Journal of Magnetism and Magnetic Materials 503 (2020) 166615

Contents lists available at ScienceDirect

M
M=

Journal of Magnetism and Magnetic Materials

journal homepage: www.elsevier.com/locate/jmmm

Research articles

Scale ratio modulated magnetic anisotropy of 3D Ni, _,Co, crossed nanowire )

Check for

networks St

Yenni G. Veldzquez Galvan®, Tristan da Cimara Santa Clara Gomes®, Luc Piraux®,
Joaquin de la Torre Medina"™*
2 Institute of Condensed Matter and Nanosciences, Université catholique de Louvain, Place Croix du Sud 1, B-1348 Louvain-la-Neuve, Belgium

Y Instituto de Investigaciones en Materiales — Unidad Morelia, Universidad Nacional Auténoma de México, Antigua Carretera a Pdtzcuaro No, 8701 Col. Ex Hacienda de
San José de la Huerta, C. P. 58190 Morelia, Mexico

ARTICLE INFO ABSTRACT

In this work, three dimensional (3D) interconnected Ni;_,Co, (0 < x < 100%) crossed nanowire (CNW) networks
with different scale ratios have been fabricated in order to investigate the influence of size reduction of the
whole 3D networks structure on their crystal orientation and magnetic properties. Interconnected porous
polycarbonate membranes, each one with different nanopore diameters but with the same porosity, have been
designed to obtain porous architectures with different scale ratios. Using these membranes, CNW networks with
the same packing fraction of about 22%, but different nanowires (NWs) diameters have been grown by elec-
trodeposition. As a result, the magnetostatic (MS) anisotropy in the saturated state is the same for all the 3D
networks, which allows identifying size dependent magnetic anisotropies. Reducing the diameter of the nano-
wires leads to changes on their magnetic properties, so that Co-rich CNW networks show a magnetocrystalline
(MC) anisotropy contribution originated by a preferential hexagonal close packed orientation that competes with
the MS anisotropy field. In turn, low diameter Ni-rich CNW networks show an anisotropy contribution of dif-
ferent nature than the MS and MC fields. The strategy presented in this work to accurately separate magnetic
contributions leads to a better understanding of the magnetic behavior of complex 3D nanoarchitectures and to

Keywords:

Crossed nanowires
Ferromagnetic resonance
Magnetic anisotropy
NiCo alloys

their potential use in the development of magnetic, sensing and spintronic applications.

1. Introduction

Novel nanomaterials based on 3D architectures are nowadays at the
center of an extensive research activity due to their functional physical
and chemical properties that make them very promising systems for a
wide range of applications, like energy storage systems [1-3], catalysts
[4,5], electronic sensors and actuators [6-8], biosensors [9] and com-
plex-frustrated 3D nanostructured lattices [10]. Three dimensional
networks made of CNWs have the potential for the development of
novel multifunctional devices that exploit magnetic and microwave
absorption properties [11,12], modulated magnetoresistive response
[13,14] and spin-caloritronic behavior [15,16]. Particularly, 3D CNW
networks are interesting materials for their application in technologies
like magnetic filters [17-19], magnetic cell sorting [20,21] and 3D
printing of materials [10,22-24]. NiCo alloys are very appealing fer-
romagnetic materials for all these technological applications because of
their wide range of saturation magnetization values, maximum
achievable anisotropic magnetoresistance ratio and large Seebeck
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coefficients and magnetothermopower values at room temperature
[13,25,15]. As a consequence, understanding the fundamental mag-
netic behavior of NiCo CNW networks is one of the key aspects of the
current scientific research in this area. Previous works on electro-
deposited arrays of parallel NiCo NWs have reported on the expected
transition between the fcc and hep crystal orientations by varying the
Co content [26] and its influence on the microstructure [27], micro-
wave absorption [28] and magnetic properties like the coercive field
and remanent magnetization [29,30], as well as on the magnetic ani-
sotropy [31,32] and interaction and switching field distribution
[33-35]. As known, interesting additional magnetic anisotropy con-
tributions and effects appear as the diameter of the NWs is reduced
[31,36,37], at the expense of giving rise to variations in the dipolar
interaction field as a result of a change of the NWs packing fraction.
Indeed, a central question for arrays of magnetic NWs is the accurate
determination of individual magnetic anisotropy contributions when
they are coupled to each other. Such a coupling may result from a si-
multaneous variation in the MC anisotropy and the dipolar interaction

