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Abstract 

This Ph.D. thesis focuses on the study of magnetization reversal processes of 

modulated magnetic nanowires, in composition and in diameter, fabricated by 

electrodeposition into porous anodic alumina templates. The research work covers the 

fabrication of the different nanowire arrays, and the geometrical, structural and 

magnetic characterization of nanowire arrays and individual nanowires. 

The modulated nanowire arrays were synthesized by different anodization and 

electrodeposition techniques. For nanowires with modulated composition, the templates 

were fabricated by two-step anodization and pulsed electrodeposition; and the 

modulated diameter nanowires were grown by potentiostatic electrodeposition into 

alumina templates made by hard pulsed anodization. 

First, a study about the magnetic properties of FeCo alloy nanowire arrays was 

performed in the full range of composition, varying from pure Fe to pure Co, and for 

different nanowire diameters. Furthermore, to obtain magnetically harder FeCo 

nanowires, a small amount of Cu was added to the alloy and thermal treatments were 

performed. By Ferromagnetic Resonance (FMR) measurements the magnetic anisotropy 

of nanowire arrays and the influence of Cu doping and annealing was determined. 

Compositionally modulated (multilayer) nanowires were studied. They were 

synthesized intercalating non-ferromagnetic Cu layers between ferromagnetic FeCoCu 

segments, with a constant nanowire diameter. The multilayer nanowires were fabricated 

with different Cu layer thicknesses and FeCoCu segment lengths in order to study the 

influence of their thickness/length on the magnetic properties of the nanowire array. It 

was determined that the magnetostatic interactions between magnetic segments strongly 

affect the magnetic properties of the system. This influence has been studied by the 

First-Order Reversal Curves (FORC) technique. 
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The magnetization reversal processes of individual FeCoCu nanowires with 

tailored geometrical modulations along the nanowire length have been studied by 

Magneto-Optical Kerr Effect (MOKE) measurements. The magnetization configuration 

of modulated diameter FeCoCu and Co nanowires was determined by X-Ray Magnetic 

Circular Dichroism combined with Photoemission Electron Microscopy (XMCD-

PEEM). The modulations in diameter and the tailored magnetocrystalline anisotropy 

offer the possibility to control the domain wall propagation along the nanowire. 

The applicability of magnetic nanowire arrays has been addressed by the 

development of two sensing devices prototypes: a position sensor and a tachometer. The 

electronic system was designed in order to easily and accurately detect the magnetic 

field generated by the nanowire array. 

Finally, alumina templates were used to fabricate magnetically soft NiCu alloy 

nanowires, and the magnetic properties of the arrays were studied as function of the 

nanowire composition, diameter and length. Moreover, by template-assisted fabrication 

a core-shell magnetic (Ni)-polymeric (polystyrene) nanocomposite was successfully 

synthesized and magnetically characterized. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Resumen 

Esta tesis doctoral tiene como objetivo principal el estudio de los procesos de 

inversión de la imanación en nanohilos magnéticos modulados, tanto en composición 

como en diámetro, fabricados mediante electrodeposición en plantillas de alúmina. Este 

trabajo de investigación comprende la fabricación de los distintos arrays de nanohilos, 

así como su caracterización geométrica, estructural y magnética, tanto de los arrays 

como de nanohilos individuales. 

Los arrays de nanohilos fueron fabricados mediante distintas técnicas de 

anodización y electrodeposición. Para los nanohilos modulados en composición, se 

fabricaron las plantillas mediante anodización en dos pasos y electrodeposición pulsada; 

y los nanohilos con diámetro modulado mediante electrodeposición potenciostática en 

membranas producidas mediante anodización dura y pulsada. 

En primer lugar, se realizó un estudio sobre las propiedades magnéticas de 

arrays de nanohilos de FeCo en aleación en un rango completo de composición, desde 

Fe puro hasta Co puro, y para diversos diámetros de nanohilo. Además, para endurecer 

magnéticamente los nanohilos de FeCo, se añadió una pequeña cantidad de Cu a la 

aleación, seguido de tratamientos térmicos de los arrays. Mediante medidas de 

Resonancia Ferromagnética (Ferromagnetic Resonance, FMR) se determinó la 

anisotropía magnética de los arrays de nanohilos y la influencia del dopado con Cu y el 

tratamiento térmico. 

Se han estudiado nanohilos con composición modulada (multicapa). Estos 

nanohilos se fabricaron intercalando capas de Cu entre los segmentos de FeCoCu, con 

un diámetro de nanohilo constante. Los nanohilos multicapa se produjeron con diferente 

espesor de las capas de Cu y longitud de los segmentos de FeCoCu para estudiar la 

influencia del espesor/longitud en las propiedades magnéticas del array. Se ha 
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determinado que las interacciones magnetostáticas entre los segmentos magnéticos 

tienen una gran influencia sobre las propiedades magnéticas del sistema. Esta influencia 

se ha estudiado mediante las curvas de reversión de primer orden (First-Order Reversal 

Curves, FORC). 

Los procesos de reversión de la imanación en nanohilos individuales de 

FeCoCu con diámetro modulado se han estudiado mediante medidas de Efecto Kerr 

Magneto-Óptico (Magneto-Optic Kerr Effect, MOKE). La configuración de la 

imanación en nanohilos modulados de FeCoCu y Co se determinó mediante Dicroísmo 

Circular Magnético de Rayos X combinado con un Microscopio Electrónico de 

Fotoemisión (X-Ray Magnetic Circular Dichroism - Photoemission Electron 

Microscopy, XMCD-PEEM). La modulación en diámetro y el ajuste de la anisotropía 

magnetocristalina ofrecen la posibilidad de controlar la propagación de la pared de 

dominio a lo largo del nanohilo. 

La aplicación de los arrays de nanohilos ha sido demostrada mediante su 

empleo en dos dispositivos sensores: un sensor de posición y un tacómetro. El sistema 

electrónico fue diseñado de forma que el campo magnético generado por el array fuese 

fácilmente detectado y con precisión suficiente. 

Finalmente, se utilizaron las plantillas de alúmina para fabricar nanohilos de 

NiCu, aleación magnéticamente blanda, y se estudiaron las propiedades magnéticas de 

los arrays en función de su composición, diámetro y longitud. Además, se utilizaron las 

plantillas para fabricar con éxito un nanocompuesto con estructura core-shell formado 

con un material magnético (Ni) y un polímero (poliestireno), para su posterior 

caracterización magnética. 

 

 



 

 

 

 

Chapter 1 

Introduction 

 
 

1.1. Nanotechnology. Nanostructures 

Nanoscaled magnetic materials have received considerable attention during the 

last years motivated by the broad spectrum of applications in advanced technologies. 

The applicability of nanoscaled materials has been widely exploded in fields as high 

density magnetic storage and microwave devices, semiconductors, sensors, logic 

circuits, biomedicine or thermo-magneto-electric devices [1-8], where their 

miniaturization is a necessity [9-11]. In this way, nanotechnology requires the 

optimization of the fabrication and the characteristics of the nanostructured materials to 

properly cover the needs in specific applications. 

Nanomaterials are classified into three classes depending on their geometric 

parameters [12, 13]: 0D nanostructures, whose three dimensions are reduced to 

nanoscale (e.g. nanoparticles, particularly attractive for biomedical applications such as 

hyperthermia or drug delivery [14]) (Figure 1.1(a)); 1D nanostructures, which exhibit 

two dimensions reduced to the nanoscale (e.g. nanowires, nanotubes or nanorods, which 

one of their most interesting properties is the shape anisotropy) (Figure 1.1(b)); and 2D 

nanostructures, where only one of its three dimensions has been reduced to the 

nanoscale (e.g. magnetic thin films used in spin valves and magnetic tunnel junctions 

[15]) (Figure 1.1(c)). 
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Figure 1.1 (a) TEM image of Fe3O4 nanoparticles embedded in a polystyrene matrix [16]; (b) SEM image 

of Co nanowires on Si substrate; and (c) scheme of layer structure used for Co/Pt thin films ([17]). 

 

1.1.1. Nanofabrication techniques 

There are different techniques for the fabrication of nanomaterials, which are 

usually categorized into two main groups: top-down and bottom-up techniques. The first 

one gathers the fabrication methods which are based in the reduction of the size of the 

material, starting from bulk, until the desired nanosize is reached. The most common 

top-down techniques are electron-beam, X-ray and focused ion beam lithographies. 

Bottom-up approaches are based in the constitution of a final material from atoms or 

molecules as building blocks, generally by self-assembly techniques. Examples of 

bottom-up approaches are the sol-gel and electrochemical growth methods, 

characterized by their low-cost fabrication and higher production efficiencies, allowing 

for their potential applicability in the industry [18-20]. 

 

1.1.1.1. Nanowires fabrication 

Nanowires can be fabricated by a broad range of techniques [21], such as nano-

lithography to carry out the deposition of nanostripes (nanowires with rectangular cross 

section) on top of a substrate [22, 23], hydrothermal growth starting from a seed [24], 

chemical vapor deposition [25], molecular self-assembly [26, 27] or template-assisted 

[20] techniques, among others. The templates most commonly used for nanowires 

fabrication are track-etched polycarbonate and porous alumina membranes. The 

polycarbonate templates have non-ordered pores and with non-homogeneous diameter. 

On the other hand, self-organized pores of alumina templates allow to easily obtaining 

close-packed nanowire arrays [28]. 
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Between the different nanostructures and fabrication techniques, the template-

assisted growth of single metallic or alloys nanowires into highly ordered alumina 

membranes has attracted much interest due to its low fabrication cost and possibility to 

tune easily the composition or geometry [20, 28-30]. 

 

1.2. Some basic concepts of magnetism 

Magnetism fundamentally arises from the interaction between the orbital of 

neighboring electrons with overlapping wave functions, when their atoms are close 

enough. Considering the Pauli’s exclusion principle, it is not possible to find two 

electrons with the same spin at the same point in the space and, consequently they 

should have opposite spin. If a given atom presents a certain magnetic moment 

direction, it will make the second atom highly dependent on that direction. The 

fundamental nature of the wave function tends to keep electrons with the same spin 

apart, which reduces their Coulomb energy. When the electrons have parallel spins, the 

system energy is then lower. The exchange energy is the difference in energy between 

the parallel and anti-parallel alignment of neighboring spin moments. For ferromagnetic 

exchange the exchange coupling is such that the parallel magnetization is the most 

stable configuration. On the other hand, for anti-ferromagnetic exchange the magnetic 

moments tend to be coupled in anti-parallel configuration. Considering two neighboring 

electrons with spins S1 and S2, the exchange interaction energy can be represented by: 

 

����� = −2	
�
�                                                      (1.1) 

 

where J is the exchange constant, being positive for parallel and negative for anti-

parallel alignment. 

In the case of ferromagnetic materials, in response to the exchange energy, the 

material should be fully magnetized, with all the individual atomic moments aligned 

with an applied field, originating a maximum value of magnetostatic energy for the 

material. However, magnetic materials tend to reduce this magnetostatic energy (i.e. 

tend to demagnetize) by the formation of magnetic domains inside the material [31, 32]. 

The magnetic domains are regions where all the magnetic moments are aligned along 

the same direction (Figure 1.2). The demagnetized state is possible when magnetic 
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moments of different domains lie along random directions, originating the overall 

macroscopic magnetization suppression. Between two magnetic domains, there is a 

gradual transition of the magnetic moment orientation, known as domain wall. 

 

 

Figure 1.2 Domains formation in a ferromagnetic material and therefore the reduction in the 

magnetostatic energy [33]. 

 

When a magnetic field is applied to a magnetic material, the magnetization state 

can be determined by the eigenvalue of the magnetization vector configuration that 

minimizes the total system energy. The total free energy (ET) can be expressed as 

follows: 

 

�� = ����� � �� � ����� � ����� � ���                                  (1.2) 

 

where Eexch is the exchange energy, EH is the Zeeman energy, Eelas is the magnetoelastic 

energy, Ecrys is the magnetocrystalline energy, and Esh is the shape anisotropy energy. 

 

The Zeeman energy is the energy of the magnetization in an externally applied 

field, which is minimized when the magnetization is aligned with the applied field. This 

energy term is given by: 

 

�� = −� � �                                                       (1.3) 

 

where M and H are the magnetization and external field vectors, respectively. 
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The magnetoelastic energy describes the effect of magnetostriction, which is 

related to the stress on the magnetization of a material. This effect is observed, for 

example when applying a magnetic field to Ni nanowires embedded into alumina 

template at low temperature [34, 35]. 

 

 

1.2.1. Magnetic anisotropy energy 

Magnetic materials usually present preferential magnetization orientation in one 

particular direction of space, induced by the magnetic anisotropy. This fact originates 

magnetization easy (energetically favorable magnetization direction), intermediate and 

hard axis [36, 37]. There are different sources of magnetic anisotropy, being the 

magnetocrystalline (Kcrys) and the shape (Ksh) anisotropies the most relevant for this 

work. 

 

1.2.1.1. Shape anisotropy 

The shape anisotropy contribution arises from the material shape. A magnetic 

material with a high aspect ratio (e.g. nanowires) presents an important shape anisotropy 

which originates a demagnetizing field (HD) due to the magnetic charges at its surfaces. 

The demagnetizing field is opposite and proportional to the magnetization (M) within 

the material when an external field is applied: 

 

�� = − !"                                                            (1.4) 

 

where Nd is the demagnetizing factor, which depends on the material shape. 

The magnetostatic energy originated by the shape anisotropy (Esh) can be 

expressed as: 

 

��� = 1
2 μ% !"�                                                            (1.5) 

 



16 Introduction 

 

As example, the shape anisotropy energy for a specimen in the shape of a prolate 

spheroid (i.e. rod shape, being an approximation of nanowire shape) magnetized to a 

value M at an angle θ to c (Figure 1.3) is given by:  

 

��� = 1
2 μ% �"� � 1

2 μ%( � −  �)"�'()�*                                      (1.6) 

 

where Na and Nc are the demagnetizing factors along the semi-minor axes a and semi-

major axis c, respectively. As the long axis of the prolate spheroid plays an easy axis 

role, the shape anisotropy constant (Ksh) is then given by: 

 

,�� = 1
2 μ%( � −  �)"�                                                      (1.7) 

 

 

Figure 1.3 Prolate spheroid (adapted from [37]). 

 

 

1.2.1.2. Magnetocrystalline anisotropy  

 

The spin-orbit interaction between the atoms in a crystal depends on the spatial 

atom distribution, which can affect the magnetic coupling. Consequently, the 

magnetization along certain orientations in crystalline materials is energetically 

preferred. The magnetocrystalline anisotropy is directly related to the crystalline 

structure and symmetry of the material. 
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Figure 1.4 Lattice structures of (a) body-centered cubic (bcc) iron, (b) face-centered cubic (fcc) nickel, 

and (c) hexagonal close-packed (hcp) cobalt. Magnetization easy and hard axes are shown for each case 

[38]. 

 

For a cubic crystallographic structure, face-centered cubic (fcc) or body-

centered cubic (bcc), the magnetic anisotropy energy can be expressed as: 

 

����� = ,% � ,�(./'�*�./'�*� � ./'�*�./'�*0 � ./'�*0./'�*�) � ⋯ 

… � ,�(./'�*�./'�*�./'�*0) � ⋯                                   (1.8) 

 

where K0, K1, and K2 are the anisotropy constants and θ1, θ2, and θ3 are the angles 

between the magnetization direction and the crystallographic axes.  

For a hexagonal close-packed (hcp) crystallographic structure, considering an 

angle θ between the magnetization and the longitudinal axis (c-axis) of the crystalline 

lattice, the magneto-crystalline energy is given by: 

 

����� = ,% � ,�'()�* � ,�'()4* � ⋯                            (1.9) 

 

Table 1.1 collects the values of the anisotropy constant K1 and K2 for Fe, Co 

and Ni, which originate the easy and hard axes for each crystallographic structure 

shown in Figure 1.4. 
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Table 1.1 Anisotropy constants K1 and K2 for different elements at room temperature [38]. 

Element Structure K1·10
-4

 (J/m
3
) K2·10

-4
 (J/m

3
) 

Fe bcc 4.8 -1.0 

Ni fcc -0.45 -0.23 

Co hcp 41 15 

 

 

 

1.3. Nanomagnetism 

 

1.3.1. 0D Nanostructures: Nanoparticles 

Nanoparticles are characterized by the reduction of their three dimensions to 

the nanoscale, showing a typical sized between 1 and few hundreds of nm. Nowadays, 

nanoparticle research is a scientific field which is attracting much interest due to their 

small size. They present interesting and different new properties compared to bulk 

materials, which could be useful in a wide variety of applications, such as biomedical, 

optics and electronics [14, 39].  

In magnetic nanoparticles, the surface area becomes an important 

characteristic as the spins at the surface highly affect the magnetic properties of the 

nanoparticles. Particularly, when antiferromagnetic (AFM) materials are reduced to the 

nanoscale, they exhibit weak ferromagnetism (Figure 1.5(b) and (f)), differently as at 

the macroscale where they present zero magnetization values [40, 41]. 

Magnetic specimens with small sizes can present single-domain configuration, 

and they can exhibit superparamagnetic (SPM) behavior (Figure 1.5(d)) if the energy 

barrier, Δ, becomes comparable to the thermal energy kBT, where kB is the Boltzmann 

constant, and T the temperature [15, 42]. Considering the relaxation time (τ0 with 

typical values between 10
−9

 and 10
−10

 s), the characteristic time for the spin to randomly 

flip (Néel relaxation time, τN) is given by: 

 

τ6 = τ%789 : ;
<=>?                                                    (1.10) 
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Figure 1.5 Schematic representation of the different effects occurring in magnetic nanomaterials: (a) 

ferromagnetic (FM) and (b) antiferromagnetic (AFM) spin arrangement; (c) typical hysteresis loop for 

permanent magnet material with high remanent magnetization (Mr) and coercive field (Hc); (d) magnetic 

moment arrangement for a material with superparamagnetic (SPM) behavior; (e) hysteresis loop showing 

exchange bias effect produced by the exchange coupling between FM and AFM materials; and (f) 

representation of the typical hysteresis loop obtained for pure AFM nanoparticles ([42]). 

 

 

At temperature low enough that kBT is not enough to influence the spins in a 

SPM nanoparticle, the spin become blocked along a particular direction [21]. This 

temperature is called the blocking temperature (TB): 

 

>= = ,�AAB6C
<=D) Eτ6

τ% F
                                                    (1.11) 

 

where Keff is the effective magnetic anisotropy constant and VNP is the nanoparticle 

volume. 

 

1.3.2. 1D Nanostructures: Nanowires 

Nanowires are considered potential candidates for applications, such as 

magnetic storage recording, sensing devices, biomedicine or drug delivery [20, 43-45]. 

What characterizes these nanostructures is their high aspect ratio, which potentially 
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increases their shape anisotropy, making them useful for specific applications where it 

is required. If the nanowires are fabricated with the proper composition, together with 

the high shape anisotropy, these nanostructures will exhibit high remanence and 

coercive field, which make them  suitable candidates for permanent magnets 

applications [46, 47]. 

 

1.3.2.1. Magnetization reversal modes in cylindrical nanowires 

The application of magnetic nanowires requires a thorough understanding of the 

magnetization reversal processes of those nanostructures. The magnetization reversal 

mechanism depends on the compositional and geometrical properties of the nanowires. 

According to experimental observations and micromagnetic simulations the reversal in 

nanowires takes place by the nucleation of domain walls (DWs) at the end of the 

nanowire followed by their subsequent depinning and propagation along the nanowire 

length [48-51]. It was determined that the domain wall structure is transverse or vortex 

(TDW or VDW, respectively), depending on the nanowire diameter [51], being TDW in 

nanowires with small diameter, and VDW for nanowires with larger diameter (Figure 

1.6). 

 

 

Figure 1.6 (a) Transverse and (b) vortex domain wall in a cylindrical nanowire [52]. 
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The magnetization and magnetic anisotropy of nanowires are determined by 

the balance between shape, magnetocrystalline and magnetoelastic anisotropy terms. 

For nanowires with negligible or very small magnetocrystalline anisotropy (i.e. Fe, Ni 

or FeNi alloy nanowires, which grow into cubic phases) the magnetization reversal is 

mainly determined by the shape anisotropy, and is affected by the magnetostatic 

interactions between nanowires in the array [53-55]. For some materials (e.g. Ni) 

magnetoelastic anisotropy can play some relevant role due to the stresses induced by 

thermal strains arising from different expansion coefficients of metal nanowires and 

the surrounding alumina. For all the nanowires, the coercive field decreases with an 

increase in diameter, originated by a decrease in the shape anisotropy. Furthermore, in 

general, the coercive field for TDW mode is higher than for VDW mode [52]. 

For Co and Co-based nanowires, the magnetocrystalline anisotropy plays a 

decisive role. Co nanowires usually crystallize into hcp crystallographic structure with 

strong magnetocrystalline anisotropy energy constant whose magnetization easy 

direction is determined by the c-axis of hexagonal symmetry. Most commonly for 

these nanowires, the magnetization easy axis lies almost perpendicular to the nanowire 

axis [56-58]. The crystallographic structure of Co nanowires strongly depend on the 

electrodeposition parameters, which allow for the easy axis rotation out of the 

perpendicular direction [57]. 

The magnetic anisotropy of nanowires can be modified by the incorporation of 

different elements into the system [59-61]. After adding Ni to synthesize CoNi alloy 

nanowires, the magnetic properties of the alloy depend strongly on the amount of Co. 

For Co content below 50%, the shape anisotropy predominates and the coercivity can 

be adjusted by the composition. On the other hand, for more than 50% of Co in the 

alloy the magnetocrystalline anisotropy becomes predominant and the crystallographic 

structure determines the magnetic behavior [62-65]. CoFe alloys with high Fe content 

present relatively small magnetocrystalline anisotropy and magnetostriction which 

reduces the magnetic hardness (i.e., coercivity) and enhances magnetic susceptibility 

[66]. 

On the other hand, by micromagnetic simulations it was shown that the current 

induced motion of TDWs in cylindrical nanowires is different from that in magnetic 

nanostripes [67]. Walker breakdown effect limits the domain wall velocity in
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nanostripes. At a critical external magnetic field, the transformation of the domain wall 

takes place (from TDW to VDW or vice versa), and this originate in a reduction of the 

domain wall propagation velocity. Micromagnetic simulations showed that the Walker 

limit does not exist in cylindrical nanowires [67]. 

 

1.3.3. 2D Nanostructures: Thin films. 

If one of the three materials dimensions is reduced to the nanoscale, we obtain 

thin films. Magnetic thin films and multilayers are used in magnetic recording devices 

as read and write heads [68]. For magnetic storage data it is usual to employ 

multilayers of magnetic/non-magnetic materials [69, 70]. 

Thin films are fabricated by depositing atoms onto a substrate (Figure 1.1(c)) 

by different methods: chemical vapor deposition, electrodeposition from a liquid 

electrolyte, thermal evaporation, and sputtering. The last one is the most widely used 

method as it permits almost any combination of elements to be deposit and the 

obtained material is highly reproducible. 

Directional structures can be produced in a thin film by arranging the 

deposition conditions. The directionality can be the result of crystallographic texture in 

materials with significant magnetocrystalline anisotropy. Furthermore, it is necessary 

to consider the magnetoelastic anisotropy originated by the difference in thermal 

expansion coefficients between the film and substrate. During the fabrication process, 

a uniaxial anisotropy can be induced in a magnetic thin film if the deposition is 

performed in the presence of an applied magnetic field [37]. 

Due to shape anisotropy, the magnetization in thin films tends to lie in the 

plane of the film, but the effect of perpendicular anisotropy has gained much interest 

in the last years for the applications in magnetic storage. The perpendicular anisotropy 

in thin films can be generated by choosing the appropriate film thickness or the 

material (e.g. CoCrPt, CoFeB or MnCoAl, among others [71-73]). 

 When the multilayer thin films are composed of a ferromagnetic (FM) and an 

anti-ferromagnetic (AFM) layer, the magnetic characteristics of the system are 

influenced by the exchange bias coupling between the two different magnetic layers. 



Objectives 23 

 

Figure 1.5(e) shows that the exchange bias originates a shift of the hysteresis loops 

along the field axis, characterized by the exchange bias field (Heb) and the increase in 

the coercive field [42]. The occurrence of the coupling between FM layers separated 

by non-magnetics or AFM layers has propelled the development of new devices for 

technological applications, such as in magnetic data storage, sensing devices and 

biomedicine [15, 74]. 

 

 

1.4. Objectives 

The main objective of this research is to study the magnetization reversal 

processes of cylindrical and modulated nanowires within a broad range of compositions 

and geometries. The change in composition of the alloy enables the control of the 

effective anisotropy axis, which is determined by the balance between the 

magnetocrystalline and shape anisotropies. The study focus on two types of modulated 

nanowires: (i) nanowires modulated in composition, and (ii) modulated diameter 

nanowires. In order to achieve the main objective, different sub-objectives have been 

proposed: 

• The study of magnetic properties of FeCo nanowire arrays in the full 

range of compositions from pure Fe to pure Co, for two nanowire 

diameters. 

• To determine the effect of adding Cu into FeCo alloy nanowires and the 

influence of thermal treatments on the magnetic properties of nanowire 

arrays. 

• Addition of Cu layers between FeCoCu segments to form multilayer 

nanowires arrays, and determine the influence of the layers/segments 

thickness/length on the magnetic behavior of the array. 

• The study of magnetostatic interactions within the multilayer nanowire 

array. 

• Determination of the magnetization reversal process of individual 

nanowires with modulated diameter. Study the influence of geometry 

and crystallographic structure. 
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• Development of two sensing devices prototypes: position sensor and 

tachometer, to demonstrate the applicability of magnetic nanowire 

arrays. 

• Study of magnetic properties of NiCu nanowires as function of 

nanowire composition, diameter and length. 

• Template-assisted fabrication of different nanocomposite structures. 

 

1.5. Manuscript outline 

The work is structured in seven chapter and two appendices, comprising an 

introduction, a description of the experimental techniques, the main results and 

discussions and the final conclusions and future perspectives. They are organized as 

follows: 

• Chapter 2 gathers the techniques used for geometrical, compositional and 

structural characterization, as well as the techniques employed to perform the 

magnetic characterization of arrays or isolated nanowires. 

• In Chapter 3, the influence of nanowire composition and diameter on the 

magnetic properties of FeCo cylindrical nanowire arrays has been studied in 

detail. Furthermore, the effect of adding a small amount of Cu into the alloy 

and the subsequent annealing on the structural and magnetic properties has 

been described. 

• In Chapter 4, cylindrical multilayer nanowires have been studied. The 

magnetic properties have been determined as a function of the 

ferromagnetic/non-ferromagnetic segment/layer length/thickness. Also the 

intra-wire and inter-wires magnetostatic interactions in the system have been 

studied and the effect on the magnetic properties has been quantified. 

• In Chapter 5, the magnetization configuration and reversal processes of 

nanowires with tailored diameter modulations along the nanowire length have 

been established. It has been determined that the shape and 

magnetocrystalline anisotropies play a determining role on the magnetization 

reversal processes. 
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• In Chapter 6 the applicability of magnetic nanowire arrays has been addressed 

by the description of two sensing devices implementation: a position sensor 

and a tachometer. 

• The main conclusions and future perspectives are collected in Chapter 7. 

• Appendix I contains the study of two magnetically soft systems: NiCu 

nanowire arrays and the nanocomposite formed by Ni nanowires embedded 

into polystyrene nanotubes. Appendix II describes the synthesis, using the 

alumina membranes as templates, and the magnetic characterization of multi-

walled carbon nanotubes (MWCNTs) filled with magnetic nanoparticles 

(NPs). 

 

The results included in the different chapters are based on the following 

publications: 

Chapter 3: 

� C. Bran, E.M. Palmero, Z-A. Li, R.P. del Real, M. Spasova, M. Farle, and 

M. Vázquez, “Correlation between structure and magnetic properties in 

CoxFe100-x nanowires: role of composition and wire diameter” J. Phys. D: 

Appl. Phys. 48, 145304 (2015). 

