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A B S T R A C T   

In this work, a ferromagnetic resonance study on the influence of the electrolytic bath acidity on the magnetic 
anisotropy and hardness parameter of arrays of 50 nm diameter Ni nanowires in porous alumina membranes, is 
reported. Fine tuning the effective magnetic anisotropy of the arrays has been achieved by progressively 
changing the nanowires microstructure from polycrystalline textured to single-crystalline as the electrolyte 
acidity is reduced. The micro-structural analysis carried out by X-ray diffraction and high resolution transmission 
electron microscopy has revealed that a preferred crystal texture is not a sufficient condition for the enhancement 
of the magnetic anisotropy. Instead, a correlation between the increase of crystallite size and quality, and the 
increase of both the magnetic anisotropy and hardness parameter has been shown. Ferromagnetic resonance and 
alternating gradient magnetometry experiments have shown that no additional magnetic contributions take 
place in Ni NWs grown from highly acidic electrolytes (pH 1.6), whereas a significant additional anisotropy 
contribution progressively appears as the electrolyte acidity is reduced (pH 5.0). Besides the careful adjustment 
of electrodeposition conditions, achieving a very long length for the nanowires is also a key requirement to have 
a precise control on the effective magnetic anisotropy energy, which can be fine tuned in the wide range from 
64 − 167 kJ⋅m− 3 as a result of an energy enhancement of magnetoelastic origin. Ferromagnetic resonance 
measurements have demonstrated that nanocomposites based on arrays of nanowires made of low cost and 
abundant elements like Ni exhibit hardness parameters in the range 0.47–0.75 within the semihard region, where 
those with κ > 0.5 are suitable for permanent magnet applications. These features make arrays of low diameter 
Ni nanowires very appealing for their use in the development of agile microwave and spintronic devices.   

1. Introduction 

The quest for novel materials with improved magnetic properties and 
unusual effects is at the center of an intense research activity due to their 
promising applications in the fields of spintronics [1], spin-caloritronics 
[2], logic devices and reservoir computing [3–5], magnetic sensors [6,7] 
and microwave devices [8,9]. A well known strategy to obtain new 
materials with enhanced magnetic anisotropy is via alloying and doping 
of transition metals with other elements [10]. As a result of that strategy 
is the emergence of the well known tetragonal crystal structure of Fe and 
Co based alloys and rare earths based ferromagnets that is responsible of 

a large magnetocrystalline anisotropy energy of the order of 106 to 107 

erg⋅cm− 3 which confers the magnetic hardness of those materials 
[11–13]. However, most of the elements used in the fabrication of 
semihard (0.1⩽κ⩽1) and hard (κ > 1) magnets, with κ the hardness 
parameter, are neither low cost nor abundant on Earth [13–15]. 
Therefore, the development of magnets based on low cost and more 
abundant elements is at the center of an intense research activity [16]. 
Exploiting other sources of magnetism and effects in order to enhance 
the effective magnetic anisotropy is paramount for the development of 
rare-earth-free magnets [17–22]. Nickel is an abundant magnetic ma
terial with interesting properties like its high magnetostriction that can 
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be used to modify its effective magnetic anisotropy [23] for developing 
voltage controlled applications [24]. On the other hand, permanent 
magnets can be fabricated using magnetic nanowire (NW) arrays based 
on the high shape anisotropy and orientation of the NW assemblies with 
high aspect ratio and high coercivity [25]. Besides, electrochemical 
synthesis in porous membranes as templates is a powerful method for 
fabricating multicomponent NWs with different metals due to its engi
neering simplicity, versatility, and low-cost [26]. The magnetic prop
erties of Ni NWs are strongly influenced by the type of porous host 
matrix [27,28] and NWs parameters like their diameter, packing frac
tion and aspect ratio [29,30] and electrodeposition parameters [31]. As 
shown in previous works, a very significant source of magnetic anisot
ropy in magnetic NWs can be obtained by magnetoelastic (ME) effects 
induced by thermally induced mechanical stresses [27,32–34]. How
ever, this additional anisotropy contribution can not be exploited for 
practical applications as it is induced at low temperature as a result of 
the expansion coefficient mismatch between the NWs and the host 
polycarbonate porous membrane. In order to overcome this limitation it 
has been recently shown that ME effects can be induced at room tem
perature in arrays of very long Ni NWs embedded in anodic aluminum 
oxide (AAO) porous membranes [35]. For these materials, the combi
nation of a preferred crystal texture along the [110] direction and 
confinement of the NWs diameter to some tenths of nanometers is 
responsible of the appearance of a strong ME anisotropy contribution 
[35,31]. Particularly, size reduction promotes a preferential crystal 
orientation in NWs grown by electrodeposition into the nanopores of 
AAO membranes [36,37] and the appearance of residual stress as a 
consequence of structural confinement [38]. These features then make 
arrays of Ni NWs good candidates as semihard magnets that combine a 
low saturation magnetization with high effective anisotropy energies up 
to 1.4 − 1.6× 106 erg⋅cm− 3 (140 − 160 kJ⋅m− 3). Therefore, fine tuning of 
the room temperature magnetic anisotropy enhancement in low diam
eter Ni NWs is desirable for applications that require control on 
magnetization reversal, microwave absorption and multiferroic re
sponses. The careful adjustment of electrodeposition conditions is then a 
key aspect for the fabrication of arrays of Ni NWs with control on their 
magnetic properties. It has been recently shown that the variation of the 
deposition potential, in a limited range in order to avoid hydrogen 
evolution reactions, only slightly modifies the magnetic anisotropy of 
the Ni NW arrays [31], which means that an alternative strategy has to 
be followed to change such magnetic property. As suggested in a pre
vious work, changes in the NWs magnetization squareness can be 
induced by changing the electrolytic bath acidity [39]. However, the 
magnetization squareness measured from hysteresis loops is a qualita
tive characterization of the magnetic properties, then a further detailed 
analysis is needed in order to precisely quantify the influence of elec
trochemical parameters like the electrolyte pH on the magnetic anisot
ropy of arrays of Ni NWs. 

