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4.1.� La� deposició� electroquímica� en� capes� poroses� d’alúmina�
anòdica�
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4.4.�Resultats�i�discussió�dels�processos�d’aprimament�assajats�
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a b s t r a c t

In recent years, the possibility of using anodized aluminium as a template to obtain nanowires and nan-

otubes via electrodeposition has been firmly established. The main problem with this method is the high

electrical resistance generated by the barrier layer that isolates the metallic base from the electrodepo-

sition bath. An easy way to decrease this resistance is to perform an additional step before deposition: a

barrier layer thinning (BLT) process . Different BLT procedures have been described and although some

of them work well, the process is not yet well understood. Here, we present an optimized stepped gal-

vanostatic BLT process and discuss how BLT is achieved. As opposed to the common belief that BLT takes

place via dendritic porous growth at the bottom of the porous anodic alumina (PAA), we show that during

thinning, a controllable branched-shaped porous structure is generated. Finally, we also analyze the use

of stepped techniques to obtain alumina templates with narrower pores than expected in an oxalic acid

bath.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Over the last decade much research has been carried out into

1D nanostructures, such as nanowires and nanotubes [1–4]. The

characteristic physical and chemical properties of these materials

make them very useful for a wide variety of applications: magnetic

storage of information, gas sensors, catalysis, fuel cells, electronic

and opto-electronic devices, nanoprobes, nanoconnectors for both

quantum devices and nanodevices, etc. Porous anodic alumina

(PAA) has emerged as a feasible template for the synthesis of these

materials because of its peculiar porous structure. The manufac-

ture of PAA by anodizing aluminium does not require complicated

or expensive technology, and it is easy to obtain templates with

different degrees of ordering and pore diameters just by modifying

the parameters [5–8]. Nanowires and nanotubes are obtained by

filling the template with the desired material and a wide variety

of methods are available to achieve this [1–4]. Electrodeposition is

a reliable technique for obtaining nanostructures made of metals

and alloys, but it requires the PAA to be an electrical conductor. The

literature [9–11] describes a method for preparing PAA membranes

with a conducting layer sputtered on one side, which allows deposi-

tion from the other side. However, these membranes are very fragile

and they are not easily manipulated. Another possibility is to work

∗ Corresponding author. Tel.: +34 93 402 12 26; fax: +34 93 402 12 31.

E-mail address: c.muller@ub.edu (C.M. Müller).
1 ISE member.

directly with anodized aluminium, but the two-layered structure of

PAA (porous and barrier layer) electrically isolates the aluminium

matrix from external media and makes the use of electrochemical

techniques rather difficult (Fig. 1).

Thus, electrodeposition into anodized aluminium is only possi-

ble if the high electrical resistance of the barrier layer is reduced.

Many different chemical and electrochemical procedures have been

used to achieve barrier layer thinning (BLT) [12–17]. Although some

processes are known to work, the way in which BLT is actually

achieved is still not well understood and little work has been done

to characterize it. It is believed that BLT takes place through den-

dritic porous growth at the bottom of the PAA, within the barrier

layer. This causes a reduction in the thickness and compactness of

the barrier layer and thereby a decrease in its electrical resistance.

However, since the pioneering paper by Furneaux et al. [18], the

subject has been studied very little. Such processes usually involve

an unavoidable opening of the pores, which is not desirable if the

objective is to produce nanowires with as small a diameter as pos-

sible.

In the present work, we analyze the influence of a BLT process

on the structure of the alumina template by studying the morphol-

ogy of the nanowires obtained from the resultant modified PAA.

Nanowires fill the pores during deposition and thus generate exact

replicas of them. Tree-shaped nanostructures, which can be use-

ful in electronic or opto-electronic devices, were formed using this

approach and used to propose an optimal BLT procedure.

Using the same technique, self-ordered PAA has been obtained

with pore diameters of less than 20 nm [19]. These dimensions

0013-4686/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.electacta.2008.03.067
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Fig. 1. Schematic representation of the porous anodic alumina (PAA) layer .

are quite difficult to achieve using conventional two-step anodiz-

ing processes, even with sulphuric acid baths. The method we use

consists of applying a reduced BLT procedure to decrease the pore

diameter in the first step and then reanodizing the aluminium at

the final voltage after etching off the first PAA.

2. Experimental

Self-ordered PAA was fabricated by two-step anodizing of 1050

aluminium alloy sheets (14.31 cm2) (AA1050: Al (99.5%); Fe (<0.3%);

Si (<0.2%)). A detailed description of the procedure is found in

[19,20]. After the surface was prepared (degreasing, alkaline etch-

ing, desmutting, electropolishing and acid etching) an ordered

alumina layer was generated by two-step potentiostatic anodizing

(45 V) in an oxalic acid bath at 20 ◦C. After 1 h of anodizing, the PAA

had a thickness of 12 �m and a pore diameter of about 40 nm.

BLT was carried out after anodizing. This consisted of a gal-

vanostatic five-stepped decrease of the current registered during

potentiostatic anodizing. The current was reduced by half and its

duration doubled at each step except the last one. The BLT signal

was defined by the current and time of the initial step. The process

was carried out in a single anodizing bath at a controlled tempera-

ture (±0.1 ◦C). A PAR M 273 potentiostat (100 V compliance voltage)

coupled to a voltage divider was used to perform the galvanos-

tatic BLT. Different initial currents (1.5–3.5 mA cm−2), step times

(30–60 s) and bath temperatures (5–10 ◦C) were used to optimize

the process.

