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Abstract

FeNi nanowires (NWs), 40 nm in diameter, were grown by electrodeposition. Compositional
analysis showed Fe anomalous co-deposition, with different trends across the different potentials
and electrolytes used. Those trends were explained within a modified Bocris-Drazic-Despic
chemical reactions model, highlighting the importance of the electrochemical theory in
understanding Fe-Ni electrodeposited systems. Structural characterization showed a change from
a body-centred cubic structure for Fe-rich NWs to face-centred cubic at mid and low Fe content.
Magnetic hysteresis measurements showed a range of coercivities from 20 mT for Fe-rich to 100
mT for Ni-rich NWs. Angular measurements allowed to determine that the magnetization reversal
mechanism was dominated by transverse domain wall reversal. The analysis also hinted at the
non-shape anisotropy acting as a demagnetizing force. First-order reversal curves (FORCs)
showed that arrays with a high absolute value for the non-shape anisotropy had higher magnetic
interactions, and vice versa. The non-shape anisotropy is dominated by the magnetostatic
interactions between NWs, causing a weakening of the magnetic hardness. In combination with
the coercivity angular measurements, the FORC analysis explained the shift in easy axis

preference depending on NW chemical composition observed in the samples’ hysteresis loops.
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1. Introduction

The synthesis and study of nanowires (NWSs) has gathered increased attention lately due to their
promising future as next-generation magnetic memories [1], [2], [3], [4], nano-sensors [5], [6],
[71, [8] and components of foldable electronic devices [9], [10], [11], [12], [13], among other
applications. The different synthesis methods and the high number of degrees of freedom in the
synthesis of arrays of NWs permits greatly tuned compositions, structures and, consequently,
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magnetic properties. In particular, electrodeposited FeNi NWs are promising as they can be made
of well-known alloys with useful magnetic properties for technological applications (e.g.,
FexoNigo, known as “permalloy”), and are currently being investigated for applications such as
race-track magnetic memories [14], [15], [16], [17] by exploiting the range of properties of the

FeNi alloys at different compositions.

However, the electrochemical synthesis of FeNi NWs poses the issue of Fe anomalous co-
deposition, by which Fe deposits in the NWs in greater amounts than it is present in the electrolyte.
The Fe selectivity caused by this effect, defined as the ratio of Fe fraction in the sample to the Fe
fraction in the electrolyte, has been observed to change by a great number of factors such as
electrodeposition potential [18], [19], [20], nanowires geometry [18], [19], [21]; electrolyte
composition [18], [21], [22], [23]; period used in pulsed electrodeposition [24], etc.

These observations typically lack a theoretical analysis of the anomalous co-deposition
phenomenon, which hinders the capacity to predict the changes in Fe selectivity to be expected
under different synthesis conditions. Therefore, the consistent application of anomalous co-
deposition models to measured compositional data is of great interest to the academic community,
especially given that the more magnetism- and materials- oriented side of the community scarcely

focuses on the pure electrochemical aspects of this problem.

Additionally, it is crucial to investigate the magnetic properties of the NW samples in an
integrated manner, not only making use of different experimental techniques but also analysing
their results jointly as part of a broader analysis. NW magnetic properties can vary depending on
multiple factors, such as NW diameter [25], [26], [27], chemical composition [26], [27], [28],
[29], [30], [31], [32], structural modulation [33], [34], [35], [36], etc. Therefore, investigating the
change in the magnetic properties with the different NW characteristics using an integrated

approach in the experimental design and data analysis would be highly useful.

Thus, in this work we present a study of the correlation between the composition, crystallographic
phases and magnetic properties of electrodeposited arrays of FeNi NWs synthesized under a range
of electrochemical potentials and electrolyte compositions. The observed changes in the sample
chemical composition caused by the anomalous co-deposition phenomenon were analysed under
a modified Bocris-Drazic-Despic (BDD) model [38] to better explain at the chemical level the
trends observed in Fe selectivity. The changes in the magnetic interactions among NWs in the
array depending on the NWs composition were also analysed via coercivity angular

measurements and first-order reversal curves (FORCs).

