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Abstract
Magnetic nanowires feature unique properties that have attracted the interest of different research areas from basic physics over biomedicine to data storage. The combination
of crystalline and shape anisotropy is mainly responsible for the magnetic properties
of the nanowires, whereby different methods for tuning those properties are available.
The nanowires typically represent single-domain particles, and magnetization switching occurs via domain walls nucleated at the ends of the nanowire and traversing it.
Combined with a high biocompatibility, iron or iron oxide nanowires can be used as
nanorobots for biomedical applications, destroying cancer cells, or delivering drugs. The
nanowires are also attractive for data storage, especially in a three-dimensional device,
because of the high-domain wall speed that has been theoretically predicted. This chapter
offers an introduction to the electrochemical synthesis of cylindrical nanowires in anodic
aluminum oxide (AAO) templates. Template modification techniques such as barrier
layer thinning, barrier layer etching, and diameter modulation are discussed. Advanced
fabrication techniques of nanowires with varying structural and chemical variations
such as multisegmented and core-shell nanowires are elaborated. The characterization of
single nanowires encompassing physical, magnetic, and electrical techniques is covered.
Keywords: nanotechnology, nanofabrication, magnetic nanowires, cylindrical nanowires,
anodic aluminum oxide templates, anodization, diameter modulated nanowires, core-shell
nanowires, multisegmented nanowires, single nanowire characterization, single nanowire
electrical contacting

1. Introduction
Cylindrical magnetic nanowires are novel materials that offer unique properties, mainly
due to a high aspect ratio and shape anisotropy. They are typically characterized by a single
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magnetic domain, rendering them permanent magnetic. This feature allows utilizing such
nanowires as remotely operated nanorobots, i.e., induce motion, produce heat, or sense their
location. This makes them attractive for numerous applications like flow sensors [1], magnetic
separation [2], bio-inspired tactile sensors [3], energy harvesting [4], cancer treatment [2, 5],
drug delivery [6, 7], and MRI contrast agent [2, 8]. Nanowires are also used for other applications such as magnetic force microscopy (MFM) tips [9], giant magnetoresistance (GMR) [10],
spin transfer torque (STT) [11, 12], and data storage devices [13–15].
In order to exploit these nanowires to their full advantage, a reproducible fabrication method
is required that yields nanowires of high quality and specific properties. Electrodeposition of
nanowires into templates is such a method and is described in more detail. The properties of
magnetic nanowires can be tailored in different ways to optimize them for particular applications. For instance, multisegmented nanowires and core-shell nanowires will be discussed
below, which allow combining the properties of several materials. This can result in e.g., large
magnetization values in combination with high biocompatibility, as will be shown below.
On the other hand, characterizing these properties is a crucial task for the magnetic behavior of the nanowires and the influence of different parameters. The magnetic properties of
nanowires have typically been measured for large numbers of nanowires arranged in arrays
inside the templates, which provide large signals but compromise the information content.
More recently, individual nanowires were characterized with magnetic force, magneto-optical Kerr effect, and electron microscopy methods as well as magneto resistivity. In this chapter, we will focus on single nanowire characterization methods and results, which provide
much deeper insight into the magnetic and structural details of the nanowires. Further understanding can be obtained, when the experimental results are combined with micromagnetic
simulations, which conveniently allow varying parameters.

2. Anodic aluminum oxide as nanowire templates
Electrochemical deposition into nanostructured templates represents a widespread and inexpensive bottom up approach for the fabrication of metallic nanowires with a high aspect ratio and
high pore density [16–18]. Anodic aluminum oxide (AAO) templates have emerged as a popular
template, due to their versatile fabrication technique, wherein the pore diameter, length, and inter
pore distances can be tuned with ease. The AAO templates are relatively easy to make in-house
with low costs and scalable processing. In addition to obtaining vertically aligned nanopores,
modifying the template fabrication process can yield diameter-modulated nanopores [19, 20].
2.1. Mechanism of anodic aluminum oxide template formation
Self-ordered pores organized in a close-packed hexagonal lattice are obtained by anodic oxidation
of aluminum (mild anodization) in a suitable acidic environment such as sulfuric, oxalic, or phosphoric and under appropriate electrolyte conditions such as pH, concentration, and temperature
[21–25]. The AAO template formation or anodization proceeds with the conversion of the naturally
occurring preexisting oxide film on the aluminum surface into a thicker oxide layer referred to as
a planar barrier-type film (Figure 1(1)). The planar barrier-type film converts into a porous oxide
layer by forming random cracks in the outer regions of the barrier oxide layer (Figure 1(2)), which
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further forms individual pathways until a steady-state pore structure is created (Figure 1(3)). Once
a steady state is achieved, pores proceed throughout the anodized material (Figure 1(4)).

Figure 1. Mechanism of anodic aluminum oxide template formation. (1) Formation of barrier type oxide layer, (2)
pathways created in the barrier oxide layer, (3) steady state formation of pores, (4) controlled growth of nanopores.

Since pore formation is initiated at random locations on the aluminum surface, an ordered pore
arrangement can be obtained by the fabrication of dimples in the aluminum at the intended
position of the pores. The dimples can be fabricated by direct indentation such as with the tip
of a scanning probe microscope [26–28], milling with a focused ion beam [28, 29], or nanoindentation using Si3N4 [30] or Ni [31] stamps. An easy alternative approach for pore ordering
is the two-step anodization or double anodization method developed by Masuda and Fukuda
based on self-organization [21]. It is this double anodization method that has attracted much
interest for AAO to be used as nanowire templates as well as for many other applications. The
porous oxide film formed after an anodization process (first anodization) is poorly ordered
with varying pore diameters and inter pore distances at the top surface but has a high degree
of order at the bottom of the pores (Figure 2(1)). In the double anodization method, the first
porous oxide layer is chemically removed (Figure 2(2)) to reveal semi-spherical etch pits or
dimples (Figure 2(3)) that are highly ordered and uniform. A second anodization process is

