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Abstract
This thesis focuses on micromagnetic and analytical modelling of magnetization processes in
individual cylindrical nanowires with different geometries (modulations in diameter) and
compositions. The objective of the study is the design of nanowires with the aim to control
the type of magnetic domains and domain walls as well as their pinning mechanisms which
may serve as a basis for multiple nanotechnological applications of these objects.
The first part of the thesis is dedicated to the study of geometric modulation in diameter in
magnetic nanowires. Specially, micromagnetic modelling of the remanent states, hysteresis
processes and pinning properties of Co-based nanowires with antinotches and diameter
modulations has been performed. The choice of Co and Co-based alloys is due to their
high saturation magnetization and magnetocrystalline anisotropy. In the case of antinotches
we investigated two situations: when the antinotches produce vortex domain wall pinning
and when the vortex domain structure is independent on their presence. The results are in
agreement with the Magnetic Force microscopy (MFM) and X-ray Magnetic Circular Dicroism
(XMCD) imaging.
For nanowires periodically modulated in diameter we have found the conditions of strong and
weak domain wall pinning at the constrictions. We show that these nanowires demagnetise
either by vortex or by skyrmion tubes propagation where topological protection plays
an important role in the pinning processes. We have introduced a new type of pinning
mechanism which we call “corkscrew pinning” when the skyrmion core performs a helicoidal
rotation around the nanowires axis in the segment of larger diameter and needs to penetrate
to the segment of smaller diameter.
In addition, in this part of the thesis we also introduce a simple analytic model of transverse
domain wall pinning in a two-segmented nanowire of Permalloy which leads to a scaling
law for the depinning field for a transverse domain wall. The analytical expression is
compared with micromagnetic simulations. Furthermore, the magnetization ratchet effect
(unidirectional demagnetisation propagation) has been introduced in multi-layered FeCo-Cu
nanowires with increasing FeCo segment length. This effect is important for applications
which require the control of magnetic information carriers as 3D memories and shift registers.
Micromagnetic results are intended to enlighten the complex magnetization process observed
by the XMCD measurements.

v

On the other hand, the hysteresis process and magnetic domains in cylindrical nanowires
with Cox Ni100-x alloys are studied for different Cobalt content x in order to observe the
competition between the magnetocrystalline and shape anisotropies which results in different
magneticconfigurations. As-prepared states are modelled and compared with XMCD and
MFM observations. For the first time we observe and prove the existence of transverse
domains which coexist with the vortex domains for intermediate cobalt contents. Apart
from micromagnetics, numerical modelling of Transmision X-Ray Microscopy with XMCD
signals for different magnetization configurations is presented as a tool to interpret the
magnetic state in segments of cylindrical nanowires of CoNi, and discussed with preliminary
experimental results. Here we use the vortex ansatz and compare the simulated images with
the experimental one proving that the observed XMCD signal corresponds to magnetic vortex
state along the CoNi segment.
Finally, the heat dissipation of Permalloy and Co nanowires with identical geometry under
an alternating magnetic field is evaluated and interpreted by a simple analytical model of
the domain wall motion. The choice of Permalloy and Co is due to the fact that for the
same geometry Permalloy nanowire demagnetises via the transverse domain wall while
the Cobalt one does it via the vortex domain wall. The latter has a larger mobility which
influences the heating frequency range displacing it to smaller values as compared to
Permalloy nanowires.
The results of this thesis constitute a basis for nanowires design for different nanotechnological applications such as 3D magnetic memories, sensors, permanent magnets, bio-magnetic
applications (magnetic hyperthermia) or water purification treatment.
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Resumen
Esta tesis se centra en la modelización micromagnética y analítica de procesos de imanación
en nanohilos cilíndricos individuales con diferentes geometrías (modulaciones en diámetro)
y composiciones (nanohilos multisegmentados). El propósito del estudio es el diseño de
nanohilos con el objetivo de controlar el tipo de dominios magnéticos y paredes de dominio
así como sus mecanismos de enganche (pinning) que pueden servir de base para multitud de
aplicaciones nanotecnológicas de estos objetos.
La primera parte de la tesis se dedica al estudio de la modulación geométrica en diámetro
de nanohilos magnéticos. En particular, se ha llevado a cabo el modelizado magnético de
estados de remanencia, procesos de histéresis y propiedades de enganche en nanohilos
basados en cobalto con antinotches y modulaciones en diámetro. Se han escogido Co y
aleaciones basadas en este elemento debido a su alta imanación de saturación y su alta
anisotropía magnetocristalina. En el caso de antinotches se han investigados dos situaciones:
aquella en la que los antinotches producen enganche de paredes de dominio de vórtice, y
otra en las que la estructura de dominios de vórtice es independiente de su presencia. Los
resultados están de acuerdo con las imágenes de Microscopía de Fuerza Magnética (MFM) y
Dicroismo Circular Magnético de rayos X (DCMX).
En nanohilos modulados periódicamente en diámetro, hemos encontrado las condiciones de
enganche fuerte y débil de la pared de dominio en las constricciones. Hemos probado que
estos nanohilos se desimanan por propagación de un tubo, bien de vórtice, o bien de skyrmion,
donde la protección topológica juega un papel relevante en los procesos de enganche. Hemos
introducido un nuevo mecanismo de anclaje que llamamos “anclaje sacacorchos” (corkscrew
pinning) cuando el núcleo del skyrmion describe una rotación helicoidal en torno al eje
del hilo en el segmento de mayor diámetro, y precisa penetrar en el segmento de menor
diámetro. Así mismo, en esta parte de la tesis también introducimos un modelo analítico
simple del enganche de una pared de dominio en un nanohilo bisegmentado de Permalloy.
El modelo da lugar a una ley de escala para el campo de desenganche (depinning field) de
una pared de tipo transversal que es comparada con simulaciones micromagnéticas.
Igualmente, se ha introducido el efecto de ratchet de imanación (propagación unidireccional
de la desimanación) en nanohilos multicapa de FeCo/Cu con segmentos de FeCo de longitud
creciente. Este efecto es importante para aplicaciones que precisen el control de portadores
de información magnéticos como las memorias 3D y registros de desplazamiento (shift regis-
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ters). Los resultados micromagnéticos prevén esclarecer el proceso de imanación complejo
observado en medidas de DCMX. Por otro lado, se estudian los procesos de histéresis y
dominios magnéticos en nanohilos cilíndricos de aleaciones de Cox Ni100-x para diferentes contenidos de cobalto x a fin de observar la competición entre las anisotropías magnetocristalina
y de forma, que da lugar a diferentes configuraciones magnéticas. Se modelizan estados
magnéticos “vírgenes” (As-prepared states) y se comparan con observaciones de DCMX y
MFM. Observamos y demostramos por primera vez la presencia de dominios transversales
en coexistencia con dominios de vórtice para contenidos de cobalto intermedios.
Además del modelizado micromagnético, se presenta la modelización numérica de señales
de Microscopía de rayos X de transmisión con DCMX para diferentes configuraciones de
imanación como una herramienta para interpretar el estado magnético en segmentos de
nanohilos cilíndricos de CoNi, y se discute con resultados experimentales preliminares.
Aquí se emplea un ansatz de vórtice, y por comparación de las imágenes simuladas con
la experimental, se demuestra que la señal de DCMX observada corresponde a un estado
magnético de vórtice a lo largo del segmento de CoNi.
Para finalizar, se ha evaluado el calor disipado por nanohilos de Permalloy y Cobalto con
geometrías idénticas bajo la acción de un campo magnético oscilante, e interpretado mediante
un modelo analítico simple del movimiento de la pared de dominio. Se han escogido
Permalloy y Cobalto con la misma geometría por desimanarse mediante paredes de tipo
transversal y vórtice respectivamente. Esta última tiene una mayor movilidad, la cual
influye en el rango de frecuencias de calentamiento desplazándolo a valores menores en
comparación con los nanohilos de Permalloy.
Los resultados de esta tesis constituyen una base para el diseño de nanohilos para diferentes
aplicaciones como memorias magnéticas 3D, sensores, imanes permanentes, aplicaciones
bio-magnéticas (hipertermia magnética) o tratamientos de depuración de agua.
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AFM

Atomic Force Microscopy.

bcc

Body centred cubic.

CPU

Central Processing Unit.

DMI

Dzyaloshinskii–Moriya Interaction.

DW

Domain Wall.

e.a.

Easy axis of the magnetocrystalline anisotropy.

fcc

Face centred cubic.

FeeLLGood

Finite element LLG object oriented development. feeLLGood is a finite-element code for
micromagnetism developed at Néel Institute.

gnmp

Group of nanomagnetism and magnetization processes, of ICMM-CSIC.

GPU

Graphics Processing Unit.

hcp

Hexagonal-close-packaged.

IoT

Internet of Things.

MFM

Magnetic Force Microscopy.

MOKE

Magneto-Optic Kerr Effect.

MRAM

Magnetic Random Access Memory.

mumax

A GPU-based micromagnetic software Ghent University.

NP

Nanoparticle.

NW

Nanowire.

OOMMF

Object Oriented MicroMagnetic Framework is a micromagnetics public code project at
NIST.

PEEM

PhotoEmission Electron Microscopy.

Py

Permalloy.

SAR

Specific Absorption Rate.

SEM

Scanning Electron Microscopy.

STT

Spin Transfer Torque.

TDW

Transverse Domain Wall.

TEM

Transmission Electron Microscopy.

TXM

Transmission X-ray Microscopy.
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VDW

Vortex Domain Wall.

XAS

X-ray Absorption Spectroscopy.

XMCD

X-ray Magnetic Circular Dichroism.

XRD

X-ray Diffraction.

Symbol list
A

Area enclosed by the hysteresis loop.

Aex

Exchange stiffness.

AL(LX)

X-ray absorption lengths at LX absorption energy (X=2,3) of Co.

α

Damping parameter in Landau-Lifshitz-Gilbert equation.

D, d

Diameter or diameters of a cylindrical nanowire.

sd
Dcr

Critical magnetic single-domain size of a spherical particle.

∆DW

Domain wall parameter, also called Bloch domain wall parameter, ∆Bloch .

∆x

Length of an arc of circumference in the nanowire cross section.

δ

In chapter 3 the width parameter of the analytical profile selected to model the nanowire
geometry.

δ(LX)

A numeric value denoting the intensity of dicroism for LX edge (X=2,3) of Co in chapter
6.

{~
e1 , ~
e2 , ~
e3 }

Easy axis directions of the magnetocrystalline anisotropy.

Eanis

Magnetocrystalline anisotropy energy.

Ed

Dipolar or magnetostatic energy.

Eex

Exchange energy.

EZee

Zeeman energy.

f

Domain wall precession frequency in chapter 3 and magnetic field oscillating frequency
in chapter 7.

fmax

Frequency at which a nanowire under an sinusoidal field has a maximum heating
response.

ϕ

Azimuthal spherical angle.

E

Energy functional of micromagnetism.

γ0

gyromagnetic ratio.

~
H

Applied magnetic field, also Happ .

~A
H

Anisotropy field.

~c
H

Coercive field.

~d
H

Dipolar magnetic field or demagnetizing field.

~ eff
H

Effective magnetic field.

~ max
H

Amplitude of an oscillating magnetic field.

~n
H

Nucleation field.

~S
H

Switching magnetic field.

xv

H1,2

Heisenberg Hamiltonian between two neighbouring spins.

IL3 , IL2

Intensity of X-rays at the L3 or L2 absorption energy of Co transmitted through a
magnetic nanowire.

K1

First magnetocrystalline anisotropy constant.

Kef f

Effective anisotropy.

Ksh

Magnetic shape anisotropy.

~
k

X-ray beam direction in TXM experiments.

L, l

Length of a nanowire.

lex

Exchange length of a magnetic material.

lH

Correlation length between exchange and Zeeman interactions.

lK

Correlation length between exchange and magnetocrystalline anisotropy interactions,
which coincides with the domain wall parameter ∆DW .

λ

Width of a single diameter modulation.

~
M

Magnetization.

m
~

Local magnetization direction. Sometimes normalized magnetization.

Mr

Remanence.

MS

Saturation magnetization.

µ0

Magnetic vacuum permeability.

~
n

unitary vector normal to a surface.

Nx , N y , N z

Diagonal demagnetizing factors.

Qtop

Skyrmion topological charge, also called Pontryagin number.

qDW

Domain wall charge spread in volume.

q

Circulation or chirality of a vortex or a Bloch skyrmion.

p

Polarity of a vortex or a Bloch skyrmion.

R

Radius of the nanowire.

S

Surface of the nanowire.

tn

Nucleation time.

θ

Angle between the magnetic applied field and the nanowire axis. For CoNi-Ni nanowires
in chapter 6 this symbol corresponds to the angle between the X-ray beam and the
normal vector to the surface of the nanowire. An Euler angle in the triple (θ, ϕ, ψ).

v

Domain wall velocity.

V

Volume of the nanowire.

Conventional physical and mathematical notation is followed for common quantities. For
instance, (x, y, z) cartesian coordinates and t time. The magnitudes of a vector quantities are
denoted by the same letter without the upper arrow.The cartesian vector basis is positively
oriented, i.e. ~
uz = ~
ux × ~
uy , where × operator is the cross product.
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Introduction to magnetic cylindrical nanowires
and fundamental nanomagnetism

1

„

We are social creatures to the inmost centre of our
being. The notion that one can begin anything at all
from scratch, free from the past, or unindebted to
others, could not conceivably be more wrong.
— Karl Popper (1902-1994)
(Philosopher)

I

we make an introduction to nanomagnetism and the nanoscale. We
continue with a revision of the main theory of micromagnetism, fundamental concepts of
magnetism and magnetization dynamics which are used in the following chapters. Some
comments on the specialized software used for simulations will be presented as the main
tools that will be employed along the next chapters. Then we follow with a first description
of cylindrical nanowires, their potential technological applications and advantages compared
with other nanostructures reported in literature.
N THIS CHAPTER

Finally, we present a revision of the state of the art of the research on cylindrical magnetic nanowires in literature: an initial description of the magnetic properties and the
magnetization reversal modes. To conclude, a brief description for each chapter is stayed.
Experimental and theoretical results will be introduced at the beginning of each chapter
which will motivate the forthcoming research.

1.1 Introduction to nanomagnetism
Nanomagnetism or magnetism of the nanoscale is the area of physics which studies the
magnetic properties of magnetic materials (mainly ferro-, ferri- and antiferro- materials)
with at least one of its geometrical dimensions in the nanoscale [1–4]. The physical systems
studied by this field are generally called nanostructures or nanostructured materials in
literature [5]. The nanoscale is the spatial length scale between 1 nm and 1 µm. The

1

Fig. 1.1: A logarithmic scale of lengths ranging from the milimiter to the Angstrom. Schematic drawings
approximately indicate the range of different known structures. The nanoscale is highlighted
by a brownish area. Figure inspired in scales of Refs. [6, 7].

nanoscale covers a large range of sizes of different physical and biological systems as viruses
or DNA bases, but also remains below typical dimensions of living beings as bacteria and
eukaryotic cells as illustrated in Figure 1.1. This range of lengths is larger than the atomistic
scale in Table 1.1. Therefore, the number of atoms is large enough to neglect some quantum
phenomena, specially for sizes close to the micron. The large number of atoms in the volume
occupied by nanostructures allows us to introduce micromagnetism as a fundamental tool.
For example, for cylindrical nanowires, which are the subject of the present thesis, have
diameters of the order ∼ 30 – 180 nm. For sizes above the nanoscale, the theory of magnetic
domains serves as an accurate approximation up to ∼ 0.1 – 1 mm [8].

Characteristic length

Magnitude (nm)

Atomic radius of Fe [9]

∼ 0.132

Lattice parameter of cubic Fe
[10]

∼ 0.286

Magnetic domain size

∼ 10 – 104

Critical single-domain size

∼ 10 – 103

Domain wall width

∼ 1 – 102

Exchange length

∼ 1 – 102

Tab. 1.1: Typical values of different characteristic lengths in physics and magnetism. Extracted from
Refs. [5, 9, 10]

Moreover, the nanoscale is the characteristic length scale of several physical processes [5].
For example, the size of magnetic domains and magnetic domain walls show typical values
inside the nanoscale range. The constriction of a spatial dimension in a nanostructure
promotes a tight competition of different energy terms which have different characteristic
lengths of interaction as the so-called exchange length in Table 1.1. The exchange length
which will be introduced in section 1.2. Therefore, exotic and novel properties and magnetic
responses than those in bulk materials arise in nanoscopic geometries.
The number of spatial dimensions of a nanostructure in the nanoscale range determines
the dimensionality of the nanostructure as displayed in Figure 1.2, where Figure 1.2(a) is a

2
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Fig. 1.2: Clasification of the different nanostructures: (a) A bulk material. (b) A 2D nanostructure
(1 spatial dimension in the nanoscale). (c) A 1D nanostructure (2 spatial dimensions in the
nanoscale) (d) A 0D nanostructure (Every spatial dimension in the nanoscale).

bulk material. Examples of different nanostructures types are presented in Figure 1.3. The
following classification is done [5] :

• 2D nanostructures, present a unique dimension restricted to the nanoscale. For
instance, magnetic ultra-thin films as depicted in Fig. 1.2(b) or arrays of antidots as
those in Figure 1.3(f).

• 1D nanostructures, in which two dimensions are constrained to the nanoscale. The
most representative simple geometries are nanostrips (also called nanowires in several
publications), cylindrical nanowires and nanotubes in Figure 1.3(b-d). However, an
ensemble of simple geometries is typically called a nanostructured material. For
instance, the nanojunction in Figure 1.3(e).

• 0D nanostructures, where every dimension is in the nanoscale. This is the case of
an individual nanoparticle or single nanodot in Fig. 1.2(d) which also can present
multiple shapes such as nanotriangles[11]. Nanostructured materials as chain of
magnetic nanoparticles in Figure 1.3(a) or arrays of nanodots in Figure 1.3(f) could be
consider in this category.

Fig. 1.3: Examples of na nostructures coloured in blue. green color is used for a substrate: (a) chain
of nanoparticles, (b) nanostrip or nanowire with rectangular cross-section, (c) cylindrical
nanowire, (d) nanotube, (e) nanojunction, (f) array of nanodots on a substrate and (g) array
of antidots on a substrate. Figure inspired in Ref. [1].

1.1

Introduction to nanomagnetism

3

The increasing interest in nanomagnetism is based on the plausible miniaturization of
technological devices via nanostructuring, and the potential development of advanced
applications with the different nanoscale systems. For instance, Ultra-thin films are potential
candidates for multiple and diverse applications in spintronics, magnetic storage, sensors,
biochemical and nanofunctional devices [12–14].
As an example of these technological applications, Figure 1.4(a) depicts a schematic representation of a magnetic tunnel junction consisting of two magnetic layers separated by a
non-magnetic insulator material. The magnetization of one of the magnetic layers is fixed,
while the magnetization of the second layer is free to manage its reorientation between
parallel and anti-parallel states by a current pulse. The reorientation of the free layer is
achieved by nucleation and propagation of a domain wall as described in Figure 1.4(b) if the
layer dimensions are above the single domain regime [15].
Nanostructuring by stacks of flat layers has lead to proposals of magnetic random access
memory technologies [15] as illustrated in Figure 1.4(c) or exploding new phenomena as spin
transfer torque(See Figure 1.4(e)). Multiple companies have developed and commercialize
Magnetic Random Access Memories (MRAM) and Spin transfer torque MRAMs. For instance
IBM, Fujitsu or intel [16]. As an example of the technological stage, the capacity of the
spin transfer torque MRAM produced by Everspin has a maximum capacity of 256 Mb and
works at 667 MHz [17]. The employment of flat magnetic nanostructures for developement
of innovative technologies was established in the road map of magnetism published in
2014 [15]. The most recently published road map also establishes magnetism in curved
geometries as an emerging topic as well as skyrmions and topological defects for their
potential technological applications [18].

Fig. 1.4: Selected applications of nanostructures: (a) A magnetic tunnel junction nanopillar based on a
free and a fixed magnetic layers spaced by a non-magnetic insulating material. (b) Switching
of the free layer by nucleation and propagation of a domain wall. (c) In-plane magnetized
spin transfer torque Magnetic Random Access Memory (MRAM). (d) Multiple applications of
magnetic nanoparticles in life sciences and medicine. Composition with figures extracted from
[15, 18]

On the other hand, magnetic nanoparticles are also attractive for multiple applications
as magnetiresistive sensors or as contrast agent for MagnetoResonance Imaging (MRI) as
illustrated inf Figure 1.4(d). Nanoparticles also present excellent properties for hyperthermia
cancer treatments [19] and they are alredy standardized [20, 21] for its use in the European
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Union and United States of America [22]. The use of nanoparticles in catalysis and petroleum
technologies are also specially attractive for their capabilities as fuel additive or a possible
role in the separation process [23, 24]. In the case of tubular geometries as nanowires the
range of applications seems also promising [25] and will be deeply discussed in section
1.3.
Every nanosctructure exhibits different magnetic properties from each other and distinct
magnetic states which become more exotic in the presence of curvature or by construction
of 3D nanostructures [26–28]. Particularly the curvature of cylindrical nanowires and
nanotubes induces novel and chiral effects by symmetry breaking similar to an induced
Dzyaloshinskii–Moriya interaction (DMI) [28] or magnetochiral effect during magnetization
dynamics induced by the tubular geometry [27, 29] as will be explained in section 1.3.
A novel challenge is understanding the magnetism of these curved and exotic geometries
as the Moebius band which are in the new route map of magnetism for their promising
properties and complex magnetization textures [18]. Figure 1.5(a) depicts a collection of
curved geometries currently under research for 3D nanoarchitectures: At the background a
Moebius band, in the center a spherical shell, a nanotube (top left), cylindrically rolled-up
layers at the bottom and a nanohelix top right. Note that most of these structures are not
strictly mathematical 3D geometries, but 2D manifolds embedded in a 3D space. We could
then affirm that the current research direction is not only in 3D geometries, but also in
non-trivial embeddings of 2D manifolds. Nevertheless, although the tailoring and design
of specific curvatures is complex, it is feasible at the current technological stage. All the

Fig. 1.5: (a) Several magnetic nanostructures under research: Moebius band, shperical and cylindrical
shells, nanohelix and cylindrically roll-up layers. Figure extracted from [18]. Magnetic states
in a pyramidal shell structure extracted from Ref. [30]: (b) onion state, (c) flower state, (d)
single domain along z direction, (e) C state and (f) S state.

previously mentioned nanostructures and their properties rely on the tight competition of
different interactions inherent to magnetism. For instance, and anticipating next section,
exchange interaction or magnetocrystalline anisotropy. Although both interactions have a
quantum origin, a continuum semi-classical theory as micromagnetism gives a sufficient
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and accurate description of the different energies involved. In particular, novel physical
phenomena appear in the magnetism of the nanoscale owing to the competition of the
so-called exchange and magnetostatic (dipolar) energies:
Shape anisotropy The shape anisotropy takes into account the geometry through the
demagnetizing factors which are of the magnetostatic energy. Different geometries
induce different shape anisotropies. This is introduced in section 1.2.
Configurational anisotropy This anisotropy relies on the deviations of the magnetization
from the uniform state in non-elipsoidal magnets and the origin of its name is in the
magnetization configuration [31]. For instance, a single domain state of a pyramidal
shell in Figure 1.5(d), where the magnetization deviates from the uniform magnetization state by adapting the edges of the geometry. Another example is an isotropic
stress-less squared nanodot, the response under a magnetic field may be different if
the field is applied parallel to one side of the nanodot or parallel to its diagonal it due
to the deviations from the uniform state of the initial magnetization pattern.
Magnetization deviations Related to configurational anisotropy, the deviations of the magnetization at corners and borders of nanostructures is mainly determined by the
competition of exchange and magnetostatic energy interactions. Magnetostatic energy
is minimized by adopting magnetization patterns parallel to surfaces and borders as
will be introduced introduced in section 1.2 as the pole avoidance principle. However, the exchange interaction forces smooth variations in the local magnetization in
neighbouring points.
Exotic magnetic states Novel magnetic states appear in nanostructures. For instance
vortices in nanodots [32] or flower and leaf states in ultrathin squares [33]. Pyramidal
shells in Figure 1.5(b-f) also display a large variety of novel magnetic states: onion
states, flower states, single domains, C states and S states.
Spin waves confinement Spin waves can be quantizied in laterally confined magnetic
structures as arrays of nanowires and nanodots [34].
Hence, the fundamentals concepts of magnetism and micromagnetism will be introduced in
section 1.2. Exhaustive introductions to general nanomagnetism are found in Refs. [1, 4].

1.2 Micromagnetism and fundamental concepts
Micromagnetism or micromagnetics is a continuum theory of ferromagnetic materials developed by Brown in the 20th century [35]. Exhaustive introductions have been made by
Aharoni and Kronmueller [36, 37] and particularly summarized but detailed introductions
are found in Refs. [8, 38–40]. This section is based on all those references, which are
mentioned here and skipped elsewhere for a faster reading.
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As previously introduced, the scale of validity of micromagnetism is typically constrained to
the nano- and microscale. Although the quantum atomistic model and ab initio calculation
provide a very accurate description at atomistic scales, the high dimensionality makes the
resolution unmanageable and these theories cannot solve systems with sizes comparable to
the experimentally obtained. On the other hand, the theory of magnetic domains cannot be
imposed in the nanoscale due to sizes close or similar to the single domain size.

Therefore, micromagnetism, although a semiclassical theory "has proved" to give properly
estimations and results confirmed in many experiments, despite not including thermal effects
in the original theory. In this section we will provide a very introductory view of the most
basic concepts required for our purposes.

1.2.1 Local magnetization and assumptions
P

µ
~
~ (~r) =
Let M
be the local magnetization as the total number of magnetic moments µ
~
δV
within a volume element δV at a position ~r. The exchange interaction tends to retain the
~ (~r) as a
magnetic moment parallel in a short spatial range. Therefore it allows assuming M
continuously differentiable function of the position as well as the unitary direction of the local
~ (~r)
M
magnetization, m(~
~ r) =
, where MS is the saturation or spontaneous magnetization.
MS

1.2.2 Energy functional
The fundamental toolkit of micromagnetism is an energy functional E (m;
~ ∂ m/∂t,
~
∇m;
~ ~r, t)
of the (at least twice) differentiable magnetization field, its temporal and spatial derivatives,
space and time. This functional consists of a collection of multiple energy terms
E (m,
~ ∂ m/∂t,
~
∇m;
~ ~r, t) = Eex + Ed + Eanis + EZee

(1.1)

which is solved coupled to the magnetostatic (Maxwell) equations which formal solution
gives the value of the magnetic dipolar field given by
~ d (~r) = − 1
H
4π

Z
V0

~ (~r0 )(~r − ~r0 )
∇0 · M
1
dV 0 +
|~r − ~r0 |3
4π

Z
S0

~ (~r0 )
~n · M
dS 0 ,
|~r − ~r0 |3

(1.2)

where the prime notation refers to the position of the source poles of the dipolar field and ~n
is the normal vector of the surface S 0 which encloses the volume V 0 of magnetic material.
The first integral takes into account the volume pole densities, and the second one the
surface ones. The solution of the energy functional given by Equation 1.1 is a magnetic
structure which a locally (or globally) minimizes the total energy for the desired material
and geometry under arbitrary imposed constrictions. The different energy terms involved in
the functional correspond to the following list:
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Exchange energy, Eex The exchange interaction is a pure quantum phenomenon between
unpaired electrons of the same or different atoms or ions as a consequence of Pauli’s
principle and Coulomb repulsion due to the overlapping of their wave functions. Other
possible types of exchange interactions such as the indirect exchange or the RKKY
~1 and S
~2 tend to
exchange also exist [37]. As a consequence, two neighbouring spins S
~1 · S
~2 where J12 is
align parallel according to Heisenberg Hamiltonian H1,2 = −J12 S
the exchange constant (positive for ferromagnetic materials). Micromagnetism uses an
expression derived from the Heisenberg Hamiltonian in the continuous approximation
which in cartesian coordinates reads1

Z
Eex =

Aex (∇mx )2 + (∇my )2 + (∇mz )2



dV

V

where Aex is the so-called exchange stiffness. This term only vanishes for parallel
configurations and strongly penalizes gradients of the local magnetization.

