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Under the generalized gradient approximation, the electronic structures and magnetic properties of Fe(; _,)Cogx

alloy nanowires encapsulated inside zigzag (10,0) carbon nanotubes (CNTs) are investigated systematically using first-

principle density functional theory calculations. For the fully relaxed Fe(;_,)Cox /ONT structures, all the C atoms

relax outwards, and thus the diameters of the CNTs are slightly increased. Formation energy analysis shows that the

combining processes of all Fe(l_x)Com/CNT systems are exothermic, and therefore the Fe(;_,)Cos alloy nanowires

can be encapsulated into semiconducting zigzag (10,0) CNTs and form stable hybrid structures.

The charges are

transferred from the Fe(;_;)Co, nanowires to the more electronegative CNTs, and the Fe-C /Co—C bonds formed have

polar covalent bond characteristics. Both the spin polarization and total magnetic moment of the Fe(l_z)Coz/CNT

system are smaller than those of the corresponding freestanding Fe(; _,)Coz nanowire, and the magnetic moment of the

Fe(;_4)Coz /CNT system decreases monotonously with increasing Co concentration, but the Fe(;_,)Coz/CNT systems

still have a large magnetic moment, implying that they can be utilized in high-density magnetic recording devices.
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1. Introduction

Fe—Co alloys are important soft magnetic ma-
terials due to their low magnetic anisotropy, rela-
tively low coercive field and large magnetic moment
per atom among various binary alloys of 3d transi-
tion metals. So Fe-Co alloys are promising materi-
als in a wide and important range of technological
applications such as magnetic recording media, high-
performance transformers and sensors.!"? With the
rapid development of nanofabrication techniques, op-
portunities to observe some of the fascinating mag-
netic properties in nanostructures made from these
alloys that were previously thought impossible could
arise. For example, the in-plane arrangements of Fe—
Co alloy nanowires exhibit high coercivity and large
shape anisotropy with the easy magnetization direc-
tion along the nanowire axis, in contrast to the re-
spective bulk material.[3] The magnetic moment of the
Fe—Co alloy, one of the most technologically impor-
tant features, is also expected to be enhanced at the
nanoscale due to finite size effects.
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In experiments, the Fe—Co alloy nanowires en-
capsulated in carbon nanotubes (CNTs) have been
realized.[*~7] The CNT has a hollow tubular chan-
nel, high thermal and electronic conductivity, and
The tube
shell not only provides structural stability, but

extremely high mechanical strength.

also effectively protects a nanowire inside its cav-
ity. CNTs have attracted much attention and ex-
tensive investigations.3=25 However, there are sel-
dom systematical and theoretical studies about Fe-Co
nanowires encapsulated in CNT. Theoretically, only
Jo[20l has carried out first-principle calculations on
Fe—Co alloy nanowires encapsulated in metallic (6,6)
CNT with varying Co concentrations. His binding en-
ergy analysis showed that polar covalent bonds be-
tween Fe—Co nanowires and C atoms contributed to
higher stability. He found that CNT encapsulation
provoked a reduction in magnetic moment, spin polar-
ization and coercivity, in comparison with the coun-
terparts of freestanding nanowires. However, the elec-
tronic and magnetic properties of Fe—-Co nanowires
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inside semiconducting CNTs have not been systemat-
ically and theoretically explored yet. Consequently,
such an investigation is done in this paper. Our first-
principle calculations demonstrate that Fe(;_,)Co, al-
loy nanowires can be encapsulated into semiconduct-
ing zigzag (10,0) CNTs and form stable hybrid struc-
tures. Therefore, Fe(;_;)Co,/CNT systems can be ex-
pected to have potential applications in building nan-
odevices.

2. Calculation method and model

All the calculations are performed within the
framework of density functional theory (DFT) us-
ing the plane-wave basis implemented with the Vi-
enna ab initio simulation package (VASP).[27-29]
The electron—ionic core interaction is represented by
the projector-augmented-wave (PAW) potentials, "]
which are more accurate than the ultrasoft pseudopo-
tentials. The electron exchange and correlation is
treated with the Perdew—Burke—Ernzerhof formula-
tion of generalized gradient approximation,®!) which
can yield the correct ground state of the combined sys-
tems. The energy cutoff of the plane wave basis set is
taken to be 400 eV. A one-dimensional Brillouin zone
integration is performed using the Monkhorst—Pack
scheme with 1x1x13 k-points.[?] All the calculations
are done for tetragonal supercells with a tube—tube
distance of 16 A (1 A=0.1 nm) to prevent any tube-
tube interaction. In order to find the ground state
of the combined systems, the conjugate-gradient min-
imization scheme is utilized. The Gaussian broaden-
ing scheme with a width of 0.2 eV is used to calculate
the density of states (DOS). Finally the force on each
ion is converged to less than 0.02 eV/A, and all the
geometric structures are fully relaxed to minimize the
total energy of the system until a precision of 10™% eV
is reached.

