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Abstract

The effects of the deposition potential on the structural and magnetic prop-
erties of Ni nanowires with a diameter of 40 nm and lengths varying from 16
up to 56 µm have been studied. The results show that very long NWs exhibit
a large enhancement of their uniaxial magnetic anisotropy. This anisotropy
reaches values as high as 1.6×106 erg/cm3 that is comparable with the value
due to the magnetostatic anisotropy contribution (≈ 5×106 erg/cm3 ) and as
shown from the results this large anisotropy is practically insensitive to the
deposition potential. Moreover, as shown on shorter NWs, this enhancement
of the anisotropy is not observed and interestingly the potential does induce



structural changes that relate to their magnetic properties. The enhanced
anisotropy observed in long NWs is a robust effect as it is independent of
the potential, making this property attractive for applications where high
uniaxial anisotropies are required.

Keywords: Nanowires, Nickel, enhanced anisotropy, confinement,
deposition potential

1. Introduction1

Electrodeposited magnetic NWs are of great scientific and technological2

interest due to their simple cylindrical geometry and relative ease of fabrica-3

tion. Electrochemical deposition into nanoporous templates has proven to be4

a very versatile approach to fabricate a wide variety of nanostructures based5

on cylindrical wires with novel physicochemical properties [1, 2, 3, 4, 5, 6, 7].6

Nickel NWs are amongst the most interesting and promising magnetic7

NWs, due to their environmentally benign nature, low cost and availability.8

At present there are numerous reports on their physicochemical properties9

that show their potential. Furthermore, oxidised Ni NWs have been shown10

to posses great potential for memristive elements as well as for their use11

as electrochemical electrodes for energy (batteries [8] and supercapacitors12

[9, 10]) and sensing (glucose [11, 12, 13] and urea [14, 15, 16]).13

The magnetic and electronic properties of Ni NWs are strongly dependent14

on their crystalline structure, which in turn are related to their use in different15

applications. Numerous studies have shown that it is possible to control the16

magnetic properties of these systems changing a variety of parameters as the17

host matrix [17, 18, 19, 20], diameter [21, 22, 23, 24, 25], length or aspect18

ratio [26, 27] as well as the pH [28, 29, 30], temperature [31] and applied19

potential [32, 33, 34, 35].20

Recently it was shown that very long Ni nanowires (with lengths of about21

10-80 µm) grown in anodic aluminium oxide (AAO) templates exhibit a22

very large enhanced uniaxial magnetic anisotropy [36]. This anisotropy was23

shown to originate from the combination of two effects. The first one is24

related to a two stage growth mechanism in which the NWs first grow with a25

polycrystalline microstructure which after reaching a certain length evolves to26

a single-crystalline [110] structure [17, 37, 38]. The second effect was related27

to a residual stress on NWs that results from their confined growth which28

increases as the diameter decreases and as the crystal texture is enhanced29
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[39, 40]. This enhanced anisotropy was reported to be as high as 1.4 × 106
30

erg/cm3 (or 5.7 kOe) which is comparable to the effective magnetic anisotropy31

of Co. Such large anisotropy opens up many interesting perspectives where32

nanomaterials with high uniaxial anisotropies are desirable. This is further33

complemented by other valuable properties of Ni, like its availability, low cost34

compared with Co and greater stability as compared to Fe. Furthermore, this35

enhanced anisotropy was shown to depend on geometrical parameters such36

as NW diameter and length which relate to the microstructure [22, 41, 42].37

In this sense, as shown by several studies, the microstructural characteristics38

of electrodeposited Ni NWs depends strongly on the deposition potential39

[38, 32, 33]. However, most (if not all) of the studies regarding the influence40

of the deposition potential on the structural and magnetic properties have41

been limited of short Ni NWs, in the range 6–12 µm [30, 43, 44, 45, 46].42

So in this sense, analyzing the effect of the deposition potential on very43

long Ni NWs on the microstructural and magnetic properties is relevant44

since there is no information regarding its effect on the value of the enhanced45