The pore diameter was reduced by asymmetric two-step anodiz-

ing. During the first anodization, the voltage was decreased two or

three times by steps of 10 V. Then the layer was stripped with a

solution that specifically etches the alumina but not the metal. The

second anodization was carried out at the final voltage applied dur-

ing the first anodization. PAA formed by anodizing first at 45 V and

second at 35 V or 25 V was prepared as standards.

The BLT process was analyzed by characterizing the PAA using

cross section FESEM images (Hitachi S-4100) and, as indicated, by

analyzing the 1D nanostructures obtained from these templates by

TEM (Philips CM30). Nickel nanowires were synthesized by pulse

Fig. 2. SEM section of a self-ordered PAA (AA1050, oxalic acid 0.30 M, 20 ◦C, 45 V)

with Ni nanowires (2.5 �m) obtained by pulse electrodeposition in a Watts bath

(1800 pulses). Sample was embedded in a polymeric resin and mechanically pol-

ished.

electrodeposition in a Watts-type-bath, using PAA as the working

electrode. The pulse signal consists of the first cathodic galvanos-

tatic pulse (70 mA cm−2, 8 ms) followed by an anodic potentiostatic

pulse (3 V, 2 ms) and then a longer open circuit potential period

(1 s), as proposed by Nielsch et al. [12]. A BioLogic AMETEK VMP2

potentiostat was used to perform the deposition. Homogeneous

filling of the pores was obtained using this experimental setup

(Fig. 2). Fischerscope XRF was applied to test the availability of the

electrodeposition.

Nanowires, with a length of 2.5 ± 0.1 �m (1800 pulses) were

then released from the PAA by selective etching of the aluminium

oxide using an acidic mixture of H3PO4 and CrO3. They were then

rinsed with deionised water and stored in acetone. Centrifuga-

tion and sonication were used to clean, disperse and separate the

nanowires.

3. Results and discussion

Different galvanostatic signals were applied in this work to thin

the barrier layer (Table 1). Signals are defined by the current density

of the first step, the bath temperature, and the duration of the first

step.

3.1. Analysis of BLT

During BLT, a controllable and reproducible branched-shaped

porous structure is generated at the bottom of the PAA, with a

gradual reduction in pore diameter.

The characteristics of the barrier layer obtained in the thinning

process can be correlated with the shape of this branched struc-

ture. Fig. 3 shows the bottom end of a Ni nanowire obtained from

PAA modified by signal 1, which involves high current density and

temperature and a long-step time. In these conditions, a branched

structure 370 nm long was generated (Table 1).

Table 1
Applied parameters and length of branches obtained in the different BLT processes

BLT T (◦C) jt = 0 (mA cm−2) Step time (s) L1 (nm) L2 (nm) LR (nm) LT (nm)

1 20 3.5 60 163 (12) 60 (9) 141 (7) 365 (13)

2 10 3.5 60 135 (15) 70 (12) 134 (17) 335 (6)

3 10 1.5 60 73 (15) 39 (6) 42 (11) 150 (15)

4 5 1.5 60 60 (11) 46 (9) 33 (6) 132 (3)

5 5 1.5 30 – – – x

Standard deviations are indicated in brackets.
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Fig. 3. TEM image of the bottom end of a Ni nanowire obtained by pulse electrode-

position in a Watts bath (1800 pulses) on a self-ordered PAA modified by BLT signal

1.

The formation of the branched structure is directly related to

the fact that the pore density in stationary conditions is inversely

proportional to the square of the anodizing potential [12,15,21]. As

can be seen in Fig. 4, during each galvanostatic step, the measured

voltage (mainly associated to the resistance of the barrier layer)

slowly falls with time due to the thinning of the barrier layer by the

electric-field-assisted localized dissolution [21,22]. When the thick-

ness of the barrier layer reaches stationary conditions, the voltage

stabilizes and under these conditions the formation and dissolution

of the barrier layer take place at the same rate: there is no thinning

of the barrier layer and only the porous layer grows.

At each galvanostatic step, as the voltage decreases, proportion-

ality with the pore density is lost. To reach the new ratio, the pore

Fig. 4. Applied current density vs. time dependence and registered voltage vs. time

experimental curves obtained for BLT signals 2 and 3 (10 ◦C, oxalic acid 0.30 M).

density must increase: the pores divide into two or even three

smaller pores. As a consequence, branching happens many times

during the thinning process related with the steps. In our exper-

imental conditions up to four pore divisions are observed with a

five-step setup. In the last galvanostatic step, to homogenize the

pore structure, stationary conditions must be reached and main-

tained for a long time. In some cases a low-voltage potentiostatic

step can be added to improve the final structure of the anodic layer.

3.2. Optimizing BLT

The BLT signal has to be selected taking into account the forego-

ing considerations. We therefore analyzed the effect of the current

density, temperature and step time on the structure of the anodic

layer.