Magnetostatic energy, Ed The magnetostatic, demagnetizing, stray-field or dipolar energy
is the energy stored by the field created by the magnetization ( in Equation 1.2 ) and
given by
Z
1
~ ·H
~ d dV.
E d = − µo
M
2
V
The magnetostatic energy promotes the creation of magnetic domains and flux closure
in order to minimize the net surface magnetic poles. This is usually called the poleavoidance principle. For a uniformly magnetized ellipsoid the magnetostatic energy is
written as

1
Ed = V µo Ms Nx m2x + Ny m2y + Nz m2z
2
and is called the shape anisotropy. Nx , Ny , Nz are non-negative numbers called the
demagnetizing factors (which are the diagonal elements of a general tensor with trace
1) and depend exclusively on the geometry of the material. The name ’shape anisotropy’
is due to its analogous functional form with the magnetocrystalline anisotropies for
very elongated ellipsoids and geometries with high aspect ratios as nanowires. Despite
the fact that this expression is uniquely defined for saturated materials only, it is
frequently used for interpretation of experimental results in geometries with a large
geometrical aspect ratio as nanowires [41–44].

Magnetocrystalline anisotropy energy, Eanis Magnetocrystalline anisotropies are energetically preferential orientations of the magnetization along certain directions of
the crystal lattice whose physical origin is the spin-orbit interaction. The favoured
orientations receive the name of easy axes. Phenomenological expressions have been

1

It is common in the field to make an abuse of notation writing this expression simply as

Z
Eex =

2

Aex (∇m)
~

dV.

V
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derived for cubic and hexagonal crystal lattices according to their lattice symmetries.
For instance, the uniaxial magnetocrystalline anisotropy energy

Z

K1 (m
~ · e~1 )2 dV

Eanis = −
V

for the hexagonal body centred crystal lattice, and the cubic magnetocrystalline
anisotropy

Z

K1 (m
~ · e~1 )2 (m
~ · e~2 )2 +



Eanis =
V

+ (m
~ · e~2 )2 (m
~ · e~3 )2 + (m
~ · e~3 )2 (m
~ · e~1 )2 dV,



in cubic crystal lattices. {e~1 , e~2 , e~3 } stand for the easy axes directions with e~3 = e~1 × e~1
and K1 is known as the first magnetocrystalline constant.

Applied magnetic field energy, EZee The applied magnetic field or Zeeman energy accounts for the energetic contribution by interaction of the magnetization with the
~ as described by the expression
external magnetic field H

Z

~ ·H
~ dV.
µo M

EZee = −
V

In contrast to the other energies, the Zeeman energy is not intrinsic to the material and
promotes the reorientation of the magnetization along the magnetic field direction.

Other There are other possible energetic contributions as magnetostrictive energies, second
order terms in the magnetocrystalline anisotropy or anisotropy terms of other crystal
lattices that have not been considered here and are carefully introduced in Ref. [37] or
equivalently Ref. [45]. Thermal fluctuations have been neither considered.

Dimensional analysis between the quantities involved in these energies and exchange stiffness
leads to the following correlation lengths

r
lH =

2Aex
,
µo M S H

r
lex =

2Aex
,
µo MS2

r
lK =

Aex
,
K1

√
and

sd
Dcr

= 72

Aex K1
µo MS2

(1.3)

which determine the transition scales between the prevailing regime for each interaction.
These are called exchange lengths and a more subtle derivation is found in Ref. [37]. In
practice, lex is referred as the exchange length and this is the convention we will follow
sd
along the text. lK is also denoted as ∆DW and called the domain wall width. Dcr
is the
critical magnetic single-domain size of a spherical particle [5]. These correlation lengths are
characteristic scales for magnetization gradients, domain wall widths and single domains
critical size which typically take values in the nanoscale.
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1.2.3 Magnetization dynamics: Landau-Lifshitz-Gilbert Equation
Magnetization dynamics under an external magnetic field is described by the Landau-LifshitzGilbert (LLG) equation


∂ m(~
~ r, t)
γo
~ eff + α m
~ eff )
=−
m
~ ×H
~ × (m
~ ×H
∂t
1 + α2

(1.4)

where γo is the gyromagnetic ratio (positive defined), α the Gilbert damping parameter
and
1 δEanis
~ eff = − 1 δE = 2Aex ∇2 m
~d + H
~
~ −
+H
H
µo M S δ m
~
µo M S
µo M S δ m
~
the effective field calculated by the functional derivative δδ•
of the energy in Equation 1.1.
m
~
The first term on the right side of the Equation 1.4 is the gyromagnetic torque term depicted
in Figure 1.6, which promotes a uniform precession of the magnetization around the effective
field. The second term in the same side is a phenomenological damping torque which enables
the loss of energy and reaching the equilibrium state by reducing the radius of the precession
of the magnetization around the effective field. In equilibrium, the magnetization has

Fig. 1.6: Illustration of Landau-Lifshitz-Gilbert equation for a single magnetic moment. The gyromagnetic torque is coloured in orange and the damping term in green.

released its kinetic energy by the damping losses and is parallel with the effective field, i.e.
~ eff = 0 .
m
~ ×H

(1.5)

Equation 1.5 is known as the equilibrium condition of LLG equation. There are additional
torques as the spin transfer torques to take into account interactions of the magnetization
with spin-polarized currents as Slonczewski or Zhang-Li Spin-transfer torques. For instance,
Zhang-Li Spin-transfer torque [46] is also included to take into account the interaction of
magnetization with an electrical current flowing though several layers [47]
~τZL =

1
[ (1 + ξα)m
~ × (m
~ × (~
u · ∇)m)
~ +
1 + α2
+ (ξ − α)m
~ × (~
u · ∇)m
~ ]
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(1.6)

P µB
~ ξ is the degree of non-adiabacity, e, the elemental charge, µB
J,
2eγo Ms (1 + ξ 2 )
the Bohr magneton, J~ the current density and P its degree of polarization.

where ~
u=

1.2.4 Micromagnetic software
An extensive list of micromagnetic software packages is avalaible although the discretization
scheme differs from one to another (finite difference or finite element). In this thesis we have
used the Object Oriented MicroMagnetic Framework (OOMMF) [48] and Mumax3 [47] codes.
Both are finite difference open-source software which have different implementations.
On the one hand, OOMMF is a robust CPU-based software written in C++ and tcl/tk which
can execute scripts by parallelization in multiple cores in a single machine. This feature
enables a relatively fast solving of dynamics and evaluation of the Fast Fourier Transform
typically implemented in the calculation of the demagnetizing tensors with the consequent
use of Random Access Memory. In the last years a version of OOMMF based on Graphics
Processing Unit (GPU) has been developed [49]. The authors claim that this implementation
shows up to a 32 times faster speedup. However, we have used the CPU version which has
been extensively tested by other users. OOMMF has been install in a computation cluster
of our research centre with 7 nodes running a linux distribution. Alternatively, OOMMF is
being integrated with Python and Jupyter Notebook in a project called JOOMMF, Interactive
Micromagnetic simulation in Jupyter [50].
On the other hand, Mumax3 is a native micromagnetic software developed for nvidia GPUs
in cuda and go programming language. This software mainly works in single precission
which is enough for our micromagnetic calculations. In this thesis, we have used mumax
in different linux-based machines with nVIDIA GPUs GeForce GTX 680, GeForce GTX 970
and GeForce GTX 1080, which have 2, 4 and 8 GB of memory. At the time of the publication
of the report on mumax3, the program could fit up to 16 million cells in 2 GB GPU RAM
[47]. These numbers have been already overpassed as the technology and the program
have evolved. As an additional feature, mumax3 includes a clean web-based user interface
in addition to a simpler scripting compared with OOMMF. Both, OOMMF and mumax3
allow the numerical integration of LLG equation and energy minimization, include conjugate
gradient methods (methods for large scale energy minimization [51, 52]) and have different
convergence criteria.
Additionally, a finite element and open source sotware called Finite element LLG object
oriented development (FeeLLGood) and developed at Neel Institute (Grenoble) [53, 54] has
been used by collaborators in chapter 3.
We have chosen two micromagnetic packages that have been proved to be robust, popular,
with a large community of users behind and with current maintenance and developement.
However, several emerging micromagnetic solvers are reported in literature. For instance,
Fidimag, a finite difference atomistic and micromagnetic simulation package [55] or Mag-
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num.fe, finite-element micromagnetic simulation code based on the FEniCS package [56],
are two of the most promising ones. Alternative solvers are summarized and discussed in
Refs. [38, 57].
The data analysis and post-processing of micromagnetic results has been carried out with
conventional software generally available. Standard software in the field has been also used:
Paraview [58] and OVF2VTK converter [59].

1.2.5 Sources of hysteresis effects
Despite micromagnetism is able to model multiple magnetic materials and magnetization
processes, magnetic hysteresis is promoted by multiple factors which may be intrinsic (related
to the electronic properties on the atomic scale) or extrinsic (microstructural issues) to the
material [60] as summarized in Figure 1.7. The intrinsic factors may be relatively straightforward in theoretical models, however an important contribution arises from extrinsic
effects in real materials.

Fig. 1.7: Intrinsic and extrinsic origins of hysteresis. Figure redrawn from Ref. [60].

For micromagnetic modelling of hysteresis loops and magnetic properties, the accurate
knowledge of the concrete microstructure of the compound is critical to achieve a good
description of the material and precise determination of its characteristics. The microstructure is typically determined by the synthesis process [18]. Issues as the specific granular
distribution, the mixture and proportion of crystalline phases, local defects, dislocations and
interface stresses may lead to a dramatic divergence from the experimental observations. In
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practise, very accurate information of every structural detail is not generally available and a
careful analysis of the results has to be carried out.

1.3 Magnetic nanowires, applications and properties
Cylindrical magnetic nanowires are one of the most fastinating nanostructures for threedimensional nanoarchitectures and nanomagnetism of curved geometries [28]. Nanowires
may be grown by atomic layer deposition, or more frequently by inexpensive electrochemical
routes in porous membranes with pore sizes ranging from tens to various hundred nanometers
in diameter [38]. The lengths of nanowires typically range between 10 nm and 100 µm
[38]. This geometry typically presents a high aspect ratio length/diameter. On the contrary,
nanorods or nanopilars are a particular case of cylindrical geometry with a low aspect ratio.
Among the advantages of cylindrical nanowires we can summarize the most relevant as:
• Magnetic nanowires have been proposed as building blocks for ensambles of threedimensional magnetic nanoarchitectures [61], for instance, 3D memories and logic
devices [62, 63].
• The elongated shape of cylinders and the curvature induces a natural (perpendicular)
anisotropy that promotes the formation of non-trivial topological structures in materials
with no Dzyaloshinskii–Moriya interaction or intrinsic anisotropies [26].
• Multiple novel magnetization textures appear in this geometry: toroidal?, helicoidal,
vortex (Bloch point) domain walls [27] and recently, skyrmion tubes sketched in
Figure 1.8(a), which show a hedgehog point at its end [64]. These magnetization
configurations and the magnetization reversal process are discussed in section 1.3.3
• Tubular geometries as magnetic nanotubes or nanowires are natural magneto-chiral
systems , i.e., the magnetization dynamics and stability depends on the chirality of
the magnetization structures [27, 29]. For instance, different domain wall mobilities
are observed for vortex domain walls with opposite chiralities [27, 29, 65]. Figure
1.8(b) displays the displacement of a single vortex domain wall in a magnetic nanotube
under different magnetic fields. At low fields (1 mT) the vortex domain wall with
the chirality given by the gyromagnetic precession of LLG equation (blue color) has a
higher mobility than the vortex domain wall with the opposite chirality (red color).
According to Hertel, at high fields the domain wall with the ’bad’ chirality (red color)
propagates for 2 ns and is converted into a domain wall with the ’good’ chirality, which
finally keeps propagationg without appreciable structural modifications [27].
• In literature it is typically reported that magnetic domain walls in cylindrical nanowires
may lack of the so-called Walker breakdown, which consist of a sudden drop of of
the terminal velocity of the domain walls under a constant magnetic field observed in
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nanostrips [27, 29]. However, it is currently believed that the domain wall dynamics
in cylindrical nanowires may be limited by the spin-Cherenkov emission (spontaneous
emmission of spin waves by the domain wall for domain wall velocities higher than the
minimum phase velocity of spin waves) [27],and therefore, it is unknown if there is a
finite upper limit of the domain wall velocity. Figure 1.8(c) displays an example of a
monocromatic spin wave emission for a propagating vortex domain wall in a nanotube.
This emission is characterized by different wavelengths at both sides of the propagating
domain wall (magnetochiral effect, as in systems with Dzyaloshinkii-Moriya interation
but here just due to cylndrical geometry) as the domain wall moves faster than the
phase velocity of the spin waves. We have also observed spinwave emission in Co fcc
nanowires with small diameter, although we do not observe an upper limit for the
domain wall velocity in Figure 1.8(d), in agreement with the ultra-fast speeds reported
in literature [27].

Fig. 1.8: (a) 1. Schema of the end of an skyrmion line; 2. Topological equivalence of the end of the
skyrmion line with a hedgehog magnetization texture; 3. A pair of hedgehods with opposite
topological charge. (b) Domain wall displacement of a vortex domain wall (with the chirality
indicated on the schemas over the graph) under for two different magnetic fields in a nanotube.
At low fields (1 mT), the vortex domain wall moves at different speed depending on its chirality.
At high fields (8 mT), the vortex domain wall with the red chirality (opposed to the natural
chirality given by LLG Equation) is transform into a vortex domain wall with the blue chirality
and keeps propagation without changes in the magnetization strcuture. (c) Radial component
of the magnetization. Spin wave emission of a vortex domain wall driven by a magnetic field
towards the left end. Different wavelengths are observed in the spin waves at both sides of the
propagating domain wall. (d) Domain wall velocity of a pair of vortex (Bloch point) domain
walls in a Co fcc nanowire with diameter of 40 nm showing saturation due to a a spin wave
emission. Figures (a-c) extracted from Refs. [27, 29, 64, 65].
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Overall, the exotic physical features exhibited by cylindrical nanowires and inexpensive fabrication methods [38] makes them potential candidates for different technological applications
which will be introduced in the following section.

1.3.1 Applications
Magnetic nanowires have been proposed for an extensive list of technological applications
for their promising properties. Specially attractive is the racetrack memory proposed by
IBM [66, 67] and shown in Figure 1.9(a). This magnetic recording device consists of a 3D
network of nanowires where the information is stored domain. A domain wall can be written
at a concrete placed by a field/current pulse and displaced by a polarized current. A reading
head senses the stray field of the domain wall.

Fig. 1.9: Showcase of most attractive applications of magnetic nanowires: (a) A three-dimensional
racetrack memory ensemble in planar nanowires from Ref. [66]. (b) A futuristic conception of
an Internet-of-Things microchip composed by several 3D magnetic nanostructures as visualized
by authors in Ref. [28]. (c) Hyperthermia treatmet with magnetic nanowires on a cell extracted
from Ref. [68]. (d) A spin valve made by a multilayer Magnetic/Non-magnetic nanowire and
a ferromagnetic resonance set up measurement from Ref. [69]. (e) An array of magnetic
nanowires as apresure sensor as proposed in Ref. [70]. (f) A nanowire-based-reading head
adapted from Ref. [71].

Racetrack memories could provide higher bit densities than conventional magnetic memories
despite this technology presents challenging difficulties for general domain-wall-based
technologies. For instance, (i) the recoil and annihilation of the domain wall have to be
prevented in the absence of a driving force and (ii) a highly precise control of the domain
wall dynamics and positioning are required. Creation of artifical pinning sites for the domain
wall is the strategy commonly followed to tackle these issues. The different pinning strategies
will be introduced in section 1.3.4.
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In addition, the design of 3D nanoarchitectures for the Internet of Things is currently taking
off as one of the possible future applications. The use of magnetic nanowires as artifitial
nanocilia in integrated chips has been recently discussed [28]. The magnetic nanowires may
control the flow of a microfluid containing magnetic nanoparticles as illustrated in Figure
1.9(b).
Regarding applications for life sciences, magnetic nanowires present some advantages in
cancer treatment by hyperthermia therapy due to their larger volume and aspect ratio
compared to nanoparticles. Hyperthermia consist of heating the cancer cells up to 42 or 45
Celsius, which can be achieved by the hysteresis looses of the nanowires internalised by the
cells under a sinusoidal magnetic field (See Figure 1.9(c)). At that temperature cancerous
cells are rapidly damaged compared with healthy cells. The internalization of nanowires in
cells has been recently achieved [72] paving the way for their use in biomedicine.
Sophisticated technologies have been also proposed and developed. Figure 1.9(d) depicts a
Co-Cu spin valve which has been synthesized and characterized. The authors claim promising
results for applications as microwave detector, as microwave oscillator or as a unit of or a
magnetic random access memory working in the absence of magnetic field [69].
Concerning sensors and actuators, multiple functionalities have been tested or proposed.
Figure 1.9(e) depicts a pressure sensor based on a nanowire array. A slight pressure causes
an elastic deformation or deflection of the nanowires in the array which is detected through
the alteration of its stray field. On the other hand multilayer nanowires have been considered
for reading heads technologies as illustrated in Figure 1.9(f).

Category
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A PPLICATIONS

3D-Magnetic
recording &
storage

Racetrack memory [66, 67], magnetic or spin-transfer-torque magnetic random
access memory [63, 71, 73, 74], hard drives [73], read heads [71], Internet of
Things devices and microchips connectors [28].

Spintronics,
electronics &
logic devices

Nanomagnet microwave resonators [69], magnetic tunnel junctions, spin valves
[38], logic gates [28, 75], memory cells [76], nanooscillators [69, 76, 77],
magnetic shift register [78], magnetic power inverter [79], memristors and
neuromorphic computing [28, 80].

Enviromental &
life sciencies

Water purification and waste removal [81–83], hyperthermia cancer treatment
[68, 84, 85], drug delivery [63, 83, 85], biological and chemical separation &
transport [63, 68], orthopedic prosthetics, dental and coronary stents [83], catalysis[63], cell culture scaffolds manipulation [68], immunoisolation devices [83],
biomolecular filtration and purification [68], microfluidics [83, 86], nanocilia
[70, 86], nanorobots [87], magnetic resonance imaging contrast agent [88], cell
inflammation induction [89], health monitoring and magnetoencephalography
diagnostic devices [28, 90].

Sensors &
actuators

Magnetic [38, 63], mechanic [70], biological [85], acoustic [91], gas [92],
corrosion [93] chemical [92] & microwave sensors. Actuators, optoelectronics
(lasers, light-emitting diodes, field effect transistors, solar cells) [38, 75], magnetic shielding [38], decoders [75], magnetic force microscopy tips [94, 95],
magnetoplasmonics [38] and amperometric sensors for detection of organic
compounds [81].
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Category

A PPLICATIONS

Microwave &
magnonics

Magnetic and microwave shielding [38, 63], generators and field emissors
[92], absorbers [92, 96], non reciprocal isolators [92], circulators [92], noise
suppresors [92], nanomagnet microwave resonators [69].

Permanent
magnets &
energy

Rare-earth-free permanent magnets [63], energy conversion [83], magnetic
power resonators, magnetic power inverter [79] and nanomagnets [97].

Tab. 1.2: Compilation of applications in individual and arrays of magnetic nanowires.

A careful summary and categorization of the most promising applications of individual
nanowires and its arrays is presented in Table 1.2. This short list, although exhaustive, is
never concluded and will have to be updated in the future. However, it enables a global view
of the potential technological capabilities and the wide range of industries and sectors that
may profit from the research on magnetic nanowires. Extensive reviews have been done in
Refs. [38, 63].

1.3.2 Hysteresis loops and magnetic properties of magnetic nanowires
The hysteresis loops of magnetic nanostructures are strongly affected by their geometry
through the shape anisotropy, and particularly, the aspect ratio length/diameter determines
the magnetic properties in cylindrical nanowires. Figures 1.10(a-b) illustrate the effect of the
shape anisotropy in an ideal individual nanowire of Permalloy and its arrays (Permalloy has
a vanishing magnetocrystalline anisotropy): A preferential orientation of the magnetization
along the nanowire axis is observed in the hysteresis loop for a parallel applied field. In
a single nanowire, the hysteresis loop has a square shape with high remenanence and the
switching of magnetization takes place in a unique Barkhausen jump, while in the array
complex features may arise from the interwire dipolar interation. For instance, Figures
1.10(b) shows a large magnetization jump in the hysteresis loop for the parallel magnetic
field, which is followed by a minor magnetization jump at a different field. This could be
ascribed to a "film effect" in the array of nanowires induced by the magnetostatic interwire
interactions, that decreases the effect of the shape anisotropy.
On the other hand, for a perpendicular magnetic field the hysteresis loop of a single nanowire
exhibits a completely anhysteretic behavior, i.e. the area enclosed by both branches of the
hysteresis loop vanishes. In contrast to the single nanowire, the array shows a reduced
hysteresis owing to the interwire dipolar interaction. Therefore, for a single nanowire
of permalloy the magnetic properties and the magnetization reversal process are fully
determined by the shape anisotropy induced by the cylindrical geometry (magnetostatic
energy) and the exchange interation. The coercive field and remanence of individual
permalloy nanowires and its arrays take similar normalized values, and hence, without
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Fig. 1.10: Simulated hysteresis loops for individual and arrays of nanowires without and with magnetocrystalline anisotropy. Figures correspond to (a) an individual and (b) hexagonal array of
7 nanowires of permalloy with 40 nm diameter and 105 nm inter-pore distance. (c) corresponds to an individual monocrystalline hcp Co nanowire with easy axis nearly trasnverse to
the nanowire and 40 nm diameter. (d) depicts an hexagonal array of these Co NWs with 105
nm inter-pore distances. All the nanowires have 20 µm in length. Figures adapted from Ref.
[98].

magnetocrystalline anisotropy the interwire interactions do not have a high impact in the
coercivity [98].

The introduction of a magnetocrystalline anisotropy makes this scenario richer due to
the interplay between all the energies involved. Ivanov et al. claim that the reversal of
magnetization in nanowires with cubic magnetocrystalline anisotropy in either polycrystalline
or single crystalline nanowires is predominantly determined by the shape anisotropy owing
to its large value compared with the magnetocrystalline anisotropy strength as a consequence
of the high aspect ratio length/diameter [98]. By contrast, the uniaxial transverse anisotropy
reported in Cobalt hcp nanowires exhibits a strong competition with the shape anisotropy.
For illustration, Figures 1.10 (c-d) depict the simulated hysteresis loops of an individual Co
nanowire and its arrays with anisotropy easy axis almost perpendicular to the nanowire axis.
Note also that the saturation magnetization of Cobalt is µo MS = 1.75 T [41], 75% higher
than that of permalloy, indicating a very high shape anisotropy as the shape anisotropy is
quadratic in MS .
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Both, the inclined hysteresis loop of the single Co hcp nanowire for a parallel applied
field, and the less inclined and wider cycle for the perpendicular field, confirm that the
magnetocrystalline anisotropy aims to compensate the magnetostatic energy and promotes a
drastical decrease of the coercive field and remanence ascribed to the formation of a vortex
state along the whole length of the nanowire as reported in literature [98]. The characteristic
square shape observed in permalloy nanowires has completely disappeared and a more
pronounced inclination in the hysteresis loops together with a larger widening in Figure
1.10(d) compared to 1.10(c) is ascribed to the demagnetizing effect of the interwire dipolar
interaction. Specially the hysteresis loop for the perpendicular applied field displays a highly
visible modification.

Fig. 1.11: Simulated hysteresis loops for individual nanowires with several lengths without and with
magnetocrystalline anisotropy. Figures correspond to individual nanowires of (a) permalloy
and Co fcc (b) with a 30 nm diameter. Parameters used for simulations in Table 7.1 in chapter
7.

On the other hand, experimental evidence and micromagnetic simulations confirm that
the properties of the hysteresis loops of nanowires generally become independent of the
nanowire length for aspect ratio values larger than 8 − 10 [41, 99]. For instance, Figure 1.11
displays the hysteresis loops of permalloy and Co fcc for different lengths. For nanowires
with low aspect ratios (short lengths), a lower coercive field is observed and the hysteresis
loop are strongly affected by small variations of the length. The anisotropy of the fcc phase
of Co has also a remarkable effect in the (inclined) hysteresis loops in this case due to the
small shape ansinotropy. On the contrary, for nanowires with large aspect ratios, the coercive
field and the remanence (normalized by volumen and saturation magnetization) become
completely independent of the length. Therefore, magnetic nanowires present suitable
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properties as permanent nanomagnets. Conversely, the diameter has a more critical impact
on the hysteresis loops properties than the length.

Coercive field and remanence
The competition between anisitropies is clearly illustrated in Figure 1.12(a-b), which depicts
the respective coercivity and remanence of an individual Co hcp nanowire as a function
of its diameter and the angle formed by the easy axis with the nanowire. The large magneocrystalline anisotropy of Cobalt hcp nanowires (typically assumed of 4.5 × 105 Jm-3
[41]) may strengthen the shape effect when the easy axis forms an angle minor than 70
degress with the nanowire axis as illustrated on the upper part of Figure 1.12, and hence
the coercivity is increased. The coercivity decreases with the diameter but the remanence
remains nearly constant [98]. On the other hand, the shape anisotropy is ’weakened’ for
angles nearly transverse to the nanowire (> 70 deg.) [98]: The remanence and coercivity
decrease strongly with the diameter ascribed to the formation of vortex along the entire
nanowire length [98].

Fig. 1.12: (a) Coercivity and (b) remanence of a single crystal Co hcp nanowire as a function of
its diameter for a hysteresis loop with the magnetic field applied parallel to its axis. The
orientation of the uniaxial easy axis with respect to the nanowire has been varied from
parallel to perpendicular. The length of the nanowire is 2 micron. Data extracted from Figure
5 in Ref. [98].

The authors claim that the hysteresis loops with perpendicular magnetic field remain anhysteretic for an easy axis parallel to the nanowire, as for Permalloy. In addition, the remanence
remains independent of the diameter unless the easy axis points at 60 deg. or higher orientations (Figures not included) [98]. For a magnetic field perpendicular to the nanowire
axis, the coercivity increases with the easy axis orientation up to 40 deg. and decreases for
higher angles. However, it mostly always decreases with the diameter [98]. According to the
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authors, the functional alteration in the magnetic properties as those observed in Figure 1.12
is attributed to a modification of the reversal mode which minimizes the total energy of the
nanowire [98].

1.3.3 Magnetic states and reversal process in nanowires
Conventionally, the notion of magnetic domain has been considered as a uniformly magnetized region in the mesoscale in thermodynamic equilibrium. Then, a magnetic state was
defined as a unique collection of magnetic domains. However, the 1D nature of nanowires
and the emerging properties at the nanoscale, make us to redefine the concept of magnetic
domain as an stable configurations of the magnetization which may lack of homogeneity
due to the nanowire curvature. Similar occurs with the reversal process. In nanowires the
remagnetization process does not take place by domain rotation, but by the nucleation and
propagation of a magnetic domain wall [100–102].

Magnetic domains in nanowires
The magnetic ground state of circular ultra thin disks, nanorods/nanopilars and nanowires
has been previously reported as a function of the aspect ratio of the nanowire [103]. The
diagram of states depicted in the Figure 1.13 and presents diverse states.

