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We have explored the interplay between the magnetic and magneto-transport properties of 3D inter-

connected nanowire networks made of various magnetic metals by electrodeposition into nanoporous

membranes with crossed channels and controlled topology. The close relationship between their mag-

netic and structural properties has a direct impact on their magneto-transport behavior. In order to

accurately and reliably describe the effective magnetic anisotropy and anisotropic magnetoresistance,

an analytical model inherent to the topology of 3D nanowire networks is proposed and validated. The

feasibility to obtain magneto-transport responses in nanowire network films based on interconnected

nanowires makes them very attractive for the development of mechanically stable superstructures

that are suitable for potential technological applications. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4959249]

I. INTRODUCTION

The three-dimensional (3D) nanowire (NW) networks are

attractive nanodevice components due to their unique archi-

tectures and high degree of wire interconnectivity that could

be beneficial for a wide range of applications in energy har-

vesting/storage systems,1–5 electronic sensing devices and

actuators,6–8 catalysts,9 electrochromic elements,10 solar

cells,11 biosensor,12 bio-analytical devices,13,14 among others.

Magnetic NW networks are also expected to play an important

role in the development of next-generation multifunctional

devices. For instance, high-aspect-ratio 3D nanostructures

embedded in a dielectric matrix can be used to fabricate mag-

netic devices with controlled anisotropy and microwave

absorption properties.15 The 3D networks of magnetic NWs

have also potential applications for the storage and logic oper-

ation of information carried and processed by domain walls

flowing along them.16 However, the fabrication of 3D nano-

architectures is extremely complicated with conventional

lithography techniques and so far lacks the commercial viabil-

ity. On the contrary, template-assisted synthesis is a versatile

bottom-up approach for low-cost, reliable, and large-scale

fabrication of NW networks with controlled size, geometry,

composition, and surface morphology. Typically, these 3D

networks are obtained by simple electrochemical deposition

within the hierarchical nanopores of a suitable template. So

far, various 3D nanoporous templates have been used for this

purpose, including silica templates,17 diblock copolymers,10

3D alumina nanoporous hosts,1,2,18 as well as track-etched

polymeric membranes.9,15 The latter approach is the most

promising as dense networks of crossed cylindrical nanopores

can be obtained through sequential polycarbonate (PC) film

irradiation with energetic heavy ions at different incidence

angles, followed by selective chemical etching of the ion-

tracks within the polymer film.19 The suitability of such 3D

nanoporous polymer templates to form dense interconnected

NW networks with tunable geometrical parameters in terms of

NW size, density, and orientation opens up the possibility for

a controlled synthesis of a large variety of complex 3D net-

works of high aspect-ratio nanostructures with different geom-

etries and materials. In this work, we explore the advantages

of using such nanoporous track-etched polymer membranes

with intrinsic crossed nanochannels to form dense networks of

40 nm diameter crossed nanowires (CNWs) made of various

magnetic metals. The interconnected CNWs architecture facil-

itates the ability to perform basic magneto-transport measure-

ments and to investigate the interplay between electronic

transport and magnetic properties. The combination of magne-

tostatic effects and magnetocrystalline (MC) anisotropy,

together with the peculiar geometrical arrangements and suit-

able choice of material composition, enables for the design of

3D CNW networks with tunable static and dynamic magnetic

properties. We show that the effective magnetic anisotropy

and absorption frequency of Co CNW networks can be

strongly modified using well-known mechanisms to modify

their microstructure, such as the electrolyte pH.20 The mea-

sured anisotropic magneto-resistance ratio for CNW networks

is closely related to their magnetic properties and is consistent

with a spatial average that results from all the NWs orienta-

tions in the membrane. These are very useful features for
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applications of magnetic CNW networks in magnetic mem-

ory, sensor, and logic devices. Besides, it was found that

mechanically stable and self-supporting magnetic CNW net-

works are formed after chemical dissolution of the polymer

membrane. Our approach demonstrates the suitability of such

3D nanoporous polymer templates with controlled pore struc-

ture parameters to form magnetic CNW networks with a large

variety of geometries and material compositions, which opens

up the possibility for a controlled synthesis of complex nano-

architectures with tunable magnetic and magneto-transport

properties.

II. EXPERIMENTAL

The 20 lm thick crossed nanoporous templates have

been prepared by performing a sequential multi-step expo-

sure of energetic heavy ions, at various angles with respect

to the normal of the PC film surface. For the present study, a

PC film was subjected to a first irradiation step over a wide

angular range from �45� to þ45� with respect to the normal

axis of the PC surface [see Fig. 1(a)]. Next, as shown in Fig.