Current densities of 3.5 and 1.5 mA cm−2 (signals 2 and 3) were

selected, as they correspond to half the current density regis-

tered during the previous potentiostatic anodizing at 20 and 10 ◦C,

respectively. Lower voltages are reached during the last step by

decreasing the applied current densities (Fig. 4). This leads to some

Fig. 5. TEM images of the bottom end of Ni nanowires obtained by pulse electrodeposition in a Watts bath (1800 pulses) on a self-ordered PAA modified by: (a) BLT signal 2;

(b) BLT signal 3.
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Fig. 6. TEM image of the bottom end of Ni nanowires obtained by pulse electrodepo-

sition in a Watts bath (1800 pulses) on a self-ordered PAA modified by BLT signal 4.

differences in the pulsed electrodeposition due to the relationship

between this voltage and the thickness of the barrier layer. In addi-

tion, due to the smaller amount of charge transferred in the process,

shorter branches are obtained by decreasing the current applied

(Fig. 5).

The bath temperature is varied for signals 1 and 2 (Figs. 3 and 5a)

and also for signal 3 and 4 (Figs. 5b and 6). Here, with a constant BLT

charge, little effect is observed on the length of the branched struc-

tures. As can be seen in Fig. 7, the voltage increases when the bath

temperature is lowered. This could be related to the reduced ionic

conductivity of the barrier layer and the lower chemical etching

effect of the acidic electrolyte. As a consequence, the barrier layer

is thicker at lower temperatures. Despite this, electrodeposition is

possible with this electrochemical system, as long as a threshold

voltage of 10 V is not reached, which is the case.

When shorter steps were applied (signal 5) during BLT, depo-

sition of Ni was not then possible in our experimental conditions:

the applied voltage needed to achieve electrodeposition was too

high and the pulses became saturated. Under these conditions,

hydrogen evolution occurred and no Ni deposit was detected (as

demonstrated by the absence of a Ni signal in the XRF spectrum):

the BLT process was not sufficient. Fig. 8 shows sections of modi-

fied (b–d) and non-modified (a) PAA. Electrodeposition is possible

after the BLT processes if a non-structured zone appears at the bot-

tom of the PAA (vertical black lines in Fig. 8b and c indicate the

thickness of this zone). In contrast to the signals with longer steps,

when shorter steps are applied (Fig. 8d) the non-structured zone

can hardly be defined. The degree of thinning of the barrier layer

is directly related to the level of voltage registered in the last step.

Shorter steps result in less destructuring, and a smaller decrease

in the electrical resistance is produced. We note that the evolution

of the voltage with time is slightly dependent on the step length

(Fig. 9), which suggests that the rate of BLT is related to the initial

applied current density.

Taking into account the previous results, optimum galvanostatic

BLT occurs when each step is twice as long as the previous one, and

the applied current density is half that of the previous step. Using

this procedure a stationary voltage plateau is only reached during

the last step. In these conditions the barrier layer thins during all

the intermediate steps and homogeneous thinning is achieved in

all the pores at the end of the process. However, a more effective

thinning process is achieved using an initial current density of half

the current density registered during anodizing at the temperature

of BLT. So, anodizing and BLT can be carried out at different tem-

peratures, but the initially applied current density should then be

half the anodizing current obtained at the temperature of the BLT

process. In general, lower temperatures are preferred, to minimize

the chemical etching of the oxide layer.

3.3. Analysis of the branched structure

A relationship between the branched structure and the shape of

the BLT process has been found by analyzing the evolution of the

density of the pores produced in the PAA during the thinning pro-

cess. Using the relationship between the applied anodizing voltage

and the cell diameter and pore density of the PAA obtained [19,21],

the voltage which corresponds to a pore density twice the previous

value can be estimated in the different experiments, starting from

the value reached under the experimental anodizing conditions:

45 V, 20 ◦C and 60 min. For instance, the five arrows in Fig. 9 (BLT

signal 4) indicate the anodizing voltages at which the pore density

of the PAA should be double the previous value (decreasing volt-

age). If we assume that in our experimental conditions the number

of pores doubles each time (as observed in many TEM images: two

branches appear after splitting) four branches are expected in this

BLT process, as shown in Fig. 6.

It seems that this result can be generalized. Table 1 summarizes

the length of these branches for the different BLT processes: L1 is

Fig. 7. Temperature dependence: applied current density vs. time dependence and voltage vs. time experimental curves obtained for BLT signals a) 1–2 (3.5 mA cm−2); b)

3–4 (1.5 mA cm−2).
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Fig. 8. SEM sections of (a) a non-modified PAA; (b) a PAA modified by BLT signal 1 (high current density); (c) a PAA modified by BLT signal 4 (lower current density); and (d)

a PAA modified by BLT signal 5 (lower current density and shorter step length). The black line shows the thickness of the non-structured zone of the PAA.

the length of the first branch, L2 the length of the second branch, LR

the length of the rest of the branches and LT the total length of the

structure (standard deviations are indicated in brackets). Although

the length of the branched structure is directly related to the total

charge of the BLT signal (Q = 3.88 C for signal 2 and Q = 1.66 C for sig-

nal 3) it is not easy to correlate the length of the branches and the

Fig. 9. Step time effect. Applied current density vs. time dependence and voltage

vs. time experimental curves obtained for BLT signals 4 and 5. The arrows show the

anodizing voltages where the pore density of the PAA should be double the previous

density (decreasing voltage).

