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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 pum 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 1.6x10° erg/cm? that is comparable with the value
due to the magnetostatic anisotropy contribution (~ 5x10° erg/cm?® ) 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
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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. Introduction

Electrodeposited magnetic NWs are of great scientific and technological
interest due to their simple cylindrical geometry and relative ease of fabrica-
tion. Electrochemical deposition into nanoporous templates has proven to be
a very versatile approach to fabricate a wide variety of nanostructures based
on cylindrical wires with novel physicochemical properties [1, 2, 3, 4, 5, 6, 7.

Nickel NWs are amongst the most interesting and promising magnetic
NWs, due to their environmentally benign nature, low cost and availability.
At present there are numerous reports on their physicochemical properties
that show their potential. Furthermore, oxidised Ni NWs have been shown
to posses great potential for memristive elements as well as for their use
as electrochemical electrodes for energy (batteries [8] and supercapacitors
9, 10]) and sensing (glucose [11, 12, 13] and urea [14, 15, 16]).

The magnetic and electronic properties of Ni NWs are strongly dependent
on their crystalline structure, which in turn are related to their use in different
applications. Numerous studies have shown that it is possible to control the
magnetic properties of these systems changing a variety of parameters as the
host matrix [17, 18, 19, 20|, diameter [21, 22, 23, 24, 25], length or aspect
ratio [26, 27| as well as the pH [28, 29, 30], temperature [31] and applied
potential [32, 33, 34, 35].

Recently it was shown that very long Ni nanowires (with lengths of about
10-80 pm) grown in anodic aluminium oxide (AAO) templates exhibit a
very large enhanced uniaxial magnetic anisotropy [36]. This anisotropy was
shown to originate from the combination of two effects. The first one is
related to a two stage growth mechanism in which the NWs first grow with a
polycrystalline microstructure which after reaching a certain length evolves to
a single-crystalline [110] structure [17, 37, 38]. The second effect was related
to a residual stress on NWs that results from their confined growth which
increases as the diameter decreases and as the crystal texture is enhanced



30

31

32

33

34

35

36

37

38

39

40

a1

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

(39, 40]. This enhanced anisotropy was reported to be as high as 1.4 x 10°
erg/cm? (or 5.7 kOe) which is comparable to the effective magnetic anisotropy
of Co. Such large anisotropy opens up many interesting perspectives where
nanomaterials with high uniaxial anisotropies are desirable. This is further
complemented by other valuable properties of Ni, like its availability, low cost
compared with Co and greater stability as compared to Fe. Furthermore, this
enhanced anisotropy was shown to depend on geometrical parameters such
as NW diameter and length which relate to the microstructure [22, 41, 42].
In this sense, as shown by several studies, the microstructural characteristics
of electrodeposited Ni NWs depends strongly on the deposition potential
(38, 32, 33]. However, most (if not all) of the studies regarding the influence
of the deposition potential on the structural and magnetic properties have
been limited of short Ni NWs, in the range 6-12 pum [30, 43, 44, 45, 46].
So in this sense, analyzing the effect of the deposition potential on very
long Ni NWs on the microstructural and magnetic properties is relevant
since there is no information regarding its effect on the value of the enhanced
uniaxial magnetic anisotropy. In addition also seeking to determine if similar
effects can be obtained in other templates, particularly in polycarbonate (PC)
membranes which are also interesting due to their lower pore densities and
their flexibility.

In the present work we have studied the influence of the deposition poten-
tial on the structural and magnetic properties of arrays of Ni NWs electrode-
posited in porous AAO and PC membranes. We have shown that neither the
crystal orientation nor the large magnetic anisotropy of Ni NWs embedded in
AAO membranes are significantly perturbed by the reduction potential. This
magnetic anisotropy reaches a value as large as 1.6 x 10° erg/cm?® (6 kOe),
which is consistent with previous results [36]. Conversely, Ni NWs embedded
in PC membranes do not show an enhanced anisotropy. These NWs have
lower length (~ 15um) and they show significant changes in their structural
and magnetic properties induced by the electrodeposition potential. These
different behaviors are attributed to the two stage electrodeposition growth
mechanism, which is related to the type of host template used for the growth
of the NWs, as they limit the NW lengths. Therefore, the fundamental
outcome of this work is the possibility of fabricate arrays of Ni NWs with a
large uniaxial magnetic anisotropy independently of the deposition potential,
allowing their fabrication using less restrictive deposition conditions.
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2. Materials and methods

