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Abstract
Ferromagnetic material–carbon nanotube composites are promising magnetic
nanowires that have recently been prepared, with many possible applications.
In this paper, using carbon nanotubes as a nucleate template,
one-dimensional carbon nanotube–Fex C y nanocrystal composites were
successfully synthesized by the chemical combination of sputtered Fe atoms
and carbon nanotubes at high temperature. The structural characterization, by
scanning electron microscopy, x-ray diffraction and high-resolution
transmission electron microscopy, reveals that Fex C y nanocrystal particles
(5–20 nm diameter) were uniformly embedded in the walls of the carbon
nanotubes with a high density. In addition, the formation mechanism of the
composite is discussed.

diameter) can be more uniformly embedded in the walls of the
carbon nanotubes with a much higher density rather than on the
outer surface or encapsulated in CNTs as reported previously.
These one-dimensional magnetic nanostructures can find numerous applications in nanotechnology and in the design of
magnetic devices.

1. Introduction
Carbon nanotubes (CNTs), which were first discovered by
Iijima [1], have shown to possess excellent electronic properties, a good chemical stability and a large surface area [2].
These unique properties make them very useful for supporting metal nanoparticles in many potential applications [3].
The magnetic metal-filled CNT composites may be considered
as one-dimensional magnetic nanostructures, and their magnetic properties have been investigated [4–7]. These magnetic composites promise to be good candidates for instruments [8], for example, as sensors for magnetic scanning probe
microscopes [9], for spintronics devices [10, 11], high-density
magnetic memory materials, etc. However, attempts to make
CNTs magnetic [12, 13] have had limited success so far. Nanotubes containing magnetic particles did not show useful magnetic properties because the amount and location of the magnetic material inside the tube was difficult to control [14]. In
this paper, we provide a way to grow one-dimensional carbon
nanotube–Fex C y nanocrystal composites by the chemical combination of sputtered Fe atoms and carbon nanotubes at high
temperature. As a result, the nanocrystal particles (5–20 nm

2. Experimental procedure
As an original material, the purified CVD-CNTs were
dispersed in ethanol by sonication and deposited onto a silicon
wafer surface. Then the sample was placed on the heater
of a plasma enhanced chemical vapour deposition (PECVD)
reaction chamber at a distance of 3.5 cm from the cathode
ferric target. After the sample was heated to 800 ◦ C in a
vacuum of 1 × 10−4 Pa, hydrogen was introduced into the
chamber and the pressure was kept at about 230 Pa. Then H
plasma was initiated simultaneously and the voltage and the
electrical current of the RF generator were maintained 1.6 kV
and 180 mA, respectively. Because of the thermal radiation
from the sample heater, the sputtering yield of the cathode
ferric target was enhanced, and small quantities of Fe atoms
could be sputtered by H+ ion collision. After 1.5 h, the sample
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microscope (TEM) and x-ray diffraction (XRD) were used to
examine the composite.

3. Result and discussion
High-resolution TEM images (not given) indicate that the
original CNTs are well graphitized with a diameter of 30–
50 nm. The surface is relatively smooth and tidy, although
some defective sites exist on the outer graphite sheets.
However, instead of the smooth surface, many nanoparticles
appear after the treatment shown in figure 1. The EDX
spectrum confirms Fe and C elemental signatures, suggesting
a main composition of C and Fex C y . Figure 2 shows an x-ray
diffraction pattern of the carbon nanotube–Fex C y nanocrystal
composites. These peaks can be indexed to typical Fe3 C
and Fe7 C3 . X-ray diffraction peaks at 2θ = 38.129◦ ,
42.903◦ , 44.495◦ , 64.839◦ and 78.108◦ correspond to the
[021], [121], [022], [132], [140] planes of crystalline Fe3 C
and to the [114], [105], ([124] or [115]), [321], [332] planes
of crystalline Fe7 C3 , respectively (JCPDS-International Centre
for Diffraction Data, Card No. 75-0910 and 75-1499). Other
crystalline forms are also detected in the XRD spectrum (2θ =
26.108◦ and 28.237◦ corresponding to the crystalline plane of
graphite and the [111] plane of silicon, see JCPDS), which
are due to the graphite structure of the original CNTs and the
silicon substrate.
TEM microstructure analyses of the one-dimensional
composites were performed. A typical low-resolution TEM
image of the composites is shown in figure 3(a). The bright
areas are amorphous or graphitic carbon and the dark particles
are Fex C y nanocrystals. It can be seen that most of the Fex C y
nanocrystals are embedded in the walls of the CNTs, forming
a one-dimensional nanowire-like structure. In addition, the
average diameter of the crystal-like particles ranges from 5
to 20 nm, which corresponds to the SEM results shown
in figure 1. Further HRTEM results show that most of
the particles are visible in high-magnification TEM pictures
(shown in figure 3), indicating the Fex C y nanocrystal phase.
The structure of the original CNTs was partially destroyed as a
result of the formation of Fex C y nanocrystals in the walls.
It should be mentioned that the lattice fringes of the
nanocrystals can be seen in the insets in figures 4(a)–(d).