Fig. 1.13: Diagram of the states of a single Fe nanowire with height t and diameter d in units of exchange
length lex . White regions stay for the Single Minima (SM) and grey for Multiple Minima(MM).
Dased The lines connecting the circles are drawn to guide the eye. Dashed/Solid lines
between regions indicate a continuos/abrupt transition. Black dots divide regions with
different ground state. Ground states indicated by the sketches. Figure extracted from [103].

For small diameters and very low aspect ratios, a single transerve (in-plane) domain is
observed, while for large aspect ratios as in nanowires, a uniformly axial domain along the
length of the nanowire is the typical ground state [63]. Moreover, this domain may show
vortices at the nanowire ends and some materials with large saturation magnetization and

1.3

Magnetic nanowires, applications and properties

21

high transverse magnetocrystalline anisotropy (as Co hcp) may show a vortex configuration
along the nanowire length as the ground state [98]). On the other hand, single vortex,
multivortex and multidomain states in general may also appear for specific sizes [98, 103].

Magnetic domain walls and magnetization structures in nanowires

The concept of domain wall arises naturally in nanowires due to the 1D confinement and
dynamical properties induced by the geometry. As many promising applications rely on the
nucleation and control of the magnetization processes and magnetic domain walls, several
reports in literature have characterized the domain walls in cylindrical nanowires [98, 100,
102, 104]. However, novel magnetization patterns are expected to be topologically induced
due to the curvature [26].
The reversal process in nanowires starts by the nucleation of a domain wall which may
either transverse or vortex like as shown in Figures 1.14(a-b) depending on the material and
geometric sizes [98, 100, 105, 106].

Fig. 1.14: Domain walls in nanowires. (a) Transverse domain wall (TDW). (b) Vortex-Bloch point
domain wall. (c) Hedgehod Bloch point. (d) Skyrmion tube from Ref. [107]. (e) Asymmetric
transverse domain wall from Ref. [104]. Cross-sections indicate the inner magnetization of
the domain walls at the marked positions. The 3D bloch points sketches have been obtained
from Ref.[27].
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The transverse domain wall consists of two opposite domains separated by a gradient of
magnetization which is mainly perpendicular to the nanowire axis. Depending on the relative
orientation between domains, the wall is called tail-to-tail or head-to-head transverse domain
wall [108]. The transverse domain wall carries a magnetic pole in volume due to the
divergence of magnetization [108].
On the other hand, the vortex domain wall between domains is the one that presents an
azimuthal component which promotes the flux-closure. The vortex domain wall typically
carries a mathematical singularity called Bloch point[63, 100, 104, 105, 109], which is the
unique possible topological defect in ferromagnetic materials [110], where the magnetization
vanishes as displayed in Figure 1.14(b). Therefore, eventually receives the name of Bloch
point wall to differentiate it from the (surface) vortex wall observed in ultrathin nanostrips
[108]. This singularity has been already experimentally observed in nanowires by XMCDPEEM technique [111]. It has been recently reported that the topological transformation
from assymetric transverse domain wall (also called vortex transverse domain wall) to a
vortex domain wall in cylindrical nanowires is mediated by Bloch point injection [110].
Topological transformation between magnetization textures are theoretically possible either
by bloch point ejection or injection [110].
The domain wall by which the nanowire demagnetizes is determined by the nanowire geometry and the material [98]. For cylindrical nanowires with short diameter (approximatelly
below 30-50 nm ), the transverse domain wall is favoured, while the vortex appears for
larger diameters [98, 100, 102, 105]. For instance, a permalloy nanowire with a 30 nm
diameter and large aspect ratio reverses by transverse domain wall, while the same geometry
for the hcp phase of Co exhibits a vortex domain wall [98]. In vortex structures, the relative
orientation between its azimuthal component and the core direction defines the chirality of
the vortex2 . The direction of the core indicates the polarity.
There is a third metastable domain wall close to the transition diameter between the vortex
and the transverse domain walls depicted in Figure 1.14(e). This third type presents
characteristics of both previous wall types and is called asymmetric transverse domain wall
[104, 108]. In the case of Co hcp, for diameters equal and larger than 60 nm the nucleation
of vortex structures along the whole nanowire length have been also observed. Attempts
to construct a unique extended diagram of domain wall ground states in 1D structures
(nanostrips and nanowires ) has been undertaken [38, 108] although it probably lacks many
possibilities due to involvement of many parameters as for example, the multivortex state
along the nanowire lengths appearing, for instance, in nanowires with large diameter made
of the hcp phase of Cobalt [98].
More exotic magnetization configurations are found in the literature as the hedgehog point
in Figure 1.14(c) or helical domain walls [112]. Alternatively, the Skyrmion tubes reported
by [107] in permalloy ( See Figure 1.14(d)) are induced by the curvature of the nanowire
in the absence of anisymmetric exchange (Dzyaloshinskii-Moriya interaction [113, 114])
2

Orientability of surfaces is given by the vector product in R3 .

1.3

Magnetic nanowires, applications and properties

23

and play a role in the reversal of magnetization in nanowires as the author’s studies confirm.
Finally, helical domain walls are those formed at the encountering poisiton between vortex
structures with opposite chiralities [112].
One of the most fascinating properties of cylindrical nanowires are the dynamical properties
induced by its symmetry and magneto-chiral effects already mentioned in previous sections.
The propagation of the domain walls driven by applied magnetic fields and currents in
nanostrips presents a limiting feature. The steady velocity achieved with the driving force is
initially increasing (with field) and a sudden decay occurs at the so-called Walker Breakdown
field. This phenomenon limits the speed of future recording technologies. Apparently in
cylindrical nanowires it either does not exist or it is displaced to higher velocity values.

1.3.4 Domain wall pinning strategies
Domain-wall-based technologies as the racetrack memory [67] require a precise control
over the magnetization and domain wall location. In order to manage the positioning of
domain walls along the nanowire length multiple strategies to achieve the local pinning of
the domain wall have been proposed. The fundamental idea is the creation of potential wells
and barriers where the domain wall may eventually get pinned.
Geometrical strategies are summarized in Figure 1.15. and consist mainly of constrictions
along the nanowire length, artificial notches, antinotches, defects or even diameter modulations [115]. In addition, variations of the material along the nanowire length or at specific
locations (See Fig. 1.15(f) ) offer also the possibility of promoting domain wall pinning.

Fig. 1.15: Multiple strategies to promote pinning centres. Geometric: (a) constrictions, (b)
notches/antinotches and defects, (c-e) diameter modulations. Material:(f) layers of diffrerent
materials. Extrinsic:(g) Local stray field created by surrounding nanoctructures. Figure(g)
extracted from Ref. [116].

Moreover, external methods have been also proposed as artificial pinning by local stray fields,
as illustrated in Figure 1.15(g), or local thermal gradients [116, 117]. Pinning and depinning
properties depend on the domain wall type but also on the domain wall chirality as alredy
observed in nanostrips [118].
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On the other hand, depinning mechanism and driving forces are generally based on applied
magnetic fields and current pulses [115]. Magnetic domain walls can be driven by multiple
methods reported in literature: an external magnetic field[119–122], spin-polarized current[123], spin waves or even localized temperature gradients [124] have shown to control
the domain wall motion.

1.4 Thesis Structure
This work is structured in nine chapters which comprise the fundamentals of nano- and
micromagnetism, the discussion of the results and conclusions with the future perspectives.
A summary of the chapters is listed here:
Chapter 2
The first chapter focuses in the magnetic and pinning properties of Co and Co-based
nanowires with modulations in diameter. First, the remanent state of FeCo anc Co nanowires
with bamboo-like geometry has been determined. Then, the magnetic structures and pinning
in FeCo nanowires with segments with two different diameters have been investigated.
Chapter 3
The dynamics and depinning properties of a head-to-head transverse domain wall in a
nanowire with a single smooth modulation have been studied. An analytical model of the
depinning has been introduced and compared with micromagnetic simulations.
Chapter 4
The magnetic domains in cylindrical nanowires with Cox Ni100-x alloys have been investigated
with the Co content together with their hysteresis loops and reversal process.
Chapter 5
The reversal process of individual multilayered FeCo nanowires has been investigated with
micromagnetic modelling and the origin of ratchet effect has been determined as well as the
reversal process.
Chapter 6
We have modelled TXM-XMCD signals in cylindrical nanowires of CoNi alloys for different
magnetization structures and compared them with preliminary experimental measurements.
We have determined a vortex structure, the core size and its displacement from the nanowire
axis.
Chapter 7
In this chapter the heating properties of Py and Co fcc nanowires with the frequency and
nanowire length are investigated. Each nanowire demagnetizes by a different type of domain
wall. The dynamical hysteresis loops are characterized as well as the dynamical coercive
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field and phase shift between magnetization and field. The variations in the heating with
frequency have been related with the domain wall velocity trough a simple analytical model.
We have also observed the magnetization structures with the frequency in representative
nanowires.
Chapters 8 and 9
The main conclusions and perspectives of the thesis have been collected here. The most
specific conclusions of each research are detailed at the end of the respective chapter.
Chapter 10
This chapter includes a list of publications and contributions made along the PhD period.
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Micromagnetic modelling of Co-based

2

nanowires with diameter modulation

T

HE MODULATION of the geometry in magnetic nanostrips and nanowires has been
proposed in literature to provide an artificial control of the domain wall position and
motion by inducing pinning centres for the domain wall at designed locations [125].
Different applications rely on the control over the domain wall dynamics such as magnetic
recording, spintronic, energy and sensoring applications [38, 67, 79, 115, 126, 127]. From
the theoretical point of view, pinning centres induced by modulations of the geometry can
act as potential wells and barriers for the domain wall [115, 125] , and increase the coercive
field and (BH)max product in permanent magnets [127].

Cylindrical nanowires have become attractive for their engineering versatility to design
modulations of their diameter, constrictions, notches and antinotches during the electrochemical synthesis process. Most of the research on modulations of the diameter in cylindrical
nanowires has been carried out in soft materials such as Nickel or Permalloy [75, 112,
128–131], where a weak pinning has been observed. Only few experimental studies on Co
[132] and FeCo nanowires [133, 134] have been reported.
The magnetic domain structure of the remanent state and the stray field of cylindrical
nanowires are modified by the introduction of geometric modulations as imaged by electron
holography and magnetic force microscopy techniques [135]. Moreover, as the diameter
modulations and constrictions promote the pinning of domain walls, the magnetization
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reversal process is altered with respect to that observed in cylindrical nanowires of fixed
diameter.

In order to cover several aspects, this chapter is divided into two sections: The first section briefly investigates the magnetic domain structure at remanence in single FeCo and
Co nanowires with bamboo-like geometry (e.g., periodical antinotches). The second section is devoted to the magnetization reversal process and pinning properties in individual
FeCo nanowires with periodical modulations in diameter for different granular crystalline
nanostructures and different nanowire diameters.

2.1 FeCo and Co bamboo nanowires (cylindrical nanowires with
periodical antinotches)
The remanent states of individual FeCo and Co cylindrical nanowires with periodical radially
symmetric antinotches along the nanowire length are investigated. This geometry is called
bamboo or bamboo-like in the literature [136]. FeCo has been chosen owing to its high
saturation magnetization. Furthermore, Co hcp composition has a strong magnetocrystalline
anisotropy with magnetization easy axis perpendicular to the nanowire that balances the
axial shape anisotropy of the nanowire [137].

X-ray Magnetic Circular Dichroism with to PhotoEmission Electron Microscopy (XMCDPEEM), Electron holography and Magnetic Force Microscopy(MFM) techniques have proved
that the magnetic structure of individual cylindrical FeCo nanowires is modified by the
introduction of modulations in the diameter of the nanowire [135]. In chapter 4 we
introduce the different magnetic domains observed in cylindrical nanowires: longitudinal
domains, vortex domains, transverse domains and exotic states as skyrmion tubes. In
that section it is indicated that longitudinal and vortex domains are typically observed in
nanowires at remanence. Hence, magnetic hard materials and materials with high saturation
magnetization offer alternative states and magnetization configurations which are of interest
from the physical and technological points of view.

2.1.1 Experimental motivation of the present study
The motivation of the micromagnetic simulations performed in this kind of nanowires comes
from the experimental studies carried out by Magnetic Force Microscopy (MFM) and X-Ray
Magnetic Circular Dichroism with PhotoEmission Electron Microscopy (XMCD-PEEM) in
individual FeCo and Co nanowires which were performed by our group at ICMM and at ALBA
synchrotron, respectively [138]. MFM allows the observation of local stray fields by dipolar
interaction between the nanowire and a magnetic tip, while XMCD permits the observation
of the surface and inner configurations of magnetic moments in the nanowire.
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Fig. 2.1: SEM images of FeCo nanowire and a sketch showing dimensions. Figure adapted from Ref.
[138].

Scanning Electron Microscopy (SEM) measurements of FeCo nanowires in Figure 2.1 indicate
the presence of large segments with a length of 400 nm and homogeneous diameter of 130
nm. Periodically, the diameter of the nanowire increases locally up to 140 nm in a width of
few tens of nanometers. Nanowires with this geometry are labelled bamboo nanowires in
literature [136] or antinotches. The total length of the nanowires is about 15–20 µm. Co
nanowires have similar geometry and sizes.
The MFM images of individual FeCo nanowires after demagnetization in the direction parallel
to the nanowire in Fig. 2.2(a) show periodical contrasts. The strong dark and bright contrasts
at the nanowire ends indicate an axial magnetization component along the nanowire length,
while vortex structures are suggested at each end. The periodical pale bright-dark magnetic
contrasts along the nanowire profile has the same periodicity as the diameter modulations
observed by SEM in Fig. 2.1. As a result, a local high stray field (charge accumulation) is
measured at the diameter transitions [139].
A more complex magnetic configuration is reported by MFM imaging of individual Co
nanowires at remanence: The multiple white-black contrasts along the nanowire in Fig.
2.2(b) are uncorrelated with the geometric modulation. Each segment displays an opposite
contrast dark-bright at each side of the nanowire (up-down or down-up). This contrasts
cannot be ascribed to a longitudinal magnetic domain, but to a complex magnetization
texture with the presence of a multivortex structure with alternating chiralities along the
nanowire length.
Complementary XMCD-PEEM imaging of remanent states confirms the axial uniform configuration in individual FeCo nanowires in Figure 2.2(c) [138]. An enhanced contrast at
positions (ii-iii) in Fig. 2.2(c) suggests a possible pinned vortex-like structure at the modulation positions although the observations are not conclusive. The analysis of Fig. 2.2(c)
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Fig. 2.2: MFM images of individual FeCo (a) and Co (b) bamboo nanowires at remanence. XMCD-PEEM
measurements of Co (c) and FeCo (d) nanowires. Figures from Ref. [138].

indicates the presence of alternating dark-bright contrasts in regions at the surface of the
nanowire with the same periodicity as the diameter modulations ascribed to circumferential
magnetic configurations. In addition, the grey constant contrast at the inner shadow denotes
the axial orientation of the magnetization. In short, interpretation of images suggest the
presence of vortex periodical structures.

The surface contrast of the XMCD of an individual Co nanowire in Fig. 2.2(d) consists of a
collection of segments with transverse component of magnetization of opposite dark/bright
contrast in agreement with the MFM observations in Fig. 2.2(b). The shadow presents a
much weaker contrast although the same collection of segments with opposite contrasts
is observed along the nanowire length. The half-vanishing contrast areas in each segment
of the shadow, and the remaining homogeneous contrast in the shadow area, suggest a
domain structure with an axially magnetized core and a shell of curling magnetic moments
of alternating chiralities around the nanowire wire axis. However, a conclusive statement
cannot be done.

30

Chapter 2

Micromagnetic modelling of Co-based nanowires with diameter modulation

In addition, the grey contrast localized in the middle of the shadow (which corresponds to
the core of the nanowire) can be attributed to magnetic moments in a transverse orientation
with respect to the X-rays beam, and thus along the nanowire. No correlations are observed
between the contrast and the diameter modulation.

2.1.2 Model
In order to properly understand the experimental magnetic configurations of the bamboo
nanowires, micromagnetic simulations study has been carried out using the mumax3 code
[47, 140, 141] and represented with OOMMF [48]. The total length of the nanowires in
the simulations was set at 1.72 µm with modulations in diameter every 400 nm and sizes
according to the sketch in Figure 2.3. Finite difference discretization size was chosen to be
2.5 nm for both materials.

Fig. 2.3: (a) Geometry and dimensions of the simulated bamboo nanowires.

In the case of the FeCo nanowire, we considered a polycrystalline structure with [110]
textured bcc phase according to XRD studies performed by Dr.Bran [138]. The nanostructure
was modelled by considering a random in-plane easy axis component in each grain. The
material parameters used in the simulations for both materials, room-temperature values,
are summarized in Tab. 2.1. Assuming the shape anisotropy of an idealy long cylinder

Material

µo MS (T)

Aex (pJ/m) K1 (Jm-3 )
5

FeCo

2.0

10.7

0.1 ×10

Co

1.75

13.0

4.5 ×105

Ksh (Jm-3 )
5

Anisotropy type

8.0 ×10

Polycrystalline cubic.
A random in-plane e.a.
component was considered in each grain

6.0 ×105

Uniaxial. e.a. at 75◦
with NW axis

Tab. 2.1: Values of material parameters [38] used to model the bamboo nanowires: Saturation magnetization, Exchange stiffness, magnetocrystalline anisotropy constant, theoretical shape
anisotropy and anisotropy type.

Ksh = 1/4µo Ms2 [36] for FeCo paremeters a value of Ksh = 8.0 × 105 Jm-3 is estimated,
much higher than the magnetocrystalline anisotropy. For the individual Co nanowire, the
uniaxial magnetocrystalline anisotropy constant is comparable with its shape anisotropy,
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Ksh = 6.0 × 105 Jm-3 . We have assumed that the Co nanowire is single crystal with the easy
axis of anisotropy oriented nearly perpendicular (75◦ ) with respect to the nanowire axis
according to literature values[142].

2.1.3 Remanence
In our micromagnetic simulations, both nanowires were taken from a magnetic saturation
state to remanence under an applied field parallel to the nanowire axis.

Fig. 2.4: Simulated magnetic configurations of FeCo and (b) Co bamboo nanowires at remanence. The
figures show a half section from the total length of the wires, containing an edge and two
modulations marked by arrows. Below each nanowire, transverse cross sections at the marked
regions along the length. The black arrows denote the projection of the magnetization in the
corresponding section while the red-white-blue color gradient of the background corresponds
to the longitudinal magnetization.

The resulting configurations of magnetization at remanence are presented in Fig. 2.4 for
FeCo (a) and Co (b) bamboo single wires. In the case of FeCo nanowire (Fig. 2.4(a)) we
observe an overall axial orientation of the magnetic moments (with the exception of the
regions close to the antinotches) that is principally determined by the shape anisotropy being
larger than the magnetocrystalline anisotropy of FeCo.
The magnetic structure corresponds to a nearly uniform axial domain state with open
vortices at each nanowire end as shown in the insets at the upper end of the nanowire. At
the positions of the small diameter modulation (pointed by green arrows), we observe a
smooth curling of magnetization at the surface of the nanowire in order to minimize the
formation of magnetic poles in the modulation, and therefore to decrease the magnetostatic
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energy (notice the lighter color contrast near the modulation places). This specific behaviour
where the magnetization is deviated from its axial orientation explains the periodic contrasts
observed in MFM and XMCD measurements. We can conclude that vortex-like structures are
observed at the diameter modulations.
On the other hand, the magnetic configuration of the individual Co bamboo nanowire
at remanence in Fig. 2.4(b) displays a more complex structure. Vortex structures with
alternating chiralities are observed along the nanowire length. A vortex state is also formed
at the nanowire end. The vortices show an elongated core as a result of the distortion
of its shape along the easy axis of the high transverse magnetocrystalline anisotropy and
displacement on the direction normal to the easy axis.
In addition, micromagnetic calculations inform about the lack of correlation between the
multi-vortex structure and the geometric modulations. As a result, this magnetic state
indicates that experimental observations consist of a sequence of vortices with alternating
opposite chiralities along the nanowire length in Fig. 2.2.

2.2 FeCo nanowires with modulations in diameter and the
‘corkscrew’ pinning mechanism
The magnetic reversal modes in cylindrical nanowires have been previously investigated
by micromagnetic modelling for diameters between 20 and 100 nm for soft and hard
magnetic materials [98]. In summary, cylindrical nanowires demagnetize via the nucleation
of a domain wall and its subsequent propagation from the end of the nanowire, either
of transverse or vortex type [98]. In order to control the reversal process and localize
these magnetization structures, geometrical modulations in nanowire provide pinning sites
which can be designed during the synthesis process [129, 143]. The vortex domain wall is
characterized by an inner magnetization singularity with non-trivial topology called Bloch
point wall [111], which exhibits different dynamical properties [101]. In this section, we
consider the case of cylindrical nanowires with periodical modulations in diameter.
Other nanoscopic geometries exhibit more exotic magnetization reversal modes and textures.
There is a large bibliography about magnetic skyrmions in bulk chiral magnets [28, 145, 146],
bilayers [147] and nanostructures [28, 148]. Magnetic skyrmions in a magnetic dot are nontrivial chiral structures stabilized by an antisymmetric exchange called Dzyaloshinskii–Moriya
Interaction (DMI) [18, 148]. A skyrmion consists of a central core with magnetization along
one direction that rotates towards its opposite direction at its border. The magnetic skyrmion
can be of the Bloch type (in Figure 2.5(a)) or of the Néel type (in Figure 2.5(b)) depending
on whether the magnetic moments in the transition follow an azimuthal or a radial direction,
respectively.
On the other hand, some studies inform that a curvature-induced DMI and magnetochiral
effects could emerge in nanoscopic geometries with curvature [26]. It has been recently
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Fig. 2.5: Schematic representations of (a) a Bloch skyrmion and (b) a Néel skyrmion. Figure inspired
by Ref. [144].

reported that the magnetization reversal in nanorods of Permalloy with a diameter of
60 nm and length 300 nm is mediated by the formation of skyrmion lines with opposite
chiralities and its collapse. The collapse is mediated by the propagation of pairs of hedgehogantihedgehog Bloch points (topological point defects) towards the ends of the nanowire,
despite no DMI interaction is involved [107]. To our knowledge, skyrmion tubes which are
not induced by DMI have not been previously stabilized in any cylindrical geometry.
In this section the reversal process, the magnetic structures and the pinning mechanism of
individual FeCo nanowires formed by segments of two different diameters are investigated
by micromagnetic modulations. The minor diameter and the crystalline nanostructure of
the nanowire are varied in order to observe modifications in the magnetic properties with
the diameter and the particular nanostructure. The effect of the particular nanostructure is
typically neglected in micromagnetic models of cylindrical nanowires.

2.2.1 Motivation of the present study
FeCo nanowires with modulations in diameter have been synthetized by electrochemical
route inside the nanopores of anodic alumina templates and engineered for specific periodic
modulation of diameter in the gnmp [44, 149]. Electron holography imaging studies on
isolated modulated nanowires at the remanent state consist of vortex states at the end of
the large segments [135]. Additionally, Kerr-magnetometry measurements on individual
nanowires on equispaced positions along the nanowire length show distinct local squaredshape hysteresis loops with either a single or multiple magnetization jumps [149].
Regarding the micromagnetic modelling results in literature, modulated nanowires composed
by two segments with distinct diameters have been modelled considering compositions such
as Ni [128, 129] and FeNi [112, 130, 131]. The existing micromagnetic simulations indicate
that the magnetization reversal process begins with the nucleation and growth of the vortex
domain wall in the segment of larger diameter. Under reverse magnetic field, these domain
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walls penetrate into the segment with shorter diameter and harder magnetic response [130,
131]. When this diameter is small and the difference between the two diameters is moderate,
then the conversion from the vortex domain wall into a transverse one can occur [128,
129].
Nevertheless, no strong domain wall pinning is typically observed. In the model presented in
this section no conversion from the vortex to the transverse domain wall is expected due to
the large saturation magnetization value. In any case, deterministic micromagnetic software
used so far does not permit modification as, for instance, of the vortex domain wall chirality.
Therefore, in our view, the currently existing theoretical studies are restricted in materials
and geometries, consider generally two segments and do not elucidate the cause of pinning
observed in most of experiments.
The formation of several non-trivial magnetization structures during hysteresis processes such
as swirls, hedgehogs or helices have been previously mentioned [150, 151]. The presence of
a helical magnetization domain wall for instance has been presented as possible magnetic
configuration in iron whiskers [151]. Nevertheless, a recent burst of interest in topological
magnetization objects has re-emerged concerning the dynamics of skyrmions and vortices,
topologically non-trivial magnetization structures, owing to their attractive dynamical reponse and possible future applications such as for magnetic carriers of information [152]. In
addition, magnetic nanowires with cylindrical symmetry provide an extra pontential for the
nucleation of topological defects owing to curling magnetization instabilities at the nanowire
ends [153].
In the present section we investigate the magnetization processes in magnetic nanowires
with modulations in diameter, which are characterized by the existence of topologically nontrivial 3D magnetization configurations such as vortex and skyrmion tubes and their helical
structures. These magnetization structures are stabilized by the finite-size (constrained)
effects of the geometry in nanowires of unequal diameters and play an significant function
in pinning processes.

2.2.2 Model
In order to enlighten the physical origin of the pinning phenomenon in FeCo nanowires with
modulations in diameter we carried out the micromagnetic modelling in conditions close to
the experimental ones. The geometry of the modelled nanowires is depicted in Figure 2.6(a).
These magnetic nanowires present a modulation in diameter with a series of 5 segments
with their respective diameters alternating between two values (modulations).
The two largest modulations have a diameter D = 130 nm and length 1 µm, and the narrow
modulation has a variable diameter 40 < d < 100 nm and 300 nm in length. The transition
between the two diameters is 50 nm in length, and the diameter is linearly increased from
the smallest to the largest value. The left and right end of the nanowires have the minor and
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large diameters respectively and are deliberately considered to be distinct as presented in
Figure 2.6(a) in order to induce an asymmetric propagation.

Fig. 2.6: (a) Geometry of the simulated nanowire, (b) An example of a grain structure of the nanowire
along a middle cross-section

A mumax3 [47] code was used for the micromagnetic modelling of the demagnetization
processes. The micromagnetic parameters correspond to those of realistic experimental
values[38, 42, 98, 127] with magnetization saturation µo Ms = 2 T, the magnetocrystalline
anisotropy constant K1 = 104 J/m3 , and exchange stiffness Aex = 25 pJ/m.

The FeCo nanowires are conceived to have a granular bcc nanostructure (modelled by the
Voronoi construction with a maximum grain size of 5 nm) textured along [110] direction
(which is parallel to the nanowire axis) as reported in previous works [42]. To theoretically
model the polycrystalline distribution one easy axis of the cubic anisotropy is considered at
45 ± 3 degrees with respect to the nanowire axis in each grain, but with a random azimuthal
angle. The remaining two perpendicular axes are placed in the plane, normal to the first axis.
The randomness of the azimuthal angle and the specific grain distribution is controlled by
a seed number which leads to different grain distributions as in the example presented in
Figure 2.6(b).

Three different realizations of polycrystalline disorder (i.e. the grain distributions) were
modelled. Each individual polycristalline distribution is controlled by the selection of a seed
number which generates the random distribution of grains.We will label this distributions by
the numbers 1, 2 and 3. The hysteresis loop was recorded for each distribution and minor
diameter.
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2.2.3 Hysteresis Loops and switching
The hysteresis loops under a magnetic field H, applied parallel to the symmetry axis of the
nanowire are presented in Figure 2.7 for the same larger diameter, 130 nm, and various
minor diameters, d, and grain distributions. The shapes of these hysteresis loops depend
considerably on the particular disorder distribution, i.e. the specific polycrystalline nanostructure of the nanowire. As main characteristic, the hysteresis loops become less squared and
the remanence decreases as the minor diameter of the nanowire is reduced. The remanent
magnetization is nearly independent on the specific distribution for each minor diameter
d.