� C. Bran, E.M. Palmero, R.P. del Real, and M. Vázquez, “CoFeCu 

electroplated nanowire arrays: Role of composition and annealing on 

structure and magnetic properties” Phys. Status Solidi A 211 (5), 1076–

1082 (2014). 

� E.M. Palmero, R. Salikhov, U. Wiedwald, C. Bran, M. Spasova, M. 

Vázquez, and M. Farle, “Enhanced magnetocrystalline anisotropy of 

Fe30Co70 nanowires by Cu additives and annealing” Nanotechnology 27, 

365704 (2016). 

Chapter 4: 

� E.M. Palmero, C. Bran, R.P. del Real, C. Magén, and M. Vázquez, 

“Structural and Magnetic Characterization of FeCoCu/Cu Multilayer 

Nanowire Arrays” IEEE Magn. Lett. 5, 6700304 (2014). 
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� E.M. Palmero, F. Béron, C. Bran, R.P. del Real, and M. Vázquez, 

“Magnetic interactions in compositionally modulated nanowire arrays” 

Nanotechnology 27, 435705 (2016). 

Chapter 5: 

� E.M. Palmero, C. Bran, R.P. del Real, and M. Vázquez, “Vortex domain 

wall propagation in periodically modulated diameter FeCoCu nanowire as 

determined by the magneto-optical Kerr effect” Nanotechnology 26, 

461001 (2015). 

� C. Bran, E. Berganza, E.M. Palmero, J.A. Fernández-Roldán, R.P. del Real, 

L. Aballe, M. Foerster, A. Asenjo, A. Fraile Rodríguez, and M. Vázquez, 

“Spin configuration of cylindrical bamboo-like magnetic nanowires” J. 

Mater. Chem. C 4, 978–984 (2016). 

Chapter 6: 

� E.M. Palmero, C. Bran, M. Vázquez, and R.P. del Real, “Magnetic 

nanowires based sensors”, submitted. 

Appendix I:  

� E.M. Palmero, C. Bran, R.P. del Real, C. Magén, and M. Vázquez, 

“Magnetic behavior of NiCu nanowire arrays: Compositional, geometry and 

temperature dependence” J. Appl. Phys. 116, 033908 (2014). 

� B. Sanz, E.M. Palmero, R.P. del Real, M. Vázquez, and C. Mijangos, 

“Arrays of magnetic Ni nanowires grown inside polystyrene nanotubes” 

Ind. Eng. Chem. Res. 54 (51), 13005–13008 (2015).  

Appendix II:  

� K. Stojak Repa, D. Israel, J. Alonso, M.H. Phan, E.M. Palmero, M. 

Vázquez, and H. Srikanth, “Superparamagnetic properties of carbon 

nanotubes filled with NiFe2O4 nanoparticles” J. Appl. Phys. 117, 17C723 

(2015). 

 

This work reports the research made on the synthesis and characterization of 

FeCo-based nanowire arrays and single nanowires with modulated composition and 

geometry, fabricated by different anodization techniques and electroplating into the 

AAO templates. The work has been performed mainly at the Institute of Materials 

Science of Madrid (ICMM-CSIC), in the Group of Nanomagnetism and Magnetization 
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Processes. FMR measurements were performed at the University of Duisburg-Essen 

(Germany), during the research stay granted by the German Academic Exchange 

Service (DAAD) in the group led by Prof. Michael Farle. Furthermore, HRTEM 

characterization of FeCo nanowires was performed in collaboration with this group. 

HRTEM measurements on FeCoCu/Cu multilayer nanowires and NiCu alloy nanowires 

were carried out in collaboration with the team at the Institute of Materials Science of 

Aragón in Zaragoza (Dr. César Magén). The synthesis and characterization of Ni 

nanowires embedded into polystyrene nanotubes was performed in collaboration with 

the group led by Prof. Carmen Mijangos at the Institute of Polymers Science and 

Technology (ICTP-CSIC). The synthesis and characterization of multi-walled carbon 

nanotubes filled with magnetic nanoparticles was performed in collaboration with the 

research group led by Prof. Hari Srikanth at the University of South Florida (Tampa, 

USA). 
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Chapter 2 

Experimental Techniques 

 

 

2.1.  Anodic aluminum oxide templates fabrication 

2.1.1. Anodization 

The electrodeposition into anodic aluminum oxide (AAO) templates has been 

proposed as a straightforward route for fabrication of nanostructures with tailored and 

well-controlled geometries and as an alternative to the nanolithography [1-4]. The 

fabrication of highly ordered nanostructures such as nanowires, nanotubes, nanodots or 

antidots using the AAO templates as patterns offers a low-cost route for nanodevices 

production [5]. These advanced nanoscale systems are strong candidates for a broad 

range of applications such as high-density magnetic storage, semiconductors, permanent 

magnets, logic circuits, biomedicine or sensing [6-10]. In particular, highly ordered 

nanowire arrays have been proposed in a broad spectrum of technological applications 

as to enhance the high-density magnetic data storage or for specific functionalization in 

energy and environmental developments [11-15]. 

The anodization is the passivation or the formation of an oxide layer on the 

surface of a metal, by electrochemical methods, under controlled conditions, as 

electrolyte composition and pH, temperature or applied voltage. Several metals can be 

anodized (e.g. aluminum, titanium, niobium, tantalum, tungsten or zirconium) [16] but 

in this work, only the anodization of aluminum will be explained in detail as this metal 

is the used to fabricate all the studied nanowires. The anodization of Al presents some 

peculiarities in comparison to the other metals, such as the possibility to grow a thick 

oxide layer (alumina, Al2O3), with high pore density. Moreover, under particular 
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anodization conditions such as electrolyte composition or electrochemical parameters, 

during the nanopores growing, a self-ordering process takes place giving as a result a 

honeycomb structure consisting of a close-packed array of columnar alumina units, 

called cells, containing a central hole (Figure 2.1) [1, 17-19]. 

 

 

Figure 2.1 Schematic representation of (a) top and (b) 3D view of an AAO template. 

  

 

 

Figure 2.2 Anodization cell. 

 

The anodization is performed in an electrochemical cell where two electrodes 

(the anode and the cathode) are submerged into the electrolyte. The anode is the metal 

that will be anodized (in our case, aluminum) and the cathode is made of a chemically 

resistant metal (in our case, platinum) (see Figure 2.2). Both electrodes are connected by 
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a power supply that applies a constant voltage, a voltage ramp or voltage pulses, 

depending on the type of anodization [1, 20-22]. 

The anodization process consists mainly of two electrochemical reactions: i) 

the electrical-field-driven oxide formation at the metal/oxide interface; and ii) the oxide 

dissolution at the electrolyte/oxide interface (Figure 2.3) [5]. The AAO growth relies on 

the balance between these two reactions. The electrochemical processes which take 

place can be simplified to [23]: 

 

2����� � 3	
���� → ��
���� � 6	����� � 6��                     (2.1) 

 

and 

 

��
���� � 6	����� → 2������� � 3	
����                         (2.2) 

 

corresponding to the oxide formation (Eq.(2.1)) and dissolution (Eq.(2.2)) at the anode, 

while hydrogen is released at the cathode by means of the following reaction: 

 

2	����� � 2�� → 	
���                                       (2.3) 

 

 

 

Figure 2.3 Electrochemical processes at the anode (adapted from [5]). 
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The previously mentioned balance between the oxide formation and its field-

assisted dissolution determines the barrier layer thickness, which is the distance 

between the dashed line and Al substrate in Figure 2.3, and the geometrical parameters 

of the nanopore array (i.e. pore size and lattice parameter or distance between pore 

centers). 

The long-range ordering of the nanopore array naturally occurs when the 

anodization conditions are suitable. The anodizing conditions for long-range ordering 

are characterized by a long-period anodization under the appropriate applied voltage 

which depends on the electrolyte composition [24]. At the initial stage of the 

anodization, the nanopore ordering degree is low because they start to develop 

randomly. In this sense, different anodization processes have been developed to 

improve the nanopore ordering, such as the two-step anodization [1], suitable pre-

texturing [25-27] or pre-anodization and voltage ramp in the case of hard anodization 

[2, 20]. The two-step and hard anodization processes will be explained in detail in the 

Sections 2.1.3.1. and 2.1.3.2., respectively. 

During the anodization process we have to consider different electrochemical 

parameters, such as the acidic solution to be used as electrolyte and its concentration, 

the applied voltage, temperature and time of the experiment. The choice of these 

parameters allows us to tailor the AAO template geometry and, in consequence, the 

nanowires geometry grown into the template [2]. 

The most important parameters to consider for the anodization of Al are the 

type of electrolyte, applied voltage and temperature. Firstly, the type of electrolyte 

should be chosen according to desired nanopores geometry, i.e. the diameter and the 

distance between nanopore centers that finally will be obtained. Usually, acidic aqueous 

solutions are used as electrolytes [24, 28], such as oxalic (C2H2O4), sulfuric (H2SO4) or 

phosphoric (H3PO4), these being the most employed acids, but some others are used like 

glycolic, malonic, tartaric or citric acid [24, 29, 30]. The voltage applied during the 

anodization between the anode and the cathode also influences the geometrical 

parameters of the AAO template. Using the proper electrolyte and applied voltage, the 

nanopore diameter and distance between pore centers can be tuned. 

 



Anodic aluminum oxide templates fabrication 39 

 

2.1.2. Cleaning and electropolishing of Al foils 

Previously to the anodization process (each process is described in detail in the 

following sections), several steps were needed to prepare a smooth and clean Al foil 

surface to reduce the inhomogeneities in the sample. In all the preparation processes 

aqueous solutions were prepared using high purity water (resistivity of 18.2 MΩ·cm at 

25 ºC). 

Firstly, the Al foils were ultrasonically cleaned in acetone for 10 min followed 

by 10 min in ethanol. The degreased Al foils were electropolished in a mixed solution 

of perchloric acid (HClO4 : 4.16 M) and ethanol (C2H5OH : 12.85 M), under a constant 

voltage of 20 V for 5 min. Once the surface is polished, we proceed to the anodization 

(see Section 2.1.3). 

 

2.1.3. Anodization techniques 

In order to fabricate hexagonally ordered AAO templates with various 

geometries, different anodization processes were employed to obtain the desired 

geometrical characteristics [1, 20-22]. The AAO templates that were used to fabricate 

the different nanowire arrays presented in this research work were fabricated by three 

different anodization processes on high purity (99.999%) Al foils: 

i) Two-step anodization 

ii) Hard anodization 

iii) Pulsed anodization 

The different anodization processes were carried out using a similar 

experimental setup (see Figure 2.4(a)), consisting of a Teflon cell in contact with the 

cooling system through a Cu plate to keep the temperature constant. In this 

electrochemical process, the Al foil was the anode and the cathode was a Pt mesh. The 

acidic electrolyte was mechanically stirred to have a constant temperature and pH of the 

solution during the entire process (see Figure 2.4(b)). 
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Figure 2.4 (a) Anodization setup and (b) detailed anodization cell. 

 

 

2.1.3.1. Two-step anodization 

The alumina templates with nanopore diameter, dNW, ranging between 20 and 

80 nm and with a distance between nanopore centers, Dint, of 55 and 105 nm were 

fabricated using the two-steps anodization process [1].  

For alumina membranes with dNW = 20 nm and Dint = 55 nm, a sulfuric acid 

aqueous solution (H2SO4 : 2.15 M) was used under an applied constant voltage of 20 V 

at a temperature of 0-1 ºC for 16 h. The resulting alumina layer was chemically 

removed using a mixed aqueous solution of chromium oxide (CrO3 : 0.18 M) and 

phosphoric acid (H3PO4 : 0.72 M). The surface was re-anodized under the same voltage 

and temperature as in the first anodization, for 3 h. 

In the case of templates with dNW ranging between 35 and 80 nm and Dint = 105 

nm, the anodization was carried out using a oxalic acid aqueous solution (C2H2O4 : 0.30 

M) under a constant applied voltage of 40 V at a temperature of 3 ºC for 24 h and 20 h, 

first and second anodization step duration, respectively. The alumina layer formed after 

the first anodization was chemically etched by the CrO3 : H3PO4 solution. To obtain the 

nanopore diameter in the range of 35 nm < dNW ≤ 80 nm, the membranes were immersed 

in the H3PO4 aqueous solution for the time collected in Table 2.1. 
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Table 2.1 Immersion time and pore diameter obtained for the anodized samples. 

 

Time (min) 40 50 60 

dNW (nm) 60 70 80 

 

 

 

2.1.3.2. Hard anodization 

The alumina templates with dNW ranging between 100 and 150 nm and Dint = 

320 nm were fabricated by hard anodization process, where a high voltage was used [2, 

20]. Prior to the anodization, a pre-anodization using a lower voltage (80 V for 5 min) 

was performed to create an alumina protective surface to avoid burning the Al foil. 

After that, the voltage was increased using a voltage ramp (0.08 V/s) until the hard 

anodization voltage (140 V) was reached and kept constant for 1 h. The different 

voltages applied during this process are shown in Figure 2.5(a). The hard anodization 

process was carried out using a mixture of 0.30 M oxalic acid and 0.86 M ethanol 

aqueous solution at 0-1 ºC. The alumina barrier layer was dissolved and the pores were 

enlarged submerging the templates in the H3PO4 aqueous solution. 

 

 

Figure 2.5 (a) Hard and (b) pulsed anodization process. 
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2.1.3.3. Pulsed anodization 

The pulsed anodization was used to fabricate the nanopores with modulated 

diameter [21, 22]. The solution used for this anodization was a mixture of 0.30 M oxalic 

acid and 0.86 M ethanol aqueous solution at 0-1 ºC. 

The pulsed anodization was performed in two different ways to obtain two 

different types of modulations. For both types, firstly was carried out a pre-anodization 

(for the first type, constant voltage of 80 V for 15 min, followed by 5 min at 140 V; and 

80 V for 10 min and after that 6 min at 100 V for the second type) and then pulses with 

different durations in time (pulses of 10 s at 80 V and 30 s at 140 V for the first type; 

and pulses at 130 V for 5 s and 150 s at 100 V for the second type) were applied. The 

modulations of the pores are obtained by controlling the duration and the amplitude of 

the hard anodization pulses. An example of the process is shown in Figure 2.5(b). The 

alumina barrier layer was removed and the pores were enlarged submerging the 

templates in the H3PO4 aqueous solution at 32 ºC for 150 min. 

 

2.1.4. Removal of alumina barrier layer 

For the nanowire electrodeposition, we need the alumina template open at both 

sides. One of the sides is open due to the anodization, but the other one is covered by 

residual Al and the alumina barrier layer that we need to remove. Both were chemically 

etched using different acidic solutions. The remaining Al substrate was removed by a 

mixed aqueous solution of copper (II) chloride dihydrate (CuCl2·2H2O : 0.10 M) and 

hydrochloric acid (HCl : 1.64 M). The alumina barrier layer was etched by a phosphoric 

acid aqueous solution (H3PO4 : 0.60 M) at room temperature. For the arrays with pore 

diameter bigger than 35 nm, the templates were immersed in the same H3PO4 aqueous 

solution at 35 ºC for a period of time that was previously calibrated according to the 

final pore diameter to obtain. 
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2.2. Nanowires fabrication 
 

2.2.1. Electrodeposition 
 

The nanowire array fabrication into AAO templates by electrodeposition is an 

efficient and low-cost technique that allows us the fabrication of high-density magnetic 

nanowire arrays with high aspect ratio and different composition, crystallographic 

structures and geometries. 

The electrodeposition can be carried out by different modes: constant voltage 

(potentiostatic mode), constant current (galvanostatic mode) and by alternating voltage 

or current pulses [5, 10, 31, 32]. 

For this research work, the nanowire growth was carried out by 

electrodeposition of the different materials into the alumina nanopores from a sulfate 

bath in a three-electrode cell under potentiostatic mode at room temperature (Figure 

2.6). As the potential was fixed in all the cases, the nanowire lengths and the 

layer/segment thickness/length were controlled by the electrodeposition time. In this 

process a Ag/AgCl reference electrode and a Pt mesh as the counter electrode were 

used. 

 

 

Figure 2.6 (a) Electrodeposition setup and (b) three-electrode cell. 
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For the electroplating an electrical contact is necessary to act as the working 

electrode of the cell. This electrode was created by sputtering of a thin Au layer on one 

side of the template. To ensure the full coverage of the pores, Au was also grown inside 

the pores by electrodeposition, using a commercial orosene solution as the electrolyte, 

in potentiostatic mode by applying a constant voltage of -2.4 V for 10 min. 

 

 

2.2.2. Single element and alloy nanowires  

Once the working electrode was created, the electrodeposition was performed 

using Watts-type baths containing the sulfates and chlorides salts of the different 

materials that were grown (Ni, Fe and Co as single elements, and FeCo, FeCoCu and 

NiCu as alloys), under a constant potential. Also, the electrolyte contains boric acid 

(H3BO3) and ascorbic acid (C6H8O6), to act as pH buffer and prevent the oxidation, 

respectively. The pH of the electrolytes was kept constant during the electroplating and, 

if necessary (e.g. in the case of Co), adjusted using 0.30 M H2SO4 or 0.30 M sodium 

hydroxide (NaOH) aqueous solutions, for decreasing or increasing the pH value, 

respectively. The bath composition, pH and applied voltage (versus Ag/AgCl reference 

electrode) used for the electrodeposition of the different single elements and alloys 

nanowires are collected in Table 2.2. 

 

2.2.3. Multilayer nanowires 

The multilayer nanowires studied in this research work were grown by pulsed 

electrodeposition using a single Watts-type bath. The composition of the bath was the 

same as for the Fe30Co65Cu5 (labeled FeCoCu in the following) continuous nanowires 

(see Table 2.2). 

The pulsed electrodeposition consisted in applying two different potentials to 

grow two different compositions from the same electrolytic bath: FeCoCu alloy as the 

ferromagnetic (FM) segment and Cu as the non-ferromagnetic (NFM) layer. The 

applied voltages were −1.5 V for FeCoCu segments and −0.3 V for Cu layers, both 

versus Ag/AgCl reference electrode. 
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Table 2.2 Bath composition, pH and voltage applied during the electrodeposition. 

Composition 
Voltage  

(V vs. Ag/AgCl) 
pH Bath composition 

Fe -1.2 3.0 FeSO4∙7H2O (0.22 M) + H3BO3 (0.16 M) 
+ C6H8O6 (0.06 M) 

Co -1.5 3.0 CoSO4∙7H2O (0.36 M) + H3BO3 (0.16 M) 

Ni -1.0 2.5 0.76 M NiSO4·6H2O + 0.17 M 
NiCl2·6H2O + 0.65 M H3BO3 

CoxFe100-x 

(0 ≤ x ≤ 100) 
-1.8 3.0 

CoSO4∙7H2O (0.02-0.16 M) + 
FeSO4∙7H2O (0.02-0.16 M) + H3BO3 

(0.16 M) + C6H8O6 (0.06 M) 

CoxFe95-xCu5 

(30 ≤ x ≤ 90) -1.8 3.0 

CoSO4·7H2O (0.05-0.16 M) + 
FeSO4·7H2O (0.02-0.09 M) + 

CuSO4·5H2O (0.01 M) + H3BO3 (0.16 M) 
+ C6H8O6 (0.06 M) 

Fe30Co65Cu5 -1.8 3.0 
CoSO4·7H2O (0.12 M) + FeSO4·7H2O 
(0.05 M) + CuSO4·5H2O (0.01 M) + 
H3BO3 (0.16 M) + C6H8O6 (0.06 M) 

NixCu100-x 

(0 ≤ x ≤ 75) 
-1.0 2.5 NiSO4·6H2O (0.35 M) + CuSO4·5H2O 

(0-0.06 M) + H3BO3 (0.30 M)   

 

 

Two sets of multilayer nanowire arrays were prepared keeping constant the 

FeCoCu alloy segment or Cu layer thickness, respectively. In the first series, with 

constant FeCoCu segments length (25 s electroplating time), the duration of the pulses 

of Cu deposition varied between 5 and 60 s. In the second series, with constant Cu layer 

thickness (15 s electroplating time), the duration of the pulses of FeCoCu deposition 

was varied between 10 and 60 s. In both cases, FeCoCu/Cu bilayers were repeated ten 

times. 

 

2.2.4. Single nanowires release from AAO template 

To obtain single and isolated nanowires, firstly the Au layer was chemically 

removed from the back side of the samples by a mixed solution of iodine (I2 : 0.12 M) 

and potassium iodide (KI : 0.54 M), followed by the dissolution of the alumina template
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(Section 2.1.3.1). Once the template was dissolved, the released nanowires were cleaned 

using high purity water and, finally, they were immersed in ethanol and dispersed on 

silicon substrate. 

 

 

2.3.  Characterization techniques 
 

2.3.1. Geometrical, structural and compositional characterization 
 

2.3.1.1. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray 

Spectroscopy (EDS) 

A Scanning Electron Microscope (SEM), Nova Nano 230, was used to 

determine the geometry of the nanowires studied in this research work (i.e. nanowire 

diameter and length, distance between nanowire centers and segment length in 

modulated nanowires). Also, SEM technique was used to determine the distribution of 

the nanowires on Si substrate for the following magnetic characterization of single 

nanowires. 

Energy Dispersive X-ray Spectroscopy (EDS) allows the elemental analysis of 

the sample by the detection and measurement of the X-ray radiation emitted by the 

sample, which is characterized by specific wavelengths and energies depending on the 

nature of the atoms in the specimen. 

For more detailed information about SEM and EDS techniques, the reader is 

referred to Refs. [33-35]. 

 

2.3.1.2. X-Ray Diffraction (XRD)  

 

The crystallographic structure of the nanowires studied in this thesis was 

established by means of an X-ray Diffractometer (XRD), PANalytical X’pert Pro, in 

Bragg-Brentano geometry and with Cu-Kα1 radiation. 

When an incident beam of monochromatic X-rays interacts with a material, 

those X-rays are scattered from atoms within the material. If the material presents a 

regular structure (i.e. crystalline materials), the scattered X-rays undergo constructive 
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and destructive interferences. When the interaction between the incident beam and the 

crystalline material originates constructive interference, the diffraction condition is 

satisfied and X-ray diffraction process is described by Bragg’s law. 

Bragg’s law relates the wavelength of the electromagnetic radiation to the 

diffraction angle and the lattice parameter in a crystalline material: 

 

2� sin � = ��                                                           �2.4� 

where d is the distance between crystallographic planes, θ is the diffraction angle, n is a 

positive integer and λ is the wavelength of the incident wave (in our case, for CuKα, 

λ = 1.54060 Å). 

Moreover, the lattice parameter of a particular crystallographic system, a, can 

be obtained using the following equation: 

 

� = �
√ℎ
 � "
 � �
                                                      �2.5� 

 

where h, k and l are the Miller indices for planes in crystal lattices. 

Polycrystalline materials are composed of many tiny crystallites randomly 

oriented in all possible orientations. In this case, all possible diffraction peaks can be 

detected by scanning the sample in configuration θ - 2θ angle. 

From an XRD spectra several parameters can be obtained, which provide 

information about the crystalline structure and grain size of the material: peak positions, 

intensities, widths and shapes. The obtained peaks usually are compared to standard 

reference patterns to determine the crystallographic structure of the studied sample. 

 

2.3.1.3. Transmission Electron Microscopy (TEM)  

 

The compositional and structural characterization of FeCo nanowires was 

performed by High Resolution Transmission Electron Microscopy (HRTEM) using a 

FEI Tecnai F20 microscope (200 kV), equipped with an EDS spectrometer, located at 

the University of Duisburg – Essen, Duisburg (Germany). 
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The morphological and microstructure characterization of the multilayer 

nanowires and the NiCu nanowires was carried out by HRTEM and Selected Area 

Electron Diffraction (SAED) in an image-corrected FEI Titan Cube 60-300, at the 

Advanced Microscopy Laboratory (LMA) of the Institute of Nanoscience of Aragón 

(INA) - ARAID, Zaragoza (Spain). 

 
 

2.3.2. Magnetic characterization 
 

2.3.2.1. Vibrating Sample Magnetometry (VSM) 

The measurement of the magnetic moment of a nanowire array depending on 

the applied magnetic field has been performed by a Vibrating Sample Magnetometer 

(VSM). The working principle of the VSM is based on Faraday’s law of 

electromagnetic induction. The measurement is performed by attaching the sample to a 

non-ferromagnetic rod which vibrates and placing it between an electromagnet that 

applies a magnetic field. The plot of the applied magnetic field together with the 

corresponding magnetization of the sample results in a hysteresis loop from which we 

can obtain different magnetic properties to compare between samples, as coercive field 

(Hc), magnetic moment at saturation (ms) or at remanence (mr), among others.  

With a VSM it is also possible to obtain information about the magnetic 

interactions that take place in a magnetic nanowire array by the First-Order Reversal 

Curve (FORC) technique.  The FORC method was based on the classical Preisach 

model [36], a mathematical model where hysteresis can be modeled as a set of 

elementary processes called hysterons and characterized by two mathematical 

parameters: the coercive field (µ0Hc) and the interaction field (µ0Hu) (Figure 2.7). 

For the FORC technique, firstly the major hysteresis loops were measured to 

determine the saturation field (µ0Hsat), required to magnetically saturate the nanowire 

arrays in the positive direction which will be taken as the starting point for the FORC 

measurement. The FORC minor hysteresis loops were obtained inside the hysteresis 

area, under a maximum applied magnetic field (µ0Hmax). The hysteresis loops are 

recorded using a specific field step (µ0ΔH) and reversal field step (µ0ΔHr). 
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Figure 2.7 Mathematical hysteron from the classical Preisach model (adapted from [37]). 

 

The FORC distribution (ρFORC) is calculated as the second-order mixed 

derivative of M(H, Hr) with respect to H and Hr [38]: 
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The FORC distribution can be represented graphically by a contour plot with a 

color scale ranging between ρFORC, min and ρFORC, max, indicating the statistical 

distribution of the mathematical hysterons. In this graph, the x-axis and the y-axis 

correspond to µ0H and µ0Hr, respectively. In order to extract directly the coercive field 

(µ0Hc) and the interaction field (µ0Hu) mathematical hysteron parameters from the 

graph, a new set of coordinates are included, defined as follow [39]: 

 

01	2 = 01 3	 + 	*
2 4,         	5 = +01 3	 � 	*

2 4                       �2.7� 

 

For the process to obtain the FORCs, the sample is firstly saturated in the 

positive direction, then the magnetic field (µ0H) is reduced to the minimum reversal 

field (µ0Hmin = - µ0Hmax). Then, the field is increased again according to µ0ΔH and the 

magnetization (M) is measured. To cover all the hysteresis area, the reversal field (µ0Hr) 

is taken from µ0Hmin to µ0Hmax, using the step µ0ΔHr. After the measurement, the FORC 
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distribution is plotted and analyzed according to the influence of the studied parameters. 

A typical FORC curve and FORC distribution plot is shown in Figure 2.8. 

 

Figure 2.8 (a) VSM measurement on magnetic nanowire array. The inset corresponds to a zoom in of the 
measurement, where the blue line is the major hysteresis loop and the black ones are the FORC curves; 
and (b) corresponding FORC distribution plot (adapted from [40]). 

 

All the hysteresis loops measured to study the samples for this thesis has been 

obtained in a VSM ADE system EV7 KLA-Tencor, where it is possible to apply a 

maximum magnetic field of ± 1.8 T. 

 
 

2.3.2.2. Magneto-Optical Kerr Effect (MOKE) 

The study of the magnetic behavior of single nanowires with constant diameter 

and with diameter modulations has been carried out by Magneto-Optical Kerr Effect 

(MOKE).  

