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1 Definition of the Topic

Magnetic force microscopy (MFM) is one of the operational modes of atomic force
microscopy (AFM). In this mode, a magnetic probe is brought close to the sample
surface and interacts with the magnetic stray fields emanating from the sample. The
strength of the local magnetostatic interaction determines the vertical motion of the
tip as it scans across the sample. Since early 1990s, it has been widely used in
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fundamental research on magnetic materials, as well as in the development of
magnetic recording components. It has the capacity to map the local stray fields
emanating from individual magnetic nanostructures of the sample, hence providing
insight into its magnetic behavior.

2 Overview

The fundamental properties of 2D arrays of magnetic nanowires and nanotubes
(NWs and NTs) have been well described theoretically, but real systems are subject
to certain flaws and imperfections which strongly affect the mechanism and dynam-
ics of magnetization reversal. Therefore, before exploiting the vast potential of
magnetic NWs and NTs, there is a need to investigate the materials parameters as
well as the field dependent magnetic properties in real systems.

Amongst the various issues at stake for a comprehensive understanding of these
arrays is the influence of long-range dipolar interactions because these interactions
strongly influence the magnetization reversal and thus the switching field distribu-
tions (SFD) which plays a significant role for information storage. Particularly, the
width of the SFD is important since smaller values of this parameter leads to less
recording errors and it is also a measure of the quality of the recording media.
Consequently, the understanding and evaluation of the distinct parameters influenc-
ing the interactions and the intrinsic SFD in the magnetization reversal process of
such arrays is critical for the development of magnetic recording media. It is shown
that the intrinsic SFD mostly originates from nonuniformities of the geometrical
parameters such as the aspect ratio and the shape of the magnetic nanostructures.

This chapter provides an overview of theMFM characterization studies undertaken
to understand the reversal behavior of 2D arrays of magnetic NWs and NTs at the
nanoscale and the motivations to investigate isolated single domain NWs and NTs.

3 Introduction

The area of materials science and physics dealing with the magnetic properties of
objects having at least one dimension in the nanoscopic range, from 1 to 100 nm, is
called nanomagnetism. Its scope includes the study of the properties and applications
of magnetic nanoparticles, nanodots, nanowires, thin films and multilayers, and also
macroscopic samples containing nanoscopic particles [1].

Nanomaterials are of great interest because they exhibit valuable and unique
physical and chemical properties. Furthermore, there is an increasing demand for
new types of materials with different structures and improved physical properties to
be used in miniaturized devices. This has led, along with other conceivable candi-
dates, to the production of magnetic NWs and NTs because of their unique magnetic
properties and potential technological applications in, for instance, microwave
devices [2–4], chemical sensors [5, 6], high-density data storage [7–9], and light
emitters [10–12]. Magnetic NWs and NTs are attractive in physics, but they also got
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an enormous attraction in biological and biomedical applications [13–16]. They have
been proven to be promising tool for cell manipulation and positioning and have also
been suggested for hyperthermia usage to treat cancer cells [17]. In this application,
heating is caused by the magnetic hysteresis and is used to destroy harmful cells. To
overcome the limitation of superparamagnetism in existing magnetic recording
media and to achieve high storage densities, single domain magnetic NWs fabricated
into the holes of porous membranes [7, 18] have been found very attractive because
of the large shape anisotropy that may favor patterned media with perpendicular
anisotropy suitable for high-density magnetic storage. Suitable separation between
the nanowires is needed to avoid undesired effects due to interwire interaction and
magnetic dipolar coupling. There are numerous ways to grow NWs and NTs of
various kinds and materials but electrodeposition is considered to be the most
versatile and low-cost technique [19].

Generally, magnetization curves, obtained from magnetometry instruments such
as SQUID, AGFM, and VSM, are used to characterize the behavior of nanostruc-
tured magnetic materials [16, 20–27]. The characteristic features of these curves are
linked to the type of material, size, and shape of the entity, orientation of the sample
with respect to the field and sample magnetization history. Nevertheless, such global
information is not sufficient for a complete comprehension of magnetic interactions
and switching of individual particles at the nanoscale. Therefore when it comes to
nanomagnetic characterization, new cutting edge tools should be proposed.

The huge progress in nanotechnology would have not been possible without the
modern trend towards the miniaturization of devices and the development of specific
instrumentation, e.g., atomic force microscope (AFM) that can visualize
nanomaterials [28]. Magnetic force microscopy (MFM), a special mode of operation
of AFM, employs a magnetic probe (including the tip) to characterize magnetic
materials. Compared with the other magnetometry instruments, MFM has the
capacity to map the local stray fields emanating from individual nanostructures,
hence providing insight into their magnetic behavior. MFM presents a sufficient
resolution to simultaneously provide information about the topography and the static
magnetic configuration of individual magnetic nanostructures [29–34]. This tech-
nique can be used not only as a characterization instrument but also for magnetic
reading and writing of individual nanostructures [30].

Switching field distribution (SFD), along with saturation magnetization, rema-
nent magnetization, and coercive and saturation fields, is a key parameter to describe
the magnetic behavior of magnetic units. Switching field is strongly dependent on
geometric parameters and on the magnetization of surrounding neighbors. In very
dense arrays of NWs, the width of the SFD is due to external effects like dipolar
interactions and to intrinsic factors such as inhomogeneity of the diameters. How-
ever, the relative importance of both phenomena was not clear. Therefore MFM has
been widely employed to explore the properties of magnetic NWs (SFD, coercivity,
and remanent magnetization) in dense arrays as well as in dilute ones [7, 8, 35–37].

After having addressed the methods to fabricate NWs/NTs and the experimental
set-up to use MFM, this chapter reviews the salient research works presented by other
groups during the past few years to grasp the phenomena of magnetization reversal in
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2D arrays of interacting magnetic NWs and NTs. Then, our most recent works to
determine the magnetization reversal progress in low-density two-dimensional arrays
of ferromagnetic NWs and NTs are presented. In these arrays, the NWs are sufficiently
isolated from each other to neglect the dipolar interactions between them. This helps
to avoid the difficult corrections which are necessary for dense NWs arrays, leading to
an easier analysis and interpretation of the MFM experiments.

4 Experimental and Instrumental Methodology

4.1 Materials

4.1.1 Alumina and Track Etched Polymer Templates
A template, in general, is a predesigned structure within which a network exists for
further utilization. Formation of porous as well as barrier-like alumina films by
aluminum anodization is a well-known procedure which has been studied since
1950s [38] and forms the base of generating highly ordered alumina templates [39]
with nonintersecting and uniform pore channels (anodized aluminum oxide mem-
branes or AAO membranes). This type of template has been widely used for the
fabrication and study of high-density arrays of NWs and NTs [7–9, 40, 41].

