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 A B S T R A C T

This paper reports on the synthesis and the characterization of magnetic and magneto-transport properties 
of electrically interconnected Ni1−𝑥Co𝑥 alloy crossed nanotube networks. The alloy nanotube networks have 
been fabricated by an adapted electrochemical technique based on a dealloying method previously used for 
the fabrication of pure Ni nanotubes. Here, we demonstrate that this synthesis approach can be adapted 
to fabricate NiCo alloy nanotubes with Co contents (𝑥) up to 27%. Increasing the Co content within 
this range has revealed an increase in the nanotube walls that is accompanied by an increase in the 
effective magnetic anisotropy, which is attributed to a reinforcement of the magnetostatic field along the 
nanotube axis. Magneto-transport measurements are consistent with the typical behavior observed previously 
in magnetic nanotubes, where the dominant magnetization reversal process involves the propagation of vortex-
like domain walls. Furthermore, the field position of the drop in resistance close to zero field is consistent 
with the coercive field, which depends on the nanotube material and wall thickness. The possibility of 
synthesizing complex electrically interconnected nanoarchitectures, such as crossed nanotube networks made 
of various ferromagnetic materials, using electrochemical deposition techniques is of particular interest for the 
development of potential applications in magnetic sensing devices, neuromorphic computing, and spintronics.
1. Introduction

Nowadays, the development of three-dimensional (3D) nanoarchi-
tectures made of large arrays or ensembles of curved and intercon-
nected nanoelements responsible for the appearance of novel and un-
usual nanoscale effects have attracted considerable attention due to the 
vast range of properties and applications in energy storage [1], drug 
delivery [2], electrocatalysis and sensing [3], advanced magnetic [4], 
spintronic [5] and superconducting applications [6,7]. Particularly, 3D 
nanomagnetism involve a large variety of potential applications in mul-
tistate memristors [8], thermal energy regulation [9], neuromorphic 
computing [10], tunable microwave absorption [11], electrochemical 
devices [12], magnonic conduits [13], domain wall motion memo-
ries [14], and spintronics [15,16]. In addition to the widely used top-
down manufacturing techniques for the synthesis of 3D nanomaterials 
with distinct morphologies [17–20], electrochemical deposition (ECD) 
has been proven to be a versatile, low-cost, and easy-to-implement 
bottom-up technique that enables the fabrication of a wide range of 3D 
nanoarchitectures. Specifically, parallel or 3D interconnected nanowire 
and nanotube networks grown by ECD into the pores of alumina or 
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polymer membranes are interesting materials that are at the center of 
an intense research activity due to their specific morphological char-
acteristics, magnetic properties and magneto-transport behavior [21–
24].

Unlike homogeneous nanowires, nanotubes are interesting nanos-
tructures due to their inner cavity and the possibility of modifying their 
wall thickness, which confer them an additional morphological charac-
teristic useful to control the magnetic and magneto-transport behavior 
of the entire nanostructured array [25–29]. In addition to conventional 
techniques based on gaseous precursors like atomic layer deposition 
(ALD) and chemical vapor deposition (CVD) used for the fabrication 
of nanotubes [30,31], an easy and low-cost method based on ECD for 
the synthesis of large arrays of nanotubes within porous membranes 
is electrochemical dealloying. This method consists of the dissolution 
by electrochemical oxidation of the more noble metal located at the 
core in shell/core nanocables [32]. The use of this method has enabled 
the synthesis of template-free [33] and template-based parallel Ni nan-
otubes [25,32–34], and crossed nanotube (NT) networks [27]. Despite 
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these advances, arrays of nanotubes made of other magnetic metals 
have not been reported due to the difficulty of preventing the less noble 
metal from dissolving during the oxidation process of the more noble 
metal.

In this study, we exploit this electrochemical dealloying method, 
previously used only for the fabrication of Ni nanotubes, for the syn-
thesis of NiCo alloy crossed NT networks with precise control over 
the Co content and their morphological characteristics. It has been 
found that successful synthesis of NiCo alloys is achieved for Co content 
up to about 27%, which prevents Co from being removed during the 
Cu oxidation reaction in the electrochemical dealloying process. The 
tubular characteristic of synthesized crossed NT networks has been 
confirmed not only by their morphology but also by their magnetic 
and magneto-transport behavior. The possibility of manufacturing large 
ensembles of tubular nanostructures using a low-cost and easy-to-
implement technique, such as electrochemical dealloying, paves the 
way for novel and functional magnetic nano-architectures for sensing, 
logic gates, and spintronic applications.

