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Magneto-transport behavior of disordered three
dimensional NixCo1−x inverse opal networks
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Herein we report on the magneto-transport properties of disordered three dimensional inverse opals (3D-IOs) fabricated by a standard
three-probe electrodeposition technique into the interstices of porous membranes made of 150 nm diameter self assembled poly(methyl
methacrylate) spheres. This approach has allowed the synthesis of large scale nanocomposites with exact ferromagnetic NixCo1−x alloy
compositions and complex interconnected structure. Particularly, the microstructure of Co-rich 3D-IOs is consistent with the hexagonal close
packedhcp texture and its corresponding magnetoresistance is explained in terms of thehcpCo magnetocrystalline anisotropy contribution.
Conversely, the magnetoresistive behavior of Ni-rich 3D-IO networks is explained in terms of only their magnetostatic field. The control of
these features is made possible by the reduced dimensions of necks and walls, in the 40 nm to 60 nm range, of the 3D-IO structure. Despite
the disordered morphology of these 3D-IO nanoarchitectures, their microstructural and magneto-transport properties can be fine tuned due
to the reduced nanoscale dimensions of the electrical interconnections. These properties have been found to be comparable to those obtained
in other 3D networks, making them interesting systems for their potential use for magnetic sensing and spintronic applications.
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1. Introduction

Magnetic arrays of interconnected nanostructures are appeal-
ing systems due to their interesting properties and potential
applications as high density magnetic storage media, mag-
netic sensing and spintronic device applications [1, 2]. Two
dimensional (2D) ordered antidot arrays obtained by pat-
terning of magnetic thin films using techniques like electron
beam lithography and nanosphere lithography, are among
the most studied large scale interconnected magnetic sys-
tems [3, 4]. Although 2D systems are very interesting for
the study of different phenomena like magnetic frustration,
emergent magnetic monopoles and magnonics [5], they are
limited to the study of effects characteristic of three dimen-
sional (3D) nanomagnetism [6] and are not suitable for non-
planar applications [7]. The development of more complex
nano-architectures allowing interconnections in three dimen-
sions between basic nano-building blocks have attracted fur-
ther attention due to the possibility of fabricating large scale
macroscopic systems with unique functionalities based on
nanoscale properties. That is, 3D materials build from ba-
sic nanoelements with specific morphological and physico-
chemical properties have attracted considerable interest for
a large variety of potential applications [8–13]. Control on

the spatial and microstructural characteristics has lead to the
development of different types of 3D magnetic nanoarchi-
tectures like crossed nanowire networks [14, 15], intercon-
nected carbon based nanofibers [16], and inverse opals [17].
Three dimensional inverse opals (3D-IOs) networks grown
into the interstices of self-assembled polymeric spherical par-
ticles have attracted considerable attention due to their use as
electrochemical energy storage [18–20], catalysts [21], ther-
moelectrics [22], photoanodes for solar water oxidation [23],
photonic [24], and biological and chemical sensing [25] de-
vices. Among the wide variety of fabrication methods to syn-
thesize nanostructured networks, electrodeposition has been
widely particularly used as a tool for the growth of 3D-IOs
into the interstices of self assembled colloidal crystals made
of ensembles of polymeric nanoparticles [26–29]. Electrode-
position, as a versatile and low cost fabrication technique,
allows the synthesis of complex 3D networks for a wide vari-
ety of applications. Specifically, magnetic 3D-IOs fabricated
as large scale nanoarchitectures have been found to exhibit
interesting microwave absorption [30], magnetic [31], spin
wave modes [32] and magneto-transport [33] properties for
their potential use as multifunctional devices. Among these,
magneto-transport properties like anisotropic magnetoresis-
tance (AMR) and giant magnetoresistance are well-known ef-
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fects that have been exploited for a wide variety of spintronic
applications [34]. Particularly, 3D-IOs displaying AMR sig-
nals [35] are potential candidates for large scale spintronic
applications.

In this work a series of NixCo1−x 3D-IOs, with0≤x≤1,
have been synthesized by electrodeposition into the intersti-
tial voids of polymeric opals made of self assembled spheri-
cal Poly (methyl methacrylate) (PMMA) nanoparticles. The
microstructural and magnetic characterization has shown that
Co-rich 3D-IOs havehcp texture and their corresponding
magnetocrystalline anisotropy leads to significant changes in
the magnetoresistance curves. Conversely, Ni-rich 3D-IOs
have preferentialfcc texture and display more symmetrical
magnetoresistance curves with larger AMR values. Despite
the disorder feature of the 3D-IOs synthesized in this work,
their magnetic and magneto-transport behavior is very com-
parable and of the same order of magnitude as that of other
3D networks [36–38], which makes them interesting for mag-
netic sensing and spintronic applications.

