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Abstract

FeCoNi nanowires with diameters of 30 nm and 100 nm and a length of 6 um were electrodeposited in the
polycarbonate membranes at constant cathodic potentials ranging from -1.0 to -1.8 V. The increase in
cathodic potential caused an increase in Ni content with a simultaneous decrease in Fe and Co
concentrations. The samples showed an fcc structure (with a small hcp fraction observed in one sample)
with a preferred growth along [111] direction, which changed to a [220] texture at higher deposition
potentials. With the increase in Ni content, a shortening of the lattice parameters and an increase in the
crystallite size were observed. Various chemical compositions resulted in the modification of the magnetic
properties of nanowires. The magnetization saturation value increased with increasing cathodic potential
for both types of nanowires. However, coercivity and squareness rose for samples with a diameter of 30
nm and fell down for 100 nm diameter nanowires. This specific behavior was explained based on dipolar
interactions, which can be neglected in 30 nm diameter nanowires, due to the low membrane porosity.

Keywords: nanowires, FeCoNi, template-assisted electrodeposition, anomalous co-deposition, magnetic
properties

Introduction

Along with technological progress, manufactured devices are not only more efficient but also smaller and
smaller. Entering the nanoscale, appropriate nanostructures such as nanoparticles, nanotubes or
nanowires must be used for the production of those devices [1], [2]. Nanowires (NWs) are one-dimensional
objects with a diameter of nanometers and micrometric lengths, which due to their cylindrical geometry,
exhibit anisotropy of the physical properties and — what is especially important in the case of magnetic
nanowires — magnetic anisotropy. Such structures demonstrate a wide range of applications from
biomedicine to consumer electronics; for example, they are used in cancer therapy or in drug delivery
systems, as MRI contrast agents, [3], [4] or as pressure, gas, liquids and acoustic sensors, in microwave
devices or as tips for magnetic force microscope [3], [5]-[12].

Cylindrical magnetic nanowires are also attractive materials for next-generation data storage devices like
3D magnetic memory units with a density of several dozen terabits per square inch [13]-[16]. Current
magnetic data storage devices rely on a two-dimensional design. Because of the superparamagnetic
behavior observed when the size of the magnetic bits is reduced, density in such storage media cannot be
improved. An alternative approach is the constructing of 3D devices in which vertically arranged magnetic
domains are used to store information in parallel arrays of tall columns — nanowires. Such nanowires are



embedded in a non-magnetic matrix, thus the individual segments will be deep in the membrane. To
extract the information, the domain wall motion along the nanowires should be considered. In 2D objects,
the domain wall motion can be achieved by spin-polarized electrical current and/or magnetic field. In the
case of magnetic sections arranged in 3D fashion, the domain wall propagation can also be reached by
means of spin-polarized current or RKKY (the Ruderman—Kittel-Kasuya—Yosida) interactions [17]—-[19].
However, this concept has not been transferred to devices on an applicable scale [17], [18], [20], [21].

The nanowires can be produced by many techniques such as lithography, chemical vapor deposition,
ablation or electrochemical deposition. The template-assisted electrodeposition method is often used to
produce nanowires due to its versatility and suitability for large-scale production. Also, using this
technique, it is possible to obtain the desirable parameters of nanowires, like shape and size [22]-[24]. An
additional advantage of this technique is that it is relatively easy to sequentially grow and combine various
segments of dissimilar materials exhibiting different physicochemical properties along the nanowire [25].

Parallel arrays of segmented nanowires embedded in a non-magnetic matrix produced by template-
assisted electrodeposition technique are exactly the kind of three-dimensional system, which can meet
the demands of 3D memory units. The use of multisegmented nanowires requires full control of the
orientation of the different magnetic segments. To achieve this goal each magnetic segment should exhibit
a well-defined, sufficiently different value of coercivity [25]. The coercivity strongly depends on the
geometry of the segments and of course on their chemical composition. For example, the use of the
templates with modulated pore size or post-deposition etching of nanowires enables the production of
segments with different diameters, which results in a varied coercivity of the particular magnetic parts
[15], [16], [26]—[28]. Another idea is to produce segments from materials with different magnetic hardness
such as Co and Ni [18] or alloys such as FeCoNi with different chemical compositions.

Well-chosen chemical composition is a factor that affects various parameters, including magnetic
properties such as the mentioned coercivity (Hc), but also remanence (Mg), saturation magnetization (Ms)
and squareness (Mg/Ms). Studies by Budi et al. showed an increase in both Ms and Hc values with an
increase in Fe and a decrease in Ni content in the FeCoNi films [29]. Such a chemical modification can be
achieved by changes in the cathodic potential in the single-bath electrodeposition process [23], [29], [30].
The chemical composition of FeCoNi alloys determines the phase composition and crystallographic
structure, which decide on the magnetocrystalline anisotropy [23], [31]1[31]. However, it should be noted
that only a well-selected electrolyte composition ensures clear changes in the chemical composition of the
deposit as a function of the applied potential [28].

In addition, alloys from the iron group show an anomalous deposition type, which means that less noble
metal atoms are deposited preferentially over more noble atoms despite a lower standard potential [29],
[32]-[35]. This electrodeposition process is complicated because the reduction of those elements occurs
not only from Fe?*, Co?* and Ni?* but also from the corresponding metal hydroxide ions (FeOH*, CoOH* and
NiOH*), which show larger reaction rate constants than in the case of the free ions [36]. The possible
explanation for principal features of anomalous co-deposition is based on the hypothesis that in iron-group
metal the electrodeposition of the metal hydroxide ions, MOH* (M = Co, Ni, Fe), are the primary precursors
competing with each other for surface sites at the electrode [36], [37]. Inhibition of the electrodeposition
of more noble elements is assumed to result from preferential coverage in order: FeOH* > CoOH* > NiOH*,
due to the differences in kinetics [38]. Although there are models that elucidate the anomalous



phenomena for coatings [24], [33], the mechanism of FeCoNi nanowires deposition into the porous matrix
is still an open question.

