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Abstract

Magnetic hysteresis in Ni nanowire arrays grown by electrodeposition inside the pores of anodic alumina
templates is studied as a function of temperature in the range between 5 K and 300 K. Nanowires with
different diameters, aspect ratios, inter-wire distance in the array and surface condition (smooth and rough) are
synthesized. These microstructure parameters are linked to the different free magnetic energy contributions
determining coercivity and the controlling magnetization reversal mechanisms. Coercivity increases with
temperature in arrays of nanowires with rough surfaces and small diameters —33 nm and 65 nm— when
measured without removing the alumina template and/or the Al substrate. For thicker wires —200 nm in
diameter and relatively smooth surfaces— measured without the Al substrate, coercivity decreases as
temperature rises. These temperature dependences of magnetic hysteresis are described in terms of an

effective magnetic anisotropy K, resulting from the interplay of magnetocrystalline, magnetoelastic and
shape anisotropies, together with the magnetostatic interaction energy density between nanowires in the array.
The experimentally determined coercive fields are compared with results of micromagnetic calculations,
performed considering the magnetization reversal mode acting in each studied array and microstructure
parameters. A method is proposed to roughly estimate the value of K, experimentally, from the hysteresis
loops measured at different temperatures. These measured values are in agreement with theoretical
calculations. The observed temperature dependence of coercivity does not arise from an intrinsic property of
pure Ni but from the nanowires surface roughness and the way the array is measured, with or without the
alumina template and/or the aluminum support.
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1. Introduction

During the last decades, magnetic metallic nanowires attracted increasing interest among nanometer-sized
materials due to their potential applications in different fields. These nanostructures are also of scientific
interest because many physical properties are significantly enhanced when two dimensions are reduced down
to the nanometer scale. In ferromagnetic wires, the cylindrical geometry induces an easy axis along the major
nanowire axis, resulting in a strong shape anisotropy, which may compete and even overpass the other
anisotropies contributions, such as the magnetocrystalline and the magnetoelastic ones.

The hysteresis behavior of ferromagnetic Ni nanowire (NW) arrays, grown by electrodeposition inside the
pores of anodic aluminum oxide (AAO) templates, has been extensively studied [1-11]. The array properties
depend on the structure of the individual wires, the dipolar interactions between these wires and also on the
extent of the mechanical interaction between the Al substrate, the alumina template and the metallic
nanowires, arising from internal thermal stresses and the large magnetostriction of Ni. The important
microstructural features of individual nanowires are their composition, crystallinity, the mean grain size, the
crystallographic texture (if any), their shape and size, and the surface morphology.

NW’s growth by electrodeposition can be obtained using either alternating or direct current (AC or DC,
respectively). According to the parameters used in each technique, different nanowire morphologies can be
synthesized: they can be smooth and uniform or dendritic-like, with many branches and surface defects; they
can be polycrystalline with no preferred orientation or strongly textured [10, 12-14].

Even when Ni nanowires arrayed into alumina pores have been extensively studied, a detailed analysis of
the magnetic properties of these arrays as a function of temperature has not yet been fully addressed. As
temperature increases in the range between 5 K and 300 K, a monotonic reduction in coercivity is observed in
bulk multidomain Ni ferromagnets [15], and in regular pure Ni nanowires grown inside porous alumina when
measured without the aluminum substrate [16]. A similar behavior is found in pure single-domain Ni
nanoparticles [17], Ni films [18], and also in arrays of nanowires with relatively large diameters (= 90 nm) as
observed in ref. [19]. This decrease in coercivity with increasing T is also frequently found in thick smooth
nanowires measured with and without the aluminum substrate.

However, some studies in the temperature range between 5 K and 300 K [20-23] coincide in that arrays of
thin nanowires measured inside the alumina template, exhibit a maximum in the coercive and anisotropy
fields around room temperature, a behavior that cannot be rationalized by shape anisotropy considerations
only. The shape anisotropy term in the magnetic energy of each nanowire promotes a uniaxial anisotropy
along the wire (easy axis normal to the alumina template plane). During cooling, only a slight increase in this
energy density is expected due to increasing saturation polarization.