Received 22 September 2019; Received in revised form 9 January 2020; Accepted 11 February 2020

Available online 12 February 2020
0304-8853/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2020.166615
https://doi.org/10.1016/j.jmmm.2020.166615
mailto:delatorre@iim.unam.mx
https://doi.org/10.1016/j.jmmm.2020.166615
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2020.166615&domain=pdf

Y.G. Veldzquez Galvdn, et al.

Journal of Magnetism and Magnetic Materials 503 (2020) 166615

@ 3
= 2
=t Z
= S
S |
< |2 3
S 51 E
> [ -
£ | L, Ni,5Co,s
Z
8 =N
g %
O
Pt .
Ni3Cogg (
1 1 1 1
0 2 4 6 8 10
Energy (keV)

Fig. 1. Low magnification SEM micrographs of NiCo CNW networks with NW diameters of (a) 40 nm, (b) 105nm and (c) 230 nm, obtained after the complete
dissolution of the PC membrane. The scale bar corresponds to 1 pm. The insets in (a) and (b) display magnified sections of the same images by the respective scale
ratios 230/40 ~ 5.7 and 230/105 =~ 2.2. (d) Measured energy-dispersive X-ray (EDX) spectra on Ni;Co,4 and Ni;;Cogs CNW networks with NWs diameter of 40 nm.

between NWs. One strategy to properly extract an anisotropy con-
tribution is by keeping fixed the packing fraction between NWs at the
same time their diameter is changed. This means that porous mem-
branes must be designed in order to change the scale ratio of the re-
sulting 3D networks that are expected to have the same packing frac-
tion. In this work, this strategy has allowed to prepare CNWs with
different scale ratios in order to subtract the MS field from the mea-
sured effective anisotropy field. As a result, excess anisotropy con-
tributions which depend on the alloy composition and the NWs dia-
meter have been determined with excellent accuracy. It is worth
pointing out that the accurate determination of separate magnetic
contributions of CNW networks is a step forward on the understanding
of the magnetic behavior of complex 3D nanoarchitectures.

2. Materials and methods

Polycarbonate (PC) films of 20 um thickness have been used to
produce porous membranes with crossed nanopores by following a
track etching process reported in a previous work, which consists in a
sequential two-step exposure of energetic heavy ions at the angles + 25°
with respect to the normal of the PC films surface [14]. Next, the film
was rotated in the azimuthal plane by 90° and re-exposed to the same
irradiation flux to form finally a 3D interconnected nanochannel net-
work. In both sequential irradiations the standard deviation was + 5
degrees maximum around the target maximum angle. Three distinct as-
prepared membranes with 3D interconnected nanopores with diameters
of 40nm, 105nm and 230nm were designed with an average

volumetric porosity of approximately 22%. In order to keep constant
this parameter for all the porous membranes, longer irradiation ex-
posure times in the track etching process have been needed for PC
membranes with lower nanopore diameters. The latent tracks were
chemically etched in a 0.5M NaOH aqueous solution at 70 °C to form
nanopores with the desired diameters of 40 nm, 105nm and 230 nm,
following a previously reported protocol [38]. Later, using an e-beam
evaporator, one side of the porous PC membranes were coated with a
metallic Cr(10 nm)/Cu(150 nm) bilayer to serve as cathode for the
electrochemical deposition.