Fig. 2.7: (a-c) Hysteresis loops obtained for three grain disorder distributions, labelled 1 - 3 respectively,
and for minor constriction diameters 40, 80 and 100 nm. The major diameter is 130 nm. (d)
Switching field as a function of minor diameter for the three disorder distributions.

Every hysteresis loop presents three stages: (i) a nucleation stage (the nucleation field
increases with the higher minor diameter d), (ii) the magnetization propagation/rotation
inside the segment of major diameter, and (iii) the irreversible magnetization jump in the
segments with minor diameter (depinning effect from constrictions). When the difference
between diameters is moderate the propagation and the depinning part take place at the
same field stage (This is defined by the lines below as ’weak’ pinning since the magnetization
variation in large and narrow modulations happens at the same field stage but with an
increased coercive field). This is the case, for instance, of the nanowire with minor diameter
d = 100 nm in Figure 2.7.
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The switching mechanism is different in nanowires with narrower minor diameter (d < 100
nm). The propagation of the vortex domain wall occurs along the inclined slope at smaller
field than the magnetization jumps in moderate diameter modulations (’strong’ pinning) as
depicted in Figure 2.7 by green and blue hysteresis cycles. In addition, the propagation stage
is characterized by additional small jumps related to the modifications of internal structures
in magnetization of the largest segments (see below). The magnetic field of the largest
magnetization ’jump’ defines the switching field Hs , which value is typically reduced as a
function of the difference between both diameters as presented in Figure 2.7(d).
The specific local disorder decrease or enhance the pinning field of the entire modelled
nanowire as illustrated by diameters d = 100 nm and d = 80 nm in Fig. 2.7(c). Nevertheless,
the simulations in general show a high pinning field (which we call ’strong’ pinning) for
the case of a large difference between both diameters. The few exceptions of the main
tendency that can be observed depend on specific disorder distribution as evidenced for the
distribution 1 and minor diameter d = 40 nm in Figure 2.7(a).

2.2.4 Vortex and Skyrmion tubes
The analysis of the magnetization configurations during demagnetization processes indicates
that each case (i.e. each specific granular nanostructure) has its own peculiar characteristics.
It is established in literature that the switching field is smaller for nanowires with thicker
diameter [98]. Accordingly, we notice that the demagnetization process begins in the
segments of larger diameter (or at the nanowire ends) in agreement with micromagnetic
simulations on FeNi and Ni in two-segments nanowires reported elsewhere [128, 129, 131,
154]. As a usual observation, the hysteresis process always begins with the nucleation of the
vortex structures at the nanowires ends as in Figure 2.8(a, b).
Distribution
1

2

3

100

A-CC-CC-C

A-CA-CC-C

A-CA-CA-C

80

A-CC-CC-C

A-CA-CC-C

A-AA-CC-A

60

A-CC-CC-C

A-CA-CC-C

C-AA-AC-A

40

A-CA-CC-A

A-CC-CC-C

A-AA-AA-A

d (nm)

Tab. 2.2: Chirality sequence of the vortex structures nucleated at the ends of the nanowire and at
the constrictions for each distribution and minor diameter. C (A) indicates the Clockwise
(Anticlockwise) chirality following a scheme X-XX-XX-X along the nanowire profile.

In the ideal nanowire, the vortices should appear in the alternating chirality pattern due
to the magnetostatic energy minimization. Nevertheless, the states with the equal vortex
chiralities in the simulated nanowire of 1 µm total length have a very similar energy.
Importantly, the granular nanostructure has a main function here promoting a entirely
random chirality pattern. For instance, Figure 2.8(a-b) shows two configurations for different
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grain distributions and a minor diameter of 100 nm. However, the whole sequence of the
vortex chiralities, Clockwise (C) and Anticlockwise (A), at the different segments is presented
in Table 2.2.

Fig. 2.8: Magnetization distribution in two-segment nanowires with a particular disorder and small difference between diameters before the switching. (a-b) Longitudinal magnetization component
at the surface and in the cross sections for d=100 nm for grain distributions with hysteresis
cycles of Fig. 2.7 (a-b) respectively (mx > 0 red colour, mx < 0 blue colour and grey colour
for mx ≈ 0. C stands for the clockwise and A for the anticlockwise chiralities of the vortices
along the length of each nanowire.; (c) Surface magnetization in a nanowire with disorder
distribution No.1 with d=80 nm before the switching showing the magnetization spiral and
the vortex/ skyrmion magnetization structure; (d-e) Views of cross sections of the nanowire at
a selected position showing a skyrmion tube with a core diplaced from the nanowire axis. The
right colour map shows colour scale for the whole figure.

The nucleation of the vortex structures is followed by further rotation of magnetic moments
inside the larger segments leading to the formation of tubes which expand from the ends of
the modulation towards its centre. As the magnetic field is reduced and becomes more and
more negative, the magnetic moments in the external shells rotate towards the field directions
and the vortex tubes propagate inside the segments of larger diameter. Consequently,
these tubes transform into Bloch skyrmion tubes (observe Figure 2.8(c-d) as a selected
example) since the magnetic moments in the external shells are directed antiparallel to
the core (and nanowire axis) direction. Skyrmion tubes in the segments of our nanowires
are magnetization structures whose cross-sections along part of the segment length show

2.2 FeCo nanowires with modulations in diameter and the ‘corkscrew’ pinning mechanism

39

skyrmion configurations. These structures require a third dimension as in nanowires and
therefore they are similar to the 2D skyrmions in nanodots. These skyrmion tubes are of
the Bloch type and they have an arbitrary chirality since they are stabilized by the nanowire
border and curvature, but not by the Dzyaloshinkii-Moriya interactions as in chiral magnet
[155]. Besides, they have the same topology as skyrmion tubes and carry a topological
charge close to the unity (in absolute value).

Fig. 2.9: Topological charges along the nanowire length in modulated nanowires for the grain distribution number 1 which exhibit tubes pairs with (a) same or (b) different chiralities in
the segments with larger diameter. Inset figures are superficial maps of the longitudinal
magnetization component according to the upper color scale.

The topological charge of the skyrmionic structures in the cross section of the skyrmion
tube has been calculated for two selected nanowires from the hysteresis loops in 2.7(a)).
The selected nanowires present different chirality patterns. The 2D topogical charge of a
skyrmion is defined by the following expression
Qtop (S) = −

1
4π



Z
m
~ ·
S

∂m
~
∂m
~
×
∂x
∂y


dS,

(2.1)

also known as Pontryagin number [107, 156, 157]. The curves in Figure 2.9(a-b) have been
obtained by calculating the topological charge of the 2D skyrmions in the nanowire cross
sections S along the nanowire profile following a similar approach as Charilaou et al. [107].
A non zero topological charge close to 1 is obtained in both nanowires, irrespective of the
skyrmion tubes chirality. This result confirms that the configuration of magnetic moments
corresponds to a skyrmionic structure.

2.2.5 The ’corkscrew’ pinning
The penetration of skyrmion tubes into the constrictions with small diameters corresponds to
the switching field (which is dictinct in each particular grain nanostructure) and occurs in a
single step if the difference between the diameters is moderate. The switching field depends
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on the specific chirality pattern; If the vortices/skyrmions in the same modulation are formed
with the opposite chirality, the encounter of two tubes with opposite chiralities results in a
complex domain wall (called helical domain wall by Chandra Sekhar et al. [112]) which
has a strong topological protection and is difficult to annihilate. Specially, the magnetization
reversal process in smaller segments can occur earlier than the whole switching in the
segment of larger diameter.
On the other hand, when the difference of diameters becomes large enough, we observe a
’strong pinning’, i.e. the skyrmion tubes structures get pinned at the modulation constrictions,
and an additional field is required to unpin them from these locations. Again, the chiralities
are formed with an arbitrary pattern and the vortices are transformed into the skyrmion
tubes as the applied magnetic field becomes negative.

Fig. 2.10: (a) The longitudinal magnetization component on the nanowire surface (upper images), and
(bottom images) the magnetization with the locus of mx ≈ 1 for each minor diameter for
the distribution No. 1. (b) The locus of mx ≈ 1 in the nanowire with minor diameter 60 nm
(left) is compared with the helix of a corkscrew (right). (c) Magnetization components in the
nanowire center along the x axis in the nanowire with minor diameter 80 nm.

In order to understand the mechanism of the pinning, in Figure 2.10(a) (bottom panels) the
regions where the magnetization is pointing along the nanowire before the unpinning (locus
of the magnetization with a longitudinal component mx > 0.97) are colored in red. The
narrow segments remain magnetized parallel to the nanowire axis and core (Hence they are
visualized here as wide red regions). Along the wide segments skyrmion tubes are present
(with the outer shell magnetized parallel to the magnetic field, and antiparallel to the core)
as can be observed also in Figure 2.11(b).
In the bottom panels of Figure 2.10(a) one can clearly see the oscillatory behaviour of the
skyrmion core position for large diameter differences but mostly absent for moderate differences. This can be also observed from the representation of the magnetization components
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along the line defined by the nanowire axis in Figure 2.10(c). The skyrmion core position
thereby forms a helical/spiral structure, pinned at the constrictions between segments with a
high diameter difference, called here the ’corkscrew’ pinning.

Fig. 2.11: (a) The nanowire and its axial magnetization distribution showing the fixed position used
for the analysis of the vortex/skyrmion for each nanowire. (b) ) Cross sections of the
magnetization at the marked position for three different nanowires of the disorder distribution
No. 1 colored by mz (top) and mx (bottom). The red arrows join the nanowire and vortex
centers for each cross section and indicate the direction along which the core size was
measured. (c) Longitudinal component of the magnetization along the red arrows for the
nanowires of distribution No.1. (d) Core width and displacement from the nanowire axis as
a function of the minor diameter.

To further understand its nature, we analyze the vortex (d=100nm) /skyrmion (d=40-80
nm) shape before the switching at a fixed distance from the constriction. The location
can be observed in Figure 2.11(a). Following the helical structure, its center is displaced
from the nanowire center and the helicoidal amplitude increases with the increase of the
difference between diameters (See Figure 2.11(b-c)). Note that for this specific disorder
distribution, the vortex for d=100 nm is located collinear with the symmetry axis of the
nanowire. However, depending on the grain disorder we found a helical behavior for this
diameter as well. In Fig. 2.11(c) it is depicted the vortex/skyrmion profile along the direction
of the straight line joining its core and nanowire centers. This line is drawn by dark red
arrows in Figure 2.11(b).
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The shift of the skyrmion core from the nanowire center is higher for a larger diameter
difference indicating that in order to penetrate into the small modulation, the core is first
displaced, or in other words, repelled from the constriction to minimize the magnetic poles.
The magnetic poles are then redistributed over the entire volume creating a spiral. The spiral
amplitude and the frequency increase with the diameter difference. An additional effect is
the narrowing of the skyrmion core to get accommodated into the narrower modulation.
Since the skyrmion core size depends on the applied magnetic field, a higher field is required
when the difference between both diameters is larger.

2.3 Chapter conclusions
We have first modelled the magnetic remanent configuration of FeCo and Co hcp nanowires
with bamboo geometry. We conclude that the magnetization structure in individual FeCo
nanowires at remanence consists of a longitudinal domains with vortex structures with
an axial core at the diameter modulations and at the nanowire ends. That indicates that
the periodic pattern in the MFM and XMCD-PEEM observations in Figures 2.2(a,d) are
vortex structures pinned at the nanowire modulations. The core is centred in the axis of the
nanowire in the vortices are formed at the modulations.
A very different remanent state is observed in Co nanowires, whose almost perpendicular
magnetocrystalline anisotropy promotes a multivortex state along the nanowire length. There
is no correlation between the geometric diameter modulation (Antinotches), and the length
and position of the vortices in Co bamboo nanowires. This is interpreted to be a consequence
of the strong crystalline anisotropy nearly perpendicular to the nanowire. The vortices have
alternating chiralities and an asymmetric core (larger along the easy axis direction) and
displaced out from the nanowire axis in the direction perpendicular to the easy axis of the
nanowire. We can finally conclude that the remanent state in Figures 2.2 (c,d) corresponds
to a multivortex state.
Therefore, bamboo nanowires show tunable magnetic properties where the magnetization
configuration is determined either by the bamboo geometry, as in the case of the FeCo
nanowire, or by the strong magnetocrystalline anisotropy in the Co nanowire. These features
make them potential candidates for advanced spintronic and sensoring devices, which require
full control over the magnetization reversal process.
On the other hand, we have modelled the hysteresis cycle of FeCo nanowires with modulations in diameter and analysed the magnetic structures as a function of the value of
the minor diameter for 3 different crystalline nanostructures. We have shown that the
magnetization pinning of FeCo modulated nanowires can be engineered by varying the
diameter of the narrow segment. The magnetization process occurs by vortex formation in
large segments with arbitrary chiralities. As the reverse field increases, the vortices expand
in length and form tubes which are later transformed into the skyrmion tubes. Thus, the
presence of topologically non-trivial configurations is inherent for the magnetization reversal
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processes and defines the pinning nature. As a general rule, the larger the difference between
diameters, the stronger the pinning. The value of the pinning field is significantly affected by
two main contributions: (i) the difference in diameters between the constrictions, and (ii)
the particular disorder which determines the chiralities of the vortex domain walls.
For nanowires with moderate difference between the two segment diameters, the switching
field is determined by the annihilation of skyrmion tube structures. When two of these tubes
with the opposite chiralities meet, the resulting structure is strongly topologically protected
and requires an additional field to be overcome. The uncontrollable vortex chirality suggests
the difficulty of precise control of some properties such as the coercive or switching field of
modulated nanowires.
For larger difference between diameters, a strong pinning is observed and a much stronger
field is required to switch the small diameter modulations. The corresponding constrictions
are characterized by stronger magnetostatic charges and, in order to minimize them, the
skyrmion core is displaced from the nanowire axis. Here we report a new type of pinning, that
we have labelled corkscrew-like, since the skyrmion core positions form a helicoidal structure.
The amplitude of this structure increases as a function of the diameter difference and the
skyrmion core size near the switching field decreases. Our analysis introduces a new type of
pinning and offers novel perspectives to its control. This is important for the geometrical
design of magnetic nanowires aiming at multiple nanotechnological applications
To conclude, we have numerically shown the potential technological capabilities and novel
physics involved in the geometrical modulation of Co-based cylindrical magnetic nanowires
by multiple periodical (bamboo-like) or individual diameter variations, which may provide
clues for to the development of advanced nanowire-based spintronic, magnetic recording
and sensoring devices.
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Analytical and micromagnetic modelling of
domain wall pinning in a two-segmented

3

nanowire of Permalloy

G

EOMETRIC MODULATIONS in magnetic nanostrips and nanowires have been proposed
in the literature for different purposes, specially to control the motion and placement
of magnetic domain walls by inducing pinning sites as introduced in chapter 2. In
nanowires and nanostrips several methods have been proposed to drive the domain wall
motion: an external magnetic driving field [119–122], spin-polarized currents [123], spin
waves or even localized temperature gradients [124]. For a driving magnetic field, the
threshold value for which the domain wall is unpinned from a pinning site is called the
depinning field [118, 158–160]. The driven domain wall type may be either a vortex or
a transverse domain wall [98]. For an individual Permalloy nanowire the nucleation of a
transverse domain wall is favorable below a diameter of 50 nm whereas a vortex domain
wall is expected for larger diameters [98].

In this chapter we study the propagation of a tail-to-tail transverse domain wall in a Permalloy
nanowire with a single modulation in diameter, that is, with two segments of different
diameters and the corresponding transition region. Here we introduce a simple analytical
model for the field of unpinning/depinning of this magnetic domain wall which is compared
with the micromagnetic simulations. In advance of findings, a qualitative analytical model
for gently sloping modulations lead to a simple scaling law which may be useful to guide
the nanowire design in experiments. This expression indicates that the depinning magnetic
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field of the domain wall is proportional to the slope of the modulations as observed in
the numerical model. This research study has been carried out during my research stay in
Grenoble (France) in collaboration of University of Grenoble Alpes, CNRS, CEA, Grenoble INP,
INAC-Spintec, Néel Institut and our research group at ICMM. Most of my contribution has
been the development of the analytical model and analysis of the micromagnetic results.
In this framework only few studies address theoretically the domain wall dynamics within
modulated diameter nanowires driven by applied magnetic field or current [128, 129, 161–
163]. In addition, a characterization of the effect of geometric parameters over the domain
wall depinning conditions remains unclear. A simple general analytical description of the
depinning of the domain wall complemented by numerical calculations will be a potential
tool for nanofabrication and experimental issues.
Here we present a quantitative micromagnetic characterization of the domain wall dynamics
in a individual nanowire with a modulation in diameter within the smooth transition region
between both diameters. A simplified analytical model which relates the depinning conditions
for a transverse domain wall with the critical geometrical parameters which control the
modulation is also provided.
We focus on the conservative driving force arising from an uniform external magnetic field
applied along the nanowire axis, and describe the observed potential energy well. However,
the analytical approach here presented is simple but general, and other driving forces such
as spin polarized currents may be included in the future.

3.1 Micromagnetic model and geometry
In order to figure out the effect of a modulation of the diameter of a nanowire on the
propagation of a transverse domain wall under the applied magnetic field in a cylindrical
nanowire, the finite element software feeLLGood [54, 163, 164] was employed. The geometry was discretized in a non-regular finite element mesh in feeLLGood which adapts the
curvature of the choosen geometry. The Landau-Lifshitz-Gilbert equation (LLG) is solved for
magnetization dynamics [165] in a micromagnetic approach.
The cylindrical nanowire contains a smooth modulation of diameter joining two straight
segments of diameters 2R1 and 2R2 > 2R1 as depicted in Figure 3.1(a). The nanowire axis
is colinear with the z direction. The smooth diameter modulation has been constructed
centred in the middle of the nanowire (i.e. z = 0) by glueing two equal arcs of circumference
with radius
(R2 − R1 )2 + λ2
(3.1)
Rmod =
4(R2 − R1 )
as illustracted in the diagram in Figure 3.1(b), which is adequate to characterize experimental
profiles[119]. The total width of the modulation is λ and the nanowire has a total length
L.
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Fig. 3.1: (a) Nanowire with a modulation in diameter from a minor value 2R1 to major value 2R2 .
The length of the mdulation is λ and centered in z = 0. (b) Construction of the profile of the
modulation. (c) Propagation of a Tail-to-tail transverse domain wall under an applied magnetic
field. The upper color scale bar stands for the axial magnetization mz . Figure readapted from
[166].

Brown (known as Neumann) conditions have been used for magnetization components and
the magnetic charges at the ends of the nanowires have been numerically removed to prevent
the magnetization reversal. The used material parameters of Permalloy are: Saturation
magnetization MS = 800 kA/m, gyromagnetic ratio γ0 = 2.21 × 105 ms-1 /A, damping
α = 0.05, exchange stiffness Aex = 10 pJm-1 , vanishing magnetocrystalline anisotropy and
zero magnetostriction. The mesh is discretized in tetrahedrons with a maximum size of 2 nm.
As initial condition the magnetic configuration was set to a relaxed transverse-like tail-to-tail
wall (An example of the transverse domain wall during the propagation is illustrated in
Fig.3.1(c)).
The domain wall position and width have been estimated by fitting the axial magnetization
component with an analytical tanh-profile
mz = tanh



z − z0
∆DW



(3.2)

for a domain wall with center position z0 and domain wall width ∆D W , analogous to the
Bloch wall model [167]. This tanh-profile does not impose restrictions neither on the specific
geometry of the nanowire nor on the dynamics of the domain wall in opposition to the
so-called dynamic definition of the domain wall width proposed by Thiele1 [168]. A weak
point on Thiele’s definition of the domain wall width is the assumption of a steady domain
wall propagation along the invariable cross-section nanowire axis with a rigid domain wall
structure. Geometrical modulations in nanowires do not hold these conditions as the variable
diameter clearly modifies the entire domain wall profile and hence its width.
1

For a domain wall with rigid structure in a steady motion
∆DW =

2S

R
S

2
(∂ m/∂z)
~
dS

3.1

Micromagnetic model and geometry

47

Despite the tanh-profile corresponds to the 1D Bloch domain wall model [165] which
is not a three-dimensional magnetization distribution, it fits the transverse domain wall
width well enough for nanowires with moderate diameters. As a result our calculations
have been restricted to moderate diameters differences (≤ 40 nm). Nanowires with larger
diameters (≥ 40 nm) can promote Bloch Point (Vortex) domain walls with considerably
distinct dynamical properties [101, 108].

3.2 Field driven domain wall propagation in individual modulated
and straight nanowires
First, we numerically investigate the dynamics of the transverse domain wall under a driving
magnetic field located far from the diameter modulation of the nanowire as illustrated in
Figure 3.1(c). The resulting motion is contrasted with straight nanowires (i.e. vanishing
diameter limit of the modulation). Finally the response of a domain wall driven by a magnetic
field from the end with minor diameter towards the modulation is analysed.

3.2.1 Dynamics in straight nanowires and far from the modulation
The domain wall dynamics under the driving magnetic field in the minor segment far from
the modulation is analogous to the dynamics and properties in straight wires with same
diameter (in the limit of vanishing difference of diameters). Comparable with the results
of Jamet et al. [108], the value of the domain wall width obtained from the fitting to the
tahn-profile in Eq. 3.2 grows with the nanowire radius, as depicted in Figure 3.2(b) by open
circles. The extrapolation to R = 0 of the
q resulting curve tends to the theorical value of
4Aex
[165, 169].
Bloch domain wall parameter ∆Bloch =
µ M2
0

S

No meaningful difference between tanh-fitted values is observed in the absence or presence
of an applied magnetic field, contrary to the nanostrips with rectangular cross-section where
the domain wall width is significantly altered by the magnetic field owing to its structural
deformation [117, 170].
Besides the domain wall propagation, the domain wall motion under the driving magnetic
field occurs solidary with its precession around symmetry axis of the nanowire [101], as
shown in Figure 3.2(a). The sense of this precession is uniquely determined by the torque in
LLG equation. The forward-rotational motion may be expressed in a 1D model by the linear
velocity relation [171]
γ0 α
v=
∆DW Happ
(3.3)
1 + α2
where Happ is the applied magnetic field, and
f=

1
γ0
Happ
2π 1 + α2

(3.4)

the precession frequency of the transverse domain wall around the wire axis.

48

Chapter 3

Analytical and micromagnetic modelling of domain wall pinning in a two-segmented nanowire of

Fig. 3.2: Domain wall properties far from modulation. (a) Illustration of the field-driven domain wall
precessional motion along z axis. (b) Width of the domain wall for different nanowire radius:
Circles (◦) are values obtained from the fitting to the tanh-profile. Stars (9) are estimated
values from the velocities obtained from micromagnetic equations throughp
Eq. 3.3. The blue
cross (×) at R = 0 is the theoretical Bloch wall parameter value ∆Bloch =
4Aex /(µ0 MS2 ).
(c) Points display the velocity of the domain wall from the simulations as a function of the
applied magnetic field. Lines show Eq. 3.3 for the fitted domain wall width value in (b). (d)
Points display the precession frequency of the domain wall from simulations as a function of
the applied magnetic field. The line displays Eq. 3.4. Figure extracted from [166].

The values of the velocity of the domain wall obtained from micromagnetic simulations in
Figure 3.2(c) follow a linear trend with the driving magnetic field, whose slope increases
with the nanowire radius as expected by Eq. 3.3. The simulated values (points) are drawn
on solid lines. These lines are calculated by combining the tanh-fitted values of the domain
wall in Figure 3.2(b) and the Eq. 3.3.
The values of the velocity for a minor nanowire radius (i.e. ∼ 5 nm) suggest an excellent
agreement of the simulations with the analytical expression. In the limit of vanishing radius
the domain wall response is adequately described by the 1D model. The moderate disparity
between simulated and analytical values for major radii (> 5 nm) is ascribed to the deviation
of the real domain wall structure from the ideal tanh-profile given by Eq. 3.2. That issue is
illustrated by the gap between black and red lines in Figure 3.2(b), where hollow stars (9)
indicate the width of the domain estimated from the values of the simulated velocities and
solving the expression in Eq. 3.3).
On the other hand, the precession frequency of the transverse domain wall in Figure 3.2(d)
suggests an excellent fit between the analytical expression given by eq.3.4, and computational
values. Note that the rotation frequency of the domain wall is a dynamical quantity com-

3.2 Field driven domain wall propagation in individual modulated and straight nanowires
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pletely independent of the domain wall width. It is uniquely determined by the dynamical
parameters involved in the LLG equation.

3.2.2 Approximation and overpass of the modulation in diameter
The internal energy (sum of magnetostatic and exchange energies) of the domain wall as a
function of its position in 3.3(a) has been obtained from the free drift of the domain wall
(i.e. domain wall motion under no applied field) starting close to the end of the segment
with major diameter, and propagating towards the oposite end of the nanowire. Notice that
in contrast to the picture presented in Figure 3.2(c) where the domain wall is driven by an
applied field, here the domain walls moves free from external excitations. Therefore, the
motion starts at the right end of the nanowire and the propagation proceeds towards the
opposite direction as sketched in Figure 3.2(c). The introduction of a smooth modulation in
diameter between two segments with different thickness (as illustrated in Figure 3.1) leads
to a variation of the internal energy of the system with the position of the transverse domain
wall. That internal energy is proportional to diameter of the nanowire at a given position
of the domain wall, and hence, the thinner segment of the nanowire corresponds to the
lowest values of the energy and the thickest segment to the higher values of the curve. As a
result, the minimization of the energy of the transverse domain wall is favored in the thinner
segment. In the 1D model of the domain wall these curves are interpreted as step potentials
or potential barriers during the domain wall propagation.
The free drift of the domain wall is simultaneously followed by a non-monotonic variation of
the domain wall width shown in Figure 3.3(b). Again, far from the modulation the domain
wall width, as well as the internal energy, retrieves the values observed in a straight nanowire
with same diameter as the corresponding segment. Refs.[161, 163] have informed about
analogous results. As observed, the largest energy barrier coincides with the largest aspect
ratio between diameters R2 /R1 .
On the other hand, for a domain wall under a driving magnetic field as in the sketch in
Figure 3.1(c), the competition between the geometrically induced energy barrier and the
energy provided by the applied magnetic field governs the dynamical response of the domain
wall. The domain wall position as a function of time in Figure 3.4(a) illustrates the diverse
responses of a domain wall which has been initially relaxed in the thinner segment and
driven by different uniform applied magnetic fields. The corresponding internal energy
and the evolution of the domain wall width as a function of the domain wall position are
depicted in Figures 3.4(b) and (c) for selected applied field values. Orange-brownish curves
correspond to domain walls which get pinned nearby the modulation, while blueish curves
correspond to domain walls which are able to overcome the potential energy barrier and
reach the opposite end of the nanowire.
Above some critical value of the applied magnetic field the transverse domain wall uniquely
slows down its velocity during its propagation within the modulation, overpasses the potential
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Fig. 3.3: Domain wall properties during a free drift motion (zero applied field). The initial position
of the domain wall is close to the right end of the nanowire. (a) The internal energy of the
nanowire and (b) the domain wall width as a function of the domain wall position (with
λ =100 nm and R1 =5 nm). Dashed lines indicate values in straight nanowires. Adapted
from [166].

energy barrier and travels toward the right end of the nanowire. Again, far from the
modulation the domain wall has a translational motion with steady velocity according to eq.
3.3. Notice that the slope in the curve of ’position of the domain wall with time’ (in Figure
3.4(a)) is more pronounced in the segment with major diameter of the nanowire, and hence
the velocity higher than in the thinner segment (as well as its domain wall width). Nearby
and within the modulation, the velocity of the transverse domain wall has a non-trivial
response which is not described by the mentioned expression.