It has long been known that the magnetocrystalline energy constants K, K, and K3 in bulk pure Ni strongly
depend on temperature in the range 4.2 K to 300 K [24]. However, their complex behaviors cannot explain the
increase in coercivity with temperature. Then, this phenomenon is not due to an intrinsic property of
nanostructured pure Ni nor to a low dimensionality effect or to the ordered nature of the arrays. To explain
this coercive field maximum at room temperature, it has been proposed [20, 21] that the effective easy
magnetization axis could change from parallel to perpendicular to the Ni nanowire axis as temperature
decreases. The axis rotation is explained by the competition between the shape easy axis (parallel to the wire
axis) and the magnetoelastic easy plane, normal to the wire axis. Shape anisotropy weakly depends on
temperature through the magnetization M(7). On the contrary, magnetoelastic anisotropy induced by thermal
stresses (arising from the mismatch of thermal expansion coefficients of Al, alumina and Ni), is quite sensitive
to changes in temperature through Ni magnetostriction, which is dependent on the temperature.

In this work, we explore the coercive field vs. temperature relationship in the range between 5 K and 300
K for pure Ni NWs arrays, in three different scenarios. To realize these conditions we synthesize Ni NWs by
AC and DC electrodeposition to obtain distinct surface morphologies (smooth and rough). Two types of AAO
templates with three pore sizes were selected to produce arrays of different diameters. The Al substrate was
not dissolved in the template used for AC deposition. The magnetic hysteresis properties of the arrays are
determined, with special attention to the temperature dependence of the effective anisotropy in each array.
Using micromagnetic models, effective anisotropy constants are estimated for the three different systems as a
function of microstructure variables and temperature. We propose a method to estimate this effective constant
through experimental measurements and compare the results with those corresponding to calculations,
obtaining a good agreement. These results indicate that surface irregularities and roughness play a crucial role
in the room temperature coercivity maximum observed in some Ni nanowire arrays.



2. Experimental procedures
The templates with smaller pore diameters (referred to as “home-made" hereafter and shown in Figure 1.2)
were prepared in our lab following a well-known two-step procedure [25], as described in [5, 26].

After anodization, the templates used for AC deposition were immersed in a H;PO4 5% v/v solution at
room temperature (RT) for a short time, in order to thin the barrier layer and widen the pores’ diameter while
keeping the aluminum substrate. Alternatively, the remaining aluminum substrate was completely removed
from the templates used for DC deposition in a 1 M CuSOy solution. An etching treatment with H;PO, 5% v/v
solution was later performed in order to remove the barrier layer. Finally, a 50 nm Au layer was sputtered on
the bottom of the template, to provide electrical contact.

Commercial templates of 200 nm pores' diameter were provided by Whatman® (Figure 1.b). These
templates exhibit a larger dispersion in diameter and in the nanopore hexagonal ordering (the interpore
distance) than the home-made templates.

Figure 1. SEM images of (a) home-made and (b) commercial templates. Nanowire arrays corresponding to
samples (c) AC33, (d) DC65 and (e) DC200.

The template’s geometry is usually characterized by the pore's diameter (d) and the center-to-center
distance of neighboring pores (dcc). The template’s porosity (P) can be analytically calculated [4] from these

parameters, using the relation p_ L[ijz .
2\/5 dcc

Both AC and DC electrodepositions were conducted at RT, using similar electrolytes: (nickel sulfate) 60
g/1 NiSO4-6H,0 + 40 g/l H;BO; or (nickel sulfamate) 515 g/l Ni (H,NSOs),-4H,0 + 20 g/l NiCl,-6H,0 + 20
g/l H;BO;. The resulting pH was 3-4 in both cases.