Electrodeposition of CNW networks into porous PC templates has
been done at room temperature in the potentiostatic mode using a Ag/
AgCl reference electrode and a Pt counter electrode. Pure Ni CNW
networks were grown at a constant potential of — 1.1V using an elec-
trolytic solution with concentration 1 M NiSO, + 0.5M H3BO3 and the
pH adjusted to 4, while pure Co CNW networks were grown at — 0.95 V
using an electrolytic solution with concentration 1 M CoSO,-7H50 + 0.5
M H3BOj3 and the pH adjusted to 5 by addition of NaOH. NiCo CNW
networks were grown from two different electrolytes in order to obtain
two distinct alloys. Alloyed Ni;sCo,4 and Ni;;Coss CNW networks were
grown using the electrolytes with respective concentrations and re-
duction potentials of 1 M NiSO4-:6H,O + 0.05M CoSO4-7H,0 + 0.5M
H3BO3; at — 1V and 1M NiSO,-6H,O + 0.2M CoSO,;-7H,O + 0.5M
H3BO3 at — 1 V. The pH of the as-prepared NiCo solution was lowered
down to 2 by the addition of H,SO,.

For the morphological characterization of the 3D networks, first the
Cr/Cu cathode was etched using a I2:KI (0.1:0.6 M) solution and then
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the polycarbonate was dissolved with dichloromethane. The structural
characterization has been carried out using a field-emission scanning
electron microscope (FE-SEM). The magnetic properties were in-
vestigated by Alternating gradient Magnetometry (AGM-Lakeshore)
and ferromagnetic resonance (FMR). Magnetization curves were ob-
tained by AGM at room temperature in the out-of-plane (OOP) and in-
plane (IP) directions of the CNW network plane, with a maximum ap-
plied field of + 10 kOe. Besides, the FMR measurements were carried
out in a microstrip line wave-guide configuration [11], which consists
in a 500 um wide and 500 nm thick microstrip evaporated on the free
surface of the PC membranes after electrodeposition. Using this mea-
surement setup has allowed to record room temperature FMR spectra
by sweeping the magnetic field applied in the OOP direction from 10
kOe down to zero field, while keeping constant the excitation frequency
in the range 40 MHz to 40 GHz. X-ray diffraction (XRD) experiments
have been carried out by using a Bruker D2 Phaser X-ray diffractometer
with a Cu radiation source of wavelength 1 = 1.54 A.

3. Results and discussion

Dissolution of the PC membrane was needed to carry out the
structural characterization of the distinct 3D CNW networks. Fig. 1
shows SEM micrographs at the same magnification for CNW networks
with nanowire diameters of (a) 40 nm, (b) 105nm and (c) 230 nm. As
seen, the three CNW networks show similar branching structure since
the orientation and packing fraction of the NWs is the same. Indeed, the
very similar packing fraction for all the three CNW networks is evident
from the zoomed SEM micrographs, shown as insets in Fig. 1(a) and (b),
at the respective scale ratios 230/40 ~ 5.75 and 230/105 ~ 2.2. In doing
this, the zoomed NWs in the insets of Fig. 1(a) and (b) look as large and
packed as those in Fig. 1(c). Besides, energy-dispersive X-ray (EDX)
spectra do reveal changes for CNW networks of different compositions
as shown in Fig. 1(d). As seen, the main differences between both
spectra arise from emission lines CoLa, CoKa and CoKf and NiL«x, NiKa
and NiKg, which have larger intensity for respectively Co-rich and Ni-
rich networks, as expected.