In order to directly obtain the intrinsic properties of magnetic NWs by MFM,
analyses should be realized on arrays of noninteracting isolated NWs which cannot
be obtained using the AAO membranes due to the high pore density. This has been
recently performed, thanks to the use of polymer track-etched membranes, in which
pore density can be controlled, as templates for the synthesis of the magnetic NWs.
The creation of pores in a polymer film is a two-step process, namely, a) irradiation
with heavy ions and b) chemical etching of the ion track to produce randomly
distributed pores. This process allows controlling the size, shape, and density of
pores over a wide range of values. Indeed, sizes of 10 nm to several micrometers,
with a length to diameter ratio between 10 and 1000 are possible, and the pore
density can range from 105 to 1011 cm�2 [42, 43].

4.1.2 Electrodeposition of NWs and NTs
There are various strategies, depending upon the applications, for embedding the
matter of interest within the pores of templates. Electrodeposition of metals into the
pores of nanoporous membranes is particularly attractive [44] because: (a) it is a
simple, low-cost, high-throughput technique for fabricating large arrays of
nanowires with monodispersed diameter and length; (b) it provides the ability to
tailor the size, length, shape, and morphology of the material deposited by control-
ling the template morphology and the synthesis parameters; and (c) it provides the
ability to introduce composition modulation along the wire length, which in turn
enables precise control on architecture and magnetic properties.

Before starting the process of deposition, a thin conductive layer of Au or Cu is
sputtered on one side of the membrane which served as cathode during the subse-
quent electrochemical deposition of the metal in the nanopores. The template is first
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attached to the cathode of the electrolytic cell and then brought in contact with the
deposition solution in which a Pt anode and a reference electrode are dipped later. In
our experiments, electrodeposition of NW arrays is carried out in a Teflon cell using
an EG&G Princeton Applied Research potentiostat model 263. Figure 5.1 illustrates
the common setup.

The electrodeposition is initiated by the application of a potential bias between
the cathode and the anode. When an electric field is applied, cations diffuse toward
and reduce at the cathode, resulting in the growth of nanowires inside the pores of the
template. The nanowires grow inside the pores of the membrane from the cathode
because the electrolyte is confined to the exposed side of the membrane. During the
electrodeposition, the voltage is generally kept constant and its value depends on the
metal or alloy to be deposited. The evolution of the current between the anode and
the cathode is used to measure the progress of the nanowires growth. The current
passing between the anode and the cathode depends on the effective area of each of
those electrodes. The three stages of this process can be identified in the evolution of
the current with time (Fig. 5.2).
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Fig. 5.1 Schematic
representation of the
electrodeposition cell
containing the nanoporous
template in contact with the
cathode and filled with an
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Fig. 5.2 (a) Current as a function of time corresponding to the electrodeposition of an array of
Ni80Fe20 NWs in potentiostatic mode at a potential of �1.05 V. Different stages are indicated with
numbers. (b) Assemblies of the deposited wires after PC dissolution
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The Stage 1 corresponds to the nucleation and the germination of the species to be
deposited in the virgin template. It is characterized by the sudden increase of the
current which is due to the difference between the equilibrium potential of the ions in
solution and the applied potential. The growth of the wires inside the pores (Stage 2)
is characterized by an approximately constant current. The ion concentration is
equilibrated and the surface of the deposit is simply the sum of the areas of the
pores. The constant current value in this stage depends on the pore size and density.
When the deposit reaches the surface of the membrane, the current increases rapidly
(Stage 3) because the pores are filled and the metal begins to deposit as caps at the
end of the wires. The electrodeposition is stopped just before the Stage 3 to avoid
overgrowth out of the membrane. Figure 5.2b shows typical electrodeposited wires
released from a PC membrane.

For the fabrication of the dilute NW arrays in PC templates, different electrolytes
based on Co, Ni, and Fe sulfates have been employed. In addition to these sulfates, each
solution contained boric acid (H3BO3) which served as pH buffering agent and improved
the electric conduction, avoiding parasite reductions at the cathode like the hydrogen ions
reduction (2H++ 2e� ! H2(g)). This chemical reaction modifies the solution pH, which
has significant influence on themorphology of the depositedmaterial. Boric acid ensures
a stable solution pH. However, if a specific solution pH is desired, the pH can be
controlled by adding sulfuric acid (H2SO4) or sodium hydroxide (NaOH).

Apart from the deposition of pure materials, the electrodeposition method offers
the possibility of depositing alloys of two or even more different ionic species (e.g.,
Ni80Fe20). The compositions of the solutions used to deposit different metallic
nanowires of Ni, Ni80Fe20, and Co55Fe45 are shown in Table 5.1. The details of the
fabrication of Ni, Ni80Fe20, and Co55Fe45 NWs can be found in references [34, 37].

In NTs not only the diameter and length but also the wall thickness can be tuned.
Electrodeposition may be used as a fabrication methodology, but it is not as straight
forward as for fabricating NWs. Therefore, modified routes of electrodeposition and
various other approaches have been used to grow NTs of pure metals and alloys [40,
45–53]

Arrays of Ni NTs were fabricated in track-etched 21 μm thick PC membranes
with pore diameter (D) of 150 nm and packing density (P) of 6 %. They were
fabricated using a two-step procedure as depicted in Fig. 5.3a. The process
starts by growing Ni/Cu core/shell NWs at a constant potential of �1.0 V using a
0.4 M Ni(H2NSO3)•4H2O, 0.05 M CuSO4•5H2O, and 0.1 M H3BO3 electrolyte. The
Cu core is later electrochemically etched at a potential of + 0.2 V [47, 54].

Table 5.1 Electrolytic solutions and potentials used to grow Ni, NiFe, and CoFe NWs. The
composition of the solutions is given in g/l and the pH is maintained at 3.8 for all the solutions

Solution NiSO4 FeSO4 CoSO4 H3BO3 E (V)

Ni 262.8 – – 20.3 �1.1

Ni80Fe20 131.4 5.5 – 24.7 �1

Co55Fe45 – 40 80 30 �0.9
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4.1.3 Packing Density and Interwire Distance
The nanowires packing factor is defined as the product of the wire density per unit
surface (n) by the cross-sectional area of a single wire (S) and can be written as:

P ¼ n : S

By counting the number of the wires of known diameter in a given MFM image, the
packing density can be easily calculated using the above formula. For instance, the
packing density of the sample in Fig. 5.4a is around P � 0.15 %. However
sometimes depending upon the diameter of the nanopores, the packing density (P)
may be quite different from the pore density (Ppores). It has been shown that the
packing density in PC can be drastically low when the pore sizes is less than 20 nm
[43], which is not the case in our samples as verified by SEM and shown in Fig. 5.4b.