To our knowledge, this is the first study on FeNi NWs where angular coercivity measurements
and FORC diagrams are jointly analysed to thoroughly study the magnetic properties of the NWs

such as their magnetostatic interactions and their impact on secondary magnetic properties such



as hysteresis loop shape and easy axis direction preference. Additionally, the analysis of the Fe
anomalous co-deposition trends observed through the BDD model discussed later on is crucial in
both calling the attention of materials scientists working solely on the magnetism of metallic NWs
to the electrochemical aspects of the research, as well as in aiding future works in predicting their
own Fe-Ni compositions trends despite the anomalous co-deposition effect. Overall, our findings
emphasize the importance of the control of the multiple degrees of freedom in the synthesis of
NWs (electrolyte composition, electrodeposition potential and mode, etc.) in tailoring the

properties of FeNi NWs.

2. Experimental methods

The arrays of FeNi NWs were prepared by electrochemical potentiostatic deposition into the
hexagonally self-assembled pores of anodized aluminum oxide (AAO) templates. The AAO
templates were prepared from Al foils of 99.999% purity by a two-steps anodization method [39],
[40], [41]. These pores showed a mean diameter of 40 nm, and a mean inter-pore distance of 105
nm (Fig. 1a). After the anodization steps, the back-side aluminum layer and the alumina layer at
the bottom of the pores were selective chemically etched. An electrical contact made of Au at one
side of the membrane was grown to act as work electrode in the synthesis of the FeNi NWs by

electrodeposition.

The FeNi NWs were then grown into the alumina nanopores by potentiostatic electrodeposition
in a three-electrodes electrochemical cell configuration using aqueous electrolytes with the
following composition: FeSO4 - 7H20 ranging between 0.06 and 0.19 M, NiCl; - 6H,0 in the
range of 0.07 and 0.20 M, and 0.01 M of ascorbic acid. The composition of the electrolytes was
tuned to end with electrolytes containing 23, 50 and 75% of Fe solute concentration. A platinum
mesh was used as the counter electrode, and the electrodeposition potential was varied in the
range between -1.1 and -3.0 V vs the reference Ag/AgCl electrode, except for the arrays of pure-
Fe and pure-Ni NWs which were grown at -1.1 V. Both samples were prepared using agueous
electrolytes, containing 0.22 M of FeSO, - 7H,0 for the Fe NWs, and 0.84 M of NiCl;, - 6H,0
with 0.15 M of NiSQO, - 6H,0 for the Ni NWs. In both cases 0.16 M of boric acid was used, while
for the Fe NWs sample 0.06 M of L-ascorbic acid was also used. The NWs diameter was
determined to be around 40 nm (see Fig. 1c), with the NWs having been released from the AAO
template by the application of phosphoric acid solution to dissolve it. NWs with an apparently

larger diameter in Fig. 1c are the result of the overlapping of several NWs.
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Figure 1. (a) Top view and (b) cross section SEM images of the anodized aluminum oxide (AAO) membrane
showing the top side of the nanopores and a representative array of FeNi NWs, respectively. (c) NWs

released from the membrane and dispersed on a flat surface.

Morphological characterization was carried out using a Scanning Electron Microscope (SEM),
model Zeiss UHR SEM Auriga. Energy-dispersive X-ray spectroscopy (EDS/EDX) chemical
composition analysis of the samples was done using a Bruker Quantax EDX, XFlash 6130 model,
attached to a Hitachi S-3000N SEM. These EDX measurements were taken from a cross-sectional
view of the NW arrays (see Fig. 1b) in order to include as many NWSs as possible in the
measurement and therefore minimize the measurement error. The crystallographic structure of
the NWs was performed by X-ray diffraction (XRD) using a Rigaku Smartlab SE diffractometer
in Bragg-Brentano configuration with Cu-K, radiation (A =0.1541nm). The magnetic
measurements were done using a Lake Shore 7400 series Vibrating Sample Magnetometer (VSM)
by applying the magnetic field with an angle, 0, to the nanowire longitudinal axis. Data processing
to obtain the FORC diagrams was carried out using the FORCinel software package [42].

