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A B S T R A C T

Electrochemical replication of nanoporous membranes was employed for the fabrication of nickel nanowires. The 
fabrication process led to uniform arrays of quasi 1 dimensional nanoobjects with low diameters and high aspect 
ratios. Extensive characterization experiments were carried out for determining the morphological, structural 
and magnetic properties of the nanostructures. It was found that the working electrode potential employed 
during the electrochemical deposition fabrication experiments influences both the crystalline structure and the 
magnetic properties of the nanowires. Accordingly, an in-depth investigation of the correlations between the 
morpho-structural and the magnetic parameters was performed. It was shown that several structural factors, 
mainly crystalline texture and grain size and shape, quite sensitive to the deposition potential, influence also the 
specific magnetic configurations, which can be tuned from 3-dimensional Imry and Ma random anisotropy type 
to cooperative quasi-1-dimensional superspin type. Consequently, new possibilities in tailoring the magneto- 
functionalities of polycrystalline magnetic nanowires by adjusting fabrication parameters are revealed.

1. Introduction

Due to the continuous search for the development of new electronic 
devices which shall exploit specific magnetic properties of nano
structures, especially in connection with related magneto-resistance 
effects new cost-efficient methods for their controlled fabrication are 
of high interest. Various engineering approaches employed for tailoring 
specific functionalities of magnetic nanostructures of reduced dimen
sionality are being sought and tested. Magnetic nanowires and magnetic 
nanotubes are considered a particular class of such nanoobjects which 
can be used in a wide range of applications including magnetoresistive 
sensors, data storage elements and information processing spintronic 
devices. Their magnetic properties are controlled by morphology (aspect 
ratio and specific sizes), composition and crystalline structure, and can 
be easily tuned, making them perfect candidates for such novel devices. 
Previous studies on arrays of Ni-Cu magnetic nanowires, for which the 
magnetic properties are tuned via the alloy composition and inter- 
elements magnetic interactions as well as on Ni/NiO concentric 

nanotubes with dominant unidirectional anisotropy at the ferromag
netic/antiferromagnetic interface have been reported [1,2].

Numerous experimental methods have been described for the 
controlled fabrication of magnetic nanowires including lithographical 
techniques, chemical vapor deposition and hydrothermal growth [3–5]. 
The main purpose of all these specific methods is to have a good control 
of morphology, structure and composition simultaneously, in order to 
succeed in tailoring the magnetic properties of the nanowires.

A very useful technique to fabricate nanowire arrays is electro
chemical deposition inside nanoporous membranes [6–10]. Some of the 
advantages of this method are low cost, high reproducibility and low 
temperature fabrication. By using this approach to obtain nanowires, 
one can control both their morphology (by means of the template) and 
their composition (by means of electrolyte end deposition conditions). 
Consequently, the magnetic properties of such nanowires can be tuned 
in agreement with the foreseen applications. The templates used for 
fabricating nanowires are usually nanoporous ion track polycarbonate 
membranes [11–15] and anodic alumina membranes [16]. 
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Rhombohedral Ni and Ni-B nanotubes have been grown by 
electroless-plating in track-etched mica templates [17] whereas hexag
onal arrays (lattice parameters ranging from 65 to 105 nm) of Ni 
nanowires with different diameters (18–83 nm) have been prepared by 
filling self-ordered nanopores in alumina templates [18].

In this paper an investigation on the magnetic properties of Ni 
nanowires fabricated by means of a template electrochemical replica
tion route, using as templates nanoporous ion track polycarbonate 
membranes irradiated with swift heavy ions, is reported. The aim is to 
prove the experimental possibility to tune the magnetic anisotropy of 
the wires by suitable choosing the electrodeposition potentials. The 
complexity of the obtained magnetic configurations is discussed, 
showing the role of the structural texture on the interplay between the 
different components of anisotropy. The report delivers a comprehen
sive correlation between the magnetic properties and the morpho- 
structural features resulting from the preparation conditions. It is 
shown that not only the typical geometric parameters responsible for the 
magnetostatic energy (shape anisotropy) or dipolar interactions among 
the nanowires are essential for the involved magnetic anisotropies, as 
usually reported (see for example [19] and [20]) but also the local 
structural aspects accountable for the specific magnetic configuration 
inside the nanowires.

2. Experimental details

The Ni nanowires were prepared using the template-assisted elec
trodeposition technique. The templates used were nanoporous poly
carbonate membranes having a thickness of 30 micrometres, a density of 
108 pores/cm2 and a pore diameter of about 100 nm. Swift heavy ions of 
approximately 10 MeV/nucleon (irradiation was performed at GSI 
Unilac) were used for producing the ion tracks with the desired surface 
density. The chemical etching/removal of the ion tracks was made by 
immersing the membranes in an aqueous solution of 5 M NaOH and 
10 % vol. methanol at a temperature of 50◦C. The working electrode, a 
thin film (50 nm) of Au, was deposited by sputtering on the back of the 
polycarbonate membrane and was subsequently thickened electro
chemically with a layer of Cu (10 µm).