specific charge transferred in each step. The non-uniform change

in the geometry (the diameter of the wire) and the efficiency of the

anodization process during the different BLT steps (variation of the

applied current density) make such a correlation impossible. Never-

theless, analysis of the data included in Table 1 allows us to consider

a ratio 2/1/2 (L1/L2/LR) for the BLT process starting at 3.5 mA cm−2

(BLT 1 and 2) and a ratio with a lower LR for processes starting at

1.5 mA cm−2 due to the smaller low-voltage fourth branch obtained

Fig. 10. Applied voltage vs. time dependence and current vs. time experimental

curves obtained in the modified two-step potentiostatic anodizing (Experiment 7,

Table 2) in oxalic acid 0.30 M at 20 ◦C.
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from BLT signals 3 and 4 (Fig. 6). Taking into account that a constant

charge is applied in the first four steps in every BLT process, and the

L1 and L2 measured values, it seems that the formation of a new

branch (the splitting point) is related to the perturbation induced

by the sudden current decrease after the second and third steps. So,

after the first splitting due to the initial current step, in all cases two

steps are needed to reach the new “splitting conditions”: L1 double

than L2. More data are needed to confirm these assumptions.

3.4. Decrease of pore diameter

The aim of these experiments was to use the stepped approach

to obtain PAA with smaller pore diameters, working with the same

bath and temperature. It is well known that a higher amount of

the new smallest pores grow following the same direction that the

initial ones [21,22], if during the anodization process the applied

voltage is suddenly reduced. Moreover, previous studies on two-

Table 2
Voltage applied during modified asymmetric potentiostatic two-step anodizing pro-

cesses in oxalic an acid bath and the average diameters of the Ni nanowires obtained

Experiment First step Second step dav (nm)

4 45 V – – 45 V 49 ± 7

6 45 V – – 35 V 29 ± 5

7 45 V 35 V – 35 V 30 ± 4

8 45 V 35 V 25 V 25 V 23 ± 2

step anodizing indicated that pore branching also happens in

asymmetric experiments, when the voltage applied in the first step

is higher than the voltage applied in the second one [19]. In this

work we demonstrate that it is possible to improve these results

in order to reduce the pore’s size, when a modified asymmetric

two-step anodization process is used (Fig. 10).

Table 2 shows the nanowire averaged diameters measured in

each experiment after releasing them from the PAA (Fig. 11). A pro-

Fig. 11. TEM images of Ni nanowires obtained by pulse electrodeposition in a Watts bath (1800 pulses) after experiments: (a) 4; (b) 6; (c) 7; (d) 8 (Table 2).
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gressive reduction of the diameter according to the second-step

anodizing voltage is observed. If the BLT signal is recalculated as a

function of the current density registered during the second anodiz-

ing step, the diameter of the nanowires can be half reduced by this

method.

Finally, our results show that using our experimental approach

(Fig. 10), the loss of the ordering degree of the PAA is smaller

than described by Masuda and co-workers analyzing the behaviour

of the self-ordered regime conditions on imprinted samples

[23].

4. Conclusions

This study shows that in situ electrodeposition of nanowires

through porous anodic alumina layers can be used to character-

ize the effect on the anodic oxide layer of the electrochemical

process applied to decrease the electrical resistance of the barrier

layer (BLT). In addition, we demonstrate that the dimensions of the

changes generated in the porous layer can be controlled by accu-

rately controlling the BLT parameters. In galvanostatic BLT, both the

length of the branched structure and the number of new branches

are related to the total charge and the number of steps involved. We

also demonstrate that after BLT, the electrodeposition of 1D metal-

lic nanostructures through homogeneous filling of the pores can be

achieved. Finally, a decrease in the nanowire diameter up to 50%

can be achieved using a modified asymmetric two-step anodizing

process, working with the same bath and temperature.
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A B S T R A C T 
 

We utilize porous alumina membranes as templates in which mild and hard anodizations are alternated to yield 
modulations in the pore diameter. Conformal coating of the pore walls with atomic layer deposition allows for the 
preparation of ferromagnetic Fe3O4 tubes that replicate the modulated silhouette of the template. Their magnetic 
properties strongly depend on the presence of diameter modulations, which determine the strength of the dipolar 
interactions between neighboring tubes. 

