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3-D alloyed and multilayered interconnected nanofiber networks have been fabricated by electrodeposition techniques, allowing a
controlled composition and 3-D structural topology. These features have been found crucial to tailor their magnetic and magneto-
transport properties. Their interplay along with the use of a simple analytical model based on the particular interconnected topology
of the networks has allowed to accurately determine the anisotropic magnetoresistance (AMR) ratio. The as-obtained AMR ratio for
interconnected nanofiber networks is consistent with an average that results from all the nanowires orientations in the membrane.
The careful choice of magnetic and non-magnetic layer thicknesses has been decisive for the fabrication of Co/Cu multilayered
interconnected nanofiber networks with giant magnetoresistive response as high as 19%. Interconnected nanofiber networks with
controlled material composition and specific structural features are very attractive for the development of mechanically stable
superstructures suitable for potential technological device applications.

Index Terms— 3-D interconnected nanofiber network, magnetic anisotropy, magnetic multilayers, magnetoresistance.

I. INTRODUCTION

3 -D NANOWIRE or nanofiber networks are very appealing
nanoarchitectures with controlled topologies and tunable

physicochemical properties, which are of particular interest
for the development of novel and functional devices. Besides
the broad range of applications in solar cells [1], energy
harvesting/storage systems [2], and electronic sensing devices
and actuators [3], interconnected nanofiber networks are also
widely studied because of their interesting magnetic and
magneto-transport properties for the development of next-
generation multifunctional devices with controlled magnetic
anisotropy and microwave absorption properties [4] and for
the storage and logic operation of information carried and
processed by domain walls flowing along them [5]. Porous
polymer membranes with crossed nanochannels have been
revealed suitable as templates for the synthesis of 3-D inter-
connected magnetic nanofiber networks that present interesting
magnetic and magneto-transport properties [4], [6], [7]. In this
paper, alloyed and multilayered interconnected nanofiber net-
works have been fabricated with controlled compositions that
are easily obtained through careful control of electrodeposition
conditions like the deposition potential and using different
electrolytic solutions. The interplay between their magnetic
and magnetoresistive properties with their composition is
found to be crucial to adjust their magnetic and magneto-
transport properties. Particularly, increasing the Co content
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in NiCo alloyed interconnected nanofiber networks leads
to the appearance of a magnetocrystalline (MC) anisotropy
contribution that decreases the effective out-of-plane magne-
tization easy axis observed in Ni-rich alloys. A maximum
anisotropic magnetoresistance (AMR) ratio is observed for
an alloy composition containing 75% of Ni, which increases
up to a value of 8% as the temperature decreases down
to 20 K. Using a simple analytical model based on the
particular interconnected topology of the networks, the AMR
ratio has been precisely determined from simple magneto-
transport measurements along a single probe direction. The
measured AMR ratio for interconnected nanofiber networks is
consistent with an average that results from all the nanowire
orientations in the membrane. Besides, the observed significant
giant magnetoresistive responses in Co/Cu multilayered inter-
connected nanofiber networks with specific magnetic and non-
magnetic layer thicknesses make them interesting systems for
potential technological applications. Finally, the above features
make these materials very attractive for the development
of mechanically stable superstructures suitable for potential
technological applications in magnetic memory, sensor, and
logic devices.

