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Abstract
The magnetic properties of iron nanoparticles partially encapsulated at the tips of aligned carbon nanotubes have
been studied. The carbon nanotube wall not only protects the metallic particles from oxidization, but also reduces the
inter-particle dipolar interaction by non-magnetic separation. Magnetic characterizations performed in the temperature
range of 5–350 K with magnetic ﬁeld up to 3 T show that these carbon-nanotube-supported iron particles are good
candidates for high-density magnetic recording media. # 2001 Elsevier Science B.V. All rights reserved.
PACS: 36.40.Cg; 61.48.+C; 75.50.Tt; 61.46.+W
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Magnetic nanoparticles have been fabricated
using a variety of techniques [1–3], and many
interesting phenomena have been observed [1,3–5].
Their novel properties are the focus of many
fundamental research and practical applications
[1,2,4–7]. Most of the current studies are on oxide
nanoparticles, because it is diﬃcult to prevent
metallic magnetic (Fe, Co, Ni) nanoparticles from
oxidization at conventional experimental conditions. Several techniques, such as carbon encapsulation [8–11], reagent stabilizing [12], and
passivation of nanoparticles [13], have been developed to protect the metallic particles. Magnetic
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properties of the carbon-encapsulated nanoparticles and nanowires have been investigated recently
[14,15]. The metallic particles in the carbon cages
and ﬁlms are believed to be a potential candidate
for the high-density magnetic recording media
[8,9].
It is well known that transition metals, such as
Fe and Co, are mandatory for the nucleation and
growth of carbon nanotubes by pyrolysis [16]. In
preparation of aligned carbon nanotubes by
pyrolyzing iron (II) phthalocyanine, FePc, it has
been demonstrated that the nanotube growth
involves two iron nanoparticles [17]. A small
particle serves as the nuclei of the nanotube and
a large particle locates at the growth front to be
responsible for the growth of the nanotubes [17].
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Magnetic nanoparticles are useful for magnetic
data storage. In this paper, the magnetic properties
of the large iron particles encapsulated at the tips
of the aligned carbon nanotubes are characterized
and the potential applications of the magnetic
particles for data storage are discussed.
The aligned carbon nanotubes on quartz glass
plates were prepared by pyrolysis of FePc under
Ar/H2 in a dual furnace ﬁtted with independent
temperature controllers according to published
procedures [17,18]. Brieﬂy, a predetermined
amount of FePc and a quartz glass plate pretreated with or without alkanethiols were placed
over the ﬁrst and second furnaces, respectively. We
then proceeded the pyrolysis process by ﬁrst
heating the second furnace up to 9008C and the
ﬁrst furnace at 650–7508C for ca. 10 min, followed
by keeping both furnaces at 9008C for ca. 10 min.
As previously demonstrated, the aligned nanotubes produced at 9008C showed cork-like Fe rods
aligned along the longitudinal axis [17] as seen in
the SEM image shown in Fig. 1. In order to
demonstrate the possibility of transferring the
aligned nanotubes with full integrity and to
facilitate the magnetic measurements, we have
developed a dry lefting-up technique apart from
the contact transfer method involving an aqueous
hydroﬂuoric acid solution as reported earlier [18].
In the case of dry transferring, we simply peeled oﬀ
the aligned nanotube ﬁlm from the quartz
substrate through a Scotch tape, which was prepressed on the nanotube layer [19].
Microstructure of the carbon nanotubes was
studied using transmission electron microscopy
(TEM) at 400 kV using an JEOL 4000EX and at
100 kV using an JEOL 100C. The as-prepared
carbon nanotubes are well aligned in a direction
normal to the substrate surface. A bunch of the
aligned carbon nanotubes observed in TEM is
shown in Fig. 2a. The large iron particles at the
growth front are clearly seen (Fig. 2b). The carbon
nanotube has a bamboo-like structure. The inner
tube is almost empty but subdivided by single or
double graphitic layers. The wall thickness is
9 nm. The average particle size is 70 nm. The
body of the iron particles is capsulated by
graphitic layers, while growth front at the tip is
only covered by a few atomic layers of carbon.

Fig. 1. SEM image of the iron particles within tips of the
aligned nano tubes.

Fig. 2. TEM image of the particles and the nanotubes. (a)
A bunch of the aligned carbon nanotubes; (b) top view of the
aligned nanotubes, showing the large iron particles; (c) HRTEM image of the nanotube tips.

