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ABSTRACT

Magnetization reversal processes of hexagonal dense arrays of bi-segmented Ni and FesoCoso nanowires consisting of two well defined
diameters (45 and 80 nm) have been studied. The nanowires were grown inside of tailored pores of anodic alumina templates by combined
anodization, atomic layer deposition (ALD) and electrodeposition techniques. The experiments have allowed to identify their two-step
magnetization reversal process ascribed to the respective segments of different diameter. This is concluded from the differential susceptibility
observed in the hysteresis loops, contrary to those for nanowires with homogeneous diameter. These results are also confirmed by the
first-order reversal curve (FORC) distribution diagrams, where an elongation parallel to the interaction axis around two coercive field values
is obtained, which is correlated to the difference in diameter of the two segments. This well-defined two-step magnetization reversal process
through the nanowire diameter design is thought to be very useful for the advanced control of the remagnetization in arrays of magnetic

multidomain systems.
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1 Introduction

Nowadays, the modulation in diameter imprinted along the length
of magnetic nanowires has become as a promising route to tailor
their magnetic properties, allowing for a controlled motion of
magnetic domain walls (DWs) and the possibility to manipulate the
DW displacement by applying magnetic fields for their implementation
in new-generation devices for information storage, logic system and
sensors [1-8]. Cylindrical nanowires with modulated diameter and
specific compositions are fabricated by different techniques such
as the combination of mild and hard anodization processes [9-11]
or by anodization together with atomic layer deposition (ALD)
technique [12-17]. The magnetization reversal process of the
nanowires can be severely modified by the modulation in diameter,
as the modulation might serve as pinning centers for controlling
the domain wall movement from one nanowire end to the other [10,
18-20]. In this sense, for the development of high-tech information
storage devices, ferromagnetic nanowires with modulated diameter,
and more specific having well defined and abrupt difference in
nanowires segment diameter, offer the possibility of controlling the
domain wall movement along the nanowire and thus making more
difficult its displacement in the opposite direction.

The magnetic behavior of a nanowire array is determined by the
intrinsic magnetization of individual nanowires (i.e. competition
between magnetocrystalline and shape anisotropies), and also by the
magnetostatic interactions among neighboring nanowires. Nanowires
with polycrystalline crystallographic structure (e.g. Ni nanowires with
face-centered cubic (fcc) or FeCo nanowires with body-centered

cubic (bcc) crystalline phases) show reduced magnetocrystalline
anisotropy [21-23]. For these nanowire arrays, the magnetization
reversal processes are highly influenced by the shape anisotropy
and, consequently by any modification of the nanowire geometry
(e.g. diameter modulation) and segmentation [18, 19, 24, 25]. It was
shown that the magnetization reversal in nanowires takes place by
the domain wall nucleation at the ends of the nanowire, depinning
and its subsequent propagation along the nanowire length [26-29].

Hysteresis loops measurements are commonly used for studying the
magnetic properties of nanowire arrays. However, to understand
the magnetic behavior of each nanowire having a particular tuned
geometry and composition, together with their magnetic interactions
into the array, a more specific analysis must be performed. In this
sense, first-order reversal curve (FORC) technique is a proven powerful
method for the analysis of the magnetization reversal processes and
magnetostatic interactions and the quantification of their effects on
the final magnetic properties in many-body interacting systems, such
as nanowire, nanopillar or nanotube arrays, antidots and multilayer
films [20, 30-36].

In the literature only a few studies can be found about cylindrical
bi-segmented nanowires [14, 16, 17] and they are mainly focused
on soft magnetic materials (e.g. permalloy, FeNi or CoNi) for the
synthesis of bi-segmented nanowires with narrow and wide segments
ranging between 120 and 450 nm. In this work we report on the
intrinsic magnetic behavior of magnetically soft (Ni) and hard
(FeCo) bi-segmented diameter modulated nanowire arrays with
reduced wide and narrow nanowire diameters (in the range of
30-80 nm) fabricated by a combined method of anodization,
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ALD and electrodeposition techniques. Magnetic measurements by
vibrating sample magnetometry (VSM), together with the analysis
through FORC method of the magnetostatic interactions among
the nanowires inside the array have been correlated with a detailed
geometrical and crystallographic study of the nanowires by high
resolution transmission electron microscopy (HRTEM). These
geometrically engineered in diameter bi-segmented ferromagnetic
nanowires can be employed as novel magnetic multidomain systems
for ultrahigh-density data storage applications.