In this work, we report on the accurate determination by ferromag
netic resonance (FMR) of the effective anisotropy energy of arrays of low 
diameter (50 nm) Ni NWs into the pores of AAO membranes in which 
their microstructure has been controlled by adjusting the electrolytic 
bath acidity. The microstructural analysis carried out by high resolution 
transmission electron microscopy (HRTEM) observations and X-ray 
diffraction (XRD) experiments, has revealed a close relation with the 
magnetic properties of the arrays. In turn, this has led to larger anisot
ropy energies at higher pH values than the expected magnetostatic 
anisotropy for arrays of large diameter NWs made of cubic crystal ma
terials like Ni. We also report on the fact that NWs with a preferred 
crystal texture alone is not a sufficient condition for the enhancement of 
the magnetic anisotropy. Instead, synthesizing NWs conformed of very 
large high quality crystals is a necessary condition to improve their 
magnetic properties. FMR, as a powerful technique, has provided ac
curate large values of the uniaxial anisotropy energy and hardness 
parameter, which are in the ranges 64 − 167 kJ⋅m− 3 and 0.47 − 0.75, 

respectively. This is the first time to our knowledge that distinct and 
large effective magnetic energies within the semihard magnets region 
for Ni NWs have been accurately determined and compared to energy 
values of other materials. Our results then provide a further insight on 
the possibility of taking advantage of fine tuning unconventional mag
netic effects and contributions for the development of more agile tech
nological devices. 

2. Materials and methods 

Arrays of parallel Ni NWs have been synthesized by a standard three- 
probe electrodeposition technique into the pores of commercial 90 μm 
thick AAO membranes from Synkera Technologies, Inc. In this config
uration a Pt counter electrode as well as a Ag/AgCl reference electrode 
have been used. The porosity (P) and the pores diameter (d) of the AAO 
membranes are 12 % and 50 nm, respectively. The membrane porosity 
corresponds to the NWs packing fraction provided that the very good 
pores filling after electrodeposition is performed. A Cr/Au bilayer, with 
respective Cr and Au layers thicknesses of 20 nm and 600 nm, has been 
evaporated onto one side of the membranes to serve as cathode for the 
electrodeposition and as ground plane for the FMR experiments. Elec
trolytes with composition 262.8 g l− 1 NiSO4 + 30 g l− 1 H3BO3, but with 
the pH previously adjusted to the different values 1.6, 2.6, 3.2 and 5.0, 
have been used for the growth of Ni NWs. Electrolyte pH adjustment has 
been performed using a VWR pHenomenal benchtop pH meter. The as- 
prepared electrolytes have pH = 3.8, which has been adjusted to lower 
and higher values by the addition of H2SO4 and NaOH, respectively. 
Electrodeposition has been done in the potentiostatic mode at room 
temperature by applying a constant potential of − 1.05 V. Control on the 
deposition time has allowed to grow Ni NWs with two different lengths 
(h) of about 13.5 ± 0.5 μm and 72.0 ± 0.5 μm, which has been confirmed 
by following an optical microscopy procedure from the cross section of 
the AAO membranes containing the NWs, as reported previously [35]. 
After dissolution of the samples by sonication in concentrated NaOH 
(1.0 M) to obtain dispersed NWs, HRTEM observations have been car
ried out using a Jeol JEM-ARM200F atomic resolution analytical elec
tron microscope in order to characterize the crystallite size and 
orientation in the different NW samples. Complementary structural 
characterization of the NWs has been done by XRD experiments using a 
Bruker D2 Phaser X-ray diffractometer with a Cu radiation source of 
wavelength λ = 1.54 Å. Room temperature FMR and alternating 
gradient magnetometry (AGM) measurements have been performed for 
the determination of the magnetic anisotropy of NW arrays. FMR ex
periments have been carried out in the saturated state using the 
microstrip transmission line method and absorption spectra have been 
recorded in the field swept mode with the applied DC field in the di
rection of the NWs axis in the range from 10 kOe down to zero field. 
Hysteresis loop measurements have been recorded in the range ±10 kOe 
with the magnetic field applied in the directions parallel and perpen
dicular to the NWs. 