II. NANOFIBER NETWORKS TOPOLOGY AND FABRICATION

For the fabrication of interconnected nanofiber network
films, 22 μm thick crossed nanoporous polycarbonate (PC)
templates have been used, which are prepared by performing
a sequential two-step exposure of energetic heavy ions, at var-
ious angles in the range from −45◦ to +45◦ with respect to
the normal of the PC film surface [6]. To this end, a PC film
was subjected to a first irradiation step followed by a second
irradiation step after rotating the film in the plane by 90◦ and
re-exposed to the same angular variable irradiation flux to form
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finally a complex 3-D nanochannel network. The latent tracks
were chemically etched in a 0.5 M NaOH aqueous solution
at 70 ◦C to form 40 nm diameter nanopores, so the resulting
as-prepared polymer membranes have a volumetric porosity of
about 20% [4]. The successive track-etching process allows
controlling aspects of the template topology, such as the
angle between the nanochannels and the template normal,
the volumetric porosity, and the mean pore diameter that can
be tuned between a few tens of nanometers to a few hundreds
of nanometers. In the second stage, the PC templates were
coated on one side using an e-beam evaporator with a metallic
Cr(10 nm)/Cu(150 nm) bilayer. The template is partially
filled from the previously sputtered metallic cathode by an
electrode position process allowing the control of the mate-
rial composition and nano-structuration, such as nanowires,
nanotubes, core-shell nanocables, and multilayered nanowires.
Interconnected nanofiber networks were grown by electrode-
position into crossed nanoporous PC templates at room tem-
perature in the potentiostatic mode using a Ag/AgCl refer-
ence electrode and a Pt counter electrode. Electrodeposition
of Ni, NiFe, and Co interconnected nanofiber networks
was carried out at the respective constant potentials
of −1.1, −1, and −0.95 V using the electrolytes:
1M NiSO4·6H2O + 0.5M H3BO3 at pH 3.4; 20mM
FeSO4·5H2O + 0.5M NiSO4·6H2O + 0.5M H3BO3 at pH 3;
and 0.85M CoSO4·7H2O + 0.5M H3BO3 at pH 5.0. The
as-prepared solutions have a pH value of 3.6, which was
decreased gradually down to 3.0 by addition of diluted H2SO4
in the case of NiFe or increased up to 5.0 by addition of
NaOH in the case of Co [8]. In the case of the NixCo1−x

(20% ≤ x ≤ 75%) alloyed interconnected nanofiber net-
works, electrodeposition was carried out at potentials in the
range from −0.85 to −2 V using the electrolyte 1.87M
Ni(SO3NH2)2·4H2O + 0.4M CoSO4·7H2O + 0.5M H3BO3.
For alloys with 60% ≤ x ≤ 90%, electrodeposition was done
for deposition potentials from −1 to −2 V using the same
electrolyte but with a Co concentration of 0.1M CoSO4·7H2O
instead. The pH of the as-prepared NiCo solution was lowered
down to 2.2 by addition of H2SO4. The multilayered crossed
nanowires (CNWs) have been grown from a single sulfate
bath using potentiostatic control and a pulsed electrodeposition
technique [9]. The composition of the electrolyte was 0.85M
CoSO4·7H2O + 3mM CuSO4·5H2O + 0.5M H3BO3 and
the deposition potential was alternatively switched between
−0.95 V to deposit Co-rich layers containing approximately
10% Cu impurity, and −0.5 V to deposit almost pure Cu
layers [10]. Following a procedure described elsewhere [9],
the deposition rates of each metals were determined from the
pore filling time. According to this calibration, the deposition
time was adjusted to 300 ms and 16 s for the Co and Cu
layers, respectively, and the estimated average thickness of
the Co and Cu layers was 10 nm.

The morphology of the nanostructured interconnected
nanofiber networks was characterized using a field-emission
scanning electron microscope (SEM). For the electron
microscopy analysis, it was necessary to remove the
PC template. This was done by first etching the cathode
using a I2:KI (0.1:0.6 M) solution and then dissolving the

Fig. 1. (a) and (b) SEM images of an interconnected network of elec-
trodeposited 3-D Ni interconnected nanofiber networks, with a NW diameter
of 40 nm, obtained after complete dissolution of the host template. The inset in
(a) shows a typical size of fabricated devices and their mechanical robustness.
(c) Schematic representation of the system after the local removing of the
cathode used for electrodeposition leading to a suitable design for two-probe
electrical measurement [6], [7]. (d) Schematic of a microstrip transmission line
for FMR measurement fabricated using a similar partially filled membrane.

