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A B S T R A C T

In this study, magnetization reversal modes of iron nanowire arrays with large aspect ratios were investigated by
Shtrikman’s micromagnetic theory. The iron nanowire arrays were potentiostatically electrodeposited into an-
odized aluminum oxide nanochannels with average diameters, Dp, of ca. 33 nm, 52 nm, 67 nm, and 85 nm. The
growth rate of the iron nanowires was ca. 105 nm s−1 at the cathode potential of −1.2 V (vs. an Ag/AgCl
reference), and the axial length, Lw, reached up to ca. 60 µm. Maximum aspect ratio, Lw/Dw of the iron nanowires
was found to be ca. 1800, and the axial direction coincided with 〈1 1 0〉 direction of the bcc-Fe crystal structure.
The effect of the average diameter size on the coercivity of iron nanowire arrays corresponded well to the
theoretical estimate, which was calculated by the magnetization curling mode in Shtrikman’s micromagnetic
theory. As the average diameter of the iron nanowires was decreased, coercivity and squareness of the nanowire
arrays increased up to 1.63 kOe and 0.87, respectively.

Introduction

Ferromagnetic iron nanostructures have been making important
contributions to advanced materials research in recent years, particu-
larly in fields such as biomedical science [1], electronic device manu-
facturing [2], sensor systems [3], and water treatment techniques [4]. It
is well known that some iron-containing natural products, such as iron
ores, can be found in a variety of combinations with other elements. In
particular, iron can form ca. sixteen thermodynamically stable com-
pounds with oxygen [5]. Scientists and engineers therefore often meet
with many difficulties in the preparation of iron-based nanostructures
with high purities, as iron is highly sensitive to oxidation and ag-
glomeration, especially in oxidizing environments. In the production of
one-dimensional nanostructures of only several tens of nanometers in
length, several specialized advanced techniques are required in order to
obtain nanostructures of precisely controlled geometries. To synthesize
some nanostructured materials, several fabrication processes, including
electrospinning [6], sol–gel [7], solvothermal synthesis [8], and tem-
plate-based techniques [9,10] have been routinely used. Among them,
template-based methods using films with numerous nanochannels, such
as ion track etched polymer films [11] or anodized aluminum oxide
(AAO) films [12,13], exhibit many advantages due to their excellent
functionalities and ease of manufacture. In particular, AAO

nanochannel films enable us to make nanowire arrays with high aspect
ratios and high densities, which are derived from ultra-high porous
structures in an AAO film. By controlling certain anodizing conditions,
the porosity of an AAO film has been augmented to over 30% [14].
Usually, a template-based technique includes a two-step process, in
which nanochannel films are synthesized first, and nanowire arrays are
then electrochemically grown inside the nanochannels by electro-
deposition [15,16] or electroless-deposition [17] techniques.

One of the crucial factors determining the physical properties of
one-dimensional iron nanostructures is the average cross-sectional
diameter, Dw, of the nanowires. Jia et al. [18] reported the effects of Dw

on the coercivity, Hc and the squareness, and Mr/Ms of iron alloy na-
nowire arrays of ca. 18 µm in length (Lw). They found that Hc andMr/Ms

increased up to ca. 1.2 kOe and ca. 0.4, respectively, as Dw decreased
down to ca. 30 nm (aspect ratio, Lw/Dw=ca. 600). Liu et al. [19] also
investigated the effects of Dw on Hc and Mr/Ms of iron alloy nanowire
arrays of ca. 4 µm in length. In their report, Hc and Mr/Ms increased up
to ca. 2.0 kOe and ca. 0.9, respectively, as Dw decreased down to ca.
16 nm (Lw/Dw=ca. 250). Zeng et al. [20] also reported that the Hc of
iron nanowires of ca. 5 µm in length strongly depended on Dw. They
found that Mr/Ms reached ca. 0.9 and that Hc increased up to ca. 2.6
kOe as Dw decreased down to ca. 14 nm (Lw/Dw=ca. 360).

It is well known that the surface magnetic flux density, B, of a
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cylindrical magnet can be expressed by the following equation:
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+ + +
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if the B field is on the symmetrical axis of an axially magnetized
cylindrical magnet.