AC electrodeposition was performed using home-made templates with thinned barrier layer and keeping
the aluminum substrate. A carbon rod and the Al substrate were used as electrodes, with root-mean-square
voltage V=16 V, frequency f = 200 Hz and electrodeposition time #zp = 1.5 min. The electrolyte was
previously stirred with highly pure nitrogen.



DC electrodeposition was performed in an Autolab 302 N equipment with a three-electrode cell, using
commercial and home-made (H-m) templates, with Au substrate. A carbon rod, the template and an Ag/AgCl
3 M KCI electrode were used as the counter-electrode, working-electrode and reference-electrode,
respectively. A voltage V' =—1.2 V was applied to all samples, and electrodeposition time #zp was adjusted to
control the nanowires’ length. The electrolyte was stirred with highly pure nitrogen during the
electrodeposition process. Table 1 lists the electrodeposition conditions for the selected samples.

Table 1. Experimental conditions for Ni NWs electrodeposition inside the pores of home-made and
commercial alumina templates. DC or AC potential, with a frequency f and a root-mean-square V, were
applied during a deposition time #gp.

Sample Template  Electrolyte Method VV] f[Hz]  tgp[min]
AC33 H-m Nickel sulfate AC 16.0+ 0.1 200 1.5
DC65 H-m Nickel sulfate DC -1.20+0.02 - 15

DC200  Whatman®  ickel DC  -120£002 - 10

sulfamate

A Sigma Zeiss Field Emission - Scanning Electron Microscope (FE-SEM), with an Oxford Energy
Dispersive Spectrometer (EDS) was used to determine the samples’ morphology and chemical composition
(LAMARX facilities). Crystalline structures were determined by X-ray diffraction (XRD) in a Philips PW
1800/10 diffractometer with Cu K, radiation (4 = 1.540 A). Magnetic hysteresis loops were measured in a
Super Conducting Quantum Interference Device (SQUID) in the 5 K-300 K temperature range.

Table 2 displays the main parameters that characterize the three systems under study.

Table 2. Geometric parameters of Ni NW arrays. Wire diameter d and length L lead to high aspect ratios a,.
The mean inter-pore distance dcc and the template porosity P are also listed.

Sample dlnm] dcc[nm] L [pum] a, P [%]

AC33 33+3 55+6 1.5+02 45+7 33+ 9

DC65 65£5 104 =7 5+1 80+ 20 35+7

DC200 200+40 290+40 10+1 50+ 10 40+ 10

3. Results and discussion
3.1. Morphologies and Microstructures

From several SEM images, the nanowires’ length (L) and aspect ratio a, (a, = L/d) were determined (see
Table 2). Selected SEM images illustrating the templates used and the morphology of each NW array are
shown in Figure 1. All wires exhibit an overall cylinder-like shape with large aspect ratios and different
morphologies. Nanowires DC200 are relatively regular, with some bifurcations but with little surface rugosity.
On the contrary, nanowires AC33 exhibit a 'dendritic' morphology, with marked lateral branches making very
irregular surfaces along the wires. Sample DC65 represents a condition with an intermediate density of small
branches. This irregular shape has also been reported by Zeng et al. [20], who noticed that significant
branching appears for low anodization voltages, when the alumina pore walls are at the time more porous. As
already stated by these authors, the cause of the branching is not completely clear due to the complicated
mechanisms involved in pore development in the Al support. These small branches are thought to develop
inside the lateral voids in the pore wall.

EDS analysis was performed on all the samples. The spectra indicate that the wires are mainly composed
of pure nickel with some traces of aluminum and oxygen from the template, on the surface. Figure 2 (a) shows
an X-ray map of sample DC200, which is representative of the other samples, where some Al remaining from
the AAO (blue) can be seen on the Ni (yellow) NW. The EDS spectrum corresponding to the whole area is
shown in Figure 2(b).
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Figure 2. (a) X-ray map of sample DC200. Ni (yellow) is the main component and some Al (blue) remains
from the template can be seen. (b) EDS spectrum corresponding to this sample.