Figure 2. Mechanism of double anodization process. (1) Disordered pores formed after the first anodization step, (2)
alumina layer is etched, (3) etching reveals dimples on the aluminum template, (4) the dimples serve as pore nucleation
sites for a second anodization process, (5) formation of ordered pores during second anodization, (6) ordered pores
obtained after second anodization.
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performed, wherein the dimples serve as the pore nucleation sites (Figure 2(4)), and the subsequent pores grow exactly on the dimples (Figure 2(5)). Thus, the first anodization itself is used
as the prepatterning step. Since anodization is a faradic process, the longer the anodization
process, the longer will be the pores. Also, longer anodization times result in improved pore
ordering, wherein the best pore ordering exists at the bottom of the AAO pores, i.e., the layer
that was grown last (Figure 2(6)).
2.2. Fabrication of diameter-modulated templates
A diameter-modulated cylindrical nanowire refers to a nanowire, which possesses a changing
diameter along its length. Such nanowires can be obtained by using diameter-modulated alumina
templates, which are prepared through a combination of hard and mild anodization processes
[19, 32, 33]. Mild anodization of aluminum was described in Section 2.1 and is constrained to
very tight equilibrium regimes (voltage, temperature, concentration, and stirring) at which
highly ordered, well-defined pores with fixed diameter and inter pore distance are obtained.
Deviations from those regimes lead to lack of ordered pores or high current density flowing through the oxide layer, due to high voltages (burning) of the sample. However, the
self-ordering pore regimes can be obtained at high voltages with the same concentration
of e.g., oxalic acid, provided low temperatures and a starting thick oxide layer. This high
voltage anodization is referred to as hard anodization, and in both cases (hard and mild),
the anodization current represents a measure of the effective electric field at the oxide layer,
and its value is related to the movement of ionic species through the electrolyte/oxide/metal
interfaces, the oxygen ions from the electrolyte being the limiting factor [34, 35]. Because
of the high-applied voltage in hard anodization, the electric field at the oxide/metal interface results in a continuously increasing thickness of the oxide layer, limiting the length of
ordered pores by building up internal stresses, due to the volume expansion. In order to
produce diameter modulations, two main approaches can be used: a combination of mild
anodization in phosphoric acid (high diameter) and hard anodization in oxalic acid (low
diameter), changing solutions in each step, as in [34] or using pulsed [36] or cyclic [37]
anodization on the same solution. When using the same solution, hard anodization voltages
would yield a higher diameter pore than mild anodization ones. This is due to the faster
dissolution of the oxide layer driven by the higher electric field, compared to lower (mild)
anodization voltages [35]. Another approach to fabricate diameter-modulated templates is
by chemical widening of the pores after a segment of plated metal has been deposited in a
nonmodulated anodized template [38].
A general diameter modulation of an alumina template, using pulsed or cyclic anodization,
would proceed as in Figure 3. After electropolishing the aluminum disc, mild anodization
is performed to form a first thick oxide layer (Figure 3(a)). This reduces the effective electric
field at the oxide layer when higher voltages are applied, limiting the production of high current densities from burning the sample. Then, the voltage is slowly increased (0.05–0.5 V/s)
until it reaches the hard anodization value (Figure 3(b)). At this point, cycles between hard
(high diameter) and mild (low diameter) anodization voltages can be repeated to achieve the
desired pore length (Figure 3(c)).
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Figure 3. Diameter modulation of an alumina template. (a) Mild anodization process is carried out to create a thick
oxide layer to withstand the high voltages of hard anodization, (b) voltage is slowly increased until the hard anodization
voltage is reached, (c) changing the voltage from hard to mild anodization values results in the diameter modulation.

3. Electrochemical synthesis of nanowires
Electrochemical deposition or electrodeposition is an inexpensive and widely exploited
technique for the deposition of metals through the chemical reduction of metal ions from an
aqueous electrolyte [39]. Electrodeposition into AAO templates yields cylindrical nanowires that grow in a bottom-up fashion. The electrodeposition setup consists of an AAO
template placed in contact with a cathode, and an anode placed parallel to it in an aqueous
electrolyte consisting of the precursor material. Upon the application of an electric field,
cations of conductive material diffuse toward the cathode and are reduced therein, resulting in the growth of nanowires inside the AAO pores whose length is monitored by the
charge density during deposition. There are two common techniques to deposit nanowires
namely direct current (DC) deposition and pulsed deposition. In order to perform electrodeposition, a conductive pathway should exist between the electrolyte and the cathode,
but the AAO template obtained after the second anodization process lacks this feature.
To overcome this problem, two approaches exist namely barrier layer removal by voltage
control [18, 40] and barrier layer removal by chemical etching. The former approach results
in aluminum-supported AAO templates, whereas the latter results in free-standing AAO
templates.
3.1. Fabrication of nanowires in aluminum-supported aluminum oxide template
templates
In the case of barrier thinning approach, the barrier layer formed after the second anodization (Figure 4(1)) is reduced by applying a decreasing voltage in successive steps. This
process results in the formation of small root-like pathways or dendrites at the bottom of the
hemispherical pores (as seen in Figure 4(2)), along with the thinning of the alumina barrier
layer [41]. The thinned barrier layer along with the dendrites creates a lower potential for
the deposition current to tunnel through the alumina barrier layer during the subsequent
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electrodeposition step (Figure 4(3)). The deposition into aluminum supported AAO templates is a straightforward process, as it does not involve any chemical etching post-anodization, unlike the free-standing templates (Section 3.2). The pulsed deposition technique
is utilized in these templates, in order to avoid charging of the barrier layer and ensure a
uniform deposition of the nanowires. The pulsed deposition consists of applying a negative current pulse which attracts the positive metal ions to the bottom of the AAO pores,
followed by a positive voltage pulse which discharges the alumina barrier layer. Finally, a
recovery time, wherein neither a current nor a voltage pulse is applied, aids in refreshing
the solution at the bottom of the pores.