SEM and MFM images can thus be used to calculate the packing density as well
as the mean interwire distance (ID). To calculate ID, the distance between a selected
wire and its nearest neighbors is measured as depicted in Fig. 5.5. Since PC
membranes have random distribution of track etched pores, the procedure is repeated
for several wires on the same image to get the average interwire distance. For
instance, calculations done at various spots of the image presented in Fig. 5.5 gave
an average ID around 1000 nm.

Fig. 5.3 (a) Sketch of the NTs fabrication process presenting the two different steps. (b) SEM
images of Ni NTs in the PC membrane after etching the metal cathode (c) of two Ni NTs after the
dissolution of the PC membrane and (d) of a large number of NTs obtained with a higher-packing-
density membrane (P = 10 %). Reprinted with permission from [34] All rights reserved, # IOP
Publishing
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4.1.4 Sample Preparation for MFM Measurements
As it has been stated in Sect. 2.1.2, the electrodeposition is stopped before the NWs
(or NTs) start growing out of the template and forms interconnected wires as caps.
Nevertheless, since all the wires do not breed at a uniform rate, the top surface of the
PC-template was not used for MFM characterization. After electrodeposition, the
gold and chromium layers were removed by chemical etching in order to obtain a
smooth surface where all the nanowires tips at that side of the PC membrane are
close to the surface (Fig. 5.6). The metallic cathode was first removed by dipping the
sample into a 100 g/l KI + 25 g/l I2 solution to etch the gold layer. The remaining Cr

Fig. 5.4 (a) MFM image of NWs of 50 nm and 0.15 % packing density. (b) SEM micrograph of
150 nm NWs array showing that the pore density is almost the same as packing density
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layer was etched using a Cr etching solution composed of 52 g KMNO4 in 600 ml of
5 M NaOH in H2O. This step is very crucial since the Cr etching solution, containing
NaOH, can also etch the PC membrane [55]. This phenomenon has indeed been
observed (Fig. 5.7). It has also been demonstrated that longer etching time leads to
rougher surfaces with nanorods sticking out of the surface (Fig. 5.7). It is thus
recommended to use short etching times for the Cr layer, less than half an hour.

Using this procedure, the extremity of the nanowires can be imaged while
keeping them into the template, as well as their magnetic state: “up” or “down” for
positive or negative magnetized nanowires, respectively, if we consider a uniform
magnetization inside the nanowires. The surface prepared by this procedure can also
be used to characterize the sample using SEM so that one can verify the growth of
the nanowires inside the holes.

4.2 MFM Experiments

4.2.1 Setup for MFM Measurements
This paragraph briefly presents the MFM setup allowing experiments in presence of
an applied magnetic field parallel to the NWs (or NTs) axis. The schematic of the
modified setup is depicted in Fig. 5.8. An adapted electromagnet was used which has
the capacity to apply around 5 kOe magnetic field at maximum. This limit was
satisfactory for most of the samples studied in the low-density samples. For high-
density samples, various groups have developed strategies to apply external magnetic
field during the measurements (see the references in Sect. 3.1). The electromagnet was
made of a steel breech containing 800 turns of copper wire of dimensions 2 � 1 mm.
The diameter of the breech is 13 cm and the assembly is 71 mm in height with a total
weight of �6 kg. The dimensions have been chosen keeping in view the hosting room
available in “Agilent” AFM.

Etching 
solutions 

Nanowires

Au layer

Cr layer

PC template

Smooth surface 
for MFM

magnetic tip

Fig. 5.6 Sample preparation
for MFM measurements
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The analyses were realized in amplitude-modulation (AM-AFM) using a double
pass procedure. First, the topography of one line was recorded in standard
intermittent-contact mode. Then, the probe was lifted up a few tens of nanometers
(typically 60 nm) and the same line was scanned at constant probe-surface distance;
the phase signal proportional to the magnetic interaction gradient was simulta-
neously recorded. The details of working principle and modes of operations of
MFM have been presented in [29, 56, 57].

Thanks to this setup, in situ or in-field measurements can be performed:

In situ MFM images correspond to measurements performed at zero applied field after
applying an in situ external magnetic field parallel to the NWs (or NTs) axis (Fig. 5.9). This
means that the applied magnetic field is switched off during the measurements.

In field MFM images correspond to measurements performed in the presence of a static
magnetic field applied in the direction of the NWs (or NTs) axis. So, in this “mode”, the
applied magnetic field is not switched off during the image recording.

However, it should be noted that in situ and in-field MFM images give the same
results when studying arrays of low packing density. Indeed, in this case, as a
consequence of the weak dipolar interactions between nanowires, measurements
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done without switching off the applied field H0 and at zero fields after applying H0

are close to each other (this is presented and discussed later for some arrays: see
Fig. 5.25). That was the reason why low-packing-density samples are most of the
time characterized in the remanent states.

4.2.2 Magnetization Curves and Switching Field Distribution
Measured by MFM

A typical study of a low-packing-density array of NWs is presented in Figs. 5.9 and
5.10. Prior to the measurements the sample is saturated along the NWs axis. The tip
is magnetized in the opposite direction of the magnetization of the sample. This leads
to a white (attractive) contrast. Then, a series of magnetic fields along the magne-
tization of the tip but opposite to the sample’s initial saturation field are applied.

As depicted in Fig. 5.10, counting the number of NWs which reversed their
magnetization direction after each increment of applied field give access to the
switching field distribution (SFD). MFM-magnetization curves can be obtained by
using the following formula:

Fig. 5.8 Schematic of the MFM setup

Fig. 5.9 Showing the in situ MFM images recorded at remanent states when the sample is
saturated (right) and when almost 75 % of the wires have been switched (left). The example was
performed in an array of low packing density (<1 %) where the dipolar interactions are too weak to
significantly play a role in the magnetization reversal of the array
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MMFM Hð Þ
MMFM

S

¼ Nup � Ndown

Nup þ Ndown

(5:1)

where Nup and Ndown stand to the number of NW in “up” and “down” states, respec-
tively. Furthermore, the MFM-coercive field HC

MFM is extracted from the image where
the number of NWs (or NTs) with “up” and “down” states is same (Nup ¼ Ndown).

5 Review of MFM Results on Arrays of Magnetic NWs
and NTs

5.1 Dense Arrays of Magnetic NWs

Electrodeposited magnetic NWs are an important member of the family of magnetic
nanostructure. Several reports on studies of the magnetic properties of NWs by
various techniques have been presented [3, 7, 8, 20, 21, 24, 41, 58–60 and the
references therein]. These works presented in details the domain formation and the
magnetization reversal mechanisms of various magnetic NWs such as Ni, Co, Fe,
and their alloys and showed that domain formation is dependent on crystallinity and
geometric parameters. The objective of this chapter is to cover only the MFM
characterization of NWs arrays, therefore this section is devoted to the results
obtained from NWs arrays deposited in polymer and alumina templates.

