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Abstract

The fabrication of segmented Ni/Cu nanowires (NWs), with tunable structural and
magnetic properties, is reported. A potentiostatic electrodeposition method with a single
electrolytic bath has been used to fabricate multisegmented Ni/Cu NWs inside a highly
hexagonally ordered anodic nanoporous alumina membrane, with diameters of 50 nm
and Ni segment lengths (Ln;) tuned from 10 nm up to 140 nm. The X-ray diffraction
results evidenced a strong dependence of the Ni NWs crystallographic face-centered-
cubic (fcc) texture along the [220] direction on the aspect ratio of the NWs. The
magnetic behavior of the multisegmented Ni/Cu NW arrays, as a function of the
magnetic field and temperature, is also studied and correlated with their structural and
morphological properties. Micromagnetic simulations, together with the experimental
results, showed a dominant antiferromagnetic coupling between Ni segments along the
wire length for small low aspect-ratio magnetic segments. When increasing the Ni
segments' length, the magnetic interactions between these along the wire became
stronger, favouring a ferromagnetic coupling. The Curie temperature of the NWs was
also found to strongly depend on the Ni magnetic segment length. Particularly the Curie
temperature was found to be reduced 75 K for the 20 nm Ni segments, following the
finite-size scaling relation with & = 8.1 A and y = 0.48. These results emphasize the
advantages of using a template assisted method to electrodeposit multilayer NWs, as it
allows an easy tailor of the respective morphological, chemical, structural and magnetic

properties.
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1. Introduction

The optimization and accurate understanding of the fabrication process of segmented nanowires
(NWs) using nanoporous templates and low-cost electrochemical deposition techniques is a
subject of relevant interest due to the promising and outstanding applications of such wires [1-
6]. In particular, Ni/Cu segmented NWs grown in anodic aluminium oxide (AAO) templates
have received considerable attention, since one can easily tune the diameter and pore packaging
density of the AAO template [4], and control at the nanometric scale the length of each
magnetic segment and non-magnetic spacing by the deposition conditions [7-16]. The
complexity, functionality and therefore the range of potential applications of the fabricated
segmented NWs can be significantly increased by understanding their structural and magnetic
properties, which depend on the accurate control of the fabrication methods. The number of
layers, the used materials and dimensions, and the overall structural and magnetic properties are
precisely controlled through pore design and electrodeposition tailor. This ability to control the
size and aspect ratio of ferromagnetic segments and non-magnetic spacings in multilayered
NWs allows one to tune additional degrees of freedom that have not been widely explored so
far.

From the processing point of view electrochemical deposition is one of the most favourable
techniques for the template-assisted fabrication of NWs [7-16]. This method allows one to
easily tune the crystallographic structure and metal alloy composition of the NWs, by simply
changing depositions conditions (time, applied potential and electrolyte), thus conditioning the
respective physical response [17, 18]. Despite the well documented electrodeposition of
multilayered NWs using different electrolytes for the deposition of each segment [7, 9, 10], this
is a laborious process, especially when growing a large amount of multilayers. The co-
deposition method is thus an excellent alternative, as it uses a single electrolytic bath and each
material layer is deposited by changing the electrodeposition potential [11]. In this work, we
used an improved co-deposition approach to deposit Ni/Cu multilayered NWs, in which only
one electrolyte is used and the deposited material, as well as the deposition rate, are controlled
by the applied potential and composition of the electrolyte, enabling a fast and easy growth of
multisegmented NWs with reduced dimensions (few nanometers).

Single component magnetic NWs with high aspect ratios exhibit a behavior dominated by
strong shape anisotropy and hence magnetization easy axis lying along the longitudinal
direction [19]. However, when decreasing the NWs length to a lower aspect ratio (with
length/diameter lower than 1), as in our approach, a pronounced interplay between the several
magnetic anisotropies appears, which can lead to changes in the orientation of the magnetic easy

axis [11]. Particularly, multisegmented NWs with alternated magnetic/nonmagnetic layers



exhibit interlayer coupling between the magnetic segments [13]. The ability to control the layers
thickness and thus the aspect ratio of the magnetic segments provides an additional degree of
freedom with particular interest [7, 14, 15]._Since the coercivity and remanence are dependent
on the Ni length, diameter, interwire distance and Cu thickness, they can be tuned by selecting
the appropriate Ni/Cu segmented NW dimensions. Another crucial aspect concerning the
magnetic properties of Ni/Cu segmented NWs is the strong dependence of the Curie
temperature on the Ni segments' length, which can also be used to tailor their magnetic response
[1,3,5,6,12,20].