Bulk nickel materials crystallize in a face-centered-cubic (fcc) structure, and many studies find that
nanostructured Ni materials also have this structure [26-29]. XRD measurements were performed on samples
AC33, DC65 and DC200, and Figure 3 shows the results. A fcc Ni phase [PDF 00-004-0850] is confirmed in
all cases, with peaks indexed at 44.91° (111), 52.05° (200), 76.57° (220) and 93.24° (311) in 26. The
background contribution is noticed in the diffractograms: Al substrate for AC33 and SiO,/Si wafer for DC65.
The amorphous Al,O; template is specially noticed in sample DC200.

All wires are polycrystalline; a rough estimation of the crystallite size using the Scherrer formula, leads to
dsen, = (30 £ 10) nm for samples DC65 and DC200, and ds., = (20 + 10) nm for AC33. This indicates that for
DC deposition, above a certain radius the crystallization mechanism of Ni is not sensitive to the pore diameter.
Regarding crystallographic texture, sample DC200 is textured in the [220] direction, while no conclusive
results may be obtained for DC65 and AC33 due to extensive overlap with the Al and Si peaks. However, in
these cases the external wire morphology strongly suggests that grains are preferentially oriented.
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Figure 3. XRD measurements of samples AC33, DC65 and DC200. Fcc Ni phase is confirmed in every case.
There are some extra contributions from the substrate or background for each sample: Al substrate for AC33,
Si0,/Si wafer for DC65 and Al,O; template for DC200.

3.2. Magnetic properties

Two configurations were considered for measuring the magnetic properties of the NWs embedded in the
templates, parallel (PA) and perpendicular (PE) orientations, with respect to the relative angle between the
wires’ main axis and the applied field direction. Working temperatures T were chosen in the range from 5 K to
300 K.



Low-temperature measurements are interesting because some effects become relevant in this range, like a
high magnetostriction [30, 31] and a strong magnetocrystalline anisotropy [32].

Magnetic hysteresis loops were performed with a maximum applied field of 2 T, reaching magnetic
saturation in all cases. Figures 4 (a-c) show the hysteresis loops at 300 K, in PA and PE configurations. These
loops were modified from the originals, by subtracting a linear contribution arising from the substrate (Al, Au)
and the diamagnetic contributions from the alumina template.
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Figure 4. Room temperature (7 = 300 K) hysteresis loops for samples (a) AC33, (b) DC65 and (c) DC200.
Paramagnetic and diamagnetic contributions have been subtracted.

The difference between PA and PE behavior indicates the extent of the shape anisotropy contribution in
each array: sample DC200 is magnetically very soft and the two loops are quite similar, indicating that the
effective anisotropy K, is very low. For AC33 and DC65 there is clearly an effective longitudinal anisotropy
(parallel to the wires axes).

Hysteresis loops were measured at 7' = 5, 20, 50, 100, 200 and 300 K and the resulting coercive field
values uoHc are shown in Figure 5(a) as function of temperature, for the three arrays in PA configuration.
Figure 5(b) depicts the saturation magnetization Mjs relative to the value at SK.
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Figure 5. Magnetic hysteresis properties as function of temperature in PA configuration: (a) coercivity and (b)
normalized saturation magnetization. In samples AC33 (open circles) and DC65 (squares) coercivity increases
with increasing temperature.

In sample DC200, coercivity decreases as temperature increases. On the contrary, an unexpected behavior
of uoHc is observed in arrays with small diameters, AC33 and DC65, in which coercivity increases with 7.
Besides, at low temperatures, uoHc goes through an inflexion point at about 50 - 100 K, while sample DC200
slightly decreases for increasing 7. As indicated before, similar results in Ni NW systems with granular
structure and irregular surfaces were observed by other authors [5, 20-22].

