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Preface

Nanotechnology is currently one of the most dynamically developing fields of science,
mainly due to its potential applications and interesting properties from the point of view of
fundamental studies. Materials in this field, called nanomaterials, are characterized by at
least one dimension on the nanometer scale (1-100 nm). These small sizes are responsible
for specific properties that make nanomaterials unique compared to their macroscopic
counterparts. Their distinctive feature is a large surface-to-volume ratio, which enhances
the system response in the case of chemical reactions or other applications where the
sensitivity of the device depends on the surface development. Nanostructures alone or
incorporated into bulk materials significantly improve their mechanical, thermal, electrical
and magnetic properties. Moreover, thanks to their small size, nanostructures are essential
in the dynamically progressing miniaturization process in various field of nanotechnology
such as nanoengineering, nanomedicine or nanobiotechnology. The wide range of the
potential applications of nanostructures along with their specific properties make them
extremely attractive materials for studying new correlations between their morphology,
structure and physicochemical properties.

An interesting example of nanostructures are one-dimensional nanostructures called
nanowires. Such objects most often take form of cylindrical wires with a length of
micrometers and a diameter of the order of nanometers. Due to their highly elongated
shape, nanowires exhibit anisotropy of physical properties, significantly expanding the
scope of their applications compared to other nanostructures. Particularly important
electrical, optical, and magnetic properties of nanowires determine their use in biomedicine,
spintronics, environmental protection, and broadly understood consumer electronics.

The subject of interest in this work are magnetic nanowires consisting of an alloy based
on iron, cobalt and nickel. Specially built nanowires in the form of magnetic segments with
various chemical compositions along nanowires can create non-volatile three-dimensional
magnetic memory units in racetrack memory applications. The aim of this work is to
prepare such nanostructures with well-characterized structural and magnetic properties
by applying different potentials during one electrodeposition process.

The thesis consists of two main parts: a theoretical part and a description of the
results. The first part contains six chapters presenting the aim of the work together with
a description of the possible application of nanowires (3D racetrack memory), methods
of nanowire production, and the main parameters that affect the nanowire properties.
This part also includes a description of magnetism in nanowires and a short description
of applied research techniques. The second part of the work contains my own research, in
which I present electrochemical studies of Fe, Co, and Ni nanowires and their mixture, as
well as the investigations of morphology, structure, and magnetic properties of nanowires
in the form of single elements, and binary and ternary alloys. Finally, I show results
concerning multi-segmented nanowires and conclusions from my work. Short, last chapter
is devoted to my scientific plans for the near future, where I present preliminary results of
FeCoNi nanowires deposited in alumina membranes and doped with Cu. The work also
contains supplementary materials, in which I briefly characterize nanowire applications.
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Abstract

The subject of these studies are nanowires, i.e. one-dimensional nanostructures with
lengths of several micrometers and diameters of the order of nanometers. Especially
interesting magnetic nanowires with strong effective magnetic anisotropy are promising
materials for possible applications as 3D magnetic memory carriers due to the observed
ability of the domain wall to spread smoothly at a very high speed along the nanowires
(3D racetrack memory). Nanowires with the desired geometry, composition, and structure
were obtained by template-assisted electrodeposition process.

The presented thesis is interdisciplinary, and its main goal was to modify the magnetic
properties along the nanowires in order to obtain segmented nanowires with individual
segments exhibiting changes in chemical composition and associated changes in magnetic
properties.

The work presents the results of the studies of the morphology, chemical composition,
structure, and magnetic properties of nanowires based on iron, cobalt, and nickel, as
well as their alloys. Single-element Fe, Co, and Ni nanowires prepared in polycarbonate
membranes were characterized by different types of structure and magnetic parameters,
such as coercivity and squareness. Binary FeCo and FeNi alloys were studied in terms of
the effect of changing the cathodic potential on their chemical composition and, consequently,
their properties. FeCo nanowires were characterized by poor sensitivity of chemical
composition to the applied potential, in contrast to FeNi nanowires, which showed an
increase in Ni content with increasing voltage and an associated increase in coercivity and
squareness.

The main part of the thesis concerned FeCoNi nanowires with different diameters and
lengths, whose chemical composition was also modified by changing the applied potential.
It was observed that the increase in the cathodic potential caused an increase in nickel
content with simultaneous depletion of the systems in iron and cobalt. Morphology
observations confirmed the continuity of the nanowires and their smooth surfaces, and
constant diameters measured along the axes, while X-ray diffraction measurements revealed
a polycrystalline fcc FeCoNi structure with a preferred growth direction changing from
[111] to [220] with increasing voltage. All nanowires showed magnetic anisotropy with an
easy axis along the nanowire axis. Depending on the nanowire geometry, we observed a
different dependence of the saturation magnetization, coercivity, and squareness on the
applied potential, which was explained based on magnetostatic interactions. Measurements
of the coercive field as a function of the angle changing from the easy axis to the hard
direction showed an increase in coercivity up to an angle of 70 degrees, followed by
a decrease for an angle of 90 degrees. This dependence was interpreted as a change
in the magnetization reversal mechanism, which for angles close to the easy direction
was typical for the movement of the vortex domain wall and changed into the mode
characteristic for the transverse domain wall motion or coherent rotation for angles close
to the hard direction. Moreover, magnetic measurements rather indicated a single-domain
structure of FeCoNi nanowires. The last stage of the work was the study of segmented
FeCoNi nanowires, which were obtained by applying a specific sequence of voltages during
electrodeposition. The boundaries of segments in these nanowires were identified as the
domain wall pinning sites, which made such materials promising candidates for applications
in the creation of three-dimensional racetrack memory units.



Streszczenie®

Przedmiotem badan niniejszej pracy sa nanodruty, czyli jednowymiarowe nanostruktury
o dtugosci kilku mikrometréow i srednicach rzedu nanometréw. Szczegodlnie interesujace
magnetyczne nanodruty o silnej efektywnej anizotropii magnetycznej sa obiecujacymi
materiatami do zastosowan jako nosniki pamieci magnetycznych 3D ze wzgledu na obserwo-
wang w nich zdolno$é do ptynnego rozprzestrzeniania sie Sciany domenowej z bardzo duza
predkoscia wzdtuz nanodrutow (3D racetrack memory).

Prezentowana praca jest praca interdyscyplinarna, a jej gtéownym celem byta modyfikacja
wtasciwosci magnetycznych wzdluz nanodrutéw w celu uzyskania segmentowanych nano-
drutéow, ktorych poszezegdlne segmenty wykazuja zmiany sktadu chemicznego i zwigzane
z tym rézne wlasciwos$ci magnetyczne.

W pracy przedstawiono wyniki badan morfologii, sktadu chemicznego, struktury i
wtlasciwosci magnetycznych nanodrutéw na bazie zelaza, kobaltu i niklu, a takze ich
stopow. Jednoelementowe nanodruty Fe, Co i Ni przygotowane w membranach poliwegla-
nowych charakteryzowaly sie roznymi typami struktury oraz parametrami magnetycznymi,
takimi jak koercja i kwadratowos¢. Stopy binarne FeCo i FeNi byty badane pod katem
wplywu zmiany potencjatu katodowego na ich sktad chemiczny, a co za tym idzie, wtasciwosci.
Nanodruty FeCo charakteryzowaly sie staba wrazliwoscia sktadu chemicznego na przytozony
potencjat w przeciwienstwie do nanodrutow FeNi, ktore wykazywaty wzrost zawartosci Ni
wraz ze wzrostem napiecia i zwigzany z tym wzrost koercji i prostopadtosci.

Glowna czedé pracy dotyczyta nanodrutéw FeCoNi o r6znych srednicach i dtugosciach,
ktorych sktad chemiczny byt takze modyfikowany poprzez zmiany przytozonego potencjatu.
Zaobserwowano, ze wzrost potencjalu katodowego powodowatl wzrost zawartosci niklu z
jednoczesnym ubozeniem uktadéw w zelazo i kobalt. Obserwacje morfologii potwierdzity
ciggto$é nanodrutéow i gladkosé¢ ich powierzchni oraz state $rednice mierzone wzdtuz
osi, natomiast pomiary dyfrakcji rentgenowskiej ujawnity polikrystaliczng strukture fcc
FeCoNi z preferowanym kierunkiem wzrostu zmieniajacym sie ze wzrostem napiecia z [111|
do [220]. Wszystkie nanodruty wykazywaly anizotropie magnetyczna z tatwa osia wzdtuz
osi nanodrutu. W zaleznosci od geometrii nanodrutu, obserwowano rézng zalezno$c
namagnesowania nasycenia, koercji i kwadratowosci od przytozonego potencjatu, wyjasnio-
ng na podstawie oddzialywan magnetostatycznych. Pomiary pola koercji w funkcji kata
zmieniajacego sie od osi tatwej do kierunku trudnego, pokazaly wzrost koercji do kata o
wartosci 70 stopni, a nastepnie spadek dla kata 90 stopni. Zalezno$é te zinterpretowano
jako zmiane trybu przemagnesowania, ktory dla katow bliskich tatwemu kierunkowi byt
typowy dla przemieszczania sie wirowej Sciany domenowej, a dla katow bliskich kierunku
trudnego przechodzit w tryb charakterystyczny dla ruchu poprzecznej $ciany domenowej
lub koherentnej rotacji. Ponadto pomiary magnetyczne wskazywaty raczej na jednodome-
nowa strukture nanodrutéw FeCoNi. Ostatnim etapem pracy byly badania segmentowych
nanodrutow FeCoNi, ktore zostaly uzyskane poprzez zastosowanie okreslonej sekwencji
napiec¢ podczas elektrodepozycji. Granice segmentéw w tych nanodrutach zidentyfikowano
jako miejsca przypinania scian domenowych, co sprawito, ze takie materiaty sa obiecujacymi
kandydatami do zastosowan w tworzeniu trojwymiarowych jednostek pamieci 3D racetrack
memory.