In this work, we have successfully fabricated Ni/Cu NWs, with Ni segment lengths between 10
and 140 nm and Cu layer thicknesses of around 35 to 75 nm, by template assisted
electrodeposition using AAO membranes. The obtained NWs were subjected to structural (by
X-ray diffraction, XRD), morphological (by scanning electron microscopy, SEM) and magnetic
(by vibrating sample magnetometry, VSM) studies. The crystallographic texture along the Ni
face-centered cubic (fcc) <220> direction is found to increase with the Ni segment’s length.
The magnetic properties of multilayered NWs are also highly dependent on the aspect ratio of
the magnetic segment. In particular, the coercivity, remanence and Curie temperature of the
NWs decrease for smaller Ni segment lengths. Micromagnetic simulations were also performed
to better understand the magnetic properties of multisegmented Ni/Cu NW arrays as a function
of the Ni and Cu thicknesses. This work thus reports an important contribution in the field of
dipolar interactions and antiferromagnetic coupling exhibited between the Ni segments along
the wire length and between the Ni segments of neighbouring wires in Ni/Cu segmented NW

arrays, analysed both experimentally and theoretically.

2. Experimental details

2.1. Nanoporous alumina membranes

AAO templates were prepared by a standard two-step anodization method [21] of high-purity (>
99.999%) Al foils. Prior to anodization, Al foils were cleaned by means of ultrasonication in
acetone and ethanol, 5 min each. In order to obtain ordered hexagonal nanopore arrays, first
anodizations were performed at a constant voltage of 40 V for 24 h, in a 0.3 M oxalic acid
solution at a temperature between 2°C and 6°C, thus forming a pre-patterned hole structure at
the Al surface. The alumina was then removed by chemical etching in an aqueous solution of
0.2 M H2CrO4 and 0.4 M H3PO, at room temperature for 24 h. Second anodizations were
carried out using the same conditions as the first ones, but for 40 h, thus producing AAO
membranes with = 80 um in thickness, pore diameters of d = 35 + 5 nm and interpore distances

of Diny = 105 + 5 nm. After the anodization process, a circle with 1 cm in diameter was opened



on the template backside, by wet chemical etching of the Al substrate in a 0.2 M CuCl: and 4.1
M HCI aqueous solution, at room temperature, allowing the AAO membrane to be enclosed in
the Al template. Subsequently, the samples were immersed for 2 h in 0.5 M H3;PO4 at room
temperature to remove the alumina barrier layer present at the bottom of the nanopores, also
increasing the pore diameter to around 50 £ 10 nm. A continuous Au layer was then sputtered
on the backside of the AAO membrane to provide a conductive metallic contact at the bottom of

the pores that will serve as the working electrode for the subsequent electrodeposition process.

2.2. Nanowires deposition

Multisegmented Ni/Cu NWs were electrochemically grown from an aqueous solution of 0.5 M
NiSO46H,0, 0.005 M CuSO45H>0 and 0.6 M H3BOs, at room temperature. Electrodeposition
processes were carried out in a three-electrode cell equipped with an Ag/AgCl reference
electrode, a Pt mesh as a counter electrode and the gold-coated AAO membrane acting as the
working electrode. The composition of each Ni/Cu segment was obtained by adjusting the
deposition potential at -1 V, for Ni deposition, and -0.4 V, for Cu deposition. The duration of
the potentiostatic deposition pulses was adjusted accordingly with the calibrated deposition rate
at each potential (= 1.6 nm/s at -1 V for Ni, and = 0.3 nm/s at -0.4 V for Cu), thus accurately
controlling the length (L) of each segment. The complete sequence consists of 300 cycles
wherein each cycle corresponds to one segment of Ni and Cu. To ensure a homogeneous
deposition of Ni/Cu NWs, a longer electrodeposition of Cu (15 min at -0.4 V) was first

performed, filling the bottom of the pores with Cu NWs of approximately 200 nm in length.