Electrochemical deposition was performed using a potentiostat - 
galvanostat (PARSTAT 2276) controlled by a PC employing a typical 
configuration of three electrodes: a platinum foil of 1 cm2 (counter 
electrode), the thin film of Au (working electrode) and a saturated 
calomel electrode (SCE) as a reference electrode. The temperature used 
during deposition (50◦C) was kept constant by employing a double wall 
electrochemical cell and a recirculating bath. The nanowires were ob
tained at four different working electrode potentials: − 700, − 800, − 900 
and − 1000 mV measured versus the reference electrode, leading to 
sample codes S1, S2, S3 and S4, respectively. The aim was to investigate 
the influence of the electrodeposition potential on the magnetic prop
erties of the nanowires.

The morphology and composition of the wires were analyzed by 
scanning electron microscopy (SEM) and energy dispersive X ray spec
troscopy (EDX), after dissolving the membranes in dichloromethane. A 
field emission scanning electron microscope (Zeiss, Gemini 600) with a 
Bruker EDX accessory was employed for this specific set of experiments.

X-ray diffraction (XRD) investigations have been performed in order 
to assess the structure of the nanowire arrays, including here the 
dominant growth direction (texture) resulting from the specific experi
mental conditions. For structural analysis a Brucker D8 Advance 
diffractometer with Cu Kα radiation was employed. An alternative 
parametrization of the crystalline texture based on the consideration of 
peak intensities in the XRD patterns, according to [21], has been 
considered. The lattice parameter, based on the diffraction peak posi
tions and grain size and stain parameters, based on the full width at half 
intensity (FWHM) of the diffraction peaks have been estimated ac
cording to [22]. The gaussian (for grain size estimation) and Lorentzian 
(for strain estimation) components of FWHM were obtained by fitting 

the experimental peaks by Voight profiles, according to [23].
The magnetic measurements have been performed by SQUID 

magnetometry (MPMS XL magnetometer from Quantum Design) under 
the high sensitivity reciprocal space option, RSO (4 cm of sample 
movement, linear regression mode). Identical samples consisting of 
disks of 3 mm diameter (0.070(2) cm2 area, with the number in brackets 
meaning the error at the last-mentioned digit) were cut from the poly
carbonate template with Ni nanowires via an eyelet. The nanowires 
grown inside the etched tracks are perpendicular on the template (the 
fact that the wires are parallel with a very narrow angular distribution of 
less than 5◦ with respect to the normal direction is to be mentioned). 
Magnetic hysteresis loops were collected at different temperatures on 
the considered samples. The magnetic field was applied both perpen
dicular to the foil (i.e. with the field along the wires, giving rise to the 
configuration called parallel) and along the foil plane (with the field 
perpendicular to the wires, giving rise to the configuration called 
perpendicular). The saturation magnetization in different geometries 
and at different temperatures were computed according to the low of 
approach to saturation based on the extrapolation of magnetization in 
high fields versus the inverse of the magnetic field [24]. In this respect, 
the hysteresis loops in different geometries were acquired in corre
sponding high enough fields.

3. Results and discussion

SEM images of arrays of nanowires deposited at − 700 and 
− 1000 mV are shown in Fig. 1 (lower magnification arrays of nanowires, 
left hand and detail of single nanowire, right hand).

The SEM images confirm that the growth process took place as ex
pected, with the wires growing as replicas of the pores’ arrays. The 
average distance between neighboring wires is as expected from the 
considered pore density, while the average diameter of the wires is of 
approximately 100 nm, with a relatively low size dispersion. SEM in
vestigations after the chemical etching of the template proves the for
mation of continuous wires in lengths of about 30 µm (the number of 
broken wires during the growing process, due to voids formation, is 
negligible in all samples).

The XRD patterns collected from measurements performed on sam
ples obtained under different electrodeposition potentials (as well as on 
a control sample) are shown in Fig. 2. The evolution of the lattice 
parameter versus the deposition potential is shown in the inset. It can be 
observed at a glance that the typical fcc structure of Ni is obtained as 
well as the fact that the average lattice parameter is almost constant with 
the deposition potential. The lattice parameter in all investigated sam
ples (calculated via the Nelson-Riley dependence of the positions of the 3 
main diffraction peaks of Ni in Fig. 2 [A2] equates the value of 3.5195(5) 
nm, i.e. a less than 0.3 % lower than the bulk value of well crystallized 
Ni reported in literature (3.5295 nm) [14], according to JCPDS 04–850. 
Consequently, the density of the metallic Ni forming the nanowires is 
independent on the deposition potential and is almost similar to the 
density of the bulk metallic Ni.

Magnetic hysteresis loops collected at different temperatures on the 
mentioned samples consisting of cylindrical magnetic nanowires in 
polycarbonate templates, in two geometries are presented in Fig. 3. Here 
para means parallel geometry, indicating the applied magnetic field 
parallel to the nanowire axis and perp means perpendicular geometry, 
indicating the applied magnetic field perpendicular to the nanowire 
axis. The magnetization is reported in emu per gram of magnetic ma
terial (metallic Ni in this case). The amount of Ni in each sample was 
computed by multiplying the volume of the magnetic material by the 
theoretical density of metallic Ni (8.9 g/cm3), according to the above 
observation related to the value of the lattice parameter in the samples. 
The volume of the magnetic material was estimated by considering the 
surface of the disk-like sample (0.070 cm2), the surface wire density 
equating the pore density (108 cm− 2), the average length of the wire 
equating the thickness of the polycarbonate membrane (0.003 cm) and 
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the wire average diameter (10− 5 cm), all these quantities being esti
mated with a relative error of a few percent. Accordingly, the average 
volume of the magnetic material in each sample is 1.66⋅10− 6 cm3, 
whereas the average amount of magnetic material is 1.48⋅10− 5 g, also 
with a relative error of a few percent.