1(b), for the second irradiation step, the film was rotated in

the plane by 90� and re-exposed to the same angular variable

irradiation flux to form finally a complex 3D nanochannel

network. In both irradiation steps, the standard deviation was

65� maximum around the target maximum angle. Both irra-

diation steps with quasi-continuous angular variation are a

key requirement to obtain highly interconnected porous net-

works. The latent tracks were chemically etched in a 0.5M

NaOH aqueous solution at 70� C to form 40 nm diameter

nanopores, following a previously reported protocol.19 The

as-prepared polymer membrane containing dense networks

of 3D interconnected cylindrical nanopores9,15 was designed

with volumetric porosity of approximately 20%. In a second

stage, the PC templates were coated on one side using an

e-beam evaporator with a metallic Cr/Cu bilayer to serve as

cathode during the electrochemical deposition. The thickness

of the thin adhesion layer of Cr was 10 nm, while for a

FIG. 1. Schematics of the track etching process (a) for the first irradiation step under an angular range of 645� relative to the out-of-plane direction and (b) for

the second irradiation step after in-plane PC membrane rotation by 90� and again under the same angular range relative to the OOP direction. (c) Schematic

representation of a 3D PC template prepared by the successive irradiation steps of (a) and (b), featuring cylindrical nanopores with a mean diameter of 40 nm

and partially filled with magnetic CNWs. An electrode design for two-probe electrical measurement obtained by local etching of the Cu cathode is also shown.

(d) Schematic of a stripline transmission line for FMR measurement fabricated using similar partially filled membrane.
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uniform and consistent nanopore coverage withstanding the

electrodeposition process, the Cu film thickness was set to

150 nm.

Permalloy (Ni80Fe20) and Co CNW networks were

grown by electrodeposition into crossed pore PC templates.

All depositions were done at room temperature in the poten-

tiostatic mode using a Ag/AgCl reference electrode and a Pt

counter electrode. Electrodeposition of NiFe and Co CNWs

was carried out at the respective constant potentials of �1 V

and �0.95 V using the electrolytes: 5.5 g l�1 FeSO4 þ 131.4

g l�1 NiSO4 þ 30 g l�1 H3BO3 at pH 3; and 238.5 g l�1

CoSO4 þ 30 g l�1 H3BO3 in the pH range 2–6.4. The

as-prepared Co solution has a pH value of 3.6, which was

lowered gradually down to 2.0 by addition of diluted H2SO4

or increased up to 6.4 by addition of NaOH.20 The morphol-

ogy of the nanostructured CNW networks was characterized

using a field-emission scanning electron microscope

(FE-SEM). For the electron microscopy analysis, it was

necessary to remove the PC template. This was done by first

etching the Cr/Cu cathode using a I2:KI (0.1:0.6M) solution

and then dissolving the polycarbonate with dichlorome-

thane. X-ray diffraction (XRD) measurements have been

carried out by using a Rigaku X-ray diffractometer with Cu

Ka1 radiation of wavelength k ¼ 1:54 Å. Magnetization

curves were obtained at room temperature in the out-of-

plane (OOP) and in-plane (IP) directions of the CNW net-

work film, using an alternating gradient field magnetometer

(AGFM-Lakeshore) with a maximum applied field of 610

kOe. For the ferromagnetic resonance (FMR) measurements, a

microstrip line wave-guide configuration has been used

[Fig. 1(d)].15,21 A 500 lm wide and 500 nm thick microstrip

was evaporated on the free surface of the PC membrane after

electrodeposition. FMR measurements were performed at

room temperature at a constant frequency in the range of 100

MHz to 50 GHz, by sweeping the magnetic field applied in the

OOP direction from 10 kOe down to zero field. The experi-

mental setup for magneto-transport is based on a four/two-

probe measurement system. A mechanical mask was used for

selective local removal of Cu cathode by wet chemical etching

using the iodine-based solution and for creating an electrode

design at the surface of the filled template [Fig. 1(c)]. In this

configuration, the current is directly injected to the branched

CNW structure from unetched sections of the Cu cathode,

thanks to the high degree of electrical connectivity of the

CNWs.