For the structural model of Fe; _;)Co,/CNT hy-
brid systems, the Fe(;_,)Co, nanowire and (10,0)
CNT repeat periodically along a coincident tube axis.
The Fe(;_;)Co, nanowires are constructed by the
body centered cubic (0 0 1) type staggered struc-
ture composed of 10 atoms in a unit cell. The jus-
tifications of the alloy nanowire models used in this
study have been detailed elsewhere.[26:33:34] The unit
cell length for freestanding Fe(;_,)Co, nanowires is
about 4.30 A, whereas the periodicity length of (10,0)
CNTs is 4.26 A. In order to match the zigzag CNT
periodicity length, the Fe(;_,)Co, nanowires are com-
pressed by 0.93% along the tube axis. The com-
pressed degree is much less than that of Fe(;_,)Co,

alloy nanowires encapsulated in (6,6) CNT, where the
Fe-Co nanowires are extended by 14%.[2!

The initial geometric structure of the Fey 5Coq 5
nanowire encapsulated in a (10,0) CNT is given in
Fig. 1 as an example. The black, white and gray balls
denote Fe, Co and C atoms, respectively. The copla-
nar four Fe (or Co) atoms are located in the middle
of the axial C—C bonds, while the single Fe (or Co)
atom on the tube axis lies in the middle of zigzag C—
C bonds. Moreover, the corresponding freestanding
Fe—Co nanowires are also investigated for comparison
with the Fe(;_;)Co,/CNT systems. To vary the Co
concentration, a centered Fe atom is first substituted
by a Co atom, because that substitution is energeti-
cally preferred to other arrangements.

Fig. 1. The initial geometric structure of an Feg 5Cog. 5
nanowire encapsulated inside a (10,0) CNT. The black,
white and gray balls denote Fe, Co and C atoms, respec-
tively.

3. Results and discussion

3.1. Structural stability and difference
charge density

The geometric structures are relaxed fully for all
the Fe(;_,)Co, nanowires and Fe(;_,)Co,/CNT sys-
tems. We allow the positions of all atoms in the
Fe(;_4)Co, /CNT systems to move in three directions
during the relaxation process until the optimal config-
uration, and thus the lowest total energy, is reached.
As an example, the positions of the C (circles), Fe
(squares) and Co (triangles) atoms before (open sym-
bols) and after (closed symbols) relaxation are dis-
played in Fig. 2 for the Fep 5Cog.5/CNT system. After
relaxation, all C atoms relax outwards and therefore
the diameter of the CNT is slightly increased. For
the layer with coplanar four Fe atoms, as shown in
Fig. 2(a), the interior Fe; and Fes atoms relax in-
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wards, while the Fe; and Fey atoms rotate in a some-
what clockwise direction around the common axis of
the nanowire and nanotube. For the layer with copla-
nar four Co atoms on it, Fig. 2(c), the interior four Co
atoms relax outwards, simultaneously, and the Co;
and Cos atoms rotate in an anticlockwise direction
around the common axis of the nanowire and nan-
otube, while the Cos and Co4 atoms rotate in a clock-
wise direction. So the Coy (Cos) and Coy (Coy) atoms

move away from their initial positions and get close to
each other. The Fe;—Cy (or Cz), Fea—Cy, and average
Co-C bond lengths are 2.19 (2.16), 2.10, and 2.13 A,
respectively. The bond lengths are similar to those of
the same structural Fe-Co nanowires inside the (6,6)
CNT,[?% in which the nearest-neighbor distances be-
tween the Fe-Co nanowires and the CNTs are in the
range 2.0 A-23A.
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Fig. 2. The positions of the C (circles), Fe (squares) and Co (triangles) atoms before (open symbols) and after (closed
symbols) relaxation of the Fep.5Cog.5 nanowire encapsulated inside the (10,0) CNT. Panels (a), (b), (c¢) and (d) represent

the planes through the coplanar four Fe atoms, one Fe atom, coplanar four Co atoms and one Co atom, respectively.

