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Abstract
One-dimensional magnetic nanostructures have been emerging as promising nanomaterials for biomedical applications. 
Among those types of nanoarchitectures, FePt nanowires are particularly interesting; since they are highly biocompatible 
and chemically inert, their magnetic properties can be tuned by controlling not only the atomic ratio of the two elements in 
the alloy structure but also the nanowire’s dimensions, and they have a high magnetic anisotropy. In this work, we report 
the fabrication of such nanostructures through pulsed electrodeposition into nanoporous aluminium oxide templates. Using 
this approach, we were able to control the composition of the produced nanoarchitectures by adjusting the thickness of the 
barrier layer, which is located at the bottom of the template, and the current density applied during the electrodeposition 
process. The obtained nanostructures exhibited a heterogeneous length distribution when Pt was present. Moreover, their 
magnetic characterization revealed an increase of the magnetic hysteresis, coercivity, remanence, and saturation field as the 
Fe atomic percent got higher. Furthermore, hysteresis loops of FePt nanowire arrays were simulated and compared with the 
experimental measurements. Such comparison suggested that the nanostructures with Pt in their composition might have 
different stoichiometries along their length.

Keywords  Nanomaterials · Nanowires · Electrodeposition · Nanoporous alumina templates · FePt · Micromagnetic 
simulations

Introduction

According to the World Cancer Report, cancer is the second 
leading cause of death worldwide, having been responsible 
for about 9.6 million deaths, i.e. around one-sixth of the 
deaths globally, in 2018 (Kesari 2019; Spagnuolo 2020; 
Thorat and Bauer 2020). Currently, various authors have 

been interested in developing novel efficient oncological 
therapies that have less side effects than the conventional 
oncological treatments (Pucci et al. 2019).

In this line of research, nanomaterials are particularly 
promising and, among all the types of nanomaterials 
employed in biomedicine, nanomagnets are one of the most 
used, mainly due to their low toxicity, biocompatibility, and 
inducible magnetic moments, which allow their remote con-
trol by the application of an external magnetic field (Gao 
et al. 2014; Casillas et al. 2015). Consequently, there are 
various biomedical applications where these nanomateri-
als can be employed, such as cellular therapy involving cell 
labelling and targeting, separation and purification of cell 
populations, regenerative medicine, targeted drug deliv-
ery, contrast enhancement in magnetic resonance imaging 
(MRI), hyperthermia, or magnetomechanically induced cell 
death (Tran and Webster 2010; Chiriac et al. 2018). Fur-
thermore, it is possible to combine diagnostic and treatment 
capabilities in a single nanomagnet, which, as result, can be 
used as a theranostic agent (Thanou 2018).
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Superparamagnetic nanoparticles (typically made of iron 
oxide) are one of the most widely studied and used mag-
netic nanomaterials in biomedicine, principally due to their 
biocompatibility and zero remanence. The latter is a crucial 
requirement for the biomedical application of nanomagnets, 
as it prevents them from agglomerating when dispersed in 
a solution (Wu et al. 2019; Vashist et al. 2018; Mora et al. 
2018).

However, various aspects, such as small net magnetic 
moment, reduced sensitivity in MRI diagnosis, and low 
loading capacity, limit the utilization of magnetic nanoparti-
cles (MNPs) in the clinical practice, especially the spherical 
ones with a superparamagnetic behaviour (Ha et al. 2018; 
Zhang and Zhao 2017; Xiao amnd Du 2020). As a result, 
with the aim of achieving better performances than those 
of MNPs, there has been emerging an interest for develop-
ing new types of nanomaterials that have less limitations 
(Peixoto 2018; Domracheva et al. 2018). Within this scope, 
magnetic nanostructures with high aspect ratio (such as 
nanowires, nanorods, nanotubes, or nanodiscs) are promis-
ing candidates, due to their spin configurations and unique 
properties (Peixoto 2018; Hanusa 2015).