The type of deposition is highly dependent on the parameters of the electrolyte and the electrodeposition
process, especially on the concentration, pH, temperature and applied potential [33]. Budi et al. reported
that in the case of FeCoNi films (i.e. not nanowires), the features typical of anomalous co-deposition clearly
attenuated at more negative potentials [29]. This means that by changing the cathodic potential it is
possible to control the type of deposition and, consequently, the chemical composition of the obtained
materials. The anomalous co-deposition can also occur when atom crystallization is hindered because the
atom solubility limit is lower than the ion concentration in the electrolyte [31].

The type of the electrodeposition process can be determined using the selectivity ratio (SR) parameter,
which is defined as the atomic ratio in the deposited material to the molar ratio in the initial electrolyte
[24], [33]. Dragos et. al. showed that the obtained values are in the range from 1 to 15, where 1 stands for
standard deposition, while 15 informs about anomalous co-deposition, but in general, it can be assumed
that the higher the SR coefficient, the more anomalous co-deposition is [33].

Besides chemical composition, the magnetic properties can be modified by the geometrical parameters of
nanowires such as diameter, length and inter-wire distance [39]. The decrease in the diameter and length
usually (not always [40], [41]) causes an increase in the coercivity and squareness [39], [42]. It can be
explained by the smaller influence of the dipolar interactions between neighboring nanowires [42]-[48].
The main geometrical parameter that characterizes nanowires is an aspect ratio defined as a length (L) to
diameter (¢). This parameter affects the shape anisotropy [49], [50], which aligns the magnetization vector
along the nanowire axis and causes the coercivity to increase to an aspect ratio value of about 10 or more
and then due to the increasing role of the magnetostatic interaction, coercivity reduces significantly [39],
[42], [49], [51]. Another important parameter is related to the nanowire quality. The more defected
nanowires may be a reason for the larger coercivity because of the domain wall pinning caused by
structural defects and other nanowire imperfections [51], [52]. Such an effect can be reached by applying
different potentials, which affect the deposition rate and result in the changes in the nanowire morphology
observed in the form of a decrease in the membrane filling degree [51], [52]. A defected structure can be
also reached by using electrolytes with a very low pH, which causes high hydrogen evolution leading to
the formation of nanostructures with high porosity [53]. In addition, there is also the membrane porosity,
which determines the inter-wire distance and for low porosity it can be large enough to weaken the
magnetostatic interaction between the nanowires, resulting in an increase in coercivity and squareness
[47]-[49], [54]-[56].

Thus, to meet the criteria required for 3D magnetic memory media, magnetic nanowires with well-defined
parameters like coercivity and remanence are required. Additionally, the nanowires should be
homogenous and smooth enough to enable domain wall motion and should be well separated to reduce
inter-wire interactions.

In this paper, we investigated the electrochemical generation of homogenous FeCoNi nanowires grown at
different cathodic potentials in porous polycarbonate membranes. The materials obtained in this way,
characterized by different chemical compositions, allowed the production of nanowires with different
magnetic properties. The influence of phase composition and microstructure on the magnetic properties
of nanowire arrays will be explored here, with a view to their possible use as a candidate for 3D magnetic
memory media.



Materials and methods

FeCoNi nanowires were electrodeposited in polycarbonate membranes with the vaporized copper or gold
contact layer (sputtering), which closed the pores from one side and acted as a cathode. The membranes
with a nominal thickness of 6 um and pore diameter of 30 nm and 100 nm showed inhomogeneous pore
distribution with a density of approximately 6 x 108 pores/cm? and 4 x 10® pores/cm?, respectively [57].
The electrodeposition process was performed in an electrochemical cell in a three-electrode system with
a metal-coated membrane as working electrode and with Ag/AgCl wire and platinum sheet as reference
and counter electrode, respectively. The electrodeposition process was controlled by the AUTOLAB
PGSTAT302N potentiostat (Metrohm Autolab B.V., Utrecht, The Netherlands) operating in the
potentiostatic mode with the applied cathodic potential varying from -1.0 V to -1.8V vs. Ag/AgCl. The
deposition was carried out in an electrolyte bath containing Fe?*, Co?* and Ni?* ions from their sulfate salts
with the addition of boric acid (to stabilize pH extending the region of proton reduction to more negative
potentials and avoiding metal hydroxide precipitations [58]) and ascorbic acid (to prevent iron oxidation
by residual oxygen). The detailed electrodeposition conditions with electrolyte composition are presented
in Table 1. The processes were stopped when a sudden increase in the cathodic current informing on the
full pore filling was recorded. Moreover, the coatings with a thickness of about 10 um were prepared on
the thin copper foil at the same electrodeposition conditions.

Table 1. The detailed electrodeposition conditions with electrolyte composition.

Electrolyte [g/L: [mol/dm3]
composition
FeSO, 2.78 0.01
CoS0O, 5.62 0.02
NiSO4 44.71 0.17
HsBOs 40 0.65
CeHgOs 1 0.006
pH 3.0
Temperature [°C] 25

The full membrane filling was confirmed by microscopic surface observation using the scanning electron
microscope (SEM) Tescan Vega 3. SEM was also used for observing the nanowires after membrane
dissolution in dichloromethane. The structure of nanowires (and flat samples) was studied by X-ray
diffraction (XRD) using a Philips X’Pert MRD Pro diffractometer with Cu Ka radiation. The samples were
also analyzed using a transmission electron microscope (TEM) FEI Titan Cubed G2 60-300 microscope (FEI)
equipped with the ChemiSTEM system and also a JEM - ARM 200F Cold FEG TEM/STEM operating at 200
kV and equipped with a spherical aberration (Cs) probe and image correctors. Scanning transmission
electron microscopy (STEM) images were acquired using a high-angle annular dark-field (HAADF) detector.
The STEM-EDS data was analyzed by Esprit software (Bruker) in which the standardless Cliff-Lorimer
quantification method was used. Indexing of electron diffraction patterns was performed with the use of
JEMS software. The chemical composition of the coatings and nanowires was studied by energy-dispersive
spectroscopy (EDS) measurements performed in SEM and STEM. The magnetic properties of nanowires
were measured at room temperature in two directions with an external field of up to 4T applied in the
plane and out of the plane of the membrane, using a Quantum Design MPMS superconducting quantum



interference device magnetometer (SQUID). The diamagnetic signal coming from polycarbonate was
subtracted from the curves.