2. Experimental

Previously cleaned microscope slides using FL-70
phosphate-free soap and nitric acid have been used as sub-
strates for conductive indium-tin oxide (ITO) thin films that
serve as cathodes for the growth of inverse opals. The ITO
thin films have been spin-coated on the as-cleaned micro-
scope slides by following a previously reported citric acid
sol-gel route [39]. A solution has been prepared by dis-
solving 1.1 mmol C6H8O7·H2O + 0.5 mmol InCl3·4H2O +
0.05 mmol SnCl4·5H2O in a mixture of 3 mL ethanol and
2 mL ethylene glycol at 40◦C for 30 min. All reactants are
99.9% pure and were purchased from Aldrich. For the spin-
coating process, a 40µL solution volume is dropped onto
the substrate which is accelerated at 5000 rpm for 10 s. The
as-obtained ITO thin layer is dried on a hot plate at 100◦C
and then sintered in a furnace in ambient conditions at 500◦C
for one hour. PMMA nanoparticles have been synthesized by
a controlled pH emulsion polymerization [40]. In this pro-
cess, the monomer is dispersed in a non-compatible liquid
medium to polymerize the emulsion with a soluble cationic
initiator, giving as a result a colloid of spherical polymeric
nanoparticles. The polymerization has been carried out in
a 50 mL three-neck round-bottom flask immersed in a wa-
ter bath at 70◦C by first stirring 1 mM C8H18N6-2HCl +
2.26 M C5H8O2 with nitrogen bubbling in deionized wa-
ter. At the beginning of the polymerization reaction, the
addition of a second solution consisting of 2 mM C5H6O4

(itaconic acid) is needed to reduce the surface tension of
the final PMMA colloidal suspension and to obtain porous
membranes without cracks. Although the polymerization
reaction lasts approximately 30 minutes, as identified by
a gradual increase in the temperature of the suspension to
75◦C, agitation and nitrogen bubbling is maintained for a
further 7 hours. After this time, a suspension based on 150

nm diameter PMMA nanoparticles is obtained. Continuous
colloidal membranes are then fabricated by the drop-casting
method, in which 100µL of PMMA colloidal suspension
is dropped onto the glass/ITO substrates [41]. After wa-
ter evaporation, self-assembly of PMMA spheres resulted
in compact opal templates, which were annealed above the
glass transition temperature (Tg ≈ 105◦C) of atactic PMMA
for 30 minutes to fuse adjacent nanoparticles between each
others. Composite Ni, Co, and NixCo1−x (0 ≤ x ≤ 1) 3D-
IOs have been grown into the interstitial voids of the PMMA
membranes by a standard three-probe electrodeposition tech-
nique at room temperature in the potentiostatic mode using
a Ag/AgCl reference electrode and a Pt counter electrode.
The growth of Co and Ni composite 3D-IOs has been car-
ried out at the respective constant potentials of−0.95 V and
−1.1 V by using the following electrolytic solutions: 238.5
[g l−1] CoSO4 ·7H2O + 30 [g l−1] H3BO3; and 262.8 [g l−1]
NiSO4 + 30 [g l−1] H3BO3 at pH 3.4. The pH value of the as-
prepared Co electrolyte is 3.8, which has been increased up to
5.0 by the addition of NaOH [42]. For the electrodeposition
of the NixCo1−x (20%≤ x ≤ 75%) alloyed inverse opals, a
constant reduction potential in the range from−0.85 to −2
V and an electrolyte containing 26.3 [g l−1] NiSO4·6H2O +
44.9 [g l−1] CoSO4·7H2O + 30.3 [g l−1] H3BO3 were used.
Electrodeposition of alloyed inverse opals with 60%≤ x ≤
90% was done for reduction potentials in the range from−1
to−2 V using the same electrolyte but with a Co concentra-
tion of 12.2 [g l−1] CoSO4 · 7H2O instead. The pH of these
solutions was lowered down to 2.0 by addition of H2SO4.