2. Materials and methods

2.1. Synthesis of 3D NiCo crossed NT networks

The growth of NiCo crossed NT networks has been carried out by 
a standard three-probe ECD technique into the interconnected pores of 
nanoporous polycarbonate (PC) membranes. As shown in Fig.  1(a), the 
interconnected pore architecture is achieved by exposing a continuous 
PC film to an irradiation stage at two fixed angles of −25◦ and +25◦
in the 𝑦-𝑧 plane perpendicular to the film plane. These nominal fixed 
angles have been provided by the manufacturer along with a slight 
deviation of ±5◦ [35]. To enlarge the latent tracks to the desired pore 
diameter of 290 nm, the irradiated PC film was chemically etched in a 
0.5 M NaOH aqueous solution at 70 ◦C [35]. As a result, porous mem-
branes with interconnected pores 290 nm in diameter and volumetric 
porosity (𝑃 ) of about 20%, were obtained. Following this procedure, 
a Cr(10 nm)/Au(2000 nm) layer was evaporated onto one side of the 
membranes to serve as a cathode for the ECD, as a ground plane for the 
ferromagnetic resonance (FMR) experiments, and as an electrode for 
the magnetotransport measurements. NiCo crossed NTs (outer diameter 
𝜙 = 290 nm) were fabricated by following the dealloying process 
previously reported for arrays of parallel nanowires [25,28,36], and Ni 
crossed NTs [27]. In this process, shell–core NiCo/Cu nanocables were 
first grown at a constant deposition potential of −1.1 V, followed by the 
selective electrochemical etching of the Cu-rich core at an oxidation 
potential of +0.2 V while keeping intact the NiCo shell. As shown in 
Table  1, three NiCo crossed NT alloys were fabricated using electrolytes 
with Co to Co + Ni sulfamate ratios 𝑟 = 𝑀Co∕(𝑀Co +𝑀Ni) of 5%, 10%, 
and 20%, where 𝑀Co and 𝑀Ni represent the molar amounts of Co and 
Ni sulfamates, respectively.

2.2. Structural characterization and EDX analysis

The porous PC template was removed with dichloromethane to 
perform the morphology characterization of the NiCo crossed NT net-
works using a field-emission scanning electron microscope (FE-SEM) 
JEOL 7600F. The composition of the NiCo crossed NT networks was 
determined by energy-dispersive X-ray spectroscopy (EDX) analysis, 
using a JED-2300 Analysis Station FE-SEM. At least 10 EDS mappings 
at a magnification of X30,000 and acceleration voltage of 15 kV were 
carried out on each crossed NT network, and the ZAF Method Standard-
less Quantitative Analysis was used to quantify the amount of atomic 
% of Ni and Co in the NiCo alloy crossed NT networks.
2 
Fig. 1. Schematic representations of (a) the track etching process for the 
irradiation stage at two fixed angles of −25◦ and +25◦ perpendicular to the film 
plane, (b) the FMR experimental setup composed of the crossed NT network 
embedded in the porous PC membrane and a microstrip line evaporated onto 
the top surface of the membrane through which an RF signal is injected, and 
(c) the two-probe electrode design for magneto-transport measurements in the 
in-plane (IP) and out-of-plane (OOP) directions of NiCo crossed NT network 
films.