Results and discussion

The FeCoNi nanowires were grown by potentiostatic electrodeposition into the polycarbonate membranes
with diameters of 30 nm and 100 nm by applying various cathodic potentials. Before investigating the
effect of the electrochemical parameters on the morphology as well as the chemical, structural and
magnetic properties of nanowires, some preliminary voltammetric characterizations were performed.

Cyclic voltammetry

Cyclic voltammetry (CV) was first used to help select the electrodeposition parameters and to better
understand the cathodic behavior of the metal species. CV as a powerful technique to analyze electron
transfer-initiated chemical reactions can also turn out to be a helpful tool in studying anomalous co-
deposition mechanism.

CV measurements of solutions containing FeSO4, CoSO4 and NiSO4 electrolytes were first performed
separately to obtain initial information about the deposition process and define the potential regions
where the cathodic deposition starts. The corresponding voltammograms recorded at a scan rate of 10
mV/s in a potential window between -1.2 Vand 0.2 V (or 0 V for Fe) are shown in Figure 1.
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Figure 1. Cyclic voltammograms recorded in an aqueous solution containing separately FeSO., CoSO4, or
NiSO4 (50 mM) in 0.65 M boric acid and 5.7 mM ascorbic acid, at a potential scan rate of 10 mV/s using a
gold electrode.

In all measurements, the potential scan started in the cathodic direction from 0 V, without any noticeable
current response until about -0.4 V, and then some ill-defined cathodic waves appeared as a consequence
of the slow reduction of metal ions, according to the progressive nucleation mechanism, as respectively
reported for the electrodeposition of iron [59], cobalt [60], and nickel [61]. Consistent with previous
observations on reduction potentials [62], the deposition of nickel occurred first at less cathodic potential
values, then cobalt followed by iron at more negative values. Although no distinct peaks can be detected,
it is clearly seen that this order of reduction potential is in agreement with the standard potentials (-0.44



V for Ni%*/Ni, -0.47 V for Co?*/Co, and -0.64 V for Fe?*/Fe, vs. Ag/AgCl). For cobalt, one can even notice two
successive reduction waves, consistent with the previous report on cobalt electrodeposition on
polycrystalline gold electrode [63]. Below -1.1 V, the current rapidly rose due to hydrogen evolution. On
the scan reversal, one can clearly see a metal dissolution in the form of well-defined anodic stripping peaks
appearing in the reverse order of metal cation reduction confirming that metallic deposits were indeed
formed during the cathodic scan. Stripping peaks were however asymmetric, with slow current increase
suggesting rather slow dissolution processes.

When present in a mixture (FeSO4 + CoSQO4 + NiSQy), the electroreduction is expected to form FeCoNi alloys
[29], [64]. The corresponding voltammograms recorded at various potential scan rates are shown in Figure
2. One can observe once again ill-defined reduction waves with larger intensities by increasing scan rates,
but one cannot distinguish the individual contributions of each metal ions (in spite of this, it is expected
that the FeCoNi alloy is indeed produced [62], [64]. On the scan reversal, the stripping peak currents were
found to decrease slightly (and thus the charge below the peak decreased even more rapidly) when the
potential scan rates rose, indicating that mass transport is clearly not the dominant factor and that the
electron transfer kinetics is the rate-limiting step of the electrodeposition process [64].
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Figure 2. Cyclic voltammograms recorded in an aqueous solution containing FeS0O4, CoSQO,4, and NiSO4 in a
mixture (50 mM each) in 0.65 M boric acid and 5.7 mM ascorbic acid, at various potential scan rates (from
10 to 160 mV/s) using a gold electrode.

Compared to the electrodeposition of single metals (Fig. 1), the onset of alloy deposition moved towards
lower values of potential (especially for Co?* and Ni?* reduction, Fig. 2). This is an indication of anomalous
co-deposition, in which the electrodeposition of less noble element is preferentially deposited because
the evolution of hydrogen resulted in an increase in the concentration of hydroxyl ions [65], as observed
for the co-electrodeposition of several metal alloys [66]-[68]. It also means that the reduction of the
deposited metals strongly depends on the cathode potential and, based on that consideration, it can be
stated that varying the electrode potential would enable controlling the type of deposition and,
consequently, the chemical composition of the obtained materials not only in thin films [29] but hopefully
also in nanowires (as investigated below).



Electrochemical analysis of FeCoNi nanowire growth

Chronoamperometry was used to produce the nanowires by electrochemical reduction of metal ions
leading to material growth in a porous membrane. The method involves the application of a constant
cathodic potential, causing a current flow and concomitant material deposition. Chronoamperometry was
conducted at four different potentials from -1.0 V to -1.8 V using the membranes with two distinct pore
diameters: 30 and 100 nm. During the electrodeposition processes, the current variations over time were
measured (Fig. 3). The experiments were stopped when the currents suddenly started to grow, which
means that the nanowires had reached the upper surface of the membrane [39], [52], [69], [70].
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Figure 3. Variation of cathodic currents as a function of time, as measured during the electrodeposition of
FeCoNi nanowires at different applied potentials (in conditions as specified in Table 1) using the
membranes with pore diameters of 30 nm (a) and 100 nm (b). The insets show corresponding electrical
charge variations in time.

As the applied potential increases, for both pore diameters, the cathodic current increases. Consequently,
shorter times are needed for the complete filling of the pore channels of the membranes. The currents
observed with the membrane having larger pores are more intense than those sampled at the membranes
with smaller pores (Fig. 4).

The corresponding electrical charge variations (see insets in Fig. 3) are linear, suggesting a constant growth
of the alloy wires into the pores. For both kinds of membranes, the final charge values (i.e., after pore
filling) are almost the same for the medium potentials (-1.2 V, -1.4 V), while the measurements for the
extreme values differ significantly. The highest value of electrical charge is achieved for the lowest
overpotential (-1.0 V), whereas the lowest charge is measured at the most cathodic potentials (-1.8 V).
This may suggest a different degree of membrane filling and was previously observed in Fe nanowires
deposited at various temperatures [52], [71].

