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Highly ordered nanoporous anodic aluminium oxide templates with uniform or periodically

modulated pore diameters have been fabricated by the hard-pulse anodization technique. Straight

and diameter-modulated CoFe nanowires with diameters of 60 nm and 60/120 nm, respectively,

were AC-pulse electrodeposited into the templates. A comparison of magnetisation curves of the

two types of nanowires show a typical coercivity (l0Hc) of 74 mT and squareness (SQ) of 92% for

the modulated wires, which are significantly squarer but have 12% lower coercivity compared to

the 60 nm straight CoFe wires (l0Hc¼ 84 mT, SQ¼ 60%). The difference is attributed to

magnetostatic interactions between the segments due to the stray field of the modulated wires.

Diameter modulation is an attractive way of producing soft magnetic nanowires with a controllable

hysteresis loop shape. The time required for the nanoporous template fabrication by hard-pulse

anodization is typically one tenth of that needed for conventional template fabrication methods,

hence making it suitable for large-scale nanowire production. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4794722]

I. INTRODUCTION

During past two decades, template-based fabrication

methods1 have become one of the most effective ways of

fabricating arrays of nanowires,2 nanoparticles, and nano-

tubes.3 In this way, many different porous templates like

track etched mica,4 track etched polycarbonate,5 or anodized

aluminum6 have been used. But, without a doubt, after the

work of Masuda and Fukuda in 1995 on two step mild anod-

ization of aluminum,6 anodic aluminium oxide (AAO) tem-

plates, have become popular to fabricate highly ordered

arrays of one- and zero-dimensional nanostructures.7 During

the first step lasting about a day or more, aluminum is ano-

dized at a voltage of typically 40 V in an acidic electrolyte,

and the resulting nanoporous oxide layer is removed by wet

etching. In the second step lasting about an hour, the pat-

terned aluminum is reanodized under the same conditions to

form an ordered nanoporous aluminum oxide template. Two-

step anodization is a very time-consuming process. Recently,

Lee et al.8 introduced a “hard” anodization technique, which

is based on a new self-ordering regime of aluminium during

anodization at voltages generally above 100 V. Although the

alignment and speed of pore formation are much higher for

hard anodization than for conventional two step mild anod-

ization, this template fabrication approach has been little

used for nanowire fabrication, except in some recent work.9

Modifying the electrodeposition conditions10 or electrolyte

composition11 are traditionally the only ways to tune mag-

netic properties of nanowires electrodeposited into AAO

templates.

Here we report a new method for producing magnetic

nanowires where the whole fabrication process time is cut to

about one tenth of that needed with conventional two-step

anodization. Furthermore, the method allows us to tune the

magnetic properties of the nanowires formed in the alumina

template.

II. EXPERIMENT

Aluminium discs (high purity 99.999%) of 12 mm diam-

eter, 0.25 mm thick are ultrasonically cleaned in acetone for

3 min, electropolished in a 1:4 volume mixture of perchloric

acid and ethanol for 3 min under a current density of

100 mA/cm2, and rinsed in deionized water. Discs are then

anodized at 40 V in an aqueous solution of 0.3 M oxalic acid

at 0 �C for 10 min to produce a protective layer of aluminum

oxide about 500 nm thick at the surface of the disc, which

suppresses breakdown and burning effects during subsequent

hard-pulse anodization.8 The anodization voltage was then

increased to 120 V at a rate of 0.5 Vs�1 while intensely stir-

ring the electrolyte. This is an essential transition step

between mild and hard anodization self-ordering regimes.

The voltage is held at 120 V for 1200 s to allow alignment of

nanochannels. To produce modulated-channels in the alu-

mina template, a set of consecutive hard anodization poten-

tial pulses of 140 V and 160 V were applied for 40 and 10 s,

respectively, at 80 s intervals. Pulses were repeated 50 times,

producing long nanopores of AAO with modulated

segments, a few hundred nanometers in length with the

diameters of 60 and 120 nm, respectively. The anodization

voltage profile can be seen in Fig. 1. To promote thinning of

the alumina barrier layer necessary to allow AC-pulse elec-

trodeposition of the samples, the voltage was exponentially

decreased from 120 V to 12 V. Straight templates were
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fabricated by same procedure at 120 V, without the extra

anodization pulses. Total time for the template fabrication

for both straight and modulated nanowires was around 2 h.

A sinusoidal AC wave of 18 V was then used to deposit

the nanowires into the templates from an electrolyte contain-

ing 0.3 M FeSO4.7H2O, 0.3 M CoSO4.7H2O, 1 g/l ascorbic

acid, and 45 g/l boric acid at pH � 5, 30 �C for 30 min. CoFe

nanowires were AC-pulse electrodeposited into the templates

using 18/18 V oxidation/reduction sinusoidal pulses with

20 ms off-time between pulses. Fig. 1 inset shows a typical

deposition voltage/current curve. The magnetic properties of

as-prepared diameter-modulated and straight nanowires were

measured by SQUID at room temperature. The structural

and morphological characterization of the nanowires was

carried out by scanning electron microscopy (SEM) and

X-ray diffractometry (XRD). Energy dispersive spectroscopy

(EDS) analysis was used to examine the composition of the

nanowires.

