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Abstract
High-yield pure chain-like one-dimensional nanostructures consisting of single-crystal γ -Fe2O3

nanoparticles have been produced by using a chemical vapor deposition (CVD) approach. The
constituents, phase, and magnetic properties of these nanochains have been determined. The
synthesized nanochains can be reorganized under a weak magnetic field (about 0.4 T). The
nanochain growth mechanism is proposed to be driven by magnetostatic interaction. The
hysteresis loop was operated to show that the magnetic properties of the nanochains are strongly
influenced by the morphology of the crystal. Room temperature magnetic measurements show
that the as-fabricated γ -Fe2O3 nanochains are ferromagnetic with higher saturation
magnetization and higher coercivity values than those of the counterpart bulk, which could have
potential applications in spin filtering, high-density magnetic recording and
nanosensors.

1. Introduction

In the past decade, magnetic nanomaterials have attracted
much attention due to their physical properties and technolog-
ical applications [1–32]. Among these materials, maghemite
(γ -Fe2O3) is superior to others because of its high chemical in-
activity (in contrast to that of commonly used pure Fe metal),
excellent properties for magnetic recording media, magnetic
anisotropy, and superparamagnetic effects, which are crucial
for device applications [2–30]. In addition, maghemite has
proven to be a ferromagnetic material with a high spin polariza-
tion at the Fermi level, which results in a semiconductor major-
ity spin channel and a metallic minority spin channel Faraday
effects in maghemite samples have been analyzed taking into
account the in-plane optical anisotropy, and such a composite
material is a promising candidate for future magneto-optical
applications [4]. Since Whitney et al reported the fabrica-
tion and magnetic properties of arrays of metallic nanowires,
where arrays of ferromagnetic nanowires were fabricated by
electrochemical deposition and had enhanced coercivities as
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high as 680 Oe and remnant magnetization up to 90% [1], iron
based nanomaterials such as iron oxides have been synthesized
in external organic or inorganic containers [2–31] and inten-
sively characterized with special emphasis on their structure
and magnetic properties. However, the corresponding phys-
ical properties are inevitably affected by the external solid
container. More recently, the magnetic anisotropy of epitax-
ial films of γ -Fe2O3 (001) composed entirely of Fe3+ [30],
single-crystal γ -Fe2O3 nanowires [25], and nanotubes [27]
has been reported. However, pure chain-like γ -ferric oxide
nanochains have not been directly observed experimentally, al-
though nanochains with organics and polymers have been stud-
ied experimentally and theoretically [10, 31, 32]. In this pa-
per, we report the synthesis of pure γ -Fe2O3 nanochains by a
simple CVD technique and determine their room temperature
ferromagnetic properties with higher saturation magnetization
and coercivity. The study of pure γ -Fe2O3 nanochains and
their room temperature ferromagnetic properties is a key is-
sue, not only for practical applications but also for fundamental
understanding.
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Figure 1. (a) XRD patterns of the collected product. (b) A typical
full XPS spectrum of a γ -Fe2O3 sample with the high-resolution
XPS spectrum of O1s binding energy peaks at 530.8 and 532.6 eV
(left) and the high-resolution XPS spectrum of Fe 2p at 707.5 and
720.1 eV (right).

2. Experimental details

In a typical experiment, a small quartz boat was first cleaned
using a standard treatment in piranha solution (10% H2O2 +
20% H2SO4), and rinsed with deionized water. Iron nitrate
powders (10.0 g) were placed in half of the boat, which
was inserted into half of a large quartz-tube in a horizontal
tube furnace. Then a quartz boat with a permanent-magnet
material (∼0.25 T) was put in a quarter of the furnace (lower
temperature area) (this technique and set-up will be patented
in China) and the system was quickly heated to 500 ◦C under a
gas flow of 50 sccm oxygen gas at a pressure of about 10−3 Torr
for 1 h. It was then cooled to room temperature. Subsequently,
large-scale scarlet wool-like products were seen in the quartz
boat.

The samples were characterized extensively for morphol-
ogy, phase, chemical composition and magnetic properties us-
ing energy dispersive x-ray spectroscopy (EDS), x-ray powder
diffraction (XRD), transmission electron microscopy (TEM),
selective area electron diffraction (SAED), and x-ray photo-
electron spectroscopy (XPS). The temperature dependence of
magnetization was studied and a room temperature magnetic
study carried out using a physical properties measurement sys-
tem (Quantum Design PPMS-7).

a

Figure 2. (a) A typical TEM image of one γ -Fe2O3 nanochain (left
inset, greatly enlarged TEM image of the middle nanochain; lower
inset, greatly enlarged TEM image of the end nanochain; right inset,
corresponding SAED pattern). (b) A typical EDS pattern of the
γ -Fe2O3 nanochains.