Ni NWs have been grown by electrodeposition into low pore density poly-
carbonate membranes (itdip S. A.) as well as in high pore density anodic alu-
minum oxide membranes (Synkera Technologies, Inc.). PC based Ni NWs
have a diameter of 40 nm, thickness of 20 ym and membrane porosity (NW
packing fraction) P=5 % corresponding to an average interwire distance of
dp=165 nm, while NWs grown in AAO membranes have a diameter of 35
nm, thickness of 90 um, P=12% and dy=95 nm. All depositions were done
at room temperature in the potentiostatic mode using a Ag/AgCl reference
electrode and a Pt counter electrode. For the electrodeposition process, a
Cr(5nm)/Cu(600nm)/Au(300nm) layer was evaporated on one side of the
membrane in order to serve as a cathode. The electrolyte contained 262.84
g/1 NiSO, -6H,O + 30 g/l H3BO3 with a pH value of 4.0. For both PC
and AAO based nanowire samples, the electrodeposition was carried out at
constant deposition potentials of -1.0, -1.05, -1.1, -1.2, -1.3, -1.4 and -1.5 V.

Characterization of the crystal structure was made by X-Ray Diffrac-
tion (XRD) with a CuKa radiation (A = 1.54A4) using a Rigaku smartkab
X-ray diffractometer. The magnetic properties of the Ni NWs have been
measured at room temperature using magnetometry and ferromagnetic res-
onance (FMR). The hysteresis loops were obtained by applying a magnetic
field parallel to the wire axis, using an Alternating Gradient Magnetometer
with a maximum applied field of + 14 kOe. Field-swept FMR was done
using a micro-strip line configuration with the external field applied paral-
lel to the wire axis [47]. The absorption spectra are recorded at a constant
excitation frequency while the applied field is swept from 10 kOe down to
zero field. For a given excitation frequency, the resonance field corresponds
to the minimum of the spectra. Then, to construct the dispersion relation,
the absorption spectra are measured and recorded using different excitation
frequencies.

3. Results
3.1. Effect of the potential in AAO based-Ni NWs

Figures 1 (a) and (b) show SEM micrographs of the cross-sectional view
of electrodeposited Ni NWs embedded in AAO membrane. As seen in the
figure, the nanowires grow perpendicular to the Au layer inside the pores of
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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 nanowires
and the membrane thickness.

Figure 2 shows the XRD measurements obtained in Ni NW arrays grown
using AAO templates at different deposition potentials ranging from -1.0 to
-1.5 V. As seen in the figure, Ni NWs grown in AAO templates show little
sensitivity to the deposition potential, in all cases a strong [110] texture due
to the presence of the peak to the (220) plane is observed. Furthermore, the
(200) reflection is also noticeable but its amplitude is very small in all cases.
On the other hand, the contribution due to the Au layer deposited in one
side of the membrane is perceptible and its intensity depends on how much
it can be removed from this layer before characterizing the samples. From
the results it follows that the texture quality is best at £F=-1.0 to -1.05 V.

Texture analysis was done in order to quantify this strong preferential
crystallographic orientation. The texture coefficients were determined using
the XRD patterns and Harris formula defined as [48]

I(hkl);

_ To(hkl);
TC(hkl); = T Ik (1)

N Zn Io(hkl),,

where T'C(hkl) is the texture coefficient of (hkl) plane, I(hkl); is the measured
relative intensity, Iy(hkl) is the relative intensity of the corresponding plane
for a pollycrystalline sample and N is the total number of reflections. In this
work, the Ni NWs were indexed using the 00-004-0850 card (ICDD PDF-4
database)[49]. The texture coefficient with values larger than the unity indi-
cates a preferred orientation of the nanowire arrays along the corresponding
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Figure 2: XRD patterns from Ni NWs embedded in AAO membranes grown at deposition
potentials of £ =-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 the
wires posses a complete preferential orientation [50].

The results obtained using XRD patterns of figure 2 give TC(200) values
ranging from 0.04 to 0.16 and TC(220) values around 1.9 for Ni NWs grown
in AAO membranes. These texture coefficient values are consistent with a
strong texture with preferential crystallographic orientation along the [110]
direction regardless of the deposition potential.

