 and Fen clusters15 embedded inside carbon walls
have been obtained and some structural, electronic, and mag-
netic properties of such Fen@CNT composites have been
studied.16–19 For example, magnetic measurements reveal
that Fe-filled carbon nanotubes exhibit enhanced coercivities
in comparison to those of bulk iron.20 In addition, carbon
nanotubes serve as an excellent oxidation protection for the
wires. Possible application for Fe-filled nanotubes as nano-
magnets, sensors for magnetic scanning probe microscopy, in
data storage, for high density magnetic recording media, as
nanoscale spintronic devices, etc. were proposed; see, e.g.,
Refs. 21 and 22, and references therein. Very recently the
first synthesis of Fe-filled single-walled carbon nanotubes via
wet chemistry technique was reported.23

Theoretically, the composites formed by linear iron
atomic chains,24 as well as by Fe NWs �Refs. 25 and 26�

inside CNTs have been examined. It has been shown that the
magnetic moments of iron in Fe-filled CNTs are enhanced,
compared with bulk Fe. However, while some theoretical
studies have been performed for encapsulated iron wires,
much less information is known on the structural and elec-
tronic properties of related Mn@CNT composites, where Mn
are wires of other transition metals inside carbon
nanotubes.27,28 Moreover, no data are available about the
electronic and magnetic properties of the other mentioned
class of composites—metal clusters inside CNTs.

In this study, we present the results of a systematic theo-
retical investigation of the structural, electronic, and mag-
netic properties of several groups of Mn@CNT composites
to learn more about the nature of these materials. First, we
performed within the same method a comparative study of
the structural and electronic properties of single-walled car-
bon nanotubes filled with 3d metallic nanowires or clusters
�M=Ti, Fe, and Zn�. These metals were chosen for the fol-
lowing reasons. The interactions of metal atoms placed in-
side CNTs with the tube walls are important for understand-
ing the properties of the Mn@CNT composites. For this
purpose, Ti-C, Fe-C, and Zn-C systems are contrasting ex-
amples of the metal-carbon interaction and present prospects
for a comparison of the electronic properties and chemical
bonding depending on their possible nanocomposite forms.
Indeed, for the Ti-C system �Ti3d24s2�, the highly stable
TiCx phase is known, which belongs to the family of d-metal
carbides with strong covalent bonding and it exhibits ex-
treme hardness, extraordinarily high melting points, and
chemical inertness.29 On the contrary, crystalline iron car-
bides �Fe3d64s2� are thermodynamically unstable, whereas
zinc �Zn3d104s2� is known to be practically inert to carbon.
To the best of our knowledge no experiments have been re-
ported about the synthesis of Znn@CNT or Tin@CNT com-
posites, but there are data available on encapsulated single Ti
nanocrystals and TiC particles in carbon nanocages.30,31 Fi-
nally, we investigate in more detail through local spin-
density functional calculations iron wires and clusters inside
CNTs. We studied the effect of encapsulated iron wires in
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comparison with several types of Fen clusters inside CNTs on
the structural, electronic, and most interesting, magnetic
properties of Fen@CNT composites.

II. MODELS AND COMPUTATIONAL DETAILS

For the comparative study of the Mn@CNT composites
�M=Ti, Fe and Zn� we have used structures with the same
number of atoms and starting geometries. Two types of non-
chiral carbon NTs, having different electronic properties
have been used: metallic armchair �8,8� and semiconducting
zigzag �14,0� NTs, with similar diameters of 10.86 and
10.97 Å, respectively. Experiments suggest the appearance
of both bcc ��� and fcc ��� Fe phases in Fen@CNT
composites.12–14 Since the iron bcc structure is the most
stable phase, in our atomic models the nanowire axis corre-
sponds to the �001� axis in bcc Fe bulk. The same bcc-like
wires were studied for Tin@CNT and Znn@CNT compos-
ites, see Fig. 1.