�
�
Considerable efforts have been invested in the past years into 
the development of methods for the preparation of pseudo-
one-dimensional nanoobjects with well-defined and 
homogeneous diameter1, 2. Indeed, confinement effects (which 
by nature depend on geometry) are strongly affected by 
structural irregularities. Conversely, introducing changes in 
diameter in a controlled manner into nanowires or tubes should 
give rise to novel physical properties as well as novel 
possibilities to fine-tune them3, 4. In the magnetism realm, 
diameter modulations should provide a handle over the motion 
of magnetic domain walls, a phenomenon proposed as a future 
data storage platform5, but the basic physics of which remain 
to be explored in detail. To date, no general method is 
available for the large-scale fabrication of such structures in 
ordered arrays. 
To this goal, we propose to utilize the synthetic procedure 
reported recently that combines mild and hard anodization of 
aluminum towards the obtention of alumina pores with 
changes in diameter6–8. In this letter, we demonstrate the 
possibility of using this porous framework as a template to 
create structures replicating the diameter modulations. Atomic 
layer deposition (ALD) is particularly suited to the conformal 
coating of the pore walls for the creation of tubes of oxidic 
materials9, given that it relies on a self-limiting chemical 
reaction at the surface. Thus, our preparation (all experimental 
details are supplied in the Supporting Information) begins with 
an imprint which defines a perfectly ordered periodic structure 
on the aluminum surface. Subsequently, the aluminum is 
electrochemically oxidized under high voltage (70 to 100 V) to 
create the elongated pores. Key to the success of this step is 
the match between the periodicities of the imprint stamp, on 

the one hand, and of the self-ordering anodizations (hard and 
mild), on the other hand6, 7. At last, homogeneous deposition of 
magnetic material into the pores is achieved by ALD. In this 
way, large arrays of parallel objects (� 108) are obtained with 
geometric parameters (length, width and number of 
modulations) defined at the experimentalist’s discretion. 
Nanoimprinting of aluminum is the first step of our procedure. 
This pretexturing defines the subsequent nucleation of the 
pores during anodization. We used an imprint stamp consisting 
of hexagonally arranged SiN pyramids with a period of 235 
nm. An electropolished aluminum chip was stamped with it 
under � 9 tons·mm-2. For the subsequent anodization, we 
adapted the applied voltages U to match the period Dint = 235 
nm. The optimal voltages are Umild = 72 V in phosphoric acid 
(0.40 M) and Uhard = 93 V in oxalic acid (0.15 M) for the mild 
and hard conditions, respectively. The former value deviates 
from the commonly accepted slope of the Dint vs. Umild curve 
(2.5 nm / V). We attribute this deviation to the comparatively 
very low voltage used here (72 V) - far from the self-ordered 
range of mild phosphoric acid anodization (160 to 196 V). 
Conversely, hard anodization is carried out at a drastically 
higher voltage (93 V) than usually done for the mild 
anodization in oxalic acid (40 V). In this case, stabilization of 
the unusually high electric field is achieved by combining two 
approaches: 1) formation of a thin oxide layer by a preliminary 
mild anodization and 2) use of a water / ethanol mixture for 
hard anodization at -5 °C. This allows for the lithographically 
defined 235-nm order to be maintained throughout the 
anodization. Figure S1 in the Supporting Information 
compares the top and bottom sides of a 20-�m thick porous 
alumina membrane prepared under those conditions: the pores 
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of 70 nm diameter and aspect ratio 300 have retained their 
large-scale perfectly periodic arrangement. Mild and hard 
anodizations yield different porosities (approximately 20% and 
6%, respectively). Accordingly, they deliver distinct values of 
the pore diameter, namely, 150 nm and 70 nm. Therefore, 
several switches between the mild and hard conditions over the 
course of the anodization result in as many diameter 
modulations of the pores, as evident in Figure 1. The length L 
of each segment is controlled by the integrated current density 
Q passed through the system, with growth rates of Lmild/Q � 
0.3 �m / C·cm-2 and Lhard/Q � 0.6 �m / C·cm-2 (for Q � 20 
C·cm-2 ). 
 

 
Figure 1. Scanning electron micrographs of the porous anodic 
alumina template. The membrane is displayed in section, pores are 
broken in halves along their z axis. (a) End of the pores with 
hemispherical barrier layer. (b) The last 4 �m of a perfectly ordered 
’hard’ segment: the pore diameter is absolutely constant and 
homogeneous. (c) A section of membrane displaying two changes in 
diameter, from ’hard’ anodization (narrow pores) to ’mild’ (thicker 
pores) and back to ’hard’: the interfaces between the different 
segments are sharply defined. The scale bar is common for (b) and 
(c). 
 
The preparation of tubes of high aspect ratio (> 1000) from 
this template implies coating the pores with a homogenous 
thickness of the desired material without clogging their 
entrance. ALD (atomic layer deposition) is ideally suited to 
that purpose since it relies on a self-limited surface reaction 
between reactants provided in large excess from the gas phase. 
Indeed, applying our standard ALD reactions for SiO2

10 and 
Fe2O3

9 to the structured template yields multilayered SiO2 / 
Fe2O3 / SiO2 nanotubes embedded in the alumina membrane. 
Annealing the sample under Ar / H2 at 400 °C converts Fe2O3 
to the ferrimagnetic Fe3O4. The silica layers enclosing the 
magnetic material in the resulting concentric SiO2 / Fe3O4 / 
SiO2 nanotubes (Figure 2(b)) serve two purposes. Firstly, they 
act as chemically inert sheaths allowing for the dissolution of 
the alumina matrix without damaging the magnetic objects. 
Secondly, they protect Fe3O4 from aerobic re-oxidation. 
Modulated Fe3O4 tubes are displayed in Figure 2(a) and (c). 
Electron microscopic investigation of the arrays shows the 
conformality of the deposition and the exact parallelism 
between the geometries of neighboring tubes. In transmission, 
isolated tubes display their multilayered structure, as well as 
clear transitions between the 70-nm wide ’hard’ segments and 
their 150-nm wide ’mild’ counterparts. 