2.3. Magnetic characterization by AGM and FMR

Magnetization hysteresis loops have been recorded using an alter-
nating gradient magnetometer (AGM) from Lakeshore by applying a 
maximum applied field of ±14 kOe along the in-plane (IP) and out-
of-plane (OOP) directions of the crossed NT network plane. Besides, 
room temperature ferromagnetic resonance (FMR) spectra have been 
recorded at a constant excitation frequency in the range of 10 to 
32 GHz, by sweeping the magnetic field along the OOP direction from 
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Fig. 2. EDX spectra for Ni1−𝑥Co𝑥 crossed NT networks after completing the dealloying process, corresponding to Co composition values of (a) 𝑥 = 0.06, (b) 
𝑥 = 0.14, and (c) 𝑥 = 0.27. (d) Variation in Co content in NiCo alloy NTs as a function of Co concentration in NiCo electrolytic solutions. The dotted line is a 
linear fit to the data with a slope of 1.36 (content/concentration). FE-SEM micrographs of three interconnected Ni1−𝑥Co𝑥 crossed NT networks with Co contents 
𝑥 of (e) 0.06, (f) 0.14, and (g) 0.27. The inset in (e) shows close details of the crossed NT structure, which allows finding the corresponding inner diameter and 
an average outer diameter of the nanotubes of about 290 nm. The schematic in (f) indicates the measurement direction of the NTs inner diameter used in their 
corresponding statistics.
10 kOe down to zero field. As shown in Fig.  1(b), these measurements 
were carried out using the microstrip line wave-guide configuration, 
which consists of a 500 μm wide and 500 nm thick metallic mi-
crostrip evaporated onto the free side of the porous PC membrane after 
electrodeposition. Prior to the evaporation of the microstrip line, the 
crossed NTs growth is stopped before overfilling of the PC membrane 
to prevent any electrical contact between the NT network and the 
microstrip.

2.4. Electrical magneto-transport characterization

A two-probe method has been used for magnetoresistance (MR) 
measurements obtained by sweeping the magnetic field between ±15
kOe. Contrary to the FMR measurement setup, in this case overfilling 
of the porous PC membranes with crossed NTs has been allowed to have 
a good electrical contact between the ground plane and the microstrip 
line, as shown in Fig.  1(c). In this way, the current is injected directly 
3 
between the two electrodes, taking advantage of the high degree of 
electrical connectivity of the branched NT structure. The electrical 
contacts were made using silver paint. In this setup, the resistance was 
measured within its ohmic resistance range with a resolution of one 
part in 105, which is traduced as an input power that was kept below 
0.1 𝜇W to avoid self-heating.

3. Results and discussion

Figs.  2(a)–(c) show the compositional analysis performed by record-
ing EDX spectra for the three NiCo crossed NT networks fabricated 
using the electrolytes in Table  1 after dissolution of the Cu core. In all 
cases, the EDX spectra reveal Co and Ni peaks, for which the intensity 
of the CoK𝛼 peak increases with increasing Co concentration in the 
electrolyte. Furthermore, the very low intensity CuK𝛼 peak in all the 
EDX spectra shows that the presence of Cu in the NiCo crossed NT 
networks is negligible, indicating that the Cu core has been removed. 
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Table 1
Formulas for electrolytic bath solutions used for the growth of three different 
crossed NT alloys, taking into account ratios 𝑟 = 𝑀𝐶𝑜∕(𝑀𝐶𝑜+𝑀𝑁𝑖) of 5%, 10% 
and 20%, where 𝑀𝐶𝑜 and 𝑀𝑁𝑖 are the millimolar amounts of Co sulfamate 
(Co(H2NSO3)2 ⋅ 𝑥H2O) and Ni sulfamate (Ni(H2NSO3)2 ⋅ 4H2O). The same pH 
value adjusted to 4 and 100 mM and 50 mM of boric acid (H3BO3) and 
Cu sulfate pentahydrate (CuSO4 ⋅ 5H2O), respectively, are used for all the 
electrolytes.
 Reagent 𝑟 = 5% 𝑟 = 10% 𝑟 = 20% 
 H3BO3 100 100 100  
 Ni(H2NSO3)2 ⋅ 4H2O 380 360 320  
 Co(H2NSO3)2 ⋅ 𝑥H2O 20 40 80  
 CuSO4 ⋅ 5H2O 50 50 50  