Carbon nanotubes and metallic wires have different peri-
odicity along the z axis. This incommensurability could in-
duce a structural “frustration” on the carbon nanotube and
the internal nanowire in Mn@CNTs. The periodicity of bulk
bcc titanium is a=3.320 Å, bcc iron is a=2.867 Å. Zinc
does not have a stable bcc bulk, but for the comparative
analysis we adopted the same atomic ordering for initial
structure such as in titanium- and iron-encapsulated wires.
For armchair tubes, the periodicity along the axis is 2.46 Å
and for zigzag tubes it is 4.26 Å. That means that depending
on the type of the Mn@CNT structure we get a minimum
mismatch, considering one period of the wire per one arm-
chair and two periods of the wire per one zigzag tube’s
periods, respectively. The distances between the thickest
nanowires and tube walls are close to that, known for
bulk metal carbides: TiC �RTi-C=2.167 Å� and Fe3C
�RFe-C=1.961÷1.939 Å�.29,32

In atomic simulations of Mn@CNT composites with
metal clusters, two variants of ordering Mn clusters inside the
tubes were studied: �i� the Mn clusters are separated from

each other, and �ii� the Mn clusters are in close vicinity to
each other.

The structures of inserted clusters, as in the case of wires,
are derived from the atomic ordering of bcc bulk structures,
Fig. 2.

In summary, we considered three different morphological
types of encapsulated metal wires: M5, M9, and M13 inside
armchair �equivalent to M10, M18, and M26 inside zigzag�
carbon tubes and three different morphological types of en-
capsulated clusters: M6, M15, and M19, for the last two dif-
ferent ordering positions we examined. Hereafter, for the
classification of the Mn@CNT composites, we will denote n
the number of metal atoms in the unit cell and the configu-
ration of the carbon tube and metal wire. For example, the
unit cell of the composite system shown in Fig. 1 consists of
18 Fe atoms inserted in an armchair �14,0� nanotube; this
system will further be called as Fe18@ �14,0�CNT.

We performed structural optimizations and band structure
calculations within density functional theory in its tight-
binding approximation �DFTB�33,34 including spin
polarization.35 The DFTB method is an approximation to
fully self-consistent density functional theory. The method
has been found to describe the structure and energy of metal-
nonmetal nanostructures in a good agreement with experi-
ments and higher-level theoretical methods.36–38 In our cal-
culations, the DFTB parameters have been extensively
benchmarked to DFT LSDA calculations done for similar
reference systems. All the composites are described within
the supercell approach. Periodic boundary conditions with a
set of 10 k points along the tube direction were applied for
geometry optimizations, as it has been proved to be sufficient
for an appropriate sampling of the Brillouin zone; a larger set
of 40 k points was employed for band structure calculations.

FIG. 1. �Color online� Optimized structures for metal �Ti, Fe,
Zn� nanowires encapsulated inside zigzag �14,0� CNT. Views down
the axis of the nanotubes and side views are displayed.

FIG. 2. �Color online� Optimized structures for Fe nanowire and
clusters encapsulated inside of armchair �8,8� CNT; �a� clusters are
distant from each other for �2.7 Å; �b� clusters situated close to
each other inside of the tube, forming a pseudowire. Views down
the axis of the nanotubes and side views are displayed.
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No cutoff radii for the range of the Hamiltonian and overlap
matrix elements were used. The Ewald technique was used to
treat the Coulomb part. The Kohn-Sham orbitals are ex-
pressed as a linear combination of Slater type orbitals
�LCSTO, 12 per basis function� in a minimal basis represen-
tation, i.e., considering the 2s, 2p carbon valence orbitals and
the 3d, 4s, and 4p iron valence orbitals. Such basis is con-
sistent with the DFTB approximations.

III. RESULTS AND DISCUSSION

A. Structure and stability

First, for all Mn@CNTs systems with encapsulated wires,
we optimized the lattice parameters along the z axis and
found that the cell parameters of the tubes are stretched,
while those of the metal cores are compressed. The opti-
mized cell parameters of the Mn@CNTs in comparison with
the “empty” carbon tubes increase, depending on the filling
ratio, of about 3–8 % for the Tin@CNT, 1–5 % for the
Fen@CNT and 1–3 % for the Znn@CNT composites. The
ratio of the increase depends from the morphology of the
wires and reaches its maximum in the case of encapsulation
of thick wires.