3. Results and discussion
3.1 Compositional analysis

The arrays of FeNi NWs synthesized using the different electrolytes within the analysed range of
electrodeposition potentials were measured by EDX to determine their composition (see raw EDX
spectra of selected samples in Fig. 1 of the Supplementary Material). After calculating sample
compositions, all electrolyte composition showed the anomalous co-deposition phenomenon, by
which Fe is deposited in a higher concentration than it is present in the electrolyte. The
electrodeposition potential range in which the phenomenon occurred, as well as the Fe selectivity
(the ratio of Fe content in the FeNi NWs to the content in the electrolyte), were dependant on the
electrolyte concentration. It was observed that FeNi NWs synthesized with the lowest Fe

concentration electrolyte (i.e., 23% of Fe solute in the electrolyte) had both a wider potential range



in which no anomalous co-deposition occurred (from -1.1 to -2.0 V) as well as a higher selectivity
once the anomalous co-deposition mode began (i.e., increased difference among the Fe content

in the NWs in comparison to the Fe content in the electrolyte as can be observed in Fig. 2).
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Figure 2. Evolution of the Fe concentration in the FeNi NWs as a function of the electrodeposition potential
for different electrolyte Fe concentrations. As a reference, horizontal lines have been plotted for the Fe
content in the different electrolytes.

These experimental results were analysed under the framework of a modified Bocris-Drazic-
Despic (BDD) model [38], presented by Dragos et al. to explain the anomalous co-deposition of
Fe in FeNi NWs. In this model, the key reaction step of the electrodeposition process occurs
between the H* in solution and metal hydroxides adsorbed to the electrode surface, MOH*.s (M
= Fe, Ni). MOH*,s is formed from M?* ions in the solution, and leads to M deposition at the

electrode by reduction with an e”. The key reaction step causing the anomalous co-deposition in
this model is

H* + MOHZ4 > H,0 + M?* (M = Fe, Ni) ),

by which the hydroxide ions are desorbed and return to the solution as free metal ions. The much
higher dissociation constants of the Ni hydroxide compared to the Fe one (approximately 1,000
times higher [43], [44]) means that more Ni is returned to the solution as Ni?* than Fe is as Fe?*,
so that more Ni is removed from the adsorbed state where it can be deposited, leading to a relative

increase in the deposition of Fe atoms. This increase in Fe selectivity (the ratio between the



deposited Fe fraction and the electrolyte Fe fraction) is the phenomenon known as anomalous co-

deposition.

In the light of this model, the two trends observed in the synthesized FeNi NWs series (hamely,
the lower Fe selectivity and the anomalous co-deposition occurring at higher potentials, when
higher Fe electrolyte concentrations are used) can be explained. Assuming both the Fe and Ni
ions have equal probabilities of being adsorbed to the electrode as hydroxides, then the
proportions of adsorbed hydroxide ions would be the same as the proportions for the solution
concentrations. However, due to the much lower stability of the NiOH".gs ion [43], [44], some
fraction of those ions is desorbed from the electrode and replaced by FeOH".qs ions. The fraction
of Ni hydroxide ions that are desorbed remains approximately constant as the concentration of Fe
in solution increases (so long as the changes in pH between different Fe concentrations are small,
as per the chemical equilibrium in Eq. (1)), but as Fe concentration increases they represent a
smaller proportion of the total number of adsorbed hydroxide ions (i.e., both Ni and Fe ions)
because the starting proportion of adsorbed Ni ions is smaller. Thus, a smaller amount of Ni
hydroxide ions, with respect to the total, is replaced by Fe hydroxide at the electrode as the Fe
concentration in the electrolyte increases. This smaller increase in Fe adsorption is paired with a
bigger starting Fe adsorption concentration to yield an overall lower Fe selectivity. In our
experiments, we have measured pH values of 2.89, 2.99 and 3.11 for the 23, 50 and 75% Fe
concentration electrolytes, respectively, so there are only very small increases in pH as more Fe
is added to the electrolyte and the above qualitative model can explain the lower selectivity
observed. Similarly, the increased potential range in which anomalous co-deposition occurs when
increasing Fe concentration can be attributed to the progressive loss of Ni2* ion saturation at the
electrode: when there is more Ni in the electrolyte, the desorbed hydroxide ions can be replaced
with new ions easily at high potentials (where there is little desorption, which is enhanced by
lower electrodeposition potentials), but with less Ni concentration the replacement is harder and

so observable anomalous behaviour occurs in a wider potential range.

Samples grown at -1.1 V for each electrolyte (of composition Feg24Niozs, FeosiNig4s and
Feo.soNio20 for 23, 50 and 75% Fe electrolyte concentration, respectively) were chosen for the
more in-depth study, since these samples showed the least anomalous co-deposition of each
sample series, therefore being the samples with the chemical composition optimized according to

the electrolyte composition.