AlthoughMFM has been used to explore the domain configuration of isolated NWs
released from the templates in late 1990s [61], Asenjo et al. [29] presented MFM as a
widely employed technique to observe the magnetic domains and walls in modern
magnetic materials. Basics of domain formation, instrumentation and operationmodes,
interpretation of MFM results and representative images for thin films, magnetic data
storage, amorphous and nanocrystalline alloys and nanowires have been described by
the authors. Nielsch et al. [7] used alumina membrane to grow high-density,�1012 per
cm2, ordered porous arrays of Ni NWs using electrodeposition (Fig. 5.11a).
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The high coercivity and remanence in their system was attributed to the control of
the NW diameter and ordered hexagonal arrangement. The MFM magnetic charac-
terization, performed using a low-moment magnetic tip, agreed well with the bulk
measurements. It was shown that switching of the individual single domain NWs, at
various applied field after saturating the sample, was affected by the stray field generated
by the nearest neighbors called demagnetizing field HD = π2MsD

2P � 550 Oe;
Ms being the saturation magnetization, D is the diameter, and P is the pore density
of the membrane. The labyrinth pattern of the domain structure in the demagnetized
sample (Fig. 5.11b) was the result of the dipolar interactions. It was concluded that
the stray field from the wires extended over several interwire distances due to their
high aspect ratio.

The detailed comparison of the magnetic properties of different materials (Co, Fe,
Ni, and Co-Pt) using different fabrication parameters identified the roles of magnetic
anisotropy and magnetostatic interactions [41]. The authors illustrated schematically
that the parallel alignment of two single domain neighbors in dense magnetic arrays
is unfavorable as the dipolar field forces the orientation of the nearest neighbors
(Fig. 5.12). Indeed, dipole-dipole interaction decreases with a power of 3 of the
distance for an antiferromagnetic alignment.

Kou et al. were the first to suggest that dipolar interactions, which should be
avoided to use NWs arrays as potential data storage candidate, can be used to induce
an analog memory effect in magnetic NWs [62]. Based on this effect, they proposed
an electromagnetic pulse (EMP) detection method using the NWs. EMP is generated
by the nuclear or nonnuclear explosions and poses a serious threat to electronic
devices by inducing a large current/voltage. Magnetic NWs record magnetic pulses
passively. Once the magnetic component is recorded and read out, the electric
component of the EMP can be calculated from the impedance of the propagating
media.
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a b
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2.5 µm
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Fig. 5.11 Top view SEM micrograph of Ni filled alumina matrix (a) and MFM image of a
demagnetized sample (b) showing the magnetization of the pillars “up” (white) and “down”
(black). Reprinted with permission from [7]
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To understand the effect of stray fields of the neighboring wires which are the
source of dipolar interactions, Sorop et al. [35] performed MFM measurements on
single domain densely packed Fe NWs. They decomposed the macroscopic hyster-
esis curve into microscopic curves in terms of irreversible magnetic response of
individual NWs using MFM. The single wires had always a square hysteresis
whereas in the assembly of wires there was an asymmetry which found its natural
explanation in the dipolar field generated by the neighboring wires. The average of
interaction field coefficient measured from different single NWs was of the same
order as the broadening/asymmetry of the macroscopic curves. It was concluded that
the switching field of a wire will be different depending upon its magnetization
orientation and the distance with the neighbors. This is true not only for the wires but
also for other magnetic structures, e.g., nanodots [31, 63].

Using commercially available tips, the MFM contrast obtained on very dense Ni
NWs arrays hardly allowed to distinguish NWs and to count the up and down wires
(Fig. 5.13). Therefore, a method to extract the switching events and remanent magne-
tization by fitting the MFM data to Gaussian or Lorentzian distribution functions was
proposed by Asenjo et al. [64]. Escrig et al. coupled numerical calculations and MFM
analysis to obtain the information of magnetic remanence dependence of Ni NWs on
their size [15]. Their model presented a way to calculate the remanence as a function of
magnetic interactions in the NWs array. They also elaborated the importance of having
a sufficient sample size for the reproducibility of MFM analysis.

In the above-mentioned examples, it was assumed that the total SFD is the result
of the dipolar interactions [7, 35, 64]. It was needed to explore further that the
broadening of the SFD was not only due to strong magnetic interactions in dense
arrays but also due to geometrical parameters and fabrication flaws. The MFM study
done by Wang et al. [8], to analyze the switching field of Co NWs one by one and
removing the dipolar interaction field effects, established a base to extract intrinsic
SFD of individual wires in interacting NWs. They investigated the magnetization

Fig. 5.12 Dipolar interactions illustrated on a cross-section of a nanowire array showing the
energetically favored antiparallel orientation. Reprinted with permission from [41]
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reversal progress of ordered Co NWs array by successive in-field MFM measure-
ments. It was emphasized that in an assembly of magnetically saturated NWs, the
field required to switch the first wire is the highest. It was suggested that the dipolar
field Hdip, acting on a given nanorod at a random magnetization state might be
expressed as

Hdip ¼ x
M

Ms
(5:2)

x representing the maximum dipolar field when the first rod switches in a saturated
array. M

Ms
can be obtained by counting the number of reversed nanorods at each

incremental step of applied field by applying Eq. 5.1 and its value is 1 when the NW
array is saturated. By removing the dipolar field effect, calculated from Eq. 5.2, the
intrinsic SFD can be obtained for the system under study. The intrinsic SFD
extracted using this way was �3 kOe. This value is quite significant and was
attributed to geometric and compositional inhomogeneities along with the presence
of dipolar interaction.

Yuan et al. [36] performed a similar work to calculate the dipolar field in an array
of Co NWs (Fig. 5.14). They started applying the external fields with increments of
10 Oe from the AC erase state-base of the isothermal remanent magnetization IRM
curve (IRM curve is obtained after the application and removal of an increasingly
positive field with the sample initially demagnetized). They noted the field where the
first switching event occurred. In a next step, measurements were started from the
remanent state-top of DC demagnetizing DCD curve (DCD curve is obtained
starting from the remanent state after saturating the sample) and negative incremen-
tal fields of 10 Oe were applied to record the same switching event. Average of these
two fields gives the maximum dipolar field in the studied array. Subtracting this
value from the total switching field gives the intrinsic SFD.

1600

1200

800

400

0
–0,2 0,0

Magnetic contrast (a.u.)
E

ve
nt

s

0,2 0,4

a b

Fig. 5.13 MFM image showing NWs with magnetization up and down (a) and corresponding
magnetic contrast distribution (b). Reprinted with permission from [64]

5 Magnetic Force Microscopy Characterization of Magnetic Nanowires and. . . 171



They also observed quite a large intrinsic SFD after removing the dipolar field
(Fig. 5.15) and attributed it to diameter distribution, inhomogeneity of magnetic
structures, and dispersion of interparticle separations [22, 23, 31, 63]. Numerical
calculations were performed to exhibit the dependence of dipolar field on diameter
and pitch of hexagonal NW array, and it was shown that the dipolar interactions
effects decrease considerably by increasing the pitch and they are negligible at larger
distances [24, 36, 41].