The Kerr effect consist in the change of the polarization and the intensity of the 

light reflected from a magnetized surface. There are three types of MOKE depending of 

the direction of the magnetization vector with respect to the reflecting surface and the 

plane of incidence (Figure 2.9). If the magnetization vector is perpendicular to the 

reflection surface and parallel to the plane of incidence of the light, it is called polar 

MOKE. When the magnetization is parallel to the reflection surface and also to the 

plane of incidence of the light, the effect is called longitudinal MOKE. And the 

transversal MOKE takes place when the magnetization lies parallel to the surface and 

perpendicular to the plane of incidence of the light. 
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Figure 2.9 Types of Magneto-Optical Kerr effect (adapted from [41]). 

 

The single nanowires have been measured by a Kerr effect magnetometer 

NanoMOKETM 2 from Durham Magneto Optics Ltd. The experimental setup consists 

on a laser diode (nominal laser spot of 3 µm, wavelength of 658 nm and power 7.5 mW) 

that emits laser light which is polarized and then goes through the light splitter. The 

system has also objective lens to focus the light coming from the laser on the sample 

surface. In this case, the magnetic surface is an isolated nanowire on a Si substrate. 

After the laser reaches the surface, the light is reflected and focused again by the 

receiving lens to the longitudinal Kerr detector. Before reaching the detector the light 

passes a quarter-wave plate which removes the circular component of the light and an 

analyzer that filters the component perpendicular to the filter direction. In this way, the 

intensity of the light that reaches the detector is directly related to the magnetization of 

the nanowire. The magnetic field is applied using a quadrupole electromagnet, being the 

maximum applied field of ± 500 Oe.  

 

2.3.2.3. Ferromagnetic Resonance (FMR) 

Ferromagnetic Resonance (FMR) has been proved to be an effective technique 

to quantitatively determine the magnetic anisotropy in ferromagnetic systems, 

particularly in ferromagnetic nanowire arrays [42-44]. 

FMR measurements were performed using a conventional X-band FMR 

spectrometer, Bruker BioSpin ELEXSYS E 500 (Figure 2.10(a)). The equipment 

belongs to the research group of Prof. Michael Farle at the University of Duisburg - 

Essen, Germany. The spectrometer is composed mainly by four parts: (i) a microwave 

bridge, where we find the electromagnetic radiation source and the detector; (ii) a 
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microwave cavity, a metal box where the sample is placed and used to amplify the 

signal of the sample; (iii) a electromagnet for applying the magnetic field; (iv) a 

console, containing the signal processing and control electronics; and (v) a computer, 

for controlling all the units to acquire the FMR spectrum and analyzing the data. 

 

 

Figure 2.10 (a) Sketch showing the FMR equipment and (b) microwave cavity. 

 

The microwave signal generated by the electromagnetic radiation source can be 

adjusted by the attenuator in the microwave bridge to control the power that the sample 

sees in the cavity. The microwave cavity is a metal box (with a rectangular shape in our 

case) that resonates with the microwaves (Figure 2.10(b)), i.e. stores the microwaves, 

which remain in the cavity not being reflected back at its resonance frequency. The 

quality factor of the cavity, Q, indicates how efficiently the cavity stores the microwave 

energy. The sensitivity of the spectrometer increases with Q. For all our measurements 

the quality factor had a value ranging between 3000 and 4000. 

When the microwaves go through the cavity, a part of the radiation is reflected 

back from the microwave cavity containing the sample. The reflected microwaves are 

directed to the detector in the bridge, that consists on a Schottky barrier diode which 

converts the microwave power to an electrical current. Then, the spectrometer, by this 

current, measures the changes in the amount of radiation that is reflected. By sweeping 

the magnetic field that is applied to the sample, we obtain the first derivative of the 

FMR absorption power (W) as a function of the applied magnetic field, dW/dH. A 
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typical FMR spectra is shown in Figure 2.11. The parameters to be considered for the 

studies included in this thesis are the resonance field (Hr) and the linewidth (ΔH). Hr 

corresponds to the field value which equals dW/dH to zero and ΔH to the difference 

between the field values for the maxima and the minima of the FMR spectra.  

 

Figure 2.11 Typical FMR spectra for a nanowire array. 

 

For the FMR characterization of the nanowire arrays, the microwave 

frequency, f, was adjusted to 9.49 GHz and kept fixed for all the measurements. The 

FMR spectra were recorded by sweeping the applied magnetic field, HDC, from μ0HDC = 

1.2 T down to zero, using two different configurations: (i) in the first one (Figure 

2.12(a)), the magnetic field, HDC, was applied varying the angle between the magnetic 

field and the nanowire axis (θH) from parallel (θH = 0º) to perpendicular (θH = 90º), 

while the microwave field, hrf, was applied perpendicular to the nanowire axis; and (ii) 

in the second one (Figure 2.12(b)), HDC and hrf were applied perpendicular and parallel 

to the nanowire axis, respectively. 

For the measurements, a piece of each sample containing the nanowire array 

was cut into squared shape, 2 mm x 2 mm, and glued on a Si substrate. The sample was 

attached to a rod connected to a goniometer which allowed rotating the sample 360º. 
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Figure 2.12 Sketch showing the FMR configurations for one nanowire, including the orientation of the 
applied magnetic field, HDC, and the microwave field, hrf. 

 

 

2.3.2.4. X-Ray Magnetic Circular Dichroism - Photoemission Electron 

Microscopy (XMCD - PEEM) 

The XMCD-PEEM measurements were performed at the CIRCE beamline at 

the ALBA Synchrotron Light Facility (Barcelona, Spain). The beamline is based on a 

collimated-light plane-grating monochromator [45], which provides soft X-ray high 

energy resolution and intensity photons covering the energy range from 100 to 2000 eV. 

The source of CIRCE is a pure permanent magnet APPLE II helical undulator which 

allows the light full polarization control (linearly polarized light in any directions, as 

well as circularly polarized light) [46]. The microscope can be operated as Low Energy 

Electron Microscope (LEEM), Low Energy Electron Diffraction (LEED) and 

Photoemission Electron Microscope (PEEM, X or UV). 

The end station used for our experiments is based on a Elmitec LEEM/PEEM 

III microscope with electron imaging energy analyzer, and provided with a LaB6 

electron gun for LEEM [47]. The station is formed by five separable ultrahigh-vacuum 

(10-6 mbar) sections: load lock, entrance, preparation and main chambers, and electron 

optics. During the measurements, the samples, placed in the main chamber, are 

illuminated with circularly polarized X-rays at a 16º near-grazing incidence angle with 

respect to the surface (in our case, single nanowires dispersed on a Si substrate) (Figure 

2.13). In PEEM mode, in order to form the image, the electrons emitted after excitation 

with the photon source are collected [48]. A micro channel plate intensifies the image 

formed by the electron-optical lens system and then, it is detected on a phosphor screen 

by an in-air CCD camera [47]. 
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Figure 2.13 Principle of the dual sensitivity of PEEM to detect direct photoemission and transmission 
data using XMCD as a contrast mechanism (adapted from [49]). 

 

The fully variable light polarization allows magnetic imaging by the X-ray 

magnetic circular and linear dichroism effects (XMCD and XMLD, respectively). The 

ferromagnetic or anti-ferromagnetic contrast can be revealed using the appropriate 

resonant L3 absorption edges [50]. For our nanowires, we used the absorption edges of 

Fe (708 eV) and Co (778 eV). The emitted photoelectrons used to form the surface 

image are proportional to the X-ray absorption coefficient. In this way, after recording 

sequentially two PEEM images with left- and right-handed circular polarization and 

considering the pixel-wise asymmetry between them, the element-specific magnetic 

domain configuration is obtained [51]. In the XMCD image, ferromagnetic domains 

with magnetic moments parallel or antiparallel to the X-ray polarization vector appear 

bright or dark, while domains with magnetic moments at a different angle have an 

intermediate gray contrast. The photo-electron escape depth is around 5 nm limiting the 

information to the sample surface. On the other hand, the X-ray penetration depth is 

much larger, being the X-ray photons transmitted through the nanowire and generating 

photoemission from the Si substrate (shadow in the sketch in Figure 2.13). The circular 

dichroic or pseudo-magnetic contrast formed in transmission in the nanowire shadow 

can be analyzed and it is possible to obtain information about the spin configuration in 

the bulk of the nanowire [52]. In the study of the obtained images, we need to consider 

that the absorbed and transmitted X-rays are complementary. Consequently, the dark 

contrast in transmission is equivalent to bright contrast in photoemission. 
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Chapter 3 

Magnetically Hard Alloy: FeCo-based Nanowires 

 

Fe100-xCox cylindrical nanowire arrays ranging in composition 0 ≤ x ≤ 100, with 

diameter of 20 and 40 nm have been grown by electrochemical route into self-ordered 

anodic aluminum oxide templates. The crystallographic structure and the magnetic 

properties dependences on nanowire composition and diameter have been studied. 

Furthermore, the research herein reported describes the effect of the addition of a non-

ferromagnetic element such as Cu into the FeCo alloy and the subsequent thermal 

treatment on the magnetic and structural properties of the nanowire arrays. 

 

3.1.  Introduction 

For applications as permanent magnets (PMs) [1, 2], nanowire arrays need to 

be axially magnetized to obtain the highest energy product, (BH)max, which requires a 

high remanence (Br) and a large coercive field (µ0Hc). In this regard, 3d transition 

metal-based magnetic nanowires with a large aspect ratio (i.e. nanowire length-to-

diameter, LNW / dNW > 10), have been proposed as suitable candidates [1]. These alloys 

usually have high Curie temperatures (which makes them appropriate for technological 

applications at elevated temperatures) and large saturation magnetization (µ0Ms) due to 

the large magnetic moment of 3d atoms, which leads to a strong magnetic shape 

anisotropy in nanowires with high aspect ratio. Consequently, nanowire arrays will 

show a high remanent magnetization and large coercive field. However, the 

demagnetizing dipolar interactions between neighboring nanowires in highly packed 

nanowire arrays reduce the maximum energy product [3]. To overcome this effect, an 
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enhanced axial magnetocrystalline anisotropy energy (MAE) is needed to favor the 

magnetic easy axis parallel to the nanowire [4, 5]. The magnetic anisotropy of 

nanowires is determined by the composition and the balance between shape, 

magnetocrystalline and magnetoelastic anisotropy terms. Among the 3d metals, 

according to the Slater-Pauling curve [6], FeCo binary alloys have the largest saturation 

magnetization yielding the largest shape anisotropy, and, in this sense, they have been 

proposed as a novel group of alternative rare-earth free PMs [7, 8]. 

The magnetization reversal in cylindrical nanowires with uniaxial anisotropy 

parallel to the nanowire axis is driven by the nucleation of domain walls at their ends 

which subsequently propagate along the entire nanowires upon application of a critical 

switching field [9, 10]. For nanowires with strong perpendicular anisotropy, the 

magnetization reversal takes place in two steps: a nearly reversible rotation in the shell 

and a vortex in the core [10]. The contribution of both modes is affected by the 

nanowire crystalline structure and geometry (i.e. nanowire diameter and length) [11-13]. 

Tuning these parameters, we could tailor the magnetic properties of FeCo nanowire 

arrays in order to get the highest values of coercive field and remanent magnetization. 

Furthermore, it is well known that the addition of a small amount of elements 

such as C, Cr, Cu, Mn, P, or V, can modify the mechanical properties (i.e. formability, 

strength, hardness or cryogenic toughness), the electrical and thermal characteristics, the 

corrosion resistance, or the magnetic properties of the alloy [14-16]. Several studies 

have proved that the addition of elements like B, Cu, P, or Pd, enhances the NW array 

coercive field (in some cases after suitable thermal treatment) [17-20]. 

 

3.2. FeCo nanowire arrays 

3.2.1. Geometrical and compositional characterization 

Two series of FeCo cylindrical nanowire arrays were fabricated by 

electrodeposition into AAO templates. The templates with the two different pore 

diameters, dNW = 20 and 40 nm, were fabricated by two-step anodization process using 

sulfuric and oxalic aqueous solutions, respectively (as described in Section 2.1.3.1). The 

different composition of the nanowires was obtained by modifying the composition of 

the electrochemical bath (see Table 2.2), while the applied voltage was fixed to -1.8 V 
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vs. Ag/AgCl for all the samples (see Section 2.2.2 for more details about the 

electrodeposition process). 

The geometry of the nanowire arrays (nanowire diameter (dNW) and length 

(LNW) and the distance between nanowires centers (Dint)) was characterized by Scanning 

Electron Microscopy (SEM). The geometrical parameters of the two series of samples 

are collected in Table 3.1. Figure 3.1(a) shows the top view of an AAO template with 

40 nm pore diameter and Figure 3.1(b) and (c) show the cross section view of selected 

FeCo nanowire arrays with dNW = 20 and 40 nm, respectively, embedded into AAO 

templates. 

 

Table 3.1 Geometrical parameters of the nanowire arrays fabricated with sulfuric (H2SO4) and oxalic 
(C2H2O4) acid solutions: nanowire diameter (dNW) and length (LNW) and distance between nanowires 
centers (Dint). 
 

Acid solution dNW (nm) Dint (nm) LNW (μm) 

H2SO4 20 55 4 

C2H2O4 40 105 3 

 

 

Figure 3.1 (a) Top view SEM images of an AAO template with 40 nm pore diameter; cross section view 
of (b) 20 nm diameter nanowires and (d) 40 nm diameter nanowires embedded in AAO templates. 

 

The composition of the Fe100-xCox nanowires was obtained by Energy 

Dispersive X-Ray Spectroscopy (EDS) measurements. The composition varied in the 

whole range of 0 ≤ x ≤ 100, from pure Fe (x = 0) to pure Co (x = 100) nanowires. 
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3.2.2. Crystallographic structure 

The crystallographic structure of FeCo nanowires was determined by X-Ray 

Diffraction (XRD) measurements. XRD spectra for FeCo nanowire arrays embedded 

into AAO templates with different chemical composition and nanowire diameter of 20 

and 40 nm are shown in Figure 3.2(a) and (b), respectively. The indexing of the patterns 

has been performed according to the Fe body-centered cubic (bcc) crystalline structure 

(Space group Im3m and lattice parameter a = 2.866 Å) where the peaks at 2θ values of 

44.72º, 65.09º and 82.43º correspond to the (110), (200) and (211) reflections; Co face-

centered cubic (fcc) crystalline structure (Space group Fm3m and a = 3.545 Å), where 

the peaks at 2θ values of 44.22º, 51.52º and 75.85º correspond to the (111), (200) and 

(220) reflections; and Co hexagonal close-packed (hcp) crystalline structure (Space 

group P63/mmc (194) and a = b = 2.507 Å and c = 4.070 Å), where the peaks at 2θ 

values of 41.55º and 44.48º correspond to the (100) and (002) reflections. The positions 

are marked in Figure 3.2 with dashed lines: bcc phase (blue color), fcc phase (red color) 

and hcp phase (green color). 

 

Figure 3.2 XRD spectra of FeCo nanowire arrays for selected alloy compositions: (a) dNW = 20 nm, and 
(b) dNW = 40 nm. The composition of the nanowires for each sample is labeled in the top-right part of each 
pattern. 
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Fe nanowires and those with Co content lower than 90 % with 20 nm in 

diameter (Figure 3.2(a)) show a bcc symmetry with a (110) texture. For x = 90, the 

nanowires present a fcc structure with (220) texture. For pure Co nanowires, the 

crystallographic structure changes to hcp with a (100) texture. 

The 40 nm Fe100-xCox nanowires XRD spectra (Figure 3.2(b)) reveal a cubic 

symmetry in the whole range of compositions. The cubic structure evolves form bcc for 

pure Fe nanowires and for low and intermediate Co content (0 < x ≤ 65) towards fcc as 

the amount of Co increases. For high Co content (x ≥ 90) and pure Co nanowires, the 

only stable phase is the fcc structure with a (220) preferred orientation. 

From the comparison between Figure 3.2(a) and (b), the most important 

difference which is deduced is the crystallographic structure for Co nanowires: hcp 

phase for 20 nm nanowires and fcc for 40 nm nanowires. 

More detailed information about the composition and crystallographic structure 

of FeCo nanowires was obtained by High-Resolution Transmission Electron Microsopy 

(HRTEM), equipped with an EDS spectrometer. Figure 3.3 shows high resolution 

lattice images together with Selected Area Electron Diffraction (SAED) patterns of 

selected nanowires. These patterns show the nanowire crystallographic characteristics 

and atomic lattice features. From SAED patterns in the insets in Figure 3.3, the 

crystalline structure of FeCo nanowires is confirmed to be bcc for intermediate and high 

Fe content (Figure 3.3(a) and (b) for dNW = 20 and 40 nm, respectively) and fcc for high 

Co content (Figure 3.3(c) and (d) for dNW = 20 and 40 nm, respectively), being in 

agreement with the XRD spectra in Figure 3.2. The nanowires crystallographic structure 

as a function of the composition has a similar dependence as the one for bulk FeCo 

alloy [21]. Most of the nanowires exhibit a polycrystalline nature with a minimum grain 

size of 5 nm (Figure 3.3(a), (b) and (c)). Few single crystal Fe10Co90 40 nm nanowires 

were found, as shown in Figure 3.3(d). The lattice image of the single crystal nanowire 

was oriented along its [1-10] zone axis in the fcc structure, as revealed by its 

corresponding electron diffraction. From this diffraction pattern and its image, one can 

further deduce the long axis, i.e. the preferential growth direction is along the <110> 

zone axis. 
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Figure 3.3 HRTEM images of FeCo alloy nanowires: (a) Body-centered cubic (bcc) Co10Fe90 20 nm 
diameter nanowires; (b) bcc Co65Fe35 40 nm diameter nanowires; (c) Face-centered cubic (fcc) Co90Fe10 
20 nm diameter nanowires; and (d) fcc Co90Fe10 40 nm diameter nanowires. Insets in (a), (b) and (c) show 
SAED patterns recorded for a collection of nanowires while inset in (d) shows the SAED pattern of a part 
of a single nanowire. 

 

3.2.3. Magnetic characterization 

The hysteresis loops were obtained by Vibrating Sample Magnetometer (VSM) 

at room temperature to study the influence of the nanowire composition and, 

furthermore, additional measurements at a temperature range between 10 K and 290 K 

were performed to determine the temperature dependence of coercive field. 

 

3.2.3.1. Compositional and temperature dependence of magnetic properties 

Firstly, the influence of the nanowire composition was studied measuring the 

hysteresis loops of nanowire arrays and comparing the values of coercive field (µ0Hc) 
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and fractional remanence (Mr/Ms) for both configuration of applied magnetic field. For 

all nanowire arrays, the high values of µ0Hc and Mr/Ms in parallel configuration of 

applied field compared to the vanishing values in perpendicular configuration evidence 

that the magnetization easy axis is parallel to the nanowire axis. 

Figure 3.4 shows the evolution of µ0Hc and Mr/Ms for the parallel configuration 

of applied field as function of the amount of Co into the FeCo alloy. In this figure, it is 

observed a similar trend for both 20 and 40 nm nanowire arrays: a minimum value of 

µ0Hc at low % Co, and a continuous increase with increasing the Co content. For 70 ≤ x 

≤ 90, the highest values of μ0Hc and Mr/Ms are obtained, above 0.27 T and 0.90, 

respectively. For pure Co nanowires a decrease in both magnitudes is observed. Overall 

larger values of coercive field and fractional remanence are observed for nanowires with 

dNW = 20 nm for low and intermediate Co content, while similar values are obtained for 

high Co content and pure Co nanowires. 

 

 

Figure 3.4 Coercive field (µ0Hc) and fractional remanence (Mr/Ms) for the Fe100-xCox nanowire arrays as 
function of the Co content (x), under a magnetic field applied parallel to the nanowire axis. 

 

Additionally, hysteresis loops were measured at temperatures between 10 K 

and 290 K. The values of coercive field for parallel applied field configuration were 

determined from the hysteresis loops and plotted in Figure 3.5(a) and (b) for selected 

samples (65 ≤ x ≤ 100) and nanowire diameter of 20 and 40 nm, respectively. It is 

observed that the coercive field of FeCo alloy nanowires decreases with increasing 

temperature, while for pure Co nanowires the trend is opposite (i.e. Hc increases with 
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temperature). Figure 3.6 shows that for 20 nm nanowires, the temperature dependence 

of Hc is more significant. 

 

Figure 3.5 Temperature dependence of coercive field (Hc) for FeCo nanowire arrays with different 
nanowire composition (see the legend in each graph) and nanowire diameter of (a) 20 nm and (b) 40 nm. 

 

 

Figure 3.6 Compositional dependence of the temperature derivative of the coercive field (dHc/dT) for 
nanowire arrays with dNW = 20 and 40 nm. 

 

Assuming a nucleation mechanism as the dominant for the coercive field and 

being x the amount of Co into the alloy, dNW the nanowire diameter, and T the 

measurement temperature, we can consider the following general expression [22]: 

����, ���, 	
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����, 	
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where Kcrys is the magnetocrystalline anisotropy energy density and N is the longitudinal 

demagnetizing factor. 

At room temperature (Figure 3.4), a general trend of increasing coercive field 

with Co content (x) is observed, but for pure Fe and Co nanowires. In order to interpret 

the data, it is necessary to consider the increase of saturation magnetization (Ms) with x 

[23], which contributes to a moderate increase of the second term on the right hand side 

of Eq.(3.1). Additionally, and even if both phases show polycrystalline structure, the 

magnetocrystalline anisotropy constant is stronger for the fcc structure so that the 

continuous increase of the fcc crystallographic phase at the expense of the bcc phase 

should moderately increase the resulting crystalline anisotropy in the first term of 

Eq.(3.1). In this case, both the magnetocrystalline and the shape anisotropies contribute 

to the observed coercive field increase. 

For pure Co nanowires, and especially for 20 nm diameter nanowires, the 

decrease in coercive field is ascribed to their hcp crystallographic structure with the 

magnetization easy axis oriented almost perpendicular to the nanowire axis. The 

different crystallography modifies the magnetization reversal process according to 

micromagnetic analysis [24]. The lower coercive field observed for 40 nm diameter 

nanowires is explained by their slightly reduced shape anisotropy (second term in Eq. 

(3.1)). Furthermore, micromagnetic calculations have predicted an increase in coercive 

field for smaller nanowire diameters [10, 20]. 

In dense nanowire arrays the magnetostatic interactions between nanowires 

influence the magnetic response of the array. They depend on the array configuration 

(i.e. nanowire diameter (dNW) and distance between nanowire centers (Dint)) and are 

more relevant when the ratio dNW / Dint increases. The interactions also are stronger for 

higher value of saturation magnetization. When the magnetostatic interactions are 

significant the susceptibility and the remanence decrease, while a low influence on the 

coercive field is expected as the magnetostatic field at coercive field averages out. The 

parameter which characterizes the AAO template considering the ratio dNW / Dint is the 

template porosity (P). The porosity factor of the AAO templates with dNW = 20 and 40 

nm and Dint = 55 and 105 nm was calculated using the equation for a hexagonal 

structure [25]:  
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The porosity for 20 and 40 nm diameter nanowire arrays was 0.12 and 0.13, 

respectively. As the porosity is similar for the two different nanowire arrays, 

geometrical effects are not expected to play a relevant role for the magnetostatic 

interactions. In turn, the saturation magnetization increases continuously with Co 

content from pure Fe to Fe60Co40 (Ms = 2.4 T for bulk alloy), and it decreases till pure 

Co [23]. The inverse evolution of Ms with Co content could contribute to the squareness 

in Figure 3.4(b).  

Figure 3.5(a) and (b) shows two different behavior in the temperature 

dependence of coercive field for FeCo alloy and Co nanowires, for samples with dNW = 

20 and 40 nm, respectively. For FeCo nanowires both the magnetocrystalline and shape 

anisotropies increase for a decrease in the temperature. For Co nanowires, especially for 

dNW = 20 nm, there is a balance between nearly transverse magnetocrystalline and 

longitudinal shape anisotropy terms. The observed coercive field decrease for lower 

temperatures confirms a faster temperature dependence of crystalline anisotropy than 

that of saturation magnetization. The increase in the effective magnetocrystalline 

anisotropy at lower temperatures together with that of the magnetoelastic term arising 

from the induced stresses through the coupling between the ceramic alumina matrix and 

the metallic nanowires also contribute to a higher value of coercive field [26, 27]. 

The experimental data indicate a different compositional and diameter 

dependence of the coercive field on temperature (see the difference between Figure 

3.5(a) and (b). Figure 3.6 shows the compositional dependence of the temperature 

derivative of coercive field (dHc/dT). For both nanowire diameters, dHc/dT increases 

with increasing the Co content, starting with a negative value and becoming positive for 

pure Co nanowires. Assuming a linear dependence for dHc(T)/dT, the temperature 

derivative of Eq. (3.1). leads to the following expression: 

 

#��#	 � ������� $#��#	 $ − & 1
�� $#����#	 $ � � $#��#	 $'																								�3.3
 

 

From the qualitative analysis of Eq. (3.3) together with Figure 3.6, it is 

concluded that dHc(T)/dT is mostly determined by the third term (shape anisotropy) on 
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the right hand for low values of Co content. For Co-rich nanowires, the 

increase in dHc(T)/dT, reaching positive values for pure Co nanowires, is ascribed to a 

dominant increase of magnetocrystalline anisotropy. 

 

3.3. Cu doping and thermal treatments 

In the introductory part of this chapter, it was mentioned that the addition of 

non-ferromagnetic elements to the alloy has been proved to modify the magnetic 

properties of nanowire arrays. Particularly, the addition of small amounts of Cu to the 

FeCo alloy and the following annealing steps have been studied [20, 28, 29]. In the 

following Sections in this chapter, a systematic study to determine the FeCoCu ternary 

alloy nanowire arrays which shows the hardest magnetic behavior after annealing 

treatment, is presented. Furthermore, Ferromagnetic Resonance (FMR) technique has 

been used to quantify the magnetic hardening and together with X-Ray Spectroscopy 

measurements on the nanowire arrays, the reason for the hardening has been 

established. 

 

3.3.1. FeCoCu alloy composition and annealing optimization 

Two series of nanowire compositions were fabricated by electrodeposition, 

Fe100-xCox and Fe95-xCoxCu5, with 30 < x < 90 (see Section 2.2.2 for more experimental 

details). The small amount of Cu was set to 5 % in order not to decrease significantly 

the nanowire saturation magnetization. 

The geometry of the nanowires were obtained by SEM, obtaining a nanowire 

diameter of 20 nm and length of 5 µm and 55 nm distance between nanowire centers. 

Figure 3.7(a) shows the top view of AAO template and Figure 3.7(b) shows a cross 

sectional view of a selected Fe28Co67Cu5 nanowire array. 
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Figure 3.7 (a) Top view of AAO template with 20 nm nanopore diameter, and (b) cross section view of 
Fe28Co67Cu5 nanowires embedded in the AAO template. 

 

The nanowire arrays were structurally characterized by XRD measurements, 

confirming a polycrystalline bcc structure with (110) preferential growing direction for 

most of FeCo alloy nanowires. However, for high Co content, x ≈ 90, the XRD patterns 

show peaks ascribed to (110) fcc structure (see Section 3.2.2).  

The incorporation of a small amount of Cu into the alloy does not modify 

essentially the crystallographic structure of FeCo nanowires. Figure 3.8 shows the 

crystallographic structure of Fe28Co67Cu5 nanowire array in the as-prepared state and 

annealed sample at two different temperatures. The XRD pattern for the as-prepared 

state (Figure 3.8(a)) shows that the Fe28Co67Cu5 nanowires crystallize in a bcc structure 

with a (110) preferential growing direction. Notice that no additional peaks 

corresponding to any Fe, Co or Cu oxides are observed in the as-prepared sample. 