*Rozszerzone streszczenie w j. polskim wymagane w zwiazku z umowa Cotutelle
zostalo zamieszczone na koncu rozprawy.



Résumé*

Le sujet de cette étude concerne les nanofils, ¢’est- a-dire des nanostructures unidimen-
sionnelles d'une longueur de plusieurs micromeétres et d’'un diamétre nanométrique. Les
nanofils magnétiques a forte anisotropie magnétique effective sont des matériaux prometteurs
étudiés pour leurs applications en tant que supports de mémoire magnétique 3D en raison
de la capacité observée de la paroi de domaine & se propager en douceur & une vitesse trées
¢levée le long des nanofils (mémoire de piste de course 3D).

Des nanofils présentant la géométrie, la composition et la structure souhaitées ont été
obtenus grace au processus d’électrodépdt assisté par gabarit.

La thése présentée est interdisciplinaire et son objectif principal était de modifier les
propriétés magnétiques le long des nanofils en formant des nanostructures segmentées
dont les segments individuels présentent des variations de composition chimique et donc
des propriétés magnétiques différentes qui y sont associées.

Ce document présente les résultats de recherches sur la morphologie, la composition
chimique, la structure et les propriétés magnétiques de nanofils & base de fer, de cobalt et
de nickel, ainsi que de leurs alliages. Les nanofils mono-élémentaires Fe, Co et Ni préparés
dans des membranes de polycarbonate sont caractérisés par différents types de structure
et de parameétres magnétiques, tels que la coercivité et la perpendicularité. Les alliages
binaires FeCo et FeNi ont été étudiés en termes d’effet du potentiel cathodique appliqué
pour leur synthése sur leur composition chimique et, par conséquent, leurs propriétés
associées. Les nanofils FeCo se caractérisent par un faible effet du potentiel sur leur
composition chimique, contrairement aux nanofils FeNi qui présentent une augmentation
de la teneur en Ni a de plus grandes surtensions et une augmentation associée de la
coercivité et de la perpendicularité.

La partie principale de la thése concerne les nanofils FeCoNi de différents diameétres
et longueurs, et dont la composition chimique varie selon le potentiel appliqué. Il a été
observé que des potentiels plus cathodiques induisent une augmentation de la teneur
en nickel avec un appauvrissement simultané du fer et du cobalt. Les observations
morphologiques ont confirmé 'uniformité des nanofils, des surfaces lisses, ainsi que des
diamétres constants sur toute leur longueur, tandis que les mesures de diffraction des
rayons X ont révélé une structure FeCoNi fce polycristalline avec une direction de croissance
préférée changeant de [111] & [220] avec 'augmentation de la tension. Tous les nanofils se
caractérisent par une anisotropie magnétique le long de ’axe du nanofil. En fonction de la
géométrie du nanofil, nous avons observé une dépendance différente de la magnétisation de
saturation, de la coercivité et de la perpendicularité au potentiel appliqué, s’expliquant par
des interactions magnétostatiques. Les mesures du champ coercitif en fonction de I'angle
passant de I'axe facile a la direction difficile ont montré une augmentation de la coercivité
jusqu’a un angle de 70 degrés, suivie d’'une diminution pour un angle de 90 degrés. Cette
dépendance a été interprétée comme un changement dans le mécanisme d’inversion de
la magnétisation, qui pour les angles proches de la direction facile sont typiques du
mouvement de la paroi du domaine vortex et se transforment en mode caractéristique
du mouvement transversal de la paroi du domaine ou de la rotation cohérente pour les
angles proches de la direction dure. De plus, les mesures magnétiques ont plutot indiqué
une structure & domaine unique des nanofils de FeCoNi. La derniére étape du travail
a été ’étude de nanofils de FeCoNi segmentés, qui ont été obtenus en appliquant une



séquence spécifique de tensions lors de ’électrodépot. Les limites des segments de ces
nanofils ont été identifiées comme les sites d’ancrage des parois de domaine, ce qui a fait
de ces matériaux des candidats prometteurs pour des applications dans le domaine des
mémoires tridimensionnelles.

*Le résumé détaillé en francais requis dans le cadre de l'accord de Cotutelle a été
inclus a la fin de these de dectorat.
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Chapter 1

Nanostructures - nanowires

Nanotechnology is a science dealing with the production, design and modification of
nanoscale structures, which has opened up unprecedented opportunities to revolutionize
various industries, from electronics and energy to medicine and materials science. Nanostru-
ctures exhibit properties different from their bulk counterparts, including electrical, optical
and magnetic properties or increased mechanical strength. These materials include nano-
particles, nanotubes, nanowires, and other objects with various morphology, size, and
geometric parameter ratios maintaining one dimension on the nanometer scale.

The exceptionally interesting are nanowires - cylindrical, one-dimensional structures
with a length of micrometers (L) and a diameter (¢) of the order of nanometers. Their
geometry results in a high aspect ratio (length to width ratio L/¢), which provides many
interesting properties different from their analogs in two- and three-dimensions. One
of the most important aspects is the increased surface-to-volume ratio compared to bulk
structures, which significantly improves the surface sensitivity of nanowire-coated devices.

Nanowires can be made of various materials, such as metals, composite materials or
oxides. Their structure and properties depend not only on the type of material, but also
on the method of their synthesis. By controlling the production process and using different
templates, it is possible to modify the concentration and geometry of the nanowires and,
consequently, obtain nanowires with the desired properties. A huge diversity of nanowire
properties and the possibility of manipulating them made such structures attractive for
both industrial applications and fundamental studies.

Especially interesting magnetic nanowires, which are the subject of the presented work,
due to their magnetic anisotropy, have found many applications in spintronics, microwave
electronics, permanent magnets, medical treatments, drug delivery, consumer electronics,
high-density magnetic recording media, and many others. More detailed descriptions of
the potential applications of nanowires are provided in Appendix 1.

In my study, I will focus on the use of nanowires in high-density magnetic recording
media, which became the motivation for my studies. Magnetic nanowires are promising
candidates for next-generation data storage devices in a 3D approach. It is expected that
such magnetic memory units can achieve a density of tens of terabits per square inch
[1, 2, 3, 4]. This application will be described in detail in the next section.
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1.1. 3D magnetic memory media - motivation

Current magnetic data storage devices are based on a two-dimensional design. Due to
the superparamagnetic behavior observed when the size of the magnetic bits is reduced,
the density of such storage media cannot be improved. In this case, an alternative
approach is to construct 3D devices in which vertically arranged magnetic domains are
used to store information in parallel arrays of tall columns — a nanowire matrix. For
the first time, the concept of such 3D memories was proposed by Parkin in Science in
2008 [5]. To build them, multi-domain structures are needed, in which each magnetic
domain should correspond to the magnetic bit. The data could be written in such a
device using a small magnetic field generated by ferromagnetic nanowires and reading
could be done by a magnetic tunnel junction element, which would detect the changes in
the magnetization. The application of 3D magnetic memory media devices could increase
the density of magnetic bits per area unit while lowering energy consumption, increasing
the reading speeds, and improving reliability due to eliminating mechanical motion as in
the case of rotating hard disks [6, 7, 8, 9].

In such magnetic structure, called racetrack memory, the individual bits are associated
with domain walls (DW) formed at the boundaries between magnetic domains magnetized
in opposite directions (up or down) along the nanowires. The domain wall, which alternates
between north-to-north or south-to-south poles is used to store information, while the
space between them is the bit length. The nanowire matrix acting as such racetrack
memory is embedded in a non-magnetic template, which causes most of the domains to
be located deep in the membrane. To obtain information encoded in bits away from the
surface, the domain wall motion must be considered. This can be achieved by applying
nanosecond current pulses [8]. The current passing through the magnetic wire becomes
spin-polarized due to the spin-dependent scattering. The spin angular momentum is
transferred by the current to the wall causing the DW motion. A properly selected
pulse length, adjusted to the distance between subsequent domain walls, allows the entire
sequence of domain walls to be shifted. They can move towards the surface or backward
depending on the direction of electron flow, which is opposite to the current direction.
The velocity of the domain wall, which can reach even 1000 m/s [8, 10] is reduced to
a value of about 100 m/s (enough for racetrack memory applications) because of the
limitations associated with the applied current densities (with a threshold connected with
the temperature increase caused by Joule heating and perturbation in spin momentum
transfer), local pinning at defects, the domain wall structure (transverse or vortex) and
other problems related to e.g. changes in the DW propagation mode at too high velocity
[5].