PC with dichloromethane. Magnetization hysteresis loops were
obtained at room temperature in the out-of-plane (OOP) direc-
tion of the interconnected nanofiber network film, using an
alternating gradient field magnetometer (AGFM-Lakeshore)
with a maximum applied field of ±14 kOe. A 500 μm
wide and 500 nm thick microstrip line waveguide was
evaporated on the free surface of the PC membrane after
electrodeposition, which has been used for the ferromag-
netic resonance (FMR) measurements as shown schematically
in Fig. 1(c) [4], [6]. Room temperature FMR measurements
were performed in the field sweep mode in the OOP direction
from 10 kOe down to zero field, at a constant frequency in
the range of 100 MHz to 50 GHz. The magneto-transport
measurements were performed at 20, 150, and 290K while
sweeping a magnetic field between ±10 kOe in the in-
plane [IP or the y-axis in Fig. 1(d)] and OOP [or the
z-axis in Fig. 1(d)] directions. Magneto-transport measure-
ments can be easily performed on interconnected nanofiber
network films, with the flow of current restricted along the
nanowire segments. For each sample, the input power was kept
below 0.1 μW to avoid self-heating, and the resistance was
measured within its ohmic resistance range with a resolution
of one part in 105. For these measurements, the cathode is
locally removed to create a two-probe design suitable for easy
electric measurements, as shown in Fig. 1(d).

III. RESULTS AND DISCUSSION

As shown in Fig. 1(a), interconnected nanofiber network
films are mechanically stable and self-supported after dissolu-
tion of the porous template. The close views in Fig. 1(b) show
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Fig. 2. (a) Normalized hysteresis loops measured with the external field
applied in the OOP direction of the PC membrane in Nix Co1−x intercon-
nected nanofiber networks, with 0 ≤ x ≤ 1. (b) Dependence between the
f/(4π Msγ ) and H/(4π Ms) ratios for the samples in (a), along with their
corresponding normalized FMR dispersion relations (dotted lines) by the
effective field 4π Ms for an infinite film. The inset shows the variation of Hmc
as a function of the Ni content. (c) Magnetoresistance curves performed on
the same set of samples of (a), with the applied field in the OOP (continuous
lines) and IP (dashed lines) directions. All measurements were carried out at
room temperature.

overall interconnected topology of the networks, as well as
the low roughness of the nanowires. A close relation between
the interconnected nanofiber networks’ magnetic and structural
properties has been demonstrated in NiCo interconnected
nanofiber networks, where the magnetic anisotropy can be
accurately controlled by changing the alloy composition [7].
The magnetic properties of the interconnected nanofiber net-
works can be modified by increasing the Ni content, along with
a progressive disappearance of the transverse MC anisotropy
contribution, which competes with the magnetostatic (MS)
anisotropy of the nanowires.

As seen in Fig. 2(a), Ni-rich samples (with x>45%) dis-
play fair square hysteresis loops in contrast to the case of
the Co-rich samples. Decreasing the Ni content below 45%

leads to the appearance of the hexagonal close-packed (HCP)
MC anisotropy contribution, which competes with the MS
anisotropy contribution since the c-axis is perpendicular to
the nanowires axis [7]. Therefore, the magnetic anisotropy
of Ni-rich networks is higher than that of Co-rich ones,
as expected.

To further investigate the magnetic behavior of the
NiCo alloys, FMR measurements have been carried out for
the distinct alloyed networks. The effect of the Ni content
on the magnetic anisotropy of NiCo networks is clearly
observed from their corresponding normalized dispersion rela-
tions shown in Fig. 2(b). For pure Co CNW networks,
the observed behavior in these figures is very similar to what
is reported previously for Co parallel nanowire arrays [8].
That is, the corresponding resonance frequencies are lowered
from the pure MS case of a NiFe network [6], which is
consistent with the configuration where the c-axis is oriented
perpendicular to the nanowire axis in Co-rich networks. These
results are in good agreement with what is observed from the
hysteresis loops in Fig. 2(a).