All the above assumptions are strongly supported by the available 
imagistic on each sample, taken at different stages (as prepared, after 
dissolving the polymer and after dispersing the wires). Also, a very low 
amount of unfilled/not completely filled pores (less than 1 %) have to be 
mentioned. By following typical methodological tools, the deposition 
was stopped after reaching the maximum current, i.e. at the moment of a 
complete filling of the pores. A quite similar charge exchanged through 
the working electrode was obtained by integrating the current during 
the pore filling for each sample, supporting a similar amount of depos
ited magnetic material in the pores for all samples.

Some observations are directly resulting from Fig. 3. Except the 
difference in the shape of the hysteresis loops collected in the two ge
ometries which will be discussed in the following, an unexpected dif
ference in the saturation magnetization obtained in the two 
measurement geometries at similar temperature must be noted (e.g. in 
case of sample obtained at the eletrodeposition potential of − 700 mV, 
the saturation magnetization at 300 K is 33 emu/g in parallel geometry 
and 40 emu/g in perpendicular geometry). This has to be due to some 
artifacts and possible pitfalls of the SQUID magnetometer, unfortunately 
quite rarely discussed in literature [25,26].

Accordingly, in [25] the deviations of the magnetic flux in the col
lecting gradiometer pickup coil relative to a point dipole sample are 
computed for different geometrical distributions of the magnetic 
moment. In case of a sample with a magnetic moment of about 10− 3 emu 

(close to the value of the investigated samples measured under the linear 
regression mode) distributed in the sample plane, a deviation of 
− 21.55 % is reported for a geometry with the magnetic field perpen
dicular to the sample plane (para- in the present notation) and of only 
− 1.98 % for a geometry with the magnetic field parallel to the sample 
plane (perp-in the present notation). Evidently, it is this perp geometry 
(with the magnetic field applied perpendicular to the nanowires) which 
provides the most reliable value of the specific magnetization from the 
saturation magnetization. Although a progressive saturation is observed 
for these samples at 5 K under an applied magnetic field of 20 kOe, 
making somehow more difficult a precise estimation of the saturation 
magnetization at low temperature, the saturation is complete at 300 K. 
Saturation magnetizations decreasing with the deposition potential from 
about 40 emu/g in sample S1 down to about 20 emu/g in sample S4 are 
obtained at 300 K. For sure, a such decrease of magnetization by 50 % 
among samples S1 and S4 cannot be explained by an expected few 
percent variation in the mass of the magnetic material among the 2 
samples, as previously discussed. While the reported value of specific 
magnetization for metallic Ni at room temperature is 55.09 emu/g, two 
additional questions are raising up: (i) the reason for such a low satu
ration magnetization of the analyzed samples proven to consist of well 
crystallized metallic Ni with a lattice parameter only 0.3 % lower than 
the bulk value and (ii) the reason for the strong decrease of the satura
tion magnetization of samples obtained at higher deposition potentials, 
in case of similar structure and lattice parameters of the analyzed sam
ples. As will be seen in the following, the answer is provided by the 
specific magnetic structure strongly depending on the deposition po
tential, which also explains the specificities of the hysteresis loops in the 
two geometries.

Concerning the geometry dependent hysteresis loops, they change 
from a more rounded shape in parallel geometry to an almost linear 
shape followed by progressive saturation in the perpendicular geometry, 
with specific magnetic parameters depending on both temperature and 
preparation conditions. This general geometry dependent behavior is 
specific to cylindrical magnetic nanowires where the magnetization 
reversal mechanism was extensively reported [2,27–29]. To note at this 
point that in case of the sample obtained at the lowest deposition po
tential (hereafter we will refer always to its magnitude), the hysteresis 
loop collected in parallel geometry at the lowest temperature, where 
dynamical magnetic effects are negligible, evidences an additional less 
intense magnetic component of higher coercive field which superposes 
over the main component characterized by a slightly lower coercive 
field. This effect should be related to some structural inhomogeneity in 
this sample which will be neglected in a first approximation, especially if 
the main hysteretic component will be taken into consideration in the 
further discussion.

For the investigated array of nanowires, the reversal mechanism 
depends on both the reversal mechanism of individual nanowires as well 
as on the dipolar interactions among the nanowires. Arrays of Ni-Cu 
nanowires with up to 92 % of Ni, 90 nm in diameter and embedded in 
30 µm thick polycarbonate membranes (109 cm− 2 density area) were 
reported in [2], showing a similar geometry dependent behavior. 
Negligible dipolar interactions among wires are estimated by the 
simplified expression provided by [30]: Eint = ΦiΦj/Rn, where Rn is the 
average distance between two neighboring nanowires and Φi =

Fig. 1. SEM images: (a) Array of nanowires deposited at − 1000 mV; (b), (c) Detail of a nanowire deposited at − 1000 mV and − 700 mV, respectively.