Another important challenge that needs to be solved is an undesired domain wall drift
out of its position caused by thermal fluctuation, stray currents or magnetic fields, and
imprecise estimation of the magnitude and duration of the current pulses. To control
the domain wall positions and ensure their stability, the pinning sites must be fabricated
at the intended places along the nanowires. The chosen pinning sites should be strong
enough to protect DW against external perturbations, while maintaining the ability of
the DW to move from one position to another under the influence of the applied current
pulses. Such anchoring can be reached by forming blockages along nanowires (notches,
anti-notches, or constrictions), diameter modulations, or modifications of the material
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properties.

1.2. The goal of the thesis

The last of the mentioned possibilities of the domain wall pinning ¢.e. modification
of the magnetic properties of materials along nanowires, is the aim of this work. This
will be achieved by the electrodeposition of alloy and segmented nanowires composed
of Fe, Co, and Ni. By choosing an appropriate electrolyte composition and applying
various cathodic potentials, I obtained, in one electrodeposition process, nanowires built of
magnetic segments with different element content, which caused changes in their magnetic
properties. Such a chemical modification combined with different magnetic parameters,
should lead to the creation of pinning sides at the subsequent segment boundaries, making
these structures good candidates for 3D racetrack memory applications.

1.3. Methods of nanowire production

In the case of nanomaterials, their production techniques can be divided into two
groups: top-down and bottom-up methods (Fig. 1.1). In the first approach, the material
size is reduced to the nanoscale size. In this group, one can highlight techniques like
lithography, mechanical abrasion, high temperature oxidation, sputtering or chemical
etching [11, 12]. On the other hand, in the bottom-up methods, the nanostructures are
produce from atoms and molecules. This group include molecular beam epitaxy (MBE),
chemical vapor deposition (CVD), laser ablation (photoablation), lithography, sol-gel and
electrodeposition [12].

TOP-DOWN BOTTOM-UP
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Figure 1.1: Schematic representation of two nanomaterial fabrication strategies: top-down
and bottom-up.

Among the preparation techniques mentioned, there are many different methods for
producing metallic nanowires that allow for more or less precise control of dimensions,
shape, crystal structure and chemical composition. One of them is chemical vapor
deposition (CVD), which enables the production of nanowires with a specific chemical
composition, but the high temperatures required limit the range of materials that can be
obtained by this technique. Another method is physical vapor deposition (PVD), which
in turn allows to obtain nanowires with a favorable crystallographic orientation along
the nanowire axis. Other methods such as laser ablation (LA), MBE or lithography are
also used, but in general, all these techniques are very expensive and require advanced
equipment, usually operating in high or ultra-high vacuum conditions [11, 12, 13, 14].
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A simple, high yield and low-cost method of producing nanowires is electrochemical
deposition. This technique was used to prepare the nanowires studied in my work and
will be described in more detail in the next chapter.
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Chapter 2

Electrodeposition process

Electrodeposition of metals and alloys is a well-known method of the preparation
of solid deposits on the surface as well as nanomaterials. Metal electrodeposition is a
process in which, the metal ions from an electrolyte (like an aqueous solution of a simple
or a complex salt type, known as an electrolyte bath) are reduced to a metallic form
on the conducting surface — the cathode. During the electrodeposition process, the
oxidation and the reduction occur at the anode (the positive electrode) and cathode (the
negative electrode), respectively. The overall reactions occurring during the process can
be represented as:

Cathode : M™* +ne” — M (2.1)
Anode : M — M™ + ne” (2.2)
And additional:
2H,0 +2e~ — Hy T +20H~ (cathode) (2.3)
2H,0 — 4H' + O3 1 +4e~  (anode) (2.4)

The electrodeposition process is usually performed using a three-electrode system with
a working electrode (cathode) — 1, reference electrode — 4 and counter electrode (anode)
— 5 (Fig. 2.1)

In the case of studied materials, for non-dissoluble anodes, the following reactions take
place on electrodes:

Cathode : M*" +2e™ <+ M (2.5)

2HT +2e” < Hy (2.6)

Anode :  2H,0 <> 4H" + Oy +4e~ for pH <7 (2.7)
40H™ < 2H,0 + Oy +4e~ for pH > 7 (2.8)

where M?T are metallic ions of Fe, Co, Ni or Cu dissolved in the electrolyte, while M
are metals of the corresponding ions reduced at the cathode.

The potential applied between these two electrodes causes ion transport, which can
occur by migration, diffusion, and convection.

The principle mechanism of ion transport is migration, defined as the ordered movement
of positive ions — cations towards the negative electrode (cathode) and negative ions
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Figure 2.1: Scheme of a three-electrode setup: with working electrode (cathode) — 1,
reference electrode — 4 and counter electrode (anode) — 5. Additionally marked contact
layer — 2 and membrane — 3 are used in the template-assisted electrodeposition process
described in the later chapter.

— anions towards the positive electrode (anode). This can be readily determined by
measuring the electrical conductivity or resistivity. All ions in electrolyte take part in the
migration transport and the amount of charge transferred by a particular type of ions is
proportional to their concentrations. However, the number of ions in an electrolyte does
not have to be identical to the concentration of the electrolyte due to the interactions of
the ions with the solvent and with each other [15].

The diffusion current results from the difference in ion concentration near the electrode
and in the bulk electrolyte. To eliminate the migration current from the analysis of the
determined ions, a basic electrolyte should be used with a concentration at least 1000
times higher than the concentration of determined ions. Then, the basic electrolyte takes
over the entire migration current. A well-chosen basic electrolyte enables the separation of
peak potentials or half-wave potentials (see chapter devoted to measurement techniques).
The convection current is induced by, for example, mixing.

The electrode potential at which the current density is zero is of particular importance.
If this potential corresponds to the thermodynamic equilibrium of the electrode process, it
is defined as the equilibrium potential. For metal electrodeposition, it is necessary to shift
the electrode potential in the cathodic (negative) direction from the equilibrium value. A
negative potential shift accelerates reduction processes, while a positive shift accelerates
anodic reactions (oxidation). This potential is called overpotential.

To calculate the reversal potential of a metal immersed in an electrolyte solution
containing metal ions, the Nernst equation is used. It relates the potential of the electrochemical
cell to the standard potential of the half-cell (E°) and the molar concentrations of oxidized
(Ox) and reduced (Red) substances taking part in electrode reactions at equilibrium. It
takes the general form:

RT |0z
E=E"+ 2.
pyaLltyr) (2.9)

where:
E — equilibrium half-cell potential [V]
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EY — standard half-cell potential [V]

R — gas constant [8.314 J/(mol - K)|

T — temperature [K]

n — number of electrons taking part in the reaction taking place at the electrode
F — Faraday’s constant [96500 C/mol]

|Ox| — molar concentration of the oxidized form

|Red| — molar concentration of the reduced form.

The standard potential (E°), i.e. the numerical value for the tendency of elements
to form ions in an aqueous solution. It is determined relative to the standard hydrogen
electrode (SHE), whose normal potential value is assumed to be equal to zero. This
electrode is used to define potentials, but in most applications, a calomel electrode
(HgoCly) or silver/silver chloride electrode (Ag/AgCl) are found as reference electrodes.
I used an Ag/AgCl (3 M KCl) reference electrode, which is based on the reduction
of AgCl to Ag. It is an unsaturated electrode that is less sensitive to temperature
changes than an electrode filled with saturated KCI (4.69 M KCl) because at higher
temperatures the solubility of KCI increases and the potential of the electrode decreases.
The relationship between the standard hydrogen electrode and silver chloride electrodes
filled with saturated (4.69 M) and 3 M KCI is shown in Fig. 2.2. All potential values
given in this work refer to the Ag/AgCl (3 M KCl) electrode.

. +0.750 V
+0.553
| +0.543 V
SHE ’\
N
TPV dana agngo
+0.197 V 530M2(})<703 +0.75 V

< ‘ ‘ >
Potential [V]

Figure 2.2: Relationship between the potential of an Fe3t/Fe?T half-cell to the different
reference electrodes: standard hydrogen electrode (SHE), Ag/AgCl (KCl saturated),
Ag/AgCl (3 M KCI).

A list of chemical elements with metallic properties ordered according to their values
of normal potentials, known as the electropotential series or activity series, shows the
tendency of metals to be oxidized (the metals at the top of the table with more negative
potential are less noble, more active) or to be reduced (the metals at the bottom of the
table with more positive potentials are more noble, less active).