2.3. Nanowires characterization

The morphologies and segmented distribution of the produced NWs were observed by SEM
(FEI Quanta 400FEG Field Emission). Prior to the cross-sectional SEM imaging, the filled
templates were immersed for a few seconds in 10% HNOs to selectively etch the Cu segments,
thus helping the visualization of the different layers. Note that due to the close atomic number
of Ni and Cu, these elements exhibit a similar brightness/contrast in the SEM images.
Therefore, we had to remove the Cu layers by selective chemical etching prior to SEM imaging,
in order to accurately measure the length of each segment (bright regions corresponded to the Ni
segments, and black regions corresponded to the absence of segments and thus to the length of
the etched layers of Cu). XRD (X’Pert PRO diffractometer) in the 8-20 geometry with Cu Ka
line (A = 0.15406 nm) was used to determine the crystallographic structure of the
electrodeposited NWs. The magnetic behaviour of the multisegmented Ni/Cu NWs embedded
in the AAO template arrays was studied by means of a commercial Oxford Instruments 1.2 T

resistive VSM equipped with a furnace, as a function of temperature [M(T); from 300 K to 700



K, at 10 kOe] and applied magnetic field [M(H); from 10 kOe to -10 kOe at 300 K]. The
magnetic hysteresis loops [M(H)] were measured with the field (H) applied along the parallel
(H") and perpendicular (H") directions with respect to the NWs longitudinal axis.

2.4 Micromagnetic simulations

The magnetization reversal mechanisms of different arrays of multisegmented Ni/Cu NWs were
studied by micromagnetic simulations using the Object Oriented MicroMagnetic Framework
(OOMMF) project [22]. Ordered hexagonal arrays of 7 NWs with 50 nm in diameter and 105
nm of center-to-center distance were simulated. Each NW consisted in 3 Ni segments separated
by 2 non-magnetic (Cu) segments. Two sets of simulations were made with Ni and Cu
segments’ lengths of (a) 20 and 25 nm, respectively; and (b) 60 and 75 nm, respectively. The
saturation magnetization value of Ni was set to 490 x 10° A/m and the stiffness constant to 9 x
102 J/m. A cubic mesh with unit cell size of (5 x 5 x 5) nm® and a damping factor of 0.015
were used. The stopping condition used in our simulations was |[dm/dt| = 1 deg/ns. The magnetic
field was applied from 10 to -10 kOe along the axis of the NWs (z-direction) and perpendicular

to the nanowires’ long axis (x-direction).

3. Results and discussion

3.1. Morphological characterization

The pulsed electrodeposition potential sequence employed for the syntheses of multisegmented
Ni/Cu NWs is showed in Fig. 1. Since the difference of the reduction potentials of Cu (+0.14 V
vs. Ag/AgCl) and Ni (-0.45 V vs. Ag/AgCl) are sufficiently large (> 0.4 V) and the
concentration of the more noble material is very low ([Cu**]<<[Ni**]), low contaminated
multilayers of Ni/Cu NWs are expected [11, 24]. Chen et al. have shown that due to the low
Cu?* concentration, the Cu deposition is diffusion-limited over a wide potential range from -
0.15 V to -0.7 V [11]. Therefore, for Ni deposition at more negative potentials (-1 V), the molar
fraction of Cu should be lower than 10% and Ni-rich segments are achieved in the Ni/Cu
multisegmented NWs.

The SEM images in Fig. 2 display selected cross-sectional views of the Ni/Cu NWs grown in
the AAO membrane. The layered structure and the reproducibility of the layer thickness are
clearly seen, where homogeneous Ni segments (brighter sections) alternated with removed Cu

layers (darker sections) are presented in the images. The analysis of the Ni/Cu interface using



high-resolution transmission electron microscopy has been previously reported by Chen et al.