NTs present more degree of freedom to tune their magnetic properties as they
possess a hollow core but they are still quite new in the family of magnetic
nanostructures. This is the reason why they were not the subject of research from
the MFM point of view. Nevertheless, the structural, magnetic, and magnetization
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Fig. 5.14 Process for evaluating the dipolar field. Reprinted with permission from [36]

Fig. 5.15 Switching field
distribution of the medium
before and after magnetostatic
field correction. Reprinted
with permission from [36]
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reversal properties of ferromagnetic NTs were investigated experimentally as a
function of their geometrical parameters by other magnetometry techniques [9, 15,
25, 45, 46, 50, 65].

In multisegmented nanocylinders, with alternating magnetic wires and tubes
segments, it was shown that the NT segments switch their magnetization before
the NWs resulting in a trapped domain wall between the two segments [51]. This can
be useful for encapsulating small magnetic particles inside such magnetic structures.
These structures may also be used to perform logic functions.

It was shown that, thanks to their hollow structure, NTs present lower magnetic
interactions compared with the same diameter and same density NWs [9, 45, 49]. It
was further indicated that the physical reason of low exchange energy in NTs was the
absence of curling related vortices which are present in other magnetic structures.
The domain structure and the reversal mechanisms in NTs are strongly dependent
upon their outer and inner diameters and the aspect ratios [40, 46, 53, 66–72]. This
triggers the need of MFM characterization of the NTs as a function of their geometric
parameters.

5.2 Dilute Arrays of NWs

The literature review presented herein made it clear that, in interacting arrays of
magnetic NWs and NTs, the observed SFD is the sum of intrinsic parameter effect
such as geometry, composition, etc., and of extrinsic parameter effects such as
dipolar interactions [8, 35, 36]. Magnetic properties of NW arrays, in particular
SFD and coercivity, were dependent on the degree of ordering, alloy composition,
and the ratio of diameter and length to lattice parameter [22–24]. To use these
magnetic nanostructures in novel devices, there is a basic need of understanding
the magnetization reversal process and of controlling the SFD. As mentioned in the
previous sections, efforts have been made to understand magnetization switching
and to extract the intrinsic switching fields, from data on high-density NW arrays,
by using certain corrective formulas. Experimental studies on isolated,
noninteracting arrays of NWs/NTs to have an insight into their intrinsic properties
have been rarely performed. Therefore, in the following section, our works based
on MFM measurements on dilute arrays of NWs and NTs are presented. The
objectives of these studies along with generating a model system for MFM in
which we can apply in situ magnetic fields during the measurements were multi-
fold and include:

(i) The determination of the magnetization reversal progress of noninteracting
(i.e., absence of dipolar coupling) single domain ferromagnetic NWs arrays
as synthesized using track-etch polymer template.

(ii) The determination of intrinsic switching field distribution (SFD) map.
(iii) The influence of geometrical parameters (like the diameter) on magnetic properties
(iv) The use and impact of different magnetic materials (Ni, Ni1�xFex, and

Co1�xFex) to fabricate the NWs and NTs.
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(v) The combination of MFM with bulk magnetometry technique (AGFM: Alterna-
tive Gradient Force Magnetometry) and with micromagnetic simulations to quan-
tify the magnetic response from individual and from arrays of magnetic particles.

(vi) The effect of different morphologies (i.e., solid cylinders and hollow cylinders).

The experimental strategies to reach the above said goals have been presented in
Sect. 2. The results in the subsequent section of this chapter will cover the outcomes
of recent works. First of all, we cover the influence of diameter and materials and
later we present the results of changing the morphology from NWs to NTs on the
magnetization reversal process.

5.2.1 Effect of Material and Diameter on Intrinsic SFD
To fabricate and study low-density arrays of magnetic nanowires, polymer track-
etched membranes were used as templates. Arrays of Ni and Ni80Fe20 and Co55Fe45
NWs have been fabricated by electrodeposition in low-packing-density (<1 %)
nanoporous PC membranes. Such low porosity allowed neglecting the dipolar
interaction. The length of the studied NWs, L, was equal to 4 � 0.1 μm. Their
diameter, D, was varied from 40 to 100 nm. The standard deviation on the diameter
σD was equal to � 5 nm. These parameters were determined by SEM analysis of the
template membranes and of released NWs (Fig. 5.16).

The magnetic parameters of the materials (Ni, Ni80Fe20 and Co55Fe45) and the
chosen range of D theoretically ensure single domain NWs. Indeed the domain wall

width δwall ¼ π
ffiffiffiffiffiffiffiffiffi
A=K

p
(where A is the exchange stiffness and K is the

magnetocrystalline anisotropy) for Ni is about 82 nm and even larger than 150 nm
for Ni80Fe20. Consequently, for the nanowire samples considered in this study, only
two remanent states are expected to be stable and correspond to a uniform magne-
tization aligned along + Oz and –Oz (+Oz being the NW’s axis direction).

The low packing density of the arrays can be easily verified from different MFM
images as it was illustrated in Fig. 5.5. Table 5.2 presents the template porosities
P and the mean interwire distances of the first four neighboring NWs.

69.2nm

70.5nm

500 nm 500 nm

72.7nm

102.7nm

100.1nm

Fig. 5.16 SEM micrograph showing the diameter distribution of the Ni NWs for diameter 70 nm
(left) and for diameter 100 nm (right)
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It should be noted that the minimum interwire distance was rarely lower than
around 600 nm which is large enough to hinder the presence of stray field interac-
tions of the neighbors. Figure 5.17 shows the dipolar stray fields at the tip of a
uniformly magnetized NW (L = 4 μm, D = 100 nm, 4πMS = 10 kOe) calculated
using FEMM [73]. It illustrates that the dipolar field can be neglected in the present
Ni and Ni80Fe20 and Co55Fe45 arrays since it is localized around the tip of the NWs
and vanishes at 300 nm from the NW.

Figures 5.18, 5.19, and 5.20 present series of MFM images respectively obtained
on an array of 50 nm Ni80Fe20 NWs, on an array of 70 nm Co55Fe45 NWs, and on
100 nm Ni NWs. The images were obtained at different remanent states. On the first
images (top left of Figs. 5.18, 5.19, and 5.20), which corresponds to the one just after
saturating the system, all the NWs are oriented in the same direction as revealed by
the observation of only white spots.

Then, series of magnetic fields opposite to the sample initial saturation field were
applied. The successive switching of the Ni80Fe20, Co55Fe45, and Ni NWs started
around �500 Oe, �360 Oe, and �140 Oe till the application of �950 Oe,
�1200 Oe, and �500 Oe, respectively, where all the NWs had been switched black.