The influence of the thermal treatment on the nanowires crystallographic 

structure is shown in Figure 3.8(b) and (c). Annealing at a temperature of 723 K (Figure 

3.8(b)) does not modify strongly the crystallographic structure in comparison to the as-

prepared state (Figure 3.8(a)). This thermal treatment results in a better texture 

definition with an increase of the (110) peak intensity. This pattern also shows a small 

peak at 2θ = 44.4º corresponding to the Au fcc (200) reflection, originated from 

remaining Au at the backside of the template (Au working electrode for nanowires 

electrodeposition). If the annealing is carried out at higher temperature, in this case 748 

K (Figure 3.8(c)), additional peaks corresponding to Co and Fe oxides (CoO (200) and 

Fe2O3 (200) reflections) are observed together with a degradation of the (100) 
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reflection. At more elevated temperatures, further crystalline deterioration of the sample 

is observed, together with nanowires and template bending. 

 

Figure 3.8 XRD spectra of a selected Fe28Co67Cu5 nanowire array sample with dNW = 20 nm measured in 
the (a) as-prepared state, and annealed at (b) 723 K and (c) 748 K. 

 

The hysteresis loops of the Fe95-xCoxCu5 nanowire arrays with 30 < x < 90 were 

measured by VSM in the temperature range from 10 to 300 K. From the measured 

hysteresis loops the coercive field (μ0Hc) and the fractional remanence (Mr/Ms) were 

obtained and plotted in Figure 3.9(a) and (b), respectively, as function of the Co content. 

The values of the magnetic properties of Fe100-xCox nanowire arrays were re-plotted for 

comparison. An increase in the coercive field and remanence with Co content is 

observed for  Fe95-xCoxCu5 nanowire array (as was previously observed in for Fe100-xCox 

nanowire arrays, see Section 4.2.3.1). However, in this case a deterioration in both 

magnitudes is obtained comparing with Fe100-xCox samples. Furthermore, the presence 

of small amount of Cu is not effective in promoting a hardening of the magnetic 

properties. Actually, it slightly reduces μ0Hc and Mr/Ms for most compositions. The 

lower Mr/Ms is likely an indication of the reduction of the effective longitudinal 

magnetic anisotropy with the presence of Cu [10, 20]. Additionally, the saturation 
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magnetization (μ0Ms) for the studied FeCo alloys reaches a value of 2.1 T, decreasing to 

1.9 T for Cu-doped samples. 

 

 

Figure 3.9 Coercive field (Hc) and fractional remanence (Mr/Ms) for the two series of nanowire arrays in 
as-prepared state. 

 

As observed in Figure 3.8(c), performing the annealing at a temperature of 748 

K generates a deterioration of the crystalline structure of the nanowires and even 

macroscopic defects as template bending. Considering this and the XRD pattern in 

Figure 3.8(b), annealing at a temperature of 723 K was carried out for all the samples in 

the two series. It is important to mention that the optimal annealing temperature depends 

on the geometry of the nanowire array, particularly on the nanowire diameter and 

distance between nanowire centers. As reported elsewhere, the optimal annealing 

temperature increases up to 970 K for dNW = 35 nm and Dint = 105 nm [29]. 

After annealing at optimal temperature conditions (T = 723 K), magnetic 

hardening is observed for all the FeCo and FeCoCu samples, but the hardening is more 

effective for the Cu-doped nanowire arrays. Figure 3.10 shows the coercive field 

dependence on the measurement temperature. At room temperature (T = 300 K), for 

Fe35Co65 and Fe22Co78 nanowire arrays, the anneling induces an increase of coercive 

field by 7 % in both cases. With optimal annealing, for Fe28Co67Cu5 and Fe20Co75Cu5 

the coercive field increases by 42 % and 24 %, respectively (full scatters in Figure 

3.10). As shown in Figure 3.8(b), optimal annealing refines the textured bcc 
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crystallographic structure, which is in the origin of an enhancement of 

magnetocrystalline anisotropy promoted by the presence of Cu. 

 

Figure 3.10 Temperature dependence of coercive field for selected FeCo and FeCoCu nanowire arrays in 
their as-prepared state and after annealing. 

 

Figure 3.10 also shows the dependence of coercive field on measurement 

temperature. It is observed that the slope of the experimental data is higher for FeCoCu 

samples than for FeCo nanowire arrays. A higher slope is also obtained for annealed 

samples compared to as-prepared ones. Such temperature dependence, can be 

interpreted by the increase in the effective anisotropy energy density (K) which for 

lower temperatures it contains several contributions: (i) magnetocrystalline (Kcrys), (ii) 

induced by annealing (Kind), and (iii) magnetoelastic (Kelas), owing to the stress 

generated by decreasing the measurement temperature due to the different thermal 

expansion coefficients of metallic nanowires and anodic alumina [27]. 

 

3.3.2. Enhancement of magnetocrystalline anisotropy energy 

The origin of the increase in coercive field has been proposed to be a result of 

increased magnetocrystalline anisotropy energy (MAE) in the FeCoCu nanowires with 

the easy axis parallel to the nanowire axis [20], but the experimental proof and 

quantification of the increased MAE in these systems, however, remained open. In this 
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sense, Ferromagnetic Resonance (FMR) is an effective technique to quantitatively 

determine the magnetic anisotropy in ferromagnetic systems, particularly in 

ferromagnetic nanowire arrays [3, 5, 30-34].  

In order to determine the influence of adding Cu to the FeCo alloy nanowires 

and the subsequent annealing, a systematic study of the magnetic and structural 

properties of FeCo and FeCoCu nanowire arrays with different nanowire diameters, 

before and after annealing was performed. 

 

3.3.2.1. Geometrical, compositional and structural characterization 

Hexagonally ordered FeCo and FeCoCu nanowire arrays with different 

nanowire diameters ranging from 20 nm to 150 nm were grown into AAO templates 

fabricated by two-step anodization and hard anodization (for more experimental details 

about the anodization processes, see Section 2.1.3.1 and Section 2.1.3.2, respectively). 

FeCo and FeCoCu nanowires were grown by electrodeposition in a three-electrode cell 

using a Watts-type bath as electrolyte (more experimental details about 

electrodeposition technique and the electrochemical parameters can be found in Section 

2.2.2). 

The geometrical parameters of the nanowires such as nanowire diameter, dNW, 

length, LNW, and distance between nanowire centers, Dint, were determined by SEM. 

Figure 3.11 shows cross section SEM images of selected nanowire arrays. The porosity 

factor, P, of each AAO template was calculated using Eq. (3.2).  

The nanowire composition was obtained by EDS, yielding a composition of 

Fe30Co70 and Fe30Co65Cu5 for each series of samples. In the following, the samples will 

be labeled FeCo and FeCoCu, respectively, and followed by the value of the nanowire 

diameter. The magnetic properties obtained in the study on FeCo nanowire arrays show 

that the largest coercive field and a high fractional remanence are obtained for a 

Fe30Co70 alloy composition. The geometrical parameters of the FeCo and FeCoCu 

nanowire arrays are collected in Table 3.2. Notice that the samples with dNW = 20, 35 

and 110 nm were fabricated using electrochemical parameters to obtain similar values 

of P, to determine the influence of the nanowire diameter on their magnetic behavior. 
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Figure 3.11 SEM images of FeCoCu nanowires embedded into AAO templates with different pore 
diameters: (a) 20 nm, (b) 35 nm, (c) 110 nm, and (d) 150 nm. 

 

The crystallographic structure of the nanowires was determined by XRD 

measurements. For all the samples, a polycrystalline bcc structure was determined. 

Below, in Section 3.3.2.3, a detailed study of the changes in the crystalline structure 

after annealing and considering the different nanowire diameters is presented. 

 

Table 3.2 Geometrical parameters of the electroplated Fe30Co70 and Fe30Co65Cu5 nanowire arrays with 
different nanowire diameter (20, 35, 110, and 150 nm): nanowire diameter, dNW, distance between 
nanowire centers, Dint, nanowire length, LNW, and alumina membrane porosity, P. 

Sample 
name 

dNW (nm) Dint (nm) LNW (µm) P 
Aspect 
ratio 

LNW / dNW 

FeCo20 20 55 7.3 0.12 365 

FeCo35 35 105 7.5 0.10 214 

FeCo110 110 320 15 0.11 136 

FeCoCu20 20 55 7.1 0.12 355 

FeCoCu35 35 105 7.4 0.10 211 

FeCoCu110 110 320 29 0.11 263 

FeCoCu150 150 320 13 0.20 86 
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3.3.2.2. Magnetic characterization 

Firstly, the hysteresis loops for FeCo and FeCoCu nanowire arrays were 

measured by VSM in the as-prepared state for parallel and perpendicular configurations 

of the applied magnetic field with respect to the nanowire axis. Figure 3.12 shows the 

hysteresis loops of FeCoCu nanowire arrays with the four different nanowire diameters. 

For the arrays with dNW = 20 and 35 nm (Figure 3.12 (a) and (b), respectively), high 

values of the coercive field (μ0Hc) and fractional remanence (Mr/Ms) in parallel 

configuration and vanishing values in perpendicular configuration are observed. This 

evidences that the magnetization easy axis lies parallel to the nanowire axis. In the case 

of nanowire arrays with dNW = 110 and 150 nm, which is bigger than the characteristic 

critical single domain size [35], a drastic decrease in μ0Hc and Mr/Ms in parallel 

configuration is observed (Figure 3.12 (c) and (d)). The decrease in μ0Hc and Mr/Ms 

with increasing dNW from 20 to 35 nm can be attributed to a magnetization reversal 

mode change as deduced from micromagnetic simulations, where a magnetization 

reversal process by the propagation of a transverse domain wall is predicted for 

nanowires with small diameter, while for larger diameter the reversal takes place by a 

vortex domain wall [10]. The more pronounced decrease of these magnitudes for the 

larger diameters (dNW = 110 and 150 nm) can be ascribed to big diameter compare to the 

critical single domain size and the increase in the magnetostatic interaction within the 

array. However, Figure 3.12 (c) and (d) also show that the saturation field (μ0Hsat) for 

the parallel configuration is smaller than for the perpendicular one indicating that the 

magnetization easy axis remains along the nanowire axis. Similar hysteresis loop shapes 

were obtained for FeCo nanowire arrays for the different diameter. 

The annealing of these samples was performed in vacuum atmosphere using a 

Physical Properties Measurement System (PPMS), and the hysteresis loops were 

measured in-situ before and after annealing using the same equipment. The hysteresis 

loops for FeCo and FeCoCu nanowire arrays with dNW = 35 nm and 110 nm diameter in 

the as-prepared state and after annealing are shown in Figure 3.13(a) to (d). The thermal 

treatment leads to an increase in μ0Hc but has no influence on the total magnetic 

moment of the samples at saturation (ms). According to the results, ms has the same 

value after the annealing in vacuum atmosphere and this fact is independent of the 

nanowire diameter and composition. 
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Figure 3.12 Hysteresis loops measured by VSM, with the applied field parallel (||) and perpendicular (⊥) 
to the NW axis, of the as-prepared FeCoCu NW arrays with dNW: (a) 20 nm, (b) 35 nm, (c) 110 nm, and 
(d) 150 nm. Insets in (c) and (d) show a magnification of the hysteresis loops around the origin. In each 
graph, the coercive field and normalized remanent magnetization for parallel configuration, µ0Hc (||) and 
Mr/Ms (||), are listed. 

 

 

Figure 3.13 Hysteresis loops measured under parallel magnetic field for FeCoCu and FeCo nanowire 
array with 35 nm (a and b, respectively) and 110 nm diameter (c and d, respectively), before and after 
annealing; (e) Coercive field (Hc) of FeCo (blue and empty symbols) and FeCoCu (black and filled 
symbols) nanowire arrays before (squares) and after annealing (triangles), measured using VSM and 
SQUID with the applied field parallel to the nanowire axis. 
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Figure 3.13(e) shows the coercive field for all FeCo and FeCoCu nanowire 

arrays before and after annealing, extracted from the hysteresis loops measured in 

parallel configuration. After annealing, an increase in Hc (||) is observed, but the 

increase is higher for the Cu-doped alloy, as was observed before [20, 28, 29]. 

Ferromagnetic Resonance (FMR) measurement were performed on the as-

prepared and annealed FeCo and FeCoCu samples, in order to determine the origin of 

the higher increase in the coercive field in Cu-doped alloy nanowire arrays. FMR 

measurements were done using the configuration in Figure 2.13(a), where the FMR 

spectra were recorded at different angles of the applied magnetic field, θH, and for all 

the samples, a maximum resonance field, Hr, was found when the magnetic field, HDC, 

was applied perpendicular to the nanowire axis (θH = 90º). For θH < 90º, Hr rapidly 

decreased and the FMR line vanished completely when θH approached zero. An 

example of the FMR angular measurement is shown in Figure 3.14(a), where it is 

observed that, for this particular sample, a small change in θH of 10 - 12º, originates a 

drastic decrease in Hr. Figure 3.14(b) shows the grey-scale plot of the angular 

dependence of FMR measurements for FeCoCu35 sample in the as-prepared state for a 

range of θH = 0 - 180º, where θH = 0º when the applied field is parallel to the nanowire 

axis and θH = 90º when the field is applied perpendicularly. The light grey color in the 

figure indicates the position of the resonance field for each θH. The maximum intensity 

of the signal is obtained for θH = 90º, indicating the maximum resonance field. 

The resonance conditions for the recorded spectra have been derived using a 

general analytic solution of the full tensor representation of the high frequency 

susceptibility based on the Landau-Lifshitz equation [36, 37]. For the angular 

dependence of the resonance field, the free energy density given in Eq. (3.4) is used: 

 

F = )*��+,,sin�01 − )*���23 �456 01 456 07 �	689 01 689 07
														�3.4
 

 

where θM is the angle between the magnetization (M) and nanowire axis. The 

equilibrium values of θM for each HDC and θH can be determined from the first derivative 

of the free energy density with respect to θM. Heff is the effective magnetic anisotropy 

field with a uniaxial symmetry parallel to the nanowire axis. 
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Figure 3.14 (a) FMR angular measurements around θH = 90º for FeCoCu nanowire array with dNW = 35 
nm in as-prepared state, and (b) grey-scale plot of the angular dependence of FMR measurements for the 
same sample for an angle of applied field in a range of θH = 0 - 180º, where θH = 0º when the applied field 
is parallel to the nanowire axis and θH = 90º when the field is applied perpendicularly. 

 

 

The effective anisotropy field for a nanowire array has two contributions: i) 

the shape anisotropy field including the dipolar coupling between nanowires in the array 

(HD); and ii) the magnetocrystalline anisotropy field (HMC) [3, 5, 31, 32, 34]. Thus, Heff 

can be estimated using the following expression: 

 

μ*�+,, = μ*��2 � �13
 = 1
2 μ*���1 − 3�
 � 2���� 																																 �3.5
 

 

where P is the AAO template porosity and K2 is the second-order term of the 

magnetocrystalline anisotropy energy density for uniaxial symmetry [37]. From the Hr 

angular dependence, in the perpendicular configuration it is determined that θM = θH = 

90º, and the Heff can be derived from the following equation [3, 5, 30, 33]: 

 

�2�=
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where γ = gµB/ħ is the electron gyromagnetic ratio, g is the spectroscopic splitting 

factor, µB is Bohr’s magneton, and ħ = h/2π is the reduced Planck constant. 

Figure 3.15 shows the derivative of FMR absorption power (W) as a function 

of the applied magnetic field for the as-prepared and annealed FeCo35 (Figure 3.15(a)) 

and FeCoCu35 (Figure 3.15(b)) samples at θH = 90º. The FMR linewidth for all studied 

samples presents a value of about 280 mT, which is a typical value according to 

previous studies on NW arrays [30]. In Figure 3.15, it is observed that the FMR line is 

shifted to higher magnetic fields after the annealing. The shift is larger if a small amount 

of Cu is added to the alloy, as it is observed comparing Figure 3.15(a) and (b).  

For higher resonance fields, higher values of Heff are obtained. For FeCo and 

FeCoCu NW arrays with different diameters in the as-prepared state and after 

annealing, Heff was calculated using Eq. (3.6). The data obtained for all the samples in 

both states are collected in Table 3.3. In the as-prepared state the effective anisotropy 

field for FeCoCu35 is smaller than Heff for FeCo35. However, after annealing, Heff in 

FeCoCu35 increases significantly and becomes noticeably larger than in annealed 

FeCo35 (Table 3.3). Considering that larger magnetic anisotropy of a nanowire leads to 

a larger coercive field, similar behavior is expected for Hc, what is indeed seen in Figure 

3.13(e) for the 35 nm diameter nanowire array. 

 

 

Figure 3.15 Derivative of FMR absorption power (W) as a function of the applied magnetic field 
(perpendicular to the NWs) for 35 nm nanowire arrays in the as-prepared state and after annealing at 900 
K for 1 h: (a) FeCo and (b) FeCoCu nanowires. 
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Table 3.3 Resonance field, Hr, and effective magnetic anisotropy field, Heff, for FeCo and FeCoCu 
nanowire arrays in the as-prepared and annealed state, and variation of the magnetic anisotropy constant, 
ΔK2. The error bar for the Hr and Heff for all the samples does not exceed 10 mT. 

Sample label 

As-prepared Annealed 
ΔK2  

(kJ m-3) 
µ0Hr (mT) µ0Heff (mT) µ0Hr (mT) µ0Heff (mT) 

FeCo35 760 620 830 710 70 ± 4 

FeCo110 880 760 890 770 14 ± 4 

FeCoCu35 730 590 900 780 124 ± 6 

FeCoCu110 810 690 850 730 30 ± 6 

FeCoCu150 560 380 700 550 125 ± 6 

 

The values of saturation magnetization (µ0Ms) of the studied nanowires are 2.1 

± 0.1 T for FeCo alloy [5] and 1.8 ± 0.1 T for FeCoCu alloy [38]. The given error bar of 

0.1 T is larger than the HMC for bcc FeCo and hinders the exact determination of the 

MAE density in nanowire arrays. However, considering that the saturation 

magnetization (Figure 3.13(a) to (d)) and membrane porosity, P, after the annealing 

treatment in vacuum atmosphere do not change, according to Eq. (3.5) the relative 

increase in the magnetic anisotropy constant (ΔK2) can be estimated from the difference 

in the effective fields before and after the annealing (ΔHeff): 

 

μ*B�+,, = 2B���� 																																																										�3.7
 

 

In the last column of Table 3.3 the calculated values of ΔK2 for all the samples 

are summarized. It is observed that the annealing leads to a significant increase in the 

MAE density, and the increase is almost two times larger for the Cu-doped FeCo alloy 

nanowire array than for the FeCo samples. ΔK2 is similar for FeCoCu35 and 

FeCoCu150 indicating that the nanowire diameter and the interface with the AAO 

template do not have a significant influence on the enhancement of MAE. We also note 

that the observed enhancement by 125 kJ/m3 of the MAE is four times larger than the 

MAE reported for single crystalline bcc Fe30Co70 [39, 40] and is comparable with the 

gain in MAE due to induced strain in the bulk bcc FeCo lattice [41-43]. 
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3.3.2.3. Structural characterization 

In order to determine the origin of enhanced MAE after the addition of Cu to 

the FeCo alloy and the subsequent annealing, XRD measurements have been performed. 

The XRD spectra of the studied samples are shown in Figure 3.16. The spectra confirm 

a polycrystalline bcc structure for all the samples. The indexing of the XRD patterns has 

been performed according to the Fe30Co70 bcc crystalline structure where the peaks at 2θ 

values of 45.08º, 65.65º and 83.20º correspond to the (110), (200) and (211) reflections 

(these positions are marked with dashed lines in Figure 3.16) [44]. For clarity, only the 

2θ ranges with the peaks corresponding to FeCo are shown in Figure 3.16, avoiding the 

peaks originated from the Si substrate and the cement used for the FMR measurements. 

Nevertheless, in Figure 3.16(b) a cement (thermostable cement used to glue the samples 

on the Si substrate for the thermal treatments) peak near 2θ = 66.5º appears. The 

patterns for FeCo and FeCoCu samples with a nanowire diameter of 35 and 150 nm 

(Figure 3.16(a) and (c)) show that the preferential growing directions are (110) and 

(211), while for the samples with 110 nm nanowire diameter, the peak intensity in the 

XRD spectra reveals that the preferred orientations are (200) and (110) (Figure 3.16(b)). 

The different preferential growth direction can be ascribed to differences in the sample 

preparation conditions that lead to different nanowire textures, fact that has been 

previously reported [29, 45]. 

The different growth directions can be correlated with the variations in the 

magnetic anisotropy constant (ΔK2) calculated for the nanowire arrays, where the (200) 

preferred direction gives the lowest values of ΔK2 for the FeCo and FeCoCu nanowire 

arrays with 110 nm nanowire diameter (Table 3.3). As stated in the previous section, the 

ΔK2 for the FeCoCu nanowires does not depend on the nanowire diameter, as similar 

values are found for the samples with 35 nm and 150 nm nanowire diameter. 

Accordingly, the crystalline structure has the strongest influence on the variation in the 

magnetic anisotropy. 

The thermal treatment leads to three noticeable changes in XRD spectra for all 

the samples (Figure 3.16): (i) sharpening of the XRD peaks; (ii) an increase of the (211) 

peak intensities with respect to the intensity of the (110) reflection; and (iii) a shift of 

XRD peaks towards lower 2θ angles, which corresponds to an increase in the lattice 

parameter, a [46]. 
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Figure 3.16 XRD pattern for different nanowire arrays: (a) annealed and as-prepared FeCo35 together 
with annealed FeCoCu35; (b) annealed and as-prepared FeCo110 together with annealed FeCoCu110; 
and (c) annealed and as-prepared FeCoCu150. The patterns in each graph are shifted vertically for clarity. 
The dashed lines indicate the positions of (110), (200) and (211) peaks. 

 

The sharper peaks indicate that annealing leads to an increase of the crystallite 

size in polycrystalline FeCo and FeCoCu nanowires. The grain growth upon annealing 

may have influence on the coercive field of the nanowire array, but MAE as intrinsic 

property should be independent on grain size. In the present experiments, the change of 

the grain size itself cannot explain the increased MAE in FeCoCu nanowires, since ΔK2 

= 125 kJ/m3 is significantly larger than the MAE in single crystalline bcc Fe30Co70 [39, 

40]. Furthermore, annealing also supports grain growth in binary FeCo nanowires, 

which show two times smaller ΔK2 compared to the value for annealed FeCoCu 

nanowires. The remarkable difference between XRD spectra of FeCo and FeCoCu NWs 
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is that annealing leads to a larger increase of (211) peak intensities in FeCoCu, so that 

the intensities of the (110) and (211) reflections for these nanowires become comparable 

(Figure 3.16). Partial reorientation of the crystallographic directions from (110) to (211) 

is accompanied with a crystal lattice distortion, since the lattice constant (a) increases 

after annealing. This distortion of the bcc lattice in ternary FeCoCu alloys after 

annealing has been reported before [47] and the distorted crystal lattice is the most 

plausible reason for the significantly enhanced MAE in FeCoCu nanowires. 

According to the phase-diagrams of binary FeCo [6] and the ternary FeCoCu 

alloy [48], the crystalline structure of the FeCo nanowires is the (chemically ordered 

bcc) α phase, while for FeCoCu nanowires, the Cu is segregated from the FeCo phase, 

due to its low solubility into the Fe and Co matrix [49]. Annealing leads to a distortion 

of the bcc lattice and Cu forms a solid solution inside the FeCo matrix [47]. 

Previous reports on Cu-doped nanostructures suggest that the incorporation of 

Cu into the host matrix and the corresponding change of the microstructure, modify the 

magnetic properties of the nanostructures (i.e. magnetic anisotropy, coercive field and 

remanent magnetization) [20, 28, 29]. According to the obtained results, for nanowires 

with a growth direction along (110), the significantly increased MAE by adding Cu and 

after suitable annealing can be the result of the bcc lattice strain in combination with the 

change of the nanowire microstructure. 

 

3.4. Conclusions 

Fe100−xCox nanowire arrays with different nanowire diameters and 

compositions (0 ≤ x ≤ 100) have been grown by electrodeposition into the alumina 

templates pores of alumina membranes. FeCo nanowires present a bcc crystallographic 

structure for Fe-rich nanowires, evolving to fcc with increasing Co content. For pure Co 

nanowires, a change of the crystalline structure form fcc to hcp is found by reducing the 

nanowire diameter. 

An increase in coercive field and fractional remanence was observed for Co-

rich nanowires. The results show that for FeCo nanowires the shape anisotropy 

dominates and the magnetization easy axis is oriented along the nanowire axis. For Co 



Conclusions 87 

 

nanowires the magnetocrystalline anisotropy, which tends to align the magnetization 

perpendicularly to the nanowire axis, nearly compensate the nanowire shape anisotropy. 

Adding a small amount of non-ferromagnetic material as Cu to the FeCo alloy 

nanowires gives rise only to modest changes in the nanowires crystallographic structure 

and magnetic properties. A much larger effect is produced if a thermal treatment is 

performed on the samples. The addition of a small amount of Cu together with optimal 

annealing induces a better crystalline texture and a significant magnetic hardening of the 

FeCo nanowire arrays. The optimal annealing temperature depends on the nanowire 

array geometrical parameters. At higher annealing temperatures, a partial oxidation of 

the metallic nanowires has been observed. 

The magnetic hardening induced by Cu-doping and annealing has been found 

to be a consequence of enhanced magnetocrystalline anisotropy energy (MAE). 

Ferromagnetic Resonance together with detailed study of the crystallographic structure 

has been used to confirm and quantify this effect. Annealing leads to an increase in 

crystallite size together with a partial reorientation of the growth directions with respect 

to the nanowire axis. This reorientation is accompanied by a crystal lattice strain. It was 

determined that the maximum increase in MAE for Cu-doped nanowires is almost twice 

larger than that for FeCo alloy nanowires, which allow us to conclude that Cu supports 

the crystal reorientation upon annealing causing a larger lattice strain. This significant 

increase in the MAE is independent of the nanowire diameter, but was influenced by the 

preferential initial growth direction. The addition of Cu to the FeCo nanowires allows 

tailoring of their microstructure and thus the MAE, which promotes a magnetic 

hardening. 
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Chapter 4 

Multilayer Nanowires 

 

Series of cylindrical FeCoCu/Cu nanowires with different ferromagnetic 

segments (FeCoCu) lengths and non-ferromagnetic layers (Cu) thickness and keeping 

constant the nanowire diameter have been fabricated by electrodeposition into anodic 

alumina templates. A detailed geometrical and crystallographic characterization has 

been performed. The influence of the segments/layers length/thickness on the magnetic 

properties of the nanowire array has been studied. Furthermore, the effects of the 

magnetic interactions between neighbor nanowires have been quantified and correlated 

to the segments/layers length/thickness. 

 

4.1. Introduction 

As described in the previous chapter, FeCo-based nanowires are being 

investigated due to their large saturation magnetization and coercive field, implying a 

high energy product that make them appropriate for specific technological applications 

(e.g. alternative rare-earth-free permanent magnets) [1, 2]. Different options to enhance 

these magnetic properties have been proposed, like doping with non-magnetic elements 

[3-5], enhancing the nanowires coercive field by pinning [6], diameter modulation along 

the nanowire [7, 8], or compositional modulation along the nanowire (i.e. multilayer 

nanowires) [9, 10]. In the case of multilayer nanowires, apart from the possibility of 

further magnetically hardening, they show interesting properties for functionalization 

[11-13]. 
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The magnetic behavior of ferromagnetic/non-ferromagnetic (FM/NFM) 

multilayer nanowires is affected by the Cu thickness since depending on it, 

magnetostatic coupling between FeCoCu segments can be originated through the Cu 

layers along the nanowire. The presence of Cu layers creates a complex interacting 

system inside the array, as the interactions between FeCoCu segments along each 

nanowire are accompanied by interactions among FeCoCu segments from neighbor 

nanowires [14-16]. Therefore, the interactions between magnetic elements in this kind 

of nanostructured systems critically affect the magnetic properties of the whole array. 

A powerful technique to study the magnetic interactions and quantify the 

effects on the magnetic properties is the First-Order Reversal Curve (FORC) technique. 