The increase of coercivity with increasing T for Ni NWs has been addressed by other authors [20-22, 31,
33, 34] in terms of an effective magnetic anisotropy resulting from the interplay of magnetocrystalline (Ki,),
magnetoelastic (Ky,.) and shape (Ky,) anisotropies. The magnetostatic interaction energy density (Kj,) must
also be considered. These dipolar interactions between the wires can be modeled with a mean-field approach
[3, 35] as an effective uniaxial anisotropy field oriented perpendicular to the wire axis and proportional to the
saturation polarization and the template's porosity. As the porosities are similar within 3% in the three
geometric configurations investigated in this work, no differential effects of this term on the magnetic
behavior are expected.



Then, the temperature dependence of poHc results from the variation of this effective anisotropy with
temperature. The magnitudes contributing to this effective anisotropy are K. = 3Ac/2 with A and & the

magnetostriction and the misfit thermal stress, respectively; K, =1y MIAN =Ly M [l -3N, (L)] with

N, (L) the demagnetizing factor in the long wire axis direction; K, . = %(31('1 +K, ), with K and K the Ni

anisotropy constants which strongly depend on temperature; and K, = -2u, MP, being P the porosity of the
alumina template [4]. This value of K, is actually an upper bound resulting for an ideal filling factor. Then,
the coercive field as a function of temperature may be expressed as:

B 2K, . (T) N 3/1(T)O‘(T
My(T)  M(T)
Assuming that shape anisotropy is the leading term in the entire temperature range, this expression may be

rearranged as:

:uoHc(T) )+%[1_3Nz(L)]ﬂoMs(T)_4PﬂoMs(T) (1

/UOHC(T):ﬂoHsh(T)-"Neﬂ(T)/qus(T) ()
with
__ 2 _2K,(7)
Ne (T)_%M—é(T)[ch(T)"_Kme(T)+Kint(T)]_IUOM—Sz(T)a (3)

and 1,H, (T) = %[1 —3N, (L)]fqus (T) :

In this picture, the effective demagnetizing factor N results directly proportional to an effective
anisotropy energy density K, (7), accounting for the observed variation of the easy axis direction, relative to
the nanowire long axis, as the temperature changes. Positive values of K,(7) reinforce the easy axis in the
longitudinal direction while negative values indicate a competition with shape anisotropy, promoting the
deviation of the easy axis to a direction normal to the long wire axis.

This variation in the easy axis direction as temperature changes may be roughly estimated by considering
the relationship between the effective demagnetizing factor and the slope of the hysteresis loop [36]:

ﬂ_iH __I_NH
,UO N app N [

where B, = 1, (Hi +M ) and H,=H,, —NM, with H,, the applied field and N the sample geometric
demagnetizing factor. For H, =0, at the origin of the hysteresis 100p (H,,,=0, M=0), this line has a slope

1

1 : : :
am (T )/ dHapp oc |——| which may be roughly approximated by the slope of the hysteresis loop

N(T)
dM (T)
(differential susceptibility) near coercivity, e, , at each temperature.
app HEW =H.

Then, the experimental slopes using gMs = 0.61 T (the Ni saturation polarization), in both PA and PE
configurations, can be associated to the magnitude of the effective demagnetizing factor value N. at each
temperature:

1 _ 2K,(T)
aM (T) HGE
dH

Ny (T)= 4)
H=Hc exp

The top panel of Figure 6 displays the maximum slope of the hysteresis loops of sample AC33 (left) and
DC65 (right).
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Figure 6. Top panel (left: AC33; right: DC65): Maximum slope of the M/Ms vs. ugH curves in PA (open
squares) and PE (solid triangles) configurations as a function of temperature. Central panel: Energy barriers
distribution profile, calculated as the derivative d(Mzrc-Mrc)/dT in the PA condition. The inset shows the
M/Ms vs T curve, measured in ZFC and FC modes. Bottom panel: Coercivity values as a function of
temperature, for the PA configuration.

It is clear from these results that for high temperatures, the easy axis is the longitudinal nanowire axis,
while below a critical temperature (which is higher for the thinner wires) the easy axis rotates towards the
plane perpendicular to the long axis. A strong dependence of K, on temperature is expected to account for this
behavior.