The standard potentials of selected metals shown relative to standard hydrogen electrode
(SHE) and silver/silver chloride electrode (Ag/AgCl) filled with saturated and 3 M KCl
are presented in Table 2.1.

Quantitatively, the electrolysis process is described by Faraday’s laws. Faraday’s first
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Table 2.1: Standard reduction potential (Eg) relative to a standard hydrogen electrode
(SHE) and silver/silver chloride electrode Ag/AgCl filled with saturated KCl and 3 M
KCL

Reaction Potential Eq [V]
vs. SHE vs. Ag/AgCl (saturat. KCl) vs. Ag/AgCl (3 M KCl)
Fe?t 4+ 2¢~ < Fe -0.44 -0.64 -0.65
Co?t +2e= < Co  -0.28 -0.47 -0.49
Ni?* + 2e~ < Ni -0.25 -0.45 -0.46
2HT + 2e~ < H, 0.00 -0.20 -0.21
Cu’t +2¢ < Cu +0.34 0.14 0.13

law states that the mass of a substance released on the electrode during electrolysis is
proportional to the amount of electric charge that flowed through the electrolyte:

m=k-q=k-1-t (2.10)

where:

m — mass of the substance released on the electrode during electrolysis

k = % — electrochemical equivalent

F — Faraday constant is an electrical charge of one mole of elementary carries (F' = e-N4)
q — electrical charge

I — current flowing during electrolysis

t — duration of electrolysis

M — molar mass of the released ion

n — number of electrons transferred in the electrode reaction (valance).

Faraday’s second law states that the ratio of the masses of substances released at the
electrode to the product of electrochemical equivalent (k) and the number of electrons
transferred in the electrode reaction (n) per 1 mole of a substance with molar mass (M)
is a constant quantity called Faraday constant:

M

= F 2.11
- (2.11)

The relationship connecting both Faraday’s laws is called the electrolysis equation:

M-1T-t M-q
= = 2.12
m n-F n-F ( )

and expresses the charge needed to deposit or release the mass of substance at the

electrodes:
F-m-n

¢=— (2.13)

The electrodeposition process includes faradaic and non-faradaic reactions, which are
associated with faradaic and non-faradaic currents. The currents described by Faraday’s
laws involving charge transfer are called faradaic currents and connect the amount of the
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substances transferred with the amount of electrical charge delivered to the electrode.
The faradaic current is proportional to the electrode reaction rate, which in extreme cases
depends on the mass transport and charge transfer rate. If the process is controlled by
mass transport limitation (charge transfer is much faster than mass transport), the value
of polarizing voltage is described by the Ox/Red concentration ratio using the Nernst
equation and these processes are reversible. The current in this case depends only on
the ion diffusion rate, which is proportional to the ion concentration gradient between
the electrode surface and the bulk electrolyte. The maximum concentration gradient is
reached when the surface concentration of ions on the electrode surface is zero, then the
mass transport rate and current value are proportional to the bulk concentration. The
limit value of faradaic current corresponding to the current value at the peak or plateau of
the wave on the current versus voltage measurements (CV — cyclic voltammetry, described
in the chapter on measurement techniques) is proportional to the concentration of the
analyzed ingredient and carries quantitative information about the composition of the
analyzed sample while its identification qualitative is based on the value of peak potential
or half-wave potential.

Usually, more than one faradaic reaction occurs at the cathode electrode during the
electrodeposition process, but only one of them is related to the deposition of materials.
Thus the fraction of the current consumed for the desired deposit to the total current
passing through the cell is the current efficiency (). It is defined as the ratio of the
actual mass (m,) of a substance separated from the electrolyte as a result of current
flow to the theoretical mass (my;) of this substance (m,/my;). The theoretical mass of
sediment calculated from Faraday’s law multiplied by current efficiency gives the actual
mass of the deposit:

M ¢

— . ) (2.14)

Mg = X - (
The current efficiency can range from 0 to 100%. Most electrodeposition processes are
characterized by a current efficiency of less than 100% due to simultaneously occurring
side reactions, such as hydrogen evolution described in the later chapter [15].

As mentioned, the current flowing through the cell is limited by the current corresponding
to the slowest reaction step. Generally, one can distinguish: 1) activation controlled or
charge transfer process, 2) mixed controlled process, or 3) mass transport or diffusion
controlled process [15]. If there are many electrochemically active substances near the
phase boundary, the reaction rate depends on the electrode potential and is called activation
controlled. In this type of electrodeposition process, the current changes exponentially
as a function of the overpotential and even a small swap of overpotential results in a
huge change in the current density [15]. If the migration of ions to and from electrodes
is slow, the ion depletion at the cathode vicinity occurs (there is no homogeneity of the
electrolyte near the electrode) and a further increase in overpotential is not accompanied
by any changes in current density. In this case, the reaction rate is limited by mass
transport and the process is diffusion controlled. This kind of process is observed in most
metal electrodepositions [15].

The diffusion process is described by two Fick’s laws.
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Fick’s first law gives the relationship between the flow of a diffusing substance (i.e.
the amount of substance flowing per unit of time through a unit surface perpendicular to
the flow) and its concentration gradient:

dc

J = D% (2.15)
where:
J — the flux of the diffusing component in the x direction
¢ — concentration of the component in the flow plane
Oc/0x — concentration gradient of the diffusing component perpendicular to the plane
D — diffusion coefficient [m?/s], is proportional to the speed of diffusing molecules, it also
depends on temperature.

Fick’s second law gives the relationship between the local rate of change in the
concentration of a diffusing substance and its concentration gradient:

Oc D 9%c

The diffusion coefficient is related to the temperature dependence, via Arrhenius law:

Ea

D=Dy-e #t (2.17)

where:

Dy — diffusion coefficient at an infinite temperature

E4 — activation energy [J/mol|

T — temperature [K]

R — gas constant (8.31 J/(mol - K))

The Arrhenius equation enables the determination of the activation energy and preexponential
factor.

After applying potential, the metal electrodes immersed in the solutions become
polarized. As a consequence, the density of electrons in the metal surface changes, which
results in the formation of a double electrical layer in the form of a compensating space
charge in the electrolyte adjacent to the electrode, called a double layer. A diagram of an
electrical double layer in an aqueous solution at the interface with a negatively charged
electrode surface is shown in Figure 2.3. The first layer, positive or negative surface
charge, consists of ions that are adsorbed on the electrode. The second layer consists of
free ions that move in the fluid and are attracted to the surface charge by the Coulomb
force. This second layer with the opposite charge to the first layer is loosely bonded to
the electrode material and is called the diffuse layer. Double layers are most visible in
systems with a high surface-to-volume ratio, such as porous surfaces [17]. The typical
thickness of double layer is in the order of nanometers and decreases with increasing ion
valence and their concentration and depends on the electrolyte temperature. The process
of double layer formation belongs to non-faradic reactions, and the current associated
with the charging and discharging of the double layer is also called non-faradaic current
or capacity current. The value of this current does not depend on the ion concentration
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Figure 2.3: Scheme of an electrical double layer in an aqueous solution at the interface
with a negatively charged cathode (Graheme model) [15].

and is the additive background of the faradaic current. The ratio of the faradaic current
to the capacity current is treated as the signal-to-noise ratio and determines the detection
limit of the measurement techniques used.

The electrodeposition process is influenced by factors such as the value of the cathodic
potential (or current density), temperature, pH and composition of the electrolyte as well
as by electrodeposition type, which will be described in the next section [18].

2.1. Electrodeposition types

The electrodeposition can be performed in either potentiostatic or galvanostatic mode.
In the first one, a constant potential is applied between the cathode and the anode, and
the electrodeposition process is monitored by measuring current changes. In turn, in the
galvanostatic mode, a constant current density is maintained between the anode and the
cathode, and the potential response is recorded during the process. The potentiostatic
mode allows the study of the mechanism of deposit growth. Furthermore, providing the
necessary critical energy needed for nucleation (supplied by applied potential) ensures a
uniform and desired morphology of the deposits, which is difficult to achieve in galvanostatic
mode due to the lack of direct control of the potential occurring at the cathode. Additionally,
by applying various potentials, it is possible to modify the chemical composition of alloyed
deposits [19, 20, 21]. Both these modes offer the simplicity of controlling reduced charge,
which enables the deposition of segmented nanowires with high accuracy [22].

These two electrodeposition modes can be used in the form of a constant value of
applied potential or current (DC), as described above, or in the form of alternating signals
(AC) or pulses. In Fig. 2.4 the different types of current transient applied are shown.
As mentioned, direct current (DC) electrodeposition includes the previously described
galvanostatic and potentiostatic modes (Fig. 2.4 a).