Figure 1. SEM image of the one-dimensional carbon
nanotube–Fex C y nanocrystal composite synthesized using CNTs as a
template.

Figure 2. The XRD pattern of the carbon nanotube–Fex C y
nanocrystal composites.

was cooled to room temperature in hydrogen atmosphere. A
scanning electron microscope (SEM), transmission electron

Figure 3. (a) Low-resolution TEM micrograph of the one-dimensional nanotube–Fex C y nanocrystal composite. (b) TEM micrograph of the
CNTs treated at room temperature.
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Figure 4. Typical HRTEM images of nanotube–Fex C y nanocrystal. The insets show magnifications of the marked areas.

In the same sample, dozens of particles were characterized
in detail. Different interlayer spacings (d value), such as
0.235 nm, 0.211 nm and 0.199 nm, are found, as shown in
figures 4(a)–(c), which correspond to the [021], [121], [103]
lattice planes of Fe3 C crystals, or the [114], [105], ([124] or
[115]) lattice planes of Fe7 C3 crystals respectively. All of
these results agree with the standard values of bulk Fe3 C and
Fe7 C3 crystals (JCPDS-International Centre for Diffraction
Data, Card No. 75-1499 and 75-0910). This is consistent with
the XRD results (peaks marked with asterisks in figure 2). The
inset in figure 3(d) shows the unspoiled graphite structure of
the original CNTs.
As for the nucleation of the nanocrystal, defects and
high temperature are thought to play an important role. It is
known that the ideal graphite consists of layers of hexagonal
arrays of carbon in an ABAB-planar stacking arrangement, and
the CNTs can be regarded as rolled graphitic layers having
hexagon, pentagon, and heptagon carbon rings as a result of its
unique hybridization of sp1 , sp2 and sp3 bonding [15, 16]. The
pentagon and heptagon rings are not as stable as the hexagon
rings, and can be regarded as defect sites. Furthermore, the
structure of the CNTs used in our experiment, grown by the
CVD method, is not an ideal graphitic structure and they
possess many structural defects and dangling bonds. So,
when the sputtered Fe atoms are absorbed to the CNTs at
high temperature, they can easily attach themselves to the
defect sites to form covalent bonds [17] and nucleate there.
Figure 3(a) shows that the Fe atoms are not dispersed evenly

on the walls of the CNTs, which indicates that the Fe atoms
are mobile in the vicinity of the surface. The incoming Fe atom
flux, when migrating along the surface, adds preferentially to
the nucleate, inducing the growth of the Fex C y nanocrystal. To
better understand the temperature effect on the formation of the
composite, another sample was treated at room temperature for
6 h at the same sputtering conditions mentioned above (shown
in figure 3(b)). It illustrates that most of the sputtered Fe atoms
are on the outer surface of the CNTs, and the treatment process
did not remove the structure of the original CNTs. In contrast
to this, as shown in figure 4, Fex C y nanocrystals are embedded
in the walls of the CNTs, and the interaction between the metal
and the CNTs at high temperature leads to partial structural
damage. So, we can conclude that high temperature is also an
important factor in the formation of one-dimensional carbon
nanotube–Fex C y nanocrystal composites.

4. Conclusion
One-dimensional carbon nanotube–Fex C y nanocrystal composites are successfully fabricated via the chemical combination of sputtered Fe atoms and CNTs at high temperature. The
structure of the composite has been characterized. Defects in
the CNTs and the chemical combination of sputtered Fe atoms
and CNTs at high temperature are responsible for the formation
of one-dimensional carbon nanotube–Fex C y nanocrystal composites. The size of the magnetic Fex C y nanocrystals ranges
3
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from 5 to 20 nm, and it can be considered that each particle constitutes a single magnetic domain [18]. Furthermore,
in contrast to the Fe-filled CNT composite structures reported
previously, the Fex C y nanocrystals dispersed uniformly in the
walls of the CNTs along the axes of the CNTs with a uniform
dispersal and higher density, and it is much easier to make the
CNTs magnetic. Furthermore, owing to its stable state at high
temperatures, applications can be found in the design of nanodevices.
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