Figure 4. Electrodeposition into an aluminum supported AAO template. (1) Ordered pores after second anodization,
(2) barrier layer thinning by voltage reduction resulting in the formation of dendrites, (3) electrodeposition of
nanowires.

3.2. Fabrication of nanowires in free standing aluminum oxide templates
In order to obtain a free-standing template, i.e., consisting of pores open from both sides,
after the second anodization (Figure 5(1)), the nonoxidized aluminum is removed by chemical etching under constant stirring (Figure 5(2)). Once the aluminum layer is removed,
the alumina layer consisting of nanopores is chemically etched using an aqueous solution
(Figure 5(3)), thereby resulting in open-ended nanochannels (Figure 5(4)). A conducting
pathway for the electrodeposition step is achieved by physical vapor deposition of a suitable metal such as gold on the backside of the template to act as an electrode (Figure 5(5)).
The template is then immersed in the suitable electrolyte (Figure 5(6)), and electrodeposition is then performed (Figure 5(7)) Once the electrodeposition is completed, the template is
rinsed and dried (Figure 5(8)), and finally, the electrode is removed by plasma etching. Even
though the free-standing templates are not straight forward to fabricate in comparison with
the aluminum-supported AAO templates, their pores can be chemically widened, thereby
providing more diameter flexibility to the AAO templates postfabrication. In addition to
this, DC deposition can be performed due to the good electrical contact between the AAO
template and the cathode.
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Figure 5. Electrodeposition into free-standing AAO template. (1) Ordered nanopores obtained after second anodization,
(2) chemical etching of aluminum layer, (3) chemical etching of alumina layer, (4) free standing AAO template obtained,
(5) electrode deposited onto the AAO template, (6) wetting the template with the electrodeposition solution, (7)
electrodeposition of nanowires, (8) electrodeposited nanowires.

3.3. Fabrication of multisegmented nanowires
Multisegmented magnetic nanowires can be used for a wide range of applications such
as data storage by using multisegmented Co/Ni nanowires [15, 42], functionalization,
and release of molecules [43, 44], cell detection [43], etc. Multisegmented nanowires can
be fabricated by electrodeposition into AAO templates using either a single electrolyte
solution or more than one electrolyte solutions [15, 45–47]. In the case of a single electrolyte solution, each component within the electrolyte will have differing concentrations
and deposition voltages, and alternating between the voltages will result in a multilayered structure. Since both applied voltages have the same sign, what prevents the
deposition of both materials at the same time is the difference in concentration. Thus,

Figure 6. Electrodeposition of multisegmented nanowires using two electrolyte solutions. (1) Deposition of metal using
electrolyte A, (2) rinsing of the nanopores, (3) deposition of metal using electrolyte B.
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the lower concentration component will be limited by diffusion, when the higher concentration component is being deposited. If different electrolyte solutions are used, after
depositing one metal (Figure 6(1)), the AAO template is rinsed (Figure 6(2)), and the second electrolyte is used for the next deposition (Figure 6(3)). This can be repeated several
times to obtain a specific number and arrangement of segments [15].

Figure 7. Scanning electron microscopy (SEM) image of a cross-section of an AAO template with multisegmented Au/
Ni/Au nanowires. Inset depicts magnified image (reprinted with permission from Moreno [48] copyright 2016 KAUST).

Figure 7 depicts an example of electrodeposition using separate nickel and gold electrolyte
solutions with a rinse step in between solution changes. The different contrast exhibited by
the nickel segment assists in identifying different composition variation along the nanowire.
The variation of the thickness of the nickel segment between different nanowires is a consequence of slight pore diameter variations within the AAO template.
3.4. Fabrication of core-shell nanowires
Core-shell nanowires consist of different core and shell materials such as metal-nonmetal
or metal-metal nanowires [49–51]. They are fabricated in order to tune their magnetic
properties and take advantage of the combined properties of the core and shell materials [52, 53]. One technique for realizing core-shell nanowires is by utilizing atomic layer
deposition (ALD) to fabricate a shell structure. ALD is performed on AAO templates and
the thickness of the deposited film is tuned by the number of ALD cycles. Once the shell
structure is obtained, the core is fabricated by electrodeposition of the required material.
Even though ALD can provide a conformal shell structure, the technique is an expensive
as well as challenging process due to the high aspect ratio of the templates. A facile lowcost technique for fabricating metal-oxide core-shell nanowires such as iron-iron oxide
(magnetite) nanowires is by oxidizing released iron nanowires in an oven at 150°C, for
10 min to 72 h in an ambient atmosphere (Figure 8) [50]. This technique easily allows the
tuning of the geometry (such as core radius, shell thickness, and length) and crystallinity
(single or polycrystalline core) of the nanowire. Consequently, the magnetic properties
can be tuned, i.e., the saturation and remanence magnetization decrease with increasing
shell thickness.
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Figure 8. Fabrication process of core-shell Fe-Fe3O4 nanowires [18].