It should be noted that the results obtained by four- and

two-probe measurements were the same, as the typical resis-

tance values of the prepared specimens (in the range of few

tens of X) were usually much larger than the ones attributed

to the corresponding leads and contacts to the sample. The

measured samples were about 1 cm long and the electrical

contacts were directly made by Ag paint. For each sample, the

input power was kept below 0.1 lW to avoid self-heating, and

the resistance was measured within its ohmic resistance range

with a resolution of one part in 105. The magneto-transport

measurements were performed while sweeping a magnetic

field between 610 kOe in the IP and OOP directions. The

magneto-transport measurements in this study were made in

the temperature range from 20 K to 300 K

III. RESULTS AND DISCUSSION

Figs. 2(a) and 2(b) show SEM micrographs at different

magnifications of the self-standing 40 nm diameter NiFe

CNW networks after the complete dissolution of the PC tem-

plate. As expected, the obtained structure exhibits a complex

branching structure, imposed by the 3D nanoporous template

(see Fig. 1). The interconnected NiFe CNWs provided a high

degree of electrical connectivity and good mechanical stabil-

ity, as the entire 3D-CNW networks (with an area of

�1 cm2) freed-up from the polymer nanoporous host are

self-supported and could be easily handled by tweezers, as

seen in the inset of Fig. 2(a). The topological structure of the

porous membranes described in Fig. 1 is a key feature in giv-

ing rise to robust network architectures made up of self-

standing magnetic CNW networks. As seen from Fig. 2(b),

the orientation of the cylindrical wires is homogeneous along

the angular range of 645�.
X-ray diffraction has been done in order to analyze the

crystallographic and structural properties of the Co CNWs.

FIG. 2. (a) Low-magnification tilted view SEM image of the interconnected

network of electrodeposited 3D NiFe CNWs obtained after the complete dis-

solution of the PC nanoporous host with an inset optical image showing the

mechanical robustness of the macroscopic self-supporting network. (b)

High-magnification top view of the dense NiFe CNW network with diameter

of 40 nm. The inset displays a close magnification where the low roughness

of the nanowires can be appreciated.
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Fig. 3 shows the x-ray diffraction patterns of the Co CNWs

deposited at (a) pH 2.0, (b) pH 3.6, (c) pH 5.0, and (d) pH

6.4. Overall, comparing the different spectra, clear structural

changes can be appreciated as the pH increases from 2.0 to

6.4. For the pH 2.0 sample, the spectra show five peaks.

Three of them correspond to the diffraction of (100), (002),

and (101) planes of the Co hcp structure. While the strongest

peak is that related to the fcc (111) plane and at the right side

corresponds to the fcc (200) plane.22 This confirms that the

Co CNWs grown in an electrolyte at a pH value of 2.0 show

no favorable structural texture. However, for intermediate

pH values, 3.6 and 5.0, in Figs. 3(b) and 3(c), respectively,

the strongest peak corresponds to the hcp (100) plane. As the

pH is increased from 3.6 to 5.0, the fcc (111), (200) as well

as the hcp (200) peak intensity decreases, and for the pH 5.0

sample, the hcp (002) peak vanishes. The hcp (101) peak

intensity also increases as the pH is increased from 2.0 to

5.0. This indicates that for the pH interval between 3.6 and

5.0, the hcp Co is predominantly oriented perpendicular to

the nanowires axis and the presence of the fcc (111) peak

suggests the presence of stacking faults.22,23 Furthermore,

the absence of the hcp (002) peak for the pH 5.0 Co sample

implies that for this sample, the texture of the hcp c-axis per-

pendicular to the nanowire axis is of better quality than the

pH 3.6 sample. When the pH is increased to 6.4, it can be

seen in Fig. 3(d) that a strong texture change takes place. In

this case, only the Co hcp (002) peak is observed, along with

a small reflection from the fcc (111) plane. This is consistent

with a high orientation of the c-axis along the nanowires

axis. A further quantitative analysis about the grain size-

distribution has been derived from the widths of the main

peaks using the Scherrer equation for each CNW network.

This analysis reveals grain sizes in the range from about 17

to 34 nm, which are lower than the NWs diameter of 40 nm.

The specific grain size values extracted from the more

intense peaks for each sample are indicated in Fig. 3.

Hysteresis loops have been measured at room temperature

on the various ferromagnetic CNW networks with the field

applied in the OOP and IP directions. Figs. 4(a) and 4(b) show

the hysteresis loops measured in both directions for the case of

NiFe and Co (pH 2.0) CNWs, respectively. Although exchange

interactions at the crossing points of the branched structure and

dipolar interactions provide significant contributions to the

FIG. 3. X-ray diffraction patterns of the Co CNW networks deposited at (a)

pH 2.0, (b) pH 3.6, (c) pH 5.0, and (d) pH 6.4. The grain size for the more

intense crystal diffraction peaks is displayed in the figure.