3. Results and discussion 

The evidence of the influence of the electrolytic bath acidity on the 
microstructure of 72 μm long Ni NWs deposited in AAO membranes is 
provided by XRD experiments. Fig. 1 shows diffraction patterns for Ni 
NWs synthesized at the pH values of 1.6, 3.2 and 5.0. All patterns are 
similar as they show a preferential (220) texture. However, the differ
ence between them is the presence of small diffraction peaks for the 
(111), (200) and (311) crystal planes for the NW array synthesized at the 
lowest pH. Arrays of NWs synthesized at the intermediate pH values also 
show a strong (220) texture. These results show that the electrolyte pH 
has a little effect only at very low values, which can be ascribed to the 
very long length of the NWs that promotes the strong (220) texture, as 
suggested by previous works [35,40]. Besides, HRTEM characterization 
has been carried out to gain a better insight on the microstructure of the 
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NWs. For this purpose, three samples of dispersed 72 μm long NWs 
obtained by dissolution of arrays of NWs fabricated at pH values of 1.6, 
3.2 and 5.0 have been analyzed. Figs. 2(a), (b) and (c) display low 
magnification TEM micrographs of representative sections of Ni NWs 
synthesized at each pH value. As expected, the electrolytic bath acidity 
during the fabrication process has a significant impact on the micro
structure of the NWs, where the very polycrystalline microstructure at 
low pH values can be explained by the hydrogen absorption and evo
lution during the electrodeposition process [41]. By comparing these 
micrographs, two main features can be observed: the change of both the 
degree of polycrystallinity and the crystallite size. Particularly, Ni NWs 
fabricated at pH 1.6 are very polycrystalline with average crystallite size 
of about 18 ± 15 nm. Fig. 2(a) reveals small crystals with non elongated 

shapes. A more detailed statistical analysis reveals the presence of the 
crystalline planes (111), (200) and (220) in the same NW, with prefer
ential (111) texture and corresponding volumetric fraction of about 
68%. As seen in the HRTEM micrograph of Fig. 2(d) corresponding to a 
small portion of the NW shown in Fig. 2(a), the dislocations indicated by 
the dashed lines reveal several small crystals randomly oriented. Other 
crystals with distinct plane orientations occupy lower volumetric frac
tions, as for instance, about 20% for the (200) planes. As observed in 
Fig. 2(b), Ni NWs synthesized at the intermediate pH 3.2 are composed 
of larger crystals than those for the pH 1.6 sample, with preferential 
orientation along the [110] direction. The dislocations indicated by the 
dashed lines in Fig. 2(e) clearly define the boundaries between crystals, 
which are well defined in contrast to what is observed for the pH 1.6 
sample in Fig. 2(d). Furthermore, twinned (220) crystals are clearly 
evidenced in Fig. 2(e). In this case, the size of the smaller crystals is 
about 22 ± 18 nm, whereas the elongated crystals have a width of about 
the NWs diameter and a length slightly larger than 100 nm, as seen in 
Fig. 2(b). For this pH value, preferential (220) planes with volumetric 
fraction of about 47% are accompanied with (111) planes with lower 
volumetric fraction of about 41%. The (200) crystal orientation has also 
been observed, however its volumetric fraction is lower than those for 
the (220) and (111) planes. Increasing further the pH up to 5.0 leads to 
very large crystallites oriented along the [110] direction with the same 
width as the NWs diameter and a length larger than 100 nm, as seen in 
Fig. 2(c). The corresponding HRTEM micrograph displayed in Fig. 2(f) 
corroborates an orientation along the [110] direction, which is nearly 
parallel to the NWs axis. The inset at the low corner in this figure dis
plays a close view of the same image which clearly shows the (220) 
texture at a direction close to the NW axis. These results are consistent 
with the fact that absorption of stable hydrolyzed species results in a 
stable growth at larger pH values [41]. Although at this pH value very 
large crystals are predominant, polycrystalline non-textured sections, 
mostly at the base of the NWs where the growth begins, have been 
observed as well. In this case only the (220), (111) and (200) crystal 
planes have been observed, with corresponding volumetric fractions of 
about 61%, 29% and 10%, respectively. In the TEM statistical analysis, 
the non negligible percentage of (111) planes arise from the poly
crystalline sections of the NWs at their initial growth stage. Therefore, 
the crystallites volumetric fractions are representative of the observed 

Fig. 1. XRD patterns of arrays of 50 nm diameter Ni NWs synthesized using 
electrolytic baths at pH values of 1.6, 3.2 and 5.0. The patterns are vertically 
offset for comparison and a legend for each crystal plane is indicated besides its 
corresponding diffraction peak. 