The MC contribution for the distinct networks can be
obtained using the previously reported expression between the
effective field Heff and the zero-field resonance frequency f0,
given by

Heff = f0

γ
√

C2
(1)

where the geometric factor C2 = 0.57 for a maximum
angle θ = π/4 of the nanowires orientation, as reported
previously [6]. The effective field can be written as the
superposition of the MS and MC contributions, that is Heff =
Hms + Hmc. The Hms field must be known in order to
determine the Hmc field. As known, the Hms field can be
written as the product of its saturation magnetization (Ms )
and a demagnetizing factor (N), which is a key feature of the
particular interconnected topology and a common parameter
for all the networks. For the particular case of interconnected
nanofiber networks with only MS contribution, its effective
anisotropy field is equal to the product of Ms and N . Since
the N factor remains unknown, let us consider a MS factor
NM that is proportional to N , which we define as the ratio
between the Hms = Heff field in (1) and the MS field (4π Ms )
for an infinite film. Indeed, the factor NM is independent on Ms

as it reproduces only the topological features of purely MS
interconnected nanofiber networks, which writes

NM = fNiFe√
C2

. (2)

In this equation, fNiFe = f0/(4π Msγ ) is the normalized
zero-field resonance frequency for the NiFe network shown
in Fig. 2(b). Combining (1) and (2) with the expression
Heff = Hms + Hmc, the MC field corresponds to

Hmc = 4π Ms

(
fNiCo√

C2
− NM

)
(3)

where fNiCo is the normalized zero-field resonance frequency
for the Nix Co1−x (0 ≤ x ≤ 1) alloyed networks in Fig. 2(b).
Using the as-obtained MS factor NM = 0.326 from (2) for
the dispersion relation for the NiFe sample, the resulting
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MC field as a function of the Ni content (x) is displayed
in the inset of Fig. 2(b). As expected, the Hmc field is
negative and increases toward the observed limiting value for
Co networks with perpendicular c-axis as the Ni content is
reduced [6]. It is worth mentioning that the small negative
anisotropy contribution observed for the Ni sample is not of
the same origin as the MC contribution for the NiCo alloyed
networks as it does not contain the HCP MC contribution of
Co. This contribution could be originated by residual stresses
due to the reduced diameter of the nanowires, as suggested
in [15].

The magnetic properties of interconnected nanofiber net-
works can be further investigated from AMR measurements,
as it provides information about changes in the resistivity as
the angle between the directions of the magnetization (M)
and current (I ) is modified. Fig. 2(c) shows room temperature
magnetoresistance curves, where the maximum resistance is
reached near zero applied magnetic field for Ni-rich alloys,
along both the IP and OOP directions. This behavior is
consistent with high remanent magnetization states, where
magnetization tends to be aligned with the nanowires axis
due to the shape anisotropy. Conversely, as seen in Fig. 2(c),
Co-rich alloys show a decrease of the resistance near zero
field, as a result of the misalignment of the magnetization
and the current paths originated by the competing MS and
MC anisotropies. This is consistent with the decrease of
the remanent magnetization seen in Fig. 1(a). In order to
quantitatively analyze the magneto-transport properties for the
distinct networks, a model has been elaborated to account for
each AMR contribution due to all the nanowire orientations
in the 3-D network. According to the AMR relation [13],
the electrical resistivity of magnetized materials depends on
the relative orientation (θ0) between the electrical current
along the nanowires (NWs) and the magnetization in the
applied field direction, that is

ρ(θ0) = ρ⊥ + (ρ|| − ρ⊥) cos2 θ0 (4)

where (π/4) ≤ θ0 ≤ (π/2) and 0 ≤ θ0 ≤ (π/4) for the
magnetization lying, respectively, in the IP and OOP directions
and ρ|| (ρ⊥) is the resistivity of the CNW network in the high
(low) resistance state when the local magnetization and current
paths are parallel (perpendicular) to each other. By virtue
of the uniform distribution of nanowire orientations in these
angle ranges, resistance values at saturation (ρ̄ip and ρ̄oop)
in the IP and OOP configurations, correspond to average
magnetoresistive values resulting from the contributions of all
the current paths with different orientations with respect to
the applied field direction. Therefore, the resistance values
at saturation in the IP and OOP directions are obtained by
averaging (4), that is