This method has been successfully used to study different many-body interacting 

systems, such as magnetic nanowire, nanopillar or nanotube arrays, as well as to antidot 

and multilayer films [17-24]. 

 

4.2. Geometrical, compositional and structural characterization 

Two series of multilayer nanowire arrays were fabricated by: (i) keeping 

constant the non-ferromagnetic layer thickness (x) and varying the ferromagnetic 

segments length (y); or (ii) keeping constant y and varying x. As FM material was used 

FeCoCu alloy and Cu as NFM one. The nanowire arrays were fabricated by 

electrodeposition into high hexagonally ordered pores of AAO templates in a three-

electrode cell using a single Watts-type bath. The applied voltage was constant but 

different for each material, and the different layers/segments thicknesses were obtained 

by modifying the electrodeposition time. In all the samples, FeCoCu/Cu bilayers were 

repeated ten times. Along this chapter, the samples are labeled as [FeCoCu(y)/Cu(x)]10. 

More details about the fabrication process of multilayer nanowire arrays can be found in 

Section 2.2.3. To complement the study a continuous FeCoCu alloy nanowire array was 

fabricated (see Section 2.2 for more details). 

The geometrical characterization was performed by High-Resolution Scanning 

Electron Microscopy (SEM). For all the multilayer nanowires, the individual Cu layer 

thickness (x), FeCoCu segment length (y), nanowire diameter (dNW), distance between 

nanowire centers (Dint) and nanowire total length (LNW) were determined. For all the 
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nanowires dNW and Dint were constant with a value of 35 nm and 105 nm, respectively 

(Figure 4.1(a)). Figure 4.1(b) to (d) show representative cross section views of 

multilayer nanowire arrays with different x and y. For the [FeCoCu/Cu(x)]10 nanowires, 

the FeCoCu segment length was 300 nm, and x ranged between 7 and 40 nm. For the 

[FeCoCu(y)/Cu]10 nanowires, the Cu layer thickness was about 15 nm and y varied 

between 120 and 900 nm. The values for the different layer/segment thickness/length 

with the corresponding growing time for each layer/segment (tCu for the NFM layers 

and tFeCoCu for the FM segments) are collected in Table 4.1. The continuous nanowires 

were 35 nm in diameter and 6.5 μm in length. A composition of Fe30Co64Cu6 for the 

continuous nanowires was determined by Energy Dispersive X-ray Spectrometer (EDS), 

assumed to be the same for FeCoCu segments in the multilayer nanowires. 

 

 

Figure 4.1 SEM images: (a) Top view of an AAO template with 35 nm pore diameter; multilayer 
nanowire arrays cross-section for (b) [FeCoCu(160 nm)/Cu(15 nm)]10, (c) [FeCoCu(120 nm)/Cu(15 
nm)]10 and (d) [FeCoCu(300 nm)/Cu(15 nm)]10 (inset: nanowires closer view). 
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Table 4.1 Duration of the electrodeposition pulses and corresponding segment/layer thickness for fixed 
Cu layer and FeCoCu segment thickness. 

Fixed Cu layer thickness (15 nm) Fixed FeCoCu segment length (300 nm) 

Electrodeposition 
time, tFeCoCu (s) 

FeCoCu segment 
length, y (nm) 

Electrodeposition 
time, tCu (s) 

Cu layer thickness, 
x (nm) 

10 120 5 7 
15 160 15 15 
25 300 35 25 

35 400 50 35 
60 900 60 40 

 

 

The morphology and the microstructure of the nanowires was characterized by 

High Resolution Transmission Electron Microscopy (HRTEM) and Selected Area 

Electron Diffraction (SAED) (Figure 4.2). The multilayer nanowires show 

polycrystalline nature, which can be identified by the granular-like contrast in the bright 

field image (Figure 4.2(a)). A HRTEM image with a closer view of a Cu layer is shown 

in Figure 4.2(b). In that image multiple sets of fringes are found in different regions 

related to the presence of grains with different crystal orientations. The crystal structure 

of the FeCoCu segments and the Cu layer was determined by local Fourier analysis of 

the images. Both parts of the multilayer nanowires (i.e. the FM segment and the NFM 

layer) show polycrystalline structure. The Fast Fourier Transform (FFT) in the Cu area 

(Figure 4.2(c)) presents reflections at approximately 2.08 Å and 1.80 Å corresponding 

to the (111) and (200) planes of a face-centered cubic (fcc) structure. FFT for FeCoCu 

presents the typical reflections associated to a body-centered cubic (bcc) symmetry, 

such as the (110) set at around 2 Å marked with white lines (Figure 4.2(d)). 

The chemical composition of the multilayer nanowires was analysed by 

Scanning Transmission Electron Microscopy (STEM). High-Angle Annular Dark Field 

(HAADF) combined with Electron Energy Loss Spectroscopy (EELS) was used to 

acquire Spectrum Images (SI) of the different regions. An example of chemical map is 

depicted in Figure 4.3 for the sample with x = 300 nm and y = 7 nm. It is observed that 

Cu layers are perfectly segregated from the FeCoCu segments. They appear to be 

irregular and rough, probably due to the polycrystalline nature of the nanowires, the 

large grain size and inhomogeneities in the growth (see Figure 4.3(a)). The blue color at 
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the surface in the chemical maps of the multilayer nanowire suggests the presence of an 

oxidation layer all around the nanowire, evidenced by the high oxygen content in the 

outer surface of the nanowire. These features are confirmed by a higher magnification 

STEM-EELS map (Figure 4.3(b) and (c)) showing that the nanowire presents a high 

degree of oxidation around 9 nm near the surface. In the Cu layers, the oxidation 

decreases with respect to the FeCoCu segments to less than 4 nm. 

 

 

Figure 4.2 TEM images of [FeCoCu(300 nm)/Cu(15 nm)]10 nanowires: (a) Bright field image of an 
individual nanowire, (b) HRTEM image of a Cu spacer, (c) and d) Fast Fourier Transform at Cu and 
FeCoCu regions of the HRTEM image, respectively. 

 

 

Figure 4.3 STEM-EELS chemical mapping of [FeCoCu(300 nm)/Cu(7 nm)]10 nanowires: (a) low 
magnification SI of one of the nanowires, including the HAADF and the RGB composition of the Co L2,3 
(red), Cu L2,3 (green) and O K (blue) integrated intensities; high magnification SI around a Cu spacer 
showing (b) the simultaneously acquired HAADF signal and (c) the RGB image composition with the 
same color code as in (a). 
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4.3. Magnetic characterization of nanowire arrays 

The magnetic characterization of the multilayer nanowire arrays was performed 

by Vibrating Sample Magnetometer (VSM). The hysteresis loops were obtained for 

parallel (||) and perpendicular (⊥) applied magnetic field. Figure 4.4 shows the 

hysteresis loops of two of the samples measured in both configuration of the applied 

field. All the multilayer nanowire arrays present the same magnetic behavior in both 

configurations. For comparison, the hysteresis loops in || field configuration for all the 

samples, including the continuous nanowire array, are shown in Figure 4.5. 

 

 

Figure 4.4 Hysteresis loops of multilayer nanowire arrays in parallel (||) and perpendicular (⊥) 
configurations of the applied magnetic field for: (a) x = 25 nm, y = 300 nm; and (b) x = 15 nm, y = 900 
nm. 

 

For each sample, the values of coercive field (Hc) and fractional remanence 

(Mr/Ms) from the hysteresis loop in || and ⊥ configuration were determined. The 

magnetic parameters for both configurations were plotted as a function of the Cu layer 

thickness (x) and FeCoCu segment length (y), Figure 4.6(a) and (b), respectively. Data 

for continuous FeCoCu nanowire array are also included for comparison (single scatters 

in the graphs). For all the samples, the high values of Mr/Ms under parallel field 

configuration together with the vanishing values under perpendicular field configuration 

suggest that the magnetization easy axis lies along the nanowires axis. The saturation 

magnetization for FeCoCu alloy nanowires takes a value of µ0Ms = 1.82 T. For 

FeCoCu/Cu multilayer nanowires the saturation magnetization depends on the ratio 

between the Cu layers and FeCoCu segments length. For both series of multilayer 

nanowires, it was calculated a maximum reduction of saturation magnetization of 11% 

in comparison to continuous FeCoCu alloy nanowire array. Figure 4.7(a) and (b) show 
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the differential magnetic susceptibility around the coercivity (χ = dM/dH, for 

magnetic field applied parallel to the nanowires) for both series of multilayer nanowire 

arrays as a function of the Cu layer thickness and FeCoCu segments length, 

respectively. In these graphs the value of χ for continuous FeCoCu nanowire array is 

included as single scatter for comparison. 

 

 

Figure 4.5 Hysteresis loops measured in parallel field configuration: (a) [FeCoCu(300 nm)/Cu(x)]10 
series for different Cu layer thickness, and (b) [FeCoCu(y)/Cu(15 nm)]10 series for different FeCoCu 
segment length. 

 

 

 

Figure 4.6 Coercive field (µ0Hc) and fractional remanence (Mr/Ms) dependence on: (a) Cu layer thickness 
([FeCoCu(300 nm)/Cu(x)]10), and (b) FeCoCu segment length ([FeCoCu(y)/Cu(15 nm)]10). Data for 
continuous FeCoCu alloy nanowires are represented by single scatters. 
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For magnetic field applied parallel to the nanowire axis, all magnitudes, the 

coercive field, the fractional remanence and, particularly, the susceptibility, show a 

general trend to increase with the Cu layer thickness for constant FeCoCu segments (y = 

300 nm) (Figure 4.6(a) and Figure 4.7(a)). For perpendicular field configuration, both 

μ0Hc and Mr/Ms show small values. Figure 4.6(b) shows that for constant Cu layer 

thickness (x=15nm) and increasing FeCoCu segments length up to y = 160 nm, μ0Hc for 

|| configuration increases significantly, being almost constant for longer FM segments. 

Mr/Ms for || configuration does not vary significantly for y ≤ 400 nm, while for 

increasing FM segments length Mr/Ms decreases slightly due the stronger demagnetizing 

interactions between longer nanowires. However, Figure 4.7(b) shows that the 

susceptibility presents a significant reduction when the FeCoCu segment length 

increases up to around 300 nm while it remains nearly constant for larger lengths. 

 

 

Figure 4.7 Differential susceptibility, χ, dependence on: (a) Cu layer thickness, x, and (b) FeCoCu 
segment length, y. Single scatters represent the data for continuous FeCoCu alloy nanowires. 

 

4.4. Magnetic interactions in the nanowire arrays 

 

The study of the magnetic interactions that take place into a multilayer 

nanowire array is a really important task as they affect substantially the magnetic 

behaviour of the nanowire array. The interactions in a magnetic system can be 

determined by qualitative or quantitative methods. In this work, firstly Henkel plots 

have been used as qualitative technique to determine in which of the multilayer 
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nanowire array a stronger interactions are obtained, while First-Order Reversal 

Curve (FORC) has been used to quantify the influence of the Cu layer thickness and the 

FeCoCu segment length on the coercivity and interaction field of the system. 

Henkel plots consist on the simultaneous graphical representation of two 

experimental measurements: the dc-demagnetization (DCM) and the isothermal 

remanent magnetization (IRM) experiments. For the DCM experiment, the nanowire 

array is initially in a saturated state and then, at a constant temperature, a magnetic field 

is applied in the direction opposite to the magnetization. After this, the field is switched 

off and the remanent magnetization is measured. This process is repeated again, 

increasing the magnetic field until the nanowire array is saturated in the opposite 

direction. For the IRM experiment, an AC demagnetization process was performed. 

Subsequently, a magnetic field is applied, then switched off and the remanent 

magnetization is measured. This process is repeated, increasing the applied magnetic 

field until the nanowire array reaches the saturation magnetization [25]. 

 

 

 

Figure 4.8 Henkel plots for [FeCoCu(y)/Cu(x)]10 multilayer nanowires. The black line shows the 
behavior of non-interacting nanocylinders. 

 

Figure 4.8 shows the Henkel plots for several [FeCoCu(y)/Cu(x)]10 nanowire 

arrays with different Cu layer thickness (x) and FeCoCu segment length (y). In the 

graph, the black line represens the linear behaviour of a theoretical system of non-

interacting nanoparticles (Wohlfarth model) [26, 27], which is given by: 
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The Henkel plots show that all the curves fit below the line corresponding to 

the Wohlfarth model, indicating that the net magnetostatic interactions in the multilayer 

nanowire array always favour the nanowire demagnetization. In the plots for nanowires 

with the same FeCoCu segment length (y = 300 nm), the one for the thickest Cu layer (x 

= 40 nm) is closer to the non-interacting line. However, for nanowires with constant Cu 

layer thickness (x = 15 nm), the data obtained for shortest FeCoCu segments is closer to 

the Wohlfarth line. According to the results, the qualitative analysis shows that thicker 

Cu layers and shorter FeCoCu segments promote a decrease of the dipolar interaction 

field in the multilayer nanowire array. 

 

Figure 4.9 FORC distributions for: (a) continuous FeCoCu nanowire array; and multilayer nanowire 
arrays with different Cu layer thicknesses (x) and the same FeCoCu segment length ([FeCoCu(300 
nm)/Cu(x)]10): (b) x = 7 nm, (c) x = 15 nm and (d) x = 40 nm. 
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The magnetic behaviour of the [FeCoCu(y)/Cu(x)]10 multilayer nanowire arrays 

was measured using the procedure described in Section 2.3.2.1 to obtain the FORC 

distributions. The distributions calculated for continuous FeCoCu alloy and multilayer 

nanowire arrays with constant Cu layer thickness (i.e. [FeCoCu(y)/Cu(15 nm)]10) are 

shown in Figure 4.9, and the distributions for multilayer nanowire arrays with constant 

FeCoCu segment length (i.e. [FeCoCu(300 nm)/Cu(x)]10) are plotted in Figure 4.10. 

According to Figure 4.9 and Figure 4.10, the experimental FORC diagrams can 

be classified in roughly two different types, based on the number of branches and the 

angle made between the first branch (closest to µ0Hu axis, from point A to B in Figure 

4.9(b) and (d)) and the µ0Hu axis. However, all measured multilayer nanowire arrays 

FORC distributions represent a system where the interactions are demagnetizing 

(interaction field opposite to the magnetization). 

 

 

Figure 4.10 FORC distributions for multilayer nanowire arrays with the same Cu layer thickness and 
different FeCoCu segment length ([FeCoCu(y)/Cu(15nm)]10): (a) y = 120 nm, (b) y = 300 nm and (c) y = 
900 nm. 

 

The diagram shape exhibited by the FORC distribution of continuous FeCoCu 

alloy nanowires (Figure 4.9(a)) and the multilayer nanowire arrays with thin Cu layers 

(x ≤ 15 nm) (see Figure 4.9(b) and (c)) or thick FeCoCu segments (y ≥ 300 nm) (see 

Figure 4.10(b) and (c)) is the shape generally associated to a magnetic nanowire array 

[28-31]. This diagram is characterized by a single branch, widely spread along µ0Hu 

axis (branch from point A to B in Figure 4.9(b)). It has already been reported that 

symmetrical and nearly identical irreversible processes (same coercive field) under a 

mean demagnetizing interaction field (µ0Hint = µ0Hi (M/Ms), with µ0Hi < 0), would 



104 Multilayer Nanowires 

 

exhibit a single narrow FORC distribution parallel to the µ0Hu axis [32]. In this case, the 

value of coercive field at µ0Hu = 0 is called the FORC coercivity (µ0Hc
FORC) and can be 

taken as an estimation of the average coercive field of individual nanowires [28, 33]. 

The value of µ0Hc
FORC is determined as the coercive field where the maximum value of 

ρFORC is obtained in the coercive field distribution (Figure 4.11(a)). The cross-section of 

the FORC distribution parallel to µ0Hu axis and crossing the µ0Hc axis at µ0Hc
FORC, is 

related to the interaction field distribution. The interaction field (ΔHu) is obtained by 

taking the half-width at half-maximum of the uniform part of the interaction field 

distribution (see Figure 4.11(b)), and represents the interaction field maximum value (at 

saturation) between nanowires [19]. In these graphs, we also observe a tail along the 

µ0Hc axis, which can reach high µ0Hc values (point C in Figure 4.9(b) and relative 

maximum in Figure 4.11(a) enclosed in red color). This feature has not been considered 

in the present study since it comes from the spatial non-homogeneity of the interaction 

field at the lateral edges of the macroscopic sample [34]. 

 

Figure 4.11 Selected examples of (a) coercive field and (b) interaction field distributions. 

 

On the other hand, the multilayer nanowire array with thicker Cu layers (NFM 

layer) (i.e., y = 300 nm and x = 40 nm) (Figure 4.9(d)), and  the one with shorter FM 

segments (i.e., y = 120 nm and x = 15 nm) (Figure 4.10(a)) show a different FORC 

diagram, whose distribution is similar to the so-called wishbone shape, observed in 

other interacting systems [18, 19, 23, 35, 36], with a demagnetizing mean interaction 

field but with a non-negligible coercive field distribution [18]. For the systems with 

wishbone shape FORC distribution, data about the nanowires coercivity and interaction 

field cannot be straightforward extracted as for the single elongated FORC distribution. 
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The parametrization of this specific configuration has been performed according to 

Refs. [19, 23], which has allowed us to obtain the following parameters: μ0����� and μ0Hσ 

are the local coercivity average and its standard deviation, and μ0Hi and μ0Hσi are the 

interaction field constant and the corresponding standard deviation, respectively. When 

performing the parametrization, it was observed that the experimental data are not auto-

consistent for μ0�����. In order to verify the accuracy of the parametrization for the 

multilayer nanowire arrays, the FORC diagrams resulting from the values for the 

different parameters obtained using the wishbone model were simulated (Figure 4.12). 

 

 

Figure 4.12 Simulated FORC distributions for: (a) [FeCoCu(300 nm)/Cu(40 nm)]10 and (b) [FeCoCu(120 
nm)/Cu(15 nm)]10 multilayer nanowires. 

 

Comparing the experimental FORC distributions in Figure 4.9(d) and Figure 

4.10(a) with the simulated distributions in Figure 4.12(a) and (b), respectively, an 

overall good agreement among the FORC distribution shapes is observed, however, 

they present several differences. Firstly, the maximum in the left end of the simulated 

upper branch (point B in Figure 4.12(a)) presents a higher intensity than in the 

experimental distribution, which is ascribed to the possible inhomogeneities in the 

sample. Here it is assumed that the main difference between the experimental FORC 

diagram and a pure wishbone shape comes from the fact that the interaction in the 

arrays is not a uniform mean one. That is more relevant in terms of the interaction field 
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direction, as each FeCoCu segment of the multilayer nanowires in the array is subjected 

to intra-wire and inter-wire magnetostatic interactions (Figure 4.13): i) intra-wire 

(positive) interactions between adjacent FeCoCu segments along each nanowire which 

favour the parallel alignment of magnetization within the nanowire; and ii) inter-wire 

(negative) magnetostatic interactions among FeCoCu segments at different levels from 

neighboring nanowires which add to increase its effective demagnetization factor ([14, 

15]. This fact modifies the magnitude and direction of the resulting interaction field, 

which is observed in the FORC graph. Considering these observations, this distribution 

can be defined as a non-real wishbone FORC distribution. 

 

 

Figure 4.13 Schematic diagram of the magnetostatic interactions between neighbor nanowires in the 
array. 

 

For determining the dependence of the magnetic parameters on the NFM layer 

and FM segment thicknesses, the μ0����� and μ0Hi values obtained for the wishbone shape 

distribution have been associated to the FORC coercivity (μ0Hc
FORC) and the interaction 

field (μ0ΔHu), respectively, obtained from the single branch FORC distribution (Figure 

4.14). This approximation has been done due the reasonable agreement between the 

simulated and experimental FORC diagrams. In this context, μ0Hc
FORC should be taken 
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as the average coercivity and μ0ΔHu as the demagnetizing interaction field felt at 

saturation, respectively, of the reversing FeCoCu segments (when the FeCoCu segments 

are decoupled between them along the nanowire) or of the whole nanowire (for 

continuous nanowires and multilayer nanowires with the FeCoCu segments coupled 

through the Cu layers). Data for continuous FeCoCu alloy nanowires are included in the 

graphs as single scatters. 

 

 

Figure 4.14 (a) Cu layer thickness and (b) FeCoCu segment length dependence of FORC coercive field 
(Hc

FORC) (filled symbols) and interaction field (ΔHu) (empty symbols). Data for continuous FeCoCu alloy 
nanowires are represented with single scatters. 

 

For both series of samples, the coercive field increases with the Cu layer and 

the FeCoCu thicknesses, but for different reasons. A change in the nanowire 

architecture, from continuous to multilayer, leads to a decrease in μ0Hc
FORC. As the Cu 

layer becomes thicker, the coercive field increases and even overcomes the value for 

continuous nanowire array (Figure 4.14(a)). Such an evolution can be understood to be 

a consequence of the weakening of the coupling between FeCoCu segments along the 

nanowire through thicker Cu layers, so hardening the magnetization process. On the 

other hand, the increase in coercivity with the FeCoCu segment thickness (Figure 

4.14(b)) can be correlated with its increasing shape anisotropy. 

The interaction field of the systems presenting similar hysterons (single branch 

FORC distribution) remains between 160 and 170 mT, while it drastically decreases for 

wishbone FORC distributions (between 36-56 mT) (Figure 4.14). This strong reduction 

occurs for thick Cu layers or thin FeCoCu segments and can be explained by the 

decoupling of the FeCoCu segments along the nanowire, favored by a thicker spacer or 
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due to their small magnetic volume. Both multilayer nanowires exhibiting a wishbone 

shape presents a similar ratio between the Cu layer and the FeCoCu segment 

thicknesses (x / y), suggesting a similar degree of magnetic decoupling [37-39]. In both 

cases, the wishbone FORC distribution suggests that the magnetization reversal of the 

nanowires takes place in steps, i.e. the magnetization direction of all the FeCoCu 

segments of one nanowire does not remain pointing in the same direction. Since the 

reversing magnetic segments are shorter as compared to the whole nanowire, the 

demagnetizing interaction field values decreases. The FeCoCu segments are not 

completely decoupled one from each other, since these systems are also characterized 

by a large coercivity variation (leading to the wishbone feature). Therefore, the 

reversing FeCoCu segment extremities, in addition to not be aligned in the same plane, 

may change the magnetization reversal process. This kind of behavior directly affects 

the FORC diagram, and leads to a distribution not arising from a mean and uniform 

interaction field. 

 

4.5. Conclusions 

Two series of multilayer nanowire arrays have been fabricated by means of 

pulsed electrodeposition into alumina templates using a single electrolytic bath: 

[FeCoCu(y)/Cu(x)]10 nanowire arrays for ranges of Cu layer thickness (7 ≤ x ≤ 40 nm) 

and FeCoCu segments length (120 ≤ x ≤ 900 nm), with a constant nanowire diameter of 

35 nm. The structural and compositional analysis has revealed that the Cu layers with 

fcc crystal structure are segregated from the bcc FeCoCu segments. 

For all the samples, a magnetization easy axis parallel to the nanowire axis is 

confirmed after comparison of the magnetic parameters extracted from the hysteresis 

loops measured under magnetic field applied parallel and perpendicular to the nanowire 

axis. The changes in coercive field and fractional remanence are modest for increasing 

Cu layer and FeCoCu segment thicknesses. However, a significant increase in the 

susceptibility around the coercive field is observed with increasing Cu layer thickness 

and decreasing FeCoCu segment length, suggesting a reduction of magnetostatic 

interactions in the array. 
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The preliminary study of the magnetostatic interactions in the multilayer 

nanowire array by Henkel plots confirm a decrease in the effective interactions for those 

samples with thicker Cu layers and shorter FeCoCu segments arising from stray fields at 

the surface of magnetic segments along the nanowire and from neighbour nanowires. 

FORC technique has been used to quantitatively determine the influence of the 

Cu layer and FeCoCu segment thicknesses on the magnetic properties of the nanowire 

arrays. For all the multilayer nanowire arrays, the FORC diagrams show magnetic 

systems characterized by demagnetizing interactions. However, two alternative FORC 

distribution shapes have been identified indicating two different magnetic behaviors. 

Continuous nanowire and multilayer nanowire arrays with thin Cu layers (x ≤ 15 nm) or 

thick FeCoCu segments (y ≥ 300 nm) present the FORC distribution usually associated 

to a magnetic nanowire array. On the other hand, for thicker Cu layers and shorter 

FeCoCu segments, the FORC distributions exhibit the wishbone shape. The 

parametrization of these distributions and their corresponding simulations have been 

performed in order to verify the accuracy of the obtained values. 

The FORC coercivity and interaction field have been obtained for all the FORC 

distributions. An increasing coercive field with the Cu layer and FeCoCu segment 

thicknesses has been determined. Thick Cu layers promote the weakening of the 

coupling between FeCoCu segments along the nanowire, making more difficult the 

magnetization reversal. The enhanced shape anisotropy promotes the higher value of 

coercive field observed for long FeCoCu segments. Furthermore, for thick Cu layers 

and thin FeCoCu segments a strong reduction in the interaction field is observed, 

originated by the decoupling of the FeCoCu segments along the nanowire. The value of 

the interaction field is similar in both cases, suggesting a similar degree of decoupling, 

seemingly a consequence of their similar NFM/FM thickness ratio. 
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Chapter 5 

Magnetic Nanowires with Modulated Diameter 

 

Cylindrical FeCoCu and Co nanowires with tailored diameter modulations 

have been grown by electroplating into anodic alumina templates, which were 

fabricated by pulsed anodization. The nanowires were fabricated with different 

geometrical parameters (i.e. segments diameters and lengths) and the influence of the 

geometry and the crystallographic structure on the magnetization reversal of individual 

nanowires has been studied. 

 

5.1. Introduction 

A promising route to tailor the magnetic properties of cylindrical nanowires is 

the imprinting of periodic diameter modulations along the nanowire length. The 

fabrication of nanowires with this specific geometry is possible due to the combination 

of mild and hard anodization [1-4]. Apart from tailoring of the magnetic properties, the 

modulation in diameter offers the possibility of controlling the domain wall movement 

along the nanowire [5-7]. 

While the magnetic properties of a nanowire array are significantly determined 

by the magnetostatic interaction among neighboring nanowires, the final magnetic 

response is determined by the intrinsic magnetization of individual nanowires. In this 

sense, together with the diameter modulation, another alternative to control the 

magnetization reversal of cylindrical nanowires is tuning their magnetocrystalline 

anisotropy. FeCo based nanowires, with face-centered cubic (fcc) or body-centered 
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cubic (bcc) crystallographic structures, present reduced magnetocrystalline anisotropy. 

In this case, the magnetization reversal is determined by an effective longitudinal 

magnetic anisotropy, which main source is the axial shape anisotropy [8, 9]. On the 

other hand, Co nanowires with hexagonal close-packed (hcp) crystalline structure 

exhibit strong magnetocrystalline anisotropy. In these magnetic structures, the 

competition between shape and magnetocrystalline anisotropy may originate a system 

with specific magnetic properties [10]. 

Micromagnetic calculations of demagnetization processes conclude that the 

reversal process can take place by the propagation of transverse or vortex-like domain 

wall, apart from coherent and incoherent spin rotation mechanisms [11]. Recent 

micromagnetic simulations, together with Magnetic Force Microscopy (MFM) studies, 

of the demagnetization process of isolated nanowires with axial magnetic anisotropy 

suggest that the process occurs by the nucleation of domain walls at the ends of the 

nanowires followed by their depinning and subsequent propagation along the wire [12, 

13]. The suggested reversal process takes place by the spin rotation at the shell region 

and the propagation of a vortex at the core [14, 15]. 

An advanced technique that has shown promising results on the experimentally 

determination and study of the magnetization reversal process of cylindrical nanowires 

is the Magneto-Optical Kerr Effect (MOKE), which has been proved to be a useful 

technique to provide information about the magnetic state of such samples [16-18]. 