2 Experimental

2.1 Synthesis of bi-segmented nanowires

Nanoporous alumina membranes with hexagonally ordered pores
modulated in diameter were prepared by a combined process
consisting on mild anodization, pore widening and ALD steps on
99.999% Al foil substrates. The two-step anodization was performed
by using oxalic acid aqueous solution, after the preparation of a
smooth Al surface, leading to a highly hexagonally ordered nanopores
arrangement (Fig. 1(a)). The diameter of this first segment was
slightly enlarged by chemical pore widening to obtain the first
segment of the alumina nanopores, which will host the segment
with smaller diameter of the geometrically modulated nanowires.
Afterwards, ALD technique was used to grow a protective layer of
SiO: to avoid the further chemical etching of this narrow segment
(Fig. 1 (b)) [37]. Subsequently, a further anodization step was performed
under the same conditions as the first and second ones but for
longer time. The nanoporous alumina membranes were then immersed
in phosphoric acid aqueous solution to enlarge the pore diameter of
the second wider segment, whereas the smaller diameter section of
the first alumina nanopore segment coated with the protective SiO»
layer deposited by ALD remained unchanged (Fig. 1(c)). After that,
the remaining Al at the backside and the alumina barrier layer were
chemically etched, and an additional ALD process was performed
to swell a protective surface layer of SiO. for covering the whole
nanowires. Patterned alumina membranes with nanopores of uniform
diameter along their length (without geometrical modulations) were
also grown for comparison. More information about the parameters
used in anodization, pore widening and ALD processes can be
found in the Electronic Supplementary Material (ESM).

In order to fabricate a working electrode for nanowires electro-
deposition, a gold layer was deposited by sputtering and electroplating

Figure 1 Scheme of the samples fabrication procedure. (a) Highly ordered
nanoporous alumina template obtained by two-step mild anodization. (b) SiO> ALD
surface functionalization. (c) Third anodization and selective pore widening steps.
(d) SiO2 ALD surface functionalization of the diameter modulated nanoporous
alumina template and gold working electrode deposition. (e) Electrodeposition of
bi-segmented magnetic nanowires array with modulated diameter. (f) SiO: coated,
free-standing bi-segmented nanowires after being released from the alumina
template by selective chemical etching.
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on the narrow pores side of the alumina membranes to completely
cover the pores (Fig. 1(d)). Afterwards, Ni and FeCo nanowires
were grown into both, uniform and modulated diameter nanopores
of the alumina membranes by electrodeposition (Fig. 1(e)). The
composition of the electrolytic baths and the electrodeposition
voltage are collected in Table S1 in the ESM.

2.2 Bi-segmented nanowires characterization

Scanning electron microscope (SEM) was used to estimate the
geometrical parameters of the nanowire arrays: distance between
nanowire centers and average nanowire diameters. HRTEM measure-
ments were used to precisely determine the geometrical parameters,
the diameter of each nanowire segment at the modulation of
freestanding single nanowires, as well as the thickness of the
protective SiO: layer, after releasing them from the alumina templates
(Fig. 1(f)).

The chemical composition of the nanowires was determined by
using an energy dispersive X-ray spectrometer (EDS) and their
crystallographic structure was determined by X-ray diffractometer
(XRD). A more detailed study of the crystallographic microstructure
of the nanowires was carried out by the combination of HRTEM
and selected area electron diffraction (SAED) measurements.

Hysteresis loops of bi-segmented diameter modulated and homo-
geneous diameter Ni and FeCo nanowire arrays were measured by
VSM under magnetic fields applied parallel and perpendicular to
the nanowire axis. FORC technique was employed to analyze the
intrinsic magnetic behavior of the nanowire segments and study
the magnetostatic interactions among the nanowires in the arrays.
For each sample, the FORC distribution (prorc) was calculated and
represented graphically by a contour plot indicating the statistical
distribution of the mathematical hysterons in the sample. The
coercive field, H., represents the width of the hysteresis loop for
each hysteron, while the interaction field, H., denotes the shift of
the hysteron along the field axis, being the non-interacting case
represented by a symmetric hysteron [38]. More information about
the protocol and parameters used for the FORC measurements can
be found in the ESM.