In this context, nanoarchitectures composed of ferromag-
netic elements are, naturally, of great interest, since those 
elements have large magnetic moments and, therefore, such 
nanoarchitectures typically need magnetic fields with less 
demanding requirements to achieve effective results (Peixoto 
2018; Hanson et al. 2002; Kanaan 2011; Elmiladi 2010). 
Among the most common ferromagnetic elements, i.e. Ni, 
Co, and Fe, only Fe is biocompatible, which is a funda-
mental requirement for the use of nanostructures in the bio-
medical field (Whitehead 2020; Mansor et al. 2020; Hu et al. 
2010; Li 2015). However, Fe oxidizes easily, which can be 
advantageous for some applications, but in this particular 
context it is a drawback, since iron oxides have a lower satu-
ration magnetization (Sandaker et al. 2019; Faivre 2016; 
Janocha 2007; Schwerdt et al. 2012). Therefore, a promis-
ing approach for overcoming such problem is the fabrica-
tion of nanoarchitectures composed of biocompatible and 
oxidation-resistant Fe alloys.

Within this scope, nanowires (NWs) composed of FePt 
are particularly promising; since they have a good biocom-
patibility, are chemically inert, their magnetic properties can 
be adjusted by regulating not only the atomic ratio of the two 
elements in the alloy structure but also the NW’s shape and 
size, and they have a large magnetic anisotropy (Crisan et al. 
2020; Kadiri et al. 2020; Wang et al. 2007; Sun et al. 2005; 
Elkins et al. 2005).

One of the simplest and, therefore, one of the most attrac-
tive methods for fabricating one-dimensional nanostructures 
is template-assisted electrodeposition into self-assembled 
nanoporous anodic aluminium oxide (PAA) membranes, 
which allows a precise and easy control of the dimensions, 

shape, and composition of the resulting nanoarchitectures, 
without requiring expensive equipment or lengthy processes 
(Stepniowski and Salerno 2014; Meier et al. 2015; Ertan 
et al. 2008; Vega et al. 2012a, b). This technique consists of 
filling, through electrodeposition, the cylindrical nanopores 
present in PAA templates with the desired metal (Stepnio-
wski and Salerno 2014; Meier et al. 2015).

There are various electrodeposition methods that can be 
employed to grow the nanoarchitectures in the nanoholes of 
a PAA template (Jokar et al. 2016). A particularly interesting 
one is pulsed electrodeposition (PED), where the aluminium 
substrate is used as the cathode and a modulated signal, 
composed of three successive electric pulses, is applied to 
plate the desired material from an electrolyte containing the 
desired ions to be deposited (Azevedo et al. 2012; Mota 
et al. 2020). However, prior to the deposition process, the 
thickness of the aluminium oxide (alumina) barrier layer, 
present at the bottom of the nanopores, has to be reduced. 
This is performed through a non-steady-state anodization, 
where the anodization potential is exponentially decreased 
(Sousa et al. 2012a; Azevedo et al. 2014; Nielsch et al. 2002; 
Yadav et al. 2019).

PED has some advantages when compared to other elec-
trodeposition techniques, the main ones being the ability to 
control the amplitude and duration of the applied pulses, as 
well as the capacity to implement a rest pulse for renewing 
the concentration of metal ions at the deposition interface, 
which allows a more homogeneous growth of the nanoarchi-
tectures (Azevedo et al. 2012; Nielsch et al. 2000). However, 
a drawback of this fabrication method is that the resulting 
nanostructures have a dendritic structure at one end, which 
modifies their physical properties and is undesirable for bio-
medical applications (Sousa et al. 2012a; Furneaux et al. 
1989). Other disadvantage of this approach is that a con-
stant current density is applied, which implies that the reac-
tion rate stays constant and the potential (reaction driving 
force) changes with time, translating into a variation of the 
NWs composition along their length, when electrodeposit-
ing alloys (Llavona et al. 2013; Wang 2003; Yevtushenko 
2007). Also, the high potential needed to deposit material, 
due to the presence of a thin oxide layer at the pore bottom, 
can lead to a significant hydrogen evolution at the cathode, 
creating defects along the wire or even inhibiting its growth 
(Llavona et al. 2013; Wang 2003; Yevtushenko 2007).

The fabrication of FePt nanostructures by other elec-
trodeposition techniques, namely, direct current (DC) or 
alternating current (AC) electrodeposition, has also been 
reported. Regarding the first strategy, in some works it was 
verified that the nanoholes were not filled and a continuous 
film was formed on top of the template, nevertheless, when 
material was deposited, the obtained array was considerably 
heterogeneous (Ilkhchy and Nasirpouri 2014; Mori et al. 
2009). In order to try to achieve better results, a DC pulsed 
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electrodeposition technique has been employed, where a 
negative voltage pulse is applied followed by a pulse of 0 V 
(Mori et al. 2009). Using this technique, various authors 
have produced homogeneous arrays of FePt NWs, but an 
adjustment of the duration of the two pulses was required 
depending on the diameter of the nanoholes (Mori et al. 
2009; Zhang et al. 2013). Arrays of FePt one-dimensional 
nanostructures with better homogeneity have been produced 
by AC electrodeposition; however, this technique also led 
to a variation of the NWs stoichiometry along their length 
(Ilkhchy and Nasirpouri 2014; Fardi-Ilkhchy et al. 2016).

