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The growth of nanostructured materials by means of different deposition methods employing nanoporous
anodic aluminum oxide membranes as patterned templates has been widely used during last years due to the
outstanding features displayed by these nanoporous templates. Here we report on the synthesis, morphology and
magnetic properties exhibited by novel magnetic 1D and 2D nanostructured materials having nanowire or antidot
thin films geometry, respectively, together to that of geometrically diameter modulated ferromagnetic nanowires.
Their magnetic properties will be analyzed and discussed based on the different anisotropic behavior derived from
their morphological and microstructural features.
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1. Introduction

Ordered arrays of nanostructured ferromagnetic mate-
rials have attracted huge interest in the research commu-
nity due to their singular magnetic properties and poten-
tial applications they can exhibit in high-density recor-
ding media, magnetic sensors or energy conversion and
microwave devices [1–3]. The development by Masuda
and Fukuda of the two step anodization process for the
fabrication of highly ordered nanoporous anodic alumi-
num oxide (AAO) templates [4] paved the way for the
template-assisted deposition of a wide variety of nano-
materials. These nanomaterial families range from na-
nowire [5, 6] and nanotube arrays [7] nanoparticle clus-
ters [8] and antidot thin films [9, 10], among others.
The highly self-ordered hexagonal symmetry of the pores
arrangement exhibited by the AAO templates displays
narrow pore size distributions having well-defined inter-
pore distances. Several deposition techniques, covering
electrochemical deposition, chemical and physical vapor
or solid deposition, spin-coating, dip-coating, sputtering,
among others, have been successfully employed in combi-
nation with AAO templates, demonstrating the flexibility
of this patterned material scaffold. Furthermore, advan-
ced deposition techniques suitable for conformal coating
of 3D structured substrates, such as atomic layer deposi-
tion (ALD), allow for additional control of the morpholo-
gical parameters of AAO membranes, enabling indepen-
dent control of pores diameter, while keeping constant
the interpore distances [11]. In addition, advanced anodi-
zation protocols, including hard anodization [12, 13], pul-
sed or sequential anodization [14], or lithography-guided
anodization [15] allowed recently to obtain ideally orde-
red nanoporous templates, exhibiting also pore diameter
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modulations [16, 17]. The spatial and periodic pores ar-
rangement of the AAO templates, together with the con-
fined growth of the magnetic material at the nanoscale
deposited in the nanoporous alumina template, translate
into the appearing of cooperative phenomena in the na-
nostructured materials, which in turn lead to tailor novel
functional properties that differ from that of 3D bulk and
2D thin film systems [18, 19].

Here we report on more recent results obtained in our
research group, related to the synthesis, morphology and
magnetic properties exhibited by 1D geometrically dia-
meter modulated ferromagnetic nanowires, together with
novel magnetic 2D nanostructured materials with Fe an-
tidots thin films geometry, respectively. Their magnetic
properties will be analyzed and discussed based on the
different anisotropic behavior derived from their morpho-
logical and microstructural features.

2. Experimental procedure

2.1. Synthesis of nanoporous AAO templates

Nanoporous AAO templates displaying highly orde-
red pore structures with narrow pore size distributions
were obtained by electrochemical anodization of alumi-
num performed under mild anodic conditions. High pu-
rity aluminum foils were employed as starting substrates
(Al 99.999%, 0.5 mm in thickness, Goodfellow). The
substrates, with typical size in the range of 2–3 cm2, are
cleaned and then electropolished in perchloric acid and
ethanol (25:75 vol.%) mixture under an electropolishing
voltage of 20 V, applied between the samples (anode)
and a platinum mesh counter-electrode. After obtaining
a mirror-like surface finishing, the samples were cleaned
under ultrapure water stream and dried in air. The con-
ditions of further electrochemical anodization steps, car-
ried out under the mild anodization regimes, determine
ordering degree, size and surface distribution of the na-
nopores arrangement obtained in the AAO surface.
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2.1.1. Mild anodization
The two-step mild anodization approach, performed in

