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Magnetic nanocables—Silicon carbide sheathed with iron-oxide-doped
amorphous silica
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High-purity nanocables of iron-containing amorphous-silica-sheathed silicon carbide were
synthesized by a thermal reaction method using silicon wafer as the silicon source and growth
substrate, and ferrocene as the carbon and iron catalyst precursor. The nanocables were tens of �m
in length and 40–60 nm in diameter. Iron oxide nanoparticles with a mean diameter of 5 nm were
dispersed evenly in the amorphous silica layer. The nanocables were found to be ferromagnetic at
both 10 K and room temperature, which indicates that they may have important potential
applications in electromagnetic nanodevices. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2167787�
One-dimensional �1D� nanostructured materials attract
extensive research interest due to their novel physical and
chemical properties, and prospective applications. Among
them, so-called nanocables—that contain metallic or semi-
conducting cores and coaxial insulating shells—have re-
cently been studied intensively.1–25 These unique core-shell
structures provide additional opportunities for enhancing the
functionality of 1D nanostructures, and may find applications
in nanoscale heterostructured electronic devices. On the
other hand, nanostructured magnetic materials are considered
to be promising building blocks of information storage and
spintronic devices.26 It is therefore foreseeable that magnetic
nanocables may have potential applications in various mul-
tifunctional electromagnetic nanodevices.

Very recently, Crowley et al.27 reported the magnetic
properties of a coaxial heterostructure of germanium nano-
wire surrounded by cobalt nanotube sheath. However, to the
best of our knowledge, there has been no report on magnetic
nanocables that contain a conductive core and an insulating
sheath layer so far. In this study, we report on the synthesis
and magnetic properties of nanocables composed of silicon
carbide core and iron oxide-implanted amorphous-silica
sheath.

The synthesis was performed in a quartz tube reactor
inserted into a horizontal tubular furnace. A �100� one-side
polished silicon wafer with an approximate size of 10 mm
�15 mm was ultrasonically cleaned in ethanol and then in
deionized water. The cleaned silicon wafer was put onto a
graphite plate and placed in the constant temperature region
of the tubular furnace. A Fe2O3 powder was loaded in a
ceramic boat, which was put upstream in the reactor. A fer-
rocene tablet with a diameter of 10 mm, cold pressed from a
powder, was located near the edge of the tubular furnace
�upstream of the Fe2O3 and Si wafer�. High-purity
�99.999%� hydrogen gas was used as a carrier gas at a con-

a�Also at: Shenyang National Laboratory for Materials Sciences, Institute of
Metal Research, Chinese Academy of Sciences, 72 Wenhua Rd., Shenyang

110016, China; electronic mail: cliu@imr.ac.cn

0003-6951/2006/88�4�/043105/3/$23.00 88, 04310
Downloaded 31 Jan 2006 to 144.213.253.14. Redistribution subject to
stant flux of 70 ml/min. The furnace temperature was in-
creased to 1150 °C at a rate of 20 °C/min and kept for
30 min, then the power source was switched off and the fur-
nace cooled down to the room temperature. A uniform layer
of gray-white fluffy substance with a thickness of 1–2 mm
was formed on the surface of the silicon wafer. The as-
prepared samples were characterized using a field emission
scanning electron microscope �SEM� and a high-resolution
transmission electron microcope �HRTEM� equipped with a
�-type energy filter and an x-ray energy dispersive spec-
trometer �EDS�. The magnetic properties of the nanocables
were studied by using a superconducting quantum interfer-
ence device magnetometer. During the magnetization mea-
surements, the nanocables were packed in a capsule
randomly.

Figure 1 displays the typical SEM image of an as-
synthesized product on a silicon wafer. Numerous entangled
nanowires can be seen. The nanowires are of high purity; no
catalyst particles and attached impurities can be observed.
The nanowires have a mean diameter of �50 nm and lengths

FIG. 1. SEM image of a product found on the silicon wafer, revealing clean

entangled nanowires with a mean diameter of �50 nm.
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up to tens of micrometers. Many curled and bent structures
are visible within the nanowires. As a rule, the nanowires are
parallel to the surface of the silicon wafer substrate.

Transmission electron microscopy �TEM� observations
revealed that the nanowires have a core-shell structure, as
shown in Fig. 2�a�. The corresponding oxygen, silicon, and
carbon �Figs. 2�b�–2�d�� elemental maps documented that the
central part of a nanostructure is composed of silicon and
carbon, whereas on the periphery the silicon and oxygen sig-
nals are prevailing. HRTEM observations show that a sheath
layer is made of an amorphous substance, whose thickness is
typically in the range of 15–20 nm �Fig. 3�a��; and the cen-
tral part is crystalline, displaying the lattice fringes separated
with a distance of �0.25 nm �Fig. 3�b��. Combining the re-
sults of elemental mapping and selected area electron diffrac-
tion pattern taken from the central part of the cable �see inset
of Fig. 3�b��, we conclude that the core of the cable consists
of a �-SiC single crystal growing along the �111� direction.
The diameter of the SiC core is usually �10 nm. EDS spec-
trum recorded from the sheath layer displays sharp peaks of
silicon and oxygen, coinciding well with the results of el-
emental mapping, and the atomic ratio of oxygen to silicon is

FIG. 3. HRTEM images of an amorphous-silicon oxide sheath �a� and a
crystalline silicon carbide core �b�. The silicon oxide layer is typically
15–20 nm thick, and its boundary with the silicon carbide core is wavy. Iron
oxide nanoparticles with diameter of �5 nm can be seen dispersed in the
silicon oxide layer. The silicon carbide core is �10 nm in diameter. It grows
along the �111� direction, displaying an interplanar distance of 0.25 nm.