Another peaks corresponding to Cr and Au arise from the evaporated 
cathode onto the bottom side of the membranes used for growing the 
crossed networks. The compositional analysis carried out by EDX on 
the crossed NT networks fabricated using electrolytes with Co to Ni 
+ Co ratios of 5%, 10%, and 20% has revealed alloy compositions 
Ni1−𝑥Co𝑥 with Co contents 𝑥 of 6%, 14%, and 27%, respectively. The 
correspondence between Co content in the alloys and Co concentration 
in the electrolytes is shown in Fig.  2(d). The linear relationship with a 
slope of 1.36 (content/concentration) demonstrates that the Co content 
is higher than expected in the crossed NT-alloy networks. This behavior 
is in good agreement with previous studies, suggesting that this excess 
in Co content is due to an anomalous co-deposition in which the 
reaction rate of the less noble metal (Co) increases at the expense of 
the reaction rate of Ni, as a result of the higher adsorption ability 
of Co ions at the cathode diffusion layer promoting inhibition of Ni 
ions [37–39]. At Co concentrations lower than 30% in the electrolyte, 
content/concentration ratios greater than one have been reported, with 
values in the range of 2.1 to 4.8 [37,38,40–43], which, although higher 
than the value of 1.36 reported in this work, are consistent with 
anomalous co-deposition behavior. Besides, Figs.  2(e) to (g) show FE-
SEM micrographs for the three NiCo crossed NT networks with different 
alloy compositions after complete dissolution of the PC membrane. As 
observed, each network exhibits a complex interconnected structure, 
and the micrographs provide evidence of the fixed angle to about 
25◦ of the crossed NTs with respect to the normal to the membrane 
plane, as a result of its irradiation to energetic heavy ions in the track 
etching process. These micrographs confirm the tubular structure of the 
nanotubes (NTs), and an average outer diameter of 290 ± 15 nm.

Furthermore, a detailed statistical analysis has been carried out on a 
large number of NTs in each network to determine their inner diameter, 
which was measured perpendicularly to the NTs tilt angle direction and 
parallel to the membrane plane, as shown in the inset of Fig.  2(f). The 
inner diameter of the NTs has been found to depend on the Co content 
in the alloys, with average values of 155 ± 20 nm, 125 ± 20 nm, and 
100±20 nm for the Ni1−𝑥Co𝑥 with 𝑥 = 0.06, 0.14, and 0.27, respectively. 
This leads to corresponding average NT wall thickness values of 70 ±
10 nm, 85 ± 10 nm, and 95 ± 10 nm. Note that the NT wall thickness for 
the alloy with the lowest Co content is closer to the average value of 
about 50 nm reported previously for Ni crossed NTs [27]. The increase 
in NT wall thickness for NiCo crossed NT networks can be ascribed to 
the increase in the Co content in the alloys due to the anomalous co-
deposition mentioned above, which leads to an increase in the fraction 
of Ni + Co ad-atoms compared to the fraction of Cu ones during 
the reduction reaction. This behavior is similar to the wall thickness 
increase of Ni NTs due to the increase in the reduction potential, which 
is the result of the preferential growth of Ni compared to Cu [27,32]. 
Besides, the observed fractures, wrinkles, and folded morphology of the 
crossed NTs can be attributed to the sudden dissolution of the polymer 
membrane with dichloromethane, subsequent manipulation, and to its 
fragility caused by the thin walls of the NTs and their interconnections. 
This morphological analysis demonstrates the feasibility of synthesizing 
4 
NiCo 3D crossed NT networks with Co contents of up to 27%, as 
confirmed by EDX analysis. On the other hand, attempts to grow NiCo 
NTs with higher Co contents were unsuccessful, which can be ascribed 
to the simultaneous removal of Cu and Co during the application of 
the oxidation potential of +0.2 V used to remove the Cu core. Indeed, 
at high Co concentrations, Co is also removed as a result of the anodic 
peak associated with Co oxidation at positive potentials in the redox 
reactions using sulfate-based electrolytes [44]. Therefore, the stability 
of NiCo crossed nanotubes with low Co contents can be related to 
the protection conferred by the bulk Ni structure to Co ad-atoms as 
a result of the Ni protective passive film formed using sulfamate-based 
electrolytes [45].