The optimized structures for some Mn@CNTs compos-
ites are shown in Fig. 1, and demonstrate an essential depen-
dence of their morphology from the type of the metal core.
For the Ti18@ �14,0�CNT, the CNT cross section changes
from circular to quadraticlike, due to the strong covalent in-
teractions between “external” atoms of the Ti NW and the
carbon atoms of the CNT. These interactions affect even
more strongly the shape of the composite with the biggest
encapsulated nanowire �Ti26@ �14,0�CNT�. Oppositely, for
the Fe18@ �14,0�CNT, the initial shapes �quadratic-prismatic
of Fe wire and cylindrical �14,0� CNT� are preserved without
any visible changes after optimization. That indicates the
small interatomic Fe-C bonding. The strength of the Fe-C
bonding increases when the distances between wire and CNT
is decreased; the composites with encapsulated thick Fe13,
Fe26 wires show a tendency to the formation of quadraticlike
cross-section shapes. Experimentally, in most cases, the en-
capsulation of iron wires inside multiwalled carbon nano-
tubes was observed. These are more rigid systems than
single-walled CNTs and the effects on curvature of the walls
after the wire encapsulation will be less pronounced.

For the Zn18@ �14,0�CNT, we obtain a reverse situation
compared to the Ti18@ �14,0�CNT, Fig. 1. After optimiza-
tion the tube walls remain practically unchanged, whereas
the atomic structure of the Zn NW differs substantially. Thus,
the starting shape of the bcc-like Zn18 wire is unstable and
the resulting structure of the wire inside the tube is strongly
affected by repulsive interactions between Zn atoms and car-
bon atoms of the tube wall. The structures of composites
with thick Zn13, Zn26 wires �having minimal distances be-
tween wires and carbon tubes� are unstable and break apart.
Only small Zn5, Zn10 wires inside Znn@CNT composites are
stable and keep their structure without severe changes. The
interatomic distances reflect the described perturbation of the
systems. In most cases the C-C bond distances are increased

and the M−M bond distances are reduced, compared with
the corresponding free nanotubes or metal bulk systems,
Table I.

In the case of encapsulated clusters, we considered Mn
clusters of different size inserted at different distances be-
tween each other inside the carbon nanotubes, Table II. The
cell parameters of tubes filled with metal clusters remain
practically unchanged even for high density of filling
�changes do not exceed �0.5%�. The optimization does not
affect strongly the composites with small encapsulated tita-
nium and iron clusters �M6� or clusters far distant from each
other. We have found a strong transformation of the struc-
tures for large �M15,M19� clusters in Mn@CNT, if the clus-
ters were initially located in the vicinity of each other. The
resulting composite structure contains “pseudowires” instead
of chains of clusters. As an example in Fig. 2 the optimized
structures of metal clusters encapsulated inside carbon nano-
tubes are given for the Fen@CNT system. For Znn@CNT
composites we observe the strongest deviation from the ini-
tial structures, the formation of pseudowires is especially un-
favorable. That could be explained by the initially unstable
shape of Zn clusters �only the smallest free Zn clusters keep
the initial geometry after optimization� and by repulsive in-
teractions between Zn atoms and carbon atoms of tube walls.

The incommensurability between the lattice constants of
the CNT and the metal wires leads to the above-mentioned
stretching of the CNTs and the corresponding compression of
the metal wires. The “commensurability problem” does not
exist for the composites with encapsulated clusters. There-
fore, the C-C bond lengths of systems are closer to those of
pure carbon tubes and the M−M bonds are less compressed
compared to the systems with encapsulated metal wires. The
values of averaged first-neighbor interatomic distances for

TABLE I. Average interatomic distances �Å� for the composites
M18 inside of zigzag �14,0� CNT.

Bond length, Å/System C-C C-M M−M

Ti18@CNT 1.45 2.51 2.62

Fe18@CNT 1.46 2.63 2.51

Zn18@CNT 1.48 2.64 2.55

TABLE II. Average interatomic distances �Å� for metal wires
and clusters inside of armchair �8,8� CNT.

Bond length, Å/system C-C C-M M−M

Fe13 wires 1.49 2.57 2.49

Fe19 clustera 1.43 2.65 2.61

Fe19 clusterb 1.43 2.62 2.51

Ti13 wires 1.51 2.52 2.66

Ti19 clustera 1.43 2.72 2.81

Ti19 clusterb 1.43 2.63 2.68

aClusters are situated close to each other inside the tube, forming a
pseudowire.
bClusters are distant from each other. For Ti19 the optimized inter-
cluster distances are �2.3 Å, for Fe19�2.7 Å.
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some of the optimized Mn@CNT composites with Mn clus-
ters inside the CNT are given in Table II.