Inset is the corresponding electron diffraction pattern.
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slightly above 2:1. It is therefore indicated that the sheath
layer is made of amorphous silica.

As opposed to the pure silicon oxide nanowires or sili-
con oxide shell layers within nanocables reported by other
researchers,1–4 we observed a dark contrast particles with
diameters in the range of 3–10 nm dispersed evenly in the
silicon oxide sheath layers �see Figs. 2�a� and 3�a��. Since a
small amount of iron can be detected by EDS analysis, the
particles are thought to consist of an iron compound.

Figure 4 shows the magnetization versus magnetic field
curves of the nanocables measured at 10 K and room tem-
perature. We observe hysteresis loops clearly at both low
temperature �Fig. 4�a�� and room temperature �Fig. 4�b��.
This implies that the nanocables are ferromagnetic. The co-
ercive field �Hc� of the nanocables was measured to be
350 Oe and 100 Oe at 10 K and 300 K, respectively. Since
the constituting silicon carbide and silicon oxide are diamag-
netic or weakly paramagnetic �in the case of defect pres-
ence�, the ferromagnetic feature of the nanocables is con-
cluded to be due to iron-containing nanoparticles dispersed
in the amorphous-silica layer. Considering that the atomic

FIG. 2. TEM image �a� of a silicon
oxide sheathed silicon carbide nano-
cable, and the corresponding spatially
resolved oxygen �b�, silicon �c�, and
carbon �d� elemental maps.

FIG. 4. Normalized magnetization �M�-magnetic field �H� curves of the
nanocables measured at 10 K �a� and room temperature �b�. The diamag-
netic and possible weakly paramagnetic background caused by the capsule,

silicon carbide core, and silicon oxide sheath have been subtracted.
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ratio of oxygen to silicon is slightly higher than 2:1, and that
Fe3O4 and �-Fe2O3 are ferromagnetic with the Curie tem-
peratures of 850 K and 958 K, respectively, it is therefore
reasonable to assume that the nanoparticles contain mainly
iron oxide �Fe3O4 or �-Fe2O3�.

The present nanocables were synthesized by a simple
one-step thermal reaction, and the growth process is sug-
gested to be as follows. When the furnace temperature was
increased to a certain value, ferrocene put at the upper stream
would be vaporized and carried into the high-temperature
region of the reactor by a hydrogen gas flow. Then, the fer-
rocene decomposed into iron and carbon or hydrocarbons.
Some iron clusters may aggregate onto the surface of a sili-
con wafer. Due to small dimensions, Si–Fe binary phase or
Si–Fe–O ternary phase liquid drops might form on the sili-
con wafer, even though the furnace temperature �1150 °C� is
lower than the corresponding eutectic temperatures. With the
increase in silicon concentration within the liquid droplets, a
silicon vapor appeared in the vicinity of the silicon wafer.
The vaporized silicon would be oxidized into SiO by a H2O
vapor �from the reducing of the Fe2O3 powder by H2� in line
with the equation:

Si�g� + H2O�g� → SiO�g� + H2�g� . �1�

Carbon atoms resulted from the decomposition of ferrocene
then reacted with SiO in accord with the equation:

2SiO�g� + C�s� → SiC�s� + SiO2�s� . �2�

Once formed, SiC grew preferentially along the �111� direc-
tion; whereas an amorphous-silicon oxide formed an outer
shell.2 Thus, the silicon oxide-sheathed SiC nanocables were
resultantly formed. During the nanocable growth, iron clus-
ters from the continuous decomposition of ferrocene were
oxidized into iron oxides by a water vapor. Carried by the
gas flow, the iron oxide clusters collided with the silicon
oxide layers, and finally formed embedded nanoparticles dis-
persed evenly in a sheath layer of the nanocables. The diam-
eter of the nanocables is determined by the reaction kinetics
and relative phase diffusion. For example, when we in-
creased the synthesis temperature to 1200 °C, the mean di-
ameter of the nanocables increased to 80 nm.

In the above synthesis procedure, by changing the
evaporation rate of ferrocene, the carrier gas flux, and the
synthesis temperature, the density and size of the iron oxide
nanoparticles may be adjusted. In addition, by replacing the
ferrocene precursor with nickelcene, cobaltcene, or the mix-
ture of them, the chemical composition of the magnetic par-
ticles can be changed. Through tuning dimensions, disper-
sion density, and composition of the magnetic particles, the
magnetic behavior of the nanocables can be precisely con-
trolled. The related detailed studies are underway.

We note that the nanocables possess a crystalline semi-
conducting core and an amorphous insulating sheath layer,
which make the fabrication of tiny and high efficiency field-
effect transistors possible.28 Most importantly, the iron oxide
nanoparticles embedded in an amorphous-silica layer make
the nanocables ferromagnetic, and thus new interesting elec-
tromagnetic properties and functions can be expected for the
novel nanostructrue.

In summary, high-purity magnetic bilayered nanocables
were synthesized through a simple thermal reaction method.
The nanocables are composed of crystalline SiC core grow-
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ing along the �111� direction and amorphous silica sheath
decorated with iron oxide nanoparticles. The nanocables are
tens of �m in length and 40–60 nm in diameter, with a
15–20 nm thick amorphous silica sheath and an approxi-
mately 10 nm silicon carbide core. Iron oxide-containing
nanoparticles in the range of 3–10 nm were dispersed evenly
within the amorphous silica layer. Ferromagnetic character-
istics of the nanocables have been observed up to room tem-
perature. These novel magnetic nanocables can be promising
materials for the fabrication of nanoscaled electromagnetic
devices.
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