3 Results and discussion

3.1 Nanowires geometry, composition and crystallographic
structure

The geometrical parameters of the nanowires that have been
considered for this study are: diameter (Dxwi, Dxw2) and length (L,
L) of the narrow and wide segments (Fig. 2(a)); nanowire diameter
(D) and total length (L) for nanowires with homogeneous diameter;
distance between nanowire centers in the array (Din = 105 nm for
all the nanowire arrays); and the thickness of the SiO: protective layer
for bi-segmented nanowires was thi = 9 nm and th, = 4 nm, for the
narrow and wide segments, respectively. The geometrical features of
the bi-segmented diameter modulated nanowire are depicted in the
scheme of Fig. 2(a) and the corresponding values of the geometrical
parameters for the samples studied here are collected in Tables 1
and 2 for both, bi-segmented and straight nanowire arrays,
respectively. The sharpness and high uniformity of the diameter
modulation in the bi-segmented nanopores of the alumina template
can be observed in the SEM image of Fig. 2(b). The morphology of
this geometrical modulation is then reproduced by the nanowires,
which were grown by electrochemical deposition inside the tailored
pores of the alumina template, as evidenced in Fig. 2(c)).

The morphology and microstructure of two sets of samples
(nanowires arrays with bi-segmented and homogeneous diameter)
that were fabricated with different magnetic materials, Ni and FeCo
alloy, were checked by XRD analysis. From the XRD spectra (Fig. S1
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Figure 2 (a) Scheme of the bi-segmented nanowire geometry, including the
geometrical parameters considered in the study, where Dxwi and Dxwz, L1 and
L, are the diameters and their respective lengths of the narrow and thicker
segments of the bi-segmented nanowire, while th and th; refer to the SiO: layer
thickness covering each segment, respectively. SEM cross section images of (b) a
nanoporous alumina template with bi-segmented nanopores, and (c) a bi-
segmented FeCo nanowire array, where the bright region at the left of the image
indicates higher density of magnetic material (wide segments), while the dark
region at the right side of the image shows the narrow segments.

Table 1 Composition and geometrical parameters (diameter and length of the
narrow, Dxwi and Li, and wide, Dxw2 and Ly, segments) of bi-segmented
nanowires

. Dxwi Dxw2 L L>
Sample Composition
(nm) (nm) (pm) (pm)

Ni-1 Ni 30 80 5.0+ 1.0 5.0+1.0

Ni-2 Ni 45 80 50+1.0 7.0+1.0
FeCo-1 FesoCoso 30 80 33105 3.0+0.5
FeCo-2 FesoCoso 45 80 3.8+0.5 2.81+0.5
FeCo-3 FesoCoso 45 80 33+0.5 1.6 £ 0.5

Table 2 Composition and geometrical parameters (diameter, D, and length, L)
of nanowires with homogeneous diameter

Sample Composition D (nm) L (um)
Ni-3 Ni 30 6.0+ 1.0
Ni-4 Ni 45 5.0+1.0
Ni-5 Ni 80 50+ 1.0

FeCo-4 FesoCoso 30 20+1.0

FeCo-5 FesoCoso 45 20£1.0

FeCo-6 FesoCoso 80 1.3+£1.0

FeCo-7 FesoCoso 80 25%+1.0

in the ESM) it was determined that Ni nanowires crystallize in a
polycrystalline fcc structure with (220) preferential growing direction
and also showing (111) and (200) peaks. On the other hand, XRD
patterns for FeCo nanowires show a polycrystalline bec structure
with (110) preferential growing direction.