Alternating current (Fig. 2.4 b) or potential (AC) introduces dynamic changes to
the deposition process and can be used to obtain certain benefits, such as improving
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the uniformity of layer deposition. AC electrodeposition with a modified frequency
and waveform (sine, square, triangular) can also influence the surface properties of the
deposited material, its crystal structure and consequently, physical properties. This
also allows the templates to be homogeneously filled with various metals in nanowire
production but makes it impossible to precisely control the morphology of the obtained
structures [23]. This mode is necessary during the deposition of nanowires in alumina
membranes with a barrier oxide layer, but a high alternating potential in the range of
10 V and above is needed [15]. Deposition at high voltage or current is associated with
high hydrogen evolution, which impairs the efficiency of the electrodeposition process. In
general, nanowires grown at low current density are very short, while those grown under
high current density are not compact and contain many defects [23]. On the other hand,
application of high current frequency significantly reduces the hydrogen evolution, but ions
do not have sufficient time to relax and the deposition will not follow diffusion-controlled
mechanism that is more common in the electrodeposition of metal ions [15].

Pulse electrodeposition (Fig. 2.4 c) is characterized by the alternating appearance
of a conduction pulse (time on) and an off pulse (time off). Electrical pulses can be
unipolar (all pulses are in one direction) or bipolar (positive and negative directions).
During the conduction pulse (time on), when the suitable voltage or current is applied,
the material is deposited but, at the same time, ions are depleted in the immediate vicinity
of the reduction site. The subsequent short time off pulse allows the ion concentration
to be recovered and the double layer formed at the deposit/electrolyte interface to be
discharged. Unfortunately, during the pulse time off (when very low or zero voltage or
current is applied), the dissolution of reduced atoms can be observed [24, 25, 26|, especially
visible in the case of deposition of layered nanowires composed of metals with significantly
different standard potentials. Using the pulse deposition technique, segmented nanowires
consisting of layers with different chemical compositions can be produced by applying
pulses with various potential values.
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Figure 2.4: Schematic plot of current vs. time for (a) direct current (DC), (b) alternating
current (AC) and (c) pulse current electrodeposition [15].

Described methods, along with their advantages and disadvantages, are suitable for the
deposition of various nanowires. In practice, the choice between DC and AC electrodeposition
depends on the specific goals of the process and the required characteristics of the produced
material. Appropriate selection of electrodeposition mode allows for controlling the
morphology and physical properties of the deposit to obtain materials with parameters
suitable for desired applications [19, 27, 28§].
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Considering the above, I used a DC technique with a potentiostatic mode, which
allowed me to control the particular electrodeposition stages and precisely determine the
reduced charge to obtain nanowires with desired length, morphology, chemical composition,
structure and, consequently, required physical properties. Thanks to the acquired knowledge,
I was able to produce homogenous alloyed nanowires and segmented nanowires with
controlled chemical composition and well-defined lengths of individual segments.

2.2. Types of templates

Porous membranes enable the production of nanowires with a monodisperse diameter
and easily controlled length during unidirectional growth. There are several types of
templates, but the most popular are polycarbonate (PC) membranes and anodic alumina
oxide (AAO) membranes.

The PC membranes are produced in two steps. In the first step, a thin polycarbonate
layer is irradiated with heavy ions, which results in the creation of the ion tracks (damage
zone) with a density depending on the applied ion fluence. In the next step, the ion-
irradiated PC layer is etched in NaOH. The etching time affects the pore diameter and may
reduce the membrane thickness [29]. The pore distribution determined by ion irradiation
is irregular as seen in SEM images (Fig. 2.5 a, b). These membranes have relatively low
pore density, which allows the creation of nanowires with low or negligible interactions
between them [30, 31, 32, 33|. Moreover, a significant advantage of PC membranes is the
ability to produce pores with uniform diameters and easy-to-control density. Additionally,
they are flexible, relatively resistant to damage, and stable in use.

The AAO templates are produced by anodization, during which pure aluminum foil
(necessary to obtain an ordered porous structure) is oxidized using oxalic, phosphoric or
sulfuric acid. The electrolyte applied influences the pore diameter, while the oxidation
conditions (temperature, pH, electrolyte concentration) determine the rate of oxide formation
[34]. Such porous membrane has an irregular pore arrangement. To obtain a well-
ordered structure with a hexagonal pore distribution, the alumina layer is removed and
the resulting u-shape surface covering the Al foil should be anodized for a second time.
As a consequence, AAO membranes are created with high-density hexagonally arranged
porous structures, with a pore distance close to the pore diameter (Fig. 2.5 ¢).

During the alumina membrane production, a thick insulating barrier oxide layer is
formed (200 nm), as seen in Fig. 2.6 b [35]. It is too thick to enable electron transfer by
tunneling, thus the barrier must be thinned by chemical etching, but in any case, a high
potential must be applied in electrodeposition process. This is associated with a large
hydrogen evolution, which results in instability of the electrodeposition process and makes
uniform pore filling impossible. An alternative approach is to detach alumina from the
Al substrate (using NaOH) to obtain a membrane with open pores from both sides, but
this is only applicable for free-standing thick alumina membranes (>20 pm). Membranes
with smaller thicknesses are not stable enough to be handled due to their brittleness.

The parameters, which define the membranes are pore diameter (¢), membrane thickness,
which is a maximum nanowire length (L), inter-pore distance (d), pore density (number
of pores per square centimeter) (p), and porosity (open area) (P). Schemes illustrating
these parameters are shown in Fig. 2.6. As can be seen, there is a very clear difference
in the pore distribution between PC (Fig. 2.5 a, b, and Fig. 2.6 a) and AAO (Fig.
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Figure 2.5: SEM pictures of two types of templates: polycarbonate (PC) membranes
with a pore diameter of (a) 40 nm, (b) 100 nm; and (c¢) anodic alumina oxide (AAO)
membranes with pores diameter of 40 nm.

Barier A @
layer

Figure 2.6: Schematic drawings illustrating the (a) polycarbonate and (b, ¢) alumina
membranes with marked pore diameters (¢), membrane thickness (L) and inter-pore
distance (d).
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Table 2.2: Parameters of polycarbonate and anodic alumina oxide membranes.

Pore diameter Pore density Open area [%| Nominal thickness

[nm)| [pores/cm?| (Porosity) [m)|
Polycarbonate membranes (PC)
120 4 x 108 4.5 6
100 4x 10% 3.1 6
40 6 x 10° 0.7 6
Anodic alumina oxide membranes (AAO)
40 10° 15 20

2.5 ¢ and Fig. 2.6 b) membranes. This results in various inter-pore distances, different
pore densities, and porosities. The porosity (P) and pore density (p) in the case of ideal
hexagonal pore arrangement (AAO membranes) can be expressed by equations (2.18) and
(2.19), respectively [34, 36]:

_ T (P
P= 2\/§(d) (2.18)

10
p =
V3. d?
In the case of PC membrane, the pore density, and therefore the porosity and the inter-
pore distance are determined by the ion fluence.

The parameters of the membranes used in this work are listed in Table 2.22.

As mentioned above, the main difference between the PC and AAO membranes is
the pore distribution and the average distance between pores, which, as in the case of
alumina membranes, can result in a strong interaction between the nanowires |37, 38,
39, 40, 41]. Thus, the main advantage of polycarbonate membranes is the relatively
large distance between the pores, which reduces interaction between nanowires, while
the main advantage of alumina membranes is a very regular pore distribution, which is
crucial for use as magnetic memory units. Finally, considering the above, greater handling
stability, and the not-mentioned low price of polycarbonate membranes, I chose the PC
membrane as the main template for nanowire production, although some nanowires in
alumina membranes (open from both sides) were also prepared.

The pores in PC membranes and in AAO membranes (after removing the substrate and
barrier layer) are open on both sides. To perform the electrodeposition, the membranes
must be covered with a thin conductive layer of gold or copper, which closes the pores
on one side and ensures electrical contact during the electrodeposition process. The gold
layers were deposited by sputtering, while the copper layers were evaporated using an
e-gun. The thicknesses of the layers depend on the pore diameters and are listed in Table
2.3. They must be thick enough to prevent material leakage. Additionally, such a layer
forms a substrate for nanowires after they are dissolved (PC membranes).

PC and AAO membranes covered with conductive layers serve as working electrodes
(cathodes) in a three-electrode setup. The working areas determined by the diameter of
the Teflon seal (0.8 — 1 cm) and the pore density were calculated from the formula:

(2.19)

Pworkmg area = Open area [%] * Pseal (220)
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Table 2.3: Thicknesses of gold and copper conductive layers.

Pore diameter [nm| Gold layer [nm| Copper layer [nm]
Polycarbonate membranes (PC)

120 320 -
100 250 400
40 180 -
Anodic alumina oxide membranes (AAQO)
40 300 -

and are listed in Table 2.4 for PC and AAO membranes for various diameters used in the
work.

Table 2.4: Working areas determined for polycarbonate and alumina membranes used in
the electrodeposition process.

Pore diameter [nm| Working area [cm?]
PC membranes

120 2.2 1072

100 1.6 -1072

40 3.8-1073
AAO membranes

40 7.5 1072

2.3. Electrodeposition inside porous membranes

The template-assisted method combined with electrochemical technique is the most
common way to obtain a system of nanowires with well-defined geometry, chemical composition
and structure.