ρ̄ip = 1

L

∫ π/2

π/4
ρ(θ0)dθ0

= Kipρ|| + (
1 − Kip

)
ρ⊥ (5)

and

ρ̄oop = 1

L

∫ π/4

0
ρ(θ0)dθ0

= Koopρ|| + (
1 − Koop

)
ρ⊥. (6)

In these equations, L = π/4 is the interval length of angles and
Kip = (1/2)− (1/π) and Koop = (1/2)+ (1/π) are constants
relative to the specific topology of the interconnected fiber
networks considered in this paper. Solving simultaneously the
set of linear equations given by (5) and (6), along with the
knowledge of the experimental ρ̄ip and ρ̄oop at saturation, allow
to straightforwardly determine the resistance states ρ⊥ and ρ||.
Then, the AMR ratio is obtained as

�ρ

ρ
= ρ|| − ρ⊥

ρav
(7)

where ρav = (1/3)ρ|| + (2/3)ρ⊥ is the average magnetore-
sistance in 3-D systems. The calculated ρ|| and ρ⊥ states,
from (5) and (6), can be used to obtain accurate values of
the AMR ratio as long as the saturated state of magnetization
is reached properly. However, when the saturated state is
not reached because of the presence of an additional com-
peting anisotropy as in the case of the Co-rich networks
[see Fig. 2(c)], the AMR can be obtained with good accuracy
under the assumption that the ρ|| state is known. Indeed, since
this state is very close to the maximum resistance state (ρmax)
for most of the samples, the normalized resistance curves
in Fig. 2(c) can be used to obtain accurate values of both
the ρ⊥ state and the AMR ratio, using either (5) or (6).
The most accurate AMR values can be obtained along the
IP direction because otherwise, the narrow proximity between
ρ̄oop at saturation and ρmax observed in Fig. 2(c) leads to
significant errors.

The validity of (7) can be verified by comparing the experi-
mental ρ̄ip versus ρ̄oop variation with the theoretical expression

ρ̄ip = Koop

Kip
ρ̄oop + Kip − Koop

Kip
ρ|| (8)

which is obtained by combining (5) and (6). Fig. 3(a) shows
the comparison between (8) and the experimental variation
of ρ̄ip versus ρ̄oop obtained at the temperatures of 20, 150,
and 290K for the entire set of alloy compositions given in
percentages in the range from 0% to 100% and displayed
by different symbols. As seen, (7) is clearly validated from
the very good agreement between the model and the most
of the experimental data for whatever temperature value. The
strong MC anisotropy present in HCP Co-rich alloy systems
is responsible for the observed deviations of ρ̄ip versus ρ̄oop
from the model, as it prevents those systems from reaching
the highest resistance state as highlighted by the decrease
of the squareness of the normalized hysteresis curves shown
in Fig. 2(a). Furthermore, since the application of a magnetic
field in the OOP or IP direction decreases the resistance due
to the AMR effect, the presence of a strong MC contribution
prevents from reaching the saturated state where the complete
alignment between the M and I vectors is expected. Fig. 2(a)
also provides a useful guideline for the good choice of the
samples that can provide accurate values of the AMR ratio.
In summary, (7) is valid as long as other magnetic anisotropy
contributions remain low in order to allow the resistivity from
reaching the parallel (ρ||) resistance state.

As shown in Fig. 3(b), the variation of the AMR ratio
versus the Ni content (x) has been obtained from the
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Fig. 3. (a) Comparison between the model (8) and the experimental variation
of ρ̄ip/ρ|| versus ρ̄oop/ρ|| at H = 10 kOe for Nix Co1−x interconnected fiber
networks at the three temperatures of 20, 150, and 290K. The gray shaded area
represents the calculated ρ̄ip/ρ|| in the angle range 40◦−50◦. (b) Variation of
the AMR ratio with respect to the Ni content at 20 K, 150 K, and 290 K [7].