uniaxial magnetic anisotropy. In addition also seeking to determine if similar46

effects can be obtained in other templates, particularly in polycarbonate (PC)47

membranes which are also interesting due to their lower pore densities and48

their flexibility.49

In the present work we have studied the influence of the deposition poten-50

tial on the structural and magnetic properties of arrays of Ni NWs electrode-51

posited in porous AAO and PC membranes. We have shown that neither the52

crystal orientation nor the large magnetic anisotropy of Ni NWs embedded in53

AAO membranes are significantly perturbed by the reduction potential. This54

magnetic anisotropy reaches a value as large as 1.6 × 106 erg/cm3 (6 kOe),55

which is consistent with previous results [36]. Conversely, Ni NWs embedded56

in PC membranes do not show an enhanced anisotropy. These NWs have57

lower length (∼ 15µm) and they show significant changes in their structural58

and magnetic properties induced by the electrodeposition potential. These59

different behaviors are attributed to the two stage electrodeposition growth60

mechanism, which is related to the type of host template used for the growth61

of the NWs, as they limit the NW lengths. Therefore, the fundamental62

outcome of this work is the possibility of fabricate arrays of Ni NWs with a63

large uniaxial magnetic anisotropy independently of the deposition potential,64

allowing their fabrication using less restrictive deposition conditions.65
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2. Materials and methods66

Ni NWs have been grown by electrodeposition into low pore density poly-67

carbonate membranes (it4ip S. A.) as well as in high pore density anodic alu-68

minum oxide membranes (Synkera Technologies, Inc.). PC based Ni NWs69

have a diameter of 40 nm, thickness of 20 µm and membrane porosity (NW70

packing fraction) P=5 % corresponding to an average interwire distance of71

d0=165 nm, while NWs grown in AAO membranes have a diameter of 3572

nm, thickness of 90 µm, P=12% and d0=95 nm. All depositions were done73

at room temperature in the potentiostatic mode using a Ag/AgCl reference74

electrode and a Pt counter electrode. For the electrodeposition process, a75

Cr(5nm)/Cu(600nm)/Au(300nm) layer was evaporated on one side of the76

membrane in order to serve as a cathode. The electrolyte contained 262.8477

g/l NiSO4 ·6H2O + 30 g/l H3BO3 with a pH value of 4.0. For both PC78

and AAO based nanowire samples, the electrodeposition was carried out at79

constant deposition potentials of -1.0, -1.05, -1.1, -1.2, -1.3, -1.4 and -1.5 V.80

Characterization of the crystal structure was made by X-Ray Diffrac-81

tion (XRD) with a CuKα radiation (λ = 1.54Å) using a Rigaku smartkab82

X-ray diffractometer. The magnetic properties of the Ni NWs have been83

measured at room temperature using magnetometry and ferromagnetic res-84

onance (FMR). The hysteresis loops were obtained by applying a magnetic85

field parallel to the wire axis, using an Alternating Gradient Magnetometer86

with a maximum applied field of ± 14 kOe. Field-swept FMR was done87

using a micro-strip line configuration with the external field applied paral-88

lel to the wire axis [47]. The absorption spectra are recorded at a constant89

excitation frequency while the applied field is swept from 10 kOe down to90

zero field. For a given excitation frequency, the resonance field corresponds91

to the minimum of the spectra. Then, to construct the dispersion relation,92

the absorption spectra are measured and recorded using different excitation93

frequencies.94

3. Results95

3.1. Effect of the potential in AAO based-Ni NWs96

Figures 1 (a) and (b) show SEM micrographs of the cross-sectional view97

of electrodeposited Ni NWs embedded in AAO membrane. As seen in the98

figure, the nanowires grow perpendicular to the Au layer inside the pores of99
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Figure 1: (a) Low and (b) high magnification SEM micrographs of the cross-section of
electrodeposited Ni NWs embedded in AAO membrane.