Changes in the applied potential affect the hydrogen evolution, which increases with the overpotential
and decreases with pH and metal ion concentrations [60], [72], [73]. Because the last two parameters are
relatively high in our case, we can assume that the hydrogen evolution is mainly induced by high
overpotential. At high applied potential the hydrogen bubbles can block the pores and hinder the
deposition process, leading to more defected structures with more porous or even discontinuous
nanowire forms. This effect should be more pronounced in membranes with smaller diameters, which can



be easily blocked by hydrogen bubbles. This factor together with the different membrane porosity is
responsible for the lower charge (0.24 C to -0.035 C) reduced in nanowires with a diameter of 30 nm
compared to values ranging from -1.9 C to -0.4 C for 100 nm diameter nanowires.

The value of the applied potential affects the rate of both charge transfer and migration of metal ions,
inducing thereby different speeds of electrodeposition. The values of current density and growth rate were
presented as a function of applied potentials (Fig. 4). For both pore diameters, an increasing cathodic
voltage results in larger values of cathodic current densities and deposition rate. The applied potential has
a stronger effect on nanowires with a diameter of 30 nm, wherein this effect is more pronounced at higher
overpotential probably due to the high hydrogen evolution. Obviously, an increase in the growth rate
shortens the process duration. As a result, the time needed to fully fill the membrane changes from 1380
sto 70 s and from 930 s to 10 s, for nanowires with diameters of 100 nm and 30 nm, respectively.
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Figure 4. Current density (a) and growth rate (b) measured as a function of cathodic potential for
nanowires with a diameter of 30 nm and 100 nm.

Comparing the current and charge plots for both membranes, it can be seen that they show the same
relationship, suggesting the same deposition mechanism.

Chemical composition

Different values of the cathodic current recorded for individual elements versus cathodic voltage during
the measurement of the cyclic voltammetry allow us to expect different behavior of Fe, Co and Ni ions
under the applied potential. Taking into account literature reports, various standard potentials and
observed in this system anomalous co-deposition, we chose the ion concentrations in the electrolyte that

should induce changes in the chemical composition of nanowires measured at various potentials [29], [23],
[74].

The chemical composition was analyzed using energy-dispersive spectroscopy measurements on the
nanowires released from the membranes and on the flat samples. The fractions are given in the atomic
concentrations. The concentrations of Fe, Co and Ni in the FeCoNi nanowires with diameters of 30 nm and
100 nm and in the flat samples, deposited at different cathodic potentials are plotted in Fig. 5. All samples
show the same tendency with increasing cathodic potential, demonstrating an increase of Ni content with

8



a simultaneous decrease in Co and Fe concentration, which is consistent with literature data [29], [74]-
[77]. For samples deposited at potentials ranging from -1.2 V to -1.8 V, the atomic concentration in the
deposits reflects the ion concentration in the electrolyte. Therefore, the mass transfer associated with the
number of ions in the electrolyte is much greater for Ni** than for Fe?* and Co?" ions, which allows to
overcome the anomalous co-deposition tendency favoring opposite deposition order (firstly Fe then Co
and Ni). The chemical composition of the samples deposited at -1V differs significantly from each other.
The flat sample shows a concentration ratio relatively close to the electrolyte composition, while in
nanowires concentration of individual atoms clearly deviates from the electrolyte and order predicted by
standard potential values. The main difference between porous templates and a flat sample is related to
the diffusion length. As shown by Saedi et al. in their studies of FeCoNi nanowires deposited in membranes
with different pore lengths (and unfortunately also different diameters) [35], metals with lower
concentrations in the electrolyte appear in higher concentrations in the nanowires when the pore lengths
are shorter. The authors explain this behavior with a shorter diffusion length, which creates more
favorable conditions for the competition of low-concentration ions (Fe and Co) with high-concentration
ions (Ni). Diffusion length can also explain the difference in the chemical composition of elements in the
membrane pores and on the flat sample. By analogy, a lower deposition rate (at low cathodic potential)
also creates more favorable conditions for very diluted ions, which may result in a higher concentration of
them in the deposit. At a more cathodic potential mass transport limitation connected with low ion
concertation dominates and metal with high concentration is preferentially deposited [35], [78]. Despite
the large difference in the concentration of individual ions in the electrolyte (0.01 M Fe?* / 0.02 M Co?** /
0.17 M Ni?*), the amount of the elements in nanowires at this potential is similar to each other and shows
a relatively high concentration of Fe and a clear dominance of Co. This behavior of nanowires indicates
anomalous co-deposition, which is not usually observed at more cathodic potentials [29], and suggests
that the mechanism of anomalous co-deposition in nanowires can be more complicated than in flat
samples.
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Figure 5. Atomic composition of Fe, Co, Ni in FeCoNi nanowires with diameters of 30 nm (a) and 100 nm
(b) and in FeCoNi films (c) deposited at different potentials. The particular elemental contents were
given with an error of no more than 1.

The chemical composition of nanowires with a diameter of 30 nm and 100 nm was also locally analyzed
using a scanning transmission electron microscope. The EDS maps measured for Fe, Co and Ni are
presented in Fig. 6. The images show a homogenous distribution of the elements. The results demonstrate




the same tendency in the atomic concentration values as a function of the applied potential and correlate
very well with the compositions obtained in SEM.

a)

;
Figure 6. The STEM-EDS maps of Fe, Co and Ni measured for 30 nm (a) and 100 nm (b) diameter nanowires
deposited at-1.2 and -1.0 V, respectively.

To better describe the interrelationships between the elements and in order to try to understand the
influence of each element on the other two, we calculated SR parameters for Co/Fe, Fe/Ni and Co/Ni ratios
as a function of applied potential (Fig. 7). This parameter relating atomic concentration ratios to their
molar ratios in the electrolyte allowed Dragos et al. to evaluate the extent of anomalous co-deposition
[33]. The SR value close to 1 suggested co-deposition predicted by standard potentials and electrolyte
composition, while anomalous co-deposition occurred for a higher SR coefficient [33].