3. Results and discussion

Figure 1(a) shows a typical XRD pattern of bulk γ -Fe2O3

nanochain products where all of the diffraction peaks can be
assigned to the FeO primitive cubic structure (P4232) (a =
0.836 nm) (see JCPDS-ICDD card no. 24-0081, June 2002)
and no impurity phases such as iron nitrate or other oxides
were detected within experimental error. More accurately,
XPS was used to determine the composition of the bulk γ -
Fe2O3 nanochain arrays samples as shown in figure 1(b). The
XPS spectra contain a wide-scan XPS spectrum with high-
resolution XPS spectra of O1s (left) at 530.8 eV and 532.6 eV
and Fe 2p (right) at 707.5 eV and 720.1 eV, respectively.
According to the area of the peaks, the ratio of Fe to O
in the nanochain is about 13:21, which may demonstrate
that within experimental error a 2:3 Fe/O composition has
been synthesized. As shown in figure 2(a), a typical TEM
image is shown, in which highly dense uniform chain-like
nanostructures can be seen and the diameter (about 50 nm)
and length (up to several micrometers) of a single nanochain
can be measured. Insets in figure 2(a) are two typical
enlarged scale TEM images to show the morphologies of the
nanoparticles and the junction parts of the nanochain (the
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Figure 3. (a) Alignment of γ -Fe2O3 nanochains in a weak external magnetic field (about 0.4 T). (b) Non-alignment of γ -Fe2O3 nanochains
without a magnetic field.

middle and lower side in figure 2(a)). Form the TEM images,
the chain-like array nanostructures are demonstrated. The
right inset in figure 2(a) shows a typical SAED pattern, which
can be indexed to the single-crystal cubic γ -Fe2O3 structure
as indicated. Diffraction patterns taken from different parts
of the nanochain axis show the same features, indicating the
same periodic orientation along the single-crystalline γ -Fe2O3

nanochain. These diffraction dots can be indexed well by using
the cubic γ -Fe2O3 with a lattice constant of a = 0.836 nm,
in agreement with XRD results and earlier reports [25–27].
EDS analysis, as shown in figure 2(b), taken from the single
nanochain in figure 2(a), indicates that the nanochain has the
same composition and contains Fe and O. Further quantitative
analysis of EDS finds that the atomic ratio of Fe:O is about
2:3, indicating that a stoichiometric nanochain (Fe/O = 2:3)
is obtained and is consistent with stoichiometric Fe2O3, in
agreement with the XPS results. The synthesized nanochains
can be reorganized in a weak magnetic field (about 0.4 T).
Typically, the purified γ -Fe2O3 nanochains were dispersed
into deionized water by ultrasonic agitation. A drop of
the nanochain solution was dripped on a holey copper grid
with a carbon film to characterize the TEM in the presence
of a weak external magnetic field (about 0.4 T) and dried
naturally. The results reveals that the γ -Fe2O3 nanochains
in the weak magnetic field have aligned according to the
direction of the magnetic field as shown in figure 3(a), whereas
without an external magnetic field non-aligned nanochains
appear as shown in figure 3(b). Regarding the mechanism for
the growth of highly branched γ -Fe2O3 nanoparticle chains,
we believe that magnetostatic interaction plays an important
role. The magnetic dipole–dipole interaction behaved like
a soft template. Initially, very small γ -Fe2O3 nanoparticles
were formed. With increasing growth time, presumably,
the small γ -Fe2O3 nanoparticles diffused and aggregated to
form larger nanoparticles. The larger γ -Fe2O3 nanoparticles
were then assembled into necklace-like chains with multiple
branches because of the stronger anisotropic magnetic
forces.

In figure 4(a), the curves show the temperature
dependence of magnetization for γ -Fe2O3 between 4 and
350 K using zero-field-cooling (ZFC) and field-cooling (FC)
procedures under an applied magnetic field of 50 Oe. It is
found that the blocking temperature of the γ -Fe2O3 nanochains
is about 230 K. This result is larger than the blocking
temperature of the γ -Fe2O3 nanowires reported in [8] (120 K)
and [24] (200 K), which can be attributed to aligned nanochains
because the blocking temperature increases with the increase
of the particle size and degree of alignment [24]. The
room temperature magnetic properties of the synthesized
γ -Fe2O3 nanochains and γ -Fe2O3 conventional powders
are presented in figure 4(b). It can be clearly seen
that the synthesized nanochains have a larger saturation
magnetization (106 emu g−1) than conventional γ -Fe2O3

powders (38 emu g−1) that we prepared and tested under
the same conditions. The value of the coercivity amounts
to 120 Oe for γ -Fe2O3 nanochains, which is larger than
that of conventional γ -Fe2O3 powders (62 Oe). It can
be expected that the reduced size and dimensionality of
the γ -Fe2O3 nanostructures may change the magnetization
reversal mechanism, leading to a large enhancement of
coercivity, which is similar to what has been found in
previous works [1–30]. As shown in figure 4(c), the γ -
Fe2O3 nanochains exhibit a superparamagnetic behavior and
no coercivity or remanence is observed at 340 K. Compared
with those γ -Fe2O3 nanoparticles reported [� 200 K] [28, 29],
blocking temperature of our aligned nanochains has a higher
temperature at about 230 K.

4. Conclusions

The approach used in this study provides a simple and
inexpensive method for the preparation of stable and magnetic
γ -Fe2O3 nanochains. The as-synthesized nanochains are
ferromagnetic at room temperature, which may have potential
applications in biotechnology, biomedicine, and fundamental
science. In additional, the present facile growth process is
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Figure 4. (a) Field cooled and zero field cooled magnetization curves
of gamma oxide iron nanochains, measured in a field of 50 Oe.
(b) Room temperature magnetic hysteresis curves of the synthesized
γ -Fe2O3 nanochains and γ -Fe2O3 conventional powders with a fixed
applied field of 4.5 KOe. (c) Superparamagnetic curve of the
synthesized γ -Fe2O3 nanochains at 320 K with a fixed applied field
of 4.5 kOe.

expected to be readily extendable to the fabrication of similar
functional arrays of nanostructures of other metals.
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