Here, Br is the remanence field, which is independent of the mag-
net's geometry. L is the axial length of the cylindrical magnet, and z is
the distance from either pole face on the symmetrical axis. R is the
cross-sectional radius of the cylindrical magnet.

Shtrikman et al. [21] theoretically investigated the effect of cross-
sectional radius, R, on the Hc of an infinite ferromagnetic cylinder. In
this model, the axial length of the cylinder is defined as infinity. Hence,
the aspect ratio is also defined as infinity. They found that if R is larger
than the critical radius size, Rc, for single-domain behavior, they esti-
mated that Hc (in Oe) decreases with an increase in R (in cm) according
to the following equation:

=H A
M R
6.78

c
s
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here, A (in erg/cm) is the exchange constant and Ms (in G) is the sa-
turation magnetization.

As shown in Eqs. (1) and (2), B increases with an increase in L and
Hc increases with a decrease in R. Thus, if magnetic nanowire arrays are
applied for permanent magnetic materials with an anisotropic magne-
tization performance, an industrial production line will require mag-
netic nanowires of a higher density and aspect ratio. However, so far,
the aspect ratios of iron nanowire arrays that have been reported by
other researchers have not yet reached 1000.

Recently, our research group has reported that iron nanowires of ca.
60 µm in length and ca. 30 nm in diameter (aspect ratio Lw/Dw= ca.
2000) can be electrochemically grown from a bath containing 0.05M
FeSO4 by using a pulsed-potential deposition technique [22]. We found
that Hc and Mr/Ms reached up to ca. 1.4 kOe and ca. 0.95 when we
controlled the crystal texture coefficients of iron nanowire arrays. In the
present study, to determine the magnetization reversal mechanism of
iron nanowire arrays with aspect ratios of over 1000, we investigated
the effect of Dw on Hc based on a theoretical estimation, which was
previously reported by Shtrikman et al. [21].

Experimental

AAO membrane preparation

AAO membranes were fabricated as previously described in the
literature [22]. First, the rounded upper surface of an aluminum rod
with a diameter of 1 cm was mechanically and electrochemically po-
lished. The side surface of the rod was then covered with a polyimide
tape. The anodization process was conducted in a 0.3M oxalic acid
solution at a constant temperature of 12 °C. Following anodization,
porous foil was obtained by immersing the aluminum rod into a solu-
tion containing a mixture of ethanol and perchloric acid and applying
an anodic potential 10 V higher than that used during the anodization
process, for 3 s [23]. In order to obtain membranes with different pore
sizes, anodization was carried out at 90, 70, 50, and 30 V. Because of
the increased growth rate of the aluminum oxide layer at higher ano-
dization voltages [24], anodization times were varied at 4.0, 5.5, 8.0,
and 22 h, respectively, for the increasing voltage values. Using these
variable durations, the membrane thicknesses were fixed to 60 µm each.

Electrodeposition of iron nanowires

To obtain a cathode starting layer, a thin gold film was sputter-
deposited at 10 V for 900 s on one side of the membrane using a JEOL
JFC-1600 ion sputtering device. Afterward, the conductive side was
attached to a copper plate using silver paste and mechanically stabi-
lized with polyimide tape. The electrodeposition of pure iron nanowire
arrays was carried out in a 0.5M iron sulfate heptahydrate electrolyte
at a pH value of 2.0 and a constant temperature of 30 °C. The electro-
deposition was carried out in a three-electrode assembly with Ag/AgCl
as a reference and a thin gold wire serving as a counter electrode. A
constant deposition potential of −1.2 V vs. Ag/AgCl was chosen.