Table 5.2 Template
porosities “P” and the mean
interwire distances

D (nm) Measured P (%) Interwire distance (nm)

40 0.04 �1200

50 0.15 �1000

70 0.19 �1000

100 0.24 �1200
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Fig. 5.17 Dipolar field emerging from a NiFe NW of diameter D = 100 nm uniformly magne-
tized (4πMS = 10 kOe) calculated using FEMM (Meeker): (a) axial mapping of the field around the
NWand (b) magnitude of the field along the NWaxis and the radial axis. Reprinted with permission
from [37]
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The spot sizes (black or white) are larger than the nominal diameters of the wires
because MFM measures the dispersive stray field emanating from the wires and not
the exact wire dimensions. From the images presented in Figs. 5.18, 5.19, and 5.20,
we observed that the magnetization reversal of the array of NWs is nearly random

Fig. 5.18 Array of Ni80Fe20 NWs with D = 50 nm: series of MFM images (taken at zero applied
field: see text) indicating the progress of magnetization reversal after saturation in a positive field
(H = +2 kOe) and for different negative applied fields. Reprinted with permission from [37]

Fig. 5.19 MFM images of the Co55Fe45 nanowire array (D = 70 nm) at zero field after saturation
in a positive 2 kOe field and then in a variety of nonsaturated remnant states obtained by changing
each time the magnetic state of the nanowire array from saturation to a given negative field and then
to remanence by reducing the field to zero. All the images were scanned in the same area
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which supports the assumption of weak dipolar interactions. Indeed, in AAO arrays
of NWs [7, 8, 23] exhibiting strong dipolar interactions, the switching of one NW
was strongly influenced by the magnetization state of its neighbors.

The MFM magnetization curve of the 100 nm Ni NWs array has been obtained
using Eq. 5.1 and showed a very nice match with the bulk AGFM cycle, plotted in
Fig. 5.20. The MFM-magnetization curves obtained from the different Ni and
Ni80Fe20 NW arrays (solid dots) are presented in Figs. 5.21a and 5.22a. The results
fromMFM and AGFM of Ni80Fe20 NWs arrays (continuous lines in Fig. 5.22a) were
in good agreement and the same was true for Ni and Co55Fe45 NW arrays as well.
The small deviations appearing between these two measurements can be attributed to
the fact that a limited number of NWs are probed using MFM (local study) while the
whole set of NWs is probed using magnetometry measurements.

The variation of HC as a function of D for Ni and Ni80Fe20 NWs is presented
in Figs. 5.21b and 5.22b. HC increases with decreasing D. The same variation
was observed for Co55Fe45 NWs arrays. For Ni80Fe20 NWs, it ranges from HC = 200
Oe for D = 100 nm to HC = 800 Oe for D = 40 nm and for Ni NWs from
HC = 320 Oe for D = 100 nm to HC = 650 Oe for D = 40 nm. This dependence
ofHCwith diameter fits well with aD�2 law. It is well know that theHC of an infinite
NW, of certain diameter called critical diameter, in the coherent rotation model is
given by HC = 2πMS = 5 kOe and does not depend on the diameter. Nevertheless,
our NWs are not infinite and have diameters larger than Dcoh ¼ 7:3lex � 36 nm (lex
being the exchange length) which corresponds to the diameter beyond which non
uniform reversal modes such as curling can occur [74].

Fig. 5.20 Array of Ni NWs with D = 100 nm: series of MFM images (taken at zero applied field)
indicating the progress of magnetization reversal after saturation in a positive field (H = +2 kOe)
and for different negative applied fields

5 Magnetic Force Microscopy Characterization of Magnetic Nanowires and. . . 177



The D-dependence ofHC in the curling model has been calculated (see Fig. 5.22b)
for infinite Ni80Fe20 NWs using the bulk magnetic parameter (4πMS = 10 kOe and
A = 1 � 10�6erg.cm�1) [24, 74]. Although the measured HC values are two times
smaller than the ones found in the model, we observe the same D�2 dependence
which shows that the reversal mechanism in these NWs resembles the curling model.

The SFD is linked to the number of switched NWs at each increment of the
applied field and have been determined for Ni80Fe20 NWs arrays as a function of the
applied fields; it is reported in Fig. 5.23a. The SFD width (δSFD) corresponds to the
difference between the field of first reversed NW and the last one and is reported in
Fig. 5.23b as a function of D. It decreases with increasing D, from 800 Oe for
D = 40 nm to 320 Oe for D = 100 nm. The same trend was valid for Ni and

Fig. 5.21 (a) MFM-magnetization curves (solid dots) for the different arrays of Ni NWs. (b)
Measured coercive field HC as function of D
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Fig. 5.22 (a) MFM-magnetization curves (solid dots) and bulk magnetization curves (continuous
lines) for the different arrays of NWs. (b) Measured coercive field HC as function of D (empty and
filled circles form AGFM and MFM), black continuous line corresponds to a fit using a D�2 law
while the red dashed line is obtained by using the analytical expression of HC in the “curling
model.” Reprinted with permission from [37]
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Co55Fe45 NWs as well. These values are smaller than the ones determined for
densely packed NWs grown in alumina templates where δSFD was more than
2 kOe (for D around 40 nm) and where strong dipolar interactions were present [7,
35, 64]. It has been shown that the dipolar interactions in arrays of NWs with a fixed
D and increasing P lead to a broadening of δSFD [75].

Let us assume that δSFD is defined asδSFD ¼ δDSFD þ δ0SFDwhere, δSFD
D is due to the

size distribution of D and δSFD
0 may refer to the inhomogeneities in the structure and

chemical composition of the NW arrays which also contribute to the broadening of
the SFD. We propose to separately determine δSFD

D and δSFD
0 . For this purpose, we

consider a Gaussian size distribution of the NWs diameter with a standard deviation
of �5 nm, as it agrees with the SEM measurements and we use the D�2 fit obtained
from the experimental evolution of HC with D (Fig. 5.22b).

Figure 5.24a presents the δSFD
D calculated by this way. It increases with decreasing

D. The variation, of δSFD
D andHCwithD, are represented and fitted usingD

�2 laws in
Fig. 5.24b. Note that δSFD

0 is almost constant with D (empty square symbols in
Fig. 5.24b). This proves that the increase of δSFD

D for smaller D is essentially due to
the size distribution of the nanopores of the PC membrane while δSFD

0 is due to other
intrinsic effects.