3.2 Structural and crystallographic analysis

Structural analysis of arrays of FeNi NWs (together with reference arrays of pure-Fe and pure-Ni

NWs grown under the same electrochemical conditions) using X-ray diffraction (XRD) showed



a mixture of fcc (face-centred cubic) and bcc (body-centred cubic) phases (see Fig. 3) across the
samples. Interestingly, the pure-Fe sample clearly showed a fcc structure, characteristic of y-Fe,
instead of the typical low-temperature bee phase of a-Fe. It is known that NWs diameter changes
are enough to alter the NWs crystal structure [26], [45], and from comparison with the 40 nm-
diameter bcc Fe nanowires grown by pulsed electrodeposition in [46], we conclude that the same

is true for the electrodeposition mode used.

It is interesting to further note that the Feo.soNio.20 Sample studied here did show a clear bcc phase,
with the (20 0), (21 1) and (2 2 0) reflections being clearly visible independently, while the (1 1
0) diffraction peak overlaps with the position of the fcc (1 1 1) peak. However, given that no other
fcc peaks are found, this peak was assigned as the bce (1 1 0) peak. This suggests that a fraction
of Ni content aids in stabilizing the a-Fe structure. On further increases of Ni content, the fcc

phase becomes the dominant one instead.
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Figure 3. XRD patterns for the arrays of Fe, Ni and FeNi (with different compositions) NWs synthesized at
-1.1 V vs reference electrode (bcc reference peaks are indicated with red dotted lines, and fcc peaks with

blue dotted lines).

3.3 Magnetic characterization

Hysteresis loops were measured for the arrays of FeNi NWs with varying composition under
analysis (Fig. 4), to study the magnetization reversal process and correlate it with the composition
and crystallographic structure of the NWSs. The results showed a very wide range of magnetic
behaviours, with the coercivity poH: measured for 6 = 0° ranging from 20 mT for the Feo.goNio.20

sample to about 100 mT for the Feo24Nio.76 One. Note that, while the hysteresis loops shown are



normalized to their own magnetic moment at saturation, the saturation magnetization for the
alloys studied in their bulk form have been considered for the analysis of the obtained results
(values included in Table 1 [47]). Additionally, note that some studies [48] have found significant
correlation between the nanopore density (of 2.89 10° cm in our samples) or NW packing
fraction (of around 3.6% in our samples) and sample parameters such as the saturation field. In
this regard, the saturation field of our Fe sample (56 mT) is in agreement with those reported in
[48] for similar packing fractions. However, because packing fractions are equal across all our
samples, and instead there is significant variation of chemical composition and its associated
physical properties, the investigation of the impact of packing fraction on the properties of our

samples was not pursued further.

Fig. 4f shows the evolution of the coercivity poH: and normalized remanence M/Ms with Fe
content, with the external field applied along the NW axis. The contrast between the high
coercivity and remanence values for the Fe, Feo24Nio7s and Ni NWs compared to the Feos:Nio.a9
and FeosoNio.20 NWs can be explained as the change in the easy axis character of nanowire axis,
due to a change in the balance between NW shape anisotropy and NW magnetostatic interactions.
Note that this type of coercivity and remanence evolution has been observed previously in other
works dealing with Fe-based alloys NWSs [26]. As can be seen by comparing the measurements
done for 6 = 0° and 90°, for the Fe, Feo24Nio.76, and Ni arrays for 6 = 0° (6 = 90°) the nanowire
axis corresponds to the easy (hard) axis of the nanowires arrays, resulting in higher (lower)
remanences and coercivities. The opposite is the case for the FegsiNig.49 and FeogoNio20 NWSs. As
has been previously discussed in the literature [18], [49], [50], [51], this change in easy axis can
be understood as the interplay between the shape anisotropy and the magnetostatic interactions
among nanowires in the array. If the magnetocrystalline and magnetoelastic anisotropies can be
neglected, then the arrays of NWs for which the shape anisotropy is significantly higher than the
magnetostatic interactions (both measured as energy densities) will have the easy axis along the
nanowire axis. On the other hand, when the magnetostatic energy density is close to or larger than
the shape anisotropy, the resulting weakening of the shape anisotropy leads to a swap between

the easy and hard axis directions, with the nanowire axis ending as the hard axis.
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Figure 4. Room temperature VSM hysteresis loops measured for arrays of NWs with compositions with the
magnetic field applied with an angle 6 = 0° and 90° (parallel and perpendicular to the NW axis,
respectively): (a) Fe, (b) FeosoNio2o, (C) FeosiNioss, (d) Feo24Nio7s and (e) Ni; and (f) evolution of the
coercivity and normalized remanence of the arrays of NWs with chemical composition for 8 = 0°. Insets in

each subfigure show the second quadrant of each hysteresis loop.

