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ABSTRACT

Iron oxide sol was synthesized locally by following a low cost sol-gel technique. Iron
(III) chloride was used as a precursor whereas ethanol was used as a solvent.
Controlled amount of oleic acid and n-hexane was used to control the size of colloidal
suspension. Anodic aluminum oxide (AAO) templates were prepared by following two
step anodization processes. AAO templates with diameter ranging between 40-200 nm
were prepared. Iron oxide nanotubes were fabricated by using templates with a
diameter of 200 nm. Pores of AAO templates were filled by electro-spinning method.
Nanotubes were characterized structurally and magnetically after removing the AAO
template. Uniform growth of Fe3O4 nanotubes, after template removal, is shown in SEM
images. Magnetic and magnetization properties of Fe3O4 nanotubes are measured as a
function of field orientation. X-ray diffraction shows that as-prepared Fe3O4 nanotubes
are of fcc polycrystalline structure. A crossover of easy axis of magnetization is
observed from parallel to perpendicular direction of the nanotube axis as a function of
sol’s condition. The coercivity (Hc) and remanent squareness (SQ) of Fe3O4 nanotube
arrays are derived from hysteresis loops measured at various angles (θ) between the
field and tube axis. Hc(θ) and SQ(θ) curves show bell-shaped or otherwise bell-shaped
behavior corresponding to the easy axis of their magnetization.
1. INTRODUCTION
Ferromagnetic nanowires and nanotubes exhibit unique and tunable magnetic and
magnetization properties due to their inherent shape anisotropy. The practical
application of these magnetic nanowires in the field of nanotechnology is an attractive
topic among researchers. This field represents an exciting and rapidly expanding area
of research that crosses the borders between physical and engineering sciences. These
ideas have driven scientists to develop methods for making nanostructure (Sattler 2010).
The magnetic properties of nanotubes have been investigated with particular emphasis
on three areas: (1) factors that determine the effective easy axis of the tubes, (2)
magnetization reversal processes within the arrays and (3) magnetic interaction
between the tubes (Suber 2005). Among ferromagnetic alloy nanostructures, iron oxide,
in different stoichiometric forms, has been extensively investigated not only from a
fundamental but also from a technological point of view due to its potential applications
in spintronics as well as biomedical. Iron oxide has attracted great interest recently
because of its various crystalline phases – Magnetite Fe3O4, Maghemite ν-Fe2O3 and