5.3 Comparison of Dilute and Dense NW Arrays

In this section, the influence of dipolar interaction on the switching field distribution
of arrays of NWs is discussed. Results from noninteracting arrays of NWs (Ni80Fe20
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Fig. 5.23 (a) Switching field distributions of the different arrays of NiFe NWs. (b) Variation of the
SFD width (δSFD) as a function of D
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and Co55Fe45) electrodeposited in low-packing-density PC membranes are com-
pared to the ones coming from arrays of NWs electrodeposited into nanoporous
AAO membranes. The noninteracting arrays have been electrodeposited in track-
etched PC membranes of P less than 1 % and with pore diameters (D) ranging from
40 to100 nm. As mentioned in the previous section, the ID between nanowires was
found to be more than 600 nm which ensure that the role of the dipolar interaction
between the NWs can be neglected. As a consequence,MFM images recorded in the
remanent state and under an applied magnetic field were identical.

This is demonstrated by the MFM images of a Co55Fe45 nanowire array
(D = 50 nm) in a positive 600 Oe field and as the field was lowered to zero
(Fig. 5.25). It can be observed that both images are similar demonstrating that the
low packing density of the NW array indeed leads to weak dipolar interactions
between NWs and that measurement done at field H0 and at zero applied field after
applying field H0 are same.

In addition, the demagnetized state of highly ordered and dense nanowire arrays
in alumina template presents labyrinth domain pattern, as expected for a hexagonal
pattern to maintain neighboring bits with antiparallel magnetization and to minimize
the interwire dipolar field energy (Fig. 5.12). The demagnetized state of the present
noninteracting arrays corresponds roughly 50 % of black (resp. white) spots, ran-
domly distributed (Fig. 5.26) which is consistent with an array presenting negligible
dipolar interactions.

Figure 5.27 presents the δSFD variation as function of D obtained from the
noninteracting arrays of NWs (Ni80Fe20 and Co55Fe45). They are compared to the
δSFD obtained from densely packed arrays of NWs electrodeposited into AAO
membranes. These values are at least three times larger than the ones obtained for
noninteracting arrays of NWs [37 and the references therein].

In the dense arrays, the dipolar interactions are strong and lead to a broadening
of δSFD, whereas in low-packing-density arrays presented in the previous section,
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δSFD is essentially due to intrinsic effects and no complex calculations are required
to discriminate between the intrinsic and dipolar contributions to the SFD. As
already discussed in detail in Sect. 3.1, Yuan et al. and Wang et al. [7, 36] reported
the intrinsic SFD in an array of Co NW (D = 30 nm) embedded in AAO mem-
branes by evaluating and subtracting the total dipolar field present in the array.
Even after subtracting the effect of this dipolar field, an intrinsic SFD width of
about 4 kOe was estimated (i.e., about one order of magnitude larger than in the
present study). The deviation of δSFD from an ideal Dirac function are due to
parameters such as the distributions of diameter and length, the nonuniformity of
the shape, inhomogeneities in the microstructure, and chemical composition of
the NW.

Fig. 5.26 MFM images of
the AC-demagnetized
Co55Fe45 nanowire array
(D = 100 nm) of area
20 � 20 μm2

Fig. 5.25 MFM image of the Co55Fe45 nanowire array (D = 50 nm) in a positive 0.6 kOe field
(left) and lowering the field to zero (right) to verify the noninteracting and bistable behavior of the
nanowire array. Reprinted with permission from [37]
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5.4 Nanowires Versus Nanotubes

After having discussed the effects of diameter and materials, one of the objectives is to
present the magnetization reversal behavior of NTs and compare it with NWs. For this
purpose, arrays of Ni NWs and NTs have been fabricated by electrodeposition in the
same track-etched 21 μm thick PC membranes with pore diameter (D) of 150 � 5 nm
and pore density of 6 % [34]. By combining MFM and SEM images, the effective
packing density in the NWs array is found to be PNW � 6 %. The effective packing
density in NTs array was PNT � 5 % has to be calculated using the following equation:

PNT ¼ PNW 1� β2
� �

(5:3)

where β = r1/r2 is the ratio of internal and external radii. PNT was approximately
equal to 5 %.

Figure 5.28a, b presents typical 10 � 10 μm2 MFM images obtained at the top
surface of the NWarray and of the NT array, respectively. One would expect NTs to
have a nonuniform MFM signal because of its hollow inner core. Nevertheless, from
all the images, only “uniform” white or black spots are distinguishable as a function
of the applied magnetic field. Subsequently, the arrays of NTs and NWs have been
treated as apparent bistable system which is consistent with MFM scans and the
already presented reports on Ni NWs [27].

Figure 5.29 presents a comparison between the bulk magnetization curves
(obtained by AGFM) for the NT array (red continuous line) and for the NW array
(blue dashed line). These magnetization curves clearly reveal that the NT curve is
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Fig. 5.27 Variation of δSFD of Ni80Fe20 ( ) and Co55Fe45 ( ) NW arrays as function of D and
comparison with results obtained on NW arrays embedded in AAO templates; blue open symbols
represent CoFe NWs whereas the red open symbols represent NiFe NW. Reprinted with permission
from [37]
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less tilted (more square) compared with the NW curve. The remanence of the NT
array is about 0.8 while it is around 0.5 for the NW array. Moreover, the saturation
field for the NWs is about two times higher (~2000 Oe) than for NTs (~1000 Oe).
These observations are, in first approximation, coherent with the observations made
by MFM where the NW reversal magnetization begins before and ends after the
reversal of the NTs.

The difference of the two bulk magnetization curves may be understood solely in
terms of the dipolar interactions and shape anisotropy contributions, since the
magnetocrystalline anisotropy contribution in NWs and NTs may be neglected
(this is due to the nontextured structure of the Ni) [21, 76, 77]. Considering that

Fig. 5.28 In-field MFM images of Ni NWs (a) and NTs (b) starting at saturation in a positive
300 Oe field and at various negative magnetic fields displaying the magnetization reversal progress.
The images are scanned at a fix area (10 � 10 μm2)
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Fig. 5.29 Normalized
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the magnetization inside each NW and NT is uniform and because both NWs and
NTs have the same symmetry with a large aspect ratio, the same mean field model
used for NWs can be used for NTs, where the effective field Heff in the saturated state
is [54]:

Heff ¼ 2πMS � 6πMSPNW 1� β2
� �

(5:4)

where Ms is the saturation magnetization for Ni and PNW is the effective packing
density of the considered array. The first term of this equation corresponds to the
shape anisotropy contribution which is identical for both high-aspect-ratio NWs and
NTs. The second term is the dipolar interactions contribution characterized by the
effective packing density PNW [78]. Due to their different volume, the packing
fraction for NT (PNT) is smaller than the NW (PNW). It results in a weaker interaction
field and thus a higher effective field and a strong uniaxial anisotropy for NTs. So,
the key differences observed in the hysteresis loops arise from the respective
effective fields and particularly from the dipolar interaction field. Moreover, the
high packing value of the nanoporous template (6 %) results in stronger dipolar
interaction and broader switching field distribution (SFD) [7, 23].