Thus, the correlation between the coercivity of the arrays of nanowires and their chemical
composition might be explained due to the different values of the shape anisotropy and the
magnetostatic interactions between the samples. In order to estimate both the shape anisotropy
and magnetostatic interactions between the NWs, as well as identify the magnetization reversal

mechanism, coercivity angular measurements were carried out and analysed.



3.3.1 Magnetization reversal study

A study of the evolution of the coercivity with the angle at which the external field is applied in
relation to the NWs longitudinal axis was carried out, as this can support the identification of the
magnetization reversal mechanism. The magnetization reversal modes considered were coherent

rotation, transverse domain wall and vortex domain wall (curling).
For both the coherent rotation and transverse wall modes, the coercivity is given by

X _ 2K((x)V1-t2+t*

HC (e) - qu§(1+t2) S (2)
where x represents either the coherent or transverse cases, t = tan (8)%/3 and K,(x) is the total
magnetic anisotropy. On the other hand, the angle-dependent coercivity of a NW with the curling

magnetization reversal mode can be modelled as

(2N, =K/s2) (2Nx=K/g2)

H.(0) = 21M,
J(ZNZ—k/SZ)Z sin2 0+ (ZNX—k/SZ)Zcosz 0

@)

where S = r/ry, r the NW radius, r, = AY2/Mgandk = q?/m (q is the smallest solution of the
Bessel functions and is 1.8412 for a cylinder).

An in-depth discussion on these models and how to analyse the data extracted from the angular
coercivity measurements can be found in the Supplementary Material. Such an analysis can yield
estimates for the total and shape anisotropy constants (K; and Ky, respectively), and therefore of

the non-shape anisotropy K; — Kgy,.

The model fits of the samples studied all yielded transverse domain wall as the dominant reversal
mechanism in the array of NWs (see Fig. 5), as it had the lowest coercivity values of the three
models considered. This is consistent with previous results in the literature for Co, Ni, CoNi and
CoFe NWs [30], [37], [52], [53] showing that single-segment NWSs with high aspect ratio have
magnetization reversal driven by the transverse domain wall mechanism, due to the higher energy
cost of the curling and coherent reversal modes. Other magnetization reversal modes, such as the
curling mode [54], [55], typically require NWs with larger diameters and/or shorter lengths. Note
that another version of Fig. 5, with each subfigure zoomed-in as needed to be able to visually

appreciate the changes in coercivity, is available in the Supplementary Material.
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Figure 5. (a) Diagram sketching the angular measurements performed and (b)-(f) coercivity measured at
different angles to the NWs axis and fits to magnetization reversal models for the arrays of NWs with the
following composition: (b) Fe, () Feo.soNio.20, (d) Feos1Nio.49, (€) Feo24Nio .76, and (f) Ni.

The non-shape magnetic anisotropy (Table 1) showed a range of values, with the pure reference
Ni sample having the lowest absolute value, and the FeosoNio.20 Sample having the largest one.
The negative sign shows that this anisotropy works against the main magnetic hardening factor,
namely the shape anisotropy Kg;,, and tends to ease the magnetization reversal. Note that (as
discussed in the Supplementary Material) in the transverse domain wall case, Ks is calculated as

a function of sample magnetization saturation M and its estimated transverse domain wall width.

It is observed that the samples with an easy axis along the NW axis (Fig. 4) have shape
anisotropies that are between 50 and 100% larger than their non-shape anisotropies. On the other
hand, samples with the hard axis at 6 = 0° have shape anisotropies only 10-20% higher than the
non-shape anisotropies. If the non-shape anisotropy values can be attributed to magnetostatic
interactions, then these values for the samples studied are in line with the theory and experimental
results previously discussed in the literature [18], [49], [50], [51]. However, since the non-shape
anisotropy includes contributions from the magnetostatic interactions and the magnetocrystalline
anisotropy, first order reversal curve (FORC) measurements were performed to study the

evolution of the magnetic interactions across the samples to be able to separate both contributions.
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Table 1. Evolution of the saturation magnetization and non-shape magnetic anisotropy with sample
composition.