Hematite α-Fe2O3 – along with extraordinary and tunable magnetic properties (Eken
2009, Goldman 1999). These phases can be obtained under specific experimental
conditions and have found applications in magnetic recording, data storage, catalyst,
adsorbent, coatings, inorganic color filters, humidity and gas sensors (Teja 2009,
Mohapatra 2010). For example, iron oxide in Fe3O4 form exhibits cubic inverse spinel
structure which favors ferrimagnetism. Fe3O4 also has a high curie temperature among
all the magnetic oxides (Alexe 2009). Because of its half metallic nature it might exhibit
very high magnetic anisotropy and is a promising candidate for fine permanent magnets
and for high-density magnetic recording media (Chao 2006). Moreover, various phases
of FeO provide a good opportunity for us to study the transformation and interplay of
different phases (Corrias 2009, Eken 2009, Teja 2009).
Currently, various physical and chemical techniques are used to obtain iron oxide
nanostructures (Eken 2009, Teja 2009). Low-cost sol-gel method of fabrication of thin
films and nanostructures has proven to be effective and feasible apart from being
economic, and is also ideal as an area selective and application oriented technique.
Furthermore, it has facilitated the researchers to investigate their fundamental structural,
magnetic and magnetization properties (Tiwari 2007, Eken 2009, Suber 2005).
In the present work, we have analyzed the possibilities of controlling the sol-gel
parameters to fabricate Fe3O4 nanotubes after optimizing the conditions. After synthesis,
ferromagnetic nanotubes are fabricated into self-assembled anodic aluminum oxide
(AAO) templates. The major aim was to tune magnetic properties of iron oxide as a
function of different iron oxide phases while keeping the nanotube length fixed.
2. EXPERIMENTAL DETAILS
Nine different sols of iron oxide were synthesized by using research grade materials
as demonstrated in Fig 1. Two solutions (1 and 2) were prepared before final synthesis
of the sol. Solution 1 was prepared by dissolving an aqueous solution of iron chloride
(FeCl3.6H2O) in n-Hexane. On the other hand, solution 2 was prepared by mixing NaOH
solution in ethanol. Two distinguishable layers were present when the solutions were
mixed. Sol was stirred with a magnetic stirrer at a temperature of 50oC for 150 mins.
Detailed synthesis procedure can be found in our paper (Riaz 2012).
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Fig. 1 Variation in color and viscosity of nine iron oxide sols prepared by sol-gel route
Homemade AAO template with pore diameter of 200nm was used for the fabrication
of nanotubes. High purity (99.99%) aluminum (Al) foil was ultrasonically degreased in
tricholoroethylene for 5 mins, etched in 1.0 M NaOH for 3 mins at room temperature and
subsequently washed thoroughly with distilled water. It was then electropolished in a
mixed solution of HClO4 : CH3CH2OH = 1 : 4 (by volume) for 3 mins with a constant
potential of about 12 volts. To obtain highly ordered pores, a two-step anodization was
used [ref]. In the first anodization step the Al foil was anodized at 1oC and 40 V dc in 0.3
M oxalic acid for 12 h. The resulting aluminum oxide layer was then removed by
immersing the anodized Al into a mixed solution of 0.4 M chromic acid and 0.6 M
phosphoric acid solution at 60˚C. Subsequently, the samples were re-anodized for
different periods of time under the same anodization conditions. These self assembled
anodic aluminum oxide (AAO) templates, with diameter of 200 nm, were used to
fabricate iron oxide nanotubes by electro-spinning deposition method. 200nm Cu was
sputtered on one side of the template to act as a working electrode. All the samples
were deposited at room temperature by varying sols’ synthesis conditions.
Magnetic field (MF) annealing of the samples was carried out under 500Oe magnetic
field applied parallel to the nanotube axis at 300oC for 1h. Rigaku D-MAX/IIA X-ray
diffractometer (XRD), using CuKα radiations (λ = 1.5405Å), was used to analyze the
crystal structure of iron oxide nanotubes. Morphology and size of the nanostructures
were characterized by Hitachi S-3400N Scanning Electron Microscope (SEM).The
magnetic properties were investigated using LakeShore 7407 vibrating sample
magnetometer (VSM).

3. RESULTS AND DISCUSSION
For XRD measurements, the Al substrates were etched away by an amalgamation
process using a saturated HgCl2 aqueous solution and were washed carefully with
distilled water. Fig. 2 shows the XRD pattern of iron oxide nanotubes prepared from sol
C. The peaks are indexed according to JCPDS card no. 72-2303. It can be seen
through this XRD pattern that nanotubes are highly crystalline with face centered cubic
Fe3O4 crystallographic structure. No evidence of secondary phases was observed in
this pattern. Whereas, the nanotubes prepared from rest of the sols exhibited some
mixed maghemite and magnetite phases at certain conditions.

Fig. 2 XRD pattern of Fe3O4 nanotubes prepared from Sol C
Fig. 3 shows two step anodized AAO template with the diameter of ~ 200nm. SEM
images of the nanotubes liberated from AAO template by dissolving the alumina layer
with NaOH aqueous solution are shown in Fig. 4(a-c). To examine the microstructure of
these nanotubes, the sample was fractured to produce cross-sectional regions that
expose iron oxide nanotubes on fractured surface of the AAO template. The SEM
images describe a uniform morphology of the nanotubes (NTs). The average diameter
(d) of iron oxide NTs is found to be 200 nm with average wall thickness of ~ 20 nm. The
length of the nanotubes is very uniform and it can be controlled in a range from several
nanometers to a few tens of micrometers by varying the deposition time. In this
research work deposition time was kept constant to fix the length of nanotubes.

Fig. 3 SEM image of home-made AAO template

Fig. 4 SEM image of Fe3O4 nanotubes after template removal
Typical room temperature magnetic hysteresis (M–H) curves for iron oxide
nanotubes are given in Fig. 5 (a–i). Uniaxial anisotropy for FeO nanotubes is observed
from the difference between perpendicular and parallel M–H curves. Table 1 presents
the values of magnetic parameters; i.e. coercivity (Hc), remanent squareness (SQ), and
difference of the saturation fields (∆Hs). Easy axis alignment was identified by the sign

of difference of the saturation fields (∆Hs = Hs// - Hs⊥) (Shumila 2008, Han 2003). For
nanotubes prepared from sols A, B, E, F, G, H and I the easy axis of magnetization lies
parallel to the nanotube axis as ∆Hs is negative for all the above-mentioned sols. For
nanotubes prepared from sol C and D ∆Hs is positive, the easy axis is now
perpendicular to the tube axis [Fig. 5c-d]. This crossover is apparent from the shape of
M–H curves (Figure 5a–i) as well as from the sign of ∆Hs of these samples. Thus,
synthesis conditions used in our work has a remarkable effect to shift the parallel tube
axis from easy to hard while keeping the tube length constant.