Fig. 2. Low magnification bright field TEM micrographs for 50 nm diameter and 72 μm long Ni NWs synthesized from electrolytic baths with its pH adjusted to (a) 
1.6, (b) 3.2. and (c) 5.0. High resolution TEM micrographs for small portions of Ni NWs synthesized at pH of (d) 1.6, (e) 3.2. and (f) 5.0. The direction of the NWs axis 
is, as in (a), (b) and (c), along the horizontal orientation. The insets in these figures show electron diffraction patterns obtained from the selected sections separated 
by dashed lines which serve as guides for the eye. The inset at the bottom-right corner in (f) is a close view of the atomic arrangement of the crystal. 
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NWs, so they do not provide the overall information given by the XRD 
diffraction patterns. In contrast to the results obtained by XRD that 
suggest a strong (220) texture regardless the pH of the electrolytic bath, 
HRTEM provide more accurate information about the NWs microstruc
ture and crystallite size as it allows to locally analyze specific sections of 
the NWs. Another interesting feature observed in Figs. 2(a)–(c) is the 
different NWs surface roughness which is very probably induced during 
the sonication dissolution process. Indeed, by comparing these figures, it 
is observed that the surface roughness is reduced as the pH is increased, 
indicating that crystallites of lower sizes are removed at larger pH 
values. Therefore, NWs embedded in AAO membranes are expected to 
have negligible roughness in comparison to that of the NWs shown in 
Fig. 2. 

The microstructural changes observed in Figs. 1 and 2 have a sig
nificant impact on the magnetic behavior of Ni NW fabricated using 
electrolytic baths with different acidities as seen in Figs. 3(a) and (b). 
These figures show FMR absorption spectra recorded at 27 GHz for ar
rays of short (h = 13 μm) and long (h = 72 μm) Ni NWs synthesized at 

pH values of 1.6 (dashed lines), 2.6 (dashed-dotted lines), 3.2 (dotted 
lines) and 5.0 (continuous lines). The resonance field (Hr) corresponds to 
the field value at the minimum of the absorption spectra which provides 
a direct insight of the effective anisotropy field (Heff). For arrays of 
parallel NWs with the external direct current (DC) magnetic field 
applied along their axis, the FMR condition is given by 

fr

γ
= Hr +Heff , (1)  

where fr is the resonance frequency and γ = 3.09 GHz/kOe is the gy
romagnetic ratio for Ni [42]. As seen in Figs. 3(a) and (b), there is a clear 
variation of Hr at constant frequency with the electrolytic bath acidity 
for short and long Ni NWs. According to Eq. (1), such a variation is the 
same for Heff as long as fr remains constant, leading a maximum field 
difference of about 5 kOe between the anisotropy field values for sam
ples synthesized at the lower and larger pH. These results are consistent 
with previous works which have shown that the modification of the 
electrolyte acidity has a direct influence on the microstructure and 
magnetic properties of Co and Ni thin films [43,44] and NWs [45–49]. 
As a result, the magnetic anisotropy of polycrystalline NWs can not 
include contributions from the crystal structure, so the only magnetic 
contribution is due to the magnetostatic (MS) or shape anisotropy field 
[45]. It is then expected that the magnetic anisotropy of polycrystalline 
low diameter Ni NWs is mainly MS. Indeed, for arrays of NWs synthe
sized using the most acid electrolytic bath (pH 1.6) the resonance field is 
close to the expected value considering that Heff is given by the MS field 

Hms =
1
2

Ms(1 − 3P), (2)  

where P = 0.12 and Ms = 485 kA⋅m− 1 are the packing fraction of the 
NWs in the AAO membranes and the saturation magnetization of Ni, 
respectively [42]. Using these values along with Eqs. (1) and (2) lead to 
Hms = 155.2 kA⋅m− 1 and Hr = 540.3 kA⋅m− 1, where this last value is 
close to the resonance field for both arrays of short and long Ni NWs 
synthesized at pH = 1.6 (see Figs. 3(a) and (b)). 