Composition M;s (A m? kg) [47] Kgp (102 I m) K; — Kgn (102 I m?®)
Fe 222 240 -110
Feo.soNio.20 218 240 -220
Feo.51Nio.49 163 200 -170
Feo.24Nio.76 112 120 -60
Ni 58 30 -20

3.3.2 First-Order Reversal Curve analysis

First Order Reversal Curve (FORC) analysis has been carried out to study the role of the magnetic
interactions in the arrays of FeNi NWSs. In FORC measurements, the sample is saturated at a
certain saturation field, Hsx, and then minor hysteresis loop branches are taken from a given
reversal field, H, up to a maximum field, Hmax. Once a minor hysteresis loop is measured, the
sample is saturated again and H; is decreased slightly while Hmax is increased, so that each minor
hysteresis loop covers a slightly longer range than the previous one. The procedure is completed

until the last minor hysteresis loop is measured, which covers the range of a full hysteresis loop
(Fig. 6 ().

Then, the FORC intensity distribution pporc, calculated from the magnetization M at each

measurement point, is given by

1 0°M
PrORC = S5m0 > Hr (4)

With H; being the reversal field for the minor hysteresis loop of the measurement point and H
being the applied field at the measurement point. The discrete pgrorc Values thus obtained were
then processed using the utility package FORCinel [42] to produce a continuous FORC
distribution, with the data being typically represented in terms of the coercive and interaction

fields (Hc and Hy, respectively), which are given by

> ()
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FORC measurements were taken setting a saturation field of poHse = 1.5 T, with a maximum
coercivity HoH of 0.5 T, and values of poHy, min = -0.2 T and HoHy, max = 0.2 T. Typical FORC
curves measured in this manner can be seen in Fig. 6 (a)).

The FORC diagrams of the arrays of NWs with different composition can be found in Fig. 6. The
Feo.soNio.20 sample showed the typical T-shape behaviour (with a long intensity distribution along
the H, interactions axis) of interacting magnetic NWs [55], [56], [57], [58], [59], [60], with the
NWs having an interaction field poAH, of around 82 mT. AH, represents the maximum interaction
field between the NWs and is estimated as the half-width at half-maximum of the FORC
distribution parallel to the Hy axis [35].
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Figure 6. (a) Representative example of FORC measurements (Feo.2sNio.7z6 Sample), and (b)-(f) FORC
diagrams measured for the samples with the following composition: (b) Fe, (c) Feo.soNio.20, (d) FeosiNio.o,
(e) Feo.24Niozs, and (f) Ni.

The other four samples show a very narrow FORC distribution along the Hy axis. The diagram
obtained for the Fe and Feg2sNio76 Samples resemble the “wishbone” shape observed for low-
interactions systems [56], [60], [61], [62], although with a highly deformed shape. Instead, the
shape of the spots is very similar to the results for a magnetic recording device [61]. The
discussion and simulations for Ni nanopillar arrays in [61] also indicate that the cause for this
shape lies in the combination of a wide nanowire coercivity distribution and very low interactions
between them. For progressively higher interactions, the wishbone and then T-shape appear.
However, if the coercivity range remains significant, the wishbone shape might not appear even

on increasing interactions. This can be seen in Fig. 6 (d), where there is a wider distribution along
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both the H, and H. axis, in particular with the existence of a secondary low-H. spot centred on
the Hc axis. The small negative-value ridge found around poHe =0 mT and poH, = 100 mT in Fig.
6 (c) and 6 (e), and especially Fig. 6 (d), is a consequence of the coupling of the reversible and
irreversible components of magnetic reversal [61]. Additionally, the calculation of the FORC
marginal coercivity distributions was done by determining the peaks in the plotted FORC
distribution along the coercivity axis in the FORC diagram. The results (see Fig. 3 in the
Supplementary Material) show agreement between the maximum of the marginal distributions
and the corresponding coercivities extracted from the hysteresis loops for all samples except for
the Feos1Nio4g sample. For this sample, two distinct maxima can be found in the coercivity
marginal distribution, one at very close to the intersection between axis and another one around
95 mT, compared to the coercivity obtained from the hysteresis loop (45 mT). Taking into account
how the non-shape magnetic anisotropy acts as a weakening mechanism of the shape anisotropy,
this indicates that the Feos1Nio49 Sample contains nanowires affected by a high local non-shape
anisotropy (corresponding to the maximum at low-coercivity) and nanowires with a low local
non-shape anisotropy (corresponding to the peak in the diagram at higher coercivity). Given that
the non-shape anisotropy is dominated by the magnetostatic anisotropy (see below), the maxima
at higher coercivity would then correspond to magnetically isolated nanowires which therefore

experience low magnetic interactions.