Figure 3 shows the bright field HRTEM images and the SAED
pattern of representative bi-segmented Ni and FeCo nanowires,
respectively. The HRTEM image in Fig. 3(a) corresponds to a bi-
segmented Ni nanowire from the sample Ni-1, which exhibits a
sharp modulation in the diameter between the narrow and wide
nanowire segments. Moreover, it can also be seen the protective
SiO: layer that covers all the nanowire, as it is also confirmed in the
EDS elemental mapping from Fig. 3(e). The SAED patterns were
obtained both in the wide and narrow segments of the nanowire
(Figs. 3(b) and 3(c), respectively). They exhibit a polycrystalline
structure for the Ni nanowire, as demonstrated by the existence of
diffraction rings indexed as (111), (200) and (220) sets of reflections

4 Sinm, N

Figure 3 (a) HRTEM image of a bi-segmented Ni nanowire taken at the
geometrical modulation from sample Ni-1. SAED patterns corresponding to the
(b) wide and (c) narrow segments of the nanowire shown in (a). EDS mapping
displaying the homogeneous distribution of (d) Ni and (e) Si on the cover of
nanowire. (f) The HRTEM image of a bi-segmented FeCo nanowire corresponding
to FeCo-2 sample. SAED patterns of the (g) wide and (h) narrow segments of
the same nanowire shown in (a). EDS mapping exhibiting the homogeneous
distribution of (i) Fe and (j) Co elements.

corresponding to a fcc structure, also observed in the XRD pattern
obtained for the whole Ni nanowires array. The SAED images do
not evidence great difference between the crystallographic structures
of each segment of the bi-segmented Ni nanowires. Figures 3(d) and
3(e) display the chemical analysis performed by the EDS elemental
mapping of the Ni nanowire to check its homogeneity along the
nanowire length, and the presence of the SiO. layer covering the
whole nanowire to prevent it from corrosion and oxidation.

Figure 3(f) displays a representative bright field HRTEM image
of a bi-segmented FeCo nanowire corresponding to the FeCo-2
sample, which shows the geometrical modulation in the diameter
and its protective silicon oxide layer. The SAED patterns of the wide
and narrow segments of the FeCo nanowire displayed in Fig. 3(f) are
shown in Figs. 3(g) and 3(h), respectively. The patterns present a
polycrystalline bee structure as demonstrated by the existence of
diffraction rings indexed as (110), (200) and (211). The (200) and
(211) reflections were not observed in the XRD patterns as they are
not the preferential growing direction and also due to the signal
background arising from the large amount of amorphous alumina of
the template in which the nanowires are embedded, which impede
their detection. However, in the SAED-HRTEM analysis, it is
possible to detect these reflections as the nanowires are released
from the alumina template. The main difference between the SAED
patterns of both segments is that in the case of the narrow segment,
the reflection corresponding to the (200) direction has disappeared,
which can be ascribed to the reduction in diameter, therefore
decreasing drastically the signal.

EDS analysis was performed on FeCo-2 nanowires sample to
check the homogeneity of the alloy along the nanowire length.
Figures 3(i) and 3(j) show the EDS chemical mapping obtained for
a FeCo nanowire for both elements, Fe and Co, respectively. These
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images show that both elements are homogeneously distributed
along the nanowire, allowing us to state that the composition of the
nanowire does not change significantly along the nanowire length.

3.2 Magnetic behaviour of bi-segmented nanowires

Figure 4 shows representative hysteresis loops obtained for both, Ni
and FeCo diameter modulated bi-segmented and straight nanowire
arrays, when the magnetic field is applied parallel and perpendicular
to the nanowires axis, together with the anisotropy field distribution
(AFD) curve, which has been calculated from the perpendicular
hysteresis loops as AFD = —H d*M(H)/dH?, according to Refs. [39, 40].
Table S2 in the ESM summarizes the main magnetic parameters
(coercive field, He, reduced remanence, M./M;, and anisotropy field,
Ha) obtained from hysteresis loops and AFD curves in Fig. 4.

For all the samples, the comparison between the hysteresis loops
measured in both directions indicates that the easy magnetization
axis lies parallel to the nanowire length, as evidenced by the higher
values of coercivity and remanence of the parallel hysteresis loops
compared to perpendicular ones. Moreover, the hysteresis loops of
the bi-segmented nanowires present different values of the magnetic
susceptibility along the range of the applied field (see Figs. 4(a) and
4(c)), being the first indication of a stepwise magnetization reversal
process. This fact is more clearly evidenced in the appearance of two
peaks in the AFD curves that can be observed for the bi-segmented
nanowires. In the case of FeCo-1 sample (Fig. 4(c)), the two peaks are
well separated and show maximum values of the AFD distribution at
5.11 and 10.04 kOe, which can be ascribed to Ha associated to the
wide and narrow segments, respectively. However, in the case of
bi-segmented Ni nanowires (Ni-2, Fig. 4(a)), the AFD peaks partially
overlap, due to their larger width and the narrower difference in Ha
values (at 2.23 and 4.34 kOe, respectively).