The MFM hysteresis curves were obtained by analyzing the MFM images presented
in Fig. 5.28. From the MFM images, a remanence of 100 % was found in the case of
NTs and around 80 % for the NWs while it reaches 80 and 50 % from the AGFM
curves, respectively. Moreover, a saturation field of 300 Oe is deduced in both inves-
tigations for NTs while it was found to be around 1000 Oe for NWs arrays. Magne-
tometry and MFM hysteresis curves differ significantly, as presented in Fig. 5.30 for the
array of NWs (a) and for the array of NTs (b) which was not the case for arrays of
ferromagnetic NWs of diameter � 100 nm (see Figs. 5.20 and 5.22a). In contrast, the
coercive field values obtained from MFM and AGFM curves are the same.

From these comparisons, it can be deduced that the NWs and NTs present non
uniform magnetization states. Indeed, the diameter of the studied NWs is around
150 nm which is far from the critical diameter below which a coherent rotation of the
magnetization is expected for infinite Ni NW Dcoh ¼ 7:3lex � 54 nm [21] and
nonuniform micromagnetic configurations may be present. Interestingly, from
Fig. 5.30, it can be seen that the mismatch between bulk and MFM measurements
is less pronounced in the curves for the NT array. This finding may be explained by
the specific shape of the NTs compared to the NWs where the shell width is about
20 nm which prevents the presence of radial domains.

Therefore, from these findings, one can conclude that in both cases, the
micromagnetic configuration is certainly non uniform. To reinforce this argument,
micromagnetic simulations on an isolated NT and an isolated NW have been
performed. The calculations have been performed using the NMAG package [79]
and the results are presented in Fig. 5.31.

The dimensions used during simulations for the NW are length L = 5 μm and
diameter D = 150 nm while for the NT L = 5 μm, outside diameter Dout = 150 nm,
and inside diameter Din = 130 nm. Note that these geometrical dimensions are close
to the experimental ones. The magnetic parameters: magnetization saturation MS =
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0.48 � 103 emu.cm�3 and exchange stiffness A = 1.0 � 10�6 erg.cm�1 correspond
to bulk values for Ni material which remain same for the NWs [76]. The magnetic
moments distributions at remanence (after saturating the NW and the NT along the
revolution axis) are presented in Fig. 5.31. It clearly depicts that the distribution at
zero applied field is nonuniform in both cases. A quick overview of the already
reported theoretical and experimental results further support the observations that the
magnetic domains and magnetization reversal inside an infinite NWand a NTof larger
diameters is not homogeneous [66, 67, 70, 80]. In this work, this is indirectly shown
experimentally by combining the MFM and AGFM measurements. It is worth noting
that contrary to the experimental hysteresis cycles (Fig. 5.29), the calculated hyster-
esis cycles (Fig. 5.31) are close to each other; the coercive field of the NT is slightly
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Fig. 5.30 Comparison of the in-field MFM magnetization curves with the ones obtained by
AGFM measurements from the array of NWs (a) and NTs (b), respectively. Reprinted with
permission from [34] all rights reserved, # IOP Publishing
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Fig. 5.31 (a) Magnetic moments distribution in an isolated NW and NT at zero applied field after
applying a saturating field along the revolution axis. Colors encode mz component of the magne-
tization (along the revolution axis). (b) Magnetization curves obtained for the isolated NW and the
NT, respectively. Reprinted with permission from [34] all rights reserved, # IOP Publishing
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weaker than the NW one. This strongly endorses that the main difference appearing
between the experimental cycles is due to the higher dipolar interaction in NWs array.

The reasons why nanostructures of smaller dimensions are used to achieve the
high-density storage media are twofold: first, to obtain a larger density and, second,
to avoid inhomogeneous magnetic domains. The nanostructures used here have
negligible intrinsic switching field distribution due to diameter distribution since
they have larger diameters (see Sect. 3.2.1). The objective of using these dimensions
in this work was to study the difference of reversal mechanisms and magnetic
interactions in NWs and NTs. It is shown that even if the intrinsic SFD is not
significantly modified, it is still slightly broader compared to lower-packing-density
systems, especially for the NWs, due to stronger dipolar interactions and inhomo-
geneity of domains. For high-density systems, with smaller NT or NW diameter and
low pitch, it is of prime importance to have a deep insight into not only magnetic
interactions but also their intrinsic switching field which is strongly dependent upon
the diameter distribution. The next step would be the study of systems with smaller
diameters and reduced pitch where the present work will serve as a reference.

6 Conclusion and Future Works

This review has shown how MFM allows the characterization of arrays of magnetic
NWs synthesized in nanoporous templates. The as fabricated NWs have high aspect
ratio and negligible magnetocrystalline anisotropy; the magnetization is thus parallel
to the NWaxis and displays a bistable magnetic behavior. By analyzing the numbers
of NWs with magnetization up and down, local magnetization curves are obtained.

The magnetic behavior of high-density arrays of magnetic NWs studied by
various groups using MFM has been first reviewed. It has been shown that in the
dense arrays of NWs, the switching behavior is largely affected by the dipolar
interactions with nearest neighbors. Attempts were made to extract the intrinsic
SFD from the measured one by theoretically evaluating the dipolar interaction
contribution.

In order to directly measure the intrinsic contribution to the SFD, arrays of Ni,
Ni80Fe20, and Co55Fe45 ferromagnetic NWs embedded into low-porosity
nanoporous polycarbonate membranes has been systematically studied by in situ
magnetic force microscopy. The MFM magnetization curves agreed well with the
bulk magnetization measurements from AGFM. The images taken under continuous
magnetic field and in the remanent state were compared and found to be identical
demonstrating that for these low-density arrays the remanent state is identical to the
in-field state due to the weak dipolar interaction.

The influence of the diameter on the magnetization reversal and the SFD was
studied. Regardless of the NW diameter, narrow SFD were observed compared to the
ones generally obtained for densely packed arrays in AAO membranes. Moreover,
an increase of δSFD with decreasing diameter was observed and was qualitatively
explained by considering the size distribution of the template nanopores and the
diameter dependence of the NW coercive field. The magnetization reversal process
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of Ni NWs and NTs arrays in PC template has also been investigated using MFM and
AGFM. The comparison of the magnetization curves obtained with both techniques
demonstrated that they are complementary. The mismatch between the magnetiza-
tion curves in both cases suggested that the micromagnetic configurations inside the
NWs and NTs are not coherent. Stronger dipolar interactions were observed in the
NW array compared to the NT arrays.

The MFM results presented so far concerned arrays of NWs and NTs. However,
MFM allows to observe the magnetic behavior of individual objects. It could thus be
used to quantify experimentally the dipolar interaction field coefficient (IFC)
between individual NWs and their neighbors as a function of the NW diameter
and the average pitch of the magnetic array. This may be realized by measuring the
magnetic fields necessary the switch down and back up the magnetic moment of
individual NWs.
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