In comparison with the values obtained for the non-shape magnetic anisotropies using the
coercivity angular measurements, it can be seen that the samples with the smallest absolute values
(arrays of NWs with the composition of Fe, Feo24Nio7s, and Ni) had the smallest magnetic
interactions as observed through FORC measurements, while the Feos1Nio49 Sample showed an
intermediate level of interactions in FORC diagram and the second largest absolute value for K —
Ky The FeosoNio.20sample had the strongest interactions and the largest value of K, — Kg,. The
difference between the coercivities of the Fe and Feo.soNio.20o Samples observed in Fig. 4 therefore
seems to stem mainly from a difference in magnetostatic interactions between the NWs, not in
their magnetocrystalline anisotropies. Thus, these results show that the evolution with the
chemical composition of the non-shape magnetic anisotropy is in line with the evolution of the
magnetic interactions, indicating that K, — K}, is dominated by those magnetostatic interactions,
with the contribution of the magnetocrystalline anisotropy to the non-shape anisotropy being
negligible in comparison. The magnetostatic interactions are thus seen to act as a magnetization
reversal weakening mechanism. Considering this, together with the discussion at the end of the
previous section, it can be concluded that the changes in remanence and coercivity observed
between the samples in Fig. 4 are due to changes in the easy axis direction from 6 = 0° (where the
shape anisotropy dominates) to 0 = 90° (where the magnetostatic interactions dominate)

depending on the chemical composition of the NWs.
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4. Conclusions

The electrochemical synthesis of magnetic FeNi NWs showed the anomalous co-deposition of
Fe, which was observed as the electrodeposition potential and electrolyte composition were
modified. The change in Fe selectivity and the anomalous co-deposition potential range were
explained in terms of the differing adsorption stability of FeOH* and NiOH* ions within a
modified Bocris-Drazic-Despic (BDD) model. These results highlight the importance of the
understanding and application of electrochemical theory for the analysis of FeNi NWs, as well as
paves the way for the future prediction of anomalous co-deposition trends in other works around
electrodeposited FeNi. Additionally, X-ray diffraction measurements showed a mixture of bcc
and fcc crystalline phases with varying the NWs composition.

The magnetic characterization of the main samples studied showed a wide range of coercivity
values, from 20 mT for the FegsoNio.20 Sample to 100 mT for the Feo24Nio76 Sample. To further
analyse the magnetic properties of the arrays of FeNi NWSs, angular coercivity measurements
were performed, to study the magnetization reversal mechanisms of the arrays of NWs and their
magnetic anisotropies. All samples were found to preferably reverse their magnetization through
the transverse domain wall mechanism, with the non-shape anisotropies contributing as
magnetization reversal weakening factors. FORC analysis was then used to show that the values
of the non-shape anisotropies of the samples were correlated with the magnetic interactions
among the NWs in the arrays. This indicated that the non-shape magnetic anisotropy is dominated

by magnetostatic interactions that facilitate magnetization reversal.

The combination of hysteresis loops, angular coercivity and FORC measurements and their
combined analysis explained how the changes in the chemical composition of the NWs lead to
changes in the magnetostatic interactions between them and how this causes a change in the easy
axis preference when the value of the magnetostatic anisotropy is close to that of the shape
anisotropy. Thus, this work shows the potential of the FeNi NWSs system as a platform from which
to easily develop different applications (from magnetic information storage devices to magnetic
sensors), thanks to the wide range of coercivity, magnetization saturation and magnetic
interactions strength that can be achieved by simply tuning the parameters involved in the
electrochemical synthesis of such nanostructures. The analysis done in this work, both concerning
Fe anomalous co-deposition as well as the magnetic properties of the NWs and the correlation
with their morphology, composition, and structure, constitutes key information for further
precisely controlling the magnetic properties of the NWs for their development and

implementation in different technological applications.
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