[23], in which sharp interfaces have been observed.

The NWs have a diameter of = 50 £ 10 nm, corresponding to the respective pore size of the used
AAO template. Ni segments’ lengths (Ly;) from 10 + 5 nm up to 140 £ 8 nm were obtained (Fig.
2). Although the Cu electrodeposition parameters were maintained constant in all samples, for
samples with low Ni lengths (Lni < 30 nm) the Cu segments’ lengths (Lcu) presented an average
of 25 £ 5 nm, whereas the samples with Lxi > 60 nm showed Lcy = 75 £ 10 nm. This can be
attributed to the diffusion limited process in the small segments due to the very short deposition

pulses [25-27].

3.2. Crystallographic structure

The crystallographic structure of the aligned Ni/Cu NWs embedded in the AAO template was
analysed by measuring XRD scans, as shown in Fig. 3. The small peaks observed at 43.3°, 50.4°
and 74.1° (Fig. 3.a) correspond to the electrodeposited Cu NWs [28]. The peaks presented at
38.2°, 44.4°, 64.8° and 77.5° can be ascribed to the Au layer sputtered at the bottom of the
membranes. For Ni segments, a preferential face-centred cubic (fcc) structure was found,
exhibiting three peaks at 44.5°, 51.8° and 76.4° that corresponded to the (111), (200) and (220)
crystallographic planes, respectively (Fig. 3.a). Consequently, no oxide phase can be identified
in these as-obtained NWs. Note, however, that the Ni (111) reflection is almost coincident with
the Au (200). This was taken into account when analysing the Ni (111) peak intensity, assuming
that a polycrystalline Au film was deposited. As the change in each peak's intensity is directly
related to the amount of material deposited, we have analysed in Fig. 3.b the ratio between the
intensities of Ni (220) and Ni (111) reflections. For Ni/Cu NWs with Lxi = 60 nm, Ni with a
crystallographic fcc structure strongly textured along the <220> direction is identified (Fig. 3.b),
as previously reported for high aspect ratio NWs with similar dimensions deposited using
template-assisted methods [29-31]. The XRD patterns of Ni/Cu NW arrays with Lxi = 20 nm
also illustrated a Ni fcc lattice, but this time with the <111> preferred direction. We find that the
increase of Ni segments’ length helps to improve the intensity and orientation of the Ni (220)
peak (Fig. 3.b). This can be attributed to the growth of Ni segments with a highly oriented
structure, in which <220> crystal axes align preferentially along the longitudinal axis of the
NWs. This has been shown to strongly depend on the aspect ratio of the NWs, which in this
case is given by the length of the Ni segments, and the geometrical confinement of the AAO
template [27]. Besides, there is also an accompanying Cu diffraction with the same (220)
orientation, showing that Cu segments tend to grow with the same crystalline orientation as the

Ni segments in the Ni/Cu lattice NWs [16].



3.3. Magnetic properties

The magnetic properties of Ni/Cu multisegmented NWs embedded in the AAO membrane were
studied by VSM. Figure 4 shows the magnetic hysteresis loops [M(H)] recorded for the Ni/Cu
NWs with Ly; = 10 nm (Fig. 4.a) and Lx; = 100 nm (Fig. 4.b), with the applied magnetic field
parallel (I) and perpendicular (1) to the NWs long axis. The results illustrate a magnetic
anisotropic behaviour for Ni/Cu NWs with the easy magnetization axis lying parallel to the wire
axis [32], arising from the competition between the magnetocrystalline anisotropy and the shape
anisotropy factors [33]. For the NWs with the smallest Ni segments’ length (10 nm; Fig. 4.a) the
parallel and perpendicular magnetic loops are very similar, exhibiting the lowest values of
coercivity (H, = 197 + 6 Oe, HE =118 + 17 Oe) and normalized remanence (m. = M,/Ms.,
where M; is the remanence and Ms, is the saturation magnetization; m! = 0.27 £ 0.03, mrJ' =
0.1).