the membrane. Further, it is possible to observe the length of the nanowires100

and the membrane thickness.101

Figure 2 shows the XRD measurements obtained in Ni NW arrays grown102

using AAO templates at different deposition potentials ranging from -1.0 to103

-1.5 V. As seen in the figure, Ni NWs grown in AAO templates show little104

sensitivity to the deposition potential, in all cases a strong [110] texture due105

to the presence of the peak to the (220) plane is observed. Furthermore, the106

(200) reflection is also noticeable but its amplitude is very small in all cases.107

On the other hand, the contribution due to the Au layer deposited in one108

side of the membrane is perceptible and its intensity depends on how much109

it can be removed from this layer before characterizing the samples. From110

the results it follows that the texture quality is best at E=-1.0 to -1.05 V.111

Texture analysis was done in order to quantify this strong preferential112

crystallographic orientation. The texture coefficients were determined using113

the XRD patterns and Harris formula defined as [48]114

TC(hkl)i =

I(hkl)i
I0(hkl)i

1
N

∑
n

I(hkl)n
I0(hkl)n

, (1)

where TC(hkl) is the texture coefficient of (hkl) plane, I(hkl)i is the measured115

relative intensity, I0(hkl) is the relative intensity of the corresponding plane116

for a pollycrystalline sample and N is the total number of reflections. In this117

work, the Ni NWs were indexed using the 00-004-0850 card (ICDD PDF-4118

database)[49]. The texture coefficient with values larger than the unity indi-119

cates a preferred orientation of the nanowire arrays along the corresponding120
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Figure 2: XRD patterns from Ni NWs embedded in AAO membranes grown at deposition
potentials of E = -1.0, -1.05, -1.1, -1.2, -1.3, -1.4 and -1.5 V.

plane. Further, the maximum value of TC(hkl) is N which implies that the121

wires posses a complete preferential orientation [50].122

The results obtained using XRD patterns of figure 2 give TC(200) values123

ranging from 0.04 to 0.16 and TC(220) values around 1.9 for Ni NWs grown124

in AAO membranes. These texture coefficient values are consistent with a125

strong texture with preferential crystallographic orientation along the [110]126

direction regardless of the deposition potential.127

Figure 3 (a) shows the hysteresis loops measured with the external field128

applied parallel to the axis of the NWs embedded in AAO templates at129

deposition potentials of E=-1.0, -1.2 and -1.5 V. Furthermore, figures 3 (b-130
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Figure 3: Hysteresis loops measured with the field applied parallel to the NW axis for Ni
wires grown at deposition potentials of E = -1.0, -1.2 and -1.5 V vs Ag/AgCl in (a) AAO
and (e) PC templates. Comparison of the hysteresis loops measured with the magnetic
field applied parallel and perpendicular to the NW axis for the Ni NWs deposited in (b-d)
AAO and (f-h) PC templates.
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d) show the hysteresis loops obtained by applying the magnetic field parallel131

and perpendicular to the NWs axis for the samples deposited at potentials132

E= -1.0, -1.2 and -1.5 V in AAO templates. The remanence (Mr/Ms) as well133

as the coercive field (Hc) show slight changes when the potential becomes134

more negative, suggesting a decrease in the total anisotropy.135
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Figure 4: (a) Ferromagnetic resonance spectra recorded at 30 GHz in Ni-AAO NWs (d=35
nm and P=12%) obtained using deposition potentials of E=-1.0, -1.2 and -1.5 V, the verti-
cal dashed line corresponds to the resonance field given by equation (2) and, (b) comparison
between the effective anisotropy field and the coercive field with variation of electrodepo-
sition potential, the horizontal dashed line indicates the MS anisotropy contribution.