The magnetic properties of the NiCo crossed NT networks were first 
analyzed by recording hysteresis loops at room temperature with the 
magnetic field applied in the IP and OOP directions, as shown in Fig. 
3(a). Magnetic saturation is reached at field values close to 4 kOe, 
as shown by the full-field hysteresis loops in the inset in the upper 
left corner. This figure displays the hysteresis loops measured in both 
directions for the NiCo crossed NT network with 𝑥 = 0.27, whose 
characteristics are similar to those for the NiCo alloys with lower Co 
contents. Comparing these hysteresis loops, we observe that the loop 
in the OOP (IP) direction shows a lower (higher) remanent magnetiza-
tion (𝑀𝑟) (see the inset), but faster (slower) saturation. This complex 
behavior can be attributed to the presence of a combination of vortex 
(V) and transverse (T) reversal modes, as shown experimentally and 
validated by an analytical model in a previous work [46], which are 
different depending on the relative orientation (𝜃) between the applied 
field and the nanotube axis. This is, the lower coercive field (𝐻𝑐) in 
the OOP direction is consistent with low 𝐻𝑐 values due to the V mode, 
whereas the higher 𝐻𝑐 in the IP direction is consistent with high 𝐻𝑐
values due to the 𝑇  mode [46]. According to these results, the V and 𝑇
modes are dominant at lower and higher 𝜃 values [26,47], respectively, 
as in the case of 25◦ and 65◦ corresponding to the OOP and IP direction. 
Regarding the remanent magnetization, this parameter is lower along 
the OOP direction than in the IP direction (see the inset of Fig.  3(a)), 
contrary to what has been reported for low-diameter NTs for which 
remanence decreases with increasing 𝜃 [48]. This discrepancy may be 
ascribed to the larger outer diameter of the NTs considered in the 
present work. Figs.  3(b) and (c) show the variation of 𝑀𝑟 and 𝐻𝑐 as 
a function of the Co content 𝑥 in the alloyed Ni1−𝑥Co𝑥 crossed NT 
networks considered in the present work. As observed, both 𝑀𝑟 and 
𝐻𝑐 are higher along the IP direction regardless of the 𝑥 value and 𝑀𝑟
displays a clearer decreasing behavior with 𝑥 in the OOP direction than 
in the IP direction. In Figs.  3(b) and (c), the data obtained on a pure 
Ni NT network (outer diameter 230 nm) [27], are also reported for 
comparison.

Besides, recording hysteresis loops along the IP direction reveals 
a similar magnetic behavior for the three NiCo alloy crossed NT net-
works, as observed in Fig.  3(d). A slight difference in the saturation 
field and 𝑀𝑟 is evident, so that the larger the 𝑀𝑟, the lower the satura-
tion field for lower Co contents. Note that the shape of all the hysteresis 
loops in the IP direction close to zero field is very similar, as observed in 
the inset of Fig.  3(d), which may explain the non-monotonic behavior 
of both 𝐻𝑐 and 𝑀𝑟 observed in Figs.  3(b) and (c). More insight into the 
influence of the Co content on the magnetic behavior can be gained 
from the hysteresis loops measured along the OOP direction, as shown 
in Fig.  3(e). In this case, the increase in the Co content is more evident 
as it leads to appreciable differences in both 𝑀𝑟 (see the inset) and 
the shape of the hysteresis loops with few variations in 𝐻𝑐 . Previous 
results suggest that the decrease in 𝑀𝑟 is associated with an increase 
in the NTs wall thickness in arrays of parallel Ni NTs [25,34] and Ni 
crossed NT networks [27]. This behavior is in good agreement with the 
NiCo crossed NT networks of the present work, since lower 𝑀𝑟 values 
are observed for networks with thicker NT walls, as found above by the 
statistical analysis performed on the FE-SEM micrographs. As pointed 
out in a previous work, thicker NT walls result in larger dipolar fields 
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Fig. 3. (a) Hysteresis loops measured with the magnetic field applied along IP (dashed line) and OOP (continuous line) directions of the porous membrane for 
the NiCo crossed NT network with 𝑥 = 0.27. Variation of (b) the remanent magnetization (𝑀𝑟∕𝑀𝑠) and (c) the coercive field 𝐻𝑐 as a function of the Co content 𝑥
in Ni1−𝑥Co𝑥 crossed NT networks. Values for 𝑀𝑟∕𝑀𝑠 and 𝐻𝑐 for the pure Ni crossed NT network (empty symbols) [27], are included for comparison. The dotted 
and continuous lines are a guide for the eye. (d) Hysteresis loops measured in the IP direction for Ni1−𝑥Co𝑥 crossed NT networks grown using reduction/oxidation 
potentials of −1.1/+0.2 V with 𝑥 = 0.06 (continuous line), 𝑥 = 0.14 (dashed line), and 𝑥 = 0.27 (dotted line). (e) Corresponding hysteresis loops measured in the 
OOP direction for the NiCo crossed NT networks in (b). The inset in the upper left corner of (a) shows the corresponding full-field hysteresis loops, whereas the 
insets in the lower right corners show close views of each figure at low field values.
due to the increasingly closer magnetic poles at the NTs inner surface, 
which explains the decrease in 𝑀𝑟 [27]. However, the demagnetizing 
field generated between the inner and outer NT surfaces does not 
necessarily decrease for larger NT walls, because in this case, a larger 
Co content leads to a higher saturation magnetization. Therefore, the 
competition between the dipolar and demagnetizing fields may result in 
a reinforcement of the magnetization easy axis along the OOP direction 
and the magnetic anisotropy of the crossed NT networks. Hysteresis 
loops measurements have evidenced the complex magnetic behavior 
governed by distinct magnetization reversal modes that depend on the 
measurement direction. These processes can hinder magnetic properties 
like the preferential orientation of the magnetization of the entire 
network, as corroborated by the similarity between hysteresis loops 
measured along the IP and OOP directions shown in Figs.  3(d) and (e).