Fig. 2. XRD patterns of samples obtained at different deposition potentials. In 
diamond symbols are marked the peaks corresponding to the same reflection 
planes as for Ni, but belonging to the thickening Cu layer. The evolution of the 
lattice parameter of metallic Ni versus the deposition potential is shown in 
the inset.

M. Onea et al.                                                                                                                                                                                                                                   Journal of Alloys and Compounds 1044 (2025) 183959 

3 



αiπMiD2/4 with αi= ±1, D the wire diameter and Mi the magnetization 
of entity i (about 58 emu/g or 5*105 A/m for metallic Ni [31]). Roughly, 
an average field lower than 0.5 Oe is required to destroy the antiferro
magnetic interaction between two neighboring nanowires, which is also 
in line with the estimation reported in [2] for the case of nanowires with 

92 % of Ni approaching closely the case of pure Ni nanowires, given the 
fact that one order of magnitude lower pore density is considered in the 
present study. While saturation and coercive fields approaching 
1000 Oe are implied in parallel geometry at low temperature in the 
present situation, the magnetization reversal mechanism of the 

Fig. 3. Hysteresis loops collected at 3 different temperatures on 4 samples obtained with electrodeposition potentials between − 700 and-1000 mV. Two measuring 
geometries are considered: para –with the magnetic field applied along the nanowires (left side) and perp-with the magnetic field applied perpendicularly to the 
nanowires (right side).
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investigated array of nanowires must be clearly related to the reversal 
mechanism of individual nanowires.

The magnetization reversal in individual nanowires has been studied 
for long time. Both the aspect ratio and the wire diameter influence the 
magnetic domain structure, especially when the diameter is related to 
the exchange length parameter λex ≈

̅̅̅̅̅̅̅̅̅
A/K

√
with K the anisotropy 

constant and A the stiffness constant. In case of cylindrical Ni nanowires 
of high aspect ratio, the dominant anisotropy energy is the shape 
anisotropy. Consequently, K can be approximated by the formula 
K≈πMs

2 [32]. By taking MS as about 5*105 A/m and A as about 9*10− 12 

J/m [31,33], it was shown that for Ni nanowires there is threshold 
diameter of about 12 nm, below which a coherent magnetization 
reversal takes place. Above this size a curling mode reversal is induced 
by a field applied along the cylinder length. In fact, the curling mode 
involves the nucleation and subsequent propagation of thin domain 
walls at the 2 ends of the nanowires with different spin rotations in the 
domain. It was shown in [32] that 2 modes can be induced depending on 
the wire diameter in these conditions, namely a transverse wall mode 
(the magnetization remains homogeneous through any radial cross 
section of the cylinder), if the diameter is lower than a critical diameter 
dc about 40 nm in case of Ni nanowires, and the vortex wall mode (a 
vortex structure of magnetization in the radial cross section) at di
ameters larger than dc. The dynamics of the domain walls involving both 
nucleation and domain wall propagation was studied in [34], showing 
that the magnetization reversal in Ni nanowires of 40 nm in diameter 
and micron range length takes place in nanosecond time range leading 
to a similar but inverted magnetic domain structure before and after 
magnetization reversal (e.g. all spins are oriented along the cylinder axis 
which is the easy axis of magnetization). By contrary, a coherent pro
gressive magnetization reversal takes place if the field is applied 
perpendicular to the cylinder length with the saturation field respecting 
the Stoner-Wohlfarth switching field, HSW, always larger than the 
switching field through domain wall propagation. Hence, a rectangular 
hysteresis loop is obtained in longitudinal geometry and a linear one in 
perpendicular geometry, with the saturation field in perpendicular ge
ometry higher than the switching field (equating the coercive field of the 
rectangular loop) in longitudinal/parallel geometry. It is that saturation 
field in perpendicular geometry where a coherent rotation takes place, 
which equates HSW=2K/MS and can be compared with the experimental 
values. In the present case, a shape anisotropy can be considered as 
dominant and as consequence, the anisotropy constant can be evaluated 
according to the formula K≈πMs

2. Ms at low temperature, as evaluated 
from the hysteresis loops in perpendicular geometry presented in Fig. 3., 
is about 46 emu/g (409 emu/cm3) for sample S1, 36 emu/g 
(320 emu/cm3) for samples S2 and S3 and 24 emu/g (214 emu/cm3) for 
sample S4. Hence, shape anisotropy constants of about 5.2*105 erg/cm3 

(5.2*104 J/m3), 4.1*105 erg/cm3 (4.1*104 J/m3) and 2.7*105 erg/cm3 

(2.7*104 J/m3) are obtained for the above samples, respectively. Having 
in mind that the cubic magneto-crystalline anisotropy of face centered 
cubic Ni is defined by 25 K1= -5*103 J/m3 and K2= 2*103 J/m3, it is 
clear that the shape anisotropy strongly dominates over the 
magneto-crystalline one. Therefore, an overall uniaxial anisotropy with 
the easy axis of magnetization along the cylinder length is also expected 
for the investigated samples.