0.3 M oxalic acid electrolytes at 1–3 ◦C and 40 V of app-
lied anodic voltage was employed to achieve highly orde-
red nanoporous alumina membranes with characteristic
pore diameters of around 35 nm, and center-to-center in-
terpore distance of 105 nm. A first anodization step of
24 h was carried out to achieve a highly self-ordered hex-
agonal pore distribution at the pores bottom [4]. After-
wards, the nanoporous AAO layer obtained during the
first anodization step is removed in a selective chemi-
cal etching medium, consisting of an aqueous solution
of 0.18 M CrO3 and 0.61 M H3PO4, at 30–40 ◦C during
12 h. Finally, the second anodization step was performed
under the same anodic conditions as the first one, and
its time duration was controlled in order to adjust the
total thickness of the highly ordered nanoporous AAO
layer to the desired value, in the range from hundreds
of nanometers to several tens of µm. In addition, pore
widening (PW) by means of isotropic chemical etching
in 5% H3PO4 acid solution at 30 ◦C was employed by va-
rying the etching time in the range of 0–35 min, in order
to increase the initial pore size from 35 nm up to 70 nm,
when desired. Mild-anodized nanoporous AAO membra-
nes, obtained according the above explained procedure,
have been employed within this work as templates for
the fabrication of antidot thin films and diameter modu-
lated nanowires, as it will be explained in the following
sections.

Previously to the growing of magnetic nanowire ar-
rays by electrochemical deposition in the pores of AAO
templates, the remaining Al from the substrate was se-
lectively dissolved by selective chemical etching in a so-
lution of 3.6 g CuCl2 and 50 ml of HCl (37% purity) in
100 ml of ultrapure water. The alumina barrier layer,
which occludes the pores bottom, was removed by ex-
posing it to 5 wt% H3PO4 acid solution at room tem-
perature (RT) during 100 min. Gold nanocontacts were
deposited in the top or bottom-side of AAO templates by
Au sputtering and further gold electrodeposition from a
commercial gold plating solution (Orosene 999). This
gold nanocontacts layer will serve as working electrode
in the subsequent electrochemical deposition process.
2.1.2. Surface functionalization
of AAO templates by ALD

The surface of AAO templates was functionalized by
ALD before deposition of the gold nanocontacts and na-
nowires to protect them from corrosion. For that goal,
the AAO membranes were coated with a protective SiO2

conformal layer of 2-5 nm in thickness, deposited by ALD
on the alumina surface and previously to the electrode-
position of metallic nanowires, at a reactor temperature
between 150 ◦C and 180 ◦C from aminopropyltriethoxy-
silane (100 ◦C), water (RT), and ozone (RT) that were
employed as precursors and oxidant agents, respectively.
Each cycle settings consisted of silane pulse times bet-
ween 1 and 5 s and silane exposure times between 7 and
30 s [20].

2.2. Diameter modulated nanowire arrays

In order to develop nanowire arrays displaying modu-
lations in their diameter and along their length it is ne-
cessary to produce engineered AAO templates displaying
3D nanometric features, such as nanopore diameter mo-
dulations along their thickness. For that purpose, a se-
quential approach that combines anodization, pore en-
largement by isotropic chemical etching of PW steps and
ALD functionalization, was employed [21]. Two samples
(G1 and G2) have been prepared by following this pro-
cess. The different steps are displayed in the scheme of
Fig. 1.

Fig. 1. Schematic drawing of the different steps follo-
wed during the synthesis of AAO nanoporous templates
with diameter modulated nanopores: (a) sample G1, (b)
sample G2.

In the case of G1 sample (Fig. 1a), a long time second
anodization step of 24 h was performed under 0.3 M ox-
alic acid electrolyte, as explained in Sect. 2.1.1. After-
wards, the sample was subjected to a PW step, by immer-
sing it in 5% H3PO4 acid at 30 ◦C during 15 min. Then,
the sample was anodized for 1 h and the pores were wide-
ned for another 15 min under the same conditions as in
the previous PW step. Finally, the last anodization was
performed for 1 h, followed by 10 min of PW. Therefore,
the first long segment of the nanopores has an accumu-
lated PW time of 40 min, the intermediate one 30 min
and the last segment only 10 min of PW, thus resulting
in a differentiated pore enlargement with three sections.
For sample G2 a similar approach was employed, but
in an inverted geometry, with a second and third short
anodization steps (1 h each) and a fourth anodization of
24 h, resulting in three diameters modulated geometry,
as depicted in Fig. 1b.

Afterwards, the open surface area of the nanoporous
AAO membrane was coated with a thin SiO2 layer by
performing 80 cycles of ALD deposition. This cover layer
serves as passivation barrier that protects the nanowi-
res surface against chemical etching. The remaining Al
substrate and alumina barrier layer at the pores bottom
were removed by chemical etching, as indicated previ-
ously, and gold nanocontacts are deposited in the top
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surface of the AAO membrane. These 3D nanostructu-
red AAO membranes are then used as templates for the
fabrication of diameter modulated Ni nanowire arrays.