Figure 4 (a) shows typical FMR spectra recorded at 30 GHz for the same136

samples as in Fig. 3. As seen in the figure, the lineshape of the FMR spectra137

changes significantly as a function of the deposition potential. In all cases,138

the linewidth is large and two absorption peaks can be identified, which is139

more evident in the E=-1.2 V sample. The presence of two absorption peaks140
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in the FMR spectra indicates the presence of two Ni volume fractions each141

with different magnetic anisotropy. Moreover, the amplitude of these peaks142

are proportional to the individual volume fractions [36]. As seen in the figure,143

all the spectra show a dominant absorption peak located at lower field values,144

while the second low-intensity peak appears at higher fields.145

In order to relate the position of these peaks with their corresponding146

magnetic anisotropies, consider the FMR dispersion relation for cylindrical147

NWs with the field applied parallel to the wires,148

f

γ
= Hr +Heff , (2)

where f is the excitation frequency, γ=3.09 GHz/kOe is the gyromagnetic ra-149

tio for Ni [51] and Heff is the effective field. The effective field includes all the150

magnetic anisotropy contributions as well as the dipolar interaction between151

NWs. For magnetic NWs, the magnetic anisotropy can have shape, magne-152

tocrystalline (MC) and magnetoelastic (ME) contributions. For the partic-153

ular case of very long Ni NWs where there are no MC or ME contributions,154

the effective field is purely magnetostatic (MS) since it contains only the155

shape anisotropy (H = 2πMs) and the dipolar interaction (H = −6πMsP ),156

namely [47],157

Hms = 2πMs(1− 3P ), (3)

where Ms=485 emu·cm−3 is the saturation magnetization of Nickel [52]. The158

MS field serves as a reference to analyze the position of the FMR peaks.159

For the Ni NWs grown in AAO, the packing fraction is P=12% so their160

resonance field at 30 GHz is Hr=7.76 kOe, which corresponds to the vertical161

dashed line in Fig. 4(a). From the figure it is clear that the high-field162

low amplitude FMR peaks are located around the expected value for purely163

MS Ni nanowires. The major absorption peaks, with lower resonance fields164

imply an additional anisotropy contribution that leads to a larger effective165

field. The field difference between the resonance fields of these peaks and166

the position of the MS resonance provide an estimate of the magnitude of167

this additional anisotropy contribution, which in this case is in the order168

of 3-4 kOe. This enhanced anisotropy in Ni NWs grown in AAO templates169

originates from a residual stress due to the confinement in small pore diameter170

templates [36]. This large anisotropy was observed in all the Ni AAO samples.171

Figure 4 (b) shows the effective field obtained using Eq. (2) and the coercive172

field of the Ni AAO samples as a function of the deposition potential. The173
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dashed horizontal line is the MS effective field for a Ni NWs array with a174

packing fraction of 12%. The effective field increases up to a maximum value175

as the potential increases from -1.0 V up to -1.2 V, which is followed by a176

decrease of about 1.3 kOe as the potential further increases. Furthermore,177

it is observed that both Hc and Heff show a similar behavior due to the178

deposition potential. This shows that the enhanced anisotropy in AAO Ni179

NWs is little sensitive to the deposition potential. Indeed, for all deposition180

potentials a very large anisotropy is observed which varies little. Comparing181

the measured effective field values with that expected for the MS case, an182

enhancement of 3-4 kOe is confirmed. Considering the same packing fraction,183

this value is comparable to the MS field of cobalt obtained using Eq. (3) and184

Ms=1400 emu·cm−3, which is around 5.6 kOe.185

3.2. Effect of the potential in PC-based Ni NWs186

Figure 5 shows the XRD measurements corresponding to Ni NW arrays187

grown using PC templates at different deposition potentials. As observed, the188

crystalline structure of these NWs is polycrystalline as suggested by the pres-189

ence of (220) and (111) planes in the diffractograms. Nickel nanowires grown190

at low reduction potentials in PC membranes are highly polycrystalline, with191

a crossover at -1.3 V where they become mostly single-crystalline with pref-192

erential crystal orientation along the [110] direction. Further increasing the193

deposition potential, at -1.4 V and -1.5 V, there is a shift on the preferential194