4. Characterization of single nanowires
A comprehensive characterization of nanowires is crucial toward utilizing these novel structures
for various applications such as biosensors, drug delivery, data storage, etc. Mostly, the collective
behavior of nanowires in an array has been studied [54–56], which provides some insight into the
magnetic properties of the nanowires but is affected by magnetostatic interactions between them.
Hence, single nanowire characterization is desirable, but there are various challenges associated
with it, due to the nanowire’s small dimensions. For example, the high aspect ratio of the nanowires makes it prone to mechanical deformations during their release from the template as well
as during subsequent characterization. The small volume of the nanowire makes magnetic and
electrical characterization challenging, due to the low magnetic signal associated with it, as well
as its sensitivity to electrical discharges resulting in melting the nanowire. The characterization of
single nanowires can be broadly divided into physical, magnetic, and electrical characterization.
In this chapter, an overview of the various techniques for single nanowire probing is discussed.
For probing single nanowires, firstly the nanowires have to be released from the AAO template. The nanowires are released by dissolving the alumina using a selective chemical etchant.
The process of release varies between nanowires in aluminum-supported AAO templates and
free-standing templates with an electrode back layer. The nanowires in the aluminum-supported AAO templates are released by placing the electrodeposited AAO template in a micro
centrifuge tube with a solution of sodium hydroxide at room temperature [5]. This dissolves
part of the alumina resulting in the detachment of the aluminum back layer, which is then
removed from the tube. To further dissolve the alumina, sodium hydroxide at room temperature or a solution of chromium oxide and phosphoric acid at around 40°C is used. Once the
alumina is completely etched, the nanowires, which are now suspended in the etchant, are
extensively rinsed and stored in high-purity ethanol. The ethanol rinsing is performed by
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placing the micro centrifuge tube in a magnetic tube holder rack. The nanowires fabricated
using the free-standing AAO templates do not possess an aluminum back layer but instead
an electrode usually gold is present, which can be easily removed by ion milling. The AAO
template is then chemically etched using either sodium hydroxide or a solution of chromium
oxide and phosphoric acid, as described previously. The etchant concentrations, temperatures, and times may vary depending on the goal of the characterization studies [57].
4.1. Physical characterization
The geometry, morphology, chemical, and structural characteristics of single nanowires have
been widely studied using electron microscopy techniques such as scanning electron microscopy (SEM) and transmission electron microscopy (TEM) [58]. For investigation under an
electron microscope, the released nanowires are dispersed onto a substrate such as silicon
(Figure 9(a,b)) or TEM grid (Figure 9(c,d)). The SEM is generally utilized to probe the nanowire dimensions and structural variations along its length. The SEM is particularly useful in
magnifying features such as dendrites, which are present at one end of the nanowire, when
they are fabricated using the aluminum-supported AAO template (Figure 3(1)). Figure 9(b)
depicts the SEM image of such a nanowire (polycrystalline fcc nickel nanowire) with a relatively smooth topography, which constitutes two parts: the main part, which is cylindrical
and an additional dendritic region [41]. A dendrite typically consists of two to four root-like
structures of approximately 500 nm length and a slightly varying shape from one nanowire
to another. The TEM on the other hand provides a high-resolution image and more detailed
morphological information such as surface roughness (Figure 9(c)). The TEM allows imaging
of the cross-sectional shape of the nanowire, which is ideally expected to be cylindrical, but in
some cases, it deviates from the ideal structure (Figure 9(d)). This deviation is a consequence
of noncircular pore shapes in the AAO template. Both SEM and TEM can provide information on the chemical composition of the nanowire using techniques such as energy-dispersive X-ray spectroscopy (EDS) [59] and electron energy loss spectroscopy (EELS) [60]. Even
though the EDS technique can be performed in an SEM, its resolution is limited to identifying
the presence or absence of an element, whereas EDS mapping in a TEM provides a higher
spatial resolution. In comparison to the EDS, the EELS technique is a challenging technique
performed using a TEM but provides a more detailed chemical mapping of the nanowire.

Figure 9. SEM image of a (a) nickel nanowire, (b) magnification of the end of the nanowire depicting the dendritic
portion. TEM image of (c) a nickel nanowire with inset of SAED image depicting fcc structure, (d) cross-section of a
nickel nanowire (reprinted from Vilanova Vidal et al. [41], with the permission of AIP publishing).
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The crystalline structure of a nanowire can be probed using an electron diffraction technique
referred to as selected area electron diffraction (SAED) [59]. This powerful technique offers
structural information from even a small region of the nanowire. In addition to this, defects
such as planar defects can be probed using dark-field TEM.
4.2. Magnetic characterization
Magnetic characterization of single nanowires yields fundamental information such as the
saturation magnetization, coercivity, switching field, squareness of individual nanowires,
magnetization reversal process, and the types of domain walls involved, as well as the propagation of domain walls within the nanowire. Even though the small nanowire volume makes
magnetic characterization challenging due to the low magnetic signal, as well as proper
positioning and orientation of the magnetic field with respect to the nanowire axis, various
techniques such as magnetometry and microscopy allow the magnetic probing of individual
nanowires.
4.2.1. Magnetometry
Magnetometry techniques such as super conducting quantum interference device (SQUID) and
magneto-optical Kerr effect microscopy (MOKE) give an insight into the magnetic behavior of
a nanowire by the acquisition of a magnetic hysteresis loop. The SQUID magnetometer, which
is commonly used for nanowire array characterization, can be modified by lithographically
patterning a micro-SQUID detector around a single nanowire in order to sense the low magnetic signal arising from a single nanowire [13, 61]. By measuring the hysteresis curves along
the axial and transverse directions, the easy axis of the nanowire can be easily determined. The
MOKE microscopy as the name suggests is based on the Magneto-Optical Kerr effect, wherein
polarized light reflected from a magnetic material undergoes a rotation of its polarization.
Measuring the rotation or change of polarization of the reflected beam gives information about
the magnetization state of the sample [62]. This rotation depends on the relative orientation
of the incident polarization with the sample magnetization. Therefore, the Kerr effect can be
classified into longitudinal, transverse, and polar Kerr effect based on the direction of the
magnetization vector with respect to the incident and sample planes. The MOKE microscopy
is a versatile and well-established technique and is a more simple approach in comparison
to the micro-SQUID, as the samples can easily be measured without an additional structure
fabrication. Measuring the Kerr signal from a cylindrical nanowire is however a challenging
task due to the small probing area available. In addition to this, the curvature of the nanowire
further reduces the signal from the probed area, since at a given time only one Kerr effect (say
longitudinal Kerr effect wherein the magnetization is in the plane of the sample) is probed.
Due to these reasons, it is crucial to achieve a good focus of the laser spot on the nanowire and
attain the highest possible alignment of the setup (such as lenses, laser, etc.), in order to obtain
a high Kerr signal from the nanowire.
The MOKE measurements of a Ni nanowire yield a magnetic hysteresis loop as depicted in
Figure 10 [41]. The obtained hysteresis loop is characterized by two saturated states indicating
opposite directions of magnetization within the nanowire, with a sudden jump in the hysteresis
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loop indicating a sharp reversal of the nanowire’s magnetization. The magnetic field value at
which a sharp reversal of the nanowire magnetization is observed is considered as the switching field (Hsw). The above observations of the magnetization reversal are indicative of a single
magnetic domain behavior of the nanowire [41, 63].