In a diffusion controlled process, the rate of electrodeposition is determined by the
movement of ions from regions of high to low concentration. Ions approaching from
the bulk region towards the active membrane surface (pores) create a spherical diffusion
zone (Fig. 2.7) that extends at the mouth of each pore, leading to the overlapping of
neighboring diffusion volumes. The ions move rapidly towards the electrode surface and
reduce at the bottom of the pores forming a depleted region on and near the electrode
surface. A concentration gradient is created along the nanochannels and in the electrolyte
between the mouth of the nanopore and the bulk region. Continuous linear diffusion
prevails along nanochannels, normal to the spherical diffusion zones formed on the electrode
surface |15, 42]. Therefore, the diffusion layer in the case of template-assisted electrodeposition
includes the area of the channels (with linear diffusion) and near the membrane surface
area (with a spherical diffusion), called the outer diffusion layer. The spherical diffusion
areas of adjacent pores can overlap depending on the distance between the pores, which
creates a continuous outer diffusion layer increasing its effective thickness [43].
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Figure 2.7: Scheme of deposition of nanowires in porous membrane with a distinct linear
diffusion zone inside the pores and a spherical diffusion zone outside the membrane [42].

The electrodeposition process performed in the potentiostatic mode is monitored by
measurements of the cathodic current as a function of time. Figure 2.8 a illustrates an
example of a current versus time graph recorded during the deposition of Ni nanowires
in a polycarbonate membrane with a pore diameter of 100 nm from a sulfate electrolyte
(details of the electrodeposition process and electrolyte parameters can be found in the
figure captions). Five different regions can be distinguished in the current transient. The
initial current increase associated with the double layer charging is followed by a sudden
drop in the current (stage 1) related to the mass transport limitation. At this stage of
the electrodeposition process, the nucleation occurs at the pore bottoms. Then there is a
little increase in current, which indicates the growth of nanowires inside the pores (stage
2). The current rises gently as the diffusion length decreases until the nanowires reach the
membrane surface. SEM image recorded on the membrane surface shows only empty pores
(Fig. 2.8 stage 1-2). Then there is a sharp increase in current (stage 3), which is a signal
that the pores are completely filled. This is confirmed by the appearance of nanowires in
the membrane pores, visible in the SEM image (Fig. 2.8 stage 3). Usually, the process
is stopped at this stage, to avoid overdeposition caps on the membrane surface. If the
process continues, the caps will grow (stage 4) and then connect, resulting in a layer being
formed on the membrane surface. The current measured at this stage is stable and has a
high value (stage 5) [31, 44]. SEM images depicting these two stages reveal an irregular
distribution of ovedeposited hemispherical structures at stage 4, which expands into the
continuous layer seen on the SEM image recorded in stage 5 (Fig. 2.8). The shape of
the overdeposited structure carries information about the crystallographic structure of
nanowires and their preferred growth direction [15, 25, 26].

The process of nanowire production is shown schematically in Fig. 2.9. Depending on
further research, the nanowires were kept in the membranes (Fig. 2.9 b) or released from
them (Fig. 2.9 ¢). The PC membranes were dissolved using dichloromethane (CHCly).
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Figure 2.8: Template-assisted electrodeposition process: (a) current versus time

dependence with numbers indicating subsequent stages, (b) schematic representation of
these stages together with (c) appropriate SEM images.
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Figure 2.9: Schematic diagram of nanowires preparation: (a) electrochemical cell with
a three-electrode system (as presented in Fig. 2.1), (b) membrane with filled pores, (c)
free-standing nanowires after membrane dissolution.

For this purpose, a piece (approx. 0.5 cm?) of the membrane with filled pores was glued
with the contact layer side to a copper tape and placed on a Petri dish, and then directly
poured with 2 ml of dichloromethane. After 10 min, the nanowires were obtained released
from polycarbonate and standing on the contact layer.

To reveal the nanowires from the AAO membranes, the membranes were broken. Unlike
polycarbonate membranes (which are flexible), AAO membranes break easily due to their
brittleness, and the cross-sections created in this way enable the observation of nanowires
in SEM images. SEM pictures of free-standing nanowires after PC membrane dissolution
with an inset showing nanowires with caps (confirming complete filling of pores) as well
as an SEM image of the cross-section of nanowires embedded in alumina membranes are
presented in Figure 2.10.

Figure 2.10: SEM images of (a) free-standing nanowires after PC membrane dissolution
with an inset showing nanowires with caps and (b) cross-section of nanowires embedded
in alumina membranes.

2.4. Nucleation and growth

The electrodeposition process takes place in two stages: the formation of the nuclei
and their growth. Their mutual relationships determine the morphology and structure of
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deposits. A fine crystalline structure can be obtained at a relatively higher nucleation rate
than the crystallite growth rate. The main parameters influencing nucleation and growth,
and therefore, the morphology and structure of deposits include the applied potential (or
current) ion concentration, mixing intensity, and electrolyte temperature.

As written above, nucleation followed by growth occurs at the bottom of the pores
at the beginning of the template-assisted electrodeposition process. Assuming that the
electrodeposition process is under diffusion control, two types of nucleation can be distinguished:
instantaneous, when all nuclei are formed immediately in a small number of sites (which
are quickly exhausted) and then grow with the electrodeposition time (Fig. 2.11 a),
and progressive, when the nuclei are formed continuously during crystallite growth in a
large number of sites and overlap (Fig. 2.11 b) [45, 46, 47|. In the case of instantaneous
nucleation, the obtained materials are characterized by better quality and oriented growth,
in contrast to the progressive one (Fig. 2.11 b) [48|.

t t

nuclei crystals
N d 14

Figure 2.11: Scheme of the nucleation and growth of nanowires grown by electrodeposition
inside pores: (a) instantaneous nucleation, (b) progressive nucleation [48].

The instantaneous and progressive nucleation models are given by the equations:

i2 1.9542 t

— 1 — exp[—1.2564 2 2.21
2 i G (221)
2 1.2254

{1 — exp[—2.3367(

2112
, 2.22

Zgnax t/tmam max) ]} ( )
where 4,4, is the current and ¢,,,,, is the time from a chronoamperometric peak [45, 46, 47].
The above equations will be used to analyze the growth mechanism of nanowires with
different diameters deposited under various conditions.

2.5. Alloy deposition

Deposition of various ions from one bath requires different overpotentials, which in
turn results in various current densities, being a measure of the deposition rate of the
growing metals. In the simple case of two metals, two situations can be considered: the
current-potential curves do not intersect (Fig. 2.12 a) and the opposite situation (Fig.
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Figure 2.12: Current-potential curves of the co-deposition of two metals with the situation
(a) non-intersecting and (b) intersecting curves [15].

2.12 b) [15].

In the first case, the reduction process starts with the discharge of ions with a lower
standard potential, thus the deposit contains only this one kind of atoms. Then, at a more
cathodic potential, the reduction of a second kind of ions with less noble standard potential
occurs, and the deposit contains two kinds of atoms (E’). The greater the overpotential
applied, the higher will be the content of atoms with a less noble standard potential in the
deposit, but the content of the elements with a lower standard potential always exceeds
the content of atoms of the second kind.

Another situation, presented in Fig. 2.12 b, shows the two intersecting current-
potential curves. Initially, only more noble metal is deposited, then both metals are
reduced (with a higher amount of lower standard potential element) and their content
equalizes at the intersection point (E.). A further potential increase causes the inverse
composition due to the steeper slope of the curve measured for a metal with a more
cathodic standard potential. This results in a higher content of less noble atoms compared
to low-standard potential atoms.

This simple consideration can be applied to the electrodeposition of alloys. One can
distinguish homogenous alloys consisting of one phase in the form of a solid solution or an
intermetallic compound and heterogeneous alloys, in which the deposit can be composed
of various phases such as alloys or pure elements, depending on the phase diagram. To
obtain an alloy by electrodeposition, the overpotentials of deposited metals should be
close to each other with a difference of less than one volt. If this condition is not met,
there are two methods to approach electrodeposition potentials. The first one is based
on the relationship between the electrode potential and ion concentration resulting from
the Nernst equation. As a rule of thumb, a 10 mV shift in the electrode potential can be
achieved by changing the ion concentration in the case of doubly charged ions by 100 [15].
Taking into account the limited possibilities of modifying the electrolyte composition, this
method allows only a slight potential shift. The other method uses a complexing agent
that brings the electrode potentials much closer, creating favorable conditions for the
deposition of alloys composed of metals with initially very different electrode potentials.

The deposition of the alloy composed of Fe, Co, and Ni elements that are the subject
of this work is more complicated because of the anomalous co-deposition described in the
next chapter.
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2.6. Anomalous co-deposition

During the electrodeposition of an alloy from an electrolyte containing various metallic
ions belonging to the iron group, anomalous co-deposition can be observed. This type of
deposition means that less noble metals are deposited preferentially compared to metals
with higher standard potentials. As a result, the atomic concentration ratio in the deposit
does not reflect the ratio of ion concentration in the electrolyte [49, 50].