On the other hand, comparing the absorption spectra for arrays of 
short and long Ni NWs reveal important differences that deserve to be 
discussed. First, the most of the spectra display a complex lineshape as 
they are composed of a main absorption peak accompanied by a sec
ondary shoulder-like absorption [35]. As pointed out previously, these 
absorptions are the fingerprint of the two growth stages of Ni NWs in 
AAO membranes that consist of a polycrystalline stage followed by a 
single crystalline one. Since the effective anisotropy field of the single 
crystalline stage is larger than that of the polycrystalline one, then their 
corresponding resonance fields take place respectively at lower and 
larger values, as suggested by Eq. (1). Therefore, as seen in Fig. 3(a), the 
main FMR absorption for arrays of short Ni NWs grown from acidic 
electrolytic baths (pH ⩽3.2) arises from the polycrystalline stage, as 
expected. However, the depth of the shoulder in the absorption spectra 
observed at lower resonance fields increases as the pH increases. This 
feature is consistent with a change in the microstructure of the NWs, so 
that they are less polycrystalline and larger crystals are present as shown 
in Fig. 2. As the pH is further increased to 5.0, the main absorption is 
consistent with a microstructure composed of large single crystals with 
(220) texture, i.e., they are no longer mainly polycrystalline. In this case, 
even if the NWs are not too long their magnetic anisotropy is larger than 
that for very polycrystalline Ni NWs (pH close to 1.6) given by Eq. (2). 
Therefore, Heff corresponds to the superposition of the MS field and an 
additional field, which has been proven to be of magnetoelastic (ME) 
origin [31,35], that is 

Heff = Hms +Hme, (3)  

where Hme is the additional ME field which has been related to residual 
stresses on NWs due to their confined growth inside the pores of the AAO 
membranes. This effect combined with the non-negligible magneto

Fig. 3. FMR absorption spectra recorded at 27 GHz for arrays of 50 nm 
diameter Ni NWs synthesized using electrolytic baths at different pH values and 
with length of (a) 13.5 μm and (b) 72.0 μm. (c) Dispersion relations (symbols) 
for the samples in (b) and linear fits (dashed lines) using Eq. (1). The continuous 
grey line is calculated using Eqs. (1) and (2) with Heff = Hms, so it corresponds 
to the dispersion relation of a purely MS array of Ni NWs. 
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striction of Ni are responsible of the appearance of the significant ME 
anisotropy contribution. Indeed, a proof of the ME nature of this 
contribution is provided by the fact that arrays of Py (Ni80Fe20) NWs 
with no magnetostriction confined in the same porous matrixes do not 
show any additional anisotropy contribution [35]. 

Besides, the absorption spectra for arrays of very long Ni NWs (h =

72 μm) shown in Fig. 3(b) also display the complex lineshape as that for 
short NWs. However, in this case the dominant FMR absorption takes 
place at lower resonance fields for most of the samples, in contrast to 
what is observed in Fig. 3(a). This scenario is consistent with a two stage 
growth for which the polycrystalline segment, that takes place at the 
first growth stage, has a limiting length along the NWs. As a result, the 
corresponding FMR absorption displayed as a shoulder at higher reso
nance fields has lower intensity with respect to the main absorption 
peak, that corresponds to the preferred and longer single crystalline 
growth at the second stage. That is, this single crystal growth is 
responsible of the dominant FMR absorption peak in the spectra for Ni 
NWs synthesized at pH ⩾2.6. Conversely, the main FMR absorption 
located at higher resonance fields for the array of Ni NWs synthesized at 
pH = 1.6 indicates that even when the NWs are very long their micro
structure is mainly polycrystalline. Besides, from Fig. 3(a) it is observed 
that Hr is almost the same for samples synthesized at pH ⩽3.2, but a 
sudden field shift takes place when the pH increases up to 5.0. In 
contrast, a progressive resonance field shift towards lower values is 
observed for long NWs as the pH increases (see Fig. 3(b)). Therefore, a 
more accurate control of the magnetic anisotropy as a function of the 
electrolytic bath acidity can be achieved with longer Ni NWs rather than 
with shorter ones. With this consideration, a complete characterization 
of the FMR response of each array of long Ni NWs deposited at different 
pH values can be obtained from the dispersion relations. As shown in 
Fig. 3(c), these type of measurements for each sample with long NWs are 
carried out by recording absorption spectra at different resonance fre
quencies in the range from 10 GHz to 40 GHz. From this figure it is clear 
that reducing the electrolytic bath acidity leads to an increase of the 
resonance frequency at a fixed resonance field, which is accompanied 
with an increase of Heff . This field can then easily be determined by using 
Eq. (1) as fitting function to the experimental dispersion relations, 
shown as dotted lines in Fig. 3(c). The theoretical dispersion relation for 
an array of Ni NWs with only MS anisotropy contributions can be 
determined by combining Eqs. Eq 1 and 2 and taking Heff = Hms (see the 
continuous grey line). As observed, this curve lies below all the disper
sion relations, thus showing that it corresponds to a lower bound for the 
magnetic anisotropy of the arrays of Ni NWs considered in this study. It 
must be stressed that the array of NWs with the higher polycrystallinity 
and synthesized from the most acid solution is very close to this lower 
bound. This feature corroborates the dominant MS behavior for this 
sample and the presence of an additional anisotropy contribution for the 
other samples. Besides, since the surface roughness of NWs embedded in 
AAO membranes is expected to be very low, no magnetic contributions 
arising from this feature are considered in Eq. (3). Otherwise, this would 
result in reduced Heff values, even lower than Hms, as a result of signif
icant opposing magnetostatic contributions arising from surface pits, 
which is contrary to what is observed in Fig. 3(c) since all dispersion 
relations lie above the grey line. 