Regarding NWs with a composition gradient along their 
length, the behaviour of their magnetization can be better 
understood through micromagnetic simulations. However, 
a search through the literature reveals that there are still 
very few works addressing such type of nanostructures. In 
particular, only two experimental works were found on this 
specific topic (Aslam et al. 2020; Zeng et al. 2014). Never-
theless, some studies on micromagnetic simulations of NWs 
with step-like stoichiometry variations along their length 
were published. For example, Bran et al. 2020 performed 
micromagnetic simulations to study the magnetic configura-
tions of CoNi/Ni multisegmented cylindrical NWs. In this 
work, it was noticed that the Ni segments possessed a small 
magnetization curling at the surface with a chirality that 
determined the magnetic state of the neighbouring CoNi 
segments. Particularly, when the CoNi segments were long 
enough, they possessed a pair of vortices with opposing chi-
rality. On the other hand, when the length of the CoNi seg-
ments was reduced, they exhibited a single vortex domain, 
whose chirality was equal to that of the curling component 
of magnetization in the neighbouring Ni segments.

A different study by Proenca et al. (2021) analysed the 
magnetic behaviour of multilayered Au/Ni/Au NW arrays, 
as well as of individual nanostructures, with different diam-
eters and lengths. Here, it was verified that the magnetostatic 
interactions together with the shape anisotropy played a key 
role on the magnetization reversal dynamics in arrays of 
cylindrical NWs. Particularly, a critical diameter of ≈ 30 nm 
of Ni determined the type of domain wall generated, while 
the number of domain walls formed was observed to be 
dependent on a critical length of about 100 nm. Moreover, 
the authors verified that the magnetization reversal dynam-
ics were significantly dependent on the NWs’ dimensions.

Another work, by Fernandez-Roldan et  al. (2020), 
addressed, through micromagnetic simulations, the 
domains and domain walls in multisegmented Co/Ni NWs 
and FeCo NWs with geometrical constrictions along their 
length. Regarding the later nanostructures, it was verified 
that the demagnetization occurs through the nucleation of 
open vortex structures at the constriction, always begin-
ning of the wider segments. On the other hand, when ana-
lysing the multisegmented NWs, the authors concluded 

that the Co/Ni interface is capable of pinning the domain 
walls in the course of the magnetization reversal, due to a 
differential switching of the involved segments.

In this study, we aimed to synthesize FePt NWs through 
PED into PAA templates and, moreover, analyse the effect 
of different fabrication parameters on the composition of 
the resulting nanoarchitectures. Particularly, the influ-
ence of the barrier layer thickness and current density 
on the composition of the produced nanostructures were 
addressed, having been verified that those parameters 
allow the control of the Fe:Pt atomic ratio in the obtained 
nanoarchitectures. Furthermore, magnetic measurements 
demonstrated that the magnetic hysteresis depended on the 
composition of the fabricated nanostructures. Moreover, 
micromagnetic simulations of FePt NW arrays were car-
ried out and compared with the experimental results, in 
order to gain a better understanding of the magnetization 
behaviour in these nanostructures.