orientation from [110] to [111] direction because the peak corresponding to195

the (111) plane becomes more pronounced and the (220) plane is almost neg-196

ligible. No changes are observed in the weak (200) plane due to the applied197

potential. These diffraction peaks are in agreement with 00-004-0850 card198

(ICDD PDF-4 database) [49].199

These features have been corroborated with a quantitative analysis of200

the texture coefficients determined using Eq. (1) with N =4 for all the XRD201

patterns of figure 5.The results are summarized in Table 1 for (111) and (220)202

planes. In this case, the texture coefficient values are greater than one for203

TC(111) and TC(220). The texture coefficient values of the other reflections204

are less than one for all the arrays and therefore are not shown in Table 1.205

It shows that Ni NWs arrays deposited in PC membranes can be obtained206

with a texture having either a (111) or a (220) preferential orientation. Ni207

NWs embedded in PC membranes grown at low deposition potentials present208

a texture that appears to be approximately constant along the (220) plane.209

The maximum texture value is obtained for the arrays deposited at -1.3 V210

10



Figure 5: XRD patterns from Ni NWs embedded in PC membranes grown at deposition
potentials of E = -1.0, -1.05, -1.1, -1.2, -1.3, -1.4 and -1.5 V. The dots positioned on the
graph for the -1.5V sample correspond and are in agreement with the expected position
and intensity of the (111), (200) and (220) peaks for polycrystalline Ni [49].
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which indicates a strong texture with preferential crystal orientation along211

the [110] direction. On the other hand, NWs deposited at higher potentials212

exhibit a texture along the [111] direction as expected.213

Table 1: Texture coefficient values for Ni NWs embedded in PC membranes grown at
different deposition potentials.

E(V) TC(111) TC(220)

-1.0 0.30 2.88
-1.05 0.47 2.55
-1.1 0.44 2.52
-1.2 0.55 2.29
-1.3 0.17 3.33
-1.4 1.11 1.20
-1.5 1.23 0.98

Figure 3 (e) shows the hysteresis loops of Ni NWs grown in PC templates214

at deposition potentials of E=-1.0, -1.2 and -1.5 V with the external field215

applied along the NWs axis. As seen in the figure, small changes in both the216

remanence and coercive field appear as the deposition potential is modified,217

which is similar to the behavior observed in the AAO based samples. As a218

comparison, the hysteresis loops with the field applied parallel and perpen-219

dicular to the NWs grown using a deposition potential of E=-1.0, -1.2 and220

-1.5 V grown in PC membranes are shown in figures 3 (f-h).221

Complementary information about the magnetic anisotropy of these sys-222

tems is obtained from FMR spectra recorded at 26 GHz. As seen in Fig.223

6 (a), the absorption spectra display a complex non-symmetric lineshape, a224

small peak besides the main absorption peak is observed. This feature is225

more pronounced at lower potentials and indicates that Ni NWs present two226

different magnetic anisotropy contributions. Contrary to the case of the AAO227

based arrays of Ni NWs, all the PC based samples display a dominant ab-228

sorption peak at higher resonance fields. This opposite behavior arises from229

lower length of the NWs, then corroborating their polycrystallinity which is230

in good agreement with previous results [36]. The lineshape and position of231

the minimum of the FMR spectra shown in Fig. 6 (a) are consistent with232

a magnetic behavior characteristic of polycrystalline NWs that is mainly233

dominated by the MS contribution.234

To further investigate the magnetic behavior of the PC based Ni NWs,235
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Figure 6: (a) Room temperature absorption spectra recorded at 26 GHz for Ni NWs grown
in PC membranes (d=40 nm and P=5%) obtained using deposition potentials of E= -1.0,
-1.2 and -1.5 V, the vertical dashed line correspond at the resonance field with only MS
anisotropy contribution and, (b) comparison between the effective anisotropy field and the
coercive field as a function of the applied potential, the horizontal dashed line indicates
the effective anisotropy field for systems with only MS anisotropy contributions.
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Fig. 6 (b) shows the effective anisotropy field, Heff , as a function of the236