Further information about the crystal orientation of Ni;_,Co, CNW
networks has been obtained from XRD measurements. Typical XRD
patterns for the lower and larger diameter Ni and Co CNW networks are
shown in Fig. 2(a) and (b). XRD diffraction patterns for the 105 nm
diameter CNWs are not shown for simplicity as they show an inter-
mediate transition between those shown in these figures. All the XRD
patterns have been normalized with respect to the more intense Ni or
Co peak, so showing the relative intensity between them. For other
elements the intensity of their peaks is meaningless as may appear
larger than that for the Co and Ni peaks. For Ni CNWs, three peaks
related to the fcc (111), fec (200) and fee (220) planes (COD 9008476)
are observed for all CNWs diameters. In the case of Co CNWs, the XRD
patterns show four peaks corresponding to the hep (100), hep (002),
hep (101) and hep (210) planes (COD 9010967) for both NWs dia-
meter. As the diameter of the NWs is changed, clear differences in the
intensity of the XRD peaks are observed. The main difference is a larger
relative intensity of the (002) peak for the low diameter NWs, whereas
the opposite is observed for the larger diameter Co CNWs. Indeed, a
different magnetic behavior is then expected for both CNW networks
due to their distinct crystal orientations. Besides, low and large dia-
meter Ni;Co,y CNW networks show similar XRD patterns to those for
the Ni CNW networks, the main difference is the reduction of the re-
lative intensity of the (2 0 0) peak. As the Co content increases to 68%
two main features are observed from Fig. 2(a) and (b). First, the fcc Ni
(111) and fcc Ni (220) peaks disappear at the expense of the hep (002)
and hep (21 0) peaks. Second, mixed fcc and hep phases are observed at
this stage as the fcc Ni (200) peak and other Co planes like the hcp

(100) and hep (101) are detected together. Although the intensities of
the hcp peaks for the Co CNW networks are significantly larger with
respect to those for the Co-rich ones, their magnetic behavior is
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Fig. 2. X-ray diffraction patterns for Ni;_,Co, CNW networks (0 < x < 100%)
with NW diameters of (a) 40 nm and (b) 230 nm.

expected to be similar as the Ni content is low. Besides, XRD peaks
related to Cu (COD 9012954) and Au (COD 9008463), observed in al-
most all the XRD patterns, where detected from both the cathode used
for the electrodeposition of the CNWs and the microstrip line used for
the FMR experiments. Texture analysis has been carried out in order to
determine the preferential crystallographic orientation of the CNW
networks. To this end, the texture coefficient TC (h k 1) for the (h k )
planes have been determined using the XRD patterns peak intensities
along with the Harris formula [39]. Preferential (h k ) texture is as-
sumed when the corresponding texture coefficient is larger than one. Ni
and Ni-rich CNWs are polycrystalline with barely preferential Ni(1 1 1)
texture because in all cases TC(1 1 1) ~ 1. As the Co content increases
to 68% mixed Co and Ni phases are observed in both XRD patterns. In
this case, the preferential texture is clearly along the Co [0 0 2] direc-
tion with TC(0 0 2) values of 2.26 and 3.40 for respectively the NWs
diameter values of 40nm and 230 nm. For the pure Co CNWs pre-
ferential (0 0 2) texture with TC(0 0 2) = 1.8 is only observed for
d = 40 nm, whereas a preferential (2 1 0) texture with TC(2 1 0) = 1.9
is observed for d = 230 nm. Although the Harris formula gives a larger
(210) texture for the largest diameter Co CNWs, the XRD pattern is
quite similar those reported previously for large diameter Co NWs with
preferential hep Co(101) texture [40]. The interplay between the mi-
crostructural and magnetic properties is given later in the discussion
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Fig. 3. Normalized hysteresis loops measured with the magnetic field applied
along the OOP direction with respect to the plane of the PC membranes, in NiCo
CNW networks with (a) the larger and (b) the lower NWs diameter. (c)
Variation of the normalized coercive field as a function of the NWs diameter for
the four series of NiCo CNW networks.

around Fig. 5.

The influence of the scale ratio and composition of CNW networks
has been studied first by recording magnetization curves with the
magnetic field applied in the OOP direction. Magnetic measurements
are carried out along this direction because it is the magnetization easy
axis of CNWs arranged at tilted angles close to the normal of the
membrane plane, as shown in previous studies [11,13,14]. Fig. 3(a) and
(b) show hysteresis loops for CNW networks with respectively the larger
and the lower NWs diameter for the different Co contents. Hysteresis
loops for the 105 nm diameter networks are not shown as they display
an intermediate magnetic behavior. In both figures, the magnetization
is plotted versus the dimensionless magnetic field which corresponds to
the normalized applied field by the corresponding Co content