Previous reports have shown that magnetic NWs with aspect ratios lower than 1 have an easy
magnetization axis lying along the perpendicular direction [11, 34]. However, our results
evidence the existence of an easy magnetization axis along the parallel direction for all samples,
even for those with the smallest aspect ratios (of around 0.25). This behaviour may arise from
the higher dipolar interactions exhibited between the Ni segments along the wire length than
with Ni segments of neighbouring wires. In addition, for samples with Lxi < 30 nm, the Lc, was
found to be around 25 nm and so the dipolar interactions between Ni segments of the same wire
prevail, tilting the easy magnetization axis along the parallel direction [35 ,36]. In order to better
compare the dipolar interactions and antiferromagnetic coupling exhibited between the Ni
segments along the wire length with those exhibited between the Ni segments of neighboring
wires, micromagnetic simulations of selected arrays were performed using OOMMEF. Figure 5
shows the simulated magnetic hysteresis loops obtained for Lxi = 20 nm and Lcy = 25 nm when
applying the magnetic field both parallel and perpendicular to the multisegmented wire axis. For
such small aspect ratio magnetic segments, the coercivities and remanence values obtained are
very low and similar along both directions. Figure 5 also illustrates the cross-sections of the NW
arrays at saturation (H = 10 kOe) and remanence (H = 0). Due to the small Cu (non-magnetic)
spacing between the Ni layers and the low aspect ratio of the magnetic segments, an
antiferromagnetic coupling between the Ni layers (when removing the applied magnetic field) is
observed, both between the Ni segments along the wire length and with Ni segments of
neighboring wires, for both directions of applied magnetic field. Also, the presence of small

percentages of Cu in the Ni segments have already been reported to highly influence the



respective magnetic properties [34]. Since these chemical defects (higher Cu%) are expected to
be mainly present at the extremities of the Ni segments (due to the co-deposition process used),
for very small lengths, these will dominate the entire Ni sections, thus highly affecting their
magnetic properties.

When increasing the Ni segments’ length, much higher coercivity and normalized remanent
magnetization values are observed along the parallel direction when compared to the
perpendicular one. In particular, for NWs with Ly; = 100 nm (Fig. 4.b), both the coercivity and
remanence along the parallel direction are found to be around 5 times higher than along the
perpendicular one (H.' = 757 + 10 Oe, H:™ = 164 + 13 Oe; m,' = 0.81 +0.09, m, " = 0.10 + 0.02).
Figure 6 shows the simulated magnetic hysteresis loops of an array of Ni/Cu NWs with Ly = 60
nm and Lc, =75 nm, obtained when applying the magnetic field along both parallel (z-axis) and
perpendicular (x-axis) directions. The simulated M(H) loops illustrate the shape anisotropy
effect of the higher aspect ratio NWs, in which higher coercivities and remanence values are
obtained with the applied magnetic field along the NWs’ long axis. When increasing the aspect
ratio of the Ni segments, the interactions between the magnetic layers along the wire length are
stronger, favouring a head-to-tail alignment (instead of an antiferromagnetic coupling) between
the segments of each wire. Nevertheless, as the space between adjacent wires is kept the same,
an antiferromagnetic coupling is still observed between the Ni segments of neighbouring wires,
as illustrated in the cross-sections of the simulated NWs depicted in Figure 6 at H, = -400 Oe,
Hx =0 and Hy = -400 Oe.

Figures 4.c and 4.d summarize the results obtained for the coercivities and normalized remanent
magnetization values, respectively, for all the Ni/Cu NW samples and the two field orientations
studied. As expected, both the coercivity and the remanence along the parallel direction increase
with the aspect ratio of the Ni segments, illustrating their higher values for the sample with
bigger Lni. On the other hand, along the perpendicular direction, these values are practically
unaffected by the Ni segments length, since their diameter and center-to-center distance are kept

constant.