Figure 10. Hysteresis loop of a single Ni nanowire (160 nm diameter and 12 μm in length). The arrows in the schematics
indicate the magnetization direction within the nanowire (reprinted from Vilanova Vidal et al. [41], with the permission
of AIP publishing).

In addition to obtaining information directly related to the magnetic hysteresis loops of a
single nanowire, the magnetization reversal mechanism of the nanowire can be probed by
modifying the measurement routine such as by changing the angle of the applied field during
the measurement, i.e., angular dependence studies, which would yield the angular nanowire
coercivity. Also, the measurement of several individual nanowires and their behavior with
fields applied at various angles can be probed in the MOKE [41].
4.2.2. Magnetic imaging
Imaging the magnetic signal of a nanowire and its response to an external magnetic field yields
useful information about the nanowire’s magnetization reversal process, as well as details
of the magnetic domains and domain walls. The versatility of the imaging techniques has
increased interest in the study and control of domain-wall dynamics, which is fundamental
for domain-wall propagation–based applications. Even though imaging of cylindrical nanowires is relatively straight forward, the interpretation of the obtained data is challenging, as the
nanowires are three dimensional unlike in the case of planar structures, thus increasing the
complexity of single nanowire characterization. Also, the nanowires’ cylindrical shape makes
the domain-wall internal structure difficult to visualize, like the core of a vortex domain wall.
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Magnetic force microscopy (MFM) is a scanning probe microscopy technique which
is widely used for the magnetic imaging of nanostructures [64]. The MFM is a special
operational mode of the atomic force microscope (AFM), wherein the standard AFM tip
is replaced with a magnetic tip usually coated with a high coercivity thin film to fix the
magnetization of the tip during imaging. During an MFM scan, the magnetic tip interacts
with the magnetic stray fields near the sample surface, and the strength of the local magnetostatic interaction results in a magnetic map of the scanned area. Figure 11(a) depicts
the AFM image of a Ni nanowire, whose corresponding MFM images at remanence are
depicted in Figure 11(b ,c). Firstly, a magnetic field is applied to saturate the nanowire in a
particular direction. When the nanowire is magnetically saturated, a dark and bright signal
or spot can be observed at the ends of the nanowire. These spots are a result of the stray
fields from the ends of the nanowire, which interact with the MFM tip resulting in a repulsive and attractive interaction. In order to understand the magnetization reversal and determine the switching field of the nanowire, the following procedure is performed: firstly, a
magnetic field is applied to saturate the nanowire in a particular direction. The magnetic
field is then removed, and the nanowire is imaged at remanence. The scans are performed
at remanence in order to avoid effects of the stray field of the MFM tip on the nanowire’s
switching field. The magnetic field is then increased in the opposite direction, until the
magnetization of the nanowire is reversed. MFM studies reveal that the nanowire consists
of a single magnetic domain with a sharp transition between the two magnetic states. The
magnetic field value for which a change in contrast at the ends of the nanowire is observed
is considered as the Hsw of the nanowire. The observations from the MFM images agree
with the previously obtained MOKE results (Figure 10) and confirm the single domain
structure of the nanowire [41].

Figure 11. (a) Atomic force microscopy (AFM) image of a Ni nanowire, and (b–c) corresponding magnetic force
microscopy (MFM) image of the Ni nanowire. The direction of nanowire magnetization is indicated by the arrows within
the nanowire. The interaction of the MFM tip with the nanowire’s stray field is depicted as a repulsive and attractive
interaction (reprinted from Vilanova Vidal et al. [41], with the permission of AIP publishing).
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Several other techniques exist such as Lorentz microscopy [65], modified differential phase
contrast microscopy [66], photoemission electron microscopy (PEEM) combined with X-ray
magnetic circular dichroism (XMCD) [67, 68], and electron holography [69], which are powerful characterization tools that can yield highly valuable local magnetic information.
4.2.3. Micromagnetic simulations
Even though experimental magnetic characterization techniques offer valuable information
about the magnetic nature of the nanowire, they are limited mainly by the 2D data that is
obtained as well as the challenges in studying different parameters. Micromagnetic simulation
is a versatile tool to understand the magnetization reversal process in nanowires and therefore
very useful for interpreting the data obtained from experimental techniques. There are several
open source and commercial micromagnetic simulation packages available such as MAGPAR
[70], NMag [71], OOMMF [72], LLG Micromagnetics Simulator [73] etc. Studies using micromagnetic simulation tools have revealed that the magnetization reversal in cylindrical nanowires occurs by the nucleation and propagation of domain walls rather than by means of coherent
rotation or curling (as was previously understood) and that the type of the domain wall depends
on the diameter of the nanowire. As an example, the magnetization reversal process of a polycrystalline Ni (diameter of 160 nm) nanowire was simulated using the MAGPAR package [41].
Since the nanowire consists of a polycrystalline structure, a tetrahedral mesh was randomly
assigned with an average mesh size of 6 nm, which is approximately the exchange length of Ni
[74]. Figure 12 gives an overview of the reversal process and consists of four snapshots from
the reversal process of the simulated nanowire (green arrows indicate the magnetization direction). Firstly, the nanowire is saturated in the +MZ direction. The magnetic field is then reduced
until remanence after which it is applied in the opposite direction, i.e., –MZ direction. At remanence, most of the nanowire is magnetized in the +MZ direction, except for the nanowire ends,
which consist of a pair of open vortex areas (OVAs) that are formed as a consequence of the
demagnetizing field (to minimize the magnetostatic energy). The magnitude of the magnetic
field is increased in the –MZ direction, and at the switching field, two domain walls (Bloch-point
domain walls) nucleate and propagate toward the center of the nanowire, reversing the magnetization direction (Switching process in Figure 12). Upon further increase of the magnetic field,
the nanowire’s magnetization attains a saturated state (saturation state in Figure 12).