Experimental procedure

Preparation of nanoporous aluminium oxide 
templates

Nanoporous alumina templates were prepared through a 
typical two-step anodization process where, first, an Alfa 
Aesar high purity aluminium (Al) foil (99.997%) with a 
thickness of 0.25 mm was cut into squares (1.5 × 1.5 cm). 
Subsequently, the Al squares were subjected to a pre-treat-
ment consisting of 3 successive ultrasonic baths of acetone, 
isopropanol, and ethanol 96%, each with a duration of 3 min. 
After that process, the Al samples were electropolished at 
20 V, during 2 min, in a stirred electrolyte maintained at a 
temperature of around 10 °C, which was composed of per-
chloric acid, HClO4, and ethanol, C2H5OH, (volume ratio 
1:4). Then, the electropolished Al substrates were anodized 
in a 0.3 M oxalic acid, (COOH)2, solution kept at about 2 °C, 
under a constant potential of 40 V (vs Pt mesh) during 24 h, 
which was applied using a digital sourcemeter (Keithley 
2400) interfacing with LabView software. Subsequently, the 
Al samples were placed in a mixture of 0.4 M phosphoric 
acid, H3PO4, and 0.2 M chromic acid, H2CrO4, at room tem-
perature for 24 h, so as to remove the formed alumina layer. 
Afterwards, a second anodization was performed on those Al 
substrates, under the same conditions as the ones considered 
in the first anodization but considering an anodization time 
of 8 h. When this process ended, the applied potential was 
exponentially decreased (non-steady-state anodization) from 
40 V down to 8 V or 7 V, in order to reduce the thickness 
of the alumina barrier layer at the bottom of each nanopore 
from ≈ 52 nm to ≈ 10.4 nm or ≈ 9.1 nm, according to
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where �b is the PAA barrier layer thickness, k (≈ 1.3 nm/V) 
represents a phenomenological constant, and Vap is the 
potential applied in the anodization procedure (Sousa et al. 
2011).

Electrodeposition of FePt nanowires

FePt NWs were obtained by pulsed electrodeposition into 
the produced PAA templates (working electrode), using an 
electrolyte composed of 20 g/L iron (II) sulphate heptahy-
drate (FeSO4·7H2O), 1 g/L hexachloroplatinic acid hexa-
hydrate (H2PtCl6·6H2O), and 30 g/L boric acid (H3BO3). 
This fabrication process was performed at room temperature, 
using a Keithley 2400 sourcemeter, and it consisted of apply-
ing three successive pulses (vs a Pt mesh counter electrode) 
with different durations (Azevedo et al. 2012, 2014; Sousa 
et al. 2012a):

•	 Deposition pulse (8 ms): this pulse has a negative polari-
zation and a constant current density (6–25 mA/cm2), 
being applied to deposit the material inside the nanopores 
of the template;

•	 Discharge pulse (2 ms): this pulse has a positive polari-
zation and is applied to discharge the capacitance asso-
ciated with the alumina barrier layer, as well as to fix 
eventual fractures that may appear on the template as a 
result of the first pulse, enhancing its homogeneity. The 
potential of this pulse corresponds to the final potential 
applied during the barrier layer thinning process, i.e. 7 V 
or 8 V;

•	 Rest pulse (0.7 s): this pulse has 0 mA and 0 V, being 
applied to introduce a rest time during which the ion con-
centration at the deposition interface is replenished and, 
consequently, to assure a homogeneous concentration of 
ions along each nanopore prior to the subsequent depo-
sition pulse, thus limiting the hydrogen evolution and 
enhancing the deposition uniformity.

During the electrodeposition, the deposition voltage and 
discharge current following each deposition and discharge 
pulse, respectively, were measured. The deposition times 
ranged from 5 to 75 min.

Characterization

The morphology and composition of the produced nano-
structures were examined through scanning electron micros-
copy (SEM) and energy dispersive X-ray spectroscopy 
(EDS), respectively, using a FEI Quanta 400 FEG ESEM/
EDAX Genesis X4M instrument. Additionally, the magnetic 
hysteresis loops (M(H)) of the synthesized samples were 

(1)�b = kVap,
obtained at room temperature, considering the external mag-
netic field (H) applied along the parallel (H//) and perpen-
dicular (H⊥) directions in relation to the NWs’ longitudinal 
axis. These measurements were performed using a vibrating 
sample magnetometer (VSM), LakeShore Controller Model 
7304 (Lake Shore Cryotronics Inc., Westerville, OH, USA), 
and a Quantum Design/EverCool superconducting quantum 
interference device (SQUID), MPMS EverCool (Quantum 
Design Inc., San Diego, CA, USA) magnetometer.

Micromagnetic simulations

Magnetic hysteresis loops of FePt NW arrays were simu-
lated using the Object Oriented Micro-Magnetic Framework 
(OOMMF) project (Donahue and Porter 1999). Hexagonal 
arrays of 7 NWs with diameters of 36 nm, centre-to-centre 
distances of 105 nm, and lengths of 150 nm were studied 
using a cubic mesh with unit cell size of 3 × 3 × 3 nm3. The 
saturation magnetization ( MSat ) and stiffness constant (A) 
values were tuned depending on the Fe atomic percent-
age (at.%) of the FePt NWs studied. Particularly, for NWs 
with a Fe at.% of 100%, MSat = 1700 × 103 A/m and A = 
21 × 10–12 J/m (according to the bulk values provided by 
OOMMF). On the other hand, for a Fe at.% of x, MSat = 
x × 1700 × 103 A/m and A = x × 21 × 10–12 J/m. In all cases, a 
stopping condition of |dm/dt|= 1 deg/ns and a damping factor 
of 0.015 were considered.