FORC distribution for each of the nanowire arrays was obtained
by following the procedure described in the ESM. For all the FORC
distributions, the values of coercive field (H:°%¢) and interaction
field (AH.) have been obtained for Ni and FeCo nanowires and
collected in Tables 3 and 4, respectively. The values for the two
types of FORC distributions observed have been determined
according to Refs. [31, 35]. In the FORC curves of the bi-segmented
Ni nanowires (see minor hysteresis loops covering the hysteretic
area in the insets of Figs. 5(a) and 5(b)), the existence of two
regions with two different values of the magnetic susceptibility is
even more evidenced, which is ascribed to magnetization reversal
by steps. This type of magnetization reversal process is observed for
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Figure 4 Representative hysteresis loops of nanowire arrays measured by VSM
under applied magnetic fields parallel (||) or perpendicular (--) to the nanowire
axis, and the AFD curves calculated from perpendicular hysteresis loops for:
(a) bi-segmented and (b) straight Ni nanowires; (c) bi-segmented and (d) straight
FeCo nanowires.
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nanowires with geometrically modulated diameter when they are
synthesized with an adequate ratio of the diameter modulation
between the different segments, which is able to alter the domain
wall motion [18, 24].

The measured FORC distributions for all the nanowire arrays
represent systems where the magnetostatic interactions are demag-
netizing, i.e. the interaction field is opposite to the magnetization
[41]. In the FORC diagrams obtained for bi-segmented Ni nanowires
(Figs. 5(a) and 5(b)), one can see that they present the general
FORC distribution shape associated to a magnetic nanowire array
with predominant shape anisotropy [33, 35, 42-45]. In this case, the
FORC diagram is characterized by a single branch, which spreads
widely parallel to the interaction field axis. The remarkable difference
between these diagrams and the typical ones for nanowire arrays
without diameter modulations is that this branch splits in two
branches at two different values of coercive field (see the highlighting
red ellipses in Figs. 5(a) and 5(b)). This fact is due to the difference
in diameter of the two segments in the nanowires, which originates
a different value of coercive field for each segment, as it has been
well reported in the literature for nanowires with different diameter [23,
27]. For comparison, FORC diagrams for nanowires with homogeneous
diameter were also obtained (Figs. 5(c) and 5(d)). In this case, only
one branch parallel to the interaction field axis is observed. The size
of the branch is larger for the FORC distribution in Fig. 5(d), which
corresponds to the diagram for the array with straight nanowires and
the larger value of nanowire diameter. In this case, the demagnetizing
interactions (Table 3) increase due to the closer proximity of the

-2000 -1000

Figure 5 FORC distribution diagrams for the bi-segmented Ni nanowire arrays:
(a) sample Ni-1 and (b) sample Ni-2. Insets in (a) and (b) show the FORC curves
used for calculating the respective FORC diagrams. FORC diagrams for arrays of
nanowires with homogeneous diameter: (c) sample Ni-4 and (d) sample Ni-5.

Table 3 Coercive field, HFORC, and interaction field, AH., extracted from FORC
diagrams of bi-segmented Ni nanowires (samples: Ni-1 and Ni-2) and with
homogeneous diameter (samples: Ni-3, Ni-4 and Ni-5)

Sample HFORC(Qe) AH, (Oe)
Ni-1 710 920
Ni-2 740 770
Ni-3 670 490
Ni-4 920 870
Ni-5 550 700
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nanowires into the array and the higher magnetic moment of the
sample, but the uniaxial anisotropy and coercivity decrease as the
diameter of the nanowires is increased, as a consequence of the
different aspect ratios (length/diameter) of the samples [46].

For bi-segmented FeCo nanowire arrays (Figs. 6(a)-6(c)), a
similar magnetic behavior to that of bi-segmented Ni nanowire
arrays is observed, in the sense that the FORC distribution shows a
broadening parallel to the interaction field axis around two different
values of coercive field, being ascribed to the difference in diameter
of the two segments [23, 27]. The interaction field value is much
higher than for the Ni nanowires (Tables 3 and 4) indicating stronger
demagnetizing interactions, which is ascribed to the much larger
value of the saturation magnetization of FeCo alloy nanowires
compared to Ni nanowires.