 
Figure 2. Structures of the modulated iron oxide nanotubes. (a) 
Scanning electron micrograph of a tube array imbedded in the 
alumina matrix, displayed in section; the tubes’ walls appear white 
on the darker Al2O3 background, one tube was colored green for 
clarity. (b) Transmission electron micrograph of a Fe3O4 tube (after 
hydrogen reduction) protected by two thin silica layers. (c) TEM 
view of an isolated SiO2=Fe3O4=SiO2 tube (layer thicknesses: 6 nm 
/ 10 nm / 6 nm) near a transition between a narrow segment and a 
wide one. Its silhouette reflects that of the arrayed objects from (a). 
 
The nanotubes fabricated by this method behave 
ferromagnetically. As ensembles, they can be characterized in 
various orientations with respect to the applied field, as 
exemplified by the hysteresis loops of Figure 3(a). When the 
sample is magnetized to saturation in a magnetic field H = 6 
kOe applied along the long axis of the tubes, H // z, and the 
field is then turned off, 90% of the saturated magnetization is 
retained (remanence, �rem(//) = 0.9 �sat ). In a perpendicularly 
applied field, H � z, the same experiment yields a remanence 
�rem(�) = 0.4 �sat. The large difference between �rem(//) and 
�rem(�) defines z as the ”easy” axis of the sample, as expected 
from the strong shape anisotropy. Accordingly, the effects of 
the diameter modulations can clearly be observed by the same 
method. Figure 3(b) summarizes the results of SQUID 
magnetic hysteresis loops recorded on five samples of Fe3O4 
nanotube arrays with different types of diameter modulations 
(as shown in Figure 3(c)). The coercive field is almost 
unaffected by the geometry of the tubes when the field is 
applied H // z. In the H � z orientation, however, a trend 
emerges when the coercive fields are considered as a function 
of the hard / mild ratio. Tubes with smaller diameter have 
much larger values of Hc(//) than the wider ones. This is due to 
the more pronounced geometric anisotropy, as well as 
alleviated dipolar interactions between neighboring tubes11. 
More interestingly, comparing the last two samples (D and E 
on the right of Figure 3) reveals that the introduction of a 
single short wide segment in the middle of a long narrow tube 
causes a drop in coercive field by more than 30 %. This is a 
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token that the diameter modulations influence the magnetic 
reversal phenomena beyond the linear regime. 
 

Figure 3. (a) Magnetic hysteresis loops of an array of Fe3O4 
nanotubes (10 nm wall thickness) in a field applied parallel or 
perpendicular to the long axis (z axis) of the tubes at 300 K. Both the 
coercive field Hc (x intercept) and the remanence �rem (y intercept) 
are strongly affected by the orientation of the sample (Hc(//) = 480 
Oe; Hc(�) = 660 Oe; H � z; �rem(//) = 0.9 �sat ; �rem(�) = 0.4 �sat ). 
Anodization conditions of the template: mild 0.5 �m, hard 20 �m. 
(b) Comparison of the coercive fields Hc of different types of 
modulated Fe3O4 tubes (as arrays). The experimental data points 
show a strong effect of geometry on Hc when the field is applied 
parallel to the long axis (full squares), and a near independence of Hc 
upon geometry for the orthogonal orientation (empty circles). The 
gray line corresponds to coercive fields calculated for isolated 
objects as an interpolation between the values of thin and thick tubes. 
The x axis quantifies the volume fraction of magnetic material in the 
thin segment (from 0 to 1). Anodization parameters of the template: 

(A) mild 15 �m; (B) mild 10 �m, hard 8 �m, mild 1 �m; (C) mild 
0.5 �m, hard 8 �m, mild 1 �m, hard 8 �m, mild 1 �m, hard 8 �m; 
(D) mild 0.5 �m, hard �m, mild 1 �m, hard 5 �m; (E) mild 0.5 �m, 
hard 20 �m. (c) Schematic of the five geometries considered. 
 

Figure 4. Theoretical modeling of the modulated magnetic tube 
arrays. (a) Stray field direction (arrows) and intensity (levels of red) 
generated by a modulated tube magnetized in the +z direction, as 
exemplified for structure D. (b) Coercive fields calculated for the 
different types of tubes, taking into account the strength of the 
dipolar interactions between neighboring tubes. The theoretical 
values (stars) are compared with the measured ones (squares). Labels 
A to E refer to the geometries described in Figure 3, and the 
geometry parameter equals the volume fraction of thin segments. 
 