To quantitatively investigate the composition de-
pendence of stability, the calculated formation en-
ergy of the Fe(;_,)Co,/CNT systems is illustrated in
Fig. 3 as a function of Co concentration x. Here,
the formation energy Fio., is defined as Fiorm =
(Ewot — Enw — Enxt), where Eio, Exw and Enr
represent the total energies of the Fe(;_;)Co,/CNT
systems, freestanding Fe(; _,)Co, nanowires and pure
(10,0) CNTs, respectively. The negative (positive)
values of the formation energy indicates an attractive
(repulsive) interaction between the Fe-Co nanowires
and CNT, and also indicates that the combining pro-
cesses of the hybrid systems are exothermic (endother-
mic). It can be seen from Fig. 3 that the combining
processes of all Fe(;_;)Co,/CNT systems are exother-
mic. Therefore, the Fe(;_,)Co, alloy nanowires can be
encapsulated into semiconducting zigzag (10,0) CNTs
and form stable hybrid structures. Comparing the
relative values of formation energies, we can see that
the stability of the Fe(;_,)Co,/CNT system is sensi-
tively dependent on Co concentration, and the most
stable Fe(;_;)Co,/CNT system is at Co concentra-
tion z = 0.9. The absolute values of our formation
energies are much less than those of the Fe(;_,)Co,
nanowires encapsulated in (6,6) CNT,[?%! and this dif-
ference is mainly caused by the fact that they used
the energy difference between the Fe(;_,)Co,/CNT
structures and the CNT and isolated metal atoms.

Although the most stable Fe;_,)Co,/CNT sys-
tem is at Co concentration x = 0.9, in the fol-

lowing discussion we pay more attention to the
Feg 5Cog.5/CNT  system. This the
Feg5Cog.5 alloy is a highly favorable material in

is because

the field of spin electronics and is actively ap-
plied in the ferromagnetic layer of a magnetoresis-
tive head.[6:35=40] Furthermore, the experiments found
that the Feg 5Cog 5 nanowire has an approximate max-
imum coercivity of 2150 Oe (1 Oe=79.5755 A/m) in
all Fe(;_;)Co, nanowires,®® and Fe-Co nanowires in-
side multi-walled CN'Ts with Fe:Co ratios of 1:1 show
a large coercivity of 928 Oe at room temperature com-
pared with the bulk phase of Fe-Co (0.68 Oe).[4’7]
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Fig. 3. The formation energies of Fe(;_;)Cog/CNT sys-
tems.

The chemical bond character between Fe—Co
nanowires and CNTs is worth considering in order
to understand the properties of Fe(;_,Co,/CNT
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systems. The difference charge density of the sta-
ble Feg 5Cog.5/CNT system is displayed in Fig. 4(a)
and (b) for the coplanar four-Fe atoms layer and the
Black
solid and gray dashed contour lines depict charge ac-

coplanar four-Co atoms layer, respectively.

cumulation and depletion, respectively. From Fig. 4
First,
an electron accumulation in the region between the

we can draw the following two conclusions.

Feq.5Cog.5 nanowire and the CNT is observed, which
indicates a strong interaction between Fe (or Co)
atoms and their nearest neighbor C atoms, and
that the formed Fe-C (Co-C) bonds have a cova-
lent bond character. Second, the electron density
of the C atoms represented by gray dots is accu-
mulated, while that of the Fe (or Co) atoms de-

scribed by white dots is obviously depleted, showing

(a) Fe layer @

QO

(b) Co layer

Fig. 4.
Fep.5Co00.5/CNT system; (a) coplanar four-Fe atoms
The iso-
density curves are drawn from —0.17 (—0.15) to 0.12
(0.13) e/A3, with an increment of 0.003 e/A3 for the Fe
(Co) atoms layer, and the black solid and gray dashed

Difference charge density contours of the

layer and (b) coplanar four-Co atoms layer.

contours lines denoting charge accumulation and deple-
tion, respectively. The gray and white dots designate C
and Fe (or Co) atoms, respectively.

a charge transfer from the Fey 5Cog 5 nanowire to the
more electronegative CNT, and thus the polar bond
character of the Fe-C (Co—C) bonds. Such a polar co-
valent bond character is also observed in Fe(;_;)Co,

nanowires encapsulated in (6,6) CNT.[26]