FIG. 4. Hysteresis loops measured with the external field applied out of the

plane (OOP) and in the plane (IP) of the PC membrane in (a) NiFe and of

electrodeposited Co CNW networks using different electrolytic bath acidi-

ties: (b) pH 2.0, (c) pH 3.6, (d) pH 5.0, and (e) pH 6.4. (f) Comparison

between the IP and OOP hysteresis loops for the NiFe and Co (pH 2.0)

CNW networks of (a) and (b) plotted vs. the field ratio H=Hc, where Hc is

the corresponding coercive field.
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energy terms, the most dominant energy contribution for our

NiFe and Co (pH 2.0) CNW networks is magnetostatic (MS)

anisotropy energy, as will be shown afterwards. Figs.

4(b)–4(e) show a comparison of the hysteresis loops mea-

sured for Co CNW grown by varying pH value of the elec-

trolytic bath. As seen from these figures, Co CNWs display

different magnetic and structural properties by an appropri-

ate choice of pH. Considering the Co CNWs prepared at pH

2.0, as shown by the XRD results (Fig. 3(a)), no hcp texture

is present in this sample. Therefore, there is no MC contribu-

tion, and the effective anisotropy should be entirely magne-

tostatic as in the NiFe CNWs. Indeed, comparing the

hysteresis loops of this pH 2.0 sample with those for the

NiFe sample, shown in Figs. 4(a) and 4(b), the same overall

features are observed in both OOP and IP measurements. In

contrast, clear differences are observed at higher pH values.

In particular, a very significant reduction of the magnetic

anisotropy was found for the Co CNWs prepared at pH values

3.6 and 5.0, which, from the XRD data of Figs. 3(b) and 3(c),

have a preferential texture with the hcp c-axis perpendicular

to the nanowires axis. This results in a competition between

MS and MC anisotropies. These changes are accompanied by

lower remanence and coercivity in the OOP direction. For the

sample prepared at pH 5.0, the decrease in the total anisotropy

is even larger, since as evidenced from the XRD, at this pH,

the quality of the hcp c-axis orientation perpendicular to the

nanowire axis is better, and thus, a larger MC anisotropy is

expected.

In contrast, a very large increase in the effective anisot-

ropy is observed in the system prepared from the high pH

solution (pH 6.4), which, as shown by the XRD in Fig. 3,

favors a hcp c-axis parallel to the NWs, thus resulting in an

additive MC contribution to the total anisotropy field. In this

case, the squareness in the OOP direction is also strongly

enhanced, which is consistent with the properties expected

for low diameter NWs with strong uniaxial magnetic anisot-

ropy. For this particular sample (pH 6.4), the field required

to reach saturation magnetization in the IP direction is larger

than 10 kOe. As can be seen, there is a significant decrease

in the saturation field for Co CNWs grown at pH values of

3.6 and 5.0 compared to the pH 2.0 samples and a clear

increase of this field for the sample prepared at pH 6.4.

Similarly, the squareness of the M(H) loops in the OOP

direction increases as the effective anisotropy field

increases from its lowest value (pH 5.0) to its highest (pH

6.4), passing through the case in which no MC contribution

is present (pH 2.0), indicating that as a function of the pH,

the MC contribution can be eliminated or set to reinforce or

compete with the MS effects. These changes in the total

anisotropy are also consistent with the variations of both

the coercive field (Hc) and remanence magnetization (Mr).

The highest Hc value (1460 Oe) is found in the pH 6.4 sam-

ple, followed by the pH 2.0 sample (944 Oe), while the low-

est value (620 Oe) was observed in the pH 3.6 sample,

which is a slightly smaller than the 683 Oe value for the pH

5.0 sample. Whereas the Mr values varied from the highest

value of 0.7 (pH 6.4) to 0.44 (pH 2.0), then 0.32 (pH 3.6) to

the lowest of 0.28 (pH 5.0).

These relations between pH induced structural changes

in Co CNWs and their total magnetic anisotropy are in

very good agreement with previous results obtained in

arrays of parallel Co NWs.20 In particular, it was shown

that the microstructure of the deposited Co NWs can be

set to contain a dominant fraction of the Co-hcp phase

with the c-axis oriented perpendicular to the NWs, for pH

values between 3.5 and 5.5, or parallel to the NWs, for pH

values larger than 6.0.20,24 Furthermore, at a pH value of

2.0, no contribution from the MC anisotropy was found,

indicating a lack of texture in the Co microstructure.20 The

effect of the pH on the microstructure of the nanowires is

effective despite their non-parallel orientation and the pres-

ence of interconnections between them. Therefore, these

results show that the key parameter that controls the

microstructure of CNW networks is the reduced diameter

of the nanowires.