This structure is clearly shown by the image given
in Fig. 2c, where the graphitic shells from the
carbon nanotube are clearly observed. This
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structure is unique for data storage because it is
not necessary to deposit an amorphous carbon as
a lubricant which may enhance the sensitivity for
data reading and writing.
Magnetic properties of the particles have been
characterized using quantum design SQUID magnetometer equipped with 5 T magnet in the
temperature range 5–360 K. Since the cork-like
Fe particles are at the tips of the aligned nanotubes
(Figs. 1 and 2), it is natural to expect that the
sample (ﬁlm) should show the perpendicular
anisotropy, i.e. the magnetization prefers to be
perpendicular to the ﬁlm plane. In order to
characterize the macroscopic anisotropy of the
sample which is an average anisotropy of the
individual particles, the magnetic ﬁeld, H, has been
applied along the tube direction (i.e. H perpendicular to the ﬁlm plane) and perpendicular to the
tubes (H parallel to the ﬁlm plane). Fig. 3 shows
the temperature-dependent magnetization as a
function of temperature with H parallel to the
tubes in a ﬁeld of 5 kOe. It is evident that the
particles behave ferromagnetically with Curie
temperature much higher than 350 K. The inset
shows the magnetization as a function of temperature obtained at the zero-ﬁeld-cooled (ZFC) and
ﬁeld cooled (FC) processes with a small applied
magnetic ﬁeld of 0.1 kOe. The procedure for the
ZFC-FC magnetization measurements has been
described previously [3,4]. The ZFC-FC magnetization curves clearly indicate that the particles are
quite thermally stable without blocking (or superparamagnetic behavior). For BCC a-Fe, the
critical size for single domain particles is about
20 nm [20], above which there will be domain walls
in the particles. The particles in this study have an
average size of 70 nm, thus they should be
considered as non-single-domain particles. Even
for the single domain particles with size of 20 nm,
the blocking temperature TB should be much
higher than 350 K (The blocking temperature TB
can be estimated by 25 kBTB=KV [3,4], where kB
is Boltzmann constant, V is the particles volume
and K=4  104 J/m3 is an anisotropy constant of
iron). Since our particle size is about 70 nm, the
proportional dependence of the magnetization on
temperature seen in the ZFC curve can be ascribed
mainly to the domain wall depinning processes
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Fig. 3. Temperature dependence of magnetization in the ﬁeld
of 5 kOe. The inset is the magnetization as a function of
temperature obtained in the zero-ﬁeld cooled and ﬁeld cooled
process with ﬁled of 0.1 kOe.

[21]. The magnetization curve in Fig. 3 obtained
with applied magnetic ﬁeld of 5 kOe is actually the
temperature-dependent saturation magnetization.
The ZFC-FC magnetization measured with H
perpendicular to the tubes are very similar to that
shown in Fig. 3.
The magnetic hysteresis loops have been measured at diﬀerent temperatures from 5 to 320 K
with the applied magnetic ﬁeld perpendicular and
parallel to the carbon nanotubes. No signiﬁcant
diﬀerence has been observed in the two directions.
The coercive ﬁeld was found to be the same for the
two directions within the experimental resolution.
The hystereses obtained at 5 and 320 K are given
in Fig. 4a, which shows the ferromagnetic behavior. Shown in Fig. 4b is the temperature dependence of the ratio of Mr/Ms and coercive ﬁeld, HC,
extracted from the hysteresis loops, where Mr, and
Ms are the remanent and saturation magnetization, respectively. It is evident that both the Mr/Ms
ratio and coercive ﬁeld HC decreases monotonically with increasing temperature, as expected for
small particle systems [4]. Although that both
Mr/Ms and HC decrease with temperature, they
are still larger than that for Co–C nanocrystalline
ﬁlms [9]. For single-domain particles with a
uniaxial anisotropy and randomly distributed easy
axes, the ratio of Mr/Ms is know to be 0.5 at a
temperatures well below the blocking temperature.
Therefore, the decrease in both Mr/Ms and HC
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advantage of the particles in the tips of the
nanotubes, is that the walls of the nanotubes act
as a non-magnetic separation, which is essential
for the high magnetic recording media to eliminate
the dipolar interaction between the neighboring
particles [23]. Furthermore, the exceptional electronic properties and the hollow structure characteristic of carbon nanotubes could have
important implications for the use of the magnetic
nanotubes in many other potential applications
ranging from electromagnetic devices to magnetically guided drug delivery systems.
XXZ and GHW are supported by HKUST6111/
98P and ISF (AF/155/99). RPG and ZLW thank
the support of NSF grants DMR-9733160 and
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Fig. 4. (a) Hysteresis loops obtained at 5 and 320 K with
magnetic ﬁeld parallel to the tubes; (b) the temperature
dependence of the ratio Mr/Ms and coercive ﬁeld HC.
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