3.2. Electronic structure properties

The stability of Fe(;_,)Co,/CNT systems is at-
tributed to the charge rearrangement effect. The
Bader charge analysis*! is employed to obtain the
quantitative amount of charge transfer. We find that
overall charges are transferred from the Fe(;_,)Co,
nanowires to the (10,0) CNT. It is 3.09 e per unit
cell from the Fep5Cog5 nanowire to the CNT in
the Feg5Cog.5/CNT system. The direction of charge
transfer is identical to the Fe(;_,)Co, nanowires en-
capsulated in (6,6) CNT. [

The curves of the total DOS of pure (10,0) CNT
and the freestanding Fey 5Cog 5 nanowire are depicted
in Fig. 5(a) and (b), respectively. The total DOS
of the Feg 5Cog.5/CNT system, and the partial DOS
projected onto the outer CNT and inner Fey5Coq 5
nanowire are displayed in Fig. 5(c) simultaneously.
The vertical dotted lines denote the Fermi levels
shifted to zero energy in the three figures. From
Fig. 5(a) we find the symmetric DOS between ma-
jority and minority spins, which shows that the pure
(10,0) CNT is nonmagnetic.
DOS between majority and minority spins in Fig. 5(b)

However, asymmetric

reflects that the freestanding Feg 5Cog.5 nanowire is
ferromagnetic.

Furthermore, the following features can be ob-
tained by comparing Fig. 5(c) with Fig. 5(a) and
(b). First, the energy states near the Fermi level
of the Fep 5Cog5/CNT system mainly stem from the
Fep.5Cog.5 nanowire. Moreover, the asymmetric par-
tial DOS of the Feg.5Cog 5 nanowire, and thus the to-
tal DOS of the Feg 5Cog 5 /CNT system near the Fermi
level, imply that the Feg 5Coq 5 nanowire and thus the
Feg.5Cog.5/CNT system have strong ferromagnetism.
Lastly, the total DOS of the Feg5Co5/CNT sys-
tem shown in Fig. 5(c) is not a simple superposition
of the total DOS of the pure (10,0) CNT and the
freestanding Feq 5Cop 5 nanowire shown in Fig. 5(a)
and (b), respectively, also indicating that a strong in-
teraction between the inner Feg 5Cog s nanowire and
outer CNT exists. This interaction can also be seen
from the differences between the partial DOS pro-
jected onto the inner Feys5Cog s nanowire and the
outer (10,0) CNT shown in Fig. 5(c), and the total
DOS of the pure (10,0) CNT and the freestanding
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Feg 5Cog.5 nanowire shown in Fig. 5(a) and (b), re-
spectively. The Feg5Cog.5 alloy nanowire not only
transforms its outside CNT from semiconductor to
conductor, but also shifts the total DOS of the pure
(10,0) CNT down to the lower energy region.
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Fig. 5. (a) The total DOS of the pure (10,0) CNT, (b) the
total DOS of the freestanding Fep.5Cop.5 nanowire, and
(c) the total DOS of the Feg.5Cog.5/CNT system and the
partial DOS projected onto the inner Feg 5Cog.5 nanowire,
as well as onto the outer (10,0) CNT. The vertical dotted
lines denote the Fermi level.

3.3.Spin polarizations and magnetic
moments
Spin polarization (P) is one of the important pa-

rameters for spin-dependent electronic transport. P
is defined as

P =[N, (Er) — Ny (Er)]/[N| (Er) + Ny (Ep)],

where N (Er) and N; (Ep) represent the DOS
amplitudes of minority spin and majority spin at
the Fermi level, respectively. The calculated spin
polarizations and total magnetic moments of the

Fe(;_5)Co, /CNT systems and the corresponding free-
standing Fe(;_,)Co, nanowires are illustrated in
Fig. 6(a) and (b), respectively.  Owing to the
restriction of the outer CNT, the spin polariza-
tion of the Fe(;_;)Co,/CNT system is smaller than
that of the corresponding freestanding Fe(;_,)Co,
nanowire. This is also the reason why the total
magnetic moment of the Fe(;_;)Co,/CNT system is
smaller than that of the corresponding freestanding
Fe(;_5)Co, nanowire. However, the Fe(;_,)Co,/CNT
systems with larger magnetic moments imply that
they still have potential applications in high-density
magnetic recording devices. The magnetic moment
of either the Fe;_,)Co,/CNT system or the corre-
sponding freestanding Fe(;_,)Co, nanowire decreases
monotonously with increasing Co concentration, due
to the fact that the magnetic moment of the Fe atom
is larger than that of the Co atom. In addition, both
the magnetic moment values of the Fe(;_;)Co,/CNT
system and their variation with Co concentration are
very close to those of the Fe(;_,)Co, alloy encapsu-
lated in (6,6) CNT.[26]
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Fig. 6. Comparison of (a) spin polarization and (b) magnetic
moments between the Fe(;_,)Cog /CNT systems and the cor-
responding freestanding Fe(; _;)Coy nanowires.