For field values below a critical one (the depinning field) the domain wall gets and remains
pinned at the left side from the centre of the modulation. The equilibrium final position
or position of the pinned domain wall is closer to the centre of the modulation for larger
values of applied magnetic fields. For the purpose of predicting this equilibrium final position
and the critical applied magnetic field required to unpin/depin the domain wall from its
equilibrium position, we have carried out a simple analytical model which is introduced in
the next section.

3.2 Field driven domain wall propagation in individual modulated and straight nanowires
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Fig. 3.4: (a) Position of the transverse domain wall with time. (b) Internal energy of the nanowire as a
function of the wall position. (c) Domain wall width at each domain wall position. In (a-c)
orange-brown curves correspond to domain walls which get pinned. Blueish curves correspond
to domain walls which overcome the potential barrier. λ =100 nm, R2 = 12.5 nm and R1 =5
nm. Figure readapted from [166].

The impact of the geometrical modulation on the domain wall precession is also observed in
Figure 3.5 (a) for two selected applied fields. Far from the modulation and in the segment of
minor diameter (and thus minor amplitude in the transverse component of magnetization
mx ), the domain wall precesses around the nanowire axis with the frequency given by Eq.
3.4.
For low fields (H ≤ 100 mT), the rotational motion of the domain wall suffers a drop in
the precession frequency (here visualized as an increment in the oscillation period) when
approaching and penetrating the modulation. Equivalently, the frequency approaches zero in
Figure 3.3 (b) as the domain wall gets close to the center of the modulation and the domain
wall stops its precessional-forward motion. If the domain wall is able to cross the center of
the modulation (H > 100 mT), the frequency increases again, as well as the amplitude of
the transverse component. Note that the minimum frequency is achieved at the centre of the
modulation in Figure 3.3 (b), independently of the magnetic applied field.
The frequency drop ∆f (z) in Figure 3.3 (b) with the domain wall position has a maximum
decay of ∆fmax = 2.89 GHz in absolut value, independent of the magnitude of the applied
field. Furthermore, every curve in Figure 3.3 (b) collapses to a universal curve when the
frequency given by Eq. 3.4 is subtracted to them. That universal curve suggests that the
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Fig. 3.5: (a) Transverse component of the magnetization as a function of time for two selected fields in a
modulated nanowire (with R1 =5 nm, R2 =10 nm and λ =100 nm). The wall gets pinned for
90 mT. (b) Precessional frequency of the domain wall as a function of the axial magnetization
(equivalent to domain wall position z) for different applied fields. The propagation occurs from
positive to negative magnetization values as indicated by the thick arrow (i.e., from region
with minor diameter to segment with larger diameter). The gray vertical line is equivalent to
centre of the modulation and its width is colored in yellow. Hollow circles (◦)indicate pinned
domain walls.

instant precession frequency f (z; Happ ) of a domain wall driven by a magnetic field in a
nanowire with a single modulation in diameter is uniquely ascribed to the variation of the
geometry, and can be expressed as the frequency drop (induced by the diameter variation)
added to the 1D model frequency of Eq. 3.4 as
f (z; Happ ) =

1
γ0
Happ − ∆f (z).
2π 1 + α2

(3.5)

As a result, there is a critical field Hcrit,f which is the minimum field required by the domain
wall to start to precess (and propagate) given by f (z; Hcrit,f ) = 0, i.e.


Hcrit,f = 2π

1 + α2
γ0


(3.6)

∆fmax ,

leading to a value of µo Hcrit,f ≈ 103.51 mT, similar value to the depinning field observed in
micromagnetic simulations.
The possibility of both, blocking/unblocking the precession and controlling the depinning
of a single domain wall by a low field indicates that nanowires with a single modulation
in diameter are promising candidates for advance AC signal generators or magnetic field
sensors.

3.3 Analytical model
In addition to the micromagnetic simulations, we have developed an analytical expression
that relates the geometric sizes of the modulation with the critical applied field for the
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Fig. 3.6: (a) Schematic illustration of the uniformly charged sphere corresponding to the domain wall.
(b) Modulation profiles used in the simulations and in the analytical model. (c) Normalized
total energy of the system as a function of the domain wall position for several values of
applied magnetic field. Gray lines illustrates the different positions of the extrema of the
curve for different applied values (d)Domain wall position as a function of the applied field
according to the eq. 3.11 (red line) and to the eq. 3.10 (black line). Inset: corresponding
dimensionless coordinate η related to energy extrema as a function of the applied magnetic
field. In this figure we used the following geometry parameters: R1 =5 nm, R2 =10 nm and
λ ≈ 4δ =100 nm. Figure adapted from [166].

depinning of the domain wall. As starting point we consider the total energy functional
including the magnetostatic, exchange interaction and applied magnetic field (Zeeman)
contributions. For a nanowire with cylindrical cross-section[169] this expression reads:
µ0
E(m,
~ ∇m;
~ ~r) =
2

Z

~ d2 (~r) dV +
H

V

Z

Aex (∇m)
~ 2 dV

V

Z
− µ0 M S

~ app dV
m
~ ·H

(3.7)

V

where the integrals are evaluated over the entire volume of the sample V . Hd is the
demagnetizing field, Aex the exchange stiffness, MS the spontaneous magnetization, µ0
the vacuum permeability and m
~ the normalized magnetization. In the case of a tail-totail transverse domain wall roughly approximated by an uniformly magnetized magnetic
spherical volume, the expression 3.7 can be simplified:

• A tail-to-tail transverse domain wall carries a magnetic pole/charge with value qDW =
−2πR2 MS [172] that we consider uniformly distributed in a spherical volume of
radius R for simplicity as illustrated in Figure3.6(a), equivalent to a magnetic pole
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density ρ = 34 πR3 × qDW . By simple analogy with electrostatics, the magnetic field
Hd created by the magnetic pole density is described according to
Hd (r > R) =

qDW
4πr2

outside the spherical volumen and according to
Hd (r < R) =

qDW r
4πR3

inside the spherical volume. Therefore, an immediate integration of magnetostatic
energy term over the entire space in the first term Eq. 3.7 leads to a magnetostatic
contribution of the form 3πµ0 MS2 R3 /5. Note that here we have carried out the
integration over the nanowire volume instead of the whole space as the field rapidly
decays as 1/R2 .

• The second term in Eq. 3.7, the exchange interaction energy, is estimated according to
the one-dimensional spin chain model [150] with a slowly variation of magnetization
inside the sphere. In this case
Aex (∇m)
~ 2 ≈ Aex



π
2R

2

and the second term over the spherical volume leads to Aex π 3 R/3 as the total exchange
interaction energy.

• For the Zeeman energy, the third term in Eq. 3.7, we neglect the domain wall width in
comparison to the length L of the nanowire. For a straight cylindrical nanowire that
leads to −µ0 MS Happ πR2 L as the total Zeeman energy contribution. However, for a
nanowire with a modulation of diameter given by a radius 2R(z) as a function of z
coordinate along the nanowire axis, the total energy contribution of the external field
relies on the integral over z.

Hence, for a transverse domain wall centred at position z the total energy given by Eq. 3.7
simplifies to
EDW (z) =

3π
π3
µ0 MS2 R3 (z) +
Aex R(z)
5
Z 3
z

R2 (u) du

− 2µ0 MS Happ π

(3.8)

−L/2

with the assumptions listed few lines above. The zero energy level has been redefined without
loss of generality to remove the superfluous constant arising from the Zeeman energy. The
expression 3.8 can be applied for a smooth profile given by a radius R(z) at a position z in
the nanowire axis.
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In order to develop an analytic estimation, the piecewise circumference-based nanowire
profile used in numerical simulations ( and constructed with the circle radius in eq. 3.1) can
be closely replaced by the following analytical expression (See Fig.3.6(b)):
R(z) =

R1 + R2
R2 − R1
+
η(z) ,
2
2

(3.9)

where 2R2 and 2R1 are the major and minor diameters, η(z) = tanh(z/δ) and δ ≈ λ/4. The
relation between δ and the width modulation λ has been chosen so this analytical profile
fits the profile used in micromagnetic simulations as the example in Figure 3.6(b). The
aforementioned approximative profile fits well to the gently inclining smooth modulations
considered in the present chapter2 .
For the tahn-profile in Eq. 3.9, the modelled energy given by Eq. 3.8 as a function of the
coordinate z for several applied magnetic field values is shown in Fig. 3.6(c). Below some
critical value of the external field the energy presents two relative extrema, minimum and
maximum nearby the centre of the modulation. They are respectively displayed in Figure
3.6(c) by the grey dashed and dot-dashed lines, and may be estimated by solving the extrema
dEDW (z)/dz = 0.
The position of the minimum corresponds to the equilibrium/final position of a pinned
transverse domain wall. Mathematically we define the domain wall depinning condition, at
some critical value of the applied magnetic field Hcrit , as the degeneracy of both extrema into
the single point (See Fig. 3.6(c)). The mathematical expression coupling the dimensionless
coordinate η (corresponding to energy extrema) with the the applied magnetic field Happ is
given by
1 − η 2 (z) ×




×

2
10lex
1+
27 (r1 + R2 + (R2 − R1 )η(z))2

where the exchange length lex =

p



R2 − R1
10 Happ
−
=0
δ
9 MS

(3.10)

2Aex /(µ0 MS2 ) has been introduced.

The numerical solution of the fourth order polynomial equation in η given by the expresion
Eq. 3.10 is drawn with the black solid line in the Inset of the Figure 3.6(d). The two branches
2

The parameter δ is approximated by comparing the slope of both curves nearby the modulation centre, the
circumference-based profile of the nanowire used in micromagnetic simulations and the analytical profile provided
by Eq. 3.9. A simple relation between λ and δ is obtained:
δ=

λ
4



1−

(R2 − R1 )2
λ2



.

For a gently inclining smooth modulation with (R2 − R1 )/λ < 1 this expression simplifies to δ ≈ λ/4, which
will be used hereinafter. The correction to this expression is quadratic in (R2 − R1 )/λ and the relative error made
by tahn-based shape approximation is less than 10%, which is suitable for a large range of modulation sizes. In the
limiting case of very abrupt diameter transition the disagreement between circumference-based and tanh-based
profiles is more pronounced. Nevertheless the mention dissimilarity is largely masked by such model weak points
as, for instance, the exclusion of the magnetostatic domain wall repulsion from the modulation or the surface pole
density in the domain wall.
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of the solution,η− and η+ , correspond to the minimum and maximum of energy, respectively.
Their degeneration indicates the critical field value required to depin the domain wall from
the pinning site. Unravelling the definitions, the equilibrium or final position of the domain
wall zf inal as a function of the applied magnetic field Happ is given by the negative branch
η− , Hence, the distance to the centre of the modulation is depicted in Figure 3.6(d).

For small radii differences (R2 − R1 )/(R2 + R1 ) << 1 the expression in Eq. 3.10 reduces to
a simple quadratic equation for which η(z) may be solved analytically, and the subsequent
equilibrium/final position of the domain wall estimated as

 p

zf inal = δ arctanh −

1 − kHapp



where
20
δ
k=
9Ms (R2 − R1 )



2
10π 2 lex
1+
27(R1 + R2 )2

(3.11)

−1
.

The Eq. 3.11 is an comparative solution of the equilibrium position for the domain wall and
is depicted by the black dashed line in Figure 3.6(d). The nearly overlying black solid line
is the exact solution of the polynomial 3.10 obtained by numerical solving of the roots of
the equation. As a result, the analytical estimation given by 3.11 reasonably agrees with the
exact solution in shape and order of magnitude despite the approximations considered.

From Eq. 3.11, it is straight forward to obtain an expression of the critical field
Hcrit

9MS (R2 − R1 )
=
20
δ



2
10π 2
lex
1+
27 (R1 + R2 )2


.

(3.12)

for which the transverse domain wall is unpinned from the proximity of the modulation.

As stated in the Eq. 3.12, the critical field is predominantly proportional to the slope of the
modulation (R2 − R1 )/δ with a correction owing to the exchange interaction, insignificant
for large diameters. Therefore Hcrit exhibits in Figure 3.7(a) a mainly linear behaviour as a
function of the major radius R2 , and indeed vanishes in the straight nanowire ( when the
radii diference tends to zero). The proportionality between Hcrit with the inverse modulation
length δ is illustrated in the Figure 3.7(b).

Therefore the depinning field given by Eq. 3.12 predicts moderate values of Hcrit for the
gently sloping modulations. In Figure 3.7(a-b) we keep uniquely the exact numerical solution
for the critical field.
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Fig. 3.7: Critical magnetic field given by relation 3.12 as a function of the major radius R2 (a) and
as a function of the length of the modulation δ ≈ λ/4 (b); grey regions are excluded values
due to the magnetization reversal in the nanowire. Comparison between values calculated by
micromagnetic simulations and expression 3.12: (c) Critical magnetic field as a function of
major radius R2 for a nanowire with R1 =5 nm and λ =100 nm (or δ =25 nm); (d) Critical
magnetic field as a function of the length of the mdulation λ for a nanowire with for R1 =5
nm and R2 =7.5 nm. Figure readapted from [166].

3.4 Analytical model vs. simulations
Figures 3.7(c-d) compare the critical magnetic field calculated via micromagnetic simulations
and the values returned by the analytical expression in Eq. 3.12. Both critical fields display
qualitatively close tendencies according to the geometrical parameters of the modulation.
Furthermore, for small values of the aspect ratio R2 /R1 and large lengths of the modulation
λ lengths (ie. gently smooth inclining modulations), one observes an excellent fit between
the analytical expression and the micromagnetic simulations. Besides the critical field, this
fitting also applies reliably for the final position of the domain wall as a function of the
applied magnetic field as illustrated in Figure. 3.8.

In fact, the micromagnetic simulations carried out for the most moderate inclining modulation
out of the three depicted in Figure 3.8(b) confirm a satisfactory agreement with the expression
3.11. For such nanowire the modulation slope verifies the condition R2 − R1 << λ, which
minimizes the magnetostatic repulsion of the magnetic pole density accumulated on the
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surface of the diameter transition [173] and reinforces the equivalence between the geometric
λ and analytical δ widths of the modulation.
The analytical relations in Eqs. 3.11 and 3.12 work as a helpful instrument for experimental
and engineering purposes under the aforementioned conditions. These expressions enable
to design the modulation and diameter sizes in the course of the production process of
the nanowires to achieve appropriate properties promoting the domain wall depinning and
propagation.

Fig. 3.8: Comparison between expression 3.11 and simulated values. Equilibrium/final position of the
domain wall as a function of the applied magnetic field for nanowires with sizes: (a) R1 =5
nm, R2 =7.5 nm, λ =50 nm; (b) R1 ==5 nm, R2 =7.5 nm, λ =100 nm; and (c) R1 =5 nm,
R2 =10 nm, λ =100 nm .Figure extracted from [166].

The analysis between simulated and analytical predictions of domain wall final states and
critical fields indicates, by constrast, a lower precision in the analytical description in
nanowires with more abrupt diameter modulations. Abrupt geometries modulations exhibit

3.4 Analytical model vs. simulations
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a more noticeable discrepancy between both descriptions owing to some assumptions of the
model:

(i) The first approximation involves the distribution of magnetic poles inside the transverse
domain wall (ρDW = −MS ∇· m).
~ The simplification of the poles in volume to a sphere
with a homogeneous magnetic pole density results to be imperfect and does no not
recreate adequately the volume densities observed in the micromagnetic simulations,
as illustrated in Figure 3.9. While most of the magnetic poles distributed in volume
are confined within a region nearby the centre of the transverse domain wall, the
local density estimated from the micromagnetic simulations reflects a light lack of
homogeneity. The mentioned discrepancy is also found in the 1D Bloch wall analytical
expression given by eq. 3.2 when evaluating the divergence of magnetization.

(ii) Furthermore, micromagnetic simulations indicate that the isovalues of the magnetic
pole volume density (spatial region taking the same density value) of the transverse
domain wall present a saddle-like complex structure with its maximum value in the
centre of the domain wall, and decreasing at more distant positions.

(iii) Regarding the exchange interaction energy, the approach of a gradual linear variation
of the angle of magnetization employed in section 3.3 (inspired by the 1D spin chain
model) hardly keeps to its validity range for the abrupt geometries.

In spite of the aforementioned imperfections, the simple analytical model introduced in
section 3.3 results in adequate predictions of the critical/depinning field response for several
parametric variations of the modulated geometry. However, micromagnetic simulations
should figure out the situations for which a severe deviation could be expected.

Fig. 3.9: Isovalues of volume magnetic pole density ρ = −MS ∇ · m
~ of a transverse domain wall (a)
nearby the nanowire modulation and (b) at a distant position from the modulation for two
different situations: (top) simulated transverse domain wall and (bottom) homogeneously
charged spherical volume (ρ = cte). Figure adapted from [166].
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On the other hand, it is worth noticing that the proposed analytical model ist just intended
to describe the transverse domain wall case. The nucleation and magnetization reversal by
this type of domain wall is principally ensured with diameters of few tens of nanometers (
30 to 50 nm) [98]. Therefore, the same restrictions apply to our simple analytical model.
Whether alternative magnetization textures, for instance Vortex (Bloch) Point Wall or
skyrmion tubes, may exhibit an analogous linear dependence between the slope of the
diameter transition and the depinning field remains a matter for forthcoming investigation.
Specific experimental studies could provide valuable clues for future numerical and analytical
research.

3.5 Chapter conclusions
To summarize, this chapter introduces a theoretical investigation of the response of a
transverse domain wall under an external magnetic field in a magnetic nanowire with
cylindrical geometry. Specifically we have focused on the domain wall pinning phenomenon
in the proximity of a local modulation in the diameter of the nanowire.
A quantitative micromagnetic characterization of the response of the domain wall has been
carried out using a home-made finite element micromagnetic software FeeLLGood, along with
the developement of a simple analytical model that establishes a relation between the critical
magnetic field required to unpin the domain wall from the modulation and the geometrical
sizes of this diameter transition.
A good agreement between numerical simulations and analytical estimations (under the
assumption of a homogeneously magnetically charged spherical volume) sustains for gently
inclining modulations of diameter. In spite of the discrepancies in restricted situations,
the proposed analytical model and its predicted scaling law for the depinning field are
the uncomplicated and enduring instruments which may assist during engineering and
experimental design issues.
To conclude, supplementary energy terms and model corrections may be required to provide
a higher precision in the analytical predictions of the response of the domain wall nearby the
modulation. For instante, the inclusion of magnetocrystalline anisotropy, its variations in the
polycrystalline nanostructure [174, 175], the magnetic repulsion of domain wall exerted by
surface pole densities in highly abrupt modulations,or undesired multiple crystalline phases
and defects, are potential improvements which may enhance the description leading to more
realistic values.
Furthermore, an unexpected transformation of the domain wall structure is feasible nearby a
sharp diameter modulation and its impact should be address in future. On the other hand,
an attractive enhancement,specially for spintronics, would be the extension of the analytical
description to consider possible effects arised from spin-polarized currents.

3.5

Chapter conclusions
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Metastable magnetic domains in cylindrical
nanowires with Cox Ni100-x alloys

4

I

N CONVENTIONAL MAGNETISM or magnetism at the macro- and mesoscale, a magnetic
domain is an spatial region of a magnetic material in thermodynamic equilibrium where
all the magnetic moments keep aligned parallel to a given direction determined by
the minimization of energy, and thus, the magnetization is uniform inside the magnetic
domain.

In turn, confinement effects and geometric curvature may induce chiral and non trivial
topological structures in magnetic materials with some nanoscopic dimension [26] (as
cylindrical nanowires). These stable magnetization configurations may be not uniform
and, hence, the conventional definition of magnetic domain must exclude the notion of
homogeneous magnetization inside the domain.
In perfectly cylindrical nanowires, the magnetic reversal modes and the magnetic remanent states have been theoretically investigated as a function of the nanowire diameter in
nanowires of many compositions [98]. Different domains have been reported in literature:
The remanent state in nanowires of soft magnetic materials consists of the magnetization
pointing parallel to the nanowire length [176] as has been reported in different publications
and reviews [63, 176, 177] according to observations by Magnetic Force Microscopy (MFM).
The magnetic domains of this class are called longitudinal or axial domain and can appear in
both, hard and soft magnetic materials as Ni, Permalloy, Fe and FeCo [120, 176, 177] owing
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to the high shape anisotropy which dominates over the low magnetocrystaline anisotropy
[178]. The longitudinal magnetic domains may show other features as open vortices at the
ends of the nanowires as concluded by micromagnetic models and MFM observations [98,
176]. Furthermore, multiple axial domains may be formed (with opposite magnetization
direction) along the length of an individual nanowire as MFM measurements indicate in
nanowires of Fe[179] and Co[4, 137].
Apart from the axial domain, several publications indicate the formation of magnetic vortex
domains in the remanent state in nanowires of materials with a high saturation magnetization
as Co. These states consist of a single or multiple vortices with opposite chiralities along the
nanowire length and have been theoretically found by micromagnetic modelling [41, 43, 76,
98, 106] as well as experimentally observed by MFM[76] and by XMCD-PEEM in bamboo
nanowires of Co [138]. More exotic magnetic structures have been also reported in magnetic
nanowires. Skyrmion tubes, skyrmion chains and helicoidal domains are reported in FeGd
nanorods with Dzyaloshinskii-Moriya Interaction (DMI) by theoretical studies [180]. The
Skyrmion tubes have been proved to be involved in the magnetization reversal of Permalloy
nanowires [107].
In constrast to the transverse domain observed in magnetic Ultra-thin nanostrips [181, 182]
(where the magnetization is aligned perpendicular to the nanowire axis), no evindence of
transverse magnetic domain has been reported in nanowires up to our knowledge with the
exception of few publications with high resolution and standard MFM measurements in Co
nanowires of 150 nm in diameter [137] and Co-Pt nanowires with a diameter of 250 nm
[183, 184] respectively. However, MFM is sensitive to the surface stray field of the nanowire
[139] and, in our opinion, these measurements might be inconclusive as they do not provide
sufficient confirmation.
On the other hand, a recent study on modelling of neutron scattering was published simultaneously with our manuscript submission to ArXiV (May 2017). This work focuses on Co
nanorods with a diameter of 90 nm and length 500 nm [185]. The micromagnetic modelling
in this publication suggests that transverse domains may be formed during the hysteresis
loop under a perpendicular applied field in Co nanoparticles with low aspect ratio (∼ 5.6).
The question remains open in cylindrical nanowires, where the shape anisotropy is high.
In this chapter, the magnetization structures in cylindrical nanowires made of selected
CoNi alloys are investigated for specific Co contents. The selection of these alloys is based
on the hexagonal close-packed (hcp) crystal phase of Co, which typically exhibits a high
magnetocrystalline anisotropy with the easy axis perpendicular to the nanowire axis and high
saturation magnetization. The perpendicular magnetocrystalline anisotropy of Co promotes
the nucleation of vortices with opposite chiralities along the length of individual cylindrical
nanowires [43]. These vortices are observed in the remanent state. On the other hand,
pure nickel nanowires exhibit a single domain state along the nanowire length due to its
lower saturation magnetization and small fcc magnetocrystalline anisotropy. Therefore,
CoNi alloys with different Co contents allows to vary the magnetic properties in individual
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nanowires from those in pure Ni to those in pure Co in order to check any modification in the
structure of magnetic domains , hysteresis loop and the reversal process of the magnetization
in individual nanowires of selected compositions.

4.1 Experimental motivation of the present study: XMCD-PEEM,
MFM and MOKE observation of transverse and vortex
domains in CoNi nanowires
The motivation of this work comes from X-Ray Magnetic Circular Dichroism with PhotoEmission Electron Microscopy (XMCD-PEEM) measurements in single CoNi nanowires which were
performed by our group in ALBA synchrotron [186]. This technique allows the observation of
the surface and inner configurations of magnetic moments in the nanowire. The nanowires
measured in ALBA have the following compositions: Co85 Ni15 , Co65 Ni35 and Co35 Ni65 . The
same Cobalt contents have been chosen for micromagnetic simulations.
In the rectangular boxes of Figure 4.1(a-b) Black-white contrast on the nanowire surface
(labelled as NW in red color) indicate the parallel-antiparallel orientation of the surface
magnetization with respect to the X-rays beam. Conversely, the black-white contrast in the
shadow (labelled as shadow in white color) indicates the antiparallel-parallel orientation of
the inner magnetization of the nanowire with respect to the X-ray beam direction. For an
easy interpretation, sketched arrows below each box indicate the presence of a magnetization
vortex or a transverse domain.
Measurements in the Co85 Ni15 nanowire shown in Figure 4.1(a) reveal the presence of
multiple vortex domains with opposite chiralities and arbitrary lengths as observed on the
nanowire surface and in the shadow dark-white contrasts. Sketched arrows below the figure
illustrate the interpretation of the contrasts.
On the other hand, the Co65 Ni35 alloy in Figure 4.1(b) shows a more interesting contrast
pattern. The inset figure with yellow border displays an alternating black-white contrast
which may be interpreted as transverse domains with similar domain width and placed
side-by-side along the nanowire length. The estimated width of these domains is of the order
of ∼ 100 nm. In addition, domains interpreted as vortices with alternating chiralities are
observed in the inset figure with green border as depicted by the sketched arrows. Therefore,
the mixture of domains in a unique state constitute a possible experimental evidence of
different magnetization structures in the same magnetic state.

4.2 Micromagnetic model of nanowires of CoNi alloys
In parallel to the above experimental observations, micromagnetic simulations of cylindrical
nanowires were performed using the mumax3 code[47] for Cox Ni100-x alloy nanowires
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Fig. 4.1: (a) and (b) XMCD-PEEM images of Co85 Ni15 and Co65 Ni35 nanowires respectively. The scale
bar is 1 µm, and the arrows (dark blue) indicate the incident X-ray beam. Inset figures at the
bottom of (b) are enlarged images of the transverse and vortex domains in the corresponding
regions of Co65 Ni35 . Black-white arrows below each figure indicte the magnetization sctructure
infered from the nanowires and shadow contrast. Figures adapted from Ref. [186].

(x=85, 65 and 35). The equilibrium states were obtained by relaxation starting from a
random magnetic configuration as corresponding to as-prepared states. The nanowires in
the simulations were 1.5 µm long and had 100 nm in diameter. A linear interpolation with
composition has been assumed for saturation magnetization and exchange stiffness from
pure cobalt to pure nickel parameters
P (x) = PN i +

x
(PCo − PN i )
100

(4.1)

where P (x) is the value of either saturation magnetization or the exchange stiffness of a CoNi
alloy with 0 ≤ x ≤ 100 Co fraction and PN i and PCo the pure element values (Saturation
magnetization µ0 MS,Co = 1.8 T and exchange stiffness Aex,Co = 30 pJm-1 for pure Cobalt,
and µ0 MS,N i = 0.61 T and Aex,N i = 3.4 pJm-1 for Ni obtained from [37, 187, 188]).
The resulting values used for micromagnetic simulations below are summarized on Table 4.1
together with the estimated value of the shape anisotropy considering an inifinite cylinder
Ksh = 12 µ0 MS2 [37, 189] owing to the large aspect ratio of the nanowires (∼ 15).
Co35 Ni65 in Table 4.1 is a Nickel rich material and has a relatively low magnetocrystalline
anisotropy. Therefore, the shape anisotropy dominates the magnetization process and the
material can be modelled as a single crystal structure. Conversely, Co85 Ni15 is a Co-rich
material with a high anisotropy with the c-axis direction of the Co hcp structure nearly
perpendicular to the nanowire axis. The microstructure of the hcp phase of Co in cylindrical
nanowires has large monocrystalline grains of the order of 300 nm according to electron
holography measurements[189] and some micromagnetic models of cylindrical nanowires
consider even grain sizes of the order of microns [43]. Hence, a single crystal structure
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Cobalt
fraction

µo MS
(T)

Aex
(pJm-1 )

K1
(kJm-3 )

Ksh
(kJm-3 )

Anisotropy
structure

85

1.60

26.0

350

510

HCP. c-axis at 88◦ with
NW axis

65

1.35

15.0

260

360

Polycrystal. HCP. c-axis
at 65◦ with NW axis

35

1.01

10.0

2

200

Single
(111)

crystal

and

FCC

Tab. 4.1: Values of material parameters obtained by linear interpolation from pure element (according
to Equation 4.1 and pure element values found in [37, 187, 188]): Saturation magnetization,
Exchange stiffness, magnetocrystalline anisotropy constant, estimated shape anisotropy (as
Ksh = 12 µ0 MS2 [189]) and structural information.

similar to Co hcp nanowires is considered in the simulations. On the other hand, the X-Ray
Diffraction characterization of Co65 Ni35 suggests that the nanowires have a polycrystalline
biphase microstructure with a higher contribution of the hcp phase than fcc according to
the large difference in the amplitude of the peaks of the X-Ray Diffraction spectra measured
by the gnmp [186]. The easy axis is oriented at around at 75◦ degrees with respect to the
nanowire axis [186].