Further information about the magnetic properties of the

distinct CNW networks can be obtained from FMR measure-

ments. The effect of the solution pH on the magnetic anisot-

ropy of Co CNWs is clearly observed from both absorption

spectra and their corresponding relation dispersions shown in

Figs. 5(a) and 5(b). For Co CNW networks, the observed

behavior in these figures is very similar to what was reported

previously for Co parallel nanowire arrays.20 That is, the reso-

nance frequencies for the samples with pH 3.6 and 5 are lower

than those for the MS case (pH 2.0), which is consistent with

the configuration where the c-axis is oriented perpendicular to

the nanowire axis. Conversely, the higher resonance frequen-

cies observed for the pH 6.4 sample are consistent with the

reinforcement of the magnetization along the nanowires’ axis

by the addition of the MC contribution. These results are in

good agreement with what is observed from the hysteresis

loops in Figs. 4(c)–4(e) and the XRD results. Although the

resonance fields for CNW networks also include the shape

anisotropy, they are located at different values in contrast with

the case of arrays of parallel nanowires, which is due to their

different and particular geometrical characteristics that need

to be taken into account.

In order to quantitatively characterize the magnetic

properties of the distinct CNW networks, consider the aver-

age resonance condition in the OOP configuration of the

applied field that accounts for all the nanowires orientations

(see Section 1 of the supplementary material)

f ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2

r þ C1Hef f Hr þ C2H2
ef f

q
; (1)

where C1 and C2 are constants that result from the averaging

process. As shown by the straight dotted lines in Fig. 5(b),

this equation can be used as a fitting function for the determi-

nation of the effective anisotropy field (Heff). Furthermore,

the magnetic contributions that dominate the value of Heff

can be evidenced from the variation of the f=ð4pMscÞ ratio

vs. the H=ð4pMsÞ ratio, where 4pMs is the magnetostatic

field for an infinite thin film. For purely MS systems, these

ratios are dimensionless since both quantities within them

are proportional to Ms and thus of MS nature, so a universal

single dependence between them must be obtained. As
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shown in Fig. 5(c), the NiFe and Co (pH 2.0) CNW networks

fall along the same straight line corresponding to the depen-

dence between the MS ratios, which demonstrates that these

networks have only MS contributions. Further evidence of

the MS nature of the NiFe and Co (pH 2.0) CNW networks

is observed in Fig. 4(f) from the comparison between their IP

and OOP hysteresis loops plotted as a function of the H=Hc

ratio, with Hc their corresponding coercive field. For purely

MS systems, the coercive field is proportional to the satura-

tion magnetization Ms; therefore, the ratio H=Hc is indepen-

dent on the magnetic material of the nanowires and reflects

the same structural factor for all CNW networks. Indeed, the

very good agreement between the hysteresis loops for each

sample shows that their magnetic behaviors are the same and

thus of MS origin. Conversely, when an anisotropy contribu-

tion other than the MS one is present, the dependence

between the f=ð4pMscÞ and H=ð4pMsÞ ratios falls bellow or

above the MS dependence, as in the case for the Co (pH 3.6)

and Co (pH 5), and for Co (pH 6.4) CNW networks, respec-

tively. The decrease (increase) of the ratios dependence with

respect to the MS case for the former (later) results from the

fact that the c-axis, perpendicular (parallel) to the nanowires,

leads to a MC contribution that opposes (reinforces) the MS

contribution.

With this in mind, the magnetic origin of the as-

obtained Heff field from the extrapolated zero field resonance

frequency [f ðHr ¼ 0Þ ¼ f0] can be well known. The relation-

ship between f0 and Heff is obtained directly from Eq. (1) as

Hef f ¼
f0

c
ffiffiffiffiffiffi
C2

p ; (2)

where

C2 ¼
1

4
1þ 1

h
sin 2hþ 1

4h
sin 4h

� �
: (3)