deposition potential determined using Eq. (2). For this system, the effective237

field increases with the deposition potential toward the observed limiting238

value for arrays of Ni NWs with purely MS anisotropy, at a potential of -239

1.3 V. Then, this field decreases at values still lower than those for arrays240

deposited at low potentials. Particularly, the effective field for the NWs241

deposited at higher potentials is about 1 kOe lower than the expected value242

due only to the MS anisotropy contribution (see the horizontal dashed line).243

This decrease in magnetic anisotropy indicates the presence of an additional244

anisotropy contribution that competes with the intrinsic MS anisotropy of245

the NWs. That is, the shift in the anisotropy is related with the changes246

observed in the crystalline structure, as seen in Fig. 5, where the (220)247

texture disappears for Ni NWs deposited at higher potentials.248

Furthermore, the variation of the coercive field with the reduction poten-249

tial is displayed in Fig. 6 (b) for comparison. As seen, this field shows the250

same trend as that for Heff , where a maximum value is also observed around251

-1.3 V. It can be also observed that although the coercive field presents small252

variations due to the potential, its behavior is similar to the observed in253

the effective field as expected. Moreover, Hc values of these NWs arrays254

embedded in PC are slightly lower than the ones for NWs grown in AAO.255

4. Discussion256

The results presented show that Ni NWs embedded in AAO membranes257

exhibit a large enhancement of the magnetic anisotropy [36]. This anisotropy258

corresponds to values of the same order of magnitude and comparable to the259

MS anisotropy for arrays of Co NWs (≈ 5600 Oe)[51, 23]. In contrast, for260

arrays of short Ni NWs grown in PC membranes no such a large enhancement261

of the magnetic anisotropy is observed.262

As shown previously, the large positive enhancement of the magnetic263

anisotropy of Ni NWs is strongly related with a two stage electrodeposition264

growth of the Ni NWs [36, 53, 38, 33]. In the initial growth stage, the265

orientation of the individual 3D nuclei is random, which is then followed by266

an alignment of crystal planes along a preferential direction in a 2D growth267

mode, leading to a structural transition of the nanowires from polycrystalline268

to single-crystalline [54]. Therefore the texture of thicker metal deposit is269

the result of a competitive growth mechanism occurring in the subsequent270

growth stage to the coalescence stage.271
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The length of the polycrystalline segment can be obtained as a function of272

the total length of the NWs using the previously reported expression, given273

by274

30
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m
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Figure 7: Length of the polycrystalline segment (hp) as a function of the electrodeposition
potential for Ni NWs grown in AAO and PC templates.

hp =
h

1 + r
, (4)

where r=hs/hp is the ratio between the length of the single and polycrys-275

talline segments [36]. The total length of the NWs, h, growth in AAO and276

PC membranes is 55 µm and 15 µm, respectively. Figure 7 shows the varia-277

tion of hp as a fuction of the electrodeposition potential for Ni NWs growth278

in AAO and PC membranes. As observed, the length of the polycrystalline279

segment increases with the potential for both systems. This behavior is in280

agreement with the decrease of the effective anisotropy field as the negative281

potential is increased, as seen in Fig. 4(b) and 6(b). Furthermore, in the282

case of NWs embedded in PC membranes hp tends to a maximum value of283

about 15 µm at more negative potentials, which corresponds to almost the284

total length of the NWs (hp ≈ h).285

The structural changes observed in the arrays of Ni NWs are further286

evidenced on their magnetic properties. Single-crystalline Ni NWs grown in287

AAO membranes display higher coercive field and remanence magnetization288

values than for polycrystalline Ni NWs grown in PC membranes, which is289
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consistent with previous works [33]. In general, the coercive field of Ni NWs290