4.3 Modelled hysteresis loops
The hysteresis loops under the magnetic field applied parallel to the long axis of an individual
nanowire have been evaluated for the three CoNi alloys.
The modelled hysteresis loop of a single Co35 Ni65 in Figure 4.2(c) in blue colour has a
squared shape with a single giant Barkhausen jump. The remanent state in Figure 4.2(b)
consists of a large single domain along the nanowire length with open vortices at the ends
of the nanowire. The reversal proceeds by the unpinning of each vortex from the end and
simultaneous propagation towards the opposite end of the nanowire at the switching field.
Magnetic Force Microscopy (MFM) measurements of a Co35 Ni65 nanowire in Figure 4.2(a)
display a uniform contrast along the nanowire length at remanence, suggesting a magnetization structure close to a uniform longitudinal domain in perfect agreement with the predicted
remanence in 4.2(b).
Magneto-optical Kerr effect measurements of a Co35 Ni65 nanowire carried out in our group in
Figure 4.2(c) indicate a bistable behaviour consistent with the MFM image in Figure 4.2(b)
and predicted by the modelled hysteresis loop. Both, the MOKE and modelled loops show a
similar swicthing fields, high remanence and a loop with a squared shape.
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Fig. 4.2: Co35 Ni65 nanowire: (a) Magnetic force microscopy image, (b) simulated magnetization
distribution; and (c) Magneto-optical Kerr effect measurements (black) and simulated (blue)
hysteresis loops. Figures (a) and (c) extracted from supplementary information of Ref. [186].

Figure 4.3 shows the modelled hysteresis loops for Co85 Ni15 and Co65 Ni35 nanowires. They
are presented on the field scale compatible with the experimentally accessible, highlighting
that the loop for Co85 Ni15 is not closed.
The hysteresis loop of a single Co65 Ni35 nanowire displays few Barkhausen jumps which are
not observed in pure Nickel or Co35 Ni65 . These magnetization jumps are ascribed to structural
changes in the magnetization configuration. However, Co85 Ni15 does not display the typical
squared loop but a gradual magnetization variation with field. The hysteresis loop for
Co65 Ni35 (in red) has a squared shape with a high remanence and switching field ascribed to
a large shape anisotropy. Moreover, the remanent state of the nanowire of Co65 Ni35 in Figure
4.3(I) is most uniformly magnetized along the nanowire with two inhomogeneous regions
close to the nanowire ends. At negative fields (See Figure 4.3(II)), these inhomogeneous
regions form vortex structures with opposite chiralities which rapidly propagate along the
nanowire at H = −500 Oe. At this stage a complex structure is formed by two vortices
with opposite chiralities divided by a region with transverse magnetization. The structure
in between is very stable for negative field values and is annihilated at H = −850 Oe
as depicted in Figure 4.3(III). At lower fields magnetization reverses from the center by
propagation of the vortices in Figure 4.3(IV). On the other hand, Figure 4.4 displays a
zoom-out of Figure 4.3 allowing to analyse the major hysteresis loop of Co85 Ni15 . The major
hysteresis loop of Co85 Ni15 (in black) has a different shape and a lower remanence than
that for Co65 Ni35 attributed to the competing transverse magnetocrystalline and axial shape
anisotropies. The reversal process in the Co85 Ni15 nanowire starts with a single domain state
with inhomogeneous regions at the ends although the nucleation of vortices with opposite
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Fig. 4.3: Simulated hysteresis cycles of Co85 Ni15 (black) and Co65 Ni35 (red) nanowires. (I-IV) Magnetization configurations for the red loop at the marked positions colored by the transverse
component of magnetization.

chiralities and initial propagation takes places at high positive fields in Figure 4.4(I). A
gradual propagation of the structures takes place by decreasing the field in Figure 4.4(II).
Again a complex structure with a transverse magnetization region between both vortices is
observed, which is annihilated at very negative fields (H = −1566 Oe). Under that field,
the reversal occurs from the center to the ends of the nanowire by gradual remagnetization
(See Figure 4.4(IV)). Finally, the magnetic moments at the nanowire ends are progressively
reoriented to the field direction and the reversal process is completed.

4.4 Transverse and vortex domains in as-prepared states in a
CoNi nanowire
As-prepared magnetic states (also called virgin magnetic states in some literature [137]) are
magnetic domain configurations which may be found in the nanowires released from the
Alumina membranes before subjected to any magnetic field. Theferore, these nanowires
exhibit an arbitrary remanent state. To simulate these states we started with several arbitrary
(random) initial magnetization states and dynamically evolved the system by integration of
the Landau-Lifschitz-Gilbert equation until an equilibrium state is reached in the magnetic
nanowire.
The results corresponding to one of these possible configurations for the Co85 Ni15 nanowire is
shown in Figure 4.5(a) where the equilibrium state is formed by a non-systematic distribution
of vortex and transverse domains along the nanowire. The arrows over the cross sections
colors the circulation and chirality of each vortex. Blue and red colors indicate the transverse
component of the magnetization.
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Fig. 4.4: (Top Left) Simulated major hysteresis loops of Co85 Ni15 (black) and Co65 Ni35 (red) nanowires.
I-IV figures are magnetization configurations of the simulated hyseresis loop at the marked
positions colored by the transverse component of magnetization.

The pattern consists of vortex domains with opposite chiralities and different lengths between
alternating transverse domains close to the ends of the nanowire. The vortex structures
extend over 68% of the length of the nanowire. In short, the major section of the nanowire
is formed by vortex domain structures with random size and chiralities.

Fig. 4.5: Modeled magnetization configuration for Co85 Ni15 (a) and Co65 Ni35 (b) nanowires. Insets
present selected cross sections at the indicated positions and segments. Color scale shows the
transverse component of magnetization.

In the case of Co65 Ni35 in Figure 4.5(b), a more complex domain structure is obtained. A
hybrid magnetic structure of vortex and transverse domains is observed along the nanowire.
The transverse domains occupy a larger fractional volume, and the vortex domains mostly
appear close to the ends of the nanowire. Around 60% of the nanowire length is filled
by segments with opposite alternating transverse domains regularly distributed with an

70

Chapter 4

Metastable magnetic domains in cylindrical nanowires with Cox Ni100-x alloys

estimated width over 90 nm. Therefore the number of vortex structures is much smaller
than transverse domains in nanowires of this composition.
Up to this work, only the vortex structures with alternating directions were known to
minimize the total magnetic energy in pure Co nanowires with almost perpendicular easy
axis[138]. Our simulations predict the coexistence of vortices and transverse domains in
CoNi alloy nanowires by changing the magnetocrystalline anisotropy with the Co content of
the alloy in the Co85 Ni15 case. The coexistence of the two kinds of domains in the same state
is consistent with XMCD-PEEEM measurements and reflects the metastable character of both
domain types.
The vortex structure essentially minimizes the magnetostatic energy while the transverse
domain minimizes the exchange and the magnetocrystalline anisotropy energies. The
magnetostatic energy is additionally minimized by creation of multiple domains along
the nanowire. Since the Co85 Ni15 has larger saturation magnetization (shape anisotropy
energy density, Ksh ∼ 510 km-3 ) than Co65 Ni35 (Ksh ∼ 360 kJm-3 ), the formation of vortex
domains is more favorable in Co85 Ni15 . However, one should also take into account that the
magnetocrystalline anisotropy energy is partly minimized for the vortex domains by slight
displacement of the core from the axial position as observed in the inset figures in Figure
4.5(a) also reported in Co bamboo nanowires [138].
Additionally, the domain walls between the vortex domains (called helical domain walls in
low aspect ratio nanowires [112]) are more complex and require more exchange energy
than those between the transverse domains. Consequently, the transverse domains become
more favourable for a smaller value of the saturation magnetization. Since the magnetostatic
energy is almost completely minimized by vortex domains, no minimization of an additional
energy term is required and the domains are much larger than in the transverse case.

4.5 Chapter conclusions
First, micromagnetic model of the hysteresis loops and magnetic configurations of nanowires
of different CoNi alloys has been developed and introduced by reducing the magnetocrystalline anisotropy and carrying out a linear interpolation of the saturation magnetization and
exchange stiffness of the CoNi alloys with the Co content. The resulting hysteresis loops of
nanowires of Co35 Ni65 have been compared with the experimental hysteresis loop measured
by MOKE, and the remanent state observed by MFM as a test in real individual nanowires.
Predictions arised by micromagnetic simulations in a Co35 Ni65 nanowire match fair good
with the experimental observations in a squared hysteresis loop with high remanence owing
to a longitudinal magnetic domain, similar switching fields and the bistable character of the
nanowire.
The hysteresis loops of an individual Co65 Ni35 nanowire has also a very squared shape
with few irreversible Barkhausen jumps correponding to variations in the magnetization
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sctructure of the nanowire: Although the remanence is a longitudinal magnetic domain, the
reversal process is mediated by the nucleation of two vortex domains with opposite chiralities
which nucleate at the ends of the nanowire and propagate leading to a stable structure at
the switching field. Lower fields gradually remagnetize the sample with few Barkhausen
jumps.
On the other hand, the reversal of magnetization in the hysteresis loop of Co85 Ni15 is
also mediated by the formation of two vortex domains at a positive field and gradual
remagnetization as the field is decreased. Therefore Co85 Ni15 nanowires display an inclined
hysteresis loop.
The modelling of As-prepared states of individual Co85 Ni15 and Co65 Ni35 nanowires indicate
that hybrid configurations of magnetic domains of vortex and transverse types are energetically favourable in nanowires of both compositions, although Co65 Ni35 nanowires shows a
longer systematic sequence along the nanowire length. To our knowledge, this is the first
theoretical study which observes transverse magnetic domains in nanowires and confirms
that the XMCD-PEEM observations presented in Figure 4.1(b) correspond to a magnetic state
with vortex and transverse domains. A value of 90 nm is theoretically obtained for the width
of a transverse domain in a Co65 Ni35 nanowire, similar value is obtained from XMCD-PEEM
measurements. From the micromagnetic results we can also conclude that both domains are
metastable in Co65 Ni35 nanowires.
The design of transverse and vortex domains in cylindrical nanowires through adequate
engineering of the magnetocrystalline and shape anisotropies by small variations in the
composition offers an inexpensive route for high-density magnetic memories. The transverse
domain states offer an alternative for future magnetic recording, storage and sensing with
higher potential than usually observed vortex domains. First, the local stray field induced
by transverse domains is higher in magnitude as compared to the vortex ones, which
is important for reading the output signal. Secondly, owing to the minimization of the
magnetostatic energy the transverse domains have reduced a wave width, enabling hence a
higher information density.
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Magnetization ratchet in multi-layered

5

FeCo-Cu nanowires

A

MECHANICAL RATCHET (as a wooden rattle for kids) is a mechanical device in which
the unidirectional motion is achieved by inducing an asymmetric motion (one sense
of motion is penalized or disabled). For instance the mechanism of a mechanical
ratchet ( depicted in Figure 5.1 (a)) consists of a gear wheel with a palete or pawl. The
pawl permits a unique sense of rotation of the gear wheel and prevents the rotation in the
opposite sense. In dynamical systems a ratchet effect is induced by a potential energy with a
periodic saw-tooth shape as shown in Figure 5.1 (b). The ratchet effect has been introduced
in different areas of physics and engineering as magnetic quantum ratchets or in artifitial
assymetric graphene [190–192].

Fig. 5.1: (a) Mechanism of a ratchet made of a gear and a pawl which blocks one sense of rotation. (b)
A sketch of an asymmetric ratchet potential.
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In nanomagnetism several studies have been focused on the ratchet effect. For example,
skyrmion ratchets for spintronic applications[193], tailored magnetic films with asymmetrical
dots or antidots which also exhibit a ratchet effect [32, 194]. The ratchet effect has been
also proposed for shift-registers made by stacks of vertical magnetic layers for 3D spintronic
and magnetic recording applications [195].

In magnetic nanostrips, where the magnetization reversal occurs by nucleation and propagation of a magnetic domain wall, the domain wall ratchet effect has been suggested for the
domain wall propagation in nanostrips with asymmetric notches resulting in an asymmetric
pinning during the domain wall motion direction [196]. Furthermore, different alternatives
for the pinning/unpinning of a DW in nanostrips have been attempted by various techniques,
for example under the action of local stray fields generated by neighboring tips or wires
[197, 198].

In nanowires also notches and antinotches were reported to act as pinning sites for the
domain wall [154]. Additionaly, micromagnetic simulations suggest that the roughness of
the surface of the nanowire may induce both an assymetric pinning potential and dynamical
pinning in a nanowire with a radially simmetric notch [160]. Local variations of the chemical
composition as impurities, material interfaces or a designed alternating composition induce
pinning centres for the domain wall [62, 199, 200]. Sequential pinning and depinning of
current-driven domain walls has been experimentally observed for the first time by Magnetic
Force Microscopy in multisegmented Co/Ni nanowires [201].

In this chapter, the reversal process, pinning properties and ratchet effect of an individual
multilayered FeCo-Cu nanowire with increasing FeCo segment length are investigated. FeCo
is a material with a high saturation magnetization and a relatively low magnetocrystalline
anisotropy. On the other hand, Cu is a non magnetic element introduced as spacer between
FeCo segments in order to induce possible pinning. The length of ferromagnetic segments
is an additional degree of freedom. Particularly, an increasing length of the magnetic
segment along the nanowire length induces different (increasing) shape anisotropies in
the magnetic segments. Therefore, there is not only a composition gradient but also a
geometrical modulation which may induce an asymmetric propagation of the reversal.

5.1 Experimental motivation: XMCD-PEEM in individual FeCo/Cu
nanowires
The modeling work has followed the experimental XMCD-PEEM measurements of magnetisation dynamics in individual Fe35 Co65 /Cu nanowirescarried out in ALBA synchrotron
by gnmp [122]. They showed with increasing segment lengths and the observations were
performed under parallel applied magnetic fields. The results are presented in Fig. 5.2 with
the reconstructed hysteresis loop in blue.
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The cylindrical nanowires consist of FeCo segments spaced by Cu layers with a thickness of
∼ 30 nm. The length of FeCo segments increases from ∼ 250 nm on one end of the nanowire
to ∼ 700 nm on the opposite end. This geometrical modulation is intended to promote an
assymetric propagation during the reversal process.

Fig. 5.2: Collections of XAS (on the top framed in red color with indication of the beam direction by
white arrow) and PEEM images of a multisegmented FeCo-Cu nanowire, previously magnetized
under maximum field along rightward (a) and leftward (b) directions, where Cu segments
can be identified. Selected PEEM images under increasing applied field along the leftward (a)
and rightward (b) direction. The inset in (b) shows the reconstructed hysteresis loop. Figure
and description extracted from [122]

The Co L3 edge by X-Ray Absorption Spectroscopy(XAS) makes the Cu layers visible on the
top figures in each column ( figures with a red frame). The measurements have been done
after removing the field to avoid low resolution issues induced by the magnetic field on the
low-energy emitted photo electrons. White/Black contrast indicates an axially right/left
component of magnetization on the surface and the opposite contrast in the shadow (Notice
the non-fully transverse direction of the beam showed by the wavy arrow on the upper right
corner.).
In both Figures 5.2(a-b) the propagation starts on the left end of the nanowire ( ferromagnetic segment with smaller lengths) and the reversal process proceeds by the stepped
magnetization of neighbouring segments with the remagnetizing field, independently of
the saturation field direction. The Cu layers where the reversal process gets pinned varies
from scan to scan in the experiment (in number of pinning centres and its localization) in a
selected nanowire.

5.2 Micromagnetic model of a FeCo/Cu multisegmented
nanowire
In order to model the reversal process in an individual FeCo-Cu multilayered nanowire,
micromagnetic simulations were performed using mumax3 code [47]. The nanowire, roughly

5.2

Micromagnetic model of a FeCo/Cu multisegmented nanowire

75

Material

µo MS (T)

Aex (pJ/m)

K1 (Jm-3 )

Structure

FeCo

2.0

25.0

1.0 ×104

bcc single crystal

Tab. 5.1: Values of material parameters and structure [42, 127] used to model the FeCo/Cu nanowire:
Saturation magnetization, Exchange stiffness, magnetocrystalline anisotropy constant and
crystalline structure.

3 µm in length and 80 nm in diameter, is formed by 8 single crystal body centred cubic (bcc)
FeCo segments with increasing length from 200 nm to 600 nm (increasing 50 nm between
adjacent magnetic segments) according to the sketch shown in Figure 5.3.

Fig. 5.3: Geometry of the simulated nanowire and applied field direction. The upper panel indicates
segments dimensions in nanometer.

A 30 nm empty space layer between adjacent segments is introduced to represent the Cu
spacer segments. The geometrical dimensions used in the model are shorter than in the
experimentally measured nanowires in order to facilitate calculations, but in the same range
and order of magnitude. The material parameters used in calculations are typical values
found in literature [42, 127]. These values are summarized in Table 5.1. It is worth noticing
the high saturation magnetization value for FeCo.
The shorter FeCo segments typically store larger magnetostatic energy so that they will
remagnetize first which is the origin of the ratchet effect for the magnetization reversal.
An important remark is that the FeCo segments are close to ensure a strong magnetostatic
interaction between neighboring segments, but spaced enough by Cu in order to introduce
the sequential nature of the magnetization reversal.

5.3 Modelled hysteresis loop and reversal process in a
multilayered FeCo/Cu nanowire
Experimental hysteresis loops and the modelled ones show that the remagnetization of
individual cylindrical FeCo/Cu nanowires with increasing length segments proceeds in
stepped irreversible jumps by magnetization reversal in the whole segments (seen in XMCDPEEM measurements and simulations). On the other hand, the reversal proceeds always in
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a unidirectionally propagation initiating at the end of the nanowire with shorter segment
length independently of the applied field direction.
The modelled axial hysteresis loop of the FeCo/Cu nanowire is presented in Figure 5.4 (top).
At the remanent state ( depicted in Fig. 5.4 a), the nanowire is nearly uniformly magnetized
longitudinally. Below the nanowire, at the indicated cross sections near the Left and Right
ends (L and R respectively) of each segment, pairs of vortices nucleate with the core parallel
to the saturation direction and opposite chiralities.
Under the application of small reverse fields, the overall magnetization is not largely altered
with the exception of local reversible reorientations of the magnetic moments mostly at the
surface near the segment ends and the vortices slowly extend inside the segments. At H =
360 Oe (Fig. 5.4 b), the pair of vortices in the shortest segment annihilate at the outer shell
and results in a skyrmion-like ( This structure has been previously described in the section
2.2 ) or core/shell configuration with reversed magnetization in an external shell along the
entire segment and a core directed parallel to the nanowire axis. A second annihilation of a
pair of vortices occurs in the second shorter segment at higher field H = 425 Oe (Fig. 5.4 c)
leading to the formation of a second single skyrmion tube.

Fig. 5.4: (top) Modelled hysteresis loop and a zoom view of the irreversibility area in the inset. Figures
(a)-(e) show the longitudinal component of magnetization, mx, at the respective points marked
on the loop. Cross sections close to the Left (L) and Right (R) ends of each individual segment
are displayed colored according to the scale bar. Their chirality is denoted by pale orange
(leftwards/Counter Clockwise) and pale blue (rightwards/Clockwise) arrows. Vertical green
arrows point the Cu segments where the reversal process is pinned.

For the 3rd and 4th shorter segments from the left, a partial reversal is gradually observed
with the field in Figure 5.4 c. This step is followed by the irreversible formation of a pair
of skyrmion tubes with opposite chiralities in each segment at -445 Oe in Fig. 5.4 d. This
pairs of skyrmion tubes collapse at -460 Oe (Fig. 5.4 e). At this stage the magnetization
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reverses in both segments inducing the reversal along the remaining longer segments. As the
applied field increases, the reversal is accomplished with the gradual reduction of the cores
of the skyrmion tubes in the two shortest segments and their collapse at -750 and -970 Oe,
respectively.
According to the simulations, and apart from the indicated local reversible magnetization
rotations, the remagnetization proceeds in a stepwise propagation of irreversible processes
starting at the shorter segments. Remarkably, although started first, the remagnetization
in shorter segments is the last one to be completed. From the state (d) to the state (e)
magnetization changes occur in one field step although dynamically they again propagate
unidirectionally as indicated in the main step.
The pinning mechanism observed here in the left four segments has some similarities with
the “corkscrew”-pinning observed with modulations in diameter in section 2.2, which is
characterized by the helicoidal tubes formed by 3D skyrmions in each segments. The
compositional modulation introduced by the narrow Cu spacers here also produces helical
skyrmion tubes although they are less pronounced (smaller displacement of the core from
the nanowire axis), especially for the short segments which exhibit almost straight skyrmion
tubes. The present result may indicate that the “corkscrew” formation is not exclusive for
the geometrical modulation and can be also obtained in straight nanowires with strong
saturation magnetisation to minimize magnetostatic energy.
In summary, a careful inspection of the magnetization configurations (in the right panel
of Fig. 5.4) reveals that the demagnetization proceeds by sequential switching of different
segments starting from the left side (with the exception of the first two short segments which
start almost simultaneously but are partially magnetized until the full demagnetization).
Although the switching is mostly sequential from one segment to the next, the reversal inside
each segment starts by the nucleation of the open vortex-like structures which minimize the
stray field at the ends of each segment. These structures propagate towards the segment
center to form the skyrmion tubes (discussed in chapter 2.2) with a nanowire surface shell
magnetized parallel to the field and a small core antiparallel to it. When such structures
nucleate at the ends of each segment with opposite chiralities and meet in the center they
create a complex topologically protected 3D wall (as adressed in chapter 2.2) which is one
of the origins of the magnetization pinning. More importantly, the results indicate a clear
ratchet effect, i.e. the demagnetization starts at the nanowire end with shorter segment
length, independently of the applied field direction.

5.4 Energy landscape and magnetization ratchet in a FeCo/Cu
nanowire
The energies involved in the system provide a useful information about pinning in order to
investigate the asymmetric propagation in the reversal process. The upper pannel of Fig.
5.5 presents the evolution of the total and internal (the sum of of exchange, magnetostatic
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energies and magnetocrystalline anisotropy) magnetic energies as a function of the axial
magnetization component. The axial magnetization component in the ratchet-like picture is
proportional to the domain wall position. The internal energy clearly displays a sequence
of minima similar to a ratchet-like potential, created by the increasing shape anisotropy of
longer segments, the exchange energy and the pinning sites.

Fig. 5.5: (Upper panel) Total and internal (with the exception of the Zeeman one) magnetic energies
in the nanowire as a function of the longitudinal magnetization component evaluated by the
micromagnetic simulations during the ascending branch of the hysteresis loop. (a-d) Selected
magnetizdation configurations showing the sequential reversal during the reversal process
corresponding to the internal energy minima marked on the left figure.

As the remagnetization proceeds in Figure 5.5 (b-d), adjacent segments are sequentially
remagnetized. Furthermore, the analysis of the energy landscape indicates that the true
magnetization pinning in the idealized modelled case occurs in short segments only. This
is also detected as small Barkhausen jumps in the modelled hysteresis loop (see section
5.3). The configurations b-d in the bottom panel of Fig. 5.5, although corresponding to the
abrupt change in the slope of the energy landscape, are dynamical and do not correspond to
true minima of the total energy. However, in real experimental those configurations may be
stabilized by the presence of defects.

5.5 Chapter conclusions
To conclude, the reversal process, pinning and the ratchet effect in multisegmented FeCo/Cu
nanowires with increasing segment length have been investigated. Micromagnetic results and
their comparison with the experimental observations allow to summarize some conclusions:
The reversal proceeds always in a unidirectionally propagation initiating at the end of the
nanowires with segments with shorter length independently of the applied field direction
as was also experimentally observed in XMCD-PEEEM and MFM [122]. Micromagnetic
simulations suggests that the reversal starts with the nucleation of open vortex structures
in the FeCo segments. The vortex structures gradually transform into skyrmion tubes
in short segments as the field is decreased. The reversal is finally achieved by sequent
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remagnetization of the segments from short to long FeCo segments. The propagation of the
reversed magnetization and the ratchet effect is induced by the broke symmetry owing the
increasing length of the FeCo segments and the magnetostatic coupling between adjacent
segments.
Few preferred pinning centres are found in micromagnetic simulations. The variations
in number and places are not reproduced by simulations. However, the specific pinning
sites varies from scan to scan in the experiment (in number of pinning centres and its
localization) in a selected nanowire. The experimental switching field values for each
segments are typically lower than those found in simulations. This discrepancy is attributed
to the unknown specific microstructure of the experimental nanowires which cannot be
introduced in the model.
The micromagnetic simulations reveal that rather than the propagation of a single domain
wall, a more complex process takes place. Although the switching is sequential from on
segment to another, the magnetization process inside each segment takes place by the
formation of vortices and skyrmion tube states followed by the final collapse of the internal
core. Nevertheless although statically large segments seem to demagnetize simultaneously,
the propagation is also sequential. Here, the structural defects may produce real pinning
in the experiment. The analysis of the energy landscape proves the existence of ratchetlike potential. Subsequent studies should be conducted to unveil the role of temperature
activation for potential uses of the unidirectional remagnetization ratchet.
Finally, the ratchet effect in multilayer nanowires with increasing lengths or a different
mechanism which promotes symmetry breaking of the reversal process may constitute a way
to control the propagation of magnetic information carriers in future shift registers and 3D
magnetic memories.
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Modelling of TXM-XMCD signals in cylindrical
nanowires

6

U

NDERSTANDING the magnetization processes in magnetic nanowires is the starting
point for the development of advanced domain wall-assisted magnetic devices and
future nanotechnological systems. Such advances rely on an accurate characterization of diverse and non-trivial 3D magnetization textures [26, 28] in nanowires with different
compositions and geometries. Unfortunately, the experimental methods to determine the
3D magnetization textures are limited, and even in film geometries with thickness over
200nm the determination of the 3D magnetic structure is a challenge [202], while thin
films (thickness ≤ 200 nm) do not require 3D characterization as magnetization is accessible
with current transmission imaging methods [202]. For instance, 3D imaging of magnetic
domains was achieved almost one decade ago [203]. The reconstruction of 3D magnetization
spatial distribution was achieved in planar geometries like thin films making use of advanced
magnetic tomography and X-ray transmission techniques [204]. The magnetic structure
on the surface of rolled thin films has been characterized with soft X-ray microscopy [205]
though the first 3D imaging of inner magnetic patterns by X-ray vector nanotomography
was relatively recently published [202]. Therefore, the development of powerful advanced
transmission imaging methods making use of electrons or X-rays promises the observation of
novel phenomena combining the effects of geometry with magnetic coupling effects [206].