Electrochemical deposition of Ni was performed at –
1.2 V vs. Ag/AgCl reference electrode, employing a
Watts type electrochemical bath, which contains boric
acid, nickel sulphate, and nickel chloride salts, with a
pH of around 4, adjusted by adding several drops of
NaOH. The temperature of the Ni electrolyte was ad-
justed to 35 ◦C prior to electrodeposition. For compari-
son, non-modulated channels of the nanoporous alumina
membranes, with uniform nanopores diameter similar to
both, the larger and smaller segments in samples G1 and
G2 have been synthesized and filled with Ni nanowires.
These samples were labeled as G3 and G4 (for small and
large nanopores diameter, respectively). Microstructu-
ral analysis was performed by transmission electron mi-
croscopy (TEM, JEOL-JEM-2100). The magnetic pro-
perties of diameter modulated and non-modulated Ni na-
nowire arrays have been studied by hysteresis loops me-
asured in a vibrating sample magnetometer (VSM Ver-
salab, Quantum Design) at RT, by applying a magnetic
field up to ±3 T, along both parallel and perpendicular
directions to the length axis of the nanowires.

2.3. Fe thin films and antidot arrays
Continuous thin films of Fe, together with hexagonally

ordered arrays of Fe antidots thin films, have been prepa-
red by employing a vacuum thermal evaporation techni-
que, which consists in the evaporation of the magnetic
metal either on flat substrates or on the top surface of
nanoporous anodic alumina membranes used as templa-
tes, respectively [22]. Starting nanoporous AAO mem-
branes were fabricated by following the similar two-step
anodization process explained above in Sect. 2.1.1, and
followed by a 30 min PW step. The deposition of the
thin films of Fe antidots arrays was carried out at RT
(≈ 20 ◦C) on the top-surface of the nanoporous AAO ser-
ving as templates. The deposition process was performed
in a high-vacuum system (2.3 × 10−6 mbar), with base
pressure 1.2 × 10−6 mbar. The system employs a dif-
fusion pump backed by rotary pumping together with a
liquid nitrogen trap. A radiant heater, coupled to a tem-
perature controller, was employed in order to keep the
substrate temperature in the range of 20±2 ◦C. The dis-
tance between the target and the substrate were 18 cm, in
order to get a low and constant deposition rate of around
1.0 Å s−1. The thickness of Fe thin films was controlled
by using a quartz crystal microbalance for monitoring
the layer thickness growth. Morphological properties of
samples have been investigated by using a scanning elec-
tron microscope (SEM, JEOL 6100) equipped with an
energy dispersive X-ray microanalysis system (EDX, Inca
Energy 200). The geometric parameters of the Fe anti-
dots thin films consist of holes with a diameter around of
60 nm, interspacing distance between holes about 105 nm
and film thickness ranging from 30 nm up to 100 nm. The
so obtained magnetic thin films also retain the high qua-
lity hexagonal ordered structure of nanoholes by repli-

cating the nanoporous alumina template. The magnetic
properties of non-patterned Fe thin films and the anti-
dot arrays have been determined by performing hystere-
sis loops at RT (300 K) with a magneto-optic Kerr effect
(MOKE) unit (NanoMOKE-3, Durham Magneto-optics).
The magnetic field was applied along the in-plane and
perpendicular to the plane (out-of-plane) directions of
Fe antidots arrays and continuous thin films.

3. Results and discussion
3.1. Fe antidots and thin film characterization

Figure 2 displays the top-view surface by SEM of hexa-
gonally ordered structure of nanoholes for the Fe antidot
thin film, which are reproducing the spatial arrangement
of the nanopores in the AAO template on which the Fe
thin layer was deposited.

Fig. 2. SEM top-view surface of Fe antidot thin films
with thicknesses ranging from 30 nm up to 100 nm.
Scale-bars indicate 100 nm.

It can be observed that an increase in the Fe layer
thickness leads to a decrease in the hole size of the anti-
dots thin film, yielding a nearly occluded patterned struc-
ture for layer thicknesses higher than 100 nm. This me-
ans a surface similar to the continuous thin film, as it
will be also discussed below.

3.2. Magnetic properties of Fe thin films
and antidot arrays

The hysteresis loop characteristics of the specimens
have been investigated by MOKE magnetometer, mea-
sured along the in-plane (‖) and out-of plane (⊥) applied
field directions with regard to both, the Fe continuous
thin films and the antidots arrays. The azimuthal (in-
plane) and polar angular dependences of the hysteresis
loops have been also performed to identify the easy mag-
netization axis.

Although the continuous thin films have a homogene-
ous composition of magnetic material, we have found that
for all samples studied, the coercive field (Hc) along the
easy magnetization axis increases monotonously with the
film thickness, t, as it can be shown in Fig. 3. The coerci-
vity dependence on the thickness for the continuous thin
films can be ascribed to the shape anisotropy and inho-
mogeneous magnetization rotation caused by the nanos-
cale roughness ascribed to thin film thickness increase.