The calculations demonstrated similar behavior of particular ratios versus voltages, as expected from
chemical analysis, but there are some details that stand out. The first is the SR parameter calculated for
the Co/Fe ratio, which maintains an almost constant value for all potentials and samples with a value close
to 1. The second issue is the parameters calculated for Ni/Fe and Ni/Co ratios, which show the same values
for higher potentials (close to 1) with a sharp increase in SR at lower voltages. Additionally, these
parameters reach the largest values for nanowires with a diameter of 100 nm and the smallest for flat
samples. The above analysis reveals that the concentration of Fe and Co weakly depends on the applied
potential, which is also confirmed by research on FeCo nanowires (paper in preparation). On the other
hand, the results point out a strong potential dependence of the Fe/Ni ratio, which was also observed in
our studies on binary FeNi nanowires (paper in preparation). Similar results were obtained for FeCoNi
nanowires [76], [80] and for FeCo and FeNi nanowires [35], [79]. The behavior of the SR parameter
calculated for Co/Ni is consistent with the changes in Fe/Ni, which suggests that the concentration of Ni is
very sensitive to the applied potential and plays a dominant role in the anomalous co-deposition
mechanism. As was mentioned above, anomalous co-deposition depends on the applied voltage and at
high cathodic overpotential, the electrodeposition process loses its anomalous character (Fig. 7). A
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significant anomalous co-deposition only appears at the lowest potential, which is in accordance with
direct observation of EDS measurements (Fig. 5). The difference between the SR parameters observed for
nanowires and flat samples indicates less anomalous co-deposition for flat samples, which confirm a
distinct mechanism for anomalous co-deposition in nanowires and coatings.
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Figure 7. Selectivity ratios of Fe/Ni, Co/Ni and Co/Fe calculated for FeCoNi nanowires with diameters of 30
nm (a), 100 nm (b) and for FeCoNi flat samples (c) deposited at different potentials. The inset shows the
same graph on a larger scale.

As reported by Mansouri, an anomalous co-deposition has a direct impact on the final composition of the
iron group alloys and, consequently, on their structural and magnetic properties (coercivity, squareness,
etc.), which will be the subject of analysis in subsequent parts of the work [80].

Morphology and structure

As mentioned above, all electrodeposition processes were stopped after the pores were completely filled,
which was indicated by a drop in the current curve. SEM images confirmed that the nanowires reached
the membrane surface and the processes were finished before they expanded in the form of
overdeposited caps (Fig. 8).

Figure 8. Scanning electron microscopy images acquired on the membrane surface with a pore diameter
of 100 nm that do not show overdeposited nanostructures, prepared at a cathodic voltage of -1.2 V (a)
and -1.4V (b).

To observe the morphology of nanowires, polycarbonate membranes were dissolved. SEM images show
that there are no significant differences between the nanowires deposited at various potentials (Fig. 9).
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Figure 9. SEM images of the FeCoNi nanowires with diameter of 30 nm (a, c—e) and 100 nm (b, f%h)
deposited at the different potentials observed after membrane dissolution: 30 nm of diameter: -1.2 V (a),
-1.0V (c),-1.4 V (d), -1.8 V (e); 100 nm of diameter:-1.2 V (b), -1.0 V (f), -1.4 V (g), -1.8 V (h).

In all samples, the nanowires create densely packed forest-like, nanostructures. These vertically oriented
structures formed matrices of nanowires with uniform diameters and lengths. All nanowires are smooth
and continuous, without noticeable porosity. Moreover, at higher magnification, we can see the coating
covering nanowires. As previously reported, this is a polycarbonate layer (Fig. 9 d-e) that protects
nanowires against oxidation [52].

The microstructure of the FeCoNi nanowires with a diameter of 30 nm (Fig. 10 a-e) and 100 nm (Fig. 10 f-
i) was investigated using transmission electron microscopy (TEM) measurements. The overview TEM
images show the uniform diameter nanowires in both cases (Fig. 10 a, g). A thin layer covering the
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nanowire surface (Fig. 10a) identified previously as polycarbonate coating was shown on the nanowire
with a diameter of 30 nm [52]. The selected area electron diffraction pattern (SAED), taken along the [110]
zone axis (ZA), indicates the [111] growth direction of nanowires with a diameter of 30 nm (Fig. 10 a-c).
However, the crystallite orientation along the [220] direction, confirmed by the SAED pattern with the
zone axis along [111], was also found (Fig. 10 d, e). The SAED pattern measured for 100 nm diameter

nanowires exhibits a [112] zone axis indicating the growth direction along [111] with the (111) plane
distance of 0.212 nm (Fig. 10 f—i).

ZA : [110]-

b b
+ 002

200 nm 20 nm

— — N ZA: [112]
Figure 10. Bright-filed TEM (a, g), high-resolution TEM micrographs (b, c, d) and HAADF STEM images (f,
h) of FeCoNi nanowires with a diameter of 30 nm deposited at-1.2 V (a, b, ¢, d, €) and 100 nm deposited
at-1.8 V ( (f, g, h, i) together with SAED patterns (a, h, i) and fast Fourier transform (FFT) (c, d) indexed
with the lattice parameters of fcc FeCoNi or Ni structure. The (111) inter-plane distance was determined
based on the inverse fast Fourier transform (IFFT).
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The structure of the nanowires was analyzed based on X-ray diffraction. We present the measurements of
nanowires with a diameter of 100 nm (Fig. 11a) and the flat samples (Fig. 11b) deposited at the different
potentials. In all samples, the most intense, narrow peaks, marked with an asterisk, originate from the
copper contact layer (for nanowires) or substrate (for flat samples). Small peaks at 26 = 45.34° and 48,71°
observed in the diffractograms measured for flat samples come from the substrate contamination (marked
with triangle-down). The peak intensities were normalized to the (111) peak, which is the most intense in
nanowires. The indexed peaks correspond to the FeCoNi phase crystallizing in the fcc structure. These
peaks, described in Table 2, appear in all patterns with a slight difference in their position and significantly
different intensities.