The inverse opals morphology has been confirmed by
field-emission scanning electron microscopy (FE-SEM) ob-
servations after removal of the PMMA host membrane using
dichloromethane. The crystal orientation has been investi-
gated by X-ray diffraction (XRD) experiments using a Bruker
D2 Phaser X-ray diffractometer with a Cu radiation source of
wavelengthλ = 1.54 Å. For the room temperature magneto-

FIGURE 1. Schematic representation of the electrical circuit for
magneto-transport measurements of a 3D-IO network grown on an
ITO/glass substrate. A Lock-In amplifier and a digital multimeter
are used to inject an AC electrical signal and to record the sam-
ple resistanceR, respectively, while the applied magnetic field is
sweep either along the IP or OOP direction to the film plane.
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FIGURE 2. Scanning electron microscopy micrographs of a) the top view of a porous membrane made of self-assembled PMMA spherical
nanoparticles, and b) the corresponding Ni 3D-IO synthesized by electrodeposition in the porous membrane shown in a). The inset in each
figure shows a close view of the corresponding structure.

transport measurement setup a 7265 model lock-In ampli-
fier has been used to inject an AC electrical current (I) in
a two-probe setup while sweeping the magnetic field (H) be-
tween±10 kOe in the in-plane (IP) and out-of-plane (OOP)
directions of the 3D-IO/polymer composite, as shown in the
schematic view of Fig. 1. As seen, a digital multimeter is
connected in parallel configuration to record the sample re-
sistance. The two-layer ITO/3D-IO stacking allows the cur-
rent to be injected directly into the branched 3D-IO structure
because of its lower electrical resistance by three orders of
magnitude in comparison to that of the ITO layer. The length
between contacts made by an acetone-based Ag paint in the
samples was about 0.5 cm. The input power to each sample
was kept below 0.1µW to avoid self-heating and to keep the
resistance within its ohmic regime with a resolution of one
part in105.

3. Results and discussion

The as-obtained porous membranes consisting in disordered
self-assembled PMMA spherical nanoparticles are shown in
Fig. 2a). As seen, a distribution of voids in the membrane ex-
ists due to the high disordering of the PMMA particles. The
inset in this figure shows a close view of the membrane top
view, exhibiting spherical nanoparticles of almost the same
diameter of about 150 nm. Figure 2b) shows the metallic
3D-IO obtained after dissolution of the host polymer mem-
brane, which exhibits a dense interconnected morphology.
The close view of the 3D-IO structure observed in the inset
of this figure reveals the thickness of necks and walls in the
range of 40 nm to 60 nm, which is very suitable for carrying
out adequate magneto-transport experiments.

Besides, Fig. 3 displays XRD patterns for pure Co and
Ni, as a well as for alloyed Ni34Co66, Ni76Co24 3D-IOs.
As seen, the diffraction pattern of the pure Co 3D-IO dis-
plays two main peaks at low2θ angles, consistent with the
Cohcpphase (COD 1512501). As the Ni content in the alloy
increases to34%, both thefccandhcpphases of Co (COD

FIGURE 3. X-ray diffraction patterns for Co, Ni34Co66, Ni76Co24,
and Ni 3D-IOs.

9008466) coexist with thefcc phase of Ni (COD 1512526).
Although, the peak intensity for thefcc (200) plane is com-
parable to that for thehcp (100) plane, the XRD pattern is
consistent with those for Co-rich alloys reported previously
for thin films [43] and nanowires [44] grown by electrodepo-
sition. Increasing further the Co content in the alloy to obtain
the Ni76Co24 3D-IO, leads to the disappearance of the Co
(100) peak at the expense of the increase of the Ni (111) tex-
ture. In turn, the XRD pattern for the pure Ni 3D-IO network
displays only the peak for the (111) plane.

On the other hand, the room temperature magnetoresis-
tance curves shown in Fig. 4 are consistent with the depen-
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FIGURE 4. Room temperature magnetoresistance curves recorded with the magnetic field applied along the IP direction (dotted lines) and
the OOP direction (continuous lines) for NixCo1−x (0 ≤ x ≤ 1) 3D-IOs.

dence of resistivity with the relative angle between the mag-
netization and electrical current. This behavior is charac-
teristic of the AMR effect, as corroborated by the different
curves recorded with the external magnetic field applied in
the OOP (continuous lines) and IP (dashed lines) directions
of NiCo 3D-IOs. For the case of the pure Co 3D-IO, the IP
and OOP curves shown in Fig. 4a) are very similar to each
other, which is consistent with the presence of the magne-
tocrystalline (MC) anisotropy contribution that results from
the predominanthcpphase (see Fig. 3). This anisotropy con-
tribution has the effect of deviating the magnetization away
from its preferential orientation along the necks and walls
of the interconnected 3D-IO structure. This feature is con-
firmed by the significant decrease of the resistance near zero
field along the OOP direction, as observed in Fig. 4a). In
the absence of the MC anisotropy field, the magnetization
tends to be aligned along the longest direction of the inter-
connection nanoelements in the 3D-IO structure. Indeed, the
low dimensions in the 40 nm to 60 nm range of the intercon-
nection necks and walls of the 3D-IO networks are close to
the domain wall width of Ni-based ferromagnetic nanomate-