As shown above, for the case of NiFe and Co (pH 2.0) CNW

networks, only MS contributions are present in the anisotropy

field, then Heff¼Hms. However, for the case of Co CNW net-

works with MC contributions, Hef f ¼ Hms6Hmc, so the MC

field can be easily determined as Hmc ¼ 6ðHef f � Hms) by

using the previously determined MS field (Hms) for the Co

(pH 2.0) sample. In this way, Heff and Hmc are obtained using

Eq. (2), but with the respective expression for the effective

field depending on the CNW network considered under anal-

ysis. The effective field for the NiFe and Co (pH 2.0) CNW

networks determined using Eq. (2) is, respectively, 3.2 and

5.44 kOe. Since the constant C2 < 1 in this equation, then

the corresponding f0 values for CNW networks are lower

than the expected ones for the case of parallel NW arrays

that are given by the expression f0 ¼ cHef f .
21 This decrease

of f0 for CNW networks is consistent with the contributions

of tilted parallel NW array to different orientations.15

Besides, Fig. 5(d) shows the variation of the anisotropy

fields Heff and Hmc vs. the solution pH for Co CNW networks

measured with the external field in the OOP direction. These

FIG. 5. (a) FMR spectra recorded at

29 GHz on Co CNW networks grown at

pH values of 2.0, 3.6, 5.0, and 6.6. (b)

Comparison between the dispersion

relations for a NiFe CNW network with

the corresponding ones for the Co

CNW networks of (a). Linear fits shown

by the dotted lines are obtained using

Eq. (1). (c) Dependence between the

f=ð4pMscÞ and H=ð4pMsÞ ratios for the

samples in (b), along with their corre-

sponding dispersion relations (dotted

lines) obtained by dividing Eq. (1) by

4pMsc. (d) Variation of the anisotropy

fields Heff and Hmc vs. pH for the Co

CNW networks of (a). Error bars

account for the 65� angular dispersion

of the ions bombardment in the track

etching process of the PC membrane.

Dotted lines are guides for the eye.
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fields have been determined using Eq. (2) for h ¼ p=4,

where error bars around this angle take into account the 65�

angular dispersion of the ions bombardment in the track

etching process of the PC membrane. The MS field Hms

¼Heff for the pH 2.0 sample, obtained using Eq. (2), has

been used as input parameter into this same equation in order

to obtain the corresponding Hmc value from Heff for the case

of Co CNW networks with pH > 2. As seen in Fig. 5(d), Hmc

is negative for the samples with pH 3.6 and 5.0 and positive

for the pH 6.4 sample, so this field can be tuned in the range

from �4.20 to 4.35 kOe, giving rise to a maximum field

change of about 8 kOe. Particularly, Heff has the lowest value

for the Co (pH 5.0) sample as it is nearly isotropic, in good

agreement with its corresponding hysteresis loops shown in

Fig. 4(d) and XRD, where it was found that the pH 5.0 sam-

ple had the strongest texture with the c-axis perpendicular to

the nanowires.

Anisotropic magnetoresistance (AMR) measurements

constitute another way to investigate the magnetic properties

of CNW networks. AMR is due to the anisotropy of spin-

orbit scattering in transition ferromagnetic metals and leads

to changes in the resistivity as the angle between the direc-

tions of the magnetization (M) and current (I) is modified.

Despite the fact that the relative change in resistivity

between the high resistance state where the magnetization is

parallel to the current (qjj) and the low resistance state where

the magnetization is perpendicular (q?) is usually small (a

few percents or even less), AMR was used in previous works

to study the magnetization reversal of magnetic nanowires

embedded within templates with parallel pores.25–27 Fig.

6(a) shows resistance curves measured at different tempera-

tures in the range of 20 K to 300 K with the external field in

the OOP (continuous lines) and IP (dashed lines) directions

for interconnected NiFe CNW networks with only MS con-

tribution to the magnetic anisotropy. As seen, the maximum

resistance is reached near zero applied magnetic field for

both directions for all temperatures, which is consistent with

remanent magnetization states where magnetization tends to

be aligned with the nanowires axis due to the shape anisot-

ropy. Such a parallel configuration between current paths

and local magnetization within the nanowire network gives

rise to a high resistance state. In the saturated state of either

IP or OOP directions, the uniform distribution of nanowire

orientations with respect to the normal plane of the mem-

brane leads to a uniform distribution of angles between cur-

rent paths and magnetization direction at saturation. In that

case, resistance measurements correspond to the average

magnetoresistive value resulting from the contributions of all

the nanowires with different orientations with respect to the

applied field direction. Therefore, the resistance states at sat-

uration (�qip and �qoop) in both IP and OOP directions reach

values which are intermediate between qjj and q?, with obvi-

ously �qoop larger than �qip given the characteristics of the

membrane pore structure. The same feature is observed

for the fcc-like Co CNW network which has only MS contri-

butions, so that qjj ¼ qðH ¼ 0Þ by analogy with the NiFe

FIG. 6. (a) AMR curves for NiFe

CNW networks measured at different

temperatures by applying the external

field in the OOP (continuous lines) and

IP (dashed lines) directions. (b) Room

temperature AMR curves for Co CNW

networks fabricated from electrolytic

solutions with different pH: 2.0, 3.6,

5.0, and 6.4. (c) Comparison between

the model [Eq. (5)] and the experimen-

tal dependence of �qip=qjj vs �qoop=qjj at

H¼ 10 kOe for the CNW networks of

Figs. 6(a) and 6(b). The grey shaded

area represents the calculated �q ip=qjj
in the angle range 40� � 50�.
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sample, as seen in Fig. 6(b). Since the maximum resistance