The determination of the spin configuration of cylindrical nanowires is a 

challenging task due to their nanometer scale dimensions and cylindrical geometry. An 

advanced surface technique to provide information about the magnetic properties of 

such individual magnetic structures is the Photoemission Electron Microscopy (PEEM) 

combined with X-ray Magnetic Circular Dichroism (XMCD) [19-22]. 

 

5.2. Geometrical, compositional and structural characterization  

FeCoCu and Co nanowire arrays with modulations in diameter along the 

length were fabricated by electrodeposition into hexagonally ordered AAO templates. 

The templates were fabricated by pulsed anodization process to obtain the modulations 

in diameter (see Section 2.1.3.3 for more experimental details). The growth of the 
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nanowires into the templates was performed by electroplating of the metallic elements 

using specific electrochemical parameters (see Table 2.2). For the MOKE 

measurements, four types of FeCoCu nanowires with different geometry were 

fabricated, and for the XMCD-PEEM study, two types of nanowires were grown, with 

the same geometry but with different composition (i.e. FeCoCu and Co nanowires). 

The nanowires geometry was characterized by Scanning Electron Microscopy 

(SEM) and the composition was determined by Energy Dispersive X-ray Spectrometer 

(EDS). The samples prepared for MOKE characterization were: 

• one sample with constant nanowire diameter (sample S1); 

• Modulated type I (samples S2 and S3): wide segments (dmod, 1 in diameter 

and Lmod, 1 in length) shorter than the narrow ones (dmod, 2 in diameter and 

Lmod, 2 in length);  

• and Modulated type II (sample S4), with the narrow segments shorter than 

the wide ones.  

The schemes with the two different geometries of the modulated nanowires are 

shown in Figure 5.1. The geometrical parameters, including the nanowire total length 

(LNW) are collected in Table 5.1. Figure 5.2 shows the SEM images of the four nanowire 

arrays (Figure 5.2(a) to (d)) and the single nanowires (released after chemically 

dissolution of the AAO template) on silicon substrate (Figure 5.2(e) to (h)). The 

nanowire composition was Fe30Co63Cu7 (hereafter referred to as FeCoCuMOKE). 

 

 

Figure 5.1 Schematic view of the two types of modulated nanowires: (a) type I, and (b) type II.  
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The composition of the nanowires fabricated for XMCD-PEEM measurements 

was Co and Fe28Co67Cu5 (in the following these samples are named Co and 

FeCoCuPEEM, respectively). The geometry of these nanowires corresponds to 

Modulated type I and the values of the geometrical parameters were: dmod, 1 = 140 nm, 

Lmod, 1 = 50 nm, dmod, 2 = 130 nm, and Lmod, 2 = 400 nm. The geometry is the same as the 

shown in Figure 5.2(b) and (f), but with slightly smaller diameters. 

 

Figure 5.2 Cross section SEM images of nanowire arrays: (a) constant diameter, sample S1; (b), (c) and 

(d) modulated diameter nanowires, samples S2, S3 and S4, respectively. SEM images of isolated 

nanowires on silicon substrate with: (e) S1; (f) S2, (g) S3, and (h) S4. 
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Table 5.1 Geometrical parameters of the FeCoCu nanowires, for MOKE measurements: Dmod, 1 and Lmod, 1 

are the diameter and length of the wide segments, respectively, in the modulated nanowires; Dmod, 2 and 

Lmod, 2 are the diameter and length of the narrow segments, respectively; and LNW is the nanowire total 

length. 

Sample Type 
dmod, 1 

(nm) 

Lmod, 1 

(nm) 

dmod, 2 

(nm) 

Lmod, 2 

(nm) 

LNW 

(µm) 

S1 
Constant  

diameter 
150 - - - 10 

S2 
Modulated  

Type I (a) 

170 50 150 400 14 

S3 
Modulated  

Type I (b) 
170 50 150  800 13 

S4 
Modulated  

Type II 
130 1000 100 300 17 

 
 

The crystallographic structure was determined by X-Ray Diffraction (XRD) 

experiments. Figure 5.3(a) and (b) show the XRD spectra of FeCoCuPEEM and Co 

nanowire arrays, respectively. FeCoCu nanowires grow in a polycrystalline bcc 

structure with a (110) preferred orientation, presenting also reflections along the (200) 

and (211) directions (Figure 5.3(a)). The XRD pattern for Co nanowires shows a hcp 

structure where the (110) peak strongly dominates the crystallographic structure (Figure 

5.3(b)). 

 

 

 

Figure 5.3 XRD patterns of modulated nanowire arrays: (a) FeCoCu and (b) Co. 
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5.3. Magnetic measurements on single nanowires 

5.3.1. Magnetization reversal of modulated FeCoCu nanowires: influence 

of geometry 

The magnetic characterization of isolated nanowires was performed by 

Magneto-Optic Kerr Effect (MOKE) magnetometer. MOKE hysteresis loops were 

recorded under applied field parallel to the nanowire axis. Each MOKE hysteresis loop 

shown in this thesis is the result of 1000 averaged loops, in order to reduce the noise to 

signal ratio. Furthermore, to obtain representative MOKE hysteresis loops from each 

type of nanowires, different nanowires from the same sample were measured, 

confirming that they present the same behavior. Note that, due to the laser spot size, in 

the case of modulated nanowires several modulations are contributing to the hysteresis 

loops. 

Figure 5.4 shows the hysteresis loops for the different nanowires (with 

constant and modulated diameter). These measurements were performed with the laser 

spot focused on the center of the nanowire. In all cases, the normalized longitudinal 

Kerr effect signal at remanence is close to 1 which suggests the existence of a nearly 

single domain structure with longitudinal magnetization easy axis. For the nanowire 

with constant diameter (Figure 5.4(a)), it is observed a square hysteresis loop with sharp 

transition through a single giant Barkhausen jump between two stable magnetic states at 

remanence [17, 18]. Similarly, the hysteresis loop in Figure 5.4(b) presents one sharp 

transition for the Modulated type I nanowire with the shorter thin segments (S2). 

However, for the Modulated type I nanowire with the longer narrow segments (S3), two 

abrupt and symmetric magnetization jumps are observed in each branch of the 

hysteresis loop in Figure 5.4(c). Finally, for Modulated type II nanowire (S4), a main 

Barkhausen jump is observed in the hysteresis loop (Figure 5.4(d)) together with several 

additional ones of less amplitude. The presence of several magnetization jumps in 

Modulated I (b) and Modulated II nanowires suggests the existence of metastable 

magnetic states during the magnetization reversal that should be correlated to their 

particular diameter modulation [5]. 
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Figure 5.4  MOKE hysteresis loops for constant diameter S1 (a) and modulated diameter S2 (b), S3 (c) 

and S4 (d) nanowires. Insets in each graph correspond to SEM images of the modulation close view for 

each type of nanowire. 

 

The profile of the magnetic response along the nanowires has been quantified 

through the MOKE hysteresis loops taken at different positions along the nanowires 

length. These measurements supply deeper information on the influence of diameter 

modulations at a submicron scale. The measurements were taken from one end of the 

nanowire to the other one using steps of 1 µm. Figure 5.5 shows selected hysteresis 

loops measured along a single Modulated type II nanowire. For all the hysteresis loops 

shown in this Section, the MOKE electrical signal obtained through the longitudinal 

Kerr detector is normalized to the received under maximum applied field at each 

position. However, it is important to mention that the absolute value of that signal is 

several times smaller when the laser spot is focused on the end of the nanowire (Figure 

5.5(a) and (c)) than when focused on its central part (Figure 5.5(b), (d) and (e)). This is 

a consequence of the size of the laser spot: the magnetic area enclosed when focused on 

the wire ends, and consequently the magnetic response, is smaller than when focused on 

the center. Moreover, differences between local hysteresis loops at different positions 

are observed in Figure 5.5. While the main magnetization jump takes place at around 25 
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mT, usually smaller jumps are detected either before or after that main jump. According 

to this fact, it is assumed that the magnetization reversal process is damped locally 

before completion. The existence of such steps denotes again the presence of metastable 

states in the magnetization reversal that could be correlated to pinning centers at local 

modulations inside the size of the laser spot of similar but slightly different energy 

barrier. 

As well as for modulated nanowires, local MOKE measurements were 

performed also on a nanowire with constant diameter (S1). In this case, the hysteresis 

loops present square shape along the nanowire with a single giant Barkhausen jump and 

constant coercivity, similarly as in Figure 5.4(a) but for the commented reduced MOKE 

signal close to the ends. That indicates that the magnetization process takes place with 

uniformity along the nanowire with constant diameter [6]. The similar and completely 

square shape of the hysteresis loops obtained for constant diameter nanowire, in 

comparison to the hysteresis loops in Figure 5.5 for modulated diameter nanowire 

indicates that the small Barkhausen jumps can be ascribed to diameter modulations in 

Modulated type I b and II nanowires. 

 

 

 

Figure 5.5 MOKE hysteresis loops profile along a single Modulated type II nanowire from sample S4, 

with the magnetic field applied parallel to the nanowire axis. 
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Micromagnetic simulations of the demagnetization process in nanowires with 

constant diameter and effective longitudinal axial anisotropy has been proposed to take 

place by the depinning of a domain wall from one end and its subsequent propagation 

along the wire [12, 13, 23].
 
A classical method to determine the proper coercivity 

mechanism is the quantification of angular dependence of the magnetization process 

[24]. With this objective, MOKE hysteresis loops have been recorded under applied 

field making an angle (θH) with respect to the nanowire axis ranging from θH = 0º 

(parallel) to θH = 90º (perpendicular to the nanowire axis) every 15º. 

 

 

 

Figure 5.6 Hysteresis loops of an individual constant diameter (S1) and Modulated type II nanowire (S4) 

under an applied field with: (a) θH = 15º, (a) θH = 30º, and (c) θH = 60º (note that for θH = 60º, only the 

hysteresis loop for S4 is shown as the longitudinal component of the applied field is not enough to obtain 

the loop for the nanowire from sample S1); and experimental and fitted (see text) angular dependence of 

the switching field (Hsw) for the different nanowires. 

 

Selected hysteresis loops for the constant diameter (S1) and Modulated type II 

nanowire (S4) under different angle θH between applied field and the nanowire axis are 

shown in Figure 5.6(a) to (c). A similar behavior with increasing angle is observed for 

all the investigated samples, where the switching field (Hsw) to complete main reversal 

increases with the angle. However, for θH > 60º, the parallel component of the available 
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magnetic field is not high enough to give rise to the reversal process. Figure 5.6(d) 

shows the experimental angular dependence of the switching field for the different 

nanowires. The angular evolution and even the absolute switching field take similar 

values. 

The observed angular dependence where coercivity increases with the angle 

denotes clearly that the reversal process can be ascribed to the propagation of a vortex 

domain wall [25].
 
For a vortex magnetization reversal mode, the angular dependence of 

coercive field for an isolated nanowire with high aspect ratio is given by the expression 

[26]: 
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�������� �
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��
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                                   (5.1)        

 

where q
2
 = 1.08π for a cylindrical geometry [27], Aexc is the exchange stiffness constant, 

Ms is the saturation magnetization and dNW is the nanowire diameter. 

 

Table 5.2 Fitted values of the exchange stiffness constant (Aexc) for the different nanowires. 

Sample S1 S2 S3 S4 

Aexc 10
12

 (J/m) 34.5 36.5 30.9 22.4 

 

 

Considering a saturation magnetization μ0Ms = 1.8 ± 0.1 T for FeCoCu alloy, 

the experimental values of μ0Hsw for the different samples and θH have been fitted using 

Eq. (5.1) (dashed lines in Figure 5.6(d)). For modulated nanowires, the fitting was 

performed giving to dNW the values of the different diameter for each sample, dmod, 1 and 

dmod, 2. For all the modulated nanowire samples, the best fitting was achieved taking dNW 

= dmod, 1, the diameter of the wide segments. The best fitting values of Aexc with the 

experimental data are collected in Table 5.2 that are reasonable according to previous 

data for the nanowire alloy [28]. 
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According to the results obtained by MOKE measurements, it is possible to 

state that: i) MOKE signals involving several diameter modulations show a giant 

Barkhausen jump preceded or followed by smaller jumps; ii) this behavior occurs at 

different sites along the modulated nanowires in opposition to nanowires with constant 

diameter; iii) the experimental angular dependence of the switching field and its 

analytical calculations denotes that the coercivity mechanism is ascribed to the 

propagation of a vortex domain wall. 

 

5.3.2. Spin configuration of individual nanowires: influence of 

magnetocrystalline anisotropy 

The spin configuration of two types of cylindrical nanowires with designed 

magnetization easy axis (i.e. FeCoCuPEEM nanowire with longitudinal easy axis and 

Co nanowire with perpendicular easy axis) and periodical modulations in diameter has 

been determined by XMCD–PEEM measurements, which were performed at the 

CIRCE beamline of the ALBA Synchrotron Facility (Barcelona, Spain) (see Section 

2.3.2.4. for experimental details). 

Figure 5.7 shows two XMCD-PEEM images of two FeCoCuPEEM nanowires 

with different magnetic configurations. In Figure 5.7(a) the XMCD intensity is 

homogeneous, both in the surface (light gray) and in the shadow (dark gray), along the 

whole length of the nanowires, suggesting a single domain configuration. However, a 

different contrast is observed in Figure 5.7(b). The periodic modulation in the contrast 

matches the modulated geometry along the length of the wire. The overall homogeneous 

bright contrast at the surface suggests a main longitudinal magnetization of the 

nanowire as is expected from a magnetization easy axis along the nanowires and a 

resultant single domain configuration at remanence (which is in agreement with the 

hysteresis loop measured for a similar nanowire geometry by MOKE, see Figure 

5.4(b)). The contrast in the shadow is nearly vanishing except at the upper end 

corresponding to the shadow of the top surface of the nanowire, where a modulated line 

complimentary to the surface is visible. The strong dark feature at right end of the wire 

(appearing as bright in the respective shadow end) indicates an accumulation of spins 

opposite to the X-ray propagation vector, which forms an angle of about 45
o
 with the 
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nanowire axis (as can be indicated from the orientation of the mentioned bright spot at 

the shadow end). 

 

Figure 5.7 XMCD-PEEM images of magnetic configurations observed in modulated FeCoCu nanowires: 

(a) nanowire in a single domain state; and (b) nanowire with modulated magnetic contrast. 

  

Several nanowires under different orientations with respect to the X-ray 

propagation vector were studied, revealing a variety of images with different amplitude 

and brightness of the shadow region. For an appropriate interpretation of the magnetic 

images, an angular scanning of the relative orientation of the nanowire and the X-ray 

incidence is essential. Figure 5.8 shows the XMCD-PEEM image of the same nanowire 

in Figure 5.7(b), but in this case the nanowire axis and the X-ray propagation vector 

make an angle of about 90
o
. The XMCD image reveals a modulated profile along the 

whole nanowire length. The intensity profile in the surface region contains bright/dark 

local contrasts matching the position of each modulation along the length. Between 

those local regions, the surface shows a reduced contrast characteristic of an overall 

longitudinal magnetization in agreement with the interpretation of Figure 5.7(b). 

Higher contrast is observed at the end of the nanowire and at given 

modulations, as shown in the insets of Figure 5.8. This behavior can be ascribed to a 

vortex-like structure at the modulation positions. 

The shadow in transmission in Figure 5.8 supplies information about spin 

orientation inside the nanowire. A uniform gray contrast is observed in the main region 

of the shadow along the whole nanowire length. The vanishing contrast of the main 

region of the shadow reveals a longitudinal orientation of the spins inside the nanowire. 

In addition, bright/dark contrast can be identified also in the shadow of both the upper 

end (i) and along the nanowire (iii). That is identified as the vortex-like spins closure 

structure both at the surface and inside the nanowire. The bright/dark contrast observed 

in Figure 5.8(ii), which cannot be seen in the shadow might indicate a large 



Magnetic measurements on single nanowires 127 

 

accumulation of stray fields. At the left edge of the shadow there are some zones with 

darker contrast that fit with the modulation and are related with the vortex-like structure 

above mentioned. Considering the width of these regions compared with the total width 

of the shadow, a thickness of around 30 nm for vortex-like shell at the modulations can 

be estimated. 

 

 

 

 

Figure 5.8 XMCD-PEEM image of a single FeCoCuPEEM nanowire oriented perpendicular to the 

incident X-rays. The arrows indicate the local spin configuration. 

 

On the other hand, Co nanowires with dominant hcp (110) crystallographic 

phase, which originates uniaxial magnetocrystalline anisotropy with magnetization easy 

axis oriented nearly perpendicular to the nanowire axis have been studied. The 

magnetocrystalline anisotropy for these nanowire present a high enough value (4.5x10
5
 

J/m
3
) to compete with the large shape anisotropy [29]. 

Figure 5.9(a) shows the XMCD image of a Co nanowire with the X-ray 

propagation vector making an angle of nearly 90º with respect to the nanowire axis.  
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The surface XMCD consists of a sequence of segments with azimuthal spin 

configuration of opposite contrast. That suggests also the presence of a vortex-like 

structure with alternating chirality. The shadow region shows a much weaker contrast. 

Along the nanowire length, the contrast in each segment of the shadow region vanishes 

only in about half of its area while the remaining shadow area shows a uniform XMCD 

contrast. This suggests a domain structure consisting of uniformly magnetized core 

surrounded by a shell of curling spins of opposite chiralities around the wire axis. The 

fact that the uniform contrast in transmission presents an opposite orientation to that of 

the direct photoemission confirms that this is not an artifact of the data analysis. The 

contrast observed in Figure 5.9(a) is interpreted by the sketch in Figure 5.9(b). The 

bright/dark contrast on the right is related with the nanowire surface magnetization. 

However, owing to the cylindrical geometry of the nanowire and the grazing angle of 

the X-ray with respect to the sample surface (angle of 16º, see Figure 2.14 and Figure 

5.9(b)) only a certain region of the nanowire surface (the bright contrast region) is 

directly exposed to the X-rays while the rest is only sensitive to the transmitted beam 

(the dark contrast region). 

 

Figure 5.9 (a) XMCD contrast of a representative individual Co nanowire measured at about 90° between 

the incident X-rays and the nanowire; and (b) Schematic view of the contrast observed for direct 

photoemission and transmission, dual in the case of a nanowire with circular spin configuration. 
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The second type of contrast is found in the shadow area due to the transmitted 

X-rays through the nanowire. A complex contrast profile is observed due to the 

nanowire geometry, X-rays transmission and circular configuration of the 

magnetization. The gray contrast in the middle of the shadow (corresponding to the core 

of the wire) can be an indication of the magnetization pointing perpendicular to the 

beam (i.e. along the nanowire axis). While a precise determination of the core and shell 

sizes in the nanowires is hard to quantify, the comparable widths of the dark and bright 

contrast regions in the shadow indicate a much reduced diameter of the core. This is 

consistent with a strong perpendicular anisotropy of the Co nanowire.  

For Co nanowires, the spin configuration observed in the XMCD-PEEM 

experiments indicates that the magnetocrystalline anisotropy dominates over the 

uniaxial longitudinal shape anisotropy. This experimental result is consistent with recent 

micromagnetic simulations of the spin configurations in nanowires with strong uniaxial 

perpendicular magnetocrystalline anisotropy [14]. The longitudinal extent of each 

vortex typically varies along the wire, not matching the periodicity of the diameter 

modulation, and it also varies from wire to wire. Both facts indicate that the local spin 

configuration can be also influenced by the nanowire morphology and/or 

microstructure. 

 

5.4. Conclusions 

According to MOKE measurements, the magnetization reversal of FeCoCu 

nanowires with specific tailored modulations in diameter has been determined to take 

place through the motion of a single vortex domain wall which is eventually pinned at 

local modulations of the nanowire resulting in metastable magnetic states during its 

whole propagation. The relatively smooth homogeneity of the modulations leads us to 

observe a main Barkhausen jump but for small jumps at modulations with slightly 

enhanced energy barrier to the wall propagation. 

The combination of direct photoemission and transmission information from 

XMCD–PEEM allowed determining the spin configuration at the surface and the core 

of cylindrical nanowires with periodically modulated diameter. For FeCoCu nanowires, 

the spin configuration is dominated by shape anisotropy and the remanent spin 
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configuration consists of a main longitudinal domain with vortex structures at the ends 

as well as around the diameter modulations. In agreement with MOKE experiments, the 

magnetization reversal is expected to take place through the propagation of a vortex 

domain wall that can be pinned at the position of certain modulations. For Co 

nanowires, which present nearly perpendicular magnetocrystalline anisotropy, the spin 

configuration is characterized by a series of vortices with alternating chirality which 

appears not to be connected with the position of the modulations. 

Magnetic nanowires with tailored geometry, in the form of periodically 

diameter modulations, and magnetocrystalline anisotropy show tunable magnetic 

properties and the opportunity to further control the magnetization reversal process by 

controlling the domain wall motion. 
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Chapter 6 

Magnetic Nanowires based Sensors 

 

6.1 Introduction 

The detection of the position and/or speed of a moving object usually is 

performed by different techniques making use of optical, inductive, capacitive, 

magnetic or magnetoelectric means [1-5]. Optical-based sensing devices which use a 

light emitter and receiver, an encoder or a laser are widely used methods to determine 

the rotational speed or the distance between objects [6, 7], but they present some 

disadvantages as they require active emitters and receptors and usually it is necessary to 

modify substantially the object where the sensing device is coupled. 

Pick-up sensors are alternative magnetic sensing devices where the working 

principle is the relative displacement of a magnetic component with respect to the 

detector. The displacement creates a change in the detected magnetic field which can be 

correlated to the speed of the moving object [8-10]. The most convenient way to 

generate the magnetic field for these sensors is using a magnetized material instead of a 

coil, as in this case this element does not need to be energized for operating (i.e. passive 

element). Magnetic nanoparticles have been proposed as an approach for generating a 

magnetic field [11, 12] due to the need of a drastic reduction in the device size [13-15]. 

However, the use of magnetic nanoparticles presents some challenges such as the 

relatively complex fabrication process and the low magnetic field that can be generated, 

implying the need of a highly-sensitive detector to acquire the magnetic response. 
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Metallic magnetic nanowires have been proposed as an alternative rare-earth-

free family of permanent magnets [16]. Particularly, FeCo based nanowires are 

characterized by their high saturation magnetization (which implies a strong shape 

anisotropy that tends to align the magnetization parallel to the nanowire axis, i.e. 

perpendicular to the film plane) and Curie temperature (which makes them appropriate 

for high temperature applications) [17, 18].  

 

6.2   Nanowires fabrication and characterization 

In the study described in Chapter 3 of this work, it was determined that 

Fe30Co70 nanowires exhibited the highest coercive field from the whole range of FeCo 

alloy compositions (i.e. Fe100-xCox nanowire arrays, with 0 ≤ x ≤ 100) [19, 20]. For the 

fabrication of this specific type of nanowires an anodic aluminum oxide (AAO) 

template was fabricated by two-step anodization (see Section 2.1.3.1 for experimental 

details). The nanowires were grown inside the alumina template by electrodeposition in 

a three-electrode cell using a Watts-type bath, with a composition of 0.05 M 

FeSO4·7H2O, 0.12 M CoSO4·7H2O, 0.16 M H3BO3 and 0.06 M C6H8O6, under a 

constant applied voltage of -1.8 V versus Ag/AgCl reference electrode. More detailed 

description of the nanowires fabrication process can be found in Section 2.2. 

 

 

Figure 6.1 SEM images: (a) top view of the alumina template and (b) cross section of the Fe30Co70 

nanowires embedded into the alumina template. (c) Hysteresis loops of the nanowire array measured 

under the magnetic field applied in parallel (||) and perpendicular (⊥) configurations. 

 

The template and nanowires geometry was determined by a Scanning Electron 

Microscope (SEM). The alumina template thickness was 40 µm, the distance between 

pore centers (Dint) was 105 nm and the nanowires were 40 nm in diameter (dNW) and 7.5 
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µm in length (LNW). The composition of the nanowires was determined by means of 

Energy Dispersive X-ray Spectroscopy (EDS) and was Fe30Co70. Figure 6.1(a) and (b) 

show the top view of the AAO template and the cross section of the nanowires 

embedded into the template, respectively. 

The magnetic characterization of the nanowire array was carried out by 

Vibrating Sample Magnetometry (VSM) under maximum magnetic field of ±1.8 T 

applied parallel (||) and perpendicular (⊥) to the nanowires. The hysteresis loops in both 

configurations are plotted in Figure 6.1(c). The values of coercive field (µ0Hc), 

saturation field (µ0Hsat) and fractional remanence (Mr/Ms) obtained from the hysteresis 

loops are collected in Table 6.1. 

 

Table 6.1 Coercive field (Hc), saturation field (Hsat) and fractional remanence (Mr/Ms) of Fe30Co70 

nanowire array with dNW = 40 nm and LNW = 7.5 µm, for applied magnetic field in parallel (||) and 

perpendicular (⊥) configuration. 

 

Magnetic field 

configuration 
µ0Hc (mT) µ0Hsat (mT) Mr/Ms 

|| 233 500 0.88 

⊥ 12 1250 0.02 

 

According to the higher values of µ0Hc and Mr/Ms for || magnetic field 

compared to the vanishing values for ⊥ configuration, together with the large value of 

µ0Hsat (⊥), it is deduced a magnetization easy axis of the nanowire array parallel to the 

nanowire longitudinal axis. The samples which were used as magnetic field generators 

were fully magnetized at 1.8 T using the VSM in || configuration and then the magnetic 

field was switch off to reach the remanent state. 
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6.3   Mechanical and electronic system 

A simple electronic system was implemented to develop the two different 

magnetic nanowire based sensors: the position sensor and the rotational speed sensor or 

tachometer. The Hall effect sensor used to acquire the magnetic field generated by the 

nanowire array was the solid state sensor SS94A1F from Honeywell. The surface of the 

template containing the nanowire array used for each sensor 4 mm
2
. 

Figure 6.2(a) and (b) show the mechanism used as the magnetic nanowires 

based position sensor. It was composed of a brass rod where the sample was glued 

(Figure 6.2(a)). The metallic rod moves along its axis which is perpendicular to the Hall 

sensor (movement indicated by the bidirectional orange arrow in Figure 6.2(a)). The 

position of the rod was accurately determined by a micrometer, with a precision of 10 

µm. The rotational speed sensor is shown in Figure 6.2(c) and (d). The nanowire array 

sample was pasted on a polytetrafluoroethylene (PTFE) wheel (see detail in Figure 

6.2(d)) connected to the rotational shaft of the motor (rotational direction indicated by 

the orange arrow in Figure 6.2(c)). 

 

Figure 6.2 Position sensor mechanism: (a) metallic rod with the nanowire (NW) array sample and its 

movement direction given by the orange arrow and (b) detail of the sensing area of the Hall Effect sensor. 

Rotational speed sensor mechanism: (c) rotational direction of the motor given by the orange arrow and 

(d) wheel with the nanowire array sample opposite the Hall Effect sensor. 
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Figure 6.3 Electronic circuit for the two sensing systems. 

 

The electronic system is composed of power supplies and electronic circuits 

for the signal processing. The electronic system is divided into four main parts (Figure 

6.3): 

i) An independent power supply for the motor (A). As it is based on a voltage 

regulator LM317T, it is possible to modify the voltage applied to the motor to control 

the rotation speed; 

ii) A power supply for the electronic components (B), symmetric and with 

variable output voltage, which main components are the voltage regulators LM317T 

and LM337T; 

iii) Two electronic circuits (one for the rotation speed sensor (C) and the other 

one for the position sensor (D)), each of them composed of two main parts: a Hall effect 

sensor and a Wheatstone bridge. Using this circuit, it is possible to eliminate the offset 

of the Hall effect sensor and obtain the magnetic field generated by the nanowire array 

with respect to the sample position. 
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6.4   Sensors response 

The position sensor output (Figure 6.4) was obtained placing the nanowire 

array opposite and parallel to the Hall sensor (AAO template parallel and NWs 

perpendicular). To obtain the output signal, the distance between them was modified 

using the micrometer. The signal decreases with the distance, as expected from the 

reduction of the magnetic flux density detected by the Hall sensor. The inset in Figure 

6.4 shows that the output signal presents a linear behavior for a distance up to 1 mm. 