However, the experimental access to the magnetization structure in 3D geometries in the
nanoscale and its accurate interpretation is technically much more complex than for planar
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systems. Specially challenging is determining the spatial magnetization distribution in
magnetic nanocylinders [63] and obtaining quantifiable information.
For that objective, numerical modelling of the X-ray transmission involved in experimental
measurements of magnetization structures may provide extra subtle information which
cannot be inferred by other methods.
Particularly for this chatper, experimental measurements of Magnetic Transmission X-ray Microscopy combined with X-ray Magnetic Circular Dichroism (TXM-XMCD) in multisegmented
CoNi-Ni nanowires have been measured in MISTRAL beam line at ALBA synchrotron. The
measured nanowires, which have been prepared in our group at ICMM, have a diameter
of 140 nm and some micrometer long. Alternating composition leads to alternating magnetocrystalline anisotropy and domain structure in each segment [207, 208]. Particularly,
Co86 Ni14 -Ni multisegmented nanowires have been chosen owing to the hexagonal anisotropy
expected in the Co86 Ni14 segments which promotes chiral structures as vortices [186], while
Ni segments show an axial magnetization.
The objective of this chapter is to model the intensity signal of the MISTRAL TXM-XMCD
experiment for a vortex-like magnetic moment distribution in order to develop a method to
obtain the dimension and location of this magnetization distribution. By comparison with
experimental measurements in CoNi-Ni multisegmented nanowires the vortex core size and
its displacement from the nanowire axis have been detected and reported. The chirality and
polarity of this magnetization structure have been also determined.

6.1 Experimental motivation of the present study: TXM
measurement of a CoNi-Ni nanowire
Magnetic imaging of the magnetization in CoNi-Ni nanowires was carried out at the MISTRAL
beamline of the Alba syncrothron light source equipped with a full field transmission X-ray
microscope that utilizes monochromatic photons [209].

Fig. 6.1: (a) Description of the geometry of the experiment. (b) Sketch of a vortex structure and the
~ (~k is propagation direction of the X-ray beam and m
sign of the dot product ~k · m
~ the unitary
magnetization of the nanowire).
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Images of individual multisegmented nanowires consisting in segments of Co86 Ni14 and
Ni placed on a SiN membrane were acquired. The CoNi and Ni segments were 1 micron
and 300 nm long. The nanowires are several microns in length.The selected nanowire was
oriented with its axis horizontal on the substrate to have a well-adapted geometry as in
Fig. 6.1a. Images were collected in an angular range −50◦ < θ < 50◦ and the photon
energies L2 and L3 of Co. Each image was normalized to a flat field image in which only the
membrane was imaged to correct in homogeneities in the illumination. At each angle, 56
images were acquired and averaged. The resulting images at the L3 and L2 photon energies
were automatically aligned and then subtracted. The quality of the automatic alignment was
manually checked by visual inspection and by evaluating the difference error values.

Fig. 6.2: Magnetic contrast images at three representative different angles of a piece of CoNi/Ni
multisegmented nanowire.

Figure 6.2 shows three representative images of a multisegmented nanowire taken at three
different incidence angles. For each angle θ, we observe the segments showing magnetic
contrast corresponding to CoNi alloy. In between the three selected CoNi segments there
are two almost invisible segments which correspond to pure Ni that do not show magnetic
contrast. Since the photon energies were adjusted to the Co absorption edges, the Ni atoms
were not under resonant absorption and did not exhibit dichroism. The small contrast visible
at the Ni segments arises from slightly different charge absorption coefficient of Ni at both
energies.

The segments in the images at θ = 30◦ appear shorter than for 2◦ due to a cos(θ) projection
effect. Line profiles integrated over a width as indicated by the red rectangle in the central
image were acquired in order to evaluate the changes in image contrast. The red rectangle is
located away of the segment edges to be representative of the magnetization of the central
part. Its width was chosen in order to have a low noise profile.

6.1 Experimental motivation of the present study: TXM measurement of a CoNi-Ni nanowire
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6.2 Modelling the transmitted intensities of a magnetic
transmission X-ray microscopy experiment
The geometry assumed to model the experimental signal is depicted in Fig. 6.1a, a top view
illustrating the right handed xyz-coordinate system. The x-axis is normal to the substrate
(in the yz-plane) that supports an individual nanowire and the y-axis is collinear with the
nanowire while the X-rays with wave vector direction ~k (in the xy plane) are normal to
the z-axis. In the experiment, the sample rotates by the rotation angle θ around z-axis as
indicated in Fig. 6.1a.

For the angle θ=0, the nanowire axis is perpendicular to the X-rays beam. Two different
photon energies have been assumed, L3 (778.1 eV) and L2 (793.2 eV) absorption energies
of Co, since they have an opposite sign of the magnetic dichroism δ and consequently the
subtraction of both transmitted intensities partially suppresses the non-magnetic contribution
while enhancing the magnetic contrast.

Under resonant conditions, the transmitted intensity contains a term that depends on the
dot product, δ ~k · m,
~ providing angular sensitivity to the absorption process if the directions
~
of k relative to m
~ are varied (~k being the photon unit wave vector, m
~ the unitary sample
magnetization and δ a numeric value that may be positive or negative denoting the intensity
of the dichroic effect) [204].

The differential equations for the intensities of the transmitted X-rays with at an angle
θ with propagation direction ~k(θ) (within the xy plane), crossing a CoNi segment with
unit magnetization m(x,
~
y) (with translational symmetry along the nanowire axis) can be
expressed as:


∂
1
IL3 (x; θ, z) = −0.86
1 + δ(L3) ~k(θ) · m(x,
~
z)
∂x
AL(L3) cos(θ)

1
∂
~
z)
IL2 (x; θ, z) = −0.86
1 + δ(L2) ~k(θ) · m(x,
∂x
AL(L2) cos(θ)

(6.1)
(6.2)

where the coefficient 0.86 accounts for the 86% Co composition of the segment. Traslational
symmetry of the magnetization along the CoNi segment is assumed in agreement with the
magnetic contrast observed in Figure 6.2.

The absorption of Ni is neglected since it is assumed to be much smaller than that of Co.
AL(L3) and AL(L2) are the X-ray absorption lengths of Co at the L3 and L2 photon energy,
respectively. The magnitudes of AL(L3) and AL(L2) were experimentally determined by
measuring transmission spectra of an ensemble of clustered nanowires. The values AL(L3) =
82.8 nm and AL(L2) = 102.7 nm provided by MISTRAL, include the different transmissions
of the beamline monochromator and optics at the two photon energies. δ(L3) and δ(L2)
are the magnitude of the dichroic factor at the L3 and L2 energy and they were taken from
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literature: δ(L3) = 0.27 and δ(L2) = -0.20 [204]. (~k(θ) · m(x,
~
z)) is the dot product of the
unit X-rays wave-vector and unit vector of magnetization as mentioned above).
Analytical integration of Eqs. 6.1 and 6.2 leads to the expressions
IL3 (θ, z)
= exp
I0,L3

0.86∆x(z)
δ(L3)
−
+ 0.86
AL(L3) cos(θ)
AL(L3)

Z

IL2 (θ, z)
= exp
I0,L2

0.86∆x(z)
δ(L2)
−
+ 0.86
AL(L2) cos(θ)
AL(L2)

Z

∆x(z)
cos(θ)

!
~k(θ) · m(x,
~
z) dx

(6.3)

0
∆x(z)
cos(θ)

!
~k(θ) · m(x,
~
z) dx

(6.4)

0

where the I0,L2 and I0,L3 are the incident intensities for X-rays with L2 and L3 Co absorption
energies. The relation I0,L2 = 1.11I0,L3 was experimentally obtained in MISTRAL.
At a distance z from the xy plane the trajectory of the X-rays inside the segment has a
√
total path length of ∆x(z)
, where ∆x(z) = 2 R2 − z 2 is the path for normal incidence
cos(θ)
perpendicular to the nanowire axis. For instance, the normal incidence varies from ∆x = 2R
for z = 0 to ∆x = 0 for z = ∓R ( with R = 70 nm, radius of the nanowire). The factor
1/ cos(θ) accounts for the increased path at oblique angles.
The first term in the exponential function in Eqs. 6.3 and 6.4 corresponds to the conventional
non-magnetic absorption included in the Beer-Lambert law and it is uniquelly related to the
length of the path of the X-rays throught the nanowire. The second term in the exponential
function includes information about the magnetization structure in the sample. Exact mathematical expressions can be obtained for the most simple magnetization structures. Notice
that the integral may vanish for some magnetization structures, e.g. uniform magnetization
perpendicular to the propagation direction of the X-rays. The vertical component of magnetization does not contribute to the dot product for any possible magnetization structure.
Therefore, an incident angle close to θ = 45◦ is advantageous in order to obtain significant
information from axial and horizontal components of magnetization in the integral term to
Equations 6.3 and 6.4. With θ = 45◦ the measured intensities have a higher contribution
from the horizontal (in-plane) and the axial components of magnetization.
Several magnetization fields have been considered in the nanowire to numerically model the
difference in the transmitted intensities at the L3 and L2 edges of Co. The purpose is to get
inaccessible information from the experimental results presented in section 6.1 by comparing
with the numerical models obtained for different magnetization structures. The complex
signal obtained for the difference of intensities at both angles in a non-magnetic cylindrical
nanowire in Figure 6.3(a) illustrates the difficulties for interpretation of the experimental
signal measured. For a non-magnetic nanowire there is no difference in the transmission of
X-rays at θ = +46◦ or θ = −46◦ as the decay of the transmitted intensities depends uniquelly
on the length of the path across the nanowire. The curve is symmetric with respect to the
nanowire centre with a maximum at that position and minima with the same value close to
the border of the nanowire. Same curves are obtained and depicted in Figure 6.3(d) for a
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Fig. 6.3: Difference in transmitted intensities at the L3 and L2 edges of Co, IL3 and IL2 according to
Eqs. 6.4 and 6.3 for (a) a non-magnetic material and (b-d) uniformly magnetized nanowire at
different directions. The inner sketches of the figures indicate the relative direction between
the X-rays propagation direction and the magnetization.

magnetic material which is magnetized perpendicular to the propagation direction of the
X-rays (i.e. along z-axis).
If the nanowire is uniformly magnetized along the x-axis as sketched in the inset in Figure
6.3(b), a symmetric profile with a maximum in the centre of the nanowire and the minimima
at exactly the borders is obtained. However, we do not find any difference in the transmission
of X-rays at θ = +46◦ or θ = −46◦ due to the equal sign of the dot product δ m
~ · ~k for
both angles. Notice also that the maximum takes higher values than for the non-magnetic
material.
On the other hand, we note an important difference between the transmision at both angles
for a nanowire uniformly magnetized along the nanowire axis and parallel to the y-axis as
depicted in the inset of Figure 6.3(c). Despite the signal numerically obtained for θ = +46◦
is similar to the one obtained for the sample magnetized along x-axis, the curve for θ = −46◦
displays a maximum and two minima as for the non-magnetic material. That maximum is
negative due to the sign of the dot product δ m
~ · ~k and hence, it has a different projection on
~k than for the incident X-rays at θ = −46◦ .
The latest case underlines that the difference in transmitted intensities for angles with
opposite sign (as θ = +46◦ and θ = −46◦ ) do not overlap if and only if there is an axial
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component of the magnetization. Otherwise, both curves coincide and may be indistinguishable from the non-magnetic case o for an orientation of the magnetization perpendicular to
the propagation direction of the X-rays.

Among the different magnetic structures here considered for the unit magnetization m,
~ we
have also used the analytical vortex model proposed by Usov [210, 211] for cylindrical
geometries. It consists on a vortex with an inner core of radius b > 0 given in cylindrical
coordinates (r, ϕ, z) by
mϕ (r) = q

p
2br
; my (r) = p 1 − m2ϕ (r); mr (r) = 0.
2
+b

r2

(6.5)

for r ≤ b. For a distance from the vortex center r > b the vortex is in-plane and
mϕ (r) = q; my (r) = mr (r) = 0.

(6.6)

has a only an azimuthal component. p = ±1 and q = ±1 are the vortex polarity and
circulation. pq = ±1 is strictly the chirality of the vortex although we will refer to q as the
chirality of the vortex in this section.

A skyrmion-like structure has been also considered. In cylindrical coordinates (r, ϕ, z) this
ansatz reads for r ≤ R:
mϕ (r) = q sin



πr
πr
; my (r) = p cos
; mr (r) = 0.
R
R







(6.7)

where the quantities q, p have the same meaning as already defined in the paragraph above
and R is the radius of the nanowire.

Despite a radial magnetization distribution and the corresponding is not physically convenient, it provides a test function for the numerical resolution of the equation and modelling
of the difference in trasmtted intensities displayed in Figure 6.4(a) due to its symmetry. The
numerical integration of Eqs. 6.3 and 6.4 confirms that the integral term which contains
the magnetization vanishes due to the high symmetry of this structure, leading to the same
difference in the transmitted intensities as an non-magnetic material. Conversely, the assumption of the skyrmion-like model in Eq. 6.7 leads to a more exotic profile, displayed in
Figure 6.4(b). The latest profile shows a different shape depending on the incident angle of
the X-rays and two non-overlapping regions as a consequence of the axial components of
magnetization at the border of the nanowire. However, the axial component of the skyrmion
in the axis of the nanowire is compensated by the opposite magnetization at the nanowire
border.

Hence, we can conclude that for complex magnetization structures some axial magnetization
components may not be detected as a splitting between the curves of difference in intensities for ±θ X-rays directions, specially for structures whose axial magnetization alternates
between +1 and -1 along the X-rays path across the nanowire.
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Fig. 6.4: Difference in transmitted intensities at the L3 and L2 edges of Co, IL3 and IL2 according
to Eqs. 6.4 and 6.3 for a nanowire with (a) a radial magnetization, (b) a skyrmion-like
magnetization given by Eq. 6.7, and X-rays propagation direction at 46◦ and −46◦ . (c)
Difference in transmitted intensities for the vortex profile given in (d). (d) Vortex profile with
an central core and slightly opposite magnetization close to the border of the nanowire. The
inner sketches of the figures indicate the relative direction between the X-rays propagation
direction and the magnetization.

Specially astonishing is to observe the large dissimilarity between the skyrmion-like profile
and the one in Figure 6.4(c), corresponding to a vortex-like magnetization given by the
artificial profile in Figure 6.4(d). Notice that this profile corresponds to the Usov model
perturbed by a tiny axial magnetization component close to the border of the nanowire.
Again, the non-overlapping region between the curves in Figure 6.4(c) appears due to the
non-zero axial component of the magnetization in the core of the nanowire and close to the
border of the nanowire. Notice that among the test structures here considered, the vortex-like
is the unique structure for which a single minimum and a single maximum are found in the
difference in the transmitted intensity for ±46◦ angle of incidence of the X-rays.

6.2.1 Profile of the transmitted intensities for a magnetization vortex:
Influence of the porality, chirality and core
Vortex and chiral structures are usual magnetic states in cylindrical nanowires[104, 138,
212]. Therefore, a deeper analysis of the difference in transmitted intensities promoted by a
magnetization vortex is fundamental for the analysis of the experimental data. Figure 6.5
shows the calculated intensity profiles IL3 and IL2 obtained by Usov model in Eqs. 6.3 and

88

Chapter 6

Modelling of TXM-XMCD signals in cylindrical nanowires

6.4 for a magnetization vortex sctructure in a nanowire with diameter 140 nm, core radius
19 nm displaced 5 nm from the centre of the nanowire and incident angle 46◦ .

Fig. 6.5: Transmitted intensities for the vortex structure for L3 (left) and L2 (right) edges of Co, IL3 and
IL2 according to Eqs. 6.4 and 6.3 respectively, with sketches of the vortices in the nanowire
on the top of each graph.

For the transmitted intensities of both Co absorption peaks, the maxima are reached at
the borders of the nanowire z = ±R, where the path of the X-rays radiation inside the
nanowire vanishes. On the other hand, the minima of the transmitted intensities in Figures
6.5(left-right) are not centred at z = 0 due to the presence of the magnetization component,
parallel to the X-ray propagation direction for the magnetic vortex. The positive and negative
values of δ(L3) and δ(L2) explain why the minimum value for IL3 and IL2 are shifted to
positive and negative z values by decreasing or increasing the exponent in the Equations 6.4
and 6.3, respectively. For the same reason, the minimum for IL3 is deeper than for IL2 .

Figure 6.6 shows the calculated IL3 − IL2 difference in the transmitted intensities trough
the nanowire with a vortex state with different chiralities and polarities. The chirality of the
vortices determines the position of the extrema of this curves. For vortices with clockwise
chiralities this function presents maximum and minimum at negative and positive z values,
respectively as shown in Figs. 6.6(a, c). The opposite occurs in vortices with counter
clockwise chiralities where the maximum / minimum appears at positive / negative z values
as a result of the ~k · m
~ product as depicted in Figs. 6.6(b, d). As a convention for this chapter,
the sketched vortex in Fig. 6.6(d) has negative polarity and chirality. The opposite chirality
and polarity will be referred as positive.
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Fig. 6.6: (a-d). Calculated transmitted intensity IL3 − IL2 for ±46◦ (black and red, respectively) for
vortex structures with indicated polarities and chiralities as depicted by the insets. The yellow
region indicates the non-overlapping region of the intensity curves corresponding to the total
core width (core radius of 19 nm). The sketch over the figures depicts the coordinate axes and
the beam propagation direction.

In addition, which of the intensity curves (the black or the red curve) runs over the other
curve in the non-overlapping region is determined by the polarity of the vortex ( i.e. the axial
magnetization of the core). For instance, the red curve for an incident angle of 46 degrees
runs above the black curve for vortices for vortices whose core is centred in the nanowire
axis (yellow region) and points parallel to the y-axis as detailed in Figures 6.6(c, d).
On the other hand, the red curve runs below the black one in vortices whose core points
antiparallel to y-axis as observed in Figs. 6.6(a, b) irrespectively of the chirality of those
vortices.This is a consequence of the projection of the X-ray propagation direction onto the
axial magnetization component, which is only present in the core of the vortex. Therefore,
this property is independent of the vortex chirality. In addition, the width of the nonoverlapping region matches with the width of the core of the vortex as highlighted by the
yellow region.
If the vortex center is shifted out from the nanowire axis, then a displacement of the nonoverlapping region is observed: The shift is introduced in the calculated model as shown
in Figure 6.7(a) in a vortex with negative polarity and chirality for a displacement of the
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Fig. 6.7: (a) A sketch indicating a vortex core displaced from the nanowire center. (b-d) Transmitted
intensity IL3 − IL2 calculated for beam directions at ±46◦ (blue and green respectively) for
a vortex structure with a core radius of 19 nm. Yellow region denotes the non-overlapping
region of the curves and the total core width. On top of every graph a green arrow indicates
the shift of the vortex core from the wire axis.

vortex core to positive values of z-axis. As observed, the non-overlapping region (in yellow)
shifts in same proportion and direction as the core, and only a slight deformation in the area
between intensity curves can be detected. Larger displacements induce further deformations
in that area and displacements in the same proportion because the non-overlapping region
is fully determined by the axial magnetization component (same as observed for an axial
uniform magnetization in Figure 6.5(c)).

Therefore, experimental measurement of the difference in intensity of Co absorption peaks
L2 and L3 provides an explicit method to determine the vortex structure and quantify the size
and relative position of the vortex. This is discussed in the next section with experimental
data provided by MISTRAL.

6.2.2 Discussion of the modelled intensities in relation to the
experimental TXM data
Figure 6.8(a) shows a representative experimental profile at different angles of a selected
CoNi segment located at the rotation axis of the microscope and having optimal focusing.
The X-ray signal has been averaged in the red area drawn in Figure 6.2. The z axis runs from
bottom to top of the segment in the red rectangle. The profile show negative and positive
intensities corresponding to the black and white contrasts in the last figure.
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Fig. 6.8: (a) Experimental and (b) Calculated transmitted intensity, IL3 − IL2 , for +/ − 46◦ for the
CoNi segment with a vortex structure as sketched in (c) (Note the off-center core location is
enhanced for an easier view). Grey and yellow areas indicate the respective diameter of the
nanowire and vortex core. Data from (a) is courtesy of C. Bran and S. Ferrer

The experimental curves for the transmitted intensities in Figure 6.8a correspond to incident
angles θ = +46◦ (red) and θ = −46◦ (black). These angles have been selected because of
their higher contribution of the axial component. In addition, Fig. 6.8a also depicts the
difference (dashed blue line)between transmitted intensities IL3 − IL2 at θ = +46◦ and
θ = −46◦ .
It is noticeable a small difference between the profiles for θ > 0 and θ< 0 at large θ values
near z = 0 which results in the maximum for IL3 − IL2 at z = 0, reproducible in all segments.
The additional maximum at z = −40 nm was non-reproducible in intensity and position and
consequently, it has been discarded in the further analysis.
To interpret the contrast along the direction normal to the segments in Fig. 6.2 (brighter at
the upper part and darker at the lower), we considered different magnetization structures,
m(x,
~
z), with cylindrical symmetry around the nanowire axis, including skyrmion tube-like
structures [175]. We finally concluded that such contrast should be interpreted as being
essentially due to axially centered vortices in the CoNi segments as sketched in Figure 6.1b.
The other alternatives in Figure 6.4 were disregarded since the produced z profiles differ
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from the experimentally observed on Fig. 6.8a. Several simulations were performed for
different X-ray incidence angles as well as chiralities and polarities of the vortex.
Figure 6.8b shows the calculated transmitted intensity difference, IL3 − IL2 , for a CoNi
segment with a diameter of 140 nm and vortex magnetization texture. As the units of the
incident and outcoming intensities are arbitrary (a relation I0,L2 = 1.11I0,L3 was experimentally obtained), the curve has been rescaled in height (y-axis) without loss of generality for
an easier comparison with experimental data. The dashed blue curve in Fig. 6.8b represents
the difference between the intensity measured for both incident angles. This blue curve is flat
where intensity curves are the same for θ = +46◦ and θ = −46◦ (with no axial component)
and non-zero in the non-overlapping region (the core of the analytical vortex). Therefore,
the non-zero region (yellow bands in Figs. 6.8a and 6.8b) delimits the core width and its
location in the nanowire cross section.
While Figure 6.8b does not reproduce the experimental data in full detail, it resembles the
experimental curve and has been used to characterize the vortex structure:
Core diameter: The z-interval where the intensity curves for +θ and −θ differ inform us of
the existence of a net axial magnetization, that is, the vortex core. Note that difference
in axial magnetization is not apparent at low θ angles since ~k and m(axial)
~
are almost
perpendicular but becomes noticeable at high incident angles. The yellow band in
Figs. 5a and 5b (between the zero values of the difference intensity curve IL3 − IL2 )
informs us of the width of the vortex core. It indicates us that the vortex core diameter
is around 38 nm.
Core Shift: The yellow area in Figures 6.8a and 6.8b is displaced towards positive z values
(i.e., in the vertical direction in Figure 6.8c). This is an indication of an offset of the
axial magnetization relative to the geometrical axis of the nanowire. An agreement
between experimental and calculated data was found for this offset to be ca. 5 nm.
Vortex polarity: The sense of the axial magnetization vector in the yellow band is determined from which of the two profiles at θ < 0 or θ > 0 exhibits more intensity. That is,
it allows us to determine the vortex polarity. Thus, the vortex polarity is deduced to be
“positive” (along +y) since the red curve in Figs. 6.8a and 6.8b runs above the black
one.
Vortex chirality: The maximum for IL3 − IL2 in Figures 5a and 5b correspond to the part
of the nanowire with ~k · m
~ > 0 (positive z), and the minimum with ~k · m
~ < 0 (negative
z). Therefore, the shape of the intensity curve gives us the sense of the azimuthal
magnetization component of the vortex (see Fig. 6.1b), that is its chirality. In the case
shown in Figs. 6.8(a) and 6.8(b), a positive chirality is deduced from the (counter
clockwise) angular rotational sense of the magnetization according to the extrema
(minimum/maximum) position.

6.2

Modelling the transmitted intensities of a magnetic transmission X-ray microscopy experiment
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In short, the analysis of magnetic TXM data with our numerical model indicates that CoNi
segments in CoNi-Ni nanowire are in a magnetic state which consists of a vortex-like structure
whose core is shifted away from the nanowire axis. While the deduced chirality and polarity
of the vortex give relevant information, typical of any vortex structure, more exciting is the
observation of the shift of the core.
On the other hand, the experimental TXM data provided by MISTRAL is a first attempt of
characterization of CoNi-Ni nanowires with a limited resolution. Finer measurements with a
more accurate alignment and larger statistic is expected to be carried out in future beam
times in order to confirm the small displacement of the core from the nanowire axis with a
better resolution a noiseless data.

6.3 Chapter conclusions
To conclude, a precise determination of the magnetization texture of CoNi segments in cylindrical nanowires has been achieved by using a numerical model of the magnetic transmission
X-ray microscopy in CoNi-Ni nanowires.
We have discussed possible magnetization structures in a nanowire and we have determined
the possible occurrence of an off-centered (∼ 5 nm) vortex structure with ∼ 38 nm core
diameter and determined (counter clockwise) chirality and (positive) polarity.
The difficulties on modelling TXM signals have been highlighted specially for complex magnetization structures, specially dealing with alternating axial components of magnetization
along the X-rays path. Hence, alternative chiral structures as skyrmion-tube magnetization
textures have been disregarded due to the profile of the difference in intensities IL3 − IL2 ,
different form the experimentally observed.
Overall, numerical modelling has proved to be a necessary tool in order to interpret TXM data
in nanowires with cylindrical geometry and several compositions. The numerical modelling
together with experimental information has proved to report information which is typically
inaccessible by empirical methods. Finer TXM measurements will be carried out in the near
future in order to check the displacement of the core of the nanowire from the nanowire axis
in CoNi segments.
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7

O

NE OF THE MOST promising application areas are life sciences, where magnetic
materials have attracted interest for their heating potential and broad functional
capabilities [179]. Specifically, magnetic nanowires have been investigated for
different biomedical applications such as cell separation [213, 214], magnetic resonance
imaging contrast agent [88], drug delivery [215], amperometric sensors for the detection of
multiple organic compounds [81] and magnetic hyperthermia [216, 217], where their internalization by cancer cells has been recently reported [72]. In addition to heating resulting
from magnetic dynamics (i.e. Néel mechanism) [216], physical rotation of nanowires under
AC-field (Brown mechanism) [217] can also result in a direct physical damage of cancerous
cells. The increased heating by magnetic nanowires as compared to other possible candidates
as nanoparticles comes in the first place from their larger shape anisotropy. Anticipating our
findings, the largest heating response of nanowires by Néel mechanism would correspond to
200 MHz-1 GHz frequencies. Recently, Ni nanowires have been investigated experimentally
for their large response by remote excitation under radio-frequency magnetic fields with
these frequencies [216]. Moreover, magnetic nanowires fuctionalized with Au to decrease the
toxicity have been shown to induce destruction of pancreatic tumours [218]. On the other
hand, these frequencies are traditionally considered outside the safe limits for hyperthermia
treatment which ensure the patient comfort during the treatment [20, 21].