To study the stability of Mn@CNTs, we estimated forma-
tion energies of the systems as

Eform = �Etot�Mn @ CNT� − �Etot�CNT� + Etot�Mn���/n ,

�1�

where Etot�Mn@CNT�, Etot�CNT�, Etot�Mn� are the total en-
ergies of the Mn@CNT composite, carbon nanotube, and
free metal wire or cluster, respectively, and n is the number
of metal M atoms per unit cell. The calculated formation
energies �Eform� for the composites Mn@CNT with encapsu-
lated metal wires and clusters are given in Table III. We
consider only the formation energies for the armchair �8,8�
CNT, since in this case we have less structural mismatch at
the encapsulation, compared to the systems with the zigzag
�14,0� nanotube.

In spite of the high carbide-forming ability of titanium,
the formation energies for encapsulated Ti wires inside CNTs
are slightly positive. This fact could be attributed to the con-
siderable elongation �up to �8%� of the carbon tube in the
composite. However, with the increase of the thickness of the
wire, the formation energy is decreased, due to an energy
gain by the formation of stronger covalent titanium-carbon
interactions; see Table III. For titanium clusters inside CNTs,
in contrast to the encapsulated wires, we get negative values
for the formation energies. This can be attributed to the al-
most undisturbed structure of the CNT inside the composite
with clusters contrasting to the CNT with encapsulated Ti
wires. The calculated formation energies decrease with the
size of the clusters, which is connected with a stronger co-
valent titanium-carbon bonding. The calculations show a
preferential ordering of Tin clusters distant from each other
inside CNT, rather than situated close to each other with the

formation of pseudowires, Table III. Hence, according to our
calculations for Tin@CNT systems, the encapsulation of dis-
tant big-sized clusters is preferred.

For the Fen@CNT systems Eform is negative if the carbon
tube is not substantially distorted, i.e., the elongation of CNT
is less then �2% and the circular cross section of the tube is
not much disturbed. This means that the process of formation
of these composites should be exothermic. For thick Fe wires
and correspondingly more elongated tubes �up to 5%� the
formation energies are positive, see Table III. For Fen@CNT
composites with participation of wires, the most stable struc-
ture results from encapsulation of the medium sized Fe9
wires; see Table III. Such behavior can be explained, consid-
ering the competition between the iron-carbon interaction,
which increases with the diameter of the Fe wire, and the
structural frustration of the system, which increases with the
filling ratio. We have found negative values for the formation
energies for CNTs with encapsulated iron clusters. The Fe
pseudowires are clearly more stable than the isolated Fe clus-
ter in the CNT, Table III. As far as the cluster fits into the
CNT, the formation energy becomes more negative with in-
creasing the cluster size.

Encapsulation of metal clusters or wires inside carbon
nanotubes lead to an energetic competition between forma-
tion of covalent bonding between metal and carbon atoms
and structural frustration induced by cell mismatch. The re-
sults suggest that, in general, up to a certain limit, the encap-
sulation of iron wires is more energetically favorable than
encapsulation of clusters of similar sizes. When the diam-
eters of wires reach their critical size and the distortion of the
carbon nanotubes becomes significant, the formation ener-
gies favor the clustering inside the CNTs, Table III. In this

TABLE III. The formation energy Eform, eV/n for Ti, Fe wires
and clusters encapsulated in armchair �8,8� CNT, where n is the
number of metal atoms in the unit cell.

System Encapsulated Ti Wires

Ti5@ �8,8�CNT Ti9@ �8,8�CNT Ti13@ �8,8�CNT

Eform 0.40 0.50 0.03

System Encapsulated Ti Clusters

Ti6@ �8,8�CNT Ti15�8,8�CNT Ti19�8,8�CNT

Eform −0.18 0.10a/−0.10b −0.17a/−0.48b

System Encapsulated Fe Wires

Fe5@ �8,8�CNT Fe9@ �8,8�CNT Fe13@ �8,8�CNT

Eform −0.21 −0.36 0.30

System Encapsulated Fe Clusters

Fe6@ �8,8�CNT Fe15@ �8,8�CNT Fe19@ �8,8�CNT

Eform −0.09 −0.46a/−0.29b −0.66a/−0.31b

aThe clusters are situated close to each other with formation of
pseudowire inside the tube.
bThe clusters are distant from each other inside the tube.