The diffractograms measured for samples deposited at more cathodic potentials show peaks with higher
intensity than the samples prepared at lower potentials. In the case of nanowires, the intensity of the (220)
peak increases the most, while in flat samples this observation refers especially to the (200) reflection,
which increases even above the (111) peak. These deviations from the intensities observed for isotropic
powder samples indicate a texture with a preferential orientation along [220] and [200] directions for
nanowires and flat samples, respectively. Simultaneously, the small peak intensities observed for samples
deposited at low potentials suggest a texture along the [111] direction in nanowires and quasi-isotropic
growth in flat samples.

As shown above, the different values of cathodic potentials caused the changes in the chemical
compositions. Such modification in the elemental content should result in a different phase composition.
The phases that we can expect in conditions of thermodynamic equilibrium at 293 K are presented in the
ternary phase diagram (Fig. 12). Points corresponding to the chemical composition of nanowires with a
diameter of 100 nm are marked on the graph. The chemical composition of nanowires with a diameter of
30 nm and flat samples at particular voltages has nearly the same values, except for the -1V potential, for
which the points were also shown on the diagram. The samples deposited at potentials ranging from -1.2
V to -1.8 V, showing a Ni content above 70%, are localized in the area where, according to the phase
diagram, only the y-Ni phase should appear. The points showing the chemical concentration of the samples
deposited at -1.0 V are localized at two different areas: the points corresponding to nanowires appear in
the area where a-Fe, y-Ni and NisFe are thermodynamically stable, while the point related to the flat
sample occupies the area where the y-Ni and NisFe phases should be observed. The a-Fe, y-Ni and NisFe
phases respectively correspond to the Fe-based solid solution with the bcc structure, Ni-based solid
solution with the fcc structure and the L1, intermetallic phase, which is the ordered counterpart of the fcc
solid solution. NisFe phase, with Fe and Ni atoms located in the corners and on the faces of the unit cell,
respectively, is indistinguishable from the disordered Ni phase in the XRD pattern.

In the XRD patterns measured for 100 nm diameter nanowires and flat samples, we only observed peaks
that are attributed to the FeCoNi alloys [81], assigned to the y-Ni phase with an fcc structure. We have not
observed any additional peaks that could come from Fe-based solid solution, which should appear in the
samples deposited at -1.0 V exhibiting a relatively high Fe content of 31%. The discrepancy between the
phase composition predicted by the trinary phase diagram and our nanowires, pronounced especially in
the case of the lowest potential, may be explained by non-equilibrium conditions of the electrodeposition
process. Similarly, only the fcc phase was observed in FeCoNi alloys with various concentrations by many
researchers [81], [82] [83] [77], [84] [74], [85]. Although, the mixture of fcc and bcc [42], or fcc and hcp
has also been observed [86] [87]. These differences in the phase composition of the FeCoNi alloy indicate
a strong dependence of the growth process on the electrodeposition parameters, which results in a

14



different structure of the alloy despite a similar chemical composition or an identical structure observed
for alloys with different chemical compositions.
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Figure 11. X-ray diffraction patterns measured for the FeCoNi nanowires with a diameter of 100 nm
embedded in the polycarbonate membranes (a) and flat samples (b). The indexed peaks correspond to the
fcc Nigs2Feo.1s powder sample (JCPDS:04-003-2245), while the peaks marked with an asterisk and triangle-
down come from the copper and its contamination, respectively.
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Table 2. Results of XRD measurements of 100 nm diameter nanowires with lattice parameter (a), and
average crystallite size (D).

20 [deg]
hkl Reference” -1.0V -1.2V -1.4V -1.8V
111 44.23 43.95 44.15 44.30 44.37
200 51.53 51.21 51.44 51.62 51.75
220 75.87 75.6 75.76 75.95 76.08
311 92.25 91.78 92.16 92.51 92.71
222 97.69 97.32 97.57 97.85 98.08
Relative intensity [%)]
hkl Reference” -1.0V -1.2V -1.4V -1.8V
111 100 100 100 100 100
200 41.8 17.5 12.0 21.6 20.8
220 16.4 8.2 6.4 30.4 25.8
311 14.6 4.2 4.6 9.8 6.9
222 4.0 2 2 2.9 2.4
a[A] 3.544 3.565 3.555 3.538 3.530
D [nm] - 12 18 19 22

* the fcc Nio.s2Feo.1s powder sample (JCPDS:04-003-2245)
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The increasing cathodic potential and the associated increase in the Ni content caused the changes in the
peak positions. The shifts of the (111) and (220) peaks in nanowires with a diameter of 100 nm are shown
in Figure 13. Peak maxima moves towards higher angular values as the cathodic current increases. Such a
shift is caused by the modification of the atomic distance due to the replacement of Fe and Co atoms with
Ni atoms, which results from the changes in the chemical composition. As Ni content increases, the Fe and
Co content decrease, which taking into account that the Fe (1.72 A) and Co (1.67 A) atomic radii are larger
than the radius of the Ni (1.62 A) may be responsible for shortening the lattice parameter. Moreover, as
can be seen from the calculated lattice parameters (Table 2), with the increase in the nickel content this
parameter approaches to the Ni lattice constant (an = 3.52 A in the fcc structure). Similarly, Dalavi et al.
observed expansion of the lattice with an increase in Fe content in FeCoNi monocrystalline alloys [83]. The
changes in the lattice parameter caused by modification of the chemical composition were also observed
in FeCoNi films [74], [88].

0,3
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Figure 13. The (111) and (220) peaks with a visible shift towards higher 20 values with increasing
cathodic potential (measured for 100 nm diameter nanowires).

Besides, the shift in the peak positions, a narrowing of the XRD reflection was observed. The normalized
(220) peaks are shown in the inset of Figure 14. As can be seen, the width of the peaks decreases with
increasing cathodic voltage (Ni content increases and the Co and Fe decrease), which suggests an increase
in crystallite size for higher voltages. Calculations based on the Scherrer equation, shown in Figure 14,
confirmed these observations. The average size of the crystallites, estimated with an error of 1 nm (larger
only in the case of the smallest potential due to the inaccuracy of FWHM (full width at half maximum)
determination), ranged from 12 to 22 nm for the lowest and highest voltage, respectively. The change in
crystallite size with increasing voltage can be related to the change in current density. Higher current
density at more cathodic potentials creates favorable conditions for crystal growth without ion deficiency,
which promotes large crystallite sizes. Moreover, a greater amount of Ni that crystallizes in its own
structure with a low content of Fe and Co, which can be treated as impurities in the Ni lattice, may also
explain the observed increase in crystal size. A decrease in the grain size with increasing Co content was
also observed by Long et al. in FeCoNi coatings [86] and Yanai et al. in FeCoNi films [85].
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Figure 14. The mean value of crystallite size calculated according to the Scherrer formula based on the
(220) peak broadening (measured for 100 nm diameter nanowires).