Results and discussion

PAA templates with a thickness of 20 µm, an interpore dis-
tance equal to 105 nm, and nanopores with 35 nm in diam-
eter were used to vertically grow FePt NWs through pulsed 
electrodeposition. The porosity of this type of membranes, 
which determines the effective electrodeposition area, was 
studied by Nielsch et al. (2002), who found that the self-
ordering in PAA produced through electrochemical anodiza-
tion requires a porosity of 10% regardless of the considered 
anodization conditions, which is known as the 10% poros-
ity rule. This porosity value is associated with a volume 
expansion of aluminium oxide to aluminium equal to ~ 1.2. 
However, before the electrodeposition, the thick insulating 
aluminium oxide layer existing between each nanopore and 
the Al substrate, which is formed after the second anodiza-
tion (Fig. 1), has to be thinned, so that electrons can tun-
nel through it. The thickness of such layer determines the 
electron flux that occurs during the pulsed electrodeposition 
process, which allows the metal ions reduction (Sousa et al. 
2011). Therefore, it is possible to control the deposition by 
adjusting such parameter.

In this work, the aluminium oxide barrier layer was 
thinned by exponentially decreasing the anodization 
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potential from 40 V down to 8 V or 7 V, so as to reduce its 
thickness from ≈ 52 nm to ≈ 10.4 nm or ≈ 9.1 nm (Fig. 2), 
respectively, and, consequently, analyse the influence of 
such parameter on the resulting nanostructures. Moreover, 
this process originated a reproducible tree-like branched 
structure (also known as dendritic structure) at the bottom 
of each nanopore. The porosity of the resulting template 
can be calculated through the following equation (Sousa 
et al. 2012b):

where Dp is the pore diameter and Dint is the interpore 
distance.

In the particular case of PAA templates anodized in oxalic 
acid under 40 V, followed by an anodization potential reduc-
tion down to 7 V, their porosity varies from 8 to 10% in the 
pore region up to 32% in the last generation of dendrites 

(2)P =
2�√
3

⎡⎢⎢⎣

Dp

2

Dint

⎤⎥⎥⎦

2

,

Fig. 1   a SEM cross-sectional image of a PAA membrane after the second anodization and b corresponding variation of the current with time 
during its formation. Inset: magnified view of the initial behaviour of the curve. Graphics program used to create the artwork: OriginPro 8.5

Fig. 2   a SEM cross-sectional image of a PAA template filled with 
electrodeposited FePt NWs evidencing the dendritic structures at the 
bottom of the nanopores, which resulted from the barrier layer thin-
ning process, and b variation of the current with time during the 

exponential decrease of the anodization potential (from 40 V down to 
7 V). Inset: magnified view of the curve behaviour. Graphics program 
used to create the artwork: OriginPro 8.5
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(Sousa et al. 2012b). This modification in the porosity along 
the various generations of dendrites directly influences the 
effective electrodeposition area during the NWs growth. 
Particularly, as observed in Fig. 3, during the filling of the 
template section with a constant porosity, which corresponds 
to the stage IV, the electrodeposition potential (Vdep) hardly 
changes, being rather independent of the deposited nano-
structures’ length. Nevertheless, in our case, we have a 
highly diffusion-limited electrodeposition that leads to an 
increase of the electrodeposition potential and a consequent 
inhibition of the NW growth, due to the trapping of H2 bub-
bles inside the nanopores.

However, during the filling of the dendritic structures at 
the bottom of the nanopores (Fig. 3; stages I–IV), it is possi-
ble to verify that there is an increase of Vdep. This occurs due 
to the change of the effective electrodeposition area asso-
ciated with the decrease of the local porosity from ~ 32% 
to ~ 10%. Moreover, if the deposited nanoarchitectures reach 
the surface of the template (Fig. 3; stage VII), the deposition 
area increases rapidly, which translates into a sudden reduc-
tion of Vdep. Furthermore, if deposition continues, hemi-
spherical caps on top of each NW start to develop, which 
will ultimately merge, originating a thin film at the surface 
of the template.