 

 

Figure 6.4 Distance sensor output: voltage generated according to the magnetic field from the nanowire 

sample vs. distance between the sample and the Hall sensor. The inset shows a closer view of the linear 

part. 

 

The output signal (Vout) was linearly fitted according to the distance between 

the nanowire array and the Hall sensor (ds) obtaining the Equation 1. It is worth 

mentioning how a small variation in the distance (i.e. order of magnitude of µm) can be 

macroscopically detected accurately (see inset in Figure 6.4 and consider the slope of 

the Eq. 1, 26.45 mV/mm). 

 

�������� 	 52.82 � 26.45	������																																										�1� 

 

Selected tachometer outputs (Vsensor) for different applied voltages to the motor 

(Vmotor) are shown in Figure 6.5(a) to (c). The peaks in the different graphs correspond 

to the moment when the nanowire array sample is opposite to the Hall Effect sensor. A 

detail of one peak is shown in Figure 6.5(d) for Vmotor = 8 V, presenting a symmetric 

shape of significant amplitude. This means that the magnetic field generated by the 
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nanowire array is measurable and strong enough to be used as the magnitude to be 

detected by the sensing system. 

 

 

 

Figure 6.5 Sensor output, Vsensor, and rotation frequency, fr, for different applied voltages to the motor, 

Vmotor: (a) 2 V, (b) 4 V and (c) 7 V; (d) Detail of the sensor output for a Vmotor = 8 V; and (e) Motor speed 

obtained using the nanowires based sensor and the data linear fit. 

 

The rotational frequency of the motor (fr) is determined from the time interval 

between two symmetric peaks (Tr). The obtained values of the motor speed for the 

different applied voltage to the motor are plotted in Figure 6.5(e). 
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6.5   Conclusions 

In summary, with this work has been proved that magnetic nanowire arrays are 

a good alternative as magnetic field generators in pick-up sensors. The magnetic field 

generated by Fe30Co70 nanowire array was high enough to be easily and accurately 

detected in both sensors (i.e. a position sensor and a tachometer). The use of magnetic 

nanowires based sensors presents the advantages of low cost devices, high working 

temperature and the non-necessity of modifying substantially the system where is 

coupled. This system is adaptable to the device and the accuracy that is needed, being 

possible to choose the electronic components to give to the system more accuracy and 

the capability of a faster signal acquiring and processing. 
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Chapter 7 

General Conclusions and Future Perspectives  

 

Along the course of this thesis new 3d metal based nanostructures have been 

synthesized with tailored composition and geometry to tune their magnetic properties. 

The main part of this work has been focused on FeCo-based nanowires as they have 

been proposed as suitable candidates for rare-earth-free permanent magnets 

applications. All the nanowire arrays fabricated for the studies included in this work 

have been synthesized by electrochemical techniques, such as different anodization 

processes for the alumina templates fabrication and electrodeposition of several 

elements and alloys for the nanowires growth. The main conclusions of this research 

work are collected in this chapter. 

A first study was carried out to determine the magnetic properties of FeCo 

nanowire arrays in the whole range of composition from pure Fe to pure Co nanowires 

with different diameters. The main conclusions are outlined: 

• In FeCo nanowires, the nanowire composition strongly influences their 

crystallographic structure, evolving from bcc crystal structure to fcc as the 

Co content into the alloy increases. 

• For Co nanowires, the nanowire diameter also determines the crystal 

structure, promoting a change from fcc to hcp structure with the reduction in 

diameter. 

• Among the possible alloys, Fe30Co70 nanowire arrays show the largest value 

of saturation magnetization, as well as the highest values of coercive field 

and remanence. 
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• The shape anisotropy dominates the magnetic behavior of FeCo nanowire, 

originating an effective magnetization easy axis along the nanowire axis. 

• For Co nanowires the nearly perpendicular magnetocrystalline anisotropy 

nearly balances the nanowire shape anisotropy. 

 

An effective magnetic hardening of FeCo alloy nanowires was achieved by 

adding a small amount of Cu to the alloy, followed by adequate thermal treatment: 

• The addition of Cu gives rise to modest changes in the nanowire crystal 

structure and magnetic properties for as cast samples. 

• If after Cu addition a thermal treatment is performed, the crystalline texture 

is optimized and a significant magnetic hardening of the FeCo nanowires is 

obtained. 

• According to FMR measurements, the magnetic hardening has been found 

to be a consequence of enhanced magnetocrystalline anisotropy. 

 

A different alternative was adding Cu as non-ferromagnetic layers between 

ferromagnetic FeCoCu segments (FeCoCu/Cu multilayer nanowires): 

•  It was determined a magnetization easy axis parallel to the nanowire axis 

for all the nanowire arrays. 

• A modest coercive field and remanence increase was obtained for thicker 

Cu layer and longer FeCoCu segments. 

• FORC technique has been successfully applied to study the intrawire and 

interwires magnetostatic interactions in the array and quantitatively 

determine the influence of Cu layer and FeCoCu segment thicknesses on the 

magnetic properties of the multilayer nanowire array. 

• After FORC diagrams analysis, it was observed that thick Cu layers 

promote the weakening of intrawire interactions between FeCoCu segments 

through the Cu layers, making more difficult the magnetization reversal. 

Furthermore, higher value of coercive field was observed for longer 

FeCoCu segments, which is ascribed to the increase in shape anisotropy. 
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• The magnetostatic coupling between ferromagnetic segments has been 

proved to be a consequence of the non-ferromagnetic/ferromagnetic 

thickness ratio. 

 

The domain wall propagation along the nanowire can be tuned through 

controlled change of  the nanowire geometry and magnetocrystalline anisotropy: 

• FeCoCu nanowires with specific tailored modulations in diameter present a 

magnetization configuration dominated by shape anisotropy. 

• The magnetization reversal in these modulated nanowires takes place 

through a vortex domain wall which eventually is pinned at local diameter 

modulations. 

• Co nanowires with modulated diameter present nearly perpendicular 

magnetocrystalline anisotropy and their magnetization configuration is 

characterized by vortices with alternating chirality along the nanowire 

length. 

 

The applicability of magnetic nanowires has also been demonstrated using 

them as magnetic field source in two sensing devices:  

• A position sensor and a tachometer were developed. 

• The magnetic field generated by the nanowire array was high enough to be 

easy and accurately detected. 

• Clear advantages of these prototypes are observed: low cost devices, the 

possibility of high working temperature and the easy electronic system 

tuning according to the accuracy needed for the measurement. 

 

Additionally, the magnetic properties of the magnetically soft NiCu alloy 

nanowires and a hybrid magnetic-polymer nanocomposite were studied: 

• The magnetic properties of NiCu nanowire arrays were tailored by tuning 

the nanowire compositional and geometrical characteristics. 
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• All NiCu nanowires crystallize in a polycrystalline fcc structure, varying the 

preferential growing direction from (220) to (111) by adding Cu. 

• For intermediate Cu content, a segregation of Ni-rich and Cu-rich phases 

was determined. 

• It was deduced an evolution of the magnetization easy axis from parallel 

towards perpendicular to the nanowire axis when increasing the amount of 

Cu into the alloy. 

• A core-shell magnetic-polymeric nanocomposite formed of Ni nanowires 

embedded into polystyrene (PS) nanotubes was easily synthesized. 

• The Ni-PS nanocomposite show an effective magnetization easy axis 

parallel to the nanowires, due to the shape anisotropy of Ni nanowires. 

 

The results obtained along the research work included in this investigation 

open a number of opportunities to develop new research studies in the future as:  

(i) Addition of different non-ferromagnetic materials, such as B or C, to the 

FeCo alloy to further enhance the magnetic hardening. 

(ii) Determination of domain wall velocity and further control of domain wall 

motion. 

(iii) Measurements of magnetotransport properties of single FeCo-based. 

(iv) Fabrication of core-shell structures by electrochemical methods: 

ferromagnetic-ferromagnetic or ferromagnetic-antiferromagnetic 

structures. 

 



 

 

 

 

Capítulo 7 

Conclusiones Generales y Líneas Futuras de 

Investigación 

 

A lo largo de este trabajo de investigación se han fabricado nuevas 

nanoestructuras basadas en metales de transición de la serie 3d con un amplio rango de 

composiciones y geometrías de forma que se adapten sus propiedades magnéticas a 

determinadas aplicaciones. El bloque principal de este trabajo se centra en nanohilos 

magnéticos compuestos principalmente por la aleación FeCo, ya que han sido 

propuestos como candidatos adecuados en aplicaciones de imanes permanentes, pero sin 

contenido en elementos de las tierras raras. Todos los arrays de nanohilos analizados en 

este trabajo han sido fabricados mediante técnicas electroquímicas, como la fabricación 

de las plantillas de alúmina mediante diferentes procesos de anodización, y el 

crecimiento de nanohilos de diversos elementos o aleación de los mismos mediante 

electrodeposición. En este capítulo se recogen las principales conclusiones de este 

trabajo de investigación. 

Se realizó un primer estudio para determinar las propiedades magnéticas de los 

arrays de nanohilos de aleación FeCo en el rango completo de composiciones desde 

nanohilos de Fe puro hasta nanohilos de Co con dos diámetros distintos:  

• En los nanohilos de FeCo, la composición influye de forma significativa en 

su estructura cristalina, variando desde estructura bcc a fcc cuando la 

cantidad de Co en la aleación aumenta. 



150 Conclusiones Generales y Líneas Futuras de Investigación 

 

• En los nanohilos de Co, su diámetro también tiene influencia sobre la 

estructura cristalina de forma que para diámetros menores la estructura varía 

de tipo fcc a hcp. 

• De entre las posibles combinaciones de los elementos Fe y Co, los nanohilos 

con una composición de Fe30Co70 muestran el valor más alto de campo 

coercitivo y remanencia, presentando además un valor elevado de 

imanación de saturación. 

• Se determinó que la anisotropía de forma domina en el comportamiento 

magnético de los nanohilos de FeCo, originando un eje fácil de imanación a 

lo largo del eje del nanohilo. 

• En los nanohilos de Co la anisotropía magnetocristalina prácticamente 

equilibra a la anisotropía de forma del nanohilo. 

 

Una primera opción para endurecer magnéticamente los nanohilos de aleación 

FeCo fue añadir una pequeña cantidad de Cu, seguido de tratamiento térmico: 

• Al añadir Cu se obtienen cambios pequeños en la estructura cristalina y las 

propiedades magnéticas de los nanohilos. 

• Si tras añadir Cu se realiza un tratamiento térmico, se favorece una mejor 

textura cristalina y un considerable endurecimiento magnético de los 

nanohilos de FeCo. 

• Mediante las medidas de FMR, se determinó que el endurecimiento 

magnético es una consecuencia de un aumento de la anisotropía 

magnetocristalina. 

 

Una diferente alternativa fue añadir Cu como capas de material no 

ferromagnético entre segmentos ferromagnéticos de FeCoCu: 

• Se determinó un eje fácil de imanación paralelo al eje del nanohilo para 

todos los arrays. 

• Se obtuvo un incremento modesto del campo coercitivo y de la remanencia 

para capas de Cu más gruesas y segmentos de FeCoCu más largos. 
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• La técnica FORC se empleó con éxito para estudiar las interacciones 

magnetostáticas entre segmentos magnéticos a lo largo del nanohilo y entre 

los nanohilos colindantes en el array, y determinar cuantitativamente la 

influencia del espesor de las capas de Cu y de los segmentos de FeCoCu en 

las propiedades magnéticas del sistema. 

• Tras el análisis de los diagramas FORC, se determinó que capas de Cu 

gruesas promueven el debilitamiento de las interacciones entre segmentos 

magnéticos de FeCoCu a lo largo del nanohilo a través de las capas de Cu, 

dificultando la inversión de la imanación. Además, se observaron valores de 

campo coercitivo más altos para segmentos de FeCoCu largos, debido al 

incremento en la anisotropía de forma. 

• Se ha demostrado que el acoplo magnetostático entre segmentos 

ferromagnéticos es una consecuencia de la relación entre los espesores de 

capa no ferromagnética y segmento ferromágnetico. 

 

Una opción interesante para controlar el movimiento de pared de dominio a lo 

largo del nanohilo es mediante el ajuste de la geometría y la anisotropía 

magnetocristalina del nanohilo: 

• Se determinó que la configuración de spines de los nanohilos de FeCoCu 

con específicas modulaciones en diámetro viene determinada por la 

anisotropía de forma. 

• La inversión de la imanación en estos nanohilos modulados tiene lugar a 

través de una pared de tipo vórtice que de forma eventual se ancla en las 

modulaciones de diámetro. 

• Los nanohilos de Co modulados en diámetro muestran una anisotropía 

magnetocristalina prácticamente perpendicular y su configuración de spines 

se caracteriza por vórtices con quiralidad alterna a lo largo de la longitud del 

nanohilo. 
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La aplicación de los nanohilos magnéticos ha sido demostrada mediante su uso 

como generadores de campo magnético en dos sensores:  

• Se han desarrollado un sensor de posición y un tacómetro. 

• El campo magnético generado por el array de nanohilos es suficientemente 

elevado como para ser detectado fácilmente y de forma precisa. 

• Se han observado evidentes ventajas: bajo costo, la posibilidad de trabajar a 

altas temperaturas y el uso de un sistema electrónico sencillo que es posible 

adaptar acorde a la precisión que necesite la medida. 

 

Además, se han estudiado las propiedades magnéticas de la aleación de NiCu, 

magnéticamente blanda, y de un nanocompuesto híbrido formado por un elemento 

magnético y un polímero: 

• Se pueden ajustar las propiedades magnéticas de los arrays de nanohilos de 

NiCu a través del diseño de la composición y geometría de los nanohilos. 

• Se determinó que para todas las composiciones de NiCu, los nanohilos 

presentan una estructura policristalina tipo fcc, variando su dirección de 

crecimiento de (220) a (111) al añadir Cu. 

• Para contenidos intermedios de Cu en la aleación, se observó la segregación 

en dos fases cristalinas, una rica en Ni y otra rica en Cu. 

• Se determinó una evolución del eje fácil de imanación desde paralelo a 

perpendicular respecto del eje del nanohilo conforme se incrementa la 

cantidad de Cu en la aleación. 

• Se fabricó una estructura core-shell formada por un material magnético y un 

polímero (nanohilos de Ni dentro de nanotubos de poliestireno (PS)). 

• El nanocompuesto Ni-PS presenta un eje fácil de imanación paralelo al eje 

del nanohilo, debido principalmente a la anisotropía de forma que presentan 

los nanohilos de Ni. 
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Teniendo en cuenta los resultados obtenidos a lo largo de este trabajo de 

investigación, existen interesantes líneas futuras de investigación que pueden ser 

desarrolladas: 

(i) Añadir diversos materiales no ferromagnéticos, como B o C, a la aleación 

de FeCo para promover un mayor endurecimiento magnético. 

(ii) Determinación de la velocidad de pared de dominio y control de su 

desplazamiento. 

(iii) Medidas de las propiedades de magnetotransporte de nanohilos basados en 

la aleación de FeCo. 

(iv) Fabricación de estructuras core-shell mediante técnicas electroquímicas: 

estructuras compuestas por diferentes materiales ferromagnéticos o entre 

material ferromagnético y antiferromagnético. 

 

 



 

 

 

 

Appendix I 

Magnetically Soft Alloy and Nanocomposite 

 

 

I.1. Introduction 

Several studies on ferromagnetic/non-ferromagnetic multilayered and binary 

nanowire arrays, including CoCu, FePd, CoAg and NiCu [1-4], have been reported in 

the literature due to their interesting magnetic and magnetotransport properties. 

Previous works have reported studies on the NiCu binary system using different 

methods, but they focused on bulk materials and multilayered nanowires [5-9]. Only 

few works properly deal with the magnetic properties of NiCu alloy nanowires [10, 11]. 

Individual Ni nanowires show easy axis along the nanowire axis due to its 

comparatively larger shape anisotropy energy [12, 13]. However, the magnetostatic 

interactions between neighboring nanowires in densely packed nanowire can modify 

significantly the magnetic properties of the nanowire array [14]. One alternative to 

reduce the demagnetizing magnetostatic interactions in the array and tailor the magnetic 

properties of the array according to the specific application is using an alloy of a non-

ferromagnetic material and a ferromagnetic material [15]. Several studied have proved 

that good candidates as non-magnetic elements are B, Cu, Zn or P [2, 16-18]. On the 

other hand, this particular alloy (NiCu) shows interesting properties, such as corrosion 

resistance, high strength and good giant magnetoresistance [1, 19]. 

Most studies on nanostructures fabricated by electrochemical deposition focus 

on template synthesis of metal nanowires, nanotubes, nanorods and nanoparticles [20-

24]. Template-assisted methods have been proved to be useful for the fabrication of 
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polymer nanowires and nanotubes from a wide number of different polymer structures 

[25-29]. Only few works study the combination of both materials and structures 

(combination of metallic and polymeric materials in the structure of nanowires and 

nanotubes) [30-33], but most of them are focused on nanoparticles embedded into the 

polymer nanorods or nanotubes [26, 34, 35]. The use of polymer as the shell in core-

shell nanowires introduces the possibility of the application of these composite systems 

in functionalization with organic compounds. In this work, the objective has been to 

synthesize ordered arrays of magnetic nanowires covered by polystyrene (PS) nanotubes 

by combining electrochemical and chemical techniques and to study the magnetic 

properties of the resulting arrays. 

 

I.2. Magnetically soft alloy: NiCu nanowires 

I.2.1. Geometrical, structural and compositional characterization 

The set of NiCu nanowire arrays were prepared by electrodeposition into 

hexagonally ordered anodic aluminum oxide (AAO) templates. The templates with the 

different pore diameter were fabricated by two-step anodization process (see Section 

2.1.3.1 for experimental details). The different composition of the nanowires was 

achieved by varying the composition of the electrochemical bath (see Table 2.2), while 

keeping constant the applied voltage for all the samples (more details about the 

electrodeposition process can be found in Section 2.2). 

The geometrical characterization was performed by Scanning Electron 

Microscopy (SEM) in order to determine the nanowire diameter (dNW) and length (LNW) 

and the distance between nanowires centers (Dint). As one of the objectives of this work 

is the study of the influence of the nanowire diameter, dNW was tuned between 35 and 80 

nm, while Dint was 105 nm for all the nanowire arrays. Figure I.1 shows the top and 

cross section view of selected arrays of 35 and 80 nm in diameter nanowires embedded 

into AAO templates. To study the influence of the nanowire length on the magnetic 

properties of the NiCu nanowire arrays, LNW ranged from 150 nm to 28 µm, being 40 

µm the template thickness. Figure I.2 shows selected nanowire arrays with different 

nanowire lengths: 1, 8 and 28 µm. 
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Figure I.1 Top view SEM images of an AAO template with pore diameter of (a) 35 nm and (c) 80 nm; 
and the cross section view of (b) 35 nm diameter nanowires and (d) 80 nm diameter nanowires embedded 
in AAO templates. 

 

 

Figure I.2 Cross section images of nanowire embedded in AAO temples with different nanowire lengths: 
(a) 1 µm, (b) 8 µm, and (c) 28 µm. 

 

The composition of the NiCu nanowires was obtained by Energy Dispersive X-

Ray Spectroscopy (EDS) measurements, ranging from pure Ni to 75 % of Cu into the 

alloy (i.e. Ni100-xCux nanowires, for 0 ≤ x ≤ 75). The composition of the different 

nanowire arrays studied in this work is shown on the right side of the graph in Figure 

I.3. 

The crystallographic structure of the nanowires was determined by X-Ray 

Diffraction (XRD) experiments. XRD spectra for nanowire arrays embedded into AAO 

templates with 80 nm nanowire diameter, 8 µm nanowire length and different chemical 
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composition are shown in Figure I.3. According to the spectra, a polycrystalline face-

centered cubic (fcc) structure is confirmed for all the samples. The indexing of the 

patterns has been performed according to the Ni fcc crystalline structure (Space group 

Fm3m and lattice parameter a = 3.5239 Å) and Cu fcc crystalline structure (Space group 

Fm3m and a = 3.6150 Å), where the peaks at 2θ values of 44.55º, 51.89º, 76.45º and 

93.05º correspond to the (111), (200), (220) and (311) reflections for Ni and the peaks at 

2θ values of 43.35º, 50.49º, 74.20º and 89.56º correspond to the same reflections but for 

Cu. These positions are marked with dashed lines in Figure I.3 (blue color was used for 

Ni reflections and orange color for Cu ones). The XRD spectra in Figure I.3(b) shows a 

peak at 2θ = 41.7º, which corresponds to Cu2O (200) reflection. The Cu oxidation in 

these samples took place after chemically removing the Au layer at the backside of the 

template for the XRD measurements [36]. To avoid Cu oxidation, the Au layer was kept 

and because of this in Figure I.3(d) and (e) a peak at 2θ = 38.2º appears, which 

corresponds to the Au fcc (111) reflection. 

 

Figure I.3 XRD spectra of NiCu nanowires with different composition. 
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The diffraction pattern shows that the pure Ni nanowires (x = 0) grow in a fcc 

structure with a (220) preferred orientation (Figure I.3(a)). Ni100-xCux nanowires 

crystallize in fcc structure mainly along the (111) direction but showing also (200), 

(220) and (311) reflections. For low Cu content, x = 10, two different (111) fcc phases 

for Ni and Cu are observed (Figure I.3(b)), which are ascribed to an inhomogeneous 

nanowire crystallization. For Ni70Cu30 nanowires, the higher content of Cu into the alloy 

promotes a shift to lower angles in the main (111) peak (Figure I.3(c)). For intermediate 

Cu content, 45 ≤ x ≤ 60, we observe two (111) peaks that partly overlap each other 

which are ascribed to Ni-like and Cu-like structures, respectively (Figure I.3(d) and (e)). 

In these XRD spectra, it is observed that the relative amplitude of the peaks changes 

accordingly to the Cu content into the alloy. For the higher Cu content, x = 75, (Figure 

I.3(f)) only one peak is observed along the main (111) direction, ascribed to the Cu-like 

structure. However, a shoulder is still detected in all the peaks as remains of the 

presence of Ni. Comparing the spectra for x = 30 (Figure I.3(c)) and for x = 75 (Figure 

I.3(f)), we observe that all the fcc NiCu peaks are shifted to lower angles, closer to the 

2θ values of Cu fcc used as reference for indexing, when increasing the amount of Cu 

into the alloy. 

Morphology and microstructure of the NiCu nanowires were analyzed by 

High-Resolution Transmission Electron Microscopy (HRTEM). Figure I.4 shows the 

images obtained of selected nanowires with an intermediate composition of Ni55Cu45 

and 60 nm diameter. Figure I.4(a) and (b) show a bright field TEM image and the 

Selected Area Electron Diffraction (SAED) pattern of a representative nanowire, 

respectively, which illustrate the polycrystalline nature of the nanowires. They present 

polycrystalline structure as demonstrated by the presence of diffraction rings indexed as 

(111), (200) and (220) sets of reflections of a fcc structure. These results are in 

agreement with XRD data in Figure I.3(d). Figure I.4(c) shows a HRTEM image of the 

selected nanowire, evidencing the good nanowire crystallinity. 
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Figure I.4 HRTEM images of of one Ni55Cu45 nanowire (dNW = 60 nm, LNW =8 µm): (a) Bright field 
TEM image, (b) SAED pattern showing the polycrystalline structure of the nanowires, and (c) HRTEM 
image. 

 

I.2.2. Magnetic characterization 

The magnetic characterization of the NiCu nanowire arrays was performed by 

Vibrating Sample Magnetometry (VSM), under a maximum applied magnetic field of ± 

1.0 T. For hysteresis measurements the magnetic field was applied parallel (||) and 

perpendicular (⊥) to the nanowire axis. The hysteresis loops were obtained at room 

temperature and for the study of the influence of the composition on the magnetic 

properties, measurements at a temperature range between 10 K and 290 K were 

performed.  

The influence of different parameters has been considered in this work: (i) the 

diameter, (ii) the length, and (iii) the composition of the nanowires. From the hysteresis 

loops, the values of the coercive field (Hc) and the fractional remanence or squareness 

(Mr/Ms) have been obtained and plotted for both configuration of applied magnetic field. 

 

I.2.2.1. Influence of nanowire geometry 

In this section of the work, it has been studied how the magnetic properties of 

NiCu nanowire arrays can be tailored by tuning the geometrical parameters such as 

nanowire length and diameter. 
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Figure I.5 shows representative hysteresis loops of Ni70Cu30 nanowire arrays, 

80 nm in diameter and different nanowire lengths, measured in both configuration of the 

applied magnetic field, parallel (||) and perpendicular (⊥) to the nanowire axis. For the 

arrays with 300 nm and 9 µm nanowire length (Figure I.5(a) and (b)), higher values of  

Hc and Mr/Ms in parallel configuration compared to the perpendicular one are obtained, 

indicating a easy magnetization axis along the nanowire longitudinal axis. Figure I.5(c) 

shows a drastic reduction of these magnitudes for a large aspect ratio (i.e. nanowire 

length-to-diameter), being in this case LNW / dNW = 350. 

 

Figure I.5 Hysteresis loops of Ni70Cu30 nanowire arrays with nanowire diameter of 80nm and different 
nanowire lengths: (a) 300 nm, (b) 9 µm, and (c) 28 µm. 

 

Figure I.6(a) shows the nanowire length dependence of the coercivity and 

squareness for Ni70Cu30 nanowire arrays with 80 nm nanowire diameter, where the 

length ranged from 150 nm to 28 µm. Both magnitudes, measured with the magnetic 

field applied parallel to the nanowire axis, increase with the nanowire length up to 

around 1 µm (Figure I.6(b)). This behaviour is ascribed to an increase in the shape 

anisotropy. For longer nanowires (LNW between 1 and 8 µm) these properties decrease 

slightly due to magnetostatic interactions between neighbouring nanowires. The dipole 
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interactions increase with the nanowire length, originating a higher interaction field in 

the opposite direction [14, 37]. For LNW > 8 µm, both coercive field and squareness 

show a more pronounced decrease which is attributed to enhanced magnetostatic 

interactions among nanowires [14, 38] and to the averaging of inhomogeneities in 

morphology or in composition along the length of the nanowires due to the decrease of 

metallic ions in the electrolyte during the electrodeposition process [37, 39, 40]. 

 

Figure I.6  Coercivity and squareness (a) as a function of the nanowire length (for Ni70Cu30 nanowires 
with diameter of 80nm), and (b) detail of length dependence for LNW below 2 µm (zoom-in of the region 
included in the dashed line in (a)). 

 

 

Figure I.7 Coercivity and squareness as a function of the nanowire diameter for Ni70Cu30 nanowires with 
a length of 8 µm. 

 

 

Figure I.7 shows the influence of nanowire diameter on the coercive field and 

squareness of Ni70Cu30 nanowire arrays with nanowire length of 8 µm. Both magnitudes 

decrease with the nanowire diameter, for the parallel configuration of the applied 
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magnetic field. This is ascribed again to the increase in the magnetostatic interactions 

between nanowires. The enhanced interactions are favoured by the decrease in the 

distance between nanowires due to the increase in diameter while keeping constant the 

distance between nanowire centers. 

 

I.2.2.2. Influence of nanowire composition 

Figure I.8 shows representative hysteresis loops of Ni100-xCux nanowire arrays, 

80 nm in diameter and 8 µm nanowire length, measured with the magnetic field applied 

in parallel (||) and perpendicular (⊥) configurations. For pure Ni nanowires (Figure 

I.8(a)) and intermediate Cu content (x = 45, Figure I.8(b)), an easy magnetization axis 

along the nanowire is observed due the higher values of  Hc and Mr/Ms in parallel 

configuration compared to the perpendicular one. On the other hand, for higher Cu 

content (x =75, Figure I.8(c)) a change in the easy axis from parallel to perpendicular to 

the nanowire is observed. 