Micromagnetic calculations on high aspect ratio single Ni-Cu nano
wires with diameters of 100 nm (similar to this case),under hypothesis 
of specific magnetizations ranging from 6.2 *105 A/m (69 emu/g) down 
to 3.1*105 A/m (34 emu/g) and stiffness constants ranging from 
7*10− 12 J/m down to 3.5*10− 12 J/m have been reported in [1]. 
Notably, the simulation is valid for any magnetic system with the above 
mentioned parameters, independently on the physical reason leading to 
their variation (e.g. pure Ni nanowires with specific morpho-structural 
aspects leading to noncolinear spin structure and hence with 
decreased specific magnetization or with magnetic defects decreasing 
the stiffness constant). The same specific change of the hysteresis loop 

from a rectangular shape, with the field applied along the nanowire, to a 
linear shape, with the field applied perpendicular to the nanowire, and 
saturation fields much higher in perpendicular geometry than in parallel 
geometry is reported. For similar magnetic parameters (saturation 
magnetization and shape anisotropy constant) to the ones of samples S2 
and S3, the calculated linear loop in perpendicular geometry is char
acterized by a sharp saturation reached around a saturation field of only 
1900 Oe. By contrary, in the investigated samples a quite progressive 
saturation which is not complete even in fields higher than 10.000 Oe 
takes place. It should be noted that a quasi-saturation field is experi
mentally approached by using the tangent method, at 9000(900) Oe (in 
bracket is the error) for all samples from S4 to S1, increasing much 
slower than linearly with the magnetization, as would be expected from 
the simplest Stoner-Wohlfarth type coherent rotation (HS = 2πMS). This 
is a first hint that local magnetic defects are present in the samples, 
which on one hand introduce additional pining effects and on the other 
hand may change the magnetic spin configuration in the nanowire. As 
expected, saturation magnetizations lower than in theory can be 
assigned to non-collinear magnetic configurations. Such configurations 
deviate from the ferromagnetic linear ones where the spins are parallel 
to nanowire length and can be due to distributed local anisotropies axes 
leading for example to flower-like spin structures maintained also under 
higher fields. According to the experimentally obtained different satu
ration magnetization values obtained for the 4 samples, a different 
magnetic texture depending on the deposition potential would be also 
expected for these samples. To note that the spin texture can be char
acterized in average by an angular spin distribution with a symmetry 
axis along the cylinder axis (also representing the easy axis of magne
tization in the present case). However, except this average character
ization of the magnetic texture, a spatial distribution of the spin 
orientations can be present, in close relation to the crystallite shape and 
orientations and hence of the crystalline texture.

Concerning the magnetic texture of a nanowires array, reduced in the 
present case to the average magnetic texture of independent nanowires, 
it can be easier characterized via the above exposed reasoning by the 
ratio R = MR/MS obtained in the two geometries (perpendicular and 
parallel to the nanowire). For unidirectional orientations of the spins 
(complete texture) the ratio Rperp in perpendicular geometry should be 
0 whereas in parallel geometry, Rpara should be 1. In case of a lower 
texture Rperp increases from 0 whereas Rpara decreases from 1, both ra
tios taking the value of 0.5 in case of randomly oriented magnetic mo
ments (no magnetic texture). Consequently, the ratio Rpara/Rperp takes a 
very high value (approaching ∞) for very high magnetic texture and 1 
for no magnetic texture. The temperature evolution of the MR/Ms ratios 
in the two geometries for all samples S1 to S4 is shown in Fig. 4. Ac
cording to Fig. 4, the most texture sensitive ratios Rpara/Rperp calculated 
at low temperature where magnetic dynamical effects are neglected are 
31, 30, 10 and 3.5 for samples S1, S2, S3 and S4, respectively. It is clearly 
observed from these data that the magnetic texture decreases strongly 
for samples obtained at more electronegative potentials until 
− 1000 mV.

On the other hand, one may consider that the crystalline texture can 
be parametrized by a texture coefficient (TC) according to Eq. (1), by 
considering the most intense diffraction lines corresponding to the 
(111), (200) and (220) reflection planes of the fcc structure of Ni: 

TC(hikili) =
I(hikili)

/
∑3

i=1
I(hikili)

I0(hikili)
/

∑3

i=1
I0(hikili)

, (1) 

where I(hikili) is the intensity of the diffraction line corresponding to the 
reflection plane (hikili) in the investigated sample, whereas I0(hikili) is 
the intensity of the diffraction line corresponding to the same reflection 
plane (hikili) in a reference polycrystalline sample with no crystalline 
texture.
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The values of TC for the 3 mentioned reflection planes are presented 
in Fig. 5(a) for all the investigated samples. According to this Eq. (1), TC 
values equal to 1 means random distributions of such reflection planes. 
Higher than 1 are the TC values for which a higher probability to form 
such parallel planes along their normal direction is inferred (e.g. an 
increased texture for those planes). Accordingly, an increased texture for 
the (220) plane is to be mentioned in samples obtained for deposition 
potentials more electropositive than − 900 mV and a sharp decrease of 
this possibility on the account of the increased texture along the normal 
to (111) planes.