Fig. 1. SEM images of planar views and cross-section views of AAO na-
nochannel templates that were anodized at 90 V (a, a’), 70 V (b, b’), 50 V (c, c’)
and 30 V (d, d’).
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Structure and magnetic properties of iron nanowires

After growing the iron nanowire arrays, the templates were dis-
solved in an aqueous solution containing 5mol l−1 sodium hydroxide to
separate the nanowires from the AAO membranes. Microstructures of
the separated iron nanowire arrays were investigated by Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy. The
crystal orientation was also characterized using an X-ray
Diffractometer. Magnetization curves of the arrays were obtained at
room temperature using a vibrating sampling magnetometer with an
external magnetic field of up to 10 kOe applied to the radial and axial
directions of the nanowires. Here the radial direction is orthogonal to
the long axis of the nanowires, while the axial direction is parallel to the
long axis.

Results and discussion

Nanochannel structure of AAO films

Fig. 1 shows SEM images in planar views ((a), (b), (c), and (d)) and
cross-sectional views ((a’), (b’), (c’), and (d’)) of AAO membranes an-
odized at 30, 50, 70, and 90 V. According to the SEM images, it can be
seen that the membranes have a through-hole architecture with holes
oriented in parallel and no interconnections. It is well known that the
AAO membrane structural parameters, such as interpore distance, pore

diameter, and membrane thickness, depend on experimental conditions
such as anodization voltage and solution temperature. According to one
report [25], low temperature conditions produce smaller pore dia-
meters, Dp, but do not show significant effects on interpore distances,
Di. By contrast, anodization voltage exerts strong effects on both the
pore diameters, Dp, and the interpore distances, Di. Several research
groups have described that the interpore distance, Di (in nm), is linearly
proportional to the anodization voltage, Ea (in V), as shown in the
following Eq. (3):

=D fEi a (3)

where the factor of proportionality f=2.5 (nm/V) [24,26,27]. This
equation gives estimated interpore distances of 75, 125, 175, and
225 nm for anodization voltages of 30, 50, 70, and 90 V, respectively.
These expected values were compared to the Dp and Di values found by

Fig. 2. Effect of anodization voltage on average pore diameter (a) and inter-
pore distance (b) of AAO nanochannel templates.

Fig. 3. Time-dependence of cathode current during the electrodeposition of
iron nanowires in the nanochannels of an AAO template with the pore diameter
of 33 nm.
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analyzing the SEM images in Fig. 1. The average pore diameters, Dp,
from SEM analysis were Dp

30V= 33 nm, Dp
50V= 52 nm,

Dp
70V= 67 nm, and Dp

90V= 85 nm, while the average interpore dis-
tances, Di, were Di

30V= 62 nm, Di
50V= 118 nm, Di

70V= 147 nm, and
Di

90V= 196 nm.
Fig. 2 shows the effects of anodization voltage on average pore

diameter, Dp (a), and interpore distance, Di (b), of AAO nanochannel
templates. As shown in Fig. 2, pore diameters Dp and interpore dis-
tances Di increase with increases in anodization voltage. In our ex-
perimental conditions, the factor of proportionality in Eq. (3), f, was
determined to have been ca. 2.2 (nm/V) which is slightly lower than the
estimated value.

Electrodeposition process and crystal structure of iron nanowires

Fig. 3 shows the time-dependence of cathodic current during the
electrodeposition of iron nanowires in the nanochannels of an AAO
template with a pore diameter of 33 nm. At the beginning of the elec-
trodeposition (until ca. 50 s), the gradual decrease in cathodic current
was observed because of a decreasing concentration of cations (Fe2+

and H+) in the pores. In the following phase (ca. 50–550 s), a constant
cathodic current (ca. 15mA) was observed due to the stable diffusion
and migration of cations from the bulk solution to the insides of the
pores. It is well known that the termination of nanowire growth in the
pores can be detected by a drastic increase in the cathodic current due
to hemispheric cap formation on the surface of the membrane. This cap
formation results in a rapid increase in the cathode’s surface area. In the

present work, a membrane with a thickness of ca. 60 µm was used as a
template. Hence, the maximum length of iron nanowires reached ca.
60 µm. As shown in Fig. 3, the filling-up time was ca. 570 s. Therefore,
the growth rate can be estimated to be ca. 105 nm s−1.