The magnetic properties of the Ni/Cu NW arrays were also studied as a function of temperature
(T). The M(T) measurements were made under a constant applied magnetic field of 10 kOe from
T = 300 to 700 K. The external magnetic field was applied parallel to the wire axis. In this
temperature range, the Ni segments are expected to undergo a transition from ferromagnetic to
paramagnetic, occurring at the so-called Curie temperature 7c (Tc = 631 K for bulk Ni) [12].
The Curie temperature is a critical point where a material’s intrinsic magnetic moments change
direction, and the material’s magnetism goes from permanent (oriented magnetic moments) to
induced (disordered behaviour). Figure 7.a shows a typical M(7T) measurement obtained for the

Ni/Cu NWs with the biggest and the smallest (100 and 20 nm) Ni segments’ length, where a



transition between two different regimes (with higher and lower magnetization values) are
easily seen. This transition occurs at Tc, and can thus be estimated by the derivative of M(T)
(see inset in Fig. 7.a). Notice that, with the decrease of the Ni length, a broad transition is
observed, which was ascribed to the increased size distribution of the Ni segments and also to
the influence of the Cu contamination.

Figure 7.b displays the 7¢ values obtained as a function of the Ni segments’ length. For Ni/Cu
NWs, T¢ is found to strongly depend on the length of the Ni magnetic segments, increasing with
Lni. A shift of 75 K was measured for the 20 nm length Ni segments. The decrease of the Curie
temperature with reducing length can be described by the finite-size scaling relation, as
performed by several authors studding NWs with different dimensions [1,3,5,6,12, 20]. Bulk
magnetic materials at temperatures close to the Tc(c0) exhibit an asymptotic behaviour described

by a correlation length & (T ) of:
E(T)=¢&o|1-

T -v

Tc()

ey

where & is the correlation length extrapolated for T = 0, which is a microscopic length close to
the lattice constant, and v is the critical exponent for correlation [37]. For magnetic NWs with

length L, the growth of & (T) is limited by the wire length, reducing the Curie temperature by:

Te(L) = Te(e) [1 - (22)'] @)

where Tc(L) is the Curie temperature for NWs with length L, and y = 1/v is the shift exponent
[12, 37].

Figure 8 shows a log-log plot of the Ni/Cu NWs Curie temperature [Tc(o0)-Tc(L)]/T(c0)
normalized to the Curie temperature for bulk Ni [Tc(o) = 631 K] versus Ni segment length, L.
From the linear fit of the data represented in Fig. 8, we obtain y = 0.48 and &, = 8.1 A. The
equation (1) is valid only for T closed to the bulk T, thus only applicable for system with
relatively large dimensions (length and diameter). Therefore, for the low aspect-ratio Ni
segments, the extrapolated correlation length, &, presents a larger uncertainty. Even so, the
obtained & of 8.1 A, is close to values of about 10 A reported for epitaxial Ni thin films [38, 39]
and for high aspect-ratio Ni NWs [12, 37]. On the other hand, the y is lower than the theoretical
values predicted by the 3D Heisenberg model (y = 1.4) and the 3D Ising model (y = 1.58) [9].
However, both models only consider nearest neighbours interactions, whereas Ni is a
ferromagnet with long range interactions [12, 40]. There are many other models that can be used
to interpret decrease of the Curie temperature with reducing length [41-43]. Nevertheless, the
finite-size scaling model is the most reported model in the literature, was demonstrated to be in
good agreement with other models [44, 45], and fits well our results.

Finally, when reducing the size of the Ni segments, the fluctuations of electron spins become

more prominent thus decreasing the Curie temperature. The size of a particle also affects the



magnetic anisotropy causing the spins’ alignment to become less stable and thus leading to
disordered magnetic moments [46, 47]. In addition, the Curie temperature of nanoparticles is
also affected by the crystal lattice structure as the magnetic moments react with their
neighbouring electron spins. Here we have shown that the increase in Ly; leads to a change of
crystallographic orientation towards the Ni fcc (220) direction, where the structure is tighter and

thus higher 7¢ values are also expected [47].