Figure 12. Visualization of the magnetization reversal process from remanence in the +z direction to saturation in the –z
direction. The dashed boxes indicate the Bloch-point domain walls (reprinted from Vilanova Vidal et al. [41], with the
permission of AIP publishing).
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4.2.4. Combination techniques
By utilizing various magnetic characterization techniques (such as magnetometry, magnetic
imaging, and micromagnetic simulations) in combination with different measurement routines such as angular dependence studies, it is possible to gain valuable additional information. For example, the effect of the cross-section shape of the nanowire with the switching
field (HSW) is investigated using MOKE, MFM, and the Magpar package [41]. The simulations
were performed utilizing a circular and a real cross-sectional shape of a nanowire as depicted
in Figure 13(a) from θ = 0° to 70°. In Figure 13(b), the simulated angular dependencies of the
ideal circular and real cross-sections are plotted along with the experimental MOKE and MFM
results. It was observed that the values of HSW of nanowires with real and ideal cross-sections

Figure 13. (a) Micromagnetic simulations performed using a real cross-section of a Ni nanowire, (b) dependence of
switching field with angle between the nanowire and applied field, of five nickel nanowires measured using MOKE,
MFM, and micromagnetic simulations. The simulations were performed using different nanowire cross-section shapes
namely circular and real cross-section (reprinted from Vilanova Vidal et al. [41], with the permission of AIP publishing).

are different from each other. For example at θ = 0°, the HSW of ideal cross-section is around 60%
of the real cross-section. The angular HSW simulations of the real and circular nanowire crosssection depict two different slopes of the curve. In the real cross-section, increasing angles
leads to a higher value of HSW, whereas not much of an increase is observed with increasing
angles in the circular cross-section. Interestingly, the HSW values obtained from the circular and
real cross-sections define a range inside which all the experimental data fit. This suggests that
the different HSW values found for different nanowires are a result of their slightly different
cross-sectional shapes. While the simulation with the circular cross-section yields the smallest
possible values for HSW, it might be possible to observe even larger values than the ones found
for the real cross-section, depending on the actual cross-section shape of the nanowire ends.
Thus, the micromagnetic simulations performed here are able to reproduce the experimental
scattering obtained for HSW of different nanowires. The cross-sectional shape of the nanowire
strongly influences HSW. This is an observation that is particularly relevant from a technological
point of view, where the properties of individual nanowires need to be taken into account for
device design.
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4.3. Electrical characterization
The study of the magnetic and transport properties of cylindrical nanowires such as thermal
and resistivity studies, anisotropic magneto resistance, spin transport, etc. is important from
a fundamental point of view to investigate unique properties that may arise due to the size of
the structures. From a technological perspective, electrical characterization is crucial for device
applications. There are several challenges involved in the electrical characterization of a single
nanowire such as the contacting of a single nanowire, attaining a low contact resistance, and
avoiding electrical discharge that would otherwise result in destroying the nanowire.
4.3.1. In-situ characterization
There are two approaches to electrically address a single nanowire [15, 75–79]. The first approach
involves addressing nanowires that are still in the AAO template, i.e., in-situ characterization [75,
76]. This is achieved by patterning electrodes on either side of the AAO template, taking care to
contact only a single nanowire. The disadvantage of this approach is that the contacted nanowire
could be influenced by the neighboring nanowires. Also, it is not possible to analyze the contacted nanowire for the presence of defects or other irregularities which would affect the electrical characterization of the nanowire. In addition to this, the technique is limited to two-point
measurement.
4.3.2. Ex-situ characterization
The second approach to electrically address a single nanowire is by contacting released nanowires, i.e., ex-situ characterization [15, 76–79]. The advantages of the ex-situ approach are that
nanowires can be chosen selectively under a microscope, which allows to probe any structural
deformities along its length. In this approach, measurements are not limited to two-point geometry, and different sections of the same nanowire (as small as 500 nm) can be probed. An added
advantage of the ex-situ approach is that several characterization techniques such as MFM and
MOKE can be performed on the same nanowire, thus allowing the nanowire’s extensive electrical and magnetic characterization [41]. The ex-situ characterization can be realized by two methods, by dispersing nanowires onto prefabricated electrodes or by dispersing nanowires onto a
substrate (such as Si/SiO2) and patterning electrodes onto the dispersed nanowire. The former
technique requires careful alignment of the nanowires with the electrodes, such as by applying
an external magnetic field. The latter does not require any nanowire manipulation but involves
the identification of a dispersed nanowire such as by using a scanning electron microscope
(SEM) followed by marking its location by patterning alignment marks using a focused ion
beam (FIB). Here, it is crucial to obtain sufficiently isolated nanowires which are spread over the
substrate. This can be achieved by diluting the nanowire-containing ethanol stock solution to
reduce the concentration of dispersed nanowires. The alignment marks aid in electrode placement in the subsequent lithography steps. This approach allows the selection of a nanowire with
high precision, as well as contacting only a single nanowire with no additional structures in the
vicinity of the nanowire. Generally, the electrode design is patterned either by electron-beam
lithography (EBL) [15] or optical lithography [80]. Both the exposure systems have their own
advantages and disadvantages. Even though EBL is a labor, cost, and time-intensive process, it
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Figure 14. SEM image of electrodes patterned using electron-beam lithography onto a single nanowire. Inset depicts a
magnified image (© [2016] IEEE. Reprinted, with permission, from Mohammed et al. [15]).