Journal of Magnetism and Magnetic Materials 503 (2020) 166615

dependent saturation magnetization (Ms(x)) value of each sample. The
variation of M with the Co content x can be easily expressed by con-
sidering the linear variation of the saturation magnetization for NiCo
alloys given by the Slater-Pauling curve [41], that is

M(x) = (1 — x)Mn; + xMco, (€9)]

where My; = 485 emuwem ~ > and Mg, = 1400 emuwcm ™~ ° are respectively
the saturation magnetization values for Ni and Co. Since the effective
anisotropy field is proportional to M;, these normalized hysteresis loops
only reveal the influence of magnetic anisotropy contributions different
from the MS field. A common feature observed in both figures is the
decrease of the hysteresis loops squareness and coercive field as both
the NWs diameter and the Co content are increased. In one hand, the
rapid decrease of the coercive field at larger NW diameters shown in
Fig. 3(c) is consistent with the nucleation of magnetic domains. Indeed,
these results are consistent with previous works on arrays of parallel Ni
and Co NWs which have attributed the increase of the coercive field to
the progressive crossover towards the single domain structure [42-46].
The case of pure Ni and Ni-rich CNWs is simpler than pure Co and Co-
rich CNWs because the reduction of the coercive field is mediated only
by the competition between shape anisotropy and the magnetic domain
size that depends on the exchange stiffness constant, characteristic of
each material [41]. On the other hand, lower values of the normalized
coercive field H./(4wM;) take place at larger Co contents for a particular
NWs diameter. Clearly, such a decrease is due to the hcp magneto-
crystalline (MC) anisotropy of Co as it depends on the Co content. It has
been shown in previous works that Co NWs are mainly single crystalline
with the hep c-axis perpendicular to their axis [11,47]. Such a crystal
orientation is responsible of an additional MC anisotropy contribution
that competes with the MS demagnetizing field. The larger shearing of
the hysteresis loops for the Co CNW network suggests a lower effective
magnetic anisotropy. Shearing of the hysteresis loop is associated to a
decrease of the demagnetizing field because of the presence of dipolar
interactions [48,49]. However, in this work the packing fraction of the
CNW networks is almost the same, so the larger shearing of the Co
hysteresis loops is due to the MC anisotropy contribution, showing that
it works in a similar way in shaping the hysteresis loop.

In order to further investigate the influence of the CNW networks
scale ratio on their magnetic behavior, FMR experiments in the field
sweep mode with the magnetic field applied in the out-of-plane (OOP)
direction, have been carried out. Fig. 4(a) and (b) show FMR spectra
recorded at 20 GHz for CNW networks with NW diameters of 230 nm
and 40 nm; measurements for the 105nm diameter CNWs are not
shown for simplicity since their behavior lies between those for the
larger and the lower diameter CNWs. As seen in Fig. 4(a) for the case of
the 230 nm diameter CNWs, the resonance field (H;) at the minimum of
the FMR spectra shifts towards lower field values as the Co content (x)
is increased, which is consistent with the predicted variation of H; with
the increase of the saturation magnetization for NiCo alloys. The re-
sonance condition, for an array of NWs tilted to a polar angle 6 = 25°
with respect to the applied field along the normal direction to the
porous membrane plane, writes [14]

2
(%) = H? + A HyH; + AyHZ,

(2)

where Hg is the effective anisotropy field, y = 3.07 GHzkOe ™' is used
here as the average gyromagnetic ratio for NiCo alloys and A; = 1.464
and A, = 0.528 are constants for 6 = 25°. The resonance condition of
Eq. (2) can be solved for H; in the case of purely magnetostatic systems
by considering the effective anisotropy field He is equal to the alloy
composition dependent magnetostatic field

Hiy (x) = 27M(x)(1 — 3P), 3

where M;(x) is given by Eq. (1) and P is the packing fraction of the
CNWs. The calculated H, values using Egs. (1)-(3), indicated in
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Fig. 4. FMR spectra recorded at 20 GHz on NiCo CNW networks with the same packing fraction and different NW diameters of (a) 230 nm and (b) 40 nm. The inset
shows two gaussian distributions (shaded curves) used in the two peak fit of the FMR spectra for the pure Co CNWs (red dotted line). Dispersion relations for NiCo
CNW networks with NW diameters of (c) 230 nm and (d) 40 nm. The dotted lines are fits to the dispersion relations using the resonance condition given by Eq. (2).