After fabricating the PAA templates, FePt nanostruc-
tures were synthesized through pulsed electrodeposition, 
at a constant current density, into the nanopores of those 
membranes. In this process, the formation of the desired 
nanoarchitectures can be divided into four steps (Pauvonic 
and Schlesinger 2006; Schloerb et al. 2010): (1) Transfer 

of the metal ions from the bulk electrolyte to the electrode 
interface; (2) Adsorption of the metal ions on the electrode 
surface; (3) Charge transfer, originating metal atoms; and (4) 
Nucleation and growth of the nanostructures.

The nanoporous structure of the template does not influ-
ence the last three steps; however, the first one is a mass 
transport process and, consequently, it is affected by the 
diameter and length of the nanopores (Mehmood et al. 2017; 
Schloerb et al. 2010). As a result, the electrodeposition into 
nanoporous structures is diffusion limited, since the mass 
transport within the nanopores is limited by the diffusion 
of metal ions to the electrode surface (Azevedo et al. 2014; 
Mehmood et al. 2017; Wang 2016). Furthermore, the elec-
trodeposition of less noble metals, such as Fe, is accompa-
nied by hydrogen evolution at the cathode surface, leading 
to the formation of gaseous H2 bubbles (Kavner et al. 2008; 
Zhang et al. 2020). In the case of nanoporous templates, this 
reaction can inhibit the NW growth, since a bubble can com-
pletely fill the pore and, as a result, prevent more metal ions 
from reaching the electrode surface (Schloerb et al. 2010).

Taking into account these effects, different current densi-
ties were considered in order to analyse the effect of such 
parameter on the resulting nanoarchitectures. The obtained 
samples were analysed through SEM in order to evaluate 
the NWs length and homogeneity. As observed in Fig. 2, 
despite the dendrites at the bottom of the template being 
homogeneously filled, the electrodeposited nanostructures 
presented varying lengths. This result was more evident for 
the cases where current densities lower than 40 mA/cm2 
were considered (Fig. 4a). On the other hand, for higher 
current densities, the template filling was considerably more 
homogeneous (Fig. 4b).

Then, the fabricated samples were analysed by EDS, so 
as to determine the composition of the electrodeposited 
nanoarchitectures. As a result, when considering a barrier 
layer thickness of ≈ 10.4 nm, it was verified that only Pt 
was present in the resulting nanoarchitectures, regardless of 
the applied current density (12–70 mA/cm2). On the other 
hand, when thinning the barrier layer down to ≈ 9.1 nm, the 
EDS analysis (Fig. 5) revealed that at lower current densi-
ties only Pt was electrodeposited, but as the current density 
increased, the percentage of that element in the fabricated 
samples decreased and the Fe percentage increased until 
only Fe was electrodeposited at the higher current densities.

From Fig. 5, we can verify that for current densities lower 
than 7 mA/cm2 only Pt is deposited, at very low deposition 
rates (15 min to grow 227 nm). The percentage of Fe in 
the NWs increases quasi linearly with this parameter up to 
Fe80Pt20; however, for current densities higher than 40 mA/
cm2 only Fe is deposited. These compositional results, as 
well as those regarding the AAO templates filling, are in 
accordance with the ones reported in the literature (Fardi-
Ilkhchy et al. 2016).

Fig. 3   Behaviour of the electrodeposition potential (Vdep) during PED 
into PAA templates, which possess dendritic structures at the bottom 
of the nanopores that were generated in a non-steady-state anodiza-
tion process (jdis represents the current density after each discharge 
pulse). Adapted from Sousa et al. (2012b). Republished with permis-
sion of Royal Society of Chemistry, from Precise control of the filling 
stages in branched nanopores, Sousa, C. T.; Apolinario, A.; Leitao, 
D. C.; Pereira, A. M.; Ventura, J.; Araujo, J. P., 22, 2012; permission 
conveyed through Copyright Clearance Center, Inc



3579Applied Nanoscience (2022) 12:3573–3584	

1 3

Therefore, it is possible to conclude that both the barrier 
layer thickness and the current density applied during the 
electrodeposition process influence the composition of the 
resulting FePt nanostructures, allowing a control over the 
atomic percentage of the two elements involved.