XRD measurements were also performed for nanowires with a diameter of 30 nm (Fig. 15a). These
nanowires were deposited in the membranes covered with a gold layer, which shows the most intense
peak in the same position as the (111) FeCoNi reflex. The first pattern measured for a pure gold-coated
membrane indicates the peaks characteristic of gold. Subsequent patterns, apart from gold reflections
(unmarked), reveal low-intensity peaks described by Miller indices (blues), assigned to the fcc phase of
FeCoNi. The most intense (111) peak coming from FeCoNi is observed at 44.4°, which is also the position
of the (200) reflex coming from gold. The increasing intensity of these peaks may suggest an increasing
contribution of FeCoNi peaks (Fig. 15b). This can be attributed to a better filling degree (increase in total
charge, Fig. 3 insets) and more distinct texture along the (111) direction (Fig.10b). Moreover, the shift in
peak positions towards higher angles with more cathodic potential shows the same changes as observed
in 100 nm diameter nanowires, indicating a shortening of the lattice parameters. The shift also confirms
that this peak is a superposition of the reflexes coming from the FeCoNi alloy and gold. Additionally, the
patterns measured for the samples prepared at low and medium potentials show well-distinguished (220)
peaks and low-intensity (200) and (311) peaks. Furthermore, in the case of the nanowires deposited at -
1.2 V, two peaks arise, which can be assigned to the hcp Ni-based alloy. Such a mixture of hcp and fcc
structure has also been observed in FeCoNi nanowires with a similar chemical composition [87] and in
films with high Co content (61 at%) [86]. Besides this small hcp fraction, the above results show a similar
structural composition, which will not be analyzed in detail due to the mentioned superposition and low-
intensity peaks. The very low peak intensities are due to the small amount of material which, in the case
of membranes with a pore diameter of 30 nm, is embedded in pores constituting only 0.14% of the sample
surface.
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The preferred growth direction indicated by XRD measurements is consistent with the information taken
from high-resolution TEM analysis. The performed studies reveal that for both nanowire diameters, the
samples show a texture along the [111] direction or the [220] direction depending on the applied cathodic
potential.

Magnetic properties

The magnetic measurements of the FeCoNi nanowires were performed at room temperature with the
magnetic field applied along the nanowire axis and perpendicular to it. The hysteresis loops of the FeCoNi
with diameters of 30 nm and 100 nm deposited at the different potentials are presented in Fig. 16.
Pronounced magnetic anisotropy with an easy axis along nanowires was observed for all nanowires,
regardless of diameter and composition.
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Figure 16. Hysteresis loops measured at room temperature with a magnetic field applied in the membrane
plane and out of the membrane plane for nanowires with a diameter of 30 nm (¢ = 30 nm) and 100 nm (¢
= 100 nm) deposited at different cathodic potentials (specified in the respective figures). The
magnetization (M) value was normalized to the saturation magnetization (Ms).
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The magnetic behavior of nanowires is determined by completion between magnetocrystalline anisotropy,
shape anisotropy, magnetoelastic anisotropy and dipolar interactions [16], [46], [51], [75], [89].
Magnetocrystalline anisotropy may contribute to effective anisotropy only in single crystalline samples or
in samples with clearly visible texture. Polycrystalline samples without a preferred orientation of grains do
not possess magnetocrystalline anisotropy [90]. The easy axis in fcc FeCoNi alloys lies along [111] direction
[91], which is typical for a Ni-based fcc alloy. The shape anisotropy in high aspect ratio nanowires induces
an easy axis along nanowire axis and is larger than the magnetocrystalline anisotropy in Fe, Ni and Co (fcc)
[40], [92]-[96]. The magnetoelastic anisotropy, arising due to stresses between the template and the
nanowires, can be neglected at room temperature because its value is much smaller than the shape
anisotropy [94], [97]. The last contribution connected with dipolar interaction, if appears, will cause an
alignment of the easy axis perpendicular to the nanowire axis.

The nanowires with a diameter of 30 nm showed more rectangular hysteresis measured with a magnetic
field applied along nanowires and significantly greater values of coercivity and squareness. Changes in the
hysteresis loop shapes for nanowires with different diameters are known in the literature and results from
smaller inter-wire interactions as the packing factor decreases (porosity) [48], [98]. Furthermore, the
nanowires with diameters smaller than 55 nm are expected to be single-domain wires [98], which changes
the magnetization reversal process. Structural studies (XRD/TEM) indicate [111] growth direction or the
[220] texture at lower and higher potentials, respectively. In nanowires with texture along the [111]
direction, magnetocrystalline and shape anisotropies act in the same direction, increasing effective
anisotropy along the nanowire axis. Moreover, for 30 nm diameter NWs, the low porosity templates
suggest non-interacting nanowires with negligible dipolar interactions, which additionally increase
coercivity and squareness. On the other hand, the texture along [220] deviates from the easy axis direction
by about 35°, thus it slightly contributes to the anisotropy along the nanowires axis. However, in the case
of nanowires with a diameter of 100 nm, stronger dipole interactions, associated with the relatively small
inter-wire distance, give the contribution to the magnetization alignment in the direction perpendicular to
the nanowire axis and overshadow the effect of both anisotropy contributions.