Crystallite sizes and strains along the perpendicular directions to the 
above-mentioned reflection planes are shown in Fig. 5(b) and (c), 
respectively. The crystallite size in the direction perpendicular to each 
considered reflection plane was determined by the Sherer formula with 
the proportionality constant approximated to 1 and considering the 
gaussian component of the line profile whereas the strain was consid
ered as the proportionality parameter between the Lorentzian FWHM 
and tanθ for each diffraction peak [22]. Concerning the crystallite size 
along the normal to the three reflection planes it may observe the largest 
crystallite size (i.e. between 40 and 54 nm) along the normal direction to 
the (220) plane and the lowest crystallite size (i.e. between 19 and 

24 nm) along the normal direction to the (200) plane. To note that, the 
behavior of crystallite size in Fig. 5(b) is in qualitative agreement with 
the behavior of the crystalline texture presented in Fig. 5(a) and both 
support the idea of formation of ellipsoidal crystallites oriented 
perpendicular to the (220) reflection plane and with an aspect ratio 
depending on the electrodeposition potential. The behavior of strains 
(Fig. 5(c)) is opposite to the one of crystallite size, namely a higher strain 
is observed along to the normal to the (200) plane and a four times lower 
strain along the normal to the (220) plane. However, no significant 
variation of the strain with the deposition potential is to be mentioned, 
as indication of a rather insignificant role on the magnetic texture which 
is very sensitive to the deposition potential.

Expectedly, the ellipsoidal crystallite of higher aspect ratio (i.e. with 
a maximum value of about 3) as obtained for deposition potentials more 
electropositive than − 900 mV will orient parallel to the nanowire 
length. Therefore, there will be always even for such deposition poten
tials, some [111] directions representing also local magnetization easy 
axis which will have other orientation than the cylinder axis, giving rise 
to the above-mentioned angular distribution of the magnetic moments 
at remanence or in low applied magnetic fields. To note that, with the 
decreasing of the deposition potential towards − 1000 mV, the aspect 
ratio is decreasing (i.e. to a minimum value of about 2) and the crys
talline texture associated to all the investigated direction becomes close 
to 1, meaning almost no textured polycrystalline samples. This must be 
also related to the lowest magnetic texture associated to sample S4.

Another possibility to characterize the magnetic texture of the 
samples is through the ratio RC between the coercive fields in parallel 
and perpendicular geometry, respectively. As previously discussed in 
case of a domain wall nucleation model, for a very high magnetic 
texture, a linear variation of magnetization with negligible coercive field 
should be obtained in perpendicular geometry and a quasi-rectangular 
loop of finite coercive field which increases slightly with the magneti
zation, in parallel geometry [1]. By decreasing the magnetic texture, the 
coercive field in perpendicular geometry will increase and the one in 
parallel geometry will decrease. That is, very high values of RC will 
characterize a high texture decreasing towards values closer to 1 
(depending on the magnetization reversal model) in case of negligible 
magnetic texture. The evolution of the coercive fields versus tempera
ture for all the analyzed samples is shown in Fig. 6(a) in parallel ge
ometry and Fig. 6(b) in perpendicular geometry.

As expected, the coercive field decreases with temperature in both 
geometries, but in a faster manner in parallel geometry. At the lowest 
temperature of 5 K, where dynamical effects are suppressed, the coer
cive field in perpendicular geometry is linearly increasing with the 
decreasing of the deposition potential (from 120 Oe corresponding to 
sample obtained at − 700 mV to 420 Oe corresponding to sample ob
tained at − 900 mV) and then presenting a sharp increment at about 
1450 Oe for sample obtained at − 1000 mV. Accordingly, RC decreases 

Fig. 4. Evolution of the MR/MS ratio (the ratio between the saturation 
magnetization, MS and the remanent magnetization, MR) function of tempera
ture, for samples obtained at different electrodeposition potentials. The same 
two geometries, with the field applied parallel (para) and perpendicular (perp) 
to the nanowires are considered. The inset shows the temperature evolution of 
the saturation magnetization in perpendicular geometry which gives the best 
estimation for the real values of saturation magnetization.

Fig. 5. Texture coefficient (a), crystallite size (b) and strain (c) along perpendicular directions to the reflection planes as estimated for samples obtained at different 
deposition potentials.
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from a value of 9 (high magnetic texture) for nanowires obtained at a 
deposition potential of − 700 mV down to a value of 0.9 (low magnetic 
texture) for nanowires obtained at a deposition potential of − 1000 mV.

There are 2 striking effects related to the coercive field values in 
parallel geometry, which seem to give support for a localized domain 
wall nucleation model during the magnetization reversal, initially dis
cussed in [27]. Firstly, the values of the coercive fields are in the range 
from 970 to 1080 Oe, as compared to the values of a switching field 
specific to a Stoner-Wohlfarth applied to metallic Ni (HS= 2πMs), e.g. 
estimated at about 3000 Oe [27]. Secondly, the coercive field is 
increasing by about 10 % in nanowires when the saturation magneti
zation decreases at half (see samples S1 and S4). This behavior is against 
the micromagnetic calculations performed in [25] in the frame of a 
delocalized domain wall nucleation model showing that the coercive 
field decreases by about 20 % when the saturation magnetization de
creases at half. To note that at variance to the delocalized nucleation 
model which extend throughout the whole nanowire, the localized 
model of magnetization reversal suppose that the nucleation of magnetic 
walls starts in very small volumes of the ferromagnetic entity with 
inhomogeneous magnetization states. It is localized on the vicinity of 