achieves high precision and small electrode widths (Figure 14). This is advantageous when the
nanowires are of a shorter length. In the case of EBL, the alignment of the electron beam with
the nanowire is extremely challenging especially when it involves a large number of electrodes.
Optical lithography on the other hand is a relatively quick process but has limitations regarding
the minimum width of electrodes as well as the length of the nanowires that can be used. Once
the design is lithographically patterned, electrodes are deposited onto the nanowire. To obtain
a good ohmic contact between the electrodes and the nanowire, an etch step is performed prior
to the electrode deposition, in order to remove the nanowire oxide layer at the resist openings.
This etching process is optimized by systematically controlling the etch time to avoid over or
under etching of the nanowire.
4.3.3. Magnetoresistance of individual nanowires
The magnetoresistance (MR) effect has its origin in spin–orbit interaction and depends on the
relative orientation of the magnetic moments with respect to the direction of applied electric
current. The magnetoresistance (MR) curve offers an insight into the switching behavior of
nanowires [81]. Figure 15(a) depicts the schematics for MR measurement and (b) shows the
magnetization reversal/MR curve of a Ni nanowire (160 nm diameter). At magnetic saturation, the magnetic moments are aligned parallel to the direction of current indicated by the
high resistance state in the MR curve. Reversal of the magnetic field results in a decrease of
resistance as the magnetic moments continuously rotate away from the direction of current
[13, 15, 82]. At a distinct value of the magnetic field referred to as the switching field HSW, there
occurs an abrupt reversal of the magnetic moments, which is indicated by a sudden jump of
resistance [15], as shown in Figure 15(b).
The MR curve is also useful to identify interruptions in the domain wall motion during
the magnetization reversal of the nanowire. These interruptions referred to as pinning can
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Figure 15. (a) Magnetoresistance measurement schematic depicting a nanowire with four electrodes patterned onto it.
The black arrow within the nanowire indicates the nanowire’s magnetization direction, (b) Magnetoresistance curve
of a Ni nanowire starting from negative saturation to positive saturation (depicted by the red arrows) followed by
performing the measurement in the reverse direction, i.e., from positive to negative saturation. The black arrow within
the nanowire indicates the nanowire’s magnetization direction (reprinted from Vilanova Vidal et al. [41], with the
permission of AIP publishing).

be a consequence of a defect (pinning site) within the nanowire. Pinning can be artificially
introduced by local modification of magnetic properties by utilizing multisegmented or
diameter-modulated nanowires, as well as by introducing notches onto the nanowire. For
nanowire-based data storage applications, it is essential to create reliable pinning sites along
the nanowire so that domain walls (or bits) can be reliably pinned and depinned (to move the
bits) along the nanowire.
Figure 16(a) is an SEM image of a nickel nanowire (20 μm long with a diameter of 160 nm)
with four triangular notches patterned onto it using an SEM equipped with a focused ion
beam. The MR curve of the notched nanowire constitutes a nonabrupt reversal or a step in the
magnetization reversal curve at the HSW (~150 Oe). This discontinuity during the magnetization reversal is an indication of a domain wall which would only depin upon further increase
of the applied field. The magnetization reversal at HSW shows two steps (the circles represent
the step positions) in Figure 16(b). These two steps are present in both directions and are an
indication for domain wall pinning at the two constriction sites.

Figure 16. (a) SEM image of a Ni nanowire with notches (to pin domain walls) etched using a focused ion beam, (b) MR
curve of the Ni nanowire with notches. Insets depict the magnified area of the MR curve where pinning is observed
(represented by the circles).
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5. Characterization of multisegmented Co/Ni nanowire
The characterization of multisegmented Co/Ni nanowires (consisting of hcp Co and fcc nickel
structure) reveals interesting features. It has been observed that the interface between the Co
and the Ni segment act as pinning sites (Figure 17). This is an important feature for the application of such nanowires as 3D memory devices.

Figure 17. Schematic of a multisegmented nanowire consisting of alternating segments of cobalt and nickel.

Figure 18 depicts the MR curve of a multisegmented Co/Ni nanowire. The magnetization reversal
of the nanowire proceeds from a magnetically saturated state indicated by the high resistance
value in the MR curve (Figure 18(a)). As the direction of applied field is reversed, a gradual
decrease in resistance is observed. This decreasing resistance in the MR curve is a consequence of
the rotation of the nanowire’s magnetic moments away from the direction of applied current. We

Figure 18. Magnetoresistance curve of a multisegmented co/Ni nanowire. Stage (a) of magnetization reversal depicts
the saturated state wherein the magnetic moments are aligned parallel to the current, stage (b) depicts a nanowire with
a domain wall (head to head in this case), and finally, stage (c) represents the saturated state with the nanowire having
a reversed magnetization direction to that in stage (a). (reprinted (adapted) with permission from Ivanov et al. [83].
Copyright (2017) American Chemical Society).
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find that the MR curve of the multisegmented Co/Ni nanowire differs from that of the Ni nanowire in Figure 15(b). Here, the MR curve is similar to the nanowire with notches (Figure 16(b)),
i.e., instead of the distinct jump at HSW, it displays an interruption or plateau during the jump
(Figure 18(b)). The plateau indicates that the magnetization does not reverse at once, and magnetization reversal proceeds only upon further increase of the applied magnetic field. This region
of the curve is indicative of the pinning of a domain wall, which continues to propagate upon
further increase in the magnetic field. Finally, the direction of magnetization within the nanowire
is reversed, leading to a parallel alignment of the magnetic moments with respect to the current,
which is indicated by the high resistance value in the MR curve (Figure 18(c)).
MFM studies performed on the multisegmented Co/Ni nanowire reveal interesting features.
As discussed earlier in Section 4.2.2, the MFM image of a single domain state of a nanowire is
characterized by a bright and a dark spot at the ends of the nanowire (Figure 11). The MFM
image of a Co/Ni nanowire with a domain wall pinned at the interface however displays a
different stray field configuration. In this case, the contrasts or spots from the ends of the
nanowire would be the same, and in addition to this, an alternate contrast would be observed
at the interface. Figure 19 is an MFM image of a multisegmented Co/Ni nanowire and is characterized by two bright spots at the end of the nanowire and a more pronounced black spot at
the interface, from which the magnetization state of the nanowire a two domain state with a
domain wall pinned at the center can be inferred. The MFM image confirms that the interface
in fact acts as a pinning site as indicated by the MR curve.