On the other hand, hysteresis loops recorded with the magnetic field 
applied along the directions parallel and perpendicular to the NWs 
provide additional information about their magnetic anisotropy. Short 
and long Ni NWs have been characterized by AGM in order to better 
understand the influence of electrochemical growth conditions on both 
their microstructure and magnetic properties. For short Ni NWs 
(h ≈ 13.5 μm) the increase of the remanence (Mr = M(0)/Ms) with the 
pH observed from the hysteresis loops recorded with the field parallel to 
the NWs axis indicates a reinforcement of the magnetization easy axis 
along the NWs (see Fig. 4(a)). Moreover, the larger saturation field Hs at 
pH = 5.0 observed from the hysteresis loops recorded in the direction 
perpendicular to the NWs axis (see Fig. 4(b)), corroborates the 

reinforcement of the magnetic anisotropy along the NWs axis at larger 
pH values. Since the growth mechanism of low diameter Ni NWs in AAO 
membranes proceeds via an initial polycrystalline segment followed by a 
single-crystalline segment [35,36,40], short Ni NWs grown under stan
dard conditions (pH ≈ 3.8) are expected to be mainly polycrystalline. 
Conversely, the largest saturation field obtained for the pH 5.0 NW array 
suggest that the microstructure of Ni NWs deposited at pH 5.0 must be 
preferably single-crystalline despite its short length, which is consistent 
with the results shown in Fig. 3(a). Besides, larger Mr and Hs values are 
also obtained with increasing the electrolyte pH for longer NWs, as seen 
from the hysteresis loops measured respectively in the directions par
allel and perpendicular to the NWs axis (see Figs. 4(c) and (d)). Values of 
the coercive field (Hc), saturation field (Hs) and remanence (Mr) for 
arrays of short and long Ni NWs measured with the magnetic field 
applied in the directions parallel (||) and perpendicular (⊥) to the NWs 
are summarized in Table 1. Besides, Table 1 also includes the squareness 
of the hysteresis loops from measurements carried out with the field 
applied along the NWs axis, which reads 

S =
1

HcMr

∫ 0

− Hc

M(H)dH. (4) 

Fig. 4. Hysteresis loops recorded for arrays of 50 nm diameter Ni NWs 
deposited at pH values of 1.6, 3.2 and 5.0. Measurements done for 13.5 μm long 
NWs with the applied field (a) parallel to its axis and (b) perpendicular to its 
axis. Measurements done for 72.0 μm long NWs with the applied field (c) 
parallel to its axis and (d) perpendicular to its axis. 

Table 1 
Values of the coercive field (Hc), saturation field (Hs) and remanence (Mr) for 
arrays of Ni NWs with lengths h = 13.5 μm and h = 72.0 μm measured with the 
magnetic field applied in the directions parallel (||) and perpendicular (⊥) to 
their axis. The hysteresis loops squareness S is obtained using Eq. (4) with the 
field applied along the NWs axis. Saturation and coercive fields units are in 
kA⋅m− 1.  

pH H||
c  H||

s  M||
r  S H⊥

c  H⊥
s  M⊥

r  

Short nanowires (h = 13.5 μm)  
1.6 71.986  192.562  0.807  0.556  14.117  837.036  0.071  
3.2 78.241  227.926  0.969  0.658  8.364  675.916  0.036  
5.0 68.930  340.910  0.947  0.721  10.456  880.263  0.042   