Taking from Figure 6 (Top panel) representative values of the experimental slope d (M / M ) / d ( uH ) for
PA configuration in AC33, about 8 1/T, the corresponding demagnetizing factor is 0.20 - 0.16, leading to

values of ‘Ka (T)‘(= AN, (T) M (T)) of (30 to 24) x 10° J/m’.

In order to explore the influence of thermal activation processes on the magnetization reversal mechanism
of these samples, M vs T curves were measured following the ZFC-FC protocol (see insets in the central panel
of Figure 6). It is known [37] that the profile of the d(Mzgc - Mrc)/dT curve is indicative of the energy barrier
distribution (shape, center and width) corresponding to the thermally activated magnetization processes in the
sample at different temperatures; these profiles are shown in the central panel of Figure 6 for AC33 (left) and
DC65 (right) for PA configuration. Remarkably, the distribution corresponding to sample AC33 is wider than
that observed for DC65, in agreement with the irreversibility temperature above 300 K observed for AC33.
This fact may be explained considering that sample AC33 exhibits extensive branching; because of this
unique morphology, every branch could act as a nucleation site making the magnetization reversal initiate by
numerous nucleation processes with different activation barriers. In addition, different nanowires may also
have distinct activation barriers leading to a wide distribution of nucleation fields. Then, it is not likely that a
single-energy-barrier picture can be used to describe such a system.

On the contrary, the activation barrier distribution in DC65 is quite narrow, suggesting that nucleation
events may be well described by a single thermally-activated process. This may be due to the lesser extent of
branching in DC65 nanowires. The roles of magnetocrystalline and magnetoelastic contributions in the
effective anisotropy controlling magnetization reversal are discussed at the end of this section.

As previously indicated, the coercive fields clearly increase with temperature above 50-100 K. A possible
explanation for this behavior considers that, even when the shape anisotropy is appreciable, the easy axis
direction is not constant during measurement. In fact, the relative saturation magnetization vs. temperature
Ms(T) shown in Figure 5(b) indicates that this magnitude does not change much in the measurement range.



Magnetization reversal models

It is accepted [38, 39] that in Ni nanowires with diameters larger than the exchange length /.,=(2 A4/ g
M) (I, = 9.9 nm [40] at room temperature), the polarization reversal mechanism is localized. Here, 4 = 9 x
10" J/m is the stiffness constant [41], peMs = 0.61 T [40] is the Ni saturation polarization and My is Ni
saturation magnetization. On the contrary, when d</,,, delocalized modes, such as global coherent rotation or
global curling may take place. Then, localized, relatively soft and non-uniform nucleation modes are predicted
for all the three samples [42-44]. Depending on the magnetic hardness and the wire diameter, these nuclei may
be formed by coherent rotation (C) or by curling (V). In the first case the nucleus is bounded by a Bloch-like
wall, while in the second case a vortex-like wall is created.

Escrig et al. [42-44] assumed that the nucleation field of a system that reverses its magnetization by means
of the nucleation and propagation of a Bloch-like wall is equal to the nucleation field of an equivalent system
with an effective volume (related to the nucleus volume) that reverses its magnetization by coherent rotation.
Then, the nucleation field for the applied field parallel to the wire axis is given by [43, 44]:

2[ K (wy)+K, ]
MM ’
where wj is the Bloch-like wall thickness, which is obtained analytically by minimizing the energy described

HE =|H]| (5)

n

in ref. [45], K (WB) =Ly M; [1—3N P (WB)] is the shape anisotropy constant for this process and K, is

defined in Eq. 3.