Fig. 4(a) by the vertical arrows of the same colors as those of the FMR
spectra, are very close to their corresponding experimental resonance
fields. This good agreement shows that the effective magnetic aniso-
tropy of 230 nm diameter CNWs is dominated by the MS contribution.
Conversely, the FMR spectra for the 40 nm diameter CNWs shown in
Fig. 4(b) shifts back and forth with increasing the Co content, sug-
gesting that other sources of magnetic anisotropy contribute to the
overall behavior of these networks.

FMR spectra were recorded at other excitation frequencies in order
to elucidate the difference between these behaviors. Fig. 4(c) and (d)
show the excitation frequency vs. resonance field dispersion relations
for the 230 nm and 40 nm diameter CNWs with different compositions.
In one hand, the upward shift of the dispersion relation with increasing
x for the 230 nm diameter CNWs observed in Fig. 4(c) is consistent with
the resonance field shift towards lower values, as shown in Fig. 4(a).
This means that dispersion relations located at higher frequencies
provide larger anisotropy fields because of their corresponding larger
M;(x). On the other hand, the dispersion relations for the 40 nm dia-
meter CNWs also shifts back and forth with increasing the Co content,
similarly to what is observed in Fig. 4(b), so no consistent monotonous
variation of the resonance frequency as a function of M;(x) takes place.

A better insight on the magnetic behavior of these networks can be
obtained from a careful analysis of the lineshape of the FMR spectra
displayed in Fig. 4(b). As seen, at Co contents below 68% the FMR
spectra are located almost at the same resonance fields and are as
symmetrical as those for the larger diameter CNWs. As a result, the
magnetic anisotropy for these alloys is mainly MS. At Co-contents