 

Figure I.8 Hysteresis loops of Ni100-xCux nanowire arrays with 80 nm nanowire diameter and 8 µm 
nanowire length for: (a) x = 0, (b) x = 45, and (c) x = 75. 

 



164 Magnetically Soft Alloy and Nanocomposite 

 

Figure I.9 shows the magnetic properties, coercive field (Hc) and squareness 

(Mr/Ms) of the Ni100-xCux nanowire arrays for both configuration of applied magnetic 

field with respect to the amount of Cu into the alloy. The considered nanowire arrays 

have the same nanowire diameter (dNW = 80 nm) and length (LNW =8 µm). 

 

Figure I.9 Compositional dependence of coercive field and squareness of 80 nm diameter and 8 µm long 
nanowire array. 

 

For the parallel field configuration, the coercivity of the nanowire array 

decreases with the amount of Cu in the alloy, showing a relative maximum at around 

45% Cu content. In this configuration, the squareness increases with the Cu content, 

reaching a value of around 0.3 for 45 ≤ x ≤ 60 and then decreases. A different behavior 

is observed for the perpendicular field configuration, where the coercive field and 

squareness increase continuously with Cu content. With the increasing amount of Cu in 

the alloy, the saturation magnetization of the nanowire array decreases and, according to 

the behavior shown in Figure I.9, an overall evolution of the magnetization easy axis 

from parallel towards perpendicular to the nanowire axis is deduced, together with a 

likely change in the magnetization reversal mechanism. 

Magnetic measurements as function of temperature have been performed in 

order to obtain additional information of the magnetization reversal processes of NiCu 

nanowire arrays. For this purpose, the study has been carried out measuring Ni100-xCux 

(0 ≤ x ≤ 75) nanowire arrays and the particular case of nanowires with 80 nm diameter 

and 8 µm length, under magnetic field applied in parallel and perpendicular 

configurations. The temperature dependence of the coercivity and squareness for the 
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different nanowire compositions and in both configurations are shown in Figure I.10. 

As observed, the variation in the nanowire composition has an overall stronger 

influence on the magnetic properties measured when the applied field is perpendicular 

to the nanowire axis (Figure I.10(b) and (d), showing Hc(⊥) and Mr/Ms(⊥), respectively) 

than in parallel configuration (see Figure I.10(a) and (c), where Hc(||) and Mr/Ms(||) 

were plotted respectively). 

Figure I.10(a) shows the coercivity of the nanowire arrays when the field is 

applied parallel to the nanowire axis, Hc(||). For low Cu content, x ≤ 30, Hc(||) increases 

with the temperature until a maximum is reached at around 175-200 K and then it 

decreases at more elevated temperature. For intermediate amount of Cu in the alloy, 45 

≤ x ≤ 60, the coercive field decreases when the temperature increases up to 100 K, then 

it increases until reaching a maximum at about 175 K, decreasing again after this. 

Finally, for high Cu content, x = 75, the coercive field decreases continuously, almost 

linearly, with temperature. 

 

Figure I.10 Temperature dependence of coercivity and squareness of different composition NiCu 
nanowires (80 nm diameter and 8 µm length), when the magnetic field is applied parallel (a and c) and 
perpendicular (b and d) to the nanowires. 
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Figure I.10(c) shows that the squareness when the field is applied parallel to 

the nanowire axis, Mr/Ms(||), presents a similar behavior for all the compositions. This 

magnitude increases until the temperature is around 175-200 K, and it remains constant 

for low and intermediate Cu content, x < 60. When the amount of Cu further increases, 

a small decrease in Mr/Ms(||) with temperature is observed. 

On the other hand, when the magnetic field is applied perpendicular to the 

nanowire axis, the coercivity (Hc(⊥)) shows a different behavior (Figure I.10(b)). For an 

increase in the temperature, a pronounced decrease in the coercivity is obtained, 

particularly for intermediate and high Cu content, x ≥ 30, when two different slopes are 

observed. Note that the temperature where the two slopes intersect (around 175 K) 

coincides with the maximum of coercive field in Figure I.10(a). A similar behavior is 

observed in Figure I.10(d) for the squareness when the applied field is perpendicular to 

the nanowire axis, Mr/Ms(⊥). For all the compositions, a decrease in Mr/Ms(⊥) with the 

temperature is observed and, for x < 60 two different slopes in the temperature 

dependence are obtained, intersecting both at around 175 K. 

For the interpretation of the observed phenomenological behavior we have to 

consider the different involved magnetic energy terms as well as the changes introduced 

in the crystallographic structure of the nanowires by adding Cu. The relevant energy 

contributions to the anisotropy in this case are the magnetocrystalline, Kcrys, the 

magnetoelastic, Kelas, and the shape, Ksh, anisotropy energy density terms. 

On the other hand, as shown in Figure I.3, the XRD spectra suggest the 

presence of two main (111) fcc phases namely, a ferromagnetic, Ni-like, and a non-

ferromagnetic, Cu-like. Additionally, from the modest and similar fractional reduction 

of the saturation magnetization with temperature for each composition, we deduce a 

similar Curie temperature for all the samples. That leads us to assume a low Cu content 

in the magnetic Ni-like phase, that is, increasing the Cu content gives rise to a reduction 

in the magnetic moment of the nanowires while keeping similar Curie temperature. 

Firstly, we have considered the evolution of the magnetic anisotropy terms for 

Ni to explain the observed behavior with temperature: (i) the magnetocrystalline 

anisotropy, Kcrys, is one order of magnitude higher at 10 K (~5.104 J/m3) than at room 

temperature (~5.103 J/m3); (ii) the magnetoelastic anisotropy, Kelas, perpendicular to the 

nanowire axis at low temperature increases significantly due to the different thermal 
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expansion coefficient of Ni and alumina [14, 41]; and (iii) the shape anisotropy, Ksh, is 

assumed to be nearly constant owing to the reduced change in saturation magnetization 

in this temperature range. 

On the other hand, it is expected that the increase in the amount of Cu into the 

alloy gives rise to a reduction in the magnitude of the three energy terms. Particularly, 

for high Cu content (x > 30) the macroscopic (e.g. shape) anisotropy can be 

significantly altered by the structural changes induced by the dominant presence of Cu-

like phase (see Figure I.3(d) to (f)). 

For low amount of Cu (x < 30) at low temperatures, all the magnetic 

anisotropy energy densities would show similar values, although Ksh is the predominant 

[42]. As the temperature increases, Kelas would decrease and this brings the increase of 

coercivity when the magnetic field is applied parallel to the nanowire axis (Figure 

I.10(a)) [14, 42]. At around 175 K (temperature where the maximum coercivity is 

obtained), Kcrys and Kelas would balance and already become small compared to Ksh, 

which determines the magnetic behavior at higher temperature. 

For intermediate content of Cu (45 ≤ x ≤ 60), the XRD patterns present two 

phases, Ni-like and Cu-like (Figure I.3(d) and (e)). This means that magnetic Ni-like 

nanocrystals would be surrounded by non-magnetic Cu-like ones and, therefore, Ksh 

would significantly decrease with the Cu content. At low temperature, Ksh would be no 

more the predominant term and Hc(||) decreases with increasing temperature until Kcrys 

and Kelas are negligible and Ksh becomes again the most important contribution for the 

effective magnetic anisotropy energy. For high Cu content (Ni25Cu75), the most 

predominant phase is the Cu-like (see the high peak close to the Cu (111) reflection in 

Figure I.3(f) and the shoulder in the right part of the peak). In this case, Ksh for the 

magnetic nanocrystals could be perpendicular to the nanowire axis and the maximum 

for Hc(||) disappears Figure I.10(a). The two different slopes in Hc(⊥) (Figure I.10(b)) 

should be then related with the predominance of the different magnetic anisotropies, 

Kcrys and Kelas for low and Ksh for high temperatures, respectively. 

The dependence of Curie temperature (TC) on the Cu content in the alloy for 

NiCu bulk samples is well known: TC is around 300 K for Ni70Cu30 and goes to zero for 

Ni44Cu56, that is, the alloy should be paramagnetic for Cu content higher than 56% [43]. 

In contrast to the bulk NiCu alloy, NiCu nanowires show a different behavior with the 
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temperature. For nanowires with Cu content above 45%, the magnetic behavior shown 

in Figure I.9 at room temperature can be explained from the XRD spectra in Figure 

I.3(d) to (f): two phases appear, one Cu-like (paramagnetic due to the Ni atoms) and one 

Ni-like, ferromagnetic and with magnetic properties close to those of Ni and, therefore, 

with similar TC. For Ni70Cu30 nanowires, the XRD spectrum does not indicate any Cu 

segregation (Figure I.3(c)), so the magnetic response should be very low due to the 

proximity to its Curie temperature. It could be related to the high specific surface of the 

nanowires compared to the bulk [44] and /or with the special magnetic behavior of these 

alloys [45, 46]. 

 

I.3. Magnetically soft nanocomposite: Ni nanowires embedded 
into polystyrene nanotubes 

I.3.1. Nanocomposite fabrication and geometrical characterization 

The AAO templates were prepared by two-step anodization of high purity Al 

foils using a phosphoric acid aqueous solution (H3PO4 : 0.12 M) as electrolyte under an 

applied voltage of 195 V at 0−1 °C for 24 h (all the parameters were the same for both 

anodization steps). For more details about the anodization process, the reader is referred 

to Section 2.1.2. 

For the PS nanotubes synthesis, firstly a polymer film was prepared by 

pressing the PS homopolymer (with a molecular weight of MW = 192,000 g/mol) at 240 

ºC in order to get an 80 μm thick layer. The AAO template was cleaned in an oven at in 

vacuum atmosphere 200 °C for 2 h. The PS film was placed on the AAO template 

surface and the PS was infiltrated in nitrogen atmosphere at 200 ºC for 1 h [47]. Figure 

I.11(a) shows Scanning Electron Microscopy (SEM) cross-sectional view of the AAO 

template with the infiltrated PS, where it is possible to observe that the polymer goes 

from the top to the bottom part of the template. This is confirmed by the presence of PS 

nanotubes which get out from the pores at the end of the pores. 
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Figure I.11 (a) Cross-section view of the AAO template with the infiltrated PS nanotubes; top view of 
the AAO template after the PS infiltration and (b) before and (c) after the residual PS chemical etching. 

 

The residual polystyrene layer on top of the membrane was chemically 

removed by tetrahydrofuran (THF) (see the difference between Figure I.11(b) and (c) 

which correspond to the top view the template with the infiltrated PS before and after 

the residual PS etching). Figure I.11(c) shows the pores (darker areas in the figure) 

surrounded by thin polystyrene nanotubes (gray color). Then, a thin Au layer was 

sputtered at the bottom of the template to cover the pores and serve as working 

electrode for Ni nanowire electrodeposition. The electrochemical parameters used to 

grow the Ni nanowires are collected in Table 2.2. 

SEM was used to characterize the PS nanotubes inside the AAO templates and 

the nickel nanowires inside the PS nanotubes. The average alumina pore diameter was 

280 nm, the distance between hexagonally ordered pores centers was 420 nm (Figure 

I.12(a)) and the pore length was 100 μm. 

The alumina template was partially dissolved using a sodium hydroxide 

solution (NaOH : 0.19 M) at room temperature [48], to perform the morphological 

analysis of free polymer nanostructures. Figure I.12(b) shows PS nanotubes out of the 

AAO template, with a wall thickness of around 70 nm. Figure I.12(c) and (d) shows the 

Ni nanowires with a diameter of 140 nm diameter and 25 μm in length covered by the 

PS nanotubes, thus demonstrating the nickel electrodeposition inside polymer 

nanotubes. 
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Figure I.12 (a) Top view SEM image of AAO template with an average pore diameter of 280 nm and 
distance between pore centers of 420 nm; (b) polystyrene (PS) nanotubes out of the AAO template; (c) 
and (d) cross section of SEM images of Ni nanowires inside PS nanotubes, both embedded into the AAO 
template. 

 

I.3.2. Magnetic characterization 

The nickel nanowire array inside PS nanotubes (magnetic nanocomposite 

array), both embedded into AAO templates, was magnetically characterized by 

Vibrating Sample Magnetometer (VSM) under a maximum magnetic field of ±1.8 T, 

applied in parallel (∥) and perpendicular (⊥) configuration with respect to the nanowires 

axis. The hysteresis loops of the nanocomposite array in both configurations are shown 

in Figure I.13. Coercivity (Hc) and fractional remanence (Mr/Ms) values have been 

obtained from the hysteresis loops for both applied magnetic field configurations. The 

values for the magnetic magnitudes are collected in Table I.1. The fractional remanence 

and the coercive field take significantly larger values for the parallel configuration than 

for the perpendicular one. According to this, together with the lower value of the 

saturation field (Hsat) for the parallel configuration, we can deduce an effective 

magnetization easy axis parallel to the nanowires characterized by a longitudinal 

magnetic anisotropy field of around 0.3 T. This magnetic anisotropy can be ascribed 

mostly to the shape anisotropy of Ni nanowires, determined by their high aspect ratio 
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(i.e. length-to-diameter). A similar behavior was observed for Ni nanowires not 

embedded in PS nanotubes as described in Ref. [49]. 

 

Figure I.13 Hysteresis loops measured by VSM using both configuration of the applied magnetic field, 
parallel (||) and perpendicular (⊥) to the nanowires (NWs). 

 

Table I.1 Coercive field (Hc) and fractional remanence (Mr/Ms) of Ni nanowire embedded into PS 
nanotubes array, for applied magnetic field in parallel (||) and perpendicular (⊥) configuration. 

Magnetic field 
configuration 

µ0Hc (mT) Mr/Ms 

|| 19 0.80 

⊥ 9 0.03 

 

 

I.4. Conclusions 

The magnetic properties of NiCu nanowire arrays can be tailored by tuning the 

composition and the geometry of the nanowires, i.e. nanowire diameter and length. 

Tailoring the magnetic properties, such as coercive field and squareness, by adjusting 

the compositional and geometrical parameters to obtain the needed values of the 

magnitudes, suggests the possibility to use NiCu nanowires for specific applications in 

microelectronics or sensing devices, among others. 
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The electrochemical routes have allowed us to fabricate Ni100-xCux nanowires 

with a range of compositions of 0 ≤ x ≤ 75, with nanowire diameter between 35 and 80 

nm, and nanowire length ranging from 150 nm to 28 µm.  

All the NiCu nanowires crystallize in a polycrystalline fcc structure, being for 

pure Ni nanowires the (220) the preferred growing direction and for NiCu nanowires the 

(111) direction but showing also other reflections. For Cu content below 30% and above 

75%, a NiCu alloy is obtained, but for intermediate amount of Cu into the alloy, two 

different phases appear, one Ni-rich and another one Cu-rich. 

Among the NiCu nanowire arrays, the highest values of coercive field and 

squareness have been obtained for arrays with a Cu content into the alloy of 45%, 

nanowire length of 1 µm and 35 nm nanowire diameter. This behaviour is mainly 

ascribed to the reduction in the magnetostatic interactions between nanowires in the 

array for nanowires with smaller diameter and shorter in length. 

The temperature dependence of the magnetic properties of the nanowire arrays 

can be explained by the reduction in shape anisotropy with increasing Cu content, 

together with an increase in the magnetocrystalline and magnetoelastic anisotropies at 

low temperatures. 

Furthermore, the work described here allowed us, for the first time, to easily 

synthesize nickel nanowires embedded into polystyrene nanotubes, as a core-shell 

magnetic-polymeric nanocomposite. This nanocomposite presents an effective 

magnetization easy axis parallel to the nanowires, mostly ascribed to the shape 

anisotropy of the nickel nanowires. This type of metal-polymer core-shell material 

could be developed for a variety of systems, therefore opening new opportunities in 

numerous applications. In this case, PS was selected as the shell material due to its 

properties which offer the advantage of the easy infiltration into the AAO templates. 

This material possesses interesting properties as mechanical and thermal stability, 

transparency, and isolation. Nickel was selected as the metallic element for the core 

because of its biocompatibility [50, 51], easy growing, magnetic and electrical 

properties. This element could be replaced by other metallic materials (Fe, Co, Cu, or 

alloys of these elements), according to the needed magnetic properties. Moreover, the 

geometry and dimensions of the nanowires (nanowire diameter and length) can be 

tailored. 



Conclusions 173 
 

The suitable choice of polymer nanotubes and magnetic nanowires enables, in 

a relatively simple, reliable, and low-cost fabrication way, the tailoring of the core-shell 

nanocomposite for applications such as hyperthermia, drug delivery, biodetection, or 

removal of water contamination. 
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Appendix II 

Template-Assisted Fabrication of Carbon Nanotubes 

filled with Nanoparticles 
 

The samples studied in this appendix have been produced in collaboration with 

the group of Prof. Hari Srikanth at the University of South Florida in Tampa, USA. The 

research herein reported focuses on the fabrication of multi-walled carbon nanotubes 

(MWCNTs) filled with magnetic nanoparticles (NPs) using the anodic aluminum oxide 

(AAO) membranes as templates. Moreover, a brief study of the magnetic properties of 

these composed magnetic nanostructures is reported. For more detailed information 

about the magnetism of these nanostructures, the reader is referred to Ref. [1]. 

One-dimensional magnetic nanostructures composed of MWCNTs filled with 

magnetic NPs are very promising nanocomposite materials for a broad spectrum of 

application, such as electromagnetic interference shielding, water purification, and 

biomedical applications as hyperthermia or drug delivery [2-7]. The synthesis of 

MWCNTs with a diameter below 100 nm is a challenging task. MWCNTs can be 

fabricated using commercial templates, however it has been observed that the use of 

these templates originates non-uniform magnetic properties due to the low uniformity in 

pore size and distribution throughout the template [8]. Custom highly ordered AAO 

templates are a good alternative to overcame this problem. 

Highly ordered AAO templates were fabricated from high purity Al foils by 

electrochemical route using a controlled two-step anodization process (see Section 

2.1.2.1 for experimental details). These templates were later used for the synthesis of 
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MWCNTs embedded into the alumina pores and, subsequently, they were filled with 

magnetic NPs. 

Nickel-ferrite (NiFe2O4) NPs were synthesized by thermal decomposition 

method [9] and the final product was suspended in high purity hexane to prepare a 

ferrofluid. MWCNTs were synthesized by a catalyst-free method via chemical vapor 

deposition [8]. Firstly, a heat treatment at 640 ºC was performed to the AAO template in 

order to avoid bending during the MWCNTs growing. Then, the MWCNTs synthesis 

was carried out by heating up the template under argon atmosphere until the reaction 

temperature was reached (620 ºC). After this and at the reaction temperature, flows of 

helium and ethylene gases were introduced and kept for 5.5 h. More details about this 

process can be found in Ref. [1]. 

Once the MWCNTs were fabricated, they were filled with NPs by a 

magnetically assisted capillary action [10]. This process consisted on placing the AAO 

template with the embedded MWCNTs on top of a permanent magnet (H = 5 kOe). 

Then, the ferrofluid was slowly dropped on the template surface so that the NPs coat the 

MWCNTs inner walls. In order to release the MWCNTs filled with the NPs, the 

alumina template was dissolved by a sodium hydroxide solution (NaOH : 8 M) and, 

then, the magnetic nanocomposite material was suspended in isopropanol for further 

structural and magnetic characterization. 

 

Figure II.1 (a) TEM image of nickel ferrite nanoparticles (inset shows the histogram with the 

nanoparticle size distribution); and (b) XRD pattern of nickel ferrite nanoparticles. 

 

Transmission Electron Microscopy (TEM) was used to characterize the NPs 

geometry. Figure II.1(a) shows a TEM image together with an histogram showing the 



Template-Assisted Fabrication of Carbon Nanotubes filled with Nanoparticles 181 

 

particle size distribution. The NPs exhibit spherical shape and an average size of 7.4 ± 

1.7 nm with a narrow size distribution. The X-Ray Diffraction (XRD) measurements 

(see pattern in Figure II.1(b)) show highly crystalline NPs, despite their small size. 

Scanning Electron Microscopy (SEM) was used to determine the geometrical 

characteristics of the AAO template. Figure II.2(a) shows the SEM top view image of 

an empty AAO template with nanopore diameter of 80 nm, distance between pore 

centers of 105 nm and template thickness of 40 µm. TEM analysis of empty MWCNTs 

after dissolving the AAO template (Figure II.2(b)) shows that they are 80 nm in outer 

diameter and 11 µm in length. Figure II.2(c) shows a TEM image of MWCNTs filled 

with nickel-ferrite NPs. It is observed that no NPs remain outside of the MWCNTs and 

the NPs packing is quite uniform, property that is needed for to obtain reproducible 

magnetic behavior. 

 

 

Figure II.2 (a) SEM top view image of an AAO template with nanopore diameter of 80 nm and distance 

between nanopore centers of 105 nm; (b) TEM image of free-standing MWCNTs out of the AAO 

template; and (c) TEM image of MWCNTs filled with nickel-ferrite nanoparticles. 

 

The magnetic characterization was performed using a Physical Property 

Measurement System (PPMS) and obtaining the zero-field-cooled/field-cooled (ZFC-

FC) curves and the hysteresis loops for different samples at different temperatures. 

Figure II.3 shows the ZFC-FC curves for nickel-ferrite NPs (triangles) and for 

MWCNTs filled with nickel-ferrite NPs (squares). The curves for both samples exhibit 

a similar shape, where the ZFC curves present a maximum around TB ~ 52 K, which is 

associated to the blocking process of the nanoparticles. The value of the irreversibility 

temperature, where the ZFC and FC curves split, is close to TB indicating 

monodispersity of the nanoparticles, as shown in Figure II.1(a). The inset in Figure II.3 
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shows the fitting to the Curie-Weiss Law, obtaining a good agreement with 

experimental results above 200 K, with a Curie temperature (TC) of around 50 K, 

indicating weak ferromagnetic-like interactions. 

 

Figure II.3 Temperature dependence of the magnetization of the nickel-ferrite nanoparticles (NPs) 

(triangles)  and the NPs-filled multi-walled carbon nanotubes (MWCNTs) (squares) obtained using the 

zero-field-cooled and field-cooled protocols (H = 100 Oe). 

 

Figure II.4(a) and (b) show the normalized magnetization with respect to the 

applied magnetic field for the nickel-ferrite NPs and the MWCNTs filled with the NPs 

at 10 K and 300 K, respectively. Before the curves normalization, it was observed a 

decrease in the magnetization for the measured sample containing the MWCNTs filled 

with the NPs. This reduction is ascribed to the fact that the mass includes that of the 

MWCNTs in addition to the nickel-ferrite NPs. Table II.1 collects the values of coercive 

field (Hc) and normalized remanence (Mr/Ms) obtained from the hysteresis loops 

measured at 10 K (Figure II.4). Both samples exhibit relatively small coercivity. At 300 

K, for any of the samples coercivity or remanence are observed, suggesting a 

superparamagnetic (SPM)-like behavior of the 7.4 nm nickel-ferrite NPs at room 

temperature. To confirm this behavior, the hysteresis loops were fitted with a standard 

Langevin expression. The good agreement between the experimental measurements and 

the fitted curves (inset in Figure II.4(b)) confirms the SPM-like behavior, although the 

apparent NP size obtained from the fittings is a bit bigger (8.5-9 nm), fact that is likely 

due to the weak but no negligible dipolar interactions [11]. The reader is referred to Ref. 
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[1] where a deeper study of the magnetic behavior of MWCNTs filled with nickel-

ferrite NPs was performed. 

 

 

Figure II.4 Normalized magnetization vs. applied magnetic field curves for nickel-ferrite nanoparticles 

(NPs) and multi-walled carbon nanotubes (MWCNTs) filled with nickel-ferrite NPs: (a) at 10 K under 

zero-field cooled (ZFC) protocol (inset shows a closer view of the curves around the coercivity) and (b) at 

room temperature, T = 300 K (inset shows the Langevin-function fit of both curves). 

 

Table II.1 Coercive field (Hc) and fractional remanence (Mr/Ms) of nickel-ferrite nanoparticles (NPs) and 

multi-walled carbon nanotubes (MWCNTs) filled with nickel-ferrite NPs. 

Sample Hc (Oe) Mr/Ms 

Nickel-ferrite NPs 167 0.20 

MWCNTs filled with 

nickel-ferrite NPs 
155 0.22 

 

In summary, the study reported here allowed us to state that 7.4 nm nickel-ferrite 

nanoparticles were successfully synthesized embedded into multi-walled carbon 

nanotubes with custom dimensions due to the template-assisted fabrication method. The 

magnetic measurements have revealed a superparamagnetic-like behavior of this 

nanocomposite system with weak ferromagnetic dipolar interactions. These magnetic 

properties  make the MWCNTs filled with nickel-ferrite NPs a very promising system 

for hyperthermia, sensing or microwave absorption applications. 
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 f  Microwave frequency (GHz) 

 fr  Motor rotation frequency (Hz) 

 ΔH  Linewidth of the FMR spectra (A/m, Oe) 

ΔHu  Interaction field, FORC distribution (A/m, Oe) 

Hc  Coercive field or coercivity (A/m, Oe) 

��
���                   Local coercivity average, FORC distribution (A/m, Oe) 

Hc
FORC  FORC distribution coercive field (A/m, Oe) 

HD  Shape anisotropy field (A/m, Oe) 

 HDC  Applied magnetic field in FMR measurement (A/m, Oe) 

 Heff  Effective magnetic anisotropy field (A/m, Oe) 

 Hi  Interaction field constant, FORC distribution (A/m, Oe) 

 Hr  Resonance field in FMR measurement (A/m, Oe) 

HMC  Magnetocrystalline anisotropy field (A/m, Oe) 

 Hsat  Saturation field (A/m, Oe) 

 Hsw  Switching field (A/m, Oe) 
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 Hσ  Local coercivity standard deviation, FORC distribution (A/m, Oe) 

 Hσi  Interaction field standard deviation, FORC distribution (A/m, Oe) 

 h  Planck constant (6.63 · 10-34 J·s) 

K2 Second-order term of the magnetocrystalline anisotropy energy 

density for uniaxial symmetry (J/m3) 

 Kcrys  Magnetocrystalline anisotropy energy density (J/m3) 

 Kelas  Magnetoelastic anisotropy energy density (J/m3) 

 Ksh  Shape anisotropy energy density (J/m3) 

 Lmod,1(2) Segment length in modulated nanowires (nm) 

 LNW  Nanowire length (nm or µm) 

 Mr/Ms  Fractional remanence or squareness (dimensionless) 

 Ms  Saturation magnetization (A/m, emu/cm3) 

 MW  Molecular weight (g/mol) 

 mr  Magnetic moment at remanence (A·m2, J/T) 

 ms  Magnetic moment at saturation (A·m2, J/T) 

 n  Positive integer, Bragg’s law (dimensionless) 

 P  Nanoporous template porosity (dimensionless or %) 

 Q  Microwave cavity quality factor (dimensionless) 

 TB  Blocking temperature (K) 

 TC  Curie temperature (K) 

 tCu  Electrodeposition time for Cu layer growth (s) 

 tFeCoCu  Electrodeposition time for FeCoCu segments growth (s) 

 Tr  Period of tachometer signal (ms) 

 Vmotor  Applied voltage to the motor, tachometer (V) 

 Vout  Distance sensor output (mV) 

 Vsensor  Tachometer output (mV) 

 

 

θ  Diffraction angle, Bragg’s law (º) 

θH  Angle between the applied magnetic field and nanowire axis (º)  

 θM  Angle between the magnetization and nanowire axis (º) 

 λ  Wavelength of the incident wave, Bragg’s law (Å) 

 μ0  Magnetic permeability of free space (4π · 10-7 Wb/(A·m)) 
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 µB   Bohr’s magneton (9.27 · 10-24 J/T) 

ħ  Reduced Planck constant or Dirac constant (1.05 · 10-34 J·s) 
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