Figure 3 (a) shows the hysteresis loops measured with the external field
applied parallel to the axis of the NWs embedded in AAO templates at
deposition potentials of £=-1.0, -1.2 and -1.5 V. Furthermore, figures 3 (b-
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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 £ = -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 parallel
and perpendicular to the NWs axis for the samples deposited at potentials
E=-1.0,-1.2 and -1.5 V in AAO templates. The remanence (M, /M) as well
as the coercive field (H.) show slight changes when the potential becomes
more negative, suggesting a decrease in the total anisotropy.
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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 F=-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 same
samples as in Fig. 3. As seen in the figure, the lineshape of the FMR spectra
changes significantly as a function of the deposition potential. In all cases,
the linewidth is large and two absorption peaks can be identified, which is
more evident in the £F=-1.2 V sample. The presence of two absorption peaks
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in the FMR spectra indicates the presence of two Ni volume fractions each
with different magnetic anisotropy. Moreover, the amplitude of these peaks
are proportional to the individual volume fractions [36]. As seen in the figure,
all the spectra show a dominant absorption peak located at lower field values,
while the second low-intensity peak appears at higher fields.

In order to relate the position of these peaks with their corresponding
magnetic anisotropies, consider the FMR dispersion relation for cylindrical
NWs with the field applied parallel to the wires,

I g 4w, @)

fY

where f is the excitation frequency, y=3.09 GHz/kOe is the gyromagnetic ra-
tio for Ni [51] and H.yy is the effective field. The effective field includes all the
magnetic anisotropy contributions as well as the dipolar interaction between
NWs. For magnetic NWs, the magnetic anisotropy can have shape, magne-
tocrystalline (MC) and magnetoelastic (ME) contributions. For the partic-
ular case of very long Ni NWs where there are no MC or ME contributions,
the effective field is purely magnetostatic (MS) since it contains only the
shape anisotropy (H = 2wMj) and the dipolar interaction (H = —67 M P),
namely [47],

Hy,s =27 My (1 — 3P), (3)

where M,=485 emu-cm ™ is the saturation magnetization of Nickel [52]. The
MS field serves as a reference to analyze the position of the FMR peaks.
For the Ni NWs grown in AAQ, the packing fraction is P=12% so their
resonance field at 30 GHz is H,=7.76 kOe, which corresponds to the vertical
dashed line in Fig. 4(a). From the figure it is clear that the high-field
low amplitude FMR peaks are located around the expected value for purely
MS Ni nanowires. The major absorption peaks, with lower resonance fields
imply an additional anisotropy contribution that leads to a larger effective
field. The field difference between the resonance fields of these peaks and
the position of the MS resonance provide an estimate of the magnitude of
this additional anisotropy contribution, which in this case is in the order
of 3-4 kOe. This enhanced anisotropy in Ni NWs grown in AAO templates
originates from a residual stress due to the confinement in small pore diameter
templates [36]. This large anisotropy was observed in all the Ni AAO samples.
Figure 4 (b) shows the effective field obtained using Eq. (2) and the coercive
field of the Ni AAO samples as a function of the deposition potential. The
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dashed horizontal line is the MS effective field for a Ni NWs array with a
packing fraction of 12%. The effective field increases up to a maximum value
as the potential increases from -1.0 V up to -1.2 V, which is followed by a
decrease of about 1.3 kOe as the potential further increases. Furthermore,
it is observed that both H. and H.;y show a similar behavior due to the
deposition potential. This shows that the enhanced anisotropy in AAO Ni
NWs is little sensitive to the deposition potential. Indeed, for all deposition
potentials a very large anisotropy is observed which varies little. Comparing
the measured effective field values with that expected for the MS case, an
enhancement of 3-4 kOe is confirmed. Considering the same packing fraction,
this value is comparable to the MS field of cobalt obtained using Eq. (3) and
M,=1400 emu-cm—3, which is around 5.6 kOe.