Fig. 4 shows an SEM image of electrodeposited iron nanowires,
which were separated from an AAO nanochannel template with a pore
diameter of 33 nm. The one-dimensional structures with extremely
large aspect ratios were densely packed, and each iron nanowire lay in
a parallel direction. Fig. 5 shows TEM bright-field images and electron
diffraction patterns of the electrodeposited iron nanowires, which were
separated from AAO nanochannel templates with pore diameters of (a)
85 nm, (b) 67 nm, (c) 52 nm, and (d) 33 nm. The diameters of iron
nanowires correspond well to the pore diameters observed in Fig. 1.
Considering a membrane thickness of ca. 60 µm, each aspect ratio was
determined to be ca. 706, 896, 1154, and 1818, respectively.

Fig. 6 shows X-ray diffraction patterns of iron nanowire arrays that
were electrodeposited onto AAO nanochannel templates with average
diameters of (a) 85 nm, (b) 67 nm, (c) 52 nm, and (d) 33 nm. The
sample with a diameter of 85 nm exhibits a random orientation from
(1 1 0) and (2 0 0). All the other samples, by contrast, exhibit a pre-
ferred (1 1 0) orientation of bcc-Fe along their longitudinal axis. It is
well known that the easiest magnetization direction is [2 0 0] in bcc-Fe
crystal. However, in the work, the iron nanowires with pore diameters
less than 67 nm exhibited the preferred (1 1 0) orientation. Baik et al.
reported that iron nanowires with a single crystalline structure and a
preferred (1 1 0) orientation, can be obtained from templates with pore
diameters of ca. 63 nm [28]. Hu et al. have also investigated the crys-
talline reorientation behaviors of bcc iron nanowires which were di-
rectly deposited from an acidic chloride electrolyte [29]. They found
the iron nanowires with diameters of 30 and 60 nm exhibited the
strongest textures with either (1 1 0) or (2 0 0), by controlling the so-
lution pH value. According to the report, bcc-Fe (1 1 0) preferential
orientation can be observed in the samples, which were electro-
deposited from the aqueous solution of pH2.6 rather than pH3.7. In the
present work, the solution pH was kept to 2.0 during the electro-
deposition process. Hence, bcc-Fe (1 1 0) preferential orientation was
observed in the nanowires with the diameter less than 67 nm in the
same manner as the experimental results, which were reported by Hu
et al. [29]. It is well known that the lattice spacing of bcc-Fe (1 1 0) is
ca. 0.2023 nm at room temperature. Here, in the present work, the
characteristic X-ray wavelength of Cu-Kα1 is 0.154 nm. Thus, bcc-Fe
(1 1 0) diffraction peak will be observed at ca. 44.76°. According to
Fig. 6, each (1 1 0) diffraction peak, which is obtained from the nano-
wires with average diameters of 85 nm, 67 nm, 52 nm, and 33 nm, is
observed at 44.36°, 43.94°, 44.00° and 44.34°, respectively. Hence, the
each (1 1 0) spacing can be determined to 0.2040 nm, 0.2059 nm,
0.2056 nm and 0.2041 nm, respectively. The lattice spacing of bcc-Fe
(1 1 0) is larger than that of (2 0 0). Therefore, the lattice spacing ex-
tension of (1 1 0) would be more sensitive rather than that of (2 0 0) in
the case of interstitial impurities such as hydrogen atoms, which will be
induced during the electrodeposition of iron nanowires from an aqu-
eous solution.

Effect of pore diameter on the magnetic performance of iron nanowires

Fig. 7 shows magnetic hysteresis loops of iron nanowire arrays that
were electrodeposited onto AAO nanochannel templates with average
diameters of (a) 85 nm, (b) 67 nm, (c) 52 nm, and (d) 33 nm, respec-
tively. When the external magnetic field was applied in the axial di-
rection of the nanowires, the coercivity, Hc, and squareness, Mr/Ms (the
ratio of remanence and saturation magnetization), increased gradually