measured IP resistance at saturation (ρ̄ip) as input parameter
into (7), at 20, 150, and 290K for the different NixCo1−x

systems. As seen, the maximum AMR ratio at x ≈ 75%
for all temperatures is consistent with previous reports on
electrodeposited CNWs, films, and metallurgically processed
NiCo alloys [7], [11]–[13]. Although the AMR ratio in the
interconnected nanofiber network structures increases at low
temperature as a result of the smaller resistivity of the alloys,
it remains slightly smaller in comparison with bulk materials
as a consequence of the larger residual resistivity due to scat-
tering by static lattice defects and surface roughness. However,
the still fairly large AMR ratio obtained around 75% atomic of
Ni makes this system very attractive to explore other magnetic
effects as the presence of domain walls at the crossing zones,
which is of particular interest for the development of AMR
sensors.

On the other hand, interconnected Co/Cu multilayered
3-D nanofiber networks (40 nm in diameter) display large
current perpendicular to the plane (CPP)—giant magnetore-
sistance (GMR) responses measured with the current flowing
perpendicularly to the plane of the layers in the individual
nanowire segments and thus overall in the plane of the
3-D network film.

The measurements were conducted at 290 and 20K with the
applied magnetic field along the IP direction. Fig. 4 shows the

Fig. 4. Comparison of the CPP-GMR and hysteresis loop of crossed
Co(10 nm)/Cu(10 nm) NWs at room temperature by applying the external
field in the IP direction. The GMR curve obtained at 20 K for the same
sample is also shown.

CPP-GMR curves obtained at the two distinct temperatures.
The GMR ratio, defined as [ρ(H ) − ρ(Hsat)]/ρ(Hsat) with
Hsat the saturation field and expressed as a percentage, reach
14% at 295K and 19% at 20K. The magnetization hysteresis
loop for the same multilayered NW sample measured in the
IP direction at 295K is also shown in Fig. 4 for comparison.
The GMR ratio obtained for such 3-D networks composed of
Co(10 nm)/Cu(10 nm) NWs is close to the values previously
reported in electrodeposited Co/Cu NWs organized in parallel
arrays using nanoporous templates with similar pore diameters
in the range 30 − 40 nm [14], [16]–[19]. From previous
works, it is known that the relatively large Cu layer thickness
of 10 nm does not give rise to any significant antiferromag-
netic exchange coupling between the layers [19]. Therefore,
the magnetic layers are in the uncoupled regime, and in
this case, the magnetizations in the ferromagnetic layers are
randomly aligned in zero magnetic field. When the magnetic
field is increased, the magnetic moments of each Co layer
align in the field direction, thus leading to a decrease in the
resistance.

Finally, other 3-D nanofiber network architectures based on
nanotubes and core-shell nanocables are currently investigated.
A wide range of controllable parameters that can be used
to tune the magnetic and magneto-transport properties of
mechanically stable and self-supported 3-D interconnected
nanofiber networks. Numerical simulations are in progress
to provide a better understanding of the studied systems.
These mechanically stable 3-D nanofiber superstructures have
potential applications in many fields.

IV. CONCLUSION

In this paper, a series of alloyed NiCo interconnected
nanofiber networks has been fabricated with controlled com-
position by controlling the deposition potential and using
different electrolytic solutions. The ease of carrying out
magneto-transport measurements in these alloyed intercon-
nected networks and the interplay between the tunable mag-
netic and magneto-transport properties, as a key feature for the
accurate determination of magneto-transport properties like the
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AMR ratio, has been demonstrated. Besides, among the advan-
tages of the interconnected nanowire architecture are their
mechanically stable and self-supporting features after chemical
dissolution of the polymer membrane. The AMR ratio of
these interconnected nanofiber networks has been precisely
determined from simple magneto-transport measurements by
proposing a simple analytical model based on the particular
interconnected topology of the networks. The feasibility to
obtain giant magnetoresistive responses in Co/Cu multilayered
CNW networks made them very interesting structures for
potential applications of 3-D nanowire networks in magnetic
memory, sensor, and logic devices. Finally, this paper opens up
the possibility for a controlled synthesis of complex nanoar-
chitectures with tunable magnetic and magneto-transport
properties.
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