Figure 19. MFM of a multisegmented co/Ni nanowire with a domain wall pinned at the interface. The arrows within
the nanowire schematic represents the direction of magnetization within the nanowire (© [2016] IEEE. Reprinted, with
permission, from Mohammed et al. [15]).

6. Characterization of diameter modulated nanowires
Nanowires grown in templates allow for the fabrication of nearly one-dimensional structures
(see Section 3.2 and 3.3). When the shape of the pores is tailored, e.g., by diameter modulation
as described in Section 2.2, the growing nanowires will fill the pores and acquire the geometry
of the AAO template (Figure 20(a)). From the various experimental and micromagnetic simulation results, general behaviors of the magnetization reversal mechanisms can be found that
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relate to the nanowire diameter modulation. The nucleation of a domain wall begins at the free
ends and/or at the diameter transition, and the domain wall propagates from the thicker to
the thinner segment [84]. Small diameters favor transverse domain walls, due to the exchange
interaction contribution, while larger diameters favor vortex domain walls, where longer range
dipolar interaction becomes more relevant [85]. This means HSW values are dominated by the
segment of larger diameter and explain why small differences in diameter between the two
ends of a nanowire promote the propagation of a domain wall from only one end. Also, the
dipolar interaction between segments with different diameters reduces the switching and saturation fields compared to a conventional nonmodulated nanowire with diameter equal to the
thinner segment [16, 32, 84]. This is due to the strong interaction between the stray fields at the
ends of each segment which is a result of the sudden diameter change. Domain walls can nucleate at these perpendicular surfaces as a mechanism to minimize the magnetostatic energy [86].
Figure 20(b) shows an AFM image of a FeCoCu nanowire with the diameter modulated
between 100 and 140 nm. As seen in the MFM image of Figure 20(c), the single domain configuration of the nanowire is maintained independent of the number of modulations. Stray fields
are emanating not only from the ends of the nanowire, as in the case of nanowires with constant
diameter (Figure 11(b,c)) but also from the ends of the segments with larger diameters [29, 88].
Modulations of the magnetization profile lead to the creation of pinning sites for domain walls
[37, 87]. Magnetic poles of different signs are created at the modulation transition regions,

Figure 20. (a) Schematic of a diameter-modulated nanowire. (b) AFM image and (c) corresponding MFM image of a
diameter-modulated FeCoCu nanowire (reprinted with permission from Rodríguez et al. [87]. Copyright 2016 American
Chemical Society).
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increasing the magnetic surface charge, which is minimized by the creation of vortex states.
The efficiency of domain wall pinning sites in cylindrical nanowires depends on the parameters that modify the magnetization profile with respect to the magnetic surface charges.
Hence, the pinning sites’ geometrical magnetizations can be used to tailor the properties of
cylindrical nanowires and integrate different functionalities into them.

7. Characterization of core-shell Fe-Fe3O4 nanowires
Energy-filtered transmission electron microscopy (EF-TEM) can be used to study the evolution of the core-shell nanowire structure for different oxidation times. TEM studies into
core-shell Fe-Fe3O4 nanowires have revealed that annealing of both polycrystalline or singlecrystal iron nanowires leads to the formation of an oxide shell structure (Figure 21(a)) but
possess distinctly different characteristics [50]. The oxide shell thickness of polycrystalline Fe
nanowires (Figure 21(b,c)) increases linearly with annealing time until the disappearance of
the Fe core, leaving behind a pure Fe3O4 nanowire. However, the oxidation of the single-crystal Fe nanowires (Figure 21(d,e)) is observed to be a slower process, and the shell thickness
does not increase beyond a certain limit (12 nm), thus maintaining the Fe core structure. It was
observed that the O clearly concentrates at the edges while in fully oxidized nanowires; O is
distributed across the entire volume. This can be attributed to the absence of grain boundaries that are required for heat-assisted oxygen diffusion. The ability of single-crystal core-shell
nanowires to resist complete oxidation is a great advantage for applications that require hightemperature operations, while they maintain the magnetic properties of the Fe core [50].
Magnetic force microscopy studies into polycrystalline and single-crystal core-shell Fe-Fe3O4
nanowires reveal marked differences. The single-crystal Fe and the core-shell nanowires fabricated from single-crystal Fe displays a single magnetic domain state, whereas a multidomain state is observed in core-shell nanowires fabricated from polycrystalline Fe nanowires.
The core-shell nanowire is an attractive candidate for biomedical applications [7, 8, 83], due
to their tunable magnetization and long-term stability. In addition to this, a high degree of

Figure 21. (a) Formation of the Fe-Fe3O4 core-shell structure, (b–e) bright field color-coded EF-TEM images of the Fe (red)
and O (green) of polycrystalline Fe nanowires after (b) 20 min, (c) 24 h annealing and single crystalline Fe nanowires
after (d) 1 h, (e) 72 h [50].
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Figure 22. Cell viability studies of colon cancer cells incubated with Fe and Fe-Fe3O4 core-shell nanowires with varying
concentrations (nanowire-to- cell ratio) for 24, 48, and 72 h [50].

biocompatibility required for biomedical applications has been demonstrated by these nanowires. For instance, studies into the metabolic activity of cells incubated with Fe and Fe-Fe3O4
core-shell nanowires of varying concentrations and incubation times (Figure 22) reveal that
the nanowires have comparable and high values of cell viability at concentration of 100 and
200 nanowires per cell. At very high concentrations of 1000 nanowires per cell, Fe nanowires
cause a decrease in cell viability to about 80% after 72 h, while viability with Fe-Fe3O4 core-shell
nanowires remains high.
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