Template Assisted Deposition of Ferromagnetic Nanostructures. . . 825

The thickness dependent roughness is strongly related to
the film growth modes and the type of material being
deposited. For the same film thickness, the rougher the
surface the larger is the coercivity [23]. Consequently, by
increasing the film thickness, Hc rises due to the surface
roughness and grain size increase, which results in an in-
crease of the magnetic shape anisotropy for these thin
films [24–26]. This observation agrees well with our ex-
perimental data, as shown in Fig. 3. The thickness of the
Fe continuous thin film increases from 30 up to 100 nm,
giving rise toHc values between 101 and 160 Oe, respecti-
vely. Therefore, the magnetic behavior is dominated by
the layer thickness of the Fe thin films, where the larger
coercivity is obtained for the thin film with the higher
thickness.

Fig. 3. Longitudinal Kerr hysteresis loops for Fe con-
tinuous thin films with different thicknesses (30, 50, 80,
and 100 nm).

The nanostructuring significantly affects the shape of
hysteresis loops and drastically changes the magnetic be-
havior. As it can be seen in Fig. 4, a magnetic anisotropy
with in-plane easy magnetization direction is derived for
Fe antidots arrays due to the nanoholes induce a strong
local shape anisotropy that tends to align the magne-
tization parallel to their edges. The intrinsic nature of
such in-plane magnetic anisotropy is due to the shape
of the specimens. Consequently, in-plane magnetization
process is due to domain wall displacements giving rise
to hysteresis loops with high squareness (S) ratio, while
magnetization rotation processes are responsible for the
out-of-plane magnetization reversal direction.

By direct comparison between Fig. 3 and Fig. 4, cor-
responding to samples of continuous thin films and the
thin films of antidot arrays, respectively, higher values
of Hc are found in the Fe antidots than the correspon-
ding ones for the continuous films with the same layer
thickness, which can be associated to an additional pin-
ning effect originated by nanoholes. This pinning effect
induced by nanoholes is hindering the domain wall pro-
pagation through the film plane, which makes to increase
the coercivity of the antidots samples respect to the con-
tinuous thin films. Additionally, the magnetostatic dipo-
lar interaction among the holes gives rise to a demagneti-

zing field in the opposite direction to magnetization [27].
Furthermore, for the antidot samples we found an oppo-
site thickness dependent behavior of Hc, as illustrated in
Fig. 4, where it is clearly shown that coercivity decreases
with increasing the Fe antidots thin film thickness.

Fig. 4. Longitudinal Kerr hysteresis loops for Fe an-
tidots thin films with different thicknesses (30, 50, 80,
and 100 nm).

With increasing the layer thickness, the geometry of
thin films of antidots arrays changes and the magnetic be-
havior becomes also modified. The thickness increasing
adds soft and hard magnetic behaviors due to the decre-
ase of the holes size on the one hand, and the increase of
the surface roughness of the film by the other side. The
shape anisotropy of the thin film is strongly modified by
the nanoholes and this enhances the uniaxial anisotropy
in the film plane for the thinner samples (larger nanoholes
sizes), due to the magnetostatic interactions among the
accumulative magnetic poles of opposite sign at each side
of the nanoholes that originates a pinning effect, which
clearly decays when the nanoholes size diminishes with
thickness layer increasing. The pinning effect ascribed to
nanoholes dominates above the roughness surface aniso-
tropy for antidots thin films with smaller layer thickness
giving rise to higher coercivity values than in continuous
thin films and a decrease of Hc when the thickness of the
Fe antidots thin films increases. Also, the antidots thin
films with higher layer thickness tend to prefer the out-
of-plane magnetization direction [28]. Vázquez et al. [29]
propose a phenomenological law which predicts that the
coercivity follows a linear relationship with the thickness
for the Ni antidots thin films, Hc ≈ (1/t)(D − d), where
D is the interdistance between antidots centers, d is the
antidot diameter and t— the layer thickness. In our case,
the parameter (D − d) remains constant, so Hc ≈ 1/t.
This phenomenological law agrees well with our experi-
mental data, where it can be seen that Hc is inversely
proportional to the Fe antidots thin film thickness.

3.3. Cylindrical magnetic nanowires
with modulated geometry

The morphology, chemical composition, and crystal-
line structure of multisegmented nanowires with modula-
ted diameter and composition has been studied by SEM,
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TEM and EDX techniques. Figure 5a displays a SEM
cross-section view of diameter modulated Ni nanowires
embedded into the nanoporous AAO template.