The spin charge density (the difference between
the majority spin and minority spin) of the stable
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Feg 5Cog.5/CNT system is illustrated in Fig. 7(a) and
(b) for the coplanar four-Fe atoms layer and the copla-
nar four-Co atoms layer, respectively. The black solid
(gray dashed) lines show there is more majority (mi-
nority) spin. It can be seen that the magnetism
is mainly confined within the Fey5Cogs nanowire
because the pure (10,0) CNT is nonmagnetic while
the freestanding Fe—Co nanowires are ferromagnetic.
Moreover, the roughly circularly distributed positive
spin densities at Fe (Co) sites are due to the Fe/Co
atom having six (seven) 3d electrons. The 2p electrons
of the Cy, Cy and C4 atoms bonding to the nearest Fe
atoms in Fig. 7(a), and the 2p electrons of all C atoms
in Fig. 7(b), are antiferromagnetic couplings with 3d
electrons of the Fe and Co atoms, respectively, while
the 2p electrons of un-bonding C3 and C; atoms in

(a) Fe layer i z

10

Fig. 7.
Feo.5Co00.5/CNT system for (a) the coplanar four-Fe atoms

The spin charge density contours of the

layer and (b) the coplanar four-Co atoms layer. The isoden-
sity curves are drawn from —0.07 (—0.04) to 3.23 (2.02) e/A3,
with an increment of 0.01 e/A3 for the Fe (Co) atoms layer,
and the black solid and gray dashed lines show that there are
more majority and minority spins, respectively. The gray and
white dots designate C and Fe (Co) atoms, respectively.

Fig. 7(a) are ferromagnetic couplings with 3d elec-
trons of the Fe atoms. Therefore, the magnetism is
also presented at C atoms with slightly more majority
or minority spin. The magnetic moments of the cor-
responding Cq, Cg, C3, Cy4, Cs, Fey, and Fey atoms
in Fig. 7(a) are —0.028, —0.029, 0.011, —0.028, 0.011,
2.580, and 2.606 ugp, respectively, and those of the Cg,
Cr, Cs, Cyg, Cqp, Co1, and Coy atoms in Fig. 7(b) are
—0.001, —0.017, —0.011, —0.004, —0.015, 1.451, and
1.410 up, respectively.

4. Conclusions

In conclusion, the structures, electronic and mag-
netic properties of the Fe(_,)Co, alloy nanowires
encapsulated in zigzag (10,0) CNTs are systemati-
cally investigated by the first-principles PAW poten-
tial within the DFT framework. The following con-
clusions are obtained.

(i) For the fully relaxed Fe(;_,)Co,/CNT struc-
tures, all C atoms relax outwards, and thus the diam-
eters of the CNTs are slightly increased.

(ii) The negative values of the formation energies
for the Fe(; _;)Co,/CNT hybrid systems indicate that
the combining processes of all the Fe(,_,)Co,/CNT
systems are exothermic. Therefore, the Fe;_;)Coy,
alloy nanowires can be encapsulated into the semi-
conducting zigzag (10,0) CNT and form stable hy-
brid structures. So the stable Fe(;_;)Co,/CNT sys-
tems can be expected to have potential applications
in building nanodevices.

(iii) The charge is transferred from the Fe-Co
nanowire to the (10,0) CNT, and the formed Fe-C
(Co—C) bonds have polar covalent bond characteris-
tics.

(iv) After the Fe(;_,)Co, nanowires are encap-
sulated into the (10,0) CNT, the spin polarization
and total magnetic moment of the Fe(;_;)Co,/CNT
system are smaller than those of the correspond-
ing freestanding Fe(;_,)Co, nanowire. However, the
Fe(;_)Co, /CNT systems still have a large magnetic
moment, implying that they can be utilized in high-
density magnetic recording devices.
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