Long nanowires (h = 72.0 μm)  
1.6 58.163  196.382  0.955  0.615  8.364  682.807  0.036  
3.2 69.734  131.359  0.993  0.704  14.332  958.424  0.050  
5.0 66.988  248.545  0.984  0.715  10.051  960.909  0.037   
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The integral in the numerator corresponds to the area of the second 
quadrant of the hysteresis loop [50]. This parameter has an upper bound 
of 1 and provides a measure of the rectangularity of the hysteresis loop 
which is proportional to the effective magnetic anisotropy according to 
the Stoner–Wohlfarth model. Although the coercive field is almost un
changed, the monotonous increase of S with the pH for both arrays of 
short and long NWs is in good agreement with the increase of the 
magnetic anisotropy obtained by the FMR experiments. As seen, long Ni 
NWs display both squarer hysteresis loops in the direction parallel to the 
NWs and larger saturation fields in the direction perpendicular to the 
NWs, in contrast with short NWs synthesized at the same electrolyte pH. 
The increase of these parameters for longer NWs indicates an improve
ment of the crystal quality and texture along the [110] direction as their 
growth continue regardless their pH value. The crossover between 
conditions that favors magnetic anisotropy enhancement is evident from 
the comparison between Figs. 3 and 4. On the one hand, short Ni NWs 
are mostly polycrystalline so no anisotropy enhancement is expected 
unless their growth is done at the highest pH of 5.0, as observed in Fig. 3 
(a). On the other hand, long Ni NWs tend to be single cristalline with 
strong (220) texture showing a clear anisotropy enhancement for NWs 
grown at all pH values with the exception of those grown at the highly 
acidic pH of 1.6, as observed in Fig. 3(b). 

Although both measurement techniques AGM and FMR provide 
complementary information about the magnetic behavior of Ni NWs, 
FMR can provide more quantitative information about the effect of the 
electrolyte acidity on the precise anisotropy enhancement of the NWs 
(see Fig. 3). The progressive shift of the resonance field observed in 
Fig. 3(b) indicates that the fine tuning of the magnetic anisotropy 
enhancement with the electrolyte pH can only be achieved by consid
ering very long Ni NWs instead of short ones. In this sense, the effective 
anisotropy field Heff can be determined by fitting the resonance condi
tion of Eq. (1) to the corresponding FMR dispersion relations shown in 
Fig. 3(c). Using these Heff values along with Eq. (3) allows to obtain the 
ME field Hme and thus the additional uniaxial ME energy given by 

Kme =
1
2
μ0MsHme =

1
2
μ0Ms(Heff − Hms). (5)  

In this equation the MS field Hms = 155.2 kA⋅m− 1 for all the samples as 
indicated above in the text. The additional ME anisotropy obtained 
using Eq. (5) is plotted in Fig. 5(a) as a function of the electrolyte pH. 
Error bars of the data in this figure have been obtained from the sta
tistical dispersion of the experimental fr vs Hr dispersion relations. That 
is, errors for the ME energy correspond to one standard deviation at 99% 
confidence interval of the zero field resonance frequency (f0) and are 
given as ΔKme = ±Ms

2γ Δf0. As expected, the additional ME energy in
creases monotonically with increasing the electrolyte pH in the range 
from 1.6 to 5.0. At the lowest (highest) pH value Kme is equal to 16.9 
kJ⋅m− 3 (120 kJ⋅m− 3) giving place to a total increase of the ME energy of 
103 kJ⋅m− 3 in this pH range. This value is more than twice the uniaxial 
magnetostatic energy Kms = 1

2μ0MsHms = 47.3 kJ⋅m− 3 and larger by one 
order of magnitude than the magnetocrystalline (MC) energy Kmc =

K1
4 = − 1.3 kJ⋅m− 3 along the preferred crystal direction [110] for long Ni 
NWs, where K1 = − 5 kJ⋅m− 3 is the first order MC constant of Ni [42]. 

Comparing the results in Fig. 5(a) with those of Fig. 2, a direct cor
relation between the magnetic properties and the crystallite size is 
observed, such that both increase with the electrolyte pH. As a conse
quence, larger crystallites confined into nanopores of reduced diameter 
lead to larger anisotropy field values. Besides, given that very long Ni 
NWs have a similar strong (220) texture regardless the pH value, as seen 
in Fig. 1, a strong (220) texture is a necessary but not a sufficient con
dition for the appearance of strong magnetoelastic effects. Specifically, 
NWs synthesized at pH 1.6 are composed of small crystallites with strong 
(220) texture, however this condition is not sufficient for the strong ME 
contribution to be induced. Conversely, this additional anisotropy 

contribution is induced in NWs synthesized at pH 5.0 as they fulfill both 
conditions of a strong (220) texture and very long crystallites. It is worth 
mentioning that the observed behavior in Fig. 5(a) is not clearly 
observed for short Ni NWs since the effective energy is preferably 
dominated by the MS contributions at pH values below 5.0, whereas the 
ME contribution can be non negligible at this last pH value which gives 
rise to a sudden increase of the effective anisotropy field. Therefore, a 
key requirement to observe a monotonous increase of the energy 
enhancement contribution is a very long length of the NWs. 