For thicker nanowires such as D200, it is expected that the magnetization reversal is originated in a local
curling process [27]. The curling nucleation field in a prolate spheroid (the nucleus) was first calculated by
Aharoni [46] in 1997. The effect of adding an anisotropy contribution is essentially the same as changing the

shape anisotropy by modifying the aspect ratio [46]. To determine the nucleation field H nV ((9) , Eqns. (6a)

and (6b) are simultaneously solved numerically for the applied field parallel to the wire axis [46]:

H) (0)cos(w) =(Nx (L)sin® @+ N, (L)cos’ co—c—(ZKQ/,uOM§)[3cos2 a)—l])MS (62)

X

~H, (0)sin(@) =(3[ N, (L)~ N, (L) +QK, / t,M3) Jsin (20) ) M (6b)

where ¢ =g’ L, / R?, g is a dimensionless parameter, R = d /2 is the radius of the wire and o is the critical

angle between polarization and the wire axis for an inverse domain nucleation. For a cylindrical geometry,
Shtrikman and Treves [47] obtained ¢°=1.08 w. As pointed out by Aharoni [46], a jump of the magnetization

for an isolated system occurs at or near the vortex nucleation field. Therefore, the coercivity H, g is quite
close to the absolute value of the nucleation field, and it is possible to assume that in the vortex mode

v V. . .
‘H ., ‘ ~ H . is a good approximation.

Analytical results

NWs with small diameters (AC33 and DC65) are assumed to reverse their magnetization through the
propagation of a Bloch-like domain wall of thickness wg [48], while arrays of nanowires with larger diameter
such as DC200, reverse their magnetization through the propagation of a vortex-like domain wall of thickness
wy [49].

Once the reversal mechanism is determined for each system, only one free variable is left to fit the
analytical model to the coercive field experimental data. This parameter is the effective anisotropy K,, which
results, as mentioned before, from the interplay of the crystalline anisotropy of the NWs, the magnetostatic
interactions in the array and the magnetoelastic anisotropy, this latter arising from the mismatch of thermal
coefficients between the templates and the Ni wires.

Figure 7 shows the effective anisotropy constant K, as a function of temperature 7 calculated for the three
samples under consideration, assuming in each case the selected mechanism. It may be observed that in
sample AC33, K, exhibits a negative value in the whole temperature range, indicating that it favors a
magnetization perpendicular to the wires’ long axis, directly competing with shape anisotropy. The resulting



absolute values are relatively close to those estimated from Figure 6 for AC33 in PA condition, (=30 to —24)
kJ/m’. On the other hand, for the sample with the largest diameter, DC200, the anisotropy constant K, exhibits
a low (and positive) value, quite constant in the entire temperature range. Small coercive field values are
observed in the hysteresis loops at 300 K (see Figure 4(d)), suggesting that in this case, shape effects are
almost balanced by the other contributions to K.
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Figure 7. Effective anisotropy K, as a function of temperature 7. Sample AC33 (open circles) has a negative
value for K, in the whole temperature range, while for sample DC200 (solid triangles) K, is always positive.
Sample DC65 (half-open squares) has a dual behavior: the effective anisotropy is negative for temperatures up
to 140 K, and it is positive above this value.

A remarkable behavior is observed in sample DC635, for which a negative apparent anisotropy is obtained
(favoring an easy plane perpendicular to the wires) for temperatures between 5 K and 140 K, and a positive
effective anisotropy (favoring the wires’ main axis) for temperatures above 140 K. This implies that it is
possible to control not only the magnitude of the anisotropy, but also the direction of the easy magnetization
axis, simply by varying the temperature of the nanowire array.

The upper bound of the shape anisotropy constant, estimated assuming long perfect cylinders is about 74
kJ/m’; the magnetocrystalline anisotropy (Kuc) of Ni strongly depends on temperature, K; changing from —4.5
to —12 kJ/m’, and K> from —2.3 to 3 kJ/m’® when the temperature changes from 300 K to 4.2 K. Then, at low
temperatures, K, may become of the same order as K. De la Torre et al. [11] reported that in quasi single-
crystal wires K, increases as the wire diameter decreases. However, our nanowires are polycrystalline, with
no preferential orientations, so changes in K. with temperature are not expected to determine the overall
anisotropy change. Also, K, monotonously increases with decreasing 7, through the increase in the thermal
stress o(7), to reach values close to the ones for shape anisotropy.