in AAO membranes is larger than that of Ni NWs in PC membranes because291

the magnetic anisotropy of the former is much larger than that of the later.292

This difference in magnetic anisotropy is explained by the difference of the293

effective ME contributions in each system. The high aspect ratio of the NWs294

in AAO membranes confers a large positive ME effect that lies along the295

NWs axis and adds to the intrinsic MS contribution [36]. Conversely, the296

ME contribution of lower aspect ratio NWs in PC membranes is negligible297

and not necessarily lies along the NWs axis, so it competes with the MS298

contribution leading to a lower effective magnetic anisotropy.299

To further investigate the additional magnetoelastic energy observed in300

both systems, the magnetoelastic field can be obtained directly from Heff in301

Fig. 4 (b) and 6 (b), using the expression302

Hme = Heff −Hms, (5)

where Hms is given in Eq. (3). However, the comparison of the additional303

ME anisotropy contribution with previous results is easier in terms of the304

ME energy [36], Kme = (Hme× Ms)/2. Figure 8 shows Kme as a function305

of the deposition potential (E) of Ni NWs embedded in PC and AAO tem-306

plates, determined using Eq. (2). The behavior of Kme with E is similar for307

both systems, because the ME energy increases with E up to a maximum308

value at -1.3 V and then decreases at more negative values. The observed309

variation in Kme with E is of about 2.5×105 erg·cm−3. The very similar310

lineshape of Kme vs E for arrays of NWs in both PC and AAO membranes,311

suggests that such variation is due to the polycrystalline segment of the NWs.312

That is, in Ni NWs embedded in PC membranes there is not a subsequent313

single-crystalline segment that could explain such a variation. Therefore, the314

deposition potential is responsible of structural changes in the polycrystalline315

segment, which are related with the observed changes of Kme. Besides, for316

the case of long Ni NWs in AAO membranes, its effective ME energy is the317

superposition of two main ME contributions that arise from both crystalline318

segments. The single-crystalline segment leads to a large positive ME contri-319

bution, whereas the polycrystalline segment leads to a low ME contribution.320

Specifically, for the polycrystalline segment the ME contribution arises from321

the superposition of contributions of different crystal planes under residual322

stress. Then, changing the deposition potential gives rise to microstructural323

changes and variations of the ME anisotropy of this segment. For instance,324
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no polycrystalline ME contribution is induced for E= -1.3 V, as seen in Fig.325

(8) for the case of Ni NWs in PC membranes.326

Furthermore, since the observed changes in Kme vs E for Ni NWs in AAO327

membranes (see Fig. 8) arise only from variations of the ME contribution328

of the polycrystalline segment, the strong positive ME contribution of the329

single-crystalline segment is invariant to changes in the deposition potential.330

Therefore, the large magnetic anisotropy enhancement in AAO based com-331

posites can be always achieved regardless of the electrodeposition conditions,332

with the only condition that long enough NWs have to be grown in order to333

promote the nucleation of the single-crystalline segment.334

Besides, for both AAO and PC based NW arrays the decrease of Kme335

at |E| > 1.3 V, is related with the structure evolution from compact to-336

wards more porous structure due to the enhanced electrochemical hydrogen337

evolution [55, 32, 37]. The same feature is found for PC and AAO-based338

NW arrays which leads to a similar reduction of the magnetostatic coupling339

and corresponding magnetic anisotropy, as shown in Fig.8. However, for340

AAO-based NW arrays, the estimated value of Kme remains positive follow-341

ing the dominant contribution of the ME effect associated to the presence of342

single-crystalline segment. Moreover, from the lowest to the highest potential343

we observe that their magnetic anisotropy contribution increases, reaches a344

maximum value and then decreases. This variation is consistent with the345

behavior of the coercivity and remanence in the major hysteresis loop.346

In general, the main phases observed in Ni NWs are (111), (220) and347

(200). As expected, NWs grown in AAO membranes are consistent with the348

presence of the (220) plane. While PC based NWs are mostly polycrystalline,349

they also show a correlation between the increase of the amount of (111)350

grains and the decrease in their anisotropy.351

The structural changes in the Ni NWs due to the deposition potential352

can be explained by a complex interplay between a hydrogen adsorption, the353

surface energy and work function of various crystal planes [38, 56]. During354

the electrochemical process, there are different reactions of the competitive355

discharge between Ni2+ and H+ ions [57, 55]. This growth competition and356

the variation of the applied potential leads to a change in the composition357

of the NWs that is associated with the predominance inside of the cathodic358

layer of chemical species which results from the hydrogen co-deposition. As359

observed, long NWs (AAO) are single-crystalline with a preferential growth360

along the [110] direction, which is more favorable due to the fact that both361

its work function and the H+ ions absorption are low for this plane [58].362
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Figure 8: Variation of the magnetoelastic anisotropy energy Kme with the applied potential
for Ni NWs grown in AAO and PC templates.