This suspicion is corroborated by simple models of the 
magnetization reversal (all theoretical details can be found in 
the Supporting Information). Of the three conceivable 
mechanisms for the reversal of the magnetization from the +z 
direction to -z (the coherent rotation, the vortex and the 
transverse mode) the vortex prevails for all geometries 
considered here (Figure S2). In the vortex mode, the calculated 
coercive field is larger for the thinner (’hard’) diameter than 
the thicker (’mild’) one. Considering a linear relationship 
between Hc and the relative amounts of thick and thin 
segments yields the gray line of Figure 3(b). Although the 
general trend obtained in this way corresponds to the 
observations for samples A, B and E, the two samples with 
short thick segments built in the middle of the tube clearly 
show the limits of such a simple linear treatment. We ascribe 
the deviations from it to the interaction of each tube with the 
stray field produced by its neighbors, which reduces the 
coercive field. The stray field of a simple tube is most intense 
at its extremities — in a modulated tube, the presence of 
additional non-vertical surfaces strongly reinforces the stray 
field at the modulations. This is shown in Figure 4(a) for the 
example of geometry D, and for all geometries in Figure S4. 
Accordingly, the dipolar interaction between neighboring 
tubes is significantly strengthened by the introduction of 
diameter modulations, even very short ones (Table S1). This is 
the reason why geometries such as C and D, with a small 
volume fraction of thick tube, strongly deviate from the simple 
linear interpolation. When the coercive field lowering caused 
by the stray field is taken into account, the calculated values 
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correspond to the experimental measurements much better 
(Figure 4(b)). The difference between calculated and measured 
values can originate from structural imperfections of the tubes 
prepared here, in particular the fact that the transition between 
thick and thin segments is not perfectly abrupt. 
In conclusion, our results demonstrate the validity of utilizing 
porous alumina as a template system for the creation of 
pseudo-one-dimensional nanoobjects with the controlled 
introduction of changes in diameter. Such designed structural 
irregularities have consequences of prime importance on the 
magnetic characteristics of the tubes. Ensemble measurements 
combined with theoretical modeling enabled us to shed light 
onto the special properties of diameter changes with respect to 
the stray field of elongated magnetic nanoobjects. In future 
studies, single-object measurements (magneto-optical Kerr 
effect, magnetic force microscopy) will be used to study the 
magnetic switching events in the individual segments, on the 
one hand, and in the absence of stray field, on the other hand. 
In this way, domain walls pinned at the structural irregularities 
could be observed. 
The preparative method delineated above is not limited to 
magnetic objects. Similar principles can be applied to the 
preparation of modulated nanostructures with novel 
thermoelectric, electronic, or optical properties as well. The 
ability to tune the modulations should enable one to highlight 
novel aspects of confinement in those areas. 
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Supporting Information  

Figure S1. Scanning electron micrographs of a nanoimprinted and 
anodized membrane of approximately 20 mm thickness. The main 
panel shows the bottom side of it, to be compared with the top 
(imprinted) side, in the inset. The prestructuring is maintained 
throughout the anodization.

 

Experimental methods 

Preparation. Aluminum chips (99,999% from Goodfellow) are 
electropolished under +20 V in a 1 to 4 mixture of 60% 
HClO4 and EtOH solution for 3 min. A stamp with 
hexagonally ordered SiN pyramids and a period of 235 nm is 
used to imprint the Al chips with a commercial hydraulic press 
under � 9 tons·mm-2. The porous anodic alumina membrane is 
produced in several steps. The first anodization must be mild. 
Mild anodization is performed under 72 V in 0.4 M aqueous 
H3PO4 at 10 °C. The hard segments are anodized under 93 V 
in 0.15 M H2C2O4 at -5 °C in a water / ethanol mixture (H2O / 
EtOH 4:1)12. Atomic layer deposition of Fe2O3 and SiO2 is 
performed in a Savannah 100 Reactor by Cambridge Nanotech 
according to the published procedures from ferrocene and 
ozone11 and from 3-aminopropyltriethoxysilane, water and 
ozone10, respectively.
Instrumental methods. Scanning electron micrographs are 
taken on a Supra55 or an Evo50 by Zeiss under an acceleration 
voltage of 10 kV. Transmission microscopy was performed on 
a Jeol JEM1010 operating at 100 kV. TEM samples are 
prepared by dissolving the alumina matrix in 0.18 mol/L 
Cr(VI) for 40 h at 45 °C, diluting the resulting suspension, and 
letting a drop of it evaporate on a holey carbon / Cu grid. The 
magnetic measurements are recorded at 300 K using a SQUID 
(superconducting quantum interference device) magnetometer 
MPMS2 by Quantum Design reaching magnetic fields 
between 5 and -5 kOe. 

�

Theoretical treatment 

For isolated magnetic nanotubes, the magnetization reversal, 
that is, the change of the magnetization from one of its energy 
minima ��ÕÕÖ V �ª×ÖØ� to the other ��ÕÕÖ V �ª×ÖØ�, can occur by one 
of only three idealized mechanisms: The coherent rotation (C), 
where all the spins (local magnetic moments) rotate 
simultaneously; the Vortex mode (V), whereby spins in 
rotation remain tangent to the tube wall; and the Transverse 
mode (T), in which a net magnetization component in the (x, 
y) plane appears13. Recently, simple equations to calculate the 
switching field of an isolated magnetic nanotube assuming that 
the magnetization reversal is driven by means of one of the 
three previously presented modes have been proposed11. For 
the C rotation, the coercive field is obtained from the Stoner-
Wohlfarth model14: 
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where Ka is the anisotropy constant, K(l) = ¼�0M0
2(1-3Nz(l)) 

and Nz(l) corresponds to the demagnetization factor along z11. 
For the T mode, the coercive field has been approximated by 
an adapted Stoner-Wohlfarth model11,14, in which the length of 
the coherent rotation is replaced by the width of the domain 
boundary, wT