higher than 68% H; shifts back to higher fields, the FMR spectra are not
symmetrical and display a shoulder located at lower resonance fields
close to those expected for purely MS systems. As shown previously,
FMR spectra recorded in the field sweep mode may be the result of the
superposition of absorption peaks originated by distinct anisotropy
contributions [36]. Therefore, for the pure Co CNW network the ab-
sorption at lower fields displayed as a shoulder in the spectrum (see
Fig. 4(b)) is the result of a fcc-like Co fraction that contributes only to
the MS field, whereas the main absorption located at higher fields is the
result of an another magnetic anisotropy contribution. Indeed, low
diameter pure Co NWs have a large hcp to fcc crystal orientations ratio
[11,47], so in this case the lineshape of the absorption spectrum reflects
a combination of both majority MC and minority MS anisotropies. A
deeper insight on the FMR spectra lineshape can be obtained by fol-
lowing the procedure reported in a previous work used to identify the
resonance fields of the main anisotropy contributions in the FMR
spectra [36]. This procedure consists in reproducing broadened FMR
spectra that clearly display two anisotropy contributions by using a two
gaussian peak fit, as shown in the inset of Fig. 4(b) for the 40 nm dia-
meter Co CNWs. In this figure, the minimum of the low field gaussian
distribution (blue shaded area) is close to the resonance field due to the
MS contribution (red vertical arrow in Fig. 4(a)), whereas the high field
deeper gaussian distribution (red shaded area) explains the dominant
hcep MC contribution for this network. Furthermore, since the absorp-
tion spectrum for the Ni;;Cosg CNW network shows similar features as
that for the pure Co CNW network, then its microstructure and mag-
netic behavior are expected to be very similar.
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Quantitatively, the effective field can be obtained by fitting the
resonance condition of Eq. (2) to the respective dispersion relation of
each CNW network, as shown in Fig. 4(c) and (d) by the dotted lines.
The resulting Hg values are plotted in Fig. 5(a) as a function of the Co
content, x, for the three NW diameters of 40 nm, 105, nm and 230 nm.
For most of the CNW networks Hes > 0, corroborating the fact that the
OOP direction is the easy axis of magnetization. As seen, H. increases
monotonically with x for the case of the 230 nm diameter CNWs, in
good agreement with the expected variation of the MS field given by Eq.
(3) (continuous grey line) and with previous results reported for par-
allel NiCo NWs [28]. The packing fraction P in Eq. (3) corresponds to
the membrane average volumetric porosity of about 22% for all the
CNW networks, so increasing (decreasing) this parameter has the effect
of shifting downwards (upwards) the entire variation of Heg vs x. This
parameter is independent on the NWs diameter and is associated to the
dipolar interaction field 6zM;P of the entire array, which directly
competes with the self demagnetizing field 27zM; of an isolated infinite
cylinder [50]. Therefore, the importance of using relatively low values
of P < 1/3 ensures Hg > 0, that is, an alignment of the magnetization
easy axis along the OOP direction. In this work the CNW networks scale
ratio has been modified by changing the NWs diameter, but keeping P
constant in order to ensure the same dipolar interaction in the saturated
state with the aim of obtaining size dependent magnetic anisotropy
contributions. Reducing the diameter of the NWs to 105 nm leads to a
decrease of He with respect to the expected linear variation of Hy,; with
x. Clearly, a larger decrease of H.y takes place at larger x, which is
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consistent with the presence of an additional anisotropy contribution
that increases with the amount of Co and competes with the MS field.
For this intermediate diameter H still increases with x, however, such
a variation is not monotonous because the amount of hcp and fcc
crystallites in the NWs may vary or be similar from one sample to the
other. This increasing variation of Hey is consistent with previously
results on parallel NiCo NWs with intermediate diameters [31]. A fur-
ther decrease of the CNWs diameter down to 40 nm leads to a larger
decrease of Heg for Co-rich alloys. These 3D networks are magnetically
isotropic since the effective field is close to zero, suggesting the pre-
sence of strong competing anisotropies of distinct origins that cancel
each other. Besides, all the pure Ni CNW networks have effective fields
lower than the expected MS field value Hps = 1.04 kOe. The larger
difference between both fields is about 0.9 kOe for the 40 nm diameter
CNWs. As known, the room temperature first order MC anisotropy
constant of Ni of — 0.5 x 10°ergem 2 leads to a MC field of about
— 100 Oe [41]. Such a low value do not fully explains the observed
decrease in H.; for the lower diameter Ni CNWs, so another source of
magnetic anisotropy has to be considered. Indeed, it has been shown
that a magnetoelastic (ME) anisotropy contribution can be induced in
Ni NWs as a result of spatial confinement of their structure [36]. This
means that for low diameter Ni CNWs such a contribution may be in-
duced by residual stresses at specific regions of the 3D networks, as for
instance at the crossing zones between NWs. Similarly to the large
positive magnetic anisotropy enhancement of ME origin observed in
alumina membranes based arrays of Ni NWs [36], arrays of low dia-
meter Ni NWs in PC membranes exhibit a negative anisotropy con-
tribution which is likely of the same origin and competes with the shape
anisotropy, so reducing the effective anisotropy field of the arrays [51].
A general additional excess anisotropy field (Hy) is assumed in order to
take into account these magnetic contributions. Consider then the ef-
fective field as the superposition of the MS contribution and this ad-
ditional field, that is