Among others, the deposition of Fe, Co, and Ni is described as anomalous co-deposition
[50, 51, 53]. Electrodeposition of those elements occurs not only from metal ions (Me*)
but also from the hydroxide ions (MeOH™), which show higher deposition rate constants
compared to free ions [54]. A possible explanation for the principal features of the
anomalous co-deposition is based on the assumption that the metal hydroxide ions are the
primary precursors competing with each other for surface sites on the electrode [50, 54].
It is assumed that the inhibition of the electrodeposition of more noble elements results
from preferential coverage according to FeOH™ > CoOH™ > NiOH™, which is related to
differences in kinetics [55]. Anomalous co-deposition depends on the electrodeposition
parameters such as the applied potential (or current), electrolyte temperature, and pH
[20, 21, 50, 51, 53, 54, 56, 63]. High current density promotes the anomalous co-deposition,
similarly, an increase in surface pH leads to the formation of iron hydroxide, which
adsorbs on the electrode surface inhibiting Ni reduction, causing anomalous behavior
[57]. However, anomalous co-deposition was also observed at low hydrogen evolution,
low current density, and low surface pH [49, 58|. The above observations show that
the mechanism of anomalous co-deposition is still an open issue and requires in-depth
understanding.

As was mentioned above, anomalous co-deposition depends on the applied potential
[20]. This means that by changing the cathodic potential it should be possible to control
the type of deposition and, consequently, the chemical composition of the obtained materials.

The type of electrodeposition can be determined using the selectivity ratio (SR)
parameter, which is defined as the atomic ratio in the deposited material to the molar ratio
in the initial electrolyte. It ranges from 1 to 15, where 1 indicates standard deposition and
15 informs about anomalous co-deposition, but in general, the higher the SR coefficient,
the more anomalous co-deposition is [41, 53].

2.7. Hydrogen evolution

As written earlier, a hydrogen evolution reaction may occur during the electrodeposition
of metals from an aqueous solution. The hydrogen evolution reaction (HER) is a two-
electron transfer process that yields Hy. Finally, Hy leaves the electrode surface in the
form of hydrogen bubbles.

Hydrogen evolution is pH dependent and in acid pH follows the general formula:

2HT +2¢~ — H, (2.23)
while in alkaline or neutral pH follows the formula:
H0 +2e~ — Hy+20H™ (2.24)
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The mechanism of hydrogen evolution can proceed in three principal steps with different
proton donors in acid and alkaline pH media, which are hydronium cations H3O% and
water molecules (HyO), respectively.

In the first step, known as the Volmer reaction, a proton reacts with an electron and
generates an adsorbed hydrogen atom (H,4) on the electrode surface. In the next step,
the production of Hy occurs via either the Heyrovsky or Tafel pathway or both. In the
Heyrovsky pathway, another proton diffuses to the adsorbed hydrogen atom (Had) and
reacts with a second electron to form H,. In the Tafel reaction, two nearby Had combine
on the electrode surface generating Hy [59].

The above steps, in the case of acid medium, follow the formulas (2.25) and (2.26) or
(2.25) and (2.27):

Volmer pathway: H30 +e~ — Hyq + HO (2.25)
Heyrovsky pathway: H™ + e + H,q — Hy (2.26)
Tafel pathway: 2H,q, — H» (2.27)

While in the alkaline medium they follow the formulas (28) and (29) or (28) and (30):

Volmer pathway: HO+e — Hy,g+OH™ (2.28)
Heyrovsky pathway: H3O +e” + H,qg — Hy + OH™ (2.29)
Tafel pathway: 2H,; — H, (2.30)

The hydrogen evolution reaction is an unwelcome side reaction during the electrodeposition
process. It acts as a barrier and can hinder the deposition by creating gas bubbles
that, when adsorbed on the surface, block the nucleation sites of the deposition process.
Larger bubbles may even block pores preventing their uniform filling [45]. High hydrogen
evolution significantly modifies the deposit morphology increasing its porosity (voids)
and roughness. Additionally, cavities, micro-holes, and gaps are created, which become
the corrosion sites. Hydrogen evolution also contributes to the low current efficiency,
prolonging the electrodeposition process and making it unstable [15, 42].

Parameters such as pH and applied potential strongly influence hydrogen evolution.
Low pH values favor the hydrogen evolution, therefore, to minimize this adverse effect,
the electrolyte pH should be appropriately selected. Hydrogen evolution also increases at
high cathodic potential (or high current density). Besides the potential lowering (which
is not always possible), the use of pulse deposition with time off or AC deposition with
high frequency can significantly limit hydrogen evolution. This occurs by lowering the
hydrogen ad-atom adsorption, which results in a more stable electrodeposition process
and better material homogeneity without the porosity typical of deposits obtained at
high current densities. [15].

The consequences of hydrogen evolution can be diminished by surfactant addition to
the electrolyte. Such additives reduce the surface energy and facilitate the detachment of
hydrogen bubbles from the surface [60, 61].

The reduction of base metal ions takes place in an area where the evolution of hydrogen
gas cannot be avoided [61], however, in the case of the reduction of noble metal ions,
electrodeposition conditions allow deposition without the accompanying hydrogen evolution,
both as result of proton reduction and from the water-splitting reaction.
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Positive aspects of hydrogen evolution can also be found [61]. Li and Podlaha exploited
HER to produce porous nanostructures [61]. They used electrolytes with very low pH
values (<1), which caused high hydrogen evolution. Furthermore, they modified electrolytes
to limit the size of the hydrogen bubbles to a nanosize diameter, which enabled them to
produce porous nanowires with a random distribution of nanopores along nanowires. An
important aspect to take into account is the risk of dissolution of the alumina templates,
which increases at low pH.

Another interesting and ecologically useful aspect of HER application is the efficient
hydrogen production for hydrogen-based alternative energy technologies. This can provide
a stable and cost-effective method for hydrogen production, which appears to be the most
promising way to meet the continuously growing demand for renewable energy storage.
[62].
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Chapter 3

Influence of electrodeposition
parameters on the nanowire properties

3.1. Electrolyte pH

An important parameter that indicates the concentration of hydrogen ions (H) in a
given solution is the pH of the electrolyte. The electrolyte pH affects the kinetics and
equilibrium of chemical reactions and the ability to ionize.

The electrolyte pH directly influences the electrodeposition process itself. First of all,
as the pH of the electrolyte increases, the deposition rate rises: when the pH changes
from 2.3 to 3.2, a rapid increase in the deposition rate is observed, while in the case
of pH above 3.2, the deposition rate increases slowly [63]. This behavior is caused by
hydrogen evolution, which, as shown in the previous section, decreases with increasing
pH [63]. While the pH is less than 2.3, hydrogen evolution is rapid, which results in low
current efficiency and strongly defected structure. If the pH value is between 2.3 and 3.2,
hydrogen evolution slows down and the morphology of deposited material improves. As
soon as the pH exceeds 4.0, hydroxides are easily released, which hinders the deposition
process and deteriorates the quality of the material. Based on this, it can be concluded
that the best pH value of the electrolyte for the nanowire deposition is between 2.3 and
3.2. Yang et al. also revealed that pH changes do not affect the anomalous deposition
behavior [63].

The pH value, apart from influencing the electrodeposition process, also has an impact
on the structure of the deposited materials. Hu et al. observed that a decrease in pH
from 3.7 to 2.6 caused changes in the preferred growth direction from (111) to (200) in Fe
nanowires [64]. In the case of Co nanowires, changes in pH induce structural modification
[31, 65, 67, 68]. Low pH values (2.4 - 2.7) stabilized the fcc structure (or their mixture
[65]), at medium pH (3.5) a mixture of hcp and fcc was observed, while at higher pH (5.0
- 6.4), the hep phase dominated. Cortes et al. investigated the influence of the pH value
of the electrolyte on the structure of Ni nanowires [69]. They did not note any effect
of pH value on the preferred crystallographic orientation but they did notice changes in
crystallite size. As the pH increased (2.0 - 4.0), the size of the crystallites decreased from
113 nm to 102 nm.

The pH also influences the magnetic properties of the material. This is especially
visible in the case of Co nanowires, due to the strong correlation between the structure
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and magnetic properties of nanowires [16, 65, 66, 67, 70, 71, 72|. This subject will be
described in more detail in the magnetic section of the work.

3.2. Temperature

The temperature of the electrolyte has a significant impact on the electrodeposition
parameters and, consequently, on the properties of nanowires [31, 32, 63, 73, 77, 78]. In
the literature, one can find many works talking about the influence of temperature during
the deposition of both single elements and alloys.