for the Co CNW networks with MC contributions (pH

� 3:6) is not attained at H¼ 0, their respective curves in

Fig. 6(b) are plotted after normalization of the resistance at

H¼ 10 kOe in the OOP direction, since the Co CNW net-

works are magnetically saturated in the direction of the

applied field and the resistance states are expected to be the

same for all Co CNW networks. For pH values of 3.6 and

5.0, the c-axis of the hcp-Co CNWs is preferentially oriented

perpendicular towards the axis of the wire, thus leading to a

strong transverse MC anisotropy. In agreement with the hys-

teresis loops in Fig. 4, the reduced value of q=qjj at H¼ 0 is

a clear signature of a significant magnetization components

perpendicular to the nanowires in the remanent state. For

the Co CNW network prepared at pH 6.4, a nonzero trans-

verse component is also observed at H¼ 0, despite the fact

that at high pH, electrodeposited Co nanowires with the

c-axis parallel to its axis are predominantly obtained. This

particular result is also consistent with FMR data, showing

a double peak structure for pH 6.4, as shown in Fig. 5(c).

Also, in accordance with the hysteresis loops in Fig. 4(f),

the Co CNW network obtained at pH 6.4 did not become

magnetically saturated at the maximum applied field in the

IP direction.

In order to more quantitatively analyze the magneto-

transport properties for the distinct CNW networks shown in

Figs. 6(a) and 6(b), a model has been elaborated to account

for each AMR contribution due to all the nanowire orienta-

tions in the 3D CNW network. Indeed, a quantitative under-

standing of the magneto-transport behavior of complex and

disordered systems like 3D CNW networks is of paramount

importance to determining their AMR ratios (Dq=q) and

resistance states (q?). The details of the model are presented

in Section 2 of the supplementary material. In this sense, the

AMR ratio of a CNW network is expressed as

Dq
q

x½ �
¼

qjj � q x½ �
?

q x½ �
av

; (4)

where x¼ ip (or oop) refers to the IP (or OOP) direction,

q½x�av ¼ ð1=3Þqjj þ ð2=3Þq½x�? is the average magnetoresistance

in 3D systems, and q½x�? is the theoretical resistance state for

the perpendicular configuration between M and I. In addi-

tion, the AMR signal can be extracted directly from the mea-

sured resistance values �qip and �qoop at saturation. Since the

superscripts (subscripts) �qip and �qoop in Eq. (4) only indicate

the measurement configuration, then q½ip�? and q½oop�
? are

expected to be equal as they represent the same resistance

state (q?).

Table I shows the room temperature AMR ratio for the

CNW networks determined using Eq. (4) and from the nor-

malized resistivity values at saturation of Figs. 6(a) and 6(b).

AMR ratios at temperatures of 300 K, 150 K, and 20 K

are shown for the NiFe sample. The Dq=q values for the

different CNW networks are consistent with those previously

reported in parallel NW arrays25–28 and the higher values

obtained at low temperature for the NiFe sample are consistent

with previous film studies.29 As seen, the values for q½ip�? and

q½oop�
? are very close to each other for most samples in this

table, then we also found that their respective expressions

[see Eqs. (9) and (14) of the supplementary material] are

indeed equivalent and that the same Dq=q can be obtained

from the IP and OOP directions. The AMR ratio for the Co

CNW network prepared at pH 6.4 is smaller than the ones

reported for the other pH values, which is the result of the

disagreement between its q½ip�? and q½oop�
? values. Indeed, for

this sample, the MC contribution reinforces the magnetiza-

tion easy axis along the nanowires, which in turn reinforces

the easy magnetization direction of the ensemble along the

OOP direction, as seen from the hysteresis loops shown in

Fig. 4(f). Therefore, the range of applied magnetic fields was

not enough to saturate the magnetization in the IP direction,

and Dq=q was underestimated.