To overcome this limitation, performing measurements in a satu-
rated state suppresses magnetization reversal processes and provides 
a better understanding of the magnetic behavior. An adequate mea-
surement technique to perform this kind of analysis is FMR. In this 
work, NiCo crossed NT networks are expected to be polycrystalline 
without magnetocrystalline anisotropy contributions as a result of the 
low Co content, which means that only magnetostatic contributions 
are considered [49,50]. Fig.  4(a) shows field sweep absorption spectra 
recorded at 𝑓 = 20 GHz for the three NiCo crossed NT networks with 
different Co contents 𝑥. These spectra are similar to each other and 
shifted towards lower resonance fields as the Co content increases. 
Recording FMR spectra at other excitation frequencies allows obtaining 
the dispersion relations shown as symbols in Figs.  4(b) - (d) for each 
crossed NT network. As observed, all fitted dispersion relations using 
5 
Fig. 4. (a) FMR spectra recorded at 𝑓 = 20 GHz on Ni1−𝑥Co𝑥 crossed NT 
networks with Co contents of 6%, 14%, and 27%. Dispersion relations for (b) 
𝑥 = 0.06, (c) 𝑥 = 0.14, and (d) 𝑥 = 0.27. The continuous lines in (b)–(d) are fits 
to the data using the FMR condition of Eq. (1).
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Eq. (1) display a positive zero intercept, indicating positive anisotropy 
or preferential magnetization orientation along the OOP direction. 
Furthermore, dispersion relations for NiCo crossed NT networks with 
higher 𝑥 values are shifted towards higher resonance frequencies, con-
sistent with the increase in the saturation magnetization. Additionally, 
a quantitative analysis is needed to explain the shift in the relation 
dispersions towards higher resonance frequencies resulting from the 
rise in Co content. The crossed NT networks correspond to ensembles 
of tilted cylindrical nanostructures with uniaxial anisotropy that repli-
cate the porous architecture of the membrane and span along the 𝑦
direction with fixed polar orientation angle 𝜃 with respect to the OOP 
direction. Therefore, the FMR resonance condition in the saturated state 
for a purely magnetostatic system with dominant uniaxial anisotropy, 
obtained using the Smit and Beljers formalism, reads [51,52] 
(

𝑓
𝛾

)2
=
(

𝐻𝑟 +𝐻𝑒𝑓𝑓 cos 2𝜃
) (

𝐻𝑟 +𝐻𝑒𝑓𝑓 cos2 𝜃
)

, (1)

where 𝑓 is the excitation frequency, 𝛾 is the gyromagnetic ratio of about 
3.09 GHz kOe−1 for Ni rich NiCo alloys, 𝐻𝑒𝑓𝑓  is the effective anisotropy 
field, and 𝐻𝑟 is the resonance field. In this equation, 𝜃 is the angle for 
the saturated magnetization along the applied field parallel to the OOP 
direction, measured with respect to the nanotube axis. The resonance 
condition serves as a fitting function for the 𝑓 vs 𝐻 dispersion relation 
of each crossed NT network, determining its corresponding effective 
field. When comparing Figs.  4(b), (c), and (d), it can be seen that the 
resonance frequency extrapolated to zero field (𝑓0) increases as the Co 
content 𝑥 increases. Therefore, setting 𝐻𝑟 = 0 in Eq. (1) leads to a 
simple expression for 𝐻𝑒𝑓𝑓  in terms of the experimental 𝑓0 value, this 
is 