Afterwards, the parallel and perpendicular hyster-
esis loops of the synthesized NW arrays were measured 
at room temperature using a VSM, as well as a SQUID 
(Fig. 6). In that figure, the anisotropy field distribution 
(AFD) curves are also represented. These were deter-
mined, for each sample, by performing a cubic b-spline 
interpolation of the descendant branch of the hard axis 

hysteresis loop (perpendicular orientation) from the posi-
tive saturation down to the remanence value, then calculat-
ing the second derivative of the resulting data, and finally 
performing the following operation for each point ( HA ) 
(Vega et al. 2012a, b; Fernández 2014):

where �(HA) is the AFD value at point HA , H is the external 
magnetic field, and M(H) is the magnetization of the sample 
when the magnetic field is H.

Based on the acquired data, it is possible to conclude 
that the nanostructures’ easy magnetization axis is paral-
lel to their longitudinal axis. Additionally, it is observed a 
significant increase of the magnetic hysteresis as the cur-
rent density applied during the fabrication process gets 
higher. Furthermore, we can also verify that the increase 
of such electrodeposition parameter originates samples 
with a larger remanent magnetization in both orientations, 
being, such dependence, more significant in the parallel 
orientation. Another relevant property of these materials 
is their coercivity, or coercive field, Hc . From Fig. 6, it is 
noticeable that the coercivity of the samples synthesized 
under higher current densities is larger in the two con-
sidered orientations, when compared to those produced 
by applying a lower current density. Additionally, and in 
similar fashion to the remanent magnetization, the varia-
tion of the coercivity is more pronounced for the parallel 
orientation.

These results, regarding the magnetic hysteresis, rema-
nent magnetization, and coercivity of the fabricated nano-
architectures, can be attributed to the fact that the Fe at.% 

(3)𝜎
(
HA

)
= −H

d2

dH2
< M(H) >

||||H=HA

,

Fig. 4   SEM images of the samples electrodeposited at a 6 mA/cm2 and b 40 mA/cm2, considering a barrier layer thickness of ≈ 9.1 nm

Fig. 5   Atomic percentage of Fe and Pt as a function of the electro-
deposition current density, when considering a barrier layer thickness 
of ≈ 9.1 nm. The dashed red line is a polynomial trend line fitted to 
the acquired data and a guide to the eye. Graphics program used to 
create the artwork: OriginPro 8.5



3580	 Applied Nanoscience (2022) 12:3573–3584

1 3

in the nanostructures is larger when higher current densi-
ties are applied, as observed in the EDS analysis.

Another important parameter of the fabricated samples is 
the mean anisotropy field ( ⟨HA⟩ ), or perpendicular saturation 
field ( H⟂

Sat
 ), which is the minimum magnetic field required to 

saturate the magnetization of a material along its hard axis 
direction (Mukhtar et al. 2019; Tameerug 2000; Shepley 
2015; Nowick 1973). Such field can be determined from the 
calculated AFD curves, since it corresponds to the magnetic 
field at which that curve reaches its maximum (Fernández 
2014; Méndez et al. 2017). The H⟂

Sat
 values obtained through 

this method are illustrated in Fig. 8a, where it is possible to 
verify that such field increases as the Fe at.% in the fabri-
cated nanostructures gets higher.

The magnetic hysteresis loops of an array of 7 NWs with 
different FexPt1-x stoichiometries were also simulated by 
applying the magnetic field parallel and perpendicular to 
the NWs’ long axis. The Fe at.% values simulated were 30%, 
55%, and 100%, always considering a uniform distribution 
of Fe along the NWs’ length.

As a result, it was verified that the hysteresis loops 
simulated for the 100% Fe NWs arrays illustrated a similar 
behaviour when compared to the ones experimentally meas-
ured (Fig. 7a). Furthermore, as the Fe at.% got lower, it was 
observed a reduction of the perpendicular saturation field 
values in both the simulated and experimentally measured 
hysteresis loops (refer to Fig. 8a). However, when analysing 
the simulated parallel hysteresis loops for Fe at.% of 55% 

and 30% and comparing them to the experimental ones, the 
differences were noticeable. Specifically, much higher coer-
civity values were obtained in the calculated loops (refer 
to Fig. 8b). This might be ascribed to the inhomogeneous 
length distribution of the NWs array deposited at smaller 
current densities, as observed in the SEM images (Fig. 4). In 
addition, slight differences in the FePt stoichiometry along 
the NWs’ length were also found by EDS, as usually occurs 
when using PED techniques inside long and narrow nano-
porous templates. In particular, the dendrites present at the 
bottom of the wires appeared to have less Fe at.% than the 
rest of the nanostructure.