For FeCo nanowires with homogeneous diameter, the split
coercivity distribution is not observed, presenting only one branch
in their FORC diagrams (Figs. 6(d)-6(f)), with an increased
interaction field (Table 4) as the nanowire diameter is larger (see
that the interaction field for nanowires with 80 nm in diameter in
Fig. 6(f) is larger than that for nanowires with 40 nm in diameter in
Fig. 6(d)). On the other hand, for the nanowires with the smaller
diameter, the FORC diagram shows the so-called wishbone shape
(Fig. 6(d)), which presents a demagnetizing mean interaction field
but with a non-negligible coercive field distribution. This type of

Table 4 Coercive field, HFORC, and interaction field, AH.,, extracted from FORC
diagrams of bi-segmented FeCo nanowires (samples: FeCo-1, FeCo-2 and FeCo-3)
and with homogeneous diameter (samples: FeCo-4, FeCo-5, FeCo-6 and FeCo-7)

Sample HFORE (Oe) AH, (Oe)
FeCo-1 480 1,850
FeCo-2 980 2,070
FeCo-3 1,100 2,080
FeCo-4 2,810 720
FeCo-5 2,800 1,530
FeCo-6 530 3,530
FeCo-7 640 3,350

(b)

—-8000 -4000

-5000 -2500
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FORC distribution corresponds to a magnetic system with a strong
reduction in the magnetostatic interactions between nanowires [47,
48], which can be explained by the reduction of the nanowire
diameter and, consequently, the increase in the distance between
neighbouring nanowires.

4 Conclusions

A combined fabrication process carried out through anodization,
pore widening and atomic layer deposition was used to synthesize
nanoporous alumina templates with hexagonally ordered pores
having one well-defined geometrical modulation in the diameter
along their length. Ni and FesCos0 nanowires were grown into the
tailored-made alumina membranes by electroplating, in order to
replicate the tuned geometry of the alumina templates with bi-
segmented pores. All the nanowires showed a polycrystalline crystal-
lographic structure being fcc with (220) preferential growing direction
for Ni nanowires, and bcc structure along (110) preferential direction
for FeCo nanowires.

An uniaxial easy magnetization axis was determined for all the
bi-segmented diameter modulated nanowires, being the magnetization
reversal process through the propagation of domain wall taking place
by steps due to the geometrical modulation in diameter. This was
observed in the shape of the hysteresis loops as they exhibit different
values of magnetic susceptibilities when ranging the applied field,
which results in two differentiated AFD peaks that correspond to
each segment of the diameter modulated nanowires. The FORC
diagrams show that the typical distribution for a nanowire array is
partially transformed into a FORC diagram showing two split branches
around two different values of coercive field which correlates to
the difference in the segments diameter of bi-segmented nanowires,
independently of their composition. The results reported in this
work show that the FORC method as a powerful technique to
determine the magnetic behavior of nanowire arrays, showing details
of the magnetic behavior that are not possible to obtain by commonly
used magnetometry techniques (i.e. measurement of major hysteresis
loops).

The determination of the stepwise magnetization reversal process
that takes place in the bi-segmented nanowires opens a promising

Figure 6 FORC diagrams for arrays of bi-segmented diameter modulated FeCo nanowires: (a) sample FeCo-1, (b) sample FeCo-2, and (c) sample FeCo-3; and for
arrays of homogeneous diameter FeCo nanowires: (d) sample FeCo-4, (e) sample FeCo-5, and (f) sample FeCo-7.
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path for the development of a new generation of information storage
systems using this type of geometrically modulated nanowires, as
the well-defined modulation in diameter will help to an advanced
control of the remagnetization of nanowires.

In the bi-segmented ferromagnetic nanowires obtained by properly
engineering a sharp and well-defined geometrical modulation in the
nanowire diameter, each nanowire segment behaves with independent
magnetization reversal process. The latter constitutes a fundamental
key point for the development of novel ultrahigh-density data storage
devices based on magnetic nanowire arrays with controlled reversal
modes by tailored domain wall movement along nanowires, such as
in racetrack memories.
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