Regarding magnetoelastic effects, previous studies [20-22, 50] have shown that they largely influence the
magnetic properties of Ni nanowires, due to a large mismatch between the thermal expansion coefficients o of
Ni and alumina and between Ni and the Al serving as a substrate. At room temperature, an=13.4x10° K",
0,7=23.8x10*K " and for re-crystallized alumina aapo; = 6 % 10°K™"; due to these large differences, Ni wires
contract more than the alumina pores during cooling but less than the aluminum substrate, leading to an
increasing tensile stress along the wire axis as the temperature decreases. This, in time, induces additional
magnetoelastic anisotropy. In wires of irregular shape, their relative position to the pore wall is fixed by
numerous branches, and therefore, the wires are forced to contract or expand together with the alumina wall.
The interaction with the Al substrate leads to an upper bound for the magnetoelastic anisotropy.

Considering values s ~ —34x107° for the isotropic magnetostrictive constant and a Young’s modulus for
Ni of E = 200 GPa, the magnetoelastic anisotropy constant for sample AC33 is K., ~—10 kJ/m’ at about 20 K.
If the wires are irregular but the substrate is very thin (sample DC65 with Au sputtering), the magnetoelastic
anisotropy is reduced to K. =~ —6.5 kJ/m’. In the case of smooth wires and very thin substrate (DC200 with
Au sputtering), there are no significant tensile stresses and the magnetoelastic anisotropy vanishes. These
estimations indicate that the maximum magnetoelastic contribution to K, is obtained for AC33, while a lower
values result for DC65 and a weak K, is atributted to DC200.
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4. Conclusion

Hysteresis properties of Ni nanowires arrays, embedded in alumina templates, are determined in the range
between 5 K and 300 K for three scenarios: nanowires AC33 with a rough, densely branched surface
(measured with the Al substrate); DC65 with lower roughness and sparse surface branching (measured
without the Al substrate); and coarse nanowires DC200, with quite smooth external surface (measured without
the Al substrate). The diameters of all the nanowires investigated are larger than the limit value for uniform
magnetization reversal modes (~10 nm) so localized modes operate. In all the samples a mechanism of
nucleation of inverse domains and further expansion of a domain wall controls the coercivity.

The coercive field in DC200 slightly —but monotonously— decreases for increasing temperature and the
polarization reversal occurs through the propagation of a vortex-like domain wall in the whole temperature
range. On the other hand, the reversal mode in samples DC65 and AC33 is given by the propagation of a
Bloch-like domain wall in the whole temperature range, with an effective anisotropy K,. In these latter
samples, coercivity is found to increase with temperature. This infrequent behavior is explained by the
competition between shape and magnetoelastic anisotropies.

Magnetoelastic anisotropy is the highest when the arrays are measured with the alumina template and the
Al support, and the wires have rough surfaces, which strongly attach the wire to the alumina wall, forcing it to
expand or contract together with the pore. On the contrary, when the wire surface detaches from the wall
(smooth surface), this anisotropy is vanishing small. This explains why only in branched nanowires
magnetoelastic effects actually compete with shape anisotropy, leading to the easy axis rotation and the
unusual increase of coercivity with temperature. It is worth noting that this effect does not arise from an
intrinsic property of pure Ni but from the nanowire surface roughness and the way nanowires are measured,
with or without the alumina template and/or the aluminum support.

From morphological and magnetic data, and considering the magnetization reversal mechanism previously
determined, the effective anisotropy constant K, for each sample type was calculated as a function of
temperature, in the interval 5 K to 300 K. It is found that in DC200 the effective anisotropy is almost constant
and small (5 kJ/m®) and always positive. In the case of sample AC33, K, is always negative, ranging from -28
kJ/m’ at 5 K to -18 kJ/m’ at 300 K. A special case is found in sample DC65, where K, is negative at low
temperature and becomes positive above 140 K.
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