Fig. 5 (a-i) M-H curves of Fe3O4 nanotubes

Angular dependence of the Hc and SQ(Mr/Ms) for iron oxide nanotubes fabricated
from different sols also gives supporting evidence for this crossover of easy axis (Fig. 67). Magnetic field was applied at different angels (θH) in the range from - 90o to +90o.
Hc(θ) and SQ(θ) curves have bell-shaped or otherwise bell-shaped behavior
corresponding to the easy axis of their magnetization (Shumaila 2008, Han 2003). Bellshaped curves for NTs fabricated by using sols A, B, E, F, G, H, I show that the easy
axis is parallel to the tube axis (Figs. 6-7) and otherwise bell-shaped curves for NTs
fabricated by using sols C and D confirm the crossover of easy axis from parallel to
perpendicular. Tendency of easy axis to orient towards nanotube axis is mainly affected
by shape anisotropy i.e. length and diameter of nanotubes (Sattler 2010). However, in
our case the diameter and length of the nanotubes is fixed. Crossover of easy axis from
parallel to perpendicular might be due to the different electronic arrangement of iron and
oxygen during sol synthesis procedure. Furthermore, in our iron oxide nanotubes
individual particle behaves as a single domain and thereby magnetization reversal
occurs by the switching of randomly oriented particles and magnetization saturates
quickly with applied field. This effect is also observed by Suber (2005) and Kang (2012).

Fig. 6 Angular dependence of iron oxide nanotubes versus Hc

Fig. 7 Angular dependence of iron oxide nanotubes versus SQ(Mr/Ms)
Coercivity in coherent and curling mode can be described by Eq. (1) and Eq. (2)
respectively.
H c = (N a − N c )M s

H c = 2π

KA 2
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r +2
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(1)

(2)

Where, 2KU/Ms is the magnetocrystalline anisotropy field with uniaxial anisotropy
constant KU. Coercivity (Hc) in coherent mode decreases with increase in θH while in
case of curling mode there is an increase in Hc with increasing θH. Although HC and
Mr/Ms values are mainly contributed by the competition between shape anisotropy and
magneto-crystalline anisotropy but the role of dipolar magnetostatic interactions cannot
be ignored (Sattler 2010, Han 2003).
The overall anisotropic field (Hk) is determined by following three contributions: (1)
the shape anisotropy field (2πMs) which will induce a magnetic easy axis parallel to the
nanotube axis; (2) magnetostatic dipole interaction field among the nanotubes will
induce a magnetic easy axis perpendicular to the nanotube axis; (3) the
magnetocrystalline anisotropy field (Hma).
The total effective anisotropic field is shown in Eq. (3):
L
H K = 2πM s − 6.3πM s r 2 3 + H ma
(3)
D
Where Ms is the saturation magnetization, r is the radius of the tube, L is the length,
and D is the inter-tube distance. The second term in Eq. (3) is the total dipole field
acting on one tube due to all other tubes.

In this work, we observed that the switching mechanism of the magnetization occurs
by localized coherent rotation for iron oxide nanotubes prepared by sols A, B, E-I by the
bell shaped Hc and SQ curves whereas curling rotation was observed for the nanotubes
fabricated by sols C and D by otherwise bell-shaped curves. Iron oxide nanotubes have
been reported earlier but to the best of our knowledge there are so far no reports of
easy axis cross over as a function of sol synthesis conditions.
CONCLUSION
In nanotubes magnetization reversal has been investigated for a long time as a
function of tube length and tube diameter. In this work nine different sols of iron oxide
were synthesized and template assisted growth of nanotubes was carried out keeping
the length and diameter of tubes constant. XRD results indicate the formation of single
phase magnetite nanotubes. Uniform large area growth of nanotubes is confirmed by
SEM. M-H and angular dependence curves indicate a crossover of easy axis of
magnetization from parallel to perpendicular as a function of synthesis conditions.
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