Magnetic nanowires, nanoparticles and nanorods have been proposed as well for greentechnologies as water purification agents for their capacity for removing heavy metals and
pollutants [81, 82]. In this case a large permanent moment of nanowires could be very
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beneficial for their orientation under external fields. In addition, if the AC magnetic field is
applied, the local heating produced by nanowires can be employed to promote particular
catalytic reactions for waste or dye removal. The mentioned examples point out the necessity
to understand the origin of the heating by hysteresis process in nanowires which should be
investigated first from theoretical point of view to predict the maximum heating response.
The heating by hysteresis losses depends on the specific reversal mechanism, which in
nanowires is typically mediated by the nucleation and subsequent propagation of a domain
wall. The domain wall type, either Transverse Domain Wall or Vortex Domain Wall, depends
on the selection of specific materials and geometry which are tuned during the synthesis
process. Each domain wall type exhibits different dynamical properties and thus they are
expected to exhibit differences on the heat released under AC-fields.
Futhermore, the employment of magnetic nanowires for heating has several important
advantages in comparison to magnetic nanoparticles. Firstly, most of magnetic nanowires
have a large net magnetic moment due to the high shape anisotropy and, thus they are
in the single domain state at the remanence while nanoparticles of the same volume may
be in the multidomain state. As a result, a large magnetic moment leads to large mobility
under applied magnetic field but lower sensitivity to thermal fluctuations. Hence, we can
expect orientation of nanowires in magnetic fields similarly to chains of nanoparticles [84].
Such orientation would induce a better heating response than randomly oriented magnetic
nanoparticles [219]. Secondly, nanowires (e.g., those electrochemically synthesized inside
alumina templates) [38] have smaller dispersion of their physical sizes such as diameters
and shape as in the case of magnetics nanoparticles. Such dispersion of physical properties
leads to undesirable effects of over or infra-heating [219]. Finally, and significantly, the
magnetic anisotropy of nanowires comes mainly from their shape due to their high length to
diameter aspect ratio. For a typical diameter of around 30 nm, and above 200 nm in length,
its magnetic shape anisotropy is practically independent on the nanowire length and thus no
dispersion in this value is expected unlike the nanoparticle case [220]. As an inconvenient,
the coercive field Hc of magnetic nanowires is not defined by the corresponding anisotropy
field but is lower than it due to the mechanism of nucleation and propagation of domain
wall.
In the present chapter, we theoretically model the heat dissipated by magnetic nanowires
originated from the domain wall dynamics under the action of the AC-field. The hysteresis
loops of Permalloy (Py) and Cobalt (Co) fcc cylindrical nanowires with 30 nm diameter
and variable lengths are calculated by means of micromagnetic simulations varying the
amplitude and the frequency of the applied field. The choice of materials corresponds to the
possibility to change the reversal mode keeping the same geometry. Overall both, quasistatic
and dynamic simulations, show that the Py nanowires demagnetize via nucleation of a pair
of transverse domain walls at the ends of the nanowire and their propagation towards each
other, while the Co fcc nanowire reversal mode is by a pair of vortex domain walls as depicted
in Figure 7.1(a-b). The specific diameter of nanowires was chosen to be 30 nm which is
the minimum diameter for which experimentally the nanowire physical and geometrical
properties are homogeneous, as prepared by the electrodeposition methods.

96

Chapter 7

Magnetic nanowires for heat dissipation

Fig. 7.1: (a) Tail-to-tail and head-to-head transverse domain walls and (b) a pair of vortex domain
walls in propagation towards each other under an AC field. The left columns of (c) and (d)
show the last three hysteresis loops (red curves) for 480 nm long nanowires of Permalloy and
Co respectively for four selected frequencies. Quasistatic hysteresis loops are indicated by blue
lines. The field axis is normalized to HA = 2Kef f /(µ0 MS ) where Kef f = |K1 | + µ0 MS2 /4,
i.e. 500 and 773 mT for Permalloy and Co, respectively. The right columns of (c) and (d) show
the temporal evolution of the average magnetization M (blue) and H (orange) for the last 3
periods, normalized to the saturation magnetization and field amplitude, respectively. N is the
last period for each frequency.
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Material

MS (kA-1 )

Aex (pJ/m)

K1 (kJm-3 )

Reversal Mode

Permalloy

796

13.0

0

TDW

Co fcc

1401

10.8

-75; [1,1,1]

VDW

Tab. 7.1: Material parameters[38, 98] and the reversal mode of the static hysteresis processes in
simulated nanowires. The [111] lattice cell direction is parallel to the nanowire with Euler
angles (θ, ϕ, ψ) = (0.96, 0, 0.61) for Co [98].

7.1 Micromagnetic model
Quasistatic calculations show that the hysteresis loops are almost length independent for
lengths over 120 nm. Hence, we investigate the AC-driven hysteresis loops for lengths ranging
between 120 nm and 960 nm. The material parameters considered in our calculations are
summarised in Table 7.1 indicating also the corresponding reversal modes for the quasistatic
situation. The damping constant α was set to a conventional Py value 0.012 for both
materials.

Fig. 7.2: Area of the simulated hysteresis loops of figure for four selected frequencies for the (a)
permalloy and (b) Co nanowires. Dashed lines show average values.

We model nanowires hysteresis loops under an applied magnetic field, H(t) = Hmax cos(2πf t)
with frequency f and amplitude Hmax , with the aim to assess the released energy per
field period proportional to the averaged over many periods area of the hysteresis loop,
hA(f, L, Hmax )i, where L is the nanowire length. An example of the area of the hysteresis
loops with the period of the magnetic field is depicted in Figure 7.2(a-b) for selected frequencies, where a non-regular oscillation is observed around averaged values. Notice that
Co fcc nanowire under an AC-field require significantly longer times to obtain an statically
significant number of fields periods for averaging. The characterizing parameter of the dissipation is the released heat per volume here called Specific Absorption Rate (SAR), defined
as SAR = hA(f, L, Hmax )i f . The hysteresis loops of an individual nanowire and different
lengths are calculated by means of the micromagnetic package OOMMF [48]. For the sake
of simplicity, we focus on the case of the magnetic AC field applied parallel to the nanowire
axis (assuming that the nanowires orients either specifically under the DC field during the
water purification treatment or under the AC-field during the hyperthermia treatment as was
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reported for magnetic chains [84]). This requires fixing the amplitude to µ0 Hmax = 500 mT,
higher than the saturation field ≈ 300 mT in all cases to ensure that in the static limit the
hysteresis loop corresponds to major loop for both compositions.

7.2 Hysteresis loops and heat dissipation
Calculations start with the nanowire in the saturated state along the field direction. The
magnetisation is recorded for several periods of the oscillating field, typically around 100
but in some cases, up to 1000 for the highest frequencies in order to surpass the transients
and to ensure reaching a stationary behaviour with stable averaged values. Example of
the last 3 hysteresis loops for various frequencies and a nanowire with length 480 nm is
presented in Figure 7.1(c-d). We clearly observe that for both materials the dynamical loops
are wider than those corresponding to static hysteresis. At low frequencies (f < 300 MHz
for Permalloy, f < 600 MHz for Co) the hysteresis loops are broader than the quasistatic one
and have a pronounced tilt at both sides which is interpreted as a retarded nucleation and
propagation of the domain wall. At high frequencies the loops are not closed.
Figure 7.3 presents dynamical magnetisation configurations for Py nanowires and various
frequencies. At low and intermediate frequencies transverse domain walls nucleate at the
ends of the nanowires, propagate towards each other and annihilate in the middle of the
nanowire. During the propagation they are transformed into more complex structures
and annihilate releasing energy by emission of spin waves along the entire length of the
nanowire (See Figure 7.3(a-b)). At high frequencies, the domain walls nucleate, propagate
and annihilate in the same way but the relaxation to a saturated state by spin wave emission
after the annihilation is not fully accomplished before the next reversal process starts as
illustrated in Figure 7.3(c-d). Finally, at very high frequencies, initial domain walls nucleate
at the ends of the nanowire but they do not fully travel half of the length of the nanowire
and neither annihilate during the field period. Simultaneously a second pair of domain walls
is created at each end. As a result of the field periodicity, the accumulative effect is a train of
distorted domain walls which looks like a multiple nucleation along the nanowire length as
shown in Figure 7.3(e).
Furthermore, the shape of the domain wall is largely affected by frequency as well. Its shape
becomes the more distorted, the higher the frequency is, compared with the quasistatic
shape depicted in Figure 7.1(a). This distortion is characterized by two effects (See Figure
7.3(a-b)): First, a domain wall widening in length and second, a twist of the transverse
component with the twisted angle increasing with frequency as shown in Figure 7.3(b-c).
To evaluate the heating response, the hysteresis loop area for each period is individually
integrated for every single loop and averaged. The mean value was obtained discarding a
finite number of the first AC field periods. The standard deviations were evaluated for all the
averaged quantities.

7.2
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Fig. 7.3: (Top left) Average hysteresis loop area for a permalloy 480 nm long nanowire. (a-e) Snapshots
of the nanowire magnetization configuration during the magnetisation reversal for the selected
frequencies marked in the graph.

First, our hysteresis loops in Figure 7.1(a) show the frequency dependence of the coercive
field for different lengths known as the dynamical coercivity (see Figure 7.4(a) for Permalloy,
similar results are found for Co). The increase of the coercive field with frequency is well
known (see e.g. [221, 222] for the dots case) and appears due to the fact that the nucleation,
depinning and propagation of the domain wall from nanowire ends requires certain finite
time. The time is responsible for the decrease of the coercive field as a function of the
nanowire length for fixed frequency. Indeed, in longer nanowires domain walls require
longer time to reach the centre of the nanowire at high frequencies which leads to the
increase of the coercivity when the frequency increases. As a result, the coercive field of
large nanowires (L ≥ 480 nm) approach the Hmax at lower frequencies than the shorter
nanowires. Another prominent feature is the fact that Py nanowires saturate at lower
frequencies than Co nanowires. This is explained by larger mobility of vortex domain walls
than of the transverse ones (see Ref. [100, 102, 223] and discussion below)
An additional distinctive feature of the hysteresis loops visible in Figure 7.1 at high frequencies is the appearance of the phase shift δ between the applied field and the magnetisation,
which is related to the retarded nucleation and fixed propagation time, see Figure 7.4(b).
The phase shift increases with frequency and reaches almost π/2 for large frequencies and is
also dependent on the nanowire length.
The average area of the hysteresis loops as a function of the field frequency (Figures
7.5(a) and 7.5(b)) for the selected nanowire lengths is characterized by a maximum at a
certain frequency, fmax . This frequency is larger for Co than for Py (see the comparison in
Figure 7.6(b)). The maximum area values grow with the nanowire length. For the sake
of comparison, the area in Figure 7.5(a-b) is normalized to the maximum possible one,
corresponding to the coherent rotation with the effective anisotropy of the long nanowire. In
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Fig. 7.4: The average coercive field Hc (a) and the phase shift δ (b) between the nanowire response
and the applied field as a function of the AC-field frequency for three selected lengths of
Permalloy nanowires.

all cases hysteresis loops are wider than the static ones (see dashed line in Figure 7.5) as
illustrated in Figure 7.1. For frequencies f < fmax the increase of the area is explained by
the increase of the nucleation and coercive field. For frequencies over fmax the nanowire
does not reach saturation and the area decreases. Due to the dependence on the domain wall
nucleation and propagation time, fmax decreases with the nanowire length and is larger for
Co (∼ 1000 – 1500 MHz) than for Py (∼ 300 – 500 MHz) reflecting again a larger velocity of
the vortex domain wall in Co. The normalized hysteresis areas are larger in Py nanowires
(between 0.45 and 0.9 in the units of coherent rotation mechanism) than in Co (between
0.32 and 0.5) for the same frequency and length values due to the known fact that nanowires
with transverse domain wall have larger coercive field. Finally, the specific absorption rate
increases monotonically with f for both cases, being higher for Co nanowires (with vortex
domain wall).

7.3 Simple model for domain wall propagation
To give a qualitative explanation for the frequency dependence of the hysteresis loop area
we have developed a simple phenomenological model. First, we have evaluated domain
wall mobility in Py and Co nanowires by applying a constant magnetic field to a pre-existing
domain wall and calculating the velocity of magnetization change, considering that two
domain walls are present.
Our results show that the domain wall mobility has several qualitatively different regions of
behaviour. In the field interval relevant to our modelling, the velocity is approximately linear
with the applied field following the relation v = v0 + α(H − Hn ), where α is the domain
wall mobility and Hn is the nucleation field for the stationary (major) hysteresis loop. For
H < Hn the domain wall mobility is different and is characterised by the final velocity v0 .
Assuming that Hn coincides with the coercive field of the stationary hysteresis loops for long
nanowires (which typically exhibit a very square hysteresis loop), i.e. µ0 Hn =215 mT for Py
and µ0 Hn =255 mT for Co, the fitted values from the velocity dependence on field are the

7.3 Simple model for domain wall propagation
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Fig. 7.5: (a) and (b) show the average hysteresis loop area hA(f, L, Hmax )i as a function of the field
frequency for different lengths normalized to 8Kef f , for Py and Co, respectively. The inset of
(b) is the Specific Absorption Rate as a function of frequency for the longest Co nanowire. The
dashed line indicates the value extracted from the stationary hysteresis cycle.

following: for Py α =2600 ms-1 /T, v0 =1260 ms-1 , and for Co: α =3000 ms-1 /T, v0 =2120
ms-1 . Consequently, as we assumed previously, the vortex domain wall has larger mobility
(in agreement with previously reported results in Ref. [100, 102, 223]) and larger velocities
in the interval of interest.

Our simplified model considers two equal rigid domain walls in the nanowire, where we
assume that there is no magnetization change for fields below the coercive one (squared
major loop). In this case, the domain wall propagation time is the main reason for the
dynamical coercive field dependence on frequency or the nanowire length. The velocity can
be integrated obtaining the domain wall position as a function of time, x(t), as:
x(t) = x(t = 0) + (v0 − αHn )tn +
+
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(7.1)

Fig. 7.6: (a) Area of the modelled hysteresis loop in Co nanowires as a function of frequency assuming
the domain wall motion model (b) Comparison between the simulated and modelled values
for the maximum frequency in Py and Co nanowires.

where tn is the nucleation time and x(t = 0) is the position at that moment. For the sake of
simplicity, we assume that Hn is constant for all frequencies and that it takes the same value
as the quasistatic coercive field Hc . This assumption implies that
tn =

α
Hc
sin
2πf
Hmax





and hence the equation 7.1 gives the magnetization change as a function of frequency, field
and nanowire length.

Fig. 7.7: Simulated hysteresis loops with equation 7.1 for a (a) permalloy and (b) Co nanowire.

Even with these strong assumptions, the simplified model correctly reproduces the shape of
the curves loops area versus the applied field frequency (see Figure 7.6(a) for Co) as well as
qualitatively several features: the decrease of the maximum frequency with the increase of
nanowire length and the increase of the maximum value. It also reproduces the fact that
the hysteresis loop area is wider for Co as for Py due to larger domain wall velocities as
depicted in Figure 7.7(a-b). The comparison with the direct simulations for the maximum
frequency is presented in Figure 7.6(b). The model fits better for long nanowires since it
assumes a rigid domain wall and neglects the time during which it is created from the nuclei
at the nanowire ends. This process cannot be neglected for short nanowires. Additionally,
the domain wall velocity was evaluated for long nanowires and the strength of dipolar field
is different for the short ones. Furthermore, the agreement in Co is much better than in

7.3 Simple model for domain wall propagation
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Py due to the fact that the hysteresis cycles are more squared. Finally, at high frequencies
multiple domain walls are created which is also disregarded by the domain wall model.

7.4 Chapter conclusions
We have concluded that the heating response of individual nanowires has a maximum
at certain frequencies due to the influence of the nucleation and propagation time. This
maximum is sensitive to the domain wall velocity, i.e. to the domain wall type and the
nanowire length. Overall, Py nanowires with transverse domain walls have larger dynamical
coercive field which reaches almost 0.9 of the coherent rotation mechanism at frequencies of
the order of 300 − 500 MHz. Nanowires with vortex domain walls (such as based on Co or Fe,
i.e. with large saturation magnetization) have larger heating performance but the maximum
appears at 1 GHz frequencies. The origin of the maximum in the heating performance is
the balance between the propagation time and the nanowire length. At higher frequencies
the domain wall does not have time to annihilate and several domain walls propagate. The
difference between performance of Co and Ni lies in larger velocities of vortex domain walls
as compared to the transverse one.
We believe that these findings show an important potential of nanowires for heating functionalisation in several applications such as the water purification treatment or magnetic
hyperthermia. The tuneable heating response can be also employed to promote certain
catalytic reactions in desired applications.
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I

8

we have performed micromagnetic, analytical and numerical modelling
of magnetization processes and magnetic states in individual ferromagnetic cylindrical
nanowires with different compositions (in order to tailor the magnetization processes) and
several geometries (in order to study the pinning of the domain walls). We have considered
nanowires with uniform diameter, with antinotches (bamboo-like), with modulations in
diameter and nanowires multisegmented in composition (Ferro/Non-magnetic). With respect
to the composition we have modelled FeCo nanowires (large saturation magnetization, MS ,
and low magnetocrystalline anisotropy, K1 ), Cox Ni100-x (the higher the Co content, the larger
MS and K1 ) and Permalloy (low MS and K1 ). On the other hand, Co with fcc phase and
permalloy have been also studied due to their low magnetocrystalline anisotropy (nearly
vanishing in Permalloy).
N THIS THESIS

1. We have shown that in FeCo nanowires
a) With antinotches (bamboo-like), the magnetic state at remanence is determined
by the geometry and consists of an axial domain with vortex structures with a
large core at the modulations and the nanowire ends.
b) With modulations in diameter and polycrystalline nanostructure, the magnetization
process occurs by vortex formation (with arbitrary chiralities) in the larger segments. As the reverse field increases, the vortices are transformed into skyrmion
tubes, topologically non-trivial configurations which define the pinning nature.
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The value of the pinning field is affected by (i) the difference in diameters, and
(ii) the particular granular disorder (which determines the chiralities of the vortices). The switching field is determined by the annihilation of the skyrmion
tube structures. For large difference between diameters (more than 40 nm), a
strong pinning is observed and a much stronger field is required to switch the
small diameter segments; the skyrmion core is displaced from the nanowire axis
describing a helical curve that we have labelled "corkscrew-like".
c) For multisegmented FeCo/Cu with increasing length of FeCo segments, simulations
reveal that rather than the propagation of a single domain wall, the magnetization
reversal proceeds always in a unidirectional propagation initiating at the end of
the nanowires with shorter segment length, independently of the applied field
direction. Although the switching is sequential from one segment to another,
the magnetization process inside each segment takes place by the formation of
vortices and skyrmion tube states, followed by the final collapse of the internal
core. Nevertheless, although statically large segments seem to demagnetize
simultaneously, the propagation is also sequential. The ratchet effect is induced
by the broke symmetry owing the increasing length of the FeCo segments and the
magnetostatic coupling between adjacent segments.
2. With respect to Cox Ni100-x nanowires
a) For pure Co with hcp phase and bamboo-like geometry, the remanent state shows a
multiple vortices state along the nanowire length, promoted by the magnetocrystalline anisotropy. In contrast to the FeCo nanowire, the position and length of the
vortices in the Co bamboo is uncorrelated with the geometry and the magnetic
state is determined by the magnetocrystalline anisotropy.
b) For uniform nanowires of Cox Ni100-x alloys, the micromagnetic results confirm that
a Co35 Ni65 nanowire displays a squared hysteresis loop with high remanence
due to a longitudinal magnetic domain. The loop of a Co65 Ni35 nanowire is also
squared and its magnetization reversal is mediated by the nucleation of two vortex
domains with opposite chiralities. In turn, the reversal of a Co85 Ni15 nanowire
is also mediated by the formation of two vortex domains at a positive field, and
gradual remagnetization as the field is decreased. Therefore Co85 Ni15 nanowires
display an inclined hysteresis loop. On the other hand, as-prepared states of
individual Co85 Ni15 and Co65 Ni35 nanowires indicate that hybrid configurations
of magnetic domains of vortex and transverse types are energetically favourable
in nanowires of both compositions, although Co65 Ni35 nanowires shows a longer
systematic sequence of transverse domains along the nanowire length. A value of
90 nm is theoretically obtained for the width of a transverse domain in a Co65 Ni35
nanowire, similar value is obtained from XMCD-PEEM measurements. From the
micromagnetic results we can also conclude that both domains are metastable in
Co65 Ni35 nanowires.
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c) For multisegmented Co85 Ni15 /Ni we have analysed the magnetization structures of
the Co85 Ni15 segments by using a numerical model of the magnetic Transmission
X ray Microscopy and determined the possible occurrence of an off-centered
(∼ 5 nm) vortex structure with ∼ 38 nm core diameter, determined (counter
clockwise) chirality and (positive) polarity.
3. For a two-segmented Permalloy nanowire
a) The developed analytical model predicts a relation between the critical depinning
magnetic field of a transverse domain wall and the difference in diameters and the
modulation length. A comparison of this analytical relation with a micromagnetic
simulation agrees better in the case of gently sloping modulations. The analytical
model is a simple scaling law which may be useful in resolving experimental and
nanofabrication issues.
4. Dissipated heat by Co and Py nanowires
a) We have compared the heating response of individual Py and Co (with fcc phase)
nanowires with identical geometry. The hysteresis area shows a maximum at
certain frequencies of the applied field due to the influence of the DW nucleation
and propagation time. Therefore, this maximum is sensitive to the DW velocity,
i.e. to the domain wall type (vortex for Co and transverse for Py). The difference
between the heating performance of Co and Ni lies in larger velocities of vortex
domain walls as compared to the transverse ones as the developed analytical
model of the domain wall propagation confirms.
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se han realizado modelos micromagnéticos, analíticos y numéricos
de los procesos de imanación y estados magnéticos en nanohilos cilíndricos individuales
de diferentes composiciones (para diseñar los procesos de imanación) y varias geometrías
(con el fin de estudiar el enganche de paredes de dominio magnético). Hemos considerado
nanohilos de diámetro constante, con antinotches (tipo bambú), con modulaciones en
diámetro y nanohilos multisegmentados en composición (Ferro/No-magnético). En lo que
respecta a las composiciones, se han modelizado nanohilos de FeCo (alta imanación de
saturación MS y baja anisotropía magnetocristalina K1 ), aleaciones de Cox Ni100-x (a mayor
contenido en Co, mayores MS y K1 ) y Permalloy (baja MS y K1 ). Por otro lado, también
se han estudiado nanohilos de Cobalto en fase fcc y Permalloy por sus bajas anisotropías
magnetocristalinas (prácticamente nula en el caso del Permalloy).
N LA PRESENTE TESIS

1. Hemos demostrado que en nanohilos de FeCo
a) Con antinotches (tipo bambú), el estado magnético en la remanencia viene determinado por la geometría y consiste en un dominio axial con estructuras de
vórtice con un núcleo de gran tamaño en las modulaciones y extremos del hilo.
b) Con modulaciones en diámetro y nanostructura policristalina, los procesos de
imanación suceden por la formación de vórtices (con quiralidades arbitrarias)
en los segmentos mayores. A medida que el campo aumenta, los vórtices se
convierten en tubos de skyrmion, configuraciones magnéticas topológicamente
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no triviales que definen la naturaleza del enganche. El valor del campo de enganche se ve afectado por (i) la diferencia entre diámetros, y (ii) el desorden
granular específico (que determina las quiralidades de los vórtices). El campo de
conmutación (switching field) se encuentra determinado por la aniquilación de las
estructuras de vórtice de skyrmion. Para diferencias de diámetros considerables
(mayores de 40 nm) se observa un fuerte enganche de la pared, y se precisa un
campo magnético superior para conmutar (switch) la imanación en los segmentos
de menor diámetro. El núcleo del skyrmion se desplaza del eje del hilo describiendo una curva helicoidal y por ello hemos denominado "sacacorchos" a este tipo
de enganche, el cual se ha observado aquí por primera vez.
c) En multisegmentados de FeCo/Cu con segmentos de FeCo crecientes en longitud,
las simulaciones muestran que en lugar de la propagación de una única pared de
dominio, el proceso de inversión de la imanación se produce, independientemente
del sentido del campo aplicado, mediante una propagación unidireccional que
comienza en el extremo con segmentos de FeCo de menor longitud. Aunque la
conmutación es secuencial de segmento a segmento, el proceso de imanación
interno de cada segmento tiene lugar por la formación de estados de vórtice y
tubos de skyrmion, finalmente seguidos del colapso de sus núcleos. A pesar de que,
estáticamente, los segmentos largos parecen desimanarse de forma simultánea,
la propagación también es secuencial. El efecto de ratchet está inducido por una
ruptura de simetría debido a la longitud creciente de los segmentos de FeCo y el
acoplamiento magnético entre segmentos adyacentes.
2. Con respecto a nanohilos de Cox Ni100-x
a) De cobalto puro en fase hcp y geometría tipo bambú, el estado remanente presenta
un estado con múltiples vórtices a lo largo de la longitud del hilo, promovido
por la anisotropía magnetocristalina. A diferencia de los nanohilos de FeCo, en
los hilos Co de tipo bambú no hay correlación aparente entre la geometría y las
posiciones y extensión de los vórtices. En este caso, el estado magnético viene
determinado por la anisotropía magnetocristalina.
b) Uniformes en diámetro de aleaciones de Cox Ni100-x , los resultados micromagnéticos
confirman que los nanohilos de Co35 Ni65 presentan ciclos de histéresis con forma
cuadrada y de alta remanencia debido a la presencia de un dominio magnético
longitudinal. El ciclo del nanohilo de Co65 Ni35 también tiene forma cuadrada y
la inversión de su imanación se da por nucleación de dos dominios de vórtice
con quiralidades opuestas. En cambio, la inversión del hilo de Co85 Ni15 también
está mediada por la formación de dos dominios de vórtice a campo positivo y
se reimana gradualmente a medida que el campo disminuye. Por consiguiente,
los hilos de Co85 Ni15 presentan un ciclo de histéresis inclinado. Por otra parte,
los estados vírgenes (as-prepared states) de nanohilos individuales de Co85 Ni15 y
Co65 Ni35 indican que las configuraciones de dominios magnéticos de tipo vórtice y
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transversal son energéticamente favorables en nanohilos de ambas composiciones,
aunque los nanohilos de Co65 Ni35 presentan una secuencia sistemática de dominios transversales más larga a lo largo del hilo. Se ha obtenido un valor teórico de
90 nm para la anchura del dominio transversal en el nanohilo de Co65 Ni35 , similar
al valor experimental obtenido en medidas de Dicroismo Circular Magnético
acoplado con Microscopía de Emisión de Electrones (DCMX-MEEP). A su vez, de
los resultados micromagnéticos podemos concluir que ambos tipos de dominios
son metastables en nanohilos de Co65 Ni35 .
c) Multisegmentados de Co85 Ni15 /Ni, hemos analizado las estructuras de la imanación
de segmentos de Co85 Ni15 mediante un modelo numérico de la microscopía
magnética de transmisión de rayos X. Se ha determinado la posible aparición de
una estructura de vórtice descentrado (∼ 5 nm) con un núcleo de diámetro ∼ 38,
quiralidad antihoraria, y polaridad positiva.
3. En un nanohilo multisegmentado de Permalloy
a) El modelo analítico predice una relación entre el campo magnético crítico de desenganche de una pared transversal, y la diferencia entre diámetros y la longitud
de la modulación. La comparativa de esta relación analítica con simulaciones
micromagnéticas muestra un mejor acuerdo en nanohilos con pendientes suaves.
El modelo analítico es la ley de escala simple que puede resultar provechosa como
asistencia en experimentos y en cuestiones de fabriación.
4. Calor disipado por nanohilos de Co y Py
a) Hemos comparado la respuesta calorífica de nanohilos individuales de Py y Co
de idéntica geometría. El área del ciclo de histéresis posee un máximo a ciertas
frecuencia del campo aplicado debido a la influencia de la nucleación de la pared
y del tiempo de propagación. El máximo es sensible a la velocidad de la pared, es
decir, al tipo de pared (de vórtice en Co y transversal en Py). La diferencia entre
la respuesta calorífica del Co y el Py radica en las mayores velocidades de las
paredes de dominio de vórtice en comparación con las transversales tal y como
confirma el modelo analítico de la propagación de la pared.
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Botánico, CSIC, Madrid. A compilation of the figures in color with their signatura and a description is placed above these lines. The originals belong
to the digitalization project of the drawings of the Real Expedición Botánica
del Nuevo Reino de Granada (1783-1816), liderada por José Celestino Mutis
[Royal Botanical Expedition to the New Kingdom of Granada directed by
José Celestino Mutis]: www.rjb.csic.es/icones/mutis. The Real Jardín
Botánico, CSIC owns the copyright of the figures © RJB-CSIC.
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