𝐻𝑒𝑓𝑓 =
𝑓0

𝛾 cos 𝜃
√

cos 2𝜃
, (2)

where 𝜃 = 25◦ for the crossed NT networks of this work. Using 
Eq. (2) to obtain 𝐻𝑒𝑓𝑓  leads to values of 1.88 ± 0.27, 2.24 ± 0.32, 
and 2.96 ± 0.43 kOe for 𝑥 = 0.06, 0.14, and 0.27, respectively. As 
predicted by the Slater-Pauling curve, increasing the Co content in NiCo 
alloys leads to an increase in the saturation magnetization (𝑀𝑠) [53]. 
Therefore, the increase in 𝐻𝑒𝑓𝑓  is due to the increase in 𝑀𝑠 because of 
the proportionality between both parameters. Furthermore, this result 
shows that the decrease in the remanent magnetization along the OOP 
direction with increasing the Co content 𝑥 (see Figs.  3(b) and (e)), does 
not have a significant influence on 𝐻𝑒𝑓𝑓 .

Magneto-transport measurements have been performed to further 
investigate the magnetic behavior of NiCo crossed NT networks.
Anisotropic magnetoresistance (AMR) measurements yield variations 
in the electrical resistance (𝑅) as a result of changes in the relative 
orientation between the magnetization (𝑀) and the electrical current 
(𝐼). Figs.  5(a) and (b) show magnetoresistance curves for Ni1−𝑥Co𝑥
crossed NT networks with 𝑥 = 0.06 and 𝑥 = 0.27, respectively, measured 
with the magnetic field applied along the IP (dotted lines) and OOP 
(continuous lines) directions of the porous membrane plane. These 
curves exhibit the characteristic bell-shape typical of the AMR effect 
and provide useful information from both the saturated magnetic state 
and in the vicinity of zero field. In the saturated state (𝐻 = ±15 kOe) 
along the IP and OOP directions, 𝑀 and 𝐼 are at the fixed angles of 65◦
and 25◦ with respect to each other, respectively. In this configuration, 
the AMR ratio or fractional increase in 𝑅 (𝛥𝑅∕𝑅) can be obtained from 
the resistivity values at saturation 𝜌𝑖𝑝 and 𝜌𝑜𝑜𝑝, which depend on the 
resistance states for which 𝑀 is parallel (𝜌∥) and perpendicular (𝜌⊥) to 
𝐼 [49], that is 
𝛥𝜌
𝜌

=
𝜌∥ − 𝜌⊥
𝜌av

, (3)

where 𝜌av = (𝜌∥ + 2𝜌⊥)∕3 is the average magnetoresistance in 3D 
networks and 𝜌∥ = 𝜌ip+𝜌oop−𝜌⊥ and 𝜌⊥ = (𝑘𝜌ip−(1−𝑘)𝜌oop)∕(2𝑘−1) [27]. 
Applying Eq. (3) to the magnetoresistance curves in Figs.  5(a) and 
(b) leads to AMR ratios of about 1.50% and 0.43% for 𝑥 = 0.06 and 
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Fig. 5. Magnetoresistance curves measured with the magnetic field applied 
along the IP (dotted lines) and OOP (continuous lines) directions to the 
plane of the porous template for two Ni1−𝑥Co𝑥 crossed NT networks with 
(a) 𝑥 = 0.06 and (b) 0.27. The insets show close details of the IP and OOP 
magnetoresistance curves in the vicinity of zero field, where arrows indicate 
the direction of the magnetic field sweep for both positive to negative and 
negative to positive branches. The lozenges represent the resistance states at 
the coercive field for each network.