Fig. 5. (a) SEM cross-section view of sample G1,
obtained with backscattered electron detector. (b) EDX
spectrum of sample G1. (c) Low magnification TEM
image of diameter modulated Ni nanowires from sample
G2, after selective removal of the nanoporous AAO tem-
plate. The inset shows SAED spectrum evidencing the
crystallinity of the Ni nanowires. (d) High magnifica-
tion TEM image of diameter modulation corresponding
to segments 3-2 in sample G2. (e) High magnification
TEM image of diameter modulation corresponding to
segments 2-1 in sample G2.

The compositional contrast, obtained by employing
backscattered electron detector, allows distinguishing the
different modulations in diameter. Three different seg-
ments are observed, with the narrower nanowires section
at the bottom and the wider one at the top of the image.
The EDX spectrum shown in Fig. 5b was recorded in
the same region as the image in (a), and evidences the
Ni composition of the nanowires, as well as the Al and
O signals coming from the nanoporous alumina mem-
brane, and the Si comes from the SiO2 functionaliza-
tion by ALD. Image of Fig. 5c–e shows TEM images of
diameter modulated nanowires corresponding to sample
G2, obtained after selective removal of the nanoporous
AAO template by chemical etching. The low magnifica-
tion image shown in Fig. 5c displays several Ni nanowi-
res formed by three segments, each of which has different
diameter size; while the high magnification ones in (d)
and (e) show more clearly the different diameters bet-
ween segments 3-2 and 2-1, respectively. From the above
characterization, performed for samples G1-G4, the mor-
phological parameters obtained are displayed in Table I.

As indicated by the larger variation in nanowire diame-
ter modulation, the approach followed for the preparation
of sample G2 is more efficient than that applied in the
case of G1. Homogeneous nanowires, G3 and G4, display
similar diameter to that of the narrow and intermediate
segments in sample G2.

Hysteresis loops of Ni diameter modulated NWs grown
in the nanoporous alumina templates were measured by
VSM technique and are displayed in Fig. 6. The high
aspect ratio Ni NWs with uniform diameter, or without

TABLE I

Lattice parameters: diameter Φ [nm] and length l [µm]
of samples G1 to G4.

Seg. 1 Seg. 2 Seg. 3
Φ l Φ l Φ l

G1 31 1.5 40 2 54 1.5
G2 92 1.7 70 2.3 40 1.5
G3 40 5
G4 65 7

diameter modulation, exhibit a sharp magnetization re-
versal, high coercive field and large squareness, S, for an
applied magnetic field (H) along the wire long axis (pa-
rallel ‖ direction). The squareness is defined as the ratio
between remanent (Mr) and saturation (Ms) magneti-
zation. On the other hand, for H perpendicular to the
wire axis (perpendicular ⊥ direction), hysteresis is redu-
ced leading to lower values of Hc and S. Therefore, the
easy magnetization axis is parallel oriented to the wire
axis, while the hard magnetization axis is perpendicularly
oriented.

Fig. 6. Hysteresis loops of Ni NWs measured by VSM
at room temperature for two applied directions of H (‖
and ⊥). (a) Sample G1, (b) sample G2, (c) sample G3
and (d) sample G4.

For diameter modulated NWs, we observe similar mag-
netic properties having H‖c > H⊥c and S‖ > S⊥, but with
different values. Small changes in the magnetic hysteresis
curve of parallel magnetized loops can be clearly obser-
ved, attributed to changes of the magnetic susceptibility,
meaning that the diameter modulation of magnetic na-
nowires is playing an important role in the magnetization
reversal processes, acting as pinning centers for domain
wall movements.

4. Conclusions

Bottom-up strategies based on template-assisted elec-
trochemical methods allow synthesizing different kinds of
nanostructured materials such as nanowires, nanotubes,
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or antidot thin films. Tuning the wire dimensions al-
lows tailoring the physical properties of nanostructured
materials and particularly the peculiar magnetic beha-
vior exhibited by both, the single isolated nanowires and
nanowires in the array. Diameter modulated nanowires
can be considered as novel nanostructured materials that
exhibit new interesting phenomena, since these geometri-
cal modulations can act as pinning centers of the mag-
netic domain walls, which convert them in outstanding
candidates for spintronic applications. Global and local
magnetization behavior in Fe-based antidot thin films is
strongly dependent of holes diameter and layer thickness.
Tailored design of these novel nanostructured ferromag-
netic materials would be of huge interest for applicati-
ons in many research fields such as high-density magnetic
data storage devices, magnetotransport phenomena, logi-
cal devices, magnonic crystals, or in magnetoplasmonics,
among others.
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