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

Figure 5 shows the XRD measurements corresponding to Ni NW arrays
grown using PC templates at different deposition potentials. As observed, the
crystalline structure of these NWs is polycrystalline as suggested by the pres-
ence of (220) and (111) planes in the diffractograms. Nickel nanowires grown
at low reduction potentials in PC membranes are highly polycrystalline, with
a crossover at -1.3 V where they become mostly single-crystalline with pref-
erential crystal orientation along the [110] direction. Further increasing the
deposition potential, at -1.4 V and -1.5 V, there is a shift on the preferential
orientation from [110] to [111] direction because the peak corresponding to
the (111) plane becomes more pronounced and the (220) plane is almost neg-
ligible. No changes are observed in the weak (200) plane due to the applied
potential. These diffraction peaks are in agreement with 00-004-0850 card
(ICDD PDF-4 database) [49].

These features have been corroborated with a quantitative analysis of
the texture coefficients determined using Eq. (1) with N=4 for all the XRD
patterns of figure 5.The results are summarized in Table 1 for (111) and (220)
planes. In this case, the texture coefficient values are greater than one for
TC(111) and TC(220). The texture coeflicient values of the other reflections
are less than one for all the arrays and therefore are not shown in Table 1.
It shows that Ni NWs arrays deposited in PC membranes can be obtained
with a texture having either a (111) or a (220) preferential orientation. Ni
NWs embedded in PC membranes grown at low deposition potentials present
a texture that appears to be approximately constant along the (220) plane.
The maximum texture value is obtained for the arrays deposited at -1.3 V

10
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which indicates a strong texture with preferential crystal orientation along
the [110] direction. On the other hand, NWs deposited at higher potentials
exhibit a texture along the [111] direction as expected.

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 templates
at deposition potentials of £=-1.0, -1.2 and -1.5 V with the external field
applied along the NWs axis. As seen in the figure, small changes in both the
remanence and coercive field appear as the deposition potential is modified,
which is similar to the behavior observed in the AAO based samples. As a
comparison, the hysteresis loops with the field applied parallel and perpen-
dicular to the NWs grown using a deposition potential of E=-1.0, -1.2 and
-1.5 V grown in PC membranes are shown in figures 3 (f-h).

Complementary information about the magnetic anisotropy of these sys-
tems is obtained from FMR spectra recorded at 26 GHz. As seen in Fig.
6 (a), the absorption spectra display a complex non-symmetric lineshape, a
small peak besides the main absorption peak is observed. This feature is
more pronounced at lower potentials and indicates that Ni NWs present two
different magnetic anisotropy contributions. Contrary to the case of the AAO
based arrays of Ni NWs; all the PC based samples display a dominant ab-
sorption peak at higher resonance fields. This opposite behavior arises from
lower length of the NWs, then corroborating their polycrystallinity which is
in good agreement with previous results [36]. The lineshape and position of
the minimum of the FMR spectra shown in Fig. 6 (a) are consistent with
a magnetic behavior characteristic of polycrystalline NWs that is mainly
dominated by the MS contribution.

To further investigate the magnetic behavior of the PC based Ni NWs,

12
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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 F= -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, H.rs, as a function of the
deposition potential determined using Eq. (2). For this system, the effective
field increases with the deposition potential toward the observed limiting
value for arrays of Ni NWs with purely MS anisotropy, at a potential of -
1.3 V. Then, this field decreases at values still lower than those for arrays
deposited at low potentials. Particularly, the effective field for the NWs
deposited at higher potentials is about 1 kOe lower than the expected value
due only to the MS anisotropy contribution (see the horizontal dashed line).
This decrease in magnetic anisotropy indicates the presence of an additional
anisotropy contribution that competes with the intrinsic MS anisotropy of
the NWs. That is, the shift in the anisotropy is related with the changes
observed in the crystalline structure, as seen in Fig. 5, where the (220)
texture disappears for Ni NWs deposited at higher potentials.

Furthermore, the variation of the coercive field with the reduction poten-
tial is displayed in Fig. 6 (b) for comparison. As seen, this field shows the
same trend as that for H.;s, where a maximum value is also observed around
-1.3 V. It can be also observed that although the coercive field presents small
variations due to the potential, its behavior is similar to the observed in
the effective field as expected. Moreover, H. values of these NWs arrays
embedded in PC are slightly lower than the ones for NWs grown in AAQO.

4. Discussion

The results presented show that Ni NWs embedded in AAO membranes
exhibit a large enhancement of the magnetic anisotropy [36]. This anisotropy
corresponds to values of the same order of magnitude and comparable to the
MS anisotropy for arrays of Co NWs (= 5600 Oe)[51, 23]. In contrast, for
arrays of short Ni NWs grown in PC membranes no such a large enhancement
of the magnetic anisotropy is observed.