structural imperfections and magnetic defects as for examples found at 
the grain boundaries or at the wire ends and therefore, polycrystallinity, 
local fluctuations in the wire diameter as well as crystalline or magnetic 
defects can represent cause of localization. In case of polycrystalline 
wires, which can be seen as random-anisotropy ferromagnets, a super
position of interacting magnetic domains of Stoner-Wohlfarth type can 
be considered, with the interaction depending on the ratio between the 
wire diameter, D, and the grain size, D0, as well as between the exchange 
length parameter, λex, and the grain size26. If D0 is higher than kλex 
(where the product kλex with k of unity order, can be interpreted as the 
correlation length), there are no cooperative interactions between the 
grains. That leads to an ordinary weak coupling regime between the 
grains, which can be approximated by a simple superposition of 
non-interacting Stoner-Wohlfarth-like magnetic grains with angular 
distribution of easy axis. It is to be mentioned that hysteresis loops of a 
superposition of Stoner-Wohlfarth-like magnetic domains with angular 
distribution of easy axis present a peculiar feature [29,35], namely they 
present a real switching field where the magnetization drops steeply 
(both the switching field and the drop in magnetization depending on 
the angular distribution of the easy axis). While for the present samples 
there have been not observed such drops in magnetization, the ordinary 
weak coupling regime should be excluded. However, according to Fig. 5
(b), the average grain size D0 increases continuously from about 28 nm 
in sample S1 to about 36 nm in sample S4 (35 nm in sample S3), in 
conditions that the nanowire diameter is approximately 100 nm and λex 
is estimated here at about 28 nm (26 nm was reported in [36]). 
Accordingly, the ratio D/D0 decreases continuously from 3.6 in sample 
S1–2.8 in sample S4 (2.9 in sample S3). On the other hand, the ratio 
λex/D0 decreases continuously from 1 in sample S1 to about 0.78 in 
sample S4 (0.82 in S3). Expectedly, sample S4 with no magnetic texture 
and lack of crystalline texture has to be characterized by a 3-dimensional 
Imry and Ma random anisotropy magnetic configuration [37] whereas 
samples S1 and S2 with enhanced magnetic texture by the cooperative 
quasi-1-dimensional super-spin system. Sample S3, of intermediate 
texture must be at the border of the two above magnetic configurations. 
According to the magnetic phase diagram of polycrystalline wires pre
sented in [36], a λex/D0 ratio of about 1.15 corresponds to a D/D0 ratio of 
2.9 as specific to sample S3 considered at the limit of the two configu
rations. Hence a value of 1.4 (i.e. from the ratio 1.15/0.82) is obtained 
for k in order to frame sample S3 at the border of the 3d Imry & Ma 
configuration and the quasi 1-dimensional superspin configuration in 
the rescaled diagram [26] (with the ordinate variable λex/D0 modified to 
kλex/D0, where k = 1.4). The product kλex representing the correlation 
length, provides a value of about 40 nm, almost identical with the value 
of about 40 nm for the nucleation of a vortex wall mode in a nanowire 
with diameter approaching the grain size (truly 1-dimensional and 
cooperative system according to [26]). In fact, it is this correlation 
length parameter kλex instead of the exchange length parameter λex, to be 
compared with the crystallite size in order to draw physical conclusions 
on the cooperative interactions between the Stoner-Wohlfarth like 
magnetic domains associated to the crystallites. In other words, the 
magnetic texture is achieved or not depending on the relation between 
the crystallite size and the magnetic coherence length, which mainly 
depends on the square of the overall saturation magnetization of the 
wire (similar to the shape anisotropy energy of the overall wire). If the 
crystallite size is lower than the coherence length, more crystallites 
interact cooperatively leading to a magnetic texture along the anisot
ropy axis of the wire (e.g. as present in case of samples S1 and S2). If the 
crystallite size is larger than the coherence length, no cooperative in
teractions are possible between the crystallites and an assembly of 
almost independent magnetic moments of the crystallites with own local 
anisotropies (behaving as in a Stoner-Wohlfarth model) is achieved. To 
note the different sources of the local magnetic anisotropies (if the 
magneto-crystalline anisotropy of Ni is neglected, still is possible to have 
a surface related contribution [38] or shape related contributions, as in 
the present case of ellipsoidal crystallites with aspect ratios between 2 

Fig. 6. Coercive fields at different temperatures for the 4 samples obtained at 
electrodeposition potentials between − 700 and − 1000 mV. The same two ge
ometries, with the field applied parallel (a) and perpendicular (b) to the 
nanowires are considered.
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and 3). Considering the typical case of sample S4, with nanowires 
formed by crystallite with: (i) aspect ratio of 2, (ii) crystallite sizes larger 
than the coherence length, (iii) local shape related anisotropy and with 
lack of crystalline texture of nanowires meaning random orientation of 
the ellipsoidal crystallites, a Stoner-Wohlfarth type system with 
randomly oriented magnetic easy axis and hence with negligible mag
netic texture is obtained.