The values of saturation magnetization (Ms), coercivity (Hc) and squareness (Mg/M;) measured with a
magnetic field applied along nanowires are presented in Fig. 17. The saturation magnetization normalized
to the membrane surface (Fig. 17a) decreases with increasing electrodeposition rate (cathodic potential
increases). This behavior is consistent with the decrease in the charge reduced at the cathode, assigned to
the decreasing filling degree. The smaller amount of magnetic material embedded into the membrane is
one of the reasons for the observed magnetization saturation drop. The second reason may be changes in
the chemical composition. Samples with higher Ms values contain a smaller amount of Ni (Fig. 18a-b),
which has three and four times lower saturation magnetization (Ms(Ni) = 57.5 emu/g) than cobalt (162.7
emu/g) and iron (217.9 emu/g), respectively [79], [84], [99]. The described Ms variation as a function of
applied potential was observed for both 30 nm and 100 nm diameter nanowires, but at the lowest
potential, the amount of Ni was significantly smaller in the nanowires with a diameter of 100 nm, which
may explain the large increase in saturation magnetization for this sample (Fig. 18a-b). There is also a
significant difference in the Ms values measured for nanowires with diameters of 30 nm and 100 nm
deposited at other potentials, which is related to the much higher porosity of membranes with a pore
diameter of 100 nm equaled to 3.1 % compared to 0.14 % for membranes with a pore size of 30 nm [57].
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Higher pore density means a greater amount of magnetic material contributing to the saturation
magnetization.
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Figure 17. Saturation magnetization (a), out of plane coercivity and squareness (b, c) shown as a function
of cathodic voltage (and crystallite size) for nanowires with diameters of 30 nm and 100 nm.

A surprising behavior was observed for coercivity and squareness dependence on the applied cathodic
potential (Fig. 17 b-c). Both of these values demonstrate extremely different dependencies on the
nanowire diameters. In the case of nanowires with a diameter of 100 nm, the expected increase in
coercivity and squareness was observed with increasing cathodic voltage. This can be explained by the
faster deposition rate, which resulted in a lower filling degree and therefore a more porous structure with
a larger number of defects. These defects can block the domain wall movement and lead to a coercivity
increase [51], [52]. Changes in the squareness, but also coercivity, can be attributed to smaller dipolar
interactions caused by reduced saturation magnetization. Theoretically predicted and experimentally
observed narrower, less squared and more oblique-shaped hysteresis has been reported for nanowires
with decreasing distance thus increasing dipolar interactions [47]-[49], [54]-[56]. For nanowires with a
diameter of 100 nm, the coercivity and squareness increased with increasing Ni content and decreasing
Co and Fe content (Fig. 18b-c). These chemical changes resulted in a smaller saturation magnetization,
which caused weaker magnetostatic interactions leading to higher coercivity and squareness. Together
with the Ni content increase, an expansion of the grain size was observed (Fig. 17c). In our case, the larger
the grains, the higher values of the coercivity and squareness were noticed. It is usually assumed that the
grain boundary can hinder the domain wall movement, thus the larger the crystallite size, the lower the
grain boundary density occurs, which should cause the lowering of the coercivity [52], [85], [100]. The
observed discrepancy can again be attributed to the dipolar interactions, which in nanowires with a
diameter of 100 nm, turned out to be the dominant factor determining coercivity and squareness.
Therefore, the higher the saturation magnetization, the higher the dipolar interactions and the smaller the
coercivity and squareness [42].
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Figure 18. Saturation magnetization, out of plane coercivity and squareness shown as a function of Fe,
Co and Ni content for nanowires with diameters of 30 nm (a, c) and 100 nm (b, d).

Unexpected changes in coercivity and squareness were noted for nanowires with a diameter of 30 nm (Fig.
17b). In this case, both values decrease with increasing cathodic voltage. Nanowires with a diameter of 30
nm, like nanowires with a diameter of 100 nm, show the same changes in the chemical composition with
an increase in Ni content and decreasing total charge reduced at the cathode as a function of cathodic
potential. There are also the same trends in the growth rates. Despite these similarities, there is an
important differentiating factor, which is porosity, as mentioned above. In nanowires with a diameter of
30 nm, which show low porosity, very weak dipolar interactions do not reduce coercivity and squareness,
therefore these parameters are much higher than in nanowires with larger diameters.

Thus, in the case of non-interacting nanowires, the coercivity and squareness behave as saturation
magnetization, i.e. they increase with increasing Fe and Co content (Fig. 18c). An increase in coercivity with
increasing Co content has also been observed in the literature [29], [47], [77], [101]. According to Shama
et al., for weak magnetostatic interactions between nanowires — as in the case of nanowires with a
diameter of 30 nm — an increase in Ni content results in a decrease in the saturation magnetization and
coercivity [79]. Changes in coercivity and squareness as a function of chemical composition can be
analyzed based on the magnetic parameters of Fe, Co and Ni nanowires. A larger amount of Fe and/or Co,
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showing higher values of saturation magnetization, coercivity and squareness, directly results in an
increase in these values in FeCoNi nanowires [86], [101]. At the same time, the opposite behavior observed
in nanowires with a diameter of 100 nm results from dipolar interactions, which increased when the
amount of elements with high saturation magnetization and coercivity increased.

Dipolar interactions increase strongly with increasing nanowire length [39], [42], [46]. Studies on the
influence of the geometrical parameters of FeCoNi nanowires on the magnetic properties (paper in
preparation) showed a significant increase in coercivity and squareness as nanowire length drops down to
1.5 um. This suggests that dipolar interactions can be also neglected in nanowires with a diameter of 100
nm, which indicates that both 30 nm and 100 nm nanowires can be considered as potential candidates for
race track memory applications.

Conclusions

FeCoNi nanowires deposited at different cathodic potentials showed clear changes in their chemical
composition, which resulted in the desired modification of the magnetic properties. As the cathodic
voltage increased, the Ni content increased, while the concentration of Fe and Co decreased. Regardless
of chemical composition, the nanowires crystalized in the fcc structure with a small fraction of the hcp
phase appearing in one 30 nm diameter sample. The samples showed preferred growth along the [111] or
[220] directions. The lattice parameter decreased, while the crystallite size expanded with an increasing
cathodic potential. Depending on the nanowire diameter, a decrease or increase in the coercivity and
squareness were observed with increasing voltage for samples with a diameter of 30 nm and 100 nm,
respectively. Such an opposite behavior was explained by the dominant role of the magnetostatic
interaction in nanowires with a diameter of 100 nm. Nanowires of both diameters seem to be promising
candidates for racetrack memory applications.
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