𝑥 = 0.27, respectively. This decrease in 𝛥𝑅∕𝑅 with 𝑥 is due to the 
decrease in the effective magnetic moment per atom and consistent 
with previous results for NiCo alloys made as thin films [49] and 
nanowires [50,54]. On the other hand, the magnetoresistance curves 
in the IP and OOP directions are different from the expected bell-shape 
of the AMR effect as a result of the presence of a resistance drop in 
the vicinity of zero field, as seen in Fig.  5. As suggested previously 
by experimental evidence and micromagnetic simulations, this behav-
ior originates from magnetization reversal processes where vortex-like 
domain walls are propagated, which are more likely in magnetic NTs 
as a result of their hollow feature [29,55]. Other previous works also 
suggest that the curling (vortex) reversal mode and the propagation of 
vortex domain walls are the dominant reversal mechanisms in tilted 
magnetic NTs [46,56]. The combination of bell-shaped curves and the 
resistance drop suggests similar magnetization reversal processes in 
both IP and OOP directions originated from the corresponding tilt 
angle of the NTs. However, the resistance drops near zero field for 
the NiCo crossed NT network with 𝑥 = 0.06 is deeper and closer to 
zero field along the OOP direction, which is consistent with a faster 
magnetization reversal as suggested by the lower coercive field in 
this direction (see Fig.  3(c)). This discrepancy between the IP and 
OOP resistance drop minima reflects the magnetic anisotropy for this 
network, which is consistent with the comparison between hysteresis 
loops in Figs.  3(d) and (e). Therefore, the fast resistance drop near 
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zero field and the large discrepancy between the IP and OOP curves, 
attributed respectively to the vortex-like reversal process and the strong 
magnetic anisotropy, are characteristics typical of Ni-rich crossed NT 
networks. Indeed, previous results on pure Ni crossed NT networks are 
in good agreement with this scenario [27].

Besides, the minimum in the resistance drop is ascribed to the 
material demagnetized state reached at the coercive field for which the 
resistance state is independent of the magnetization [57]. The insets 
in Figs.  5(a) and (b) display close details of the resistance drops near 
zero field in each applied field direction. In these figures, the coercive 
field position is represented by lozenges on the resistance curves. As 
a general trend, the symbols are close to the resistance minima for 
both NiCo alloys, except for the NiCo alloy with 𝑥 = 0.27 along the 
IP direction. This discrepancy can be related to the thicker crossed NT 
walls, which may be responsible for the nucleation of larger magnetic 
domains that propagate via magnetization reversal modes other than 
curling or vortex. Particularly, the magnetoresistance curves in the IP 
and OOP directions for the crossed NT network with 𝑥 = 0.27 are 
close and similar to each other, suggesting an almost isotropic magnetic 
behavior, consistent with the hysteresis loops shown in Fig.  3(a). This 
behavior explains the similar resistance drop minimum and coercive 
field values in the IP and OOP directions for this crossed NT network. 
Finally, these properties are of significant technological and research 
interest, suitable for the development of device applications based 
on nanoscale materials with tunable magnetic and magneto-transport 
behavior.

4. Conclusions

In this work, we successfully synthesized large-scale NiCo alloy 
crossed NT networks using track-etched PC membranes with intercon-
nected cylindrical nanopores and studied their magnetic and magneto-
transport behavior. We demonstrated that the electrochemical dealloy-
ing technique, which consists of removing the Cu core from core/shell 
nanowires where the shell is formed of a magnetic material, and which 
had previously only been demonstrated for the fabrication of pure Ni 
nanotubes, could also be extended to the fabrication of NiCo alloy 
nanotubes with Co contents of up to around 27%. Furthermore, it 
has been shown that it is possible to achieve precise control over the 
composition of Ni-rich NiCo crossed NT networks and the thickness of 
the tube walls, offering the possibility of controlling their magnetic 
behavior. Within the considered range of alloy compositions in this 
work, a straightforward linear relationship between the Co content in 
the alloys and the Co composition in the electrolytes has been found, 
which is useful for accurately predicting any alloy composition. It has 
been found that increasing the alloys Co content causes an increase 
in the nanotubes wall thickness and in the magnetic anisotropy field, 
as determined by FMR experiments. For all the alloys, the magneto-
transport behavior is consistent with the propagation of vortex-like 
domain walls during magnetization reversal. Furthermore, the increase 
in the Co content leads to a decrease in the AMR ratio, consistent 
with previous reports, and the magnetization reversal process has 
been closely related to the crossed NT networks coercivity. The re-
sults discussed in the present study expand the knowledge on the 
use of the electrochemical dealloying technique for obtaining NiCo 
alloy nanotubes. Finally, these findings are of special interest for the 
development of potential devices and technological applications involv-
ing interconnected nanotubes with tunable morphology, materials, and 
magnetic and magneto-transport behavior.
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