As shown previously, the large positive enhancement of the magnetic
anisotropy of Ni NWs is strongly related with a two stage electrodeposition
growth of the Ni NWs [36, 53, 38, 33]. In the initial growth stage, the
orientation of the individual 3D nuclei is random, which is then followed by
an alignment of crystal planes along a preferential direction in a 2D growth
mode, leading to a structural transition of the nanowires from polycrystalline
to single-crystalline [54]. Therefore the texture of thicker metal deposit is
the result of a competitive growth mechanism occurring in the subsequent
growth stage to the coalescence stage.

14
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The length of the polycrystalline segment can be obtained as a function of
the total length of the NWs using the previously reported expression, given
by
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Figure 7: Length of the polycrystalline segment (h,,) as a function of the electrodeposition
potential for Ni NWs grown in AAO and PC templates.
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where r=h,/h, is the ratio between the length of the single and polycrys-
talline segments [36]. The total length of the NWs, h, growth in AAO and
PC membranes is 55 um and 15 pm, respectively. Figure 7 shows the varia-
tion of h, as a fuction of the electrodeposition potential for Ni NWs growth
in AAO and PC membranes. As observed, the length of the polycrystalline
segment increases with the potential for both systems. This behavior is in
agreement with the decrease of the effective anisotropy field as the negative
potential is increased, as seen in Fig. 4(b) and 6(b). Furthermore, in the
case of NWs embedded in PC membranes h, tends to a maximum value of
about 15 pum at more negative potentials, which corresponds to almost the
total length of the NWs (h, =~ h).

The structural changes observed in the arrays of Ni NWs are further
evidenced on their magnetic properties. Single-crystalline Ni NWs grown in
AAO membranes display higher coercive field and remanence magnetization
values than for polycrystalline Ni NWs grown in PC membranes, which is

hy
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consistent with previous works [33]. In general, the coercive field of Ni NWs
in AAO membranes is larger than that of Ni NWs in PC membranes because
the magnetic anisotropy of the former is much larger than that of the later.
This difference in magnetic anisotropy is explained by the difference of the
effective ME contributions in each system. The high aspect ratio of the NWs
in AAO membranes confers a large positive ME effect that lies along the
NWs axis and adds to the intrinsic MS contribution [36]. Conversely, the
ME contribution of lower aspect ratio NWs in PC membranes is negligible
and not necessarily lies along the NWs axis, so it competes with the MS
contribution leading to a lower effective magnetic anisotropy.

To further investigate the additional magnetoelastic energy observed in
both systems, the magnetoelastic field can be obtained directly from H.y; in
Fig. 4 (b) and 6 (b), using the expression

Hme = Lleff _Hm87 (5>

where H,,; is given in Eq. (3). However, the comparison of the additional
ME anisotropy contribution with previous results is easier in terms of the
ME energy [36], Kne = (Hmex Ms)/2. Figure 8 shows K. as a function
of the deposition potential (F) of Ni NWs embedded in PC and AAO tem-
plates, determined using Eq. (2). The behavior of K, with E is similar for
both systems, because the ME energy increases with £ up to a maximum
value at -1.3 V and then decreases at more negative values. The observed
variation in K, with E is of about 2.5x10° erg-cm™3. The very similar
lineshape of K,,. vs E for arrays of NWs in both PC and AAO membranes,
suggests that such variation is due to the polycrystalline segment of the NWs.
That is, in Ni NWs embedded in PC membranes there is not a subsequent
single-crystalline segment that could explain such a variation. Therefore, the
deposition potential is responsible of structural changes in the polycrystalline
segment, which are related with the observed changes of K,,.. Besides, for
the case of long Ni NWs in AAO membranes, its effective ME energy is the
superposition of two main ME contributions that arise from both crystalline
segments. The single-crystalline segment leads to a large positive ME contri-
bution, whereas the polycrystalline segment leads to a low ME contribution.
Specifically, for the polycrystalline segment the ME contribution arises from
the superposition of contributions of different crystal planes under residual
stress. Then, changing the deposition potential gives rise to microstructural
changes and variations of the ME anisotropy of this segment. For instance,
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no polycrystalline ME contribution is induced for E= -1.3 V, as seen in Fig.
(8) for the case of Ni NWs in PC membranes.