The strong relation between the morpho-structural aspects of the 
polycrystalline nanowires and their magnetic properties, including their 
magnetic texture and magnetic reversal mechanism was also reported in 
[39–41]. Micromagnetic models were mainly used and the results 
compared with experiments on arrays of Ni (and Co) ferromagnetic 
nanowires grown on porous aluminum oxide with 25 nm pore diameter. 
Careful TEM analysis have evidenced the polycrystalline nature of the 
dispersed nanowires consisting of chain of successive ellipsoidal crys
tallites with the lateral size of about 25 nm and longitudinal size of 
50 nm, e.g. approaching an aspect ratio of 2, i.e. close to the reported 
sizes in this work (clear TEM information on polycrystalline nanowires 
of 100 nm in diameter is not reliable in this respect due to the super
position of many crystallites in the front of the electron beam). The 
change of morphology was experimentally induced by thermal treat
ments, assumed to enhance the interatomic diffusion at the ellipsoid 
ends, leading finally to ellipsoids of increased aspect ratio, approaching 
better the morphology of sample S1 and S2. However, from the exper
imental point of view, there are 2 main differences between samples S1 
and S2 and the samples grown in aluminum oxides: (i) the inter-wire 
distance is much higher in S1 and S2 and therefore the dipolar in
teractions between wires in S1 and S2 can be better neglected and (ii) 
the wire diameter is 4 times larger than the lateral size of the crystallite 
as compared to the wires grown to in aluminum oxides where the wire 
diameter equate the lateral size of the crystallite, assuring the 1-dimmes
nional super-spin structure of the chain. However, due to the specific 
condition for a cooperative interaction among the crystallites in samples 
S1 and S2, a quasi-1-dimensional super-spin system is also expected in 
this case, with comparable magnetic behavior for both type of systems. 
Concerning the micromagnetic simulations done on arrays of nanowires 
consisting of chains of crystallites with lateral size of 25 nm, both 
ellipsoidal crystallites with aspect ratio higher than 2 as well as cuboidal 
crystallites were considered. The magnetization reversal loops were 
computed at different directions of the applied field versus the length of 
the nanowires. The values of the coercive fields for arrays of chains of 
ellipsoidal crystallites with aspect ratios higher than 2 (simulating the 
annealed samples at 300 C in Ar atmosphere) which reproduce well the 
experimental data are close to 1000 Oe in parallel geometry and about 
200 Oe in perpendicular geometry [39,40]. To note that samples S1 and 
S2, which approach well the above-mentioned case of the 1-dimmesnio
nal super-spin structure, show similar values for the coercive fields in 
both geometries. Concerning the values of R = MR/MS, the most reliable 
results to be compared with samples S1 and S2 are obtained via simu
lations with the largest intra-chain distance of 65 nm [40] or 70 nm 
[41], where the dipolar interaction between the wires is the weakest 
one. Accordingly, the ratio R is close to 1 in parallel geometry and close 
to 0 in perpendicular geometry, similar to the values reported in this 
work. When decreasing the aspect ratio of the crystallites, down to the 
case of cuboidal crystals [41], the ratio R decreases to 0.5 in longitudinal 
geometry, approaching better the magnetic behavior of sample S4 with 
its diminished crystalline texture. Finally, this picture of a poly
crystalline nanowire with magnetic defects and atomic imperfections at 
the grain boundaries can also explain the evolution of the saturation 
magnetization in the considered samples. The magnetic defects and 
atomic imperfections at the grain boundaries lead to very distributed 
exchange integrals and values of the magnetic moments and hence to 
very distributed local anisotropies which can be transferred to the 
superspins of the grains, depending on the relationship between the 
grain size and the exchange length parameter. Tuning the dominance of 
the random orientation of the spins versus the 1-dimensional orientation 

along the nanowire length through the deposition potential leads also to 
progressively lower values of the saturation magnetization of the 
systems.

4. Conclusions

Electrodeposition in polymer ion track membranes was employed as 
a method to produce Ni nanowires. Since the method employs as tem
plates membranes with uniform, high aspect ratio pores, the fabrication 
process leads to uniform nanowire arrays with diameter of approxi
mately 100 nm and lengths of about 30 µm, for all nanowires. Several 
values of the electrodeposition potential were employed, and it was 
found that this experimental parameter influences both the crystalline 
structure of the nanoobjects and their magnetic properties. By analyzing 
the experimental results according to existing models, it was found that 
the magnetic properties are influenced by the structural properties of the 
polycrystalline nanowires, including here grain size and shape and 
atomic imperfection/magnetic defects mainly located at the grain 
boundaries. Depending on the electrodeposition potential, the magnetic 
behavior of the obtained nanowires ranges from specific to Imry and Ma 
random anisotropy magnetic configurations of negligible magnetic 
texture to specific cooperative quasi 1-dimensional superspin configu
rations of much enhanced magnetic texture. The results are of utmost 
importance for potential applications where such arrays can be 
employed including spin-based information processing and storage de
vices. A new paradigm for controlling the magnetic anisotropy of the 
system through local morpho-structural aspects imposed by the pro
cessing parameters (e.g. the electrodeposition potential), in conditions 
of a theoretically expected highly dominant shape anisotropy in case of 
an usual ferromagnetic order of the Ni spins is proposed.
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