FIG. 3. Total �solid lines� and M3d �dotted lines� densities of
states for composites M9@ �8,8�CNT �1–3� and M18@ �14,0�CNT
�4–6�. M=Ti �1,4�, Fe �2,5�, Zn �3,6�. The energy is given �in
eV� relative to EF.
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case, as we already mentioned, more stable configurations
will be closely situated clusters that form pseudowires; how-
ever, the formation of distant clusters is also possible. Ex-
perimentally, the formations of wires as well as iron nano-
particles are reported,12–19 but there are no data available
about the ratio of synthesis products. We could suppose that
the process of formation of encapsulated wires or clusters are
competitive, and the result of the synthesis will depend on
the particular thermodynamic experimental conditions
�carbon-iron ratio, temperature, pressure, presence of cata-
lyst, etc�.

Due to instability of free zinc wires, derived from bulk
bcc structure, we did not perform energetic estimations for
Znn@CNT composites. The most structurally stable
Znn@CNT composites are formed by inserting thin metal
wires or small clusters into the CNTs.

B. Electronic and magnetic properties

We discuss now the electronic properties of Mn@CNT
composites. The densities of states �DOSs� for M9@ �8,8�
and M18@ �14,0�CNTs systems are given as examples in
Fig. 3. For all considered types of metal wires inside of semi-
conducting and metallic CNTs, the Mn@CNT composites
have a metalliclike behavior. The most essential changes in

the electronic structure, when going from Tin@CNT to
Znn@CNT composites, can be interpreted in terms of the
metal 3d band filling. For Tin@CNT structures, the partially
occupied Ti3d states are placed in the vicinity of the Fermi
level �EF� and are considerably hybridized with the C2p
states. For Fen@CNT composites, the bands in the energy
region between −4 and +2 eV consist predominantly of Fe3d
states. Thus, as well as for crystalline Fe3C,39 for these com-
posites the iron 3d states are dominant around the Fermi
level. Nevertheless, some contribution of the covalent bonds
between iron and carbon atoms due to the overlapping of
Fe3d-C2p states can be seen in the energy interval between
−5 and −3 eV below the Fermi level. Oppositely, for
Znn@CNT, the fully occupied Zn3d states form a narrow
atomiclike DOS peak located far below EF. Consequently,
carbon and zinc valence states are well separated and their
hybridization is very weak. Thus, for metalliclike Mn@CNT

TABLE IV. The magnetic moments ��B / atom� for the Fe wires and clusters encapsulated in armchair
�8,8� and zigzag �14,0� CNT. The data for freestanding wires and cluster as well as for bulk iron are given for
comparison.

Structure

Magnetic
moment,
�B / atom Structure

Magnetic
moment,
�B / atom Structure

Magnetic
moment,
�B / atom

Wires

Fe5@ �8,8�CNT 2.80 Fe10@ �14,0�CNT 2.80 Fe5 wire 3.00

Fe9@ �8,8�CNT 2.67 Fe18@ �14,0�CNT 2.67 Fe9 wire 2.78

Fe13@ �8,8�CNT 2.62 Fe26@ �14,0�CNT 2.62 Fe13 wire 2.69

Clusters

Fe6@ �8,8�CNT 3.33b Fe6@ �14,0�CNT 3.33b Fe6 cluster 3.33

Fe15@ �8,8�CNT 2.53a–2.80b Fe15@ �14,0�CNT 2.67a–2.80b Fe15 cluster 2.93

Fe19@ �8,8�CNT 2.63a–2.74b Fe19@ �14,0�CNT 2.74c Fe19 cluster 2.84

aThe clusters are situated close to each other with formation of pseudowire inside the tube.
bThe clusters are distant from each other inside the tube.
cThe structure with close situated clusters inside the tube is changed during the optimization with the
formation of an amorphous-like encapsulated iron structure.

FIG. 4. �Color online� Calculated charges on atoms �e� for
medium-sized metal wires inside of armchair �8,8�CNT. Carbon
atoms are gray.

FIG. 5. Total �solid lines� and Fe3d �dotted lines� densities of
states for composites M5@ �8,8�CNT �1,3� and M13@ �8,8�CNT
�2,4�: non-spin-polarized �1,2� and spin-polarized �3,4� calculations.
The energy is given �in eV� relative to EF.
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composites the bands near the Fermi energy are of quite
different types: for Tin@CNT, these bands are of “mixed”
nature, i.e., are composed from the Ti3d-C2p states, whereas
for Fen@CNT they are mainly of Fe3d type, and for
Znn@CNT they have predominantly carbon 2p character.
Note that DOSs for Mn clusters inside of both types of car-
bon nanotubes are also metalliclike, and in general tenden-
cies resemble those of the encapsulated wires.