4. Conclusions

Ni/Cu multisegmented NW arrays, with around 50 nm in diameter and made of alternating
segments respective of Ni and Cu, having Ni length from 10 nm up to 140 nm have been
synthesized by template assisted electrochemical deposition into the pores of AAO templates by
alternately varying between two different deposition potentials. NWs growth rate vary quasi-
linearly with the deposition time. XRD results indicate that Ni/Cu segments present a fcc
structure, whose texture strongly depends on the aspect ratio of the NWs. Magnetic
measurements, as a function of the applied field and temperature, illustrated an increase in the
coercivity, remanence and Curie temperature with the Ni segments’ length, when applying the
magnetic field along the parallel direction. Micromagnetic simulations illustrated the
importance of the Ni and Cu segments' lengths on the tuning of the magnetic properties of the
arrays. In particular, an antiferromagnetic coupling has been observed between the small aspect-
ratio Ni segments along the wire length, while larger dipolar interactions between higher aspect-
ratio Ni segments induced a ferromagnetic coupling along the wires. Also, the Curie
temperature of Ni/Cu segmented NWs was found to decrease with the Ni NWs length following
a finite-size scaling relationship. These results show that the magnetic properties of Ni/Cu NWs,
such as the magnetic easy axis, dipolar interactions, coercivity, remanence and Curie

temperature, can be tailored by engineering the magnetic/non-magnetic segmented NWs with

different aspect ratios, diameters and non-magnetic interlayer thicknesses.
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Figure 1 - Selected pulsed electrodeposition potential sequence employed for the synthesis of
the multisegmented Ni/Cu NWs in AAO templates, evidencing the Ni deposition pulse of 1 min
at -1 V (right), and the respective current during the deposition process (left). Inset shows a
sequence of 4 double pulses, illustrating the Ni deposition pulses of 1 min at -1 V, and the Cu

deposition pulses of 5 min at -0.4 V.
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Figure 2 — SEM images of Ni/Cu NWs grown in an AAO template, after partial dissolution of
Cu segments, evidencing the Ni segments with lengths (Lxi) of (a) 20 £ 5 nm, (b) 30 £ 7 nm, (c)
100 + 8 nm and (d) 140 + 8 nm.
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Figure 3 — (a) XRD scans of the multisegmented Ni/Cu NWs with Ly; =20 £ 5 nm, Ly; =60 £ 5
nm, Ly; = 100 £ 8 nm and Ly; = 140 + 8 nm. (b) Ratio between the XRD intensities of the Ni
(220) peak and the Ni (111) peak as a function of the Ly;.
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Figure 4 — (a) and (b) magnetic hysteresis loops of ordered arrays of multisegmented Ni/Cu
NWs with Ni lengths of (a) 10 £ 5 nm and (b) 100 = 8 nm, measured along the parallel (blue

solid line) and perpendicular (red dashed line) directions. (c) Coercivity (H.) and (d) normalized



remanence (M./Ms,) as a function of the Ni NWs length (Lxi), when applying the magnetic field

parallel (blue squares) and perpendicular (red circles) to the NW long axis.
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Figure 5 — Simulated magnetic hysteresis loops of a Ni/Cu nanowire array with Lyi = 20 nm
and Lcy = 25 nm, and selected cross-sectional representations (y-slices and z-slices) of the
simulated wires, when applying the magnetic field along the z and x directions. Note the

different directions of the colour scales.
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Figure 6 — Simulated magnetic hysteresis loops of a Ni/Cu nanowire array with Ly; = 60 nm
and Lcy = 75 nm, and selected cross-sectional representations (y-slices and z-slices) of the

simulated wires, when applying the magnetic field along the z and x directions. Note the

different directions of the colour scales.
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Figure 7 — (a) M(T) measurements obtained for the Ni/Cu NWs with Ly; = 20 nm and Ly; = 100
nm. Inset shows the derivative of M(T) used to estimate the Curie temperature (7¢) for Ly; = 100

nm. (b) Curie temperatures of the produced samples as a function of the Ly;.
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Figure 8 — Log-log plot of the Ni/Cu NWs Curie temperature [Tc(c0)-Tc(L)]/Tc(o0) normalized
to the Curie temperature for bulk Ni [Tc(c0) = 631 K] versus Ni segment length, L. The solid
line corresponds to y = 0.48 and £= 8.1 A.