Fig. 4. SEM image of electrodeposited iron nanowires, which were separated
from an AAO nanochannel template with the pore diameter of 33 nm.
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up ca. 1.63 kOe and 0.87, respectively, as the nanowire diameter de-
creased. On the other hand, when the external magnetic field was ap-
plied in the radial direction, the samples were hardly magnetized at all
and the squareness was less than 0.3. The effective magnetic anisotropy
of iron nanowire arrays can be determined by the magneto-crystalline
anisotropy as well as the shape anisotropy of individual nanowires,
together with the magneto-static interactions between nanowires.
Considering the X-ray diffraction patterns described in Fig. 6, the ea-
siest magnetization direction is along the axial direction of the in-
dividual iron nanowires. Thus, the magneto-crystalline anisotropy will
be almost constant for the nanowire arrays with diameters less than

67 nm. The shape anisotropies, by contrast, will increase with de-
creasing pore diameters. Hence, the increase in Hc will be mainly due to
the shape anisotropy of iron nanowire arrays.

Fig. 8(a) shows the effect of the diameter on the coercivity of
electrodeposited iron nanowire arrays with the magnetic field in the
axial and radial direction. Theoretically, a decrease in the demagneti-
zation factor, caused by increasing the aspect ratio (length to diameter),
results in an increase in the coercivity [30,31]. In the present work, the
coercivity, Hc, increases with decreasing the nanowire diameters, ac-
cording to the theoretical line plotted by Eq. (2). In the case of iron
nanowires, parameters in Eq. (2) are as follows: A=2×10−6 erg/cm

Fig. 5. TEM bright-field images and electron diffraction patterns of electrodeposited iron nanowires, which were separated from AAO nanochannel templates with
the pore diameter of 85 nm (a), 67 nm (b), 52 nm (c) and 33 nm (d).
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and Ms= 1720 G, where R (in cm) is the radius of the iron nanowires.
Hence, the magnetization reversal process in the iron nanowire arrays
with aspect ratios of over 1000 seems to be dominated by the magne-
tization curling mode, which is based on the Shtrikman’s micro-
magnetic theory.

Fig. 8(b) shows the effect of the diameter on the squareness ratios of
electrodeposited iron nanowire arrays with the magnetic field in the
axial and radial direction. The squareness, Mr/Ms, in the axial direction
is quite larger than that in the radial direction because of a decrease in
the demagnetization factor, caused by increasing the aspect ratio.
Furthermore, it is also found that Mr/Ms increases with decreasing the
nanowire diameters due to the extremely large aspect ratio of the in-
dividual nanowires.

Conclusion

AAO membranes, which were anodized at 30, 50, 70, and 90 V,
showed through-hole architectures with parallel-oriented

nanochannels. Each average pore diameter, Dp, was 33, 52, 67, and
85 nm, respectively, for each increasing voltage. Concerning the
average interpore distances, Di, the factor of proportionality f was de-
termined to have been ca. 2.2 nm/V. At the cathode potential of
−1.2 V, growth rate of the iron nanowire arrays was determined to be
ca. 105 nm s−1, and the maximum aspect ratio reached up to ca. 1800.
The iron nanowire arrays with pore diameters less than 67 nm exhibited
a preferred (1 1 0) orientation, while those with pore diameters of
85 nm exhibited a random orientation which composed from (1 1 0)
and (2 0 0). In the axial direction, iron nanowire arrays were easily
magnetized and the squareness, Mr/Ms, reached up to 0.87 with de-
creasing nanowire diameters. The magnetization reversal process in the
iron nanowire arrays was dominated by the magnetization curling
mode (Shtrikman’s micromagnetic theory) and the coercivity, Hc, in-
creased up to ca. 1.63 kOe with decreasing nanowire diameters.

Fig. 6. X-ray diffraction patterns of iron nanowire arrays that were electro-
deposited into anodized aluminum oxide nanochannel templates with average
diameter of 85 nm (a), 67 nm (b), 52 nm (c) and 33 nm (d).

Fig. 7. Magnetic hysteresis loops of iron nanowire arrays that were electro-
deposited into anodized aluminum oxide nanochannel templates with average
diameter of 85 nm (a), 67 nm (b), 52 nm (c) and 33 nm (d). External magnetic
field was applied in the axial direction (solid line) and radial direction (dashed
line).
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