Furthermore, since the observed changes in K,,. vs E for Ni NWs in AAO
membranes (see Fig. 8) arise only from variations of the ME contribution
of the polycrystalline segment, the strong positive ME contribution of the
single-crystalline segment is invariant to changes in the deposition potential.
Therefore, the large magnetic anisotropy enhancement in AAO based com-
posites can be always achieved regardless of the electrodeposition conditions,
with the only condition that long enough NWs have to be grown in order to
promote the nucleation of the single-crystalline segment.

Besides, for both AAO and PC based NW arrays the decrease of K,,.
at |[E| > 1.3 V, is related with the structure evolution from compact to-
wards more porous structure due to the enhanced electrochemical hydrogen
evolution [55, 32, 37]. The same feature is found for PC and AAO-based
NW arrays which leads to a similar reduction of the magnetostatic coupling
and corresponding magnetic anisotropy, as shown in Fig.8. However, for
AAO-based NW arrays, the estimated value of K,,, remains positive follow-
ing the dominant contribution of the ME effect associated to the presence of
single-crystalline segment. Moreover, from the lowest to the highest potential
we observe that their magnetic anisotropy contribution increases, reaches a
maximum value and then decreases. This variation is consistent with the
behavior of the coercivity and remanence in the major hysteresis loop.

In general, the main phases observed in Ni NWs are (111), (220) and
(200). As expected, NWs grown in AAO membranes are consistent with the
presence of the (220) plane. While PC based NWs are mostly polycrystalline,
they also show a correlation between the increase of the amount of (111)
grains and the decrease in their anisotropy.

The structural changes in the Ni NWs due to the deposition potential
can be explained by a complex interplay between a hydrogen adsorption, the
surface energy and work function of various crystal planes [38, 56]. During
the electrochemical process, there are different reactions of the competitive
discharge between Ni?T and H' ions [57, 55]. This growth competition and
the variation of the applied potential leads to a change in the composition
of the NWs that is associated with the predominance inside of the cathodic
layer of chemical species which results from the hydrogen co-deposition. As
observed, long NWs (AAQ) are single-crystalline with a preferential growth
along the [110] direction, which is more favorable due to the fact that both
its work function and the H ions absorption are low for this plane [58].
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Figure 8: Variation of the magnetoelastic anisotropy energy K,,. with the applied potential
for Ni NWs grown in AAO and PC templates.

Moreover, the intensity of this plane is predominant regardless the applied
potential. Conversely, short NWs (PC) grown at high potentials present a
polycrystalline structure, which is in agreement with the Ni-fcc polycrys-
talline face [59]. Changes in the NWs crystal structure are related with the
variation of the deposition potential, which influences the growth nucleation
rate of Ni ions. Then, the growth of the polycrystalline segment with the
more pronounced peak corresponding to the (111) plane, is favoured at ions
larger deposition rates due to the abscense of active sites or blocking of metal
by hydrogen bubbles during the electrodeposition process, which fairly ex-
plains the behavior of Ni NWs grown at deposition potentials |[E| > 1.3 V
32, 38].

5. Conclusion

The effect of the deposition potential on the structural and magnetic prop-
erties of Ni NWs have been studied with particular interest in the enhanced
uniaxial magnetic anisotropy obtained in very long NWs. To this end Ni
NWs grown in AAO and PC nanoporous templates were considered. For the
longest Ni NWs grown in AAQO, two distinct structural phases are obtained.
First a polycrystalline phase grows during the first stage of deposition, which
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after attaining a certain critical length changes to a single-crystalline struc-
ture with a preferential orientiation in the [110] direction. This two-stage
growth mechanism leads to the enhanced magnetic anisotropy. The results
show that once the microstructure changes from poly to single crystal the
enhancement of the magnetic anisotropy is practically insensitive to the de-
position potential. On the contrary, as seen for the shorter NWs grown in
PC templates, when the critical length where the structure changes from
poly to single crystal is not reached, there is no enhancement of the mag-
netic anisotropy. Moreover, the polycrystalline segment of the Ni deposits is
affected by the deposition potential. Our results show that the large uniaxial
magnetic anisotropy in arrays of Ni NWs have an inherent relation with their
size and confinement, this provide an interesting tool to develop nanoscale
materials with high magnetic anisotropy.
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