Heft = Hms + Hex, (C))

where Hy is given by Eq. (3) and is shown in Fig. 5 (a). Combining Egs.
(3) and (4) along with the experimental effective fields lead the excess
fields for all CNW networks, as shown in Fig. 5 (b). As expected, this
field is close to zero for the case of the 230 nm diameter CNWs because
the magnetic behavior is dominated by the MS contribution.
Conversely, He, is non negligible and negative for most CNW net-
works with NW diameter values lower than 230 nm, the exception is the
alloy composition with x = 0.24 for whatever diameter of the NWs. For
this particular alloy the excess field is zero, consistent with its negli-
gible MC anisotropy [26]. As discussed previously, the excess field for
pure Ni CNWs can be explained in terms of a combination of their MC
anisotropy and ME effects. For alloy compositions with x > 0.24 the
increase of |He | with x is consistent with the increase of the hep to fec
crystal orientations ratio. The fact that H,, is larger for a particular x as
the diameter of the NWs decreases is the consequence of an improve-
ment of the hcp crystal texture which is naturally related to larger MC
fields. Specifically, the hcp Co texture parameter TC (0 0 2) is larger at
lower diameters for pure Co CNWs, so a strong Co(0 0O 2) texture in-
dicates a reinforcement of the crystallographic hcp c-axis and conse-
quently a larger MC anisotropy contribution. Indeed, this feature is
consistent with previous observations on the interplay between the
NWs diameter and crystal quality, as in parallel Co NWs [45,44] and Ni
NWs [52,36]. Besides, Ni;;Cosg CNW networks also have a strong Co(0 0
2) texture with even larger texture parameter than pure Co CNW net-
works which, on the contrary, increases as the diameter of the NWs is
increased. Therefore, one might expect even larger MC fields for large
diameter CNWs. However, the results in Fig. 5 (b) show the opposite
behavior since H,, decreases with increasing the NWs diameter. This
discrepancy can be explained by the presence of Ni(2 0 0) planes with
more intense diffraction peaks for larger CNWs diameters, as seen in
Fig. 2. That is, a larger amount of Ni(2 0 0) in mixed Co and Ni
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crystalline phases leads to a higher inhibition of the hcp MC anisotropy,
as for CNWs with the largest diameter. The importance of the results
discussed in this work lie on the fact that despite the complex spatial
arrangement of 3D NiCo CNW networks and interconnections between
NWs, their magnetic behavior remain sensitive to the alloy composi-
tion, crystal orientation and mechanisms that depend on size reduction
and spatial confinement of the structure. Furthermore, interconnected
3D CNW networks are interesting materials with tunable magnetic
behavior and robust mechanical properties which make them suitable
for a wide variety of technological applications that require composite
or free standing systems.

4. Conclusions

The variation of spatial parameters of 2D arrays of NWs or 3D
networks of CNWs like the NWs diameter leads to changes in other
parameters like the packing fraction of the entire systems. This leads to
variations in distinct anisotropy fields at the same time, so decoupling
them may be a difficult task. In this work we have proposed a metho-
dology to extract specific magnetic anisotropy field contributions by
decoupling them from the demagnetizing or magnetostatic field in large
scale 3D CNW networks. To this end, interconnected porous membranes
with the same porosity but specific NW diameters, have been prepared.
This strategy has allowed to obtain CNWs with distinct scale ratios, that
is, with the same packing fraction but allowing variations in the NWs
diameter. Then, the MS field has been easily subtracted from the
measured effective anisotropy field. Following this procedure, an excess
anisotropy contribution that depends on the crystal orientation and the
lateral dimensions of the NWs has been determined with remarkable
accuracy. This field is of MC origin for Co-rich CNW networks, whereas
it is negligible regardless the diameter of the NWs for the particular
alloy composition with x = 0.24. In the case of pure Ni CNWs the excess
field is consistent with a combination of MC and ME effects, where the
last one may be originated by residual stresses resulted from the spatial
confinement of the NWs. In short, NiCo CNW networks are very inter-
esting 3D magnetic systems because their magnetic properties have
been proven to be clearly detectable despite of their complex spatial
arrangement and the amount of interconnections between NWs.
Understanding the magnetic properties of these materials is paramount
for the development of potential technological applications with 3D
resolution, improved mechanical and large scale production cap-
abilities.
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