rials [44], favouring the local single domain regime and mak-
ing 3D-IO ferromagnetic networks magnetically much harder
in comparison to continuous thin films, as suggested by pre-
vious works [43,44]. Furthermore, a residual MC anisotropy
contribution in Co-rich 3D-IOs like that shown in Fig. 4b)
is evident because of the magnetoresistance curves recorded
along the OOP direction still display some hysteresis. That
is, the reduction of the hysteresis in the OOP curve is con-
sistent with the decrease of thehcp texture by virtue of the
presence of Ni and Cofccphases, as seen in Fig. 3.

Conversely, negligible hysteresis and the largest resis-
tance difference between the IP and OOP resistance curves
at saturation (±10 kOe) is observed for the Ni76Co24 3D-
IO. For Ni-rich 3D-IOs the maximum resistance in the OOP
direction is reached at zero field, as seen in Figs. 4c) and
4d). Therefore, for these networks the preferred alignment of
the magnetization lies in the elongated necks and wall seg-
ments of the 3D structure because of to the predominance of
the magnetostatic (MS) anisotropy. Indeed, in this case the
3D-IO microstructure is consistent with the polycrystalline
cubic phase of Ni which has a negligible magnetocrystalline

Rev. Mex. Fis.69041603



MAGNETO-TRANSPORT BEHAVIOR OF DISORDERED THREE DIMENSIONAL NixCo1−x INVERSE OPAL NETWORKS 5

FIGURE 5. Variation of the room temperature MR ratio vs. the Ni
contentx for NixCo1−x 3D-IOs.

anisotropy [45]. Furthermore, whereas the OOP resistance
curve is bell-shaped for most of the alloy compositions, the
IP curve displays a complete different behavior as they have
two minima in the vicinity of zero field which are attained
after a sudden decrease of the resistance. These resistance
minima are consistent with a very fast magnetization reversal
dominated by vortex-like domain walls propagation.

The magneto-transport properties of the 3D-IOs synthe-
sized in this work have been analyzed in terms of the con-
ventional magnetoresistance (MR) ratio which is defined as
the percentage change between the saturation (Rs) and max-
imum (Rm) resistance states, that is

MR =
∆R

R
=

Rm −Rs

Rs
. (1)

As known, the physical mechanisms giving rise to this effect
in ferromagnetic materials is originated by the spin-orbit cou-
pling and the magnetic ordering, and corresponds mainly to
the AMR ratio [46]. Figure 5 shows the room temperature
MR ratio as a function of the Ni content (x) for NixCo1−x

3D-IOs. The observed behavior in this figure is consistent
with what is reported in previous works on NiCo alloys and
electrodeposited films [43,47], where the maximum MR ratio
value of about 1.9% atx ≈ 75 % is attributed to the zero mag-
netostriction, zero MC constants and to the high saturation
magnetization of about one Bohr magneton per atom for that
particular alloy composition [46]. This MR value is smaller
than previously reported AMR ratios for thin films and bulk
alloys of up to≈ 6%. In the case of 3D-IOs, the large disor-
der and number of interconnections between nanoscale necks
and walls in the 3D-IO structure lead to a significant num-
ber of static lattice defects responsible of electron scattering
responsible of a larger residual resistivityρ0. Despite this

drawback, the larger MR value close to 2% obtained in this
work is large enough to be exploited in AMR based sensing
applications like position sensors and flowmeters.

4. Conclusions

Self-assembled polymer opals have been used as templates
for the synthesis by electrodeposition of disordered 3D-IOs
made of pure ferromagnetic Ni and Co metals and their al-
loys. The structural characterization by X-ray diffraction
has revealed the presence of mixedfcc-hcpphases in Co-
rich 3D-IOs and a preferentialfcc polycrystalline phase for
Ni-rich 3D-IOs. The ability to perform reliable magneto-
transport measurements has been demonstrated by virtue of
the very high interconnectivity of the synthesized 3D-IOs.
Particularly, the control of the NiCo 3D-IOs alloys compo-
sition has a great influence on the magnetoresistive response,
leading to magnetoresistance ratios as high as 1.9% for the
specific Ni76Co24 alloy. The present study opens up the
way for a cost-effective porous template-assisted synthesis of
interconnected 3D-IOs with accurate control over chemical
composition, microstructural features and tunable magneto-
transport properties. Despite the disordered feature of these
networks, their magneto-transport properties make them suit-
able nanocomposite systems for the their potential applica-
tion in magnetic field sensing and spintronic devices.
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