13. Following this approach, 
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finally, for the V reversal mode it has been considered the 
nucleation field of an infinite nanotube15. Thus, the 
magnetization is assumed to reverse completely at the 
nucleation field: 
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Figure S2 illustrates the coercive field of an isolated tube of 
radius R varying from 15 to 80 nm. We have used for our 
Fe3O4 nanotubes M0 = 4.8·105 A / m3, A = 10-11 J / m and K = -
11·103 J / m3 16. We can observe a crossing of the red and blue 
curves at Rc = 22 nm approximately, corresponding to a 
magnetization reversal for which both T and V mechanisms 
are possible at the same coercive field. At other given values 
of R, the system will reverse its magnetization by whichever 
mode opens an energetically accessible route first, that is, by 
the mode that offers the lowest coercivity. Thus, Fe3O4 tubes 
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will reverse their magnetization by the T mode for R < 22 nm, 
and by the V mode for R > 22 nm. 

 

 

Figure S2. Coercive fields obtained from equations (1), (2) and (3) 
(for the C, T and V modes, respectively shown in black, red and 
blue) for tube radius varying between 15 and 80 nm, and a tube wall 
thickness of dw = 10 nm. 

 

In order to simulate our nanotubes with modulated diameters, 
we simply consider the coercive field for two different 
nanotubes with a tube thickness of 10 nm, one with a radius R1 
ranging between 30 and 40 nm (Hc = 1109 and 784 Oe, 
respectively) and the other with a radius R2 ranging between 
70 and 80 nm (Hc = 545 and 521 Oe, respectively). Thus, we 
will consider the coercivity for our modulated nanotube as a 
weighted average between the values obtained for the thick 
and thin tubes. Figure S3 illustrates the coercive field of our 
tubes as a function of the length fraction of thin segments. Our 
calculations reproduce the increase of the field as a function of 
the length fraction of thin segments experimentally observed. 
However, the absolute values computed for the coercivity are 
higher than the experimental data.  
We ascribe such difference between calculations and 
experimental results to the interaction of each tube with the 
magnetostatic field produced by the array, which reduces the 
coercive field. In order to treat this aspect, we consider the 
modulated tubes ascomposed of different segments of tubes. 
Thus, we can calculate the magnetostatic interaction between 
two modulated tubes as the sum of the interactions between 
their segments. The magnetostatic interaction between two 
different segments of tubes can be calculated from17 
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Figure S3. Coercive fields of a modulated tube as a function of the 
length fraction of thin segments. Black dots correspond to those 
measured experimentally. Blue, red and black lines correspond to 
those calculated for different thinner and thicker tubes. Thickness of 
tube wall, dw =10 nm.

where )(
��

rM j is the magnetization of the segment j and )(
��

rHi
 

is the magnetostatic potential of the segment i. The expression 
for the magnetostatic field has been previously reported18,19, 
and is given by 
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This field corresponds to the magnetostatic field of a segment 
of our modulated tube. Thus, if we want to calculate the total 
magnetostatic field for our modulated tube, we have to sum the 
contribution to the field of each segment. Figure S4 illustrates 
the magnetostatic field profile and the intensity of the field for 
our modulated nanotubes. 
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where i
CH

 
denotes the intrinsic coercivity C

CH , T
CH  or V

CH  of 

an isolated tube, and Hint corresponds to the stray field induced 
within the array. Escrig et al. have calculated this stray field 
for an array of simple cylindrical tubes given by  
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��  is the magnetostatic interaction 

between two identical nanotubes separated by an interaxis 
distance d. Using equation (8) we have calculated the stray 
field Hint for our array of nanotubes of type A (see Figure 
3(c)). We remember that the interaction energy for each 
modulated tube was normalized to the interaction energy of 
this system (case A). Thus, in order to calculate the stray field 
for arrays with more complex tubes (the modulated ones), we 
simply consider that the stray field follows the same 
proportion as the interaction energy. As an illustration, when 
we consider our system E we see that the interaction energy 
will be around 0.6 times the interaction energy of our system 
A. Thus, we expect that the total stray field induced inside the 
array E will be 0.6 times smaller than that calculated for our 
system A. The stray fields produced by an array of modulated 
nanotubes are significant for the experimentally investigated 
tubes, being on the order of 185 Oe for the system E to 415 Oe 
for the system B. 
Figure S6 illustrates the coercive field of interacting arrays of 
modulated tubes as a function of the length fraction of thin 
segments. Our calculations reproduce the unexpected behavior 
of the coercive field as a function of the length fraction of thin 
segments experimentally observed. We observe that the 
system defined by R1 = 35 nm and R2 = 75 nm provides the 
best agreement with our measurements (Figure 4(b)). 
 
 
 
 

 
Figure S6. Coercive field as a function of the length fraction of thin 
segments for modulated Fe3O4 nanotubes. Blue triangles, red stars 
and gray squares correspond to those calculated for different thinner 
and thicker tubes. Parameters: D = 235 nm and dw = 10 nm. 
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