In Fig. 4 the charge distribution of medium sized M9
wires inside the armchair �8,8� CNT—as an example—is
shown. As one can see, for Fe9@CNT there is a charge
transfer q of 0.47 e− per unit cell from carbon atoms to iron
atoms. The transferred charge is not homogeneously distrib-
uted over the iron atoms �see Fig. 4�. For Ti9@CNT as well
as Zn9@CNT systems, we obtain an opposite direction of
charge transfer: from metal atoms to carbon; q of the carbon
tube per unit cell in Ti9@CNT�−0.28 e, q of the carbon
tube in Zn9@CNT�−0.31e. For the case of encapsulated
metal clusters, the charge transfer strongly depends upon the
distances between the clusters inside the nanotubes; for in-
stance, for well-separated Fe15 clusters �minimal distance be-
tween the clusters �4.8 Å� inside armchair �8,8� CNT q on
iron atoms is equal to �−0.44 e− per unit cell, while when
the same clusters are situated close to each other with forma-
tion of pseudowire �minimal distance between the clusters
�2.2 Å� qFe�−0.58 e− per unit cell. There is also a certain
charge difference for metal atoms of wires and clusters inside
the composites, depending on the coordination numbers. The
obtained tendencies for the directions of charge transfer,
found for encapsulated metal wires, are also preserved for
the clusters and are in accordance with that known for iron
and titanium carbides.40

The magnetic characterization of Fen@CNT composites
is of special interest for their potential applications.21,22 We
have analyzed the magnetic properties of Fen@CNT systems
within the DFTB method including spin-polarization.35

DOS’s for spin-up and spin-down states of some Fen@CNT
composites are given in Fig. 5. The magnetic moments
�MM� at the Fe atoms are given in Table IV. No magnetiza-
tion has been found on the carbon atoms. In accordance with
the previous theoretical calculations of encapsulated Fe

wires,25,26 we found a significant enhancement of magnetic
moments as for “freestanding” iron wires as well as for en-
capsulated ones compared to bulk bcc Fe.41 The reason for
such enhancement of MMs is due to the reduced coordina-
tion numbers of metal atoms in these systems. As an ex-
ample, we show in Fig. 6 the distribution of the magnetic
moments over the atoms of the wires encapsulated in arm-
chair �8,8� CNT. One can see that highest magnetic moments
get the atoms on the border of the wires, i.e., having the
lowest coordination numbers. Thin wires, which are well
separated from tube walls, present the highest values of MM
compared to that of freestanding systems. The calculated
magnetic moments for the encapsulated clusters are given in
the Table IV. Due to reduced coordination number, MMs for
clusters are generally higher then for freestanding wires; see
also Ref. 42. After the encapsulation in carbon tubes, the
MM of clusters is decreased. Magnetic moments for the clus-
ters forming a pseudowire are similar to MMs of “regular”
encapsulated wires and are �0.1÷0.3�B / atom lower, com-
pared with those for separated clusters in nanotubes.

IV. CONCLUSIONS

In summary, the atomic models of the quasi-one-
dimensional composites—carbon nanotubes filled with nano-
wires or ensembles of clusters of some 3d metals �M=Ti, Fe,
and Zn�—have been proposed and their properties analyzed
by means of the density functional-based tight-binding
method including spin polarization. We showed that the ac-
commodation of metal nanosized structures inside CNTs
may lead to essential changes of the structural, magnetic, and
electronic properties of these systems. For Tin@CNT and
Znn@CNT composites, considerable structural reconstruc-
tions were obtained; for the Tin@CNT system, more prefer-
able is the encapsulation of big distant clusters, whereas for
Znn@CNT composites, the insertion of thin metal wires and
small clusters is preferred. For Fen@CNT systems, we
showed that more favorable will be encapsulation of
medium-sized iron wires and clusters in vicinity of each oth-
ers �with the formation of pseudowire�.

We especially examined in more detail the effect of inter-
actions between iron and carbon atoms on the magnetic
properties of the iron wires and Fen clusters inside CNTs by
comparison with freestanding wires and clusters. For
Fen@CNT systems, an enhanced magnetization in compari-
son to bulk Fe was found. For all Mn@CNT composites, the
metalliclike behavior has been established.
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FIG. 6. �Color online� Magnetic moments on atoms ��B / atom�
for metal Fe wires inside of armchair �8,8�CNT. Iron atoms are
black; carbon atoms are gray.
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