III. RESULTS AND DISCUSSION

The alumina templates with straight 60 nm or diameter-

modulated 60/120 nm nanopores prepared by the above

method were highly ordered (Fig. 2(a) top inset). The EDS

analysis confirmed formation of straight and diameter-

modulated Co0.5Fe0.5 nanowires in AAO templates as

expected since the electrodeposition rate of Fe2þ ions was

almost the same as that of Co2þ ions in the electrolyte used.9

Both sets of nanowire arrays showed preferential (110)

growth orientation along the wire.

Fig. 2(a) shows a typical diameter-modulated AAO tem-

plate. XRD patterns of templates containing diameter-

modulated and straight nanowires show a bcc structure with

lattice parameter a0 ¼ 285 pm and (110) orientation. Figs. 2(b)

and 2(c) show the SEM images of CoFe nanowires grown in a

diameter-modulated AAO template with alternating 60 nm

and 120 nm segments.

Figs. 3(a) and 3(b) compares hysteresis behaviour of

straight and diameter-modulated CoFe nanowire arrays. The

field is applied either parallel or perpendicular to the alumina

template. The squareness SQ, defined as the ratio of

remanence to saturation magnetization of diameter-

modulated CoFe nanowires, is significantly improved com-

pared with that of the straight wires. A typical coercivity and

squareness of 74 mT and 92% were observed for the modu-

lated wires, compared with l0Hc¼ 84 mT and SQ¼ 60% for

the straight 60 nm CoFe wires. The data suggest magneto-

static interactions between the segments with a substantial

stray field, which is absent in longitudinally magnetized

wires of uniform diameter. There is no demagnetizing field

acting on a single long wire magnetized along its axis.

However, when the wires are assembled in a template, the

resulting nanowire array considered as the summation of all

the wires in the nanopores, produces a demagnetising field

like a piece of uniformly magnetized material. Since the

demagnetizing field will be proportional to the averaged

magnetization, it will be approximately12

Hd ¼ �fMs; (1)

where Ms for the CoFe is 1.5 MAm�1 and f is the fill factor

of the template, which counts only the material filled in the

pores, since the rest of the volume is alumina. Each pore and

the region surrounding it comprises an hexagonal cell. The

ratio of the nanowire cross-section to the area of the hexago-

nal unit cell is the fill factor f. In the case of pores of radius r
with spacing d, f¼ (2/�3)p(r/d)2. For r¼ 30 nm pores with a

spacing of 250 nm, f¼ 0.052. Hence, Hd¼�78 kAm�1. This

accounts for the shearing of the loop in Fig. 3(a).

In a modulated wire, the stray field acting on a central

segment due to the magnetic charge on the rims of the wide

segments is proportional to the magnetisation12

Hd ¼ g Ms; (2)

where g may be estimated as

g ¼ 1:2ðr1
2 � r2

2Þl1=ðl1 þ l2Þ3; (3)

FIG. 1. Anodization potential showing the hard anodization pulses used to

produce the diameter modulated templates and (inset) AC-pulse electro-

deposition profile; 18/18 V oxidation/reduction potential each with 5 ms

duration and 20 ms off-time between pulses.

FIG. 2. (a) A typical diameter-modulated alumina template with seven seg-

ments. (b) Diameter-modulated CoFe nanowires inside template and (c)

released from template.
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where r1 and r2 or l1 and l2 are the radii and length of the

thick and thin segments, respectively. This expression gives

the field at the centre of a line of magnetized rings, after

removing the long wire of radius r2, which makes no contri-

bution. The factor 1.2 is
P

(1/n3) from the Fig. 2(b). Taking

r1¼ 60 nm, r2¼ 30 nm, l1¼ l2¼ 300 nm gives g¼ 0.005. We

see that with our experimental geometry, the stray field of

the modulated wire can significantly reduce the magnitude

of the demagnetizing field, which helps to account for the

improved squareness of the loop. The coercivity of magnetic

nanowires has been found to increase as the diameter of the

wires decreases.9,13,14 In our modulated wires, compared to

the straight wires of the smaller diameter, the wires have

segments with wider diameters that tend to reduce the

coercivity.

IV. CONCLUSION

Hard pulse anodization is an advantageous method of pre-

paring AAO templates for nanowire fabrication for two rea-

sons: (1) The time required for the fabrication of templates by

hard pulse anodization is much less than for the conventional

two-step method. (2) The diameter of the pores can be modu-

lated along their length. Diameter-modulated nanowires can

be produced by electrodeposition into the pores. The soft mag-

netic properties of the wires can be tuned by modifying the di-

ameter profile. In particular, hysteresis loops with improved

squareness can be obtained. This is attributed to the local stray

field in the hexagonal array; no such effect is expected for a

cubic array, where the dipole sum is zero. Since the diameter-

modulated nanowires produce a characteristic pattern of stray

field, depending on the thickness profile, they may be suitable

for use as magnetic markers. The hard pulse anodization

membrane preparation method opens the prospect of rapidly

fabricating ferromagnetic nanowires with hysteresis loops of

controllable shape, thereby introducing a new degree of free-

dom to magnetic nanowire fabrication.
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