Moreover, the intensity of this plane is predominant regardless the applied363

potential. Conversely, short NWs (PC) grown at high potentials present a364

polycrystalline structure, which is in agreement with the Ni-fcc polycrys-365

talline face [59]. Changes in the NWs crystal structure are related with the366

variation of the deposition potential, which influences the growth nucleation367

rate of Ni ions. Then, the growth of the polycrystalline segment with the368

more pronounced peak corresponding to the (111) plane, is favoured at ions369

larger deposition rates due to the abscense of active sites or blocking of metal370

by hydrogen bubbles during the electrodeposition process, which fairly ex-371

plains the behavior of Ni NWs grown at deposition potentials |E| > 1.3 V372

[32, 38].373

5. Conclusion374

The effect of the deposition potential on the structural and magnetic prop-375

erties of Ni NWs have been studied with particular interest in the enhanced376

uniaxial magnetic anisotropy obtained in very long NWs. To this end Ni377

NWs grown in AAO and PC nanoporous templates were considered. For the378

longest Ni NWs grown in AAO, two distinct structural phases are obtained.379

First a polycrystalline phase grows during the first stage of deposition, which380
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after attaining a certain critical length changes to a single-crystalline struc-381

ture with a preferential orientiation in the [110] direction. This two-stage382

growth mechanism leads to the enhanced magnetic anisotropy. The results383

show that once the microstructure changes from poly to single crystal the384

enhancement of the magnetic anisotropy is practically insensitive to the de-385

position potential. On the contrary, as seen for the shorter NWs grown in386

PC templates, when the critical length where the structure changes from387

poly to single crystal is not reached, there is no enhancement of the mag-388

netic anisotropy. Moreover, the polycrystalline segment of the Ni deposits is389

affected by the deposition potential. Our results show that the large uniaxial390

magnetic anisotropy in arrays of Ni NWs have an inherent relation with their391

size and confinement, this provide an interesting tool to develop nanoscale392

materials with high magnetic anisotropy.393
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R. Romero, D. Leinen, F. Martin and J. Ramos-Barrado, Physica E,503

2007, 37, 184–188.504

[51] A. Encinas, M. Demand, J. M. George and L. Piraux, IEEE Trans.505

Magn., 2002, 38, 2574–2576.506

[52] C. Kittel, Introduction to Solid State Physics, Wiley, New York, 6th507

edn., 1986.508

[53] M. Tan and X. Chen, J. Electrochem. Soc., 2011, 159, K15–K20.509

[54] X. H. Huang, G. H. Li, G. Z. Sun, X. C. Dou, L. Li and L. X. Zheng,510

Nanoscale Res. Lett., 2010, 5, 1057–1062.511

[55] R. W. E Chassaing and, M Joussellin and, J. Electroanal. Chem., 1983,512

157, 75–88.513

[56] F. Maurer, G. T. Fei, X. J. Xu, Z. Jin and L. D. Zhang, Nanotechnology,514

2007, 18, 135709.515

[57] J. Amblard, I. Epelboin, M. Froment and G. Maurin, J. Appl. Elec-516

trochem., 1979, 9, 233–242.517

[58] M. Paunovic and M. Schlesinger, Electrochemical Phase Formation and518

Growth, Wiley-Interfase, New Jersey, 2006.519

[59] K. Lejaeghere, V. V. Speybroeck, G. V. Oost and S. Cottenier, Crit.520

Rev. Solid State Mater. Sci., 2014, 39, 1.521

23