To better understand the effect of a possible change in 
stoichiometry along the samples, a NW array with a change 
in stoichiometry along the wires’ length was also simulated. 
In this case, the NWs length was divided into 5 equal parts 
(each with 30 nm in thickness) and the Fe at.% was set to 
10%, 20%, 30%, 40%, and 50% at each consecutive seg-
ment. As a result, the simulated parallel hysteresis loop evi-
denced a decrease in coercivity when compared to the ones 
simulated for Fe at.% of 30% and 55% (Fig. 8b). This result 
confirms the important effect that stoichiometry has in the 
magnetization reversal process of FePt NWs. Further analy-
sis of their magnetic configuration using OOMMF revealed 
that the reversal of the magnetization in FePt NW arrays 
with a gradient stoichiometry occurred by the nucleation 
of a transverse domain wall at the segment with the low-
est Fe at.%, which then propagated along the neighbouring 

Fig. 6   Parallel and perpendicular hysteresis loops and AFD curves of the samples electrodeposited at 8, 12, 15, 20, 25, and 40 mA/cm2. Graph-
ics program used to create the artwork: OriginPro 8.5
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segments (refer to time snapshot in Fig. 7b). This led to a 
reduction of the parallel coercivity, as observed in the simu-
lated parallel hysteresis loops (Fig. 7b).

In summary, the micromagnetic simulation results sug-
gest that FePt NWs deposited at lower current densities 
might have regions with lower Fe at.%, which induce the 
reversal of the NWs magnetization at smaller magnetic 
field values. Therefore, the much lower parallel coercivities 
experimentally measured might be ascribed to existence of 
nucleation sites along the NWs’ length with a lower Fe at.%.

By comparing these results with those from a study where 
micromagnetic simulations of NWs composed of two dif-
ferent Fe alloys were performed, it is possible to verify the 
existence of some similarities. Particularly, Aravindh et al. 
(2012) verified that the magnetic moment and coercive field 
of Fe(1-x)Mx (M = Co/Ni) NWs monotonically decreased with 
the content of Co or Ni. A similar effect was observed in our 
work, where the lowering of the Fe at.% in the FePt nano-
structures reduced those two properties of the NWs. The 
authors of such paper also verified that the Co, or Ni, content 
influenced the orientation of the easy axis of magnetization 
of the analysed nanoarchitectures, however, in this work, Pt 
did not seem have such effect.

Conclusions and future work

In summary, we demonstrated a method for fabricat-
ing FePt nanostructures involving pulsed electrodeposi-
tion into nanoporous alumina templates. With this tech-
nique, it is possible to control the composition of the 

Fig. 7   Simulated magnetic hysteresis loops of an array of 7 FePt 
NWs with an Fe at.% of a 100% and b 10–20–30–40–50% (gradi-
ent), obtained by applying the magnetic field parallel and perpendicu-
lar to the NWs’ long axis. Insets show cross-sectional views of the 

magnetic configurations at specific applied fields, with a colour scale 
of red ( M∕∕∕MSat = 1), white ( M∕∕∕MSat = 0), and blue ( M∕∕∕MSat 
= -1), where M∕∕ is the magnetization along the NWs’ long axis. 
Graphics program used to create the artwork: OriginPro 8.5

Fig. 8   Experimental and simulated a H⟂

Sat
 , and b parallel coercive 

field, H∕∕

C
 . Graphics program used to create the artwork: OriginPro 

8.5
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nanoarchitectures by adjusting the thickness of the barrier 
layer at the bottom of the template and the current density 
applied during the electroplating process. Nevertheless, 
the length of the NWs grown at lower current densities 
is not homogeneous. Furthermore, the magnetic charac-
terization of the obtained samples revealed that there is a 
considerable increase of the magnetic hysteresis with the 
increase of the current density applied during the electro-
deposition procedure. Additionally, micromagnetic simu-
lations of FePt NW arrays with various stoichiometries 
indicated that the nanostructures produced at lower current 
densities may possess a varying stoichiometry along their 
length.

Therefore, regarding future work, we pretend to fab-
ricate FePt NWs with more uniform length and possess-
ing a homogeneous composition along their length. For 
such purpose, we are currently trying to synthesize this 
type of nanostructures using the same kind of template, 
but considering a different electrodeposition technique 
where a constant potential is applied, i.e. potentiostatic 
DC electrodeposition.
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