Furthermore, the combination of both expressions for

q½ip�? and q½oop�
? then gives the relation between the measured

resistance values at saturation �qoop and �qip [see Eq. (16) of

the supplementary material]. Since the expected target maxi-

mum polar angle of the nanowires is h ¼ 45� and the most

likely azimuthal orientation of the magnetization in the IP

direction with respect to the nanowires lying in the x–z plane

is / ¼ 45�, then for this particular case the relation between

�qip and �qoop writes

�qip ¼
1

2

3pþ 2

p� 2

� �
�qoop �

1

2

pþ 6

p� 2

� �
qjj: (5)

Equation (5) [or Eq. (17) of the supplementary material]

allows to determine the average resistance value in the satu-

rated state along the IP (OOP) configuration from the corre-

sponding value in the OOP (IP) direction. The parallel

configuration between M and I is identified by the maximum

value, q=qjj ¼ 1, of the normalized resistance curve in the

OOP or IP direction. Due to the reduced diameter of the

NWs, this configuration is likely to be reached at H¼ 0 in

CNW networks without MC anisotropy contributions, which

can deviate its magnetization from the easy direction along

their axes. However, the presence of MC contributions will

not affect the validity of Eq. (5) since a non zero MC contri-

bution is simply changing the resistance (magnetization)

state at H¼ 0 and higher fields are required to reach satura-

tion magnetization. Fig. 6(c) shows the comparison between

Eq. (5) for the case h ¼ 45� and / ¼ 45� (dashed line) and

TABLE I. Values of the resistance states q½oop�
? =qjj and q½ip�? =qjj determined

using Eqs. (9) and (14) of the supplementary material and the respective

AMR ratio (Dq=q) for NiFe and of Co CNW networks prepared using differ-

ent electrolytic bath pH.

Sample q½oop�
? =qjj q½ip�? =qjj AMR (%)

NiFe(300 K) 0.9719 0.9770 2.87

NiFe(150 K) 0.9554 0.9584 4.60

NiFe(20 K) 0.9471 0.9481 5.48

Co(2) 0.9904 0.9892 1.08

Co(3.6) 0.9904 0.9893 1.07

Co(5) 0.9904 0.9908 0.92

Co(6.4) 0.9904 0.9950 0.50
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the experimental dependence of �qip=qjj vs �qoop=qjj at H¼ 10

kOe for the CNW networks of Figs. 6(a) and 6(b). As seen,

the experimental values for the NiFe, Co (pH 2.0), Co (pH

3.6), and Co (pH 5.0) samples lie within the shaded area that

corresponds to resistance values in the angle range

40� � 50�, which are calculated using Eq. (16) of the supple-

mentary material, whose mean �qip=qjj vs �qoop=qjj depen-

dence is located at h ¼ 45� (dashed line). This is consistent

with an angle dispersion of about 65� around the target

maximum angle h ¼ 45� expected for the CNW networks

considered in the present work. The very good agreement

between the model and the experiment observed for most

CNW networks shows that their magneto-transport proper-

ties are consistent with a resistance average performed over

all the nanowires orientations. Furthermore, regardless of the

complex magneto-resistive behavior at remanence for the Co

CNW networks with MC contributions (pH 3.6 and pH 5.0),

their behavior in the saturated state is similar to that for NiFe

and fcc-like Co CNW networks, which shows that the pro-

posed model can also be used for CNW networks with differ-

ent anisotropy contributions.

IV. CONCLUSIONS

In this work, we have explored the magnetic and

magneto-transport properties of CNW networks fabricated

from distinct materials by electrodeposition into the crossed

and interconnected nanochannels of track etched polymer

membranes. Among the advantages of the interconnected

nanowire architecture are its mechanically stable and self-

supporting feature after chemical dissolution of the polymer

membrane, as well as the ease of carrying out magneto-

transport measurements and its direct interplay with their

magnetic properties. Control of the electrodeposition condi-

tions, in particular, the electrolytic bath acidity made possi-

ble to modify the crystallographic structure of Co CNW

networks, which strongly influenced its magnetic anisotropy,

microwave absorption, and anisotropic magnetoresistance.

The accurate determination of these properties has been pos-

sible with the use of proposed analytical models which are

based on simple arguments that are consistent with an aver-

age performed over all the nanowires orientations of the 3D

architecture. The feasibility to obtain considerable AMR sig-

nals in CNW networks made them very interesting structures

for potential applications of 3D nanowire networks in mag-

netic memory, sensor, and logic devices. Finally, the present

work opens up the possibility for a controlled synthesis of

complex nanoarchitectures with tunable magnetic and

magneto-transport properties.

SUPPLEMENTARY MATERIAL

See supplementary material for the FMR condition and

AMR model for CNW networks.
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