Besides, the effective anisotropy energy of the NWs given by 
Keff = Kms +Kme is of uniaxial nature and is in the range 64 − 167 kJ⋅m− 3, 
so it can be used to compute the corresponding hardness parameter for 
each array. This parameter is defined in terms of the ratio of the uniaxial 

anisotropy to magnetostatic energy, that is κ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ku/(μ0M2
s )

√

[14]. Using 
Eq. (5) along with the expression for Kms given above and Ku = Keff al
lows writing κ as follows 

κ =

(
1 − 3P

4
+

Kme

μ0M2
s

)1/2

. (6)  

Eq. (6) is useful to determine whether a material is a hard (κ > 1) or a 
semihard magnet (0.1 < κ < 1), provided that κ≳0.5 is required for its 
potential use as a permanent magnet [13]. The obtained hardness 
parameter as a function of the electrolyte pH is plotted in Fig. 5(a). The 
increase of κ from 0.47 to 0.75 as the pH increases suggest that arrays of 
Ni NWs grown at the higher pH values can be used as potential per
manent nanomagnets. Conversely, arrays of NWs with both negligible 
and low Kme values (pH 1.6) lead to κ values of 0.40 and 0.47, respec
tively, so they are not suitable for permanent magnet applications. Error 

Fig. 5. (a) Variation of Kme and κ as a function of the electrolyte pH for arrays 
of 50 nm diameter and 72.0 μm long Ni NWs embedded in AAO membranes. 
The dotted line is a guide for the eye and error bars correspond to one standard 
deviation at 99% confidence interval. (b) Log-plot of the variation of Ku as a 
function of Ms for some representative rare-earth and rare-earth-free based 
magnetic materials [51] and the arrays of Ni NWs fabricated at different pH 
values in this work (lozenges). The anisotropy energy for Ni NWs has been 
obtained using the expression Ku = Keff = Kms + Kme. The semihard region 
highlighted in grey is delimitated by the curves κ = 0.1 and κ = 1.0 calculated 

using the equation κ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ku/(μ0M2
s )

√

. 
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bars for κ correspond to one standard deviation and are obtained from 
error bars for Kme as σκ = σKme/(2κμ0M2

s ). Fig. 5(b) shows a log-plot that 
compares the uniaxial anisotropy as a function of the saturation 
magnetization for the arrays of Ni NWs fabricated in this work using 
solutions at different pH values (lozenges) and some representative rare- 
earth and rare-earth-free based materials lying in both the semihard and 
hard magnet regions [51]. As seen in the figure, the three regions for 
soft, semihard and hard magnets are separated by straight lines which 

are calculated using the equation κ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ku/(μ0M2
s )

√

. The array of Ni NWs 
deposited with the most acidic solution as well as the Co and Alnico 8 
alloy have Ku values lying just beneath the κ = 0.5 curve, so these ma
terials represent a lower bound for potential permanent magnet appli
cations. Nevertheless, Ni NWs deposited using less acidic solutions 
display larger effective uniaxial energies that approach to the upper 
bound κ = 1 of semihard magnets. Particularly, the fact that Ku = 167 
kJ⋅m− 3 for the pH 5.0 array of Ni NWs lies close to this bound, but also 
since it is comparable to the Ku values of Co and Alnico alloys, makes 
arrays of confined Ni NWs interesting materials for the development of 
more agile devices based on semihard nanomagnets. 

4. Conclusions 

In this work we have obtained accurate values of the effective uni
axial anisotropy energy by ferromagnetic resonance of arrays of 50 nm 
diameter Ni NWs in AAO membranes in which their microstructure has 
been controlled by adjusting the electrolytic bath acidity. This has led to 
larger anisotropy energies than the expected magnetostatic anisotropy 
for arrays of larger diameter NWs made of cubic crystal materials like Ni, 
which is the result of an additional magnetoelastic contribution that 
progressively increases with the solution pH. The microstructural 
characterization carried out by XRD and HRTEM measurements have 
revealed a strong relation between the electrodeposition conditions and 
the crystal quality of the NWs. Furthermore, we have shown that NWs 
with a preferred crystal texture alone is not a sufficient condition for the 
enhancement of the magnetic anisotropy, but rather it is necessary to 
obtain NWs made of very large high quality crystals. Besides the ex
pected increase of the magnetization squareness with the pH by typical 
AGM measurements, FMR has provided an accurate and quantitative 
analysis of the uniaxial anisotropy energy and hardness parameter 
because it is able to directly extract the effective anisotropy field. 
Therefore, the control on the electrodeposition conditions allows 
changing the effective anisotropy energy with the pH in the wide range 
of 64 − 167 kJ⋅m− 3. Hardness parameters in the range 0.47–0.75 within 
the semihard region, have been obtained from these energies. These 
results suggest that arrays of confined very long and low diameter Ni 
NWs synthesized using the less acidic electrolytes are interesting for its 
potential use as permanent nanomagnets. Finally, the possibility of fine 
tuning unconventional magnetic effects and contributions is a key aspect 
for the development of tunable and more agile microwave and spin
tronic devices. 
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