It is known that temperature swap induce changes in the growth rate of nanowires.
As the temperature increases, the electrodeposition process is faster and the current
achieved is higher, which shortens the electrodeposition time. The temperature growth
is also accompanied by a diffusion coefficient increase according to the Arrhenius plot.
At the same time, the diffusion layer is elongated as the temperature decreases, thus
the concentration gradient decreases, indicating diffusion-controlled transport behavior
in nanopore channels. Therefore, according to Fick’s law, a decrease in the diffusion
coefficient and concentration gradient leads to the mentioned growth rate decrease with
temperature lowering [73|. Additionally, temperature affects the morphology of nanowires.
At low temperatures, when the process is slower, more precise packing is possible, and as
a result, the obtained nanowires are characterized by high uniformity. Such a temperature
dependence was observed during the deposition of nanowires made of Cu, Co, Fe, and Ni
[73, 31, 32, 78|. The electrolyte temperature also influences the properties of the obtained
nanomaterials. Kafil et. al. showed that a drop in temperature increases the grain size
in Ni nanowires, which directly translates into a change in magnetic properties [78]. A
similar relationship was also observed in other works concerning Fe nanowires [32, 75].
This condition can be explained by a local increase in current density. However, one can
find works in which the opposite relationship was observed — at higher temperatures the
size of crystallites was larger |38, 76]. The authors elucidated such behavior based on the
rise in surface diffusion that favors the growth of already existing nuclei. As mentioned,
the electrolyte temperature also affects the magnetic properties of nanowires. It has been
observed, for example, that as the temperature grows, the coercivity increases [31, 32|,
which is assigned with the greater release of hydrogen, increasing the number of defects
in the material.

If there is more than one type of ions in the electrolyte, a temperature change additionally
affects the ratio of elements in the material [77]. Wang et. al. in their studies of FeNi
nanowires observed that an increase in temperature causes an increases in Ni content
and decrease in the iron concentration due to the oxidation of Fe?* ions. Changes in the
chemical composition of the deposit were also observed in the case of FeCoNi films, in
which a temperature drop results in a decrease in the Fe content and an increase in the Co
and Ni contents [63|. As mentioned above, with increasing temperature, the diffusion rate
increases leading to the growth of the deposition rate. It was noticed that the nanowire
surfaces are smooth when the deposition temperature does not exceed 40°C.

Temperature changes can also influence anomalous co-deposition behavior, as temperature
increases the co-deposition becomes less anomalous [54, 63].

Based on the above considerations, it can be concluded that to obtain smooth, non-
porous nanowires, they must be deposited at an optimal temperature below 30°C [63].
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3.3. Nanowire geometry

In addition to the above-mentioned electrolyte parameters, the membrane parameters
that determine the nanowire geometry are very significant factors tailoring the nanowire
properties. The entire electrodeposition process begins with the selection of an appropriate
membrane, which primarily decides on the nanowire diameter, maximal length, and the
distance between them. Another very important parameter describing nanowire geometry
is the aspect ratio, which is defined as the ratio of the nanowire length to its diameter
(L/6).

Differences in the pore diameters and membrane thickness can be noticed already
in the electrodeposition process, specifically in the differences in growth rates. Zach et
al. found that the smaller the diameter of the nanowires, the higher the growth rate
[79]. A similar relationship was observed by Jensen et al. [80]. Besides affecting the
growth rate, the nanowire geometry influences their properties, in particular the magnetic
ones [32, 81, 82]. As the diameter of the nanowires increases, the magnetic structure of
nanowires changes from a single-domain structure for small-diameter nanowires to a multi-
domain structure for diameters above 50 nm [21]. The diameter and length of nanowires
together with the distance between them, strongly influence the inter-wire interactions,
which also result in changes in their magnetic properties |21, 81, 83, 84]. Furthermore,
the nanowire geometry, especially their diameters and lengths is responsible for changes
in crystalline structure. The small pore diameter favors a single crystalline structure.
On the other hand, the nanowires with a diameter above 50 show a polycrystalline
structure, in which additionally the preferred growth direction may change with the
nanowire diameter resulting also in a modification of the magnetic properties [81, 83|.
The nanowire length can also affect the nanowire composition. Saedi et al. found that
in longer nanowires, the concentration of diluted electrolyte components decreases with a
simultaneous increase in the component dominating in the electrolyte. Such a modification
of the chemical composition in nanowires was explained by hindering the mass transport
of low-concentration ions over a long diffusion distance [50].

Based on these considerations, it can be concluded that the geometry of the nanowires
is a significant parameter, therefore the membranes must be well-selected to obtain the
nanowires with the desired properties. A more detailed description of the influence of the
nanowire geometry on the magnetic properties will be presented in the magnetic part of
the work.

3.4. Applied potential

The applied potential is a parameter that has a very significant impact on the electrodeposition
process and can be used to produce materials with various physical properties [41, 53, 63].
The value of the applied potential influences the rate of both migration of metal ions and
charge transfer. As the value of the applied potential grows, the current increases causing
an increase in the growth rate. The faster the deposition, the shorter the pore filling time,
but the degree of the pore filling and the uniformity of the nanowires are worse.
At low applied potential, the ion reduction occurs slowly and the growth rate exceeds
the rate of formation of new nuclei. Such conditions favor the growth of coarse crystalline
structures. As the potential increases, the rate of formation of nuclei increases, and the
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deposit shows fine crystalline structure. At very high overpotential, the ion concentration
near the cathode decreases, which results in the growth towards the bulk region with
higher ion concentration, causing dendrite formation.

As shown earlier, a high value of cathodic potential affects the hydrogen evolution,
which causes changes in the morphology of the nanowires, making them more porous
and less uniformly filled. These changes also result in a modification of the magnetic
properties, which will be presented in the magnetic part of the work.

In the case of alloyed nanowires, the applied potential affects the element content in
the deposit. Already in two-element FeNi nanowires, a more cathodic potential results
in an increase in the Ni content while a decrease in Fe content [41, 85]. Such changes
are not observed in FeCo systems, which are found to be less sensitive to the applied
potential [41]. Modification of the chemical composition of deposits was also observed in
FeCoNi alloys. A more cathodic potential leads to a higher Ni content with simultaneous
lower concentrations of Co and Fe. Such a relationship between the element ratio and
the applied potential has been observed in coatings [51, 52, 21, 20|, but to our knowledge,
there are no studies concerning nanowire deposition.

To observe the modification of the chemical composition under the applied potential,
the electrolyte composition must be carefully selected. This is confirmed by the research
of Xiao et al., who, despite the change in deposition potential, did not observe any changes
in the chemical composition of nanowires [86].

As mentioned earlier, the applied potential can influence the co-deposition character.
Dragos et al. calculated the selectivity ratio for nanowires deposited at different potentials
and showed that this parameter has a maximum value at a potential of approximately
— 1.0 V, indicating the anomalous nature of the deposition, and gradually loses this
anomalous character when applied potential shifts from 1 to the cathodic or anodic
directions [53]. Similar behavior with a maximum at low cathodic current was observed
in Co/Ni and Fe/Ni nanowires [54].

Changes in chemical composition affect the properties of the deposited materials,
including their structure and magnetic parameters [53, 63, 85]. The use of various cathodic
potentials during electrodeposition allowed me to obtain FeCoNi nanowires with distinct
chemical compositions and, consequently, different structural and magnetic properties.
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Chapter 4

Magnetism in nanostructures

In the general approach, magnetism can be defined as a set of physical phenomena
related to a magnetic field, which can be generated by both electric current and magnetic
materials. All materials exhibit magnetic properties, although only some types of them,
consisting of atoms with a non-zero magnetic moment, are commonly called magnetic
materials. The magnetic moment is the resultant of the spin, orbital magnetic moments
of electrons and the magnetic moment of the nucleus. The non-zero net magnetic moment
only occurs in atoms that have unpaired electrons, 7.e. in transition metals such as Fe,
Co, Ni, and lanthanides [87].

The magnetic properties of materials depend on their electronic structure, which in
systems with reduced dimensionality is significantly modified by breaking their translational
symmetry. The changes in the electronic structure in materials with a large contribution
of surface or interface atoms to bulk atoms cause its evolution to the structure typical for
free atoms leading to the increase in the spin magnetic moment. This symmetry breaking
is the main reason for the differences between the magnetic properties of bulk materials
and their nanomaterial counterparts. Moreover, the reduction of the number of neighbors
around the surface atoms leads to the narrowing of bands, which results in an increase in
the density of electronic states at the Fermi level and can lead to ferromagnetic ordering
in non-magnetic materials with reduced dimensionality.

One of the basic magnetic parameters is magnetization (M), which measures the
material response to the applied field H and is a quantity of permanent or induced
magnetic moments in material per unit volume (V).

1 n
M = V;mi (4.1)

The unit of magnetization is ampere per meter [A/m| or [emu/cm3| in CGS system.
Knowing the above units, one could define the volume magnetic susceptibility x, which is
a dimensionless proportionality constant indicating the degree of material magnetization
under the influence of an external magnetic field (H) expressed in [A/m]| or [Oe¢| in CGS
system (1 Oe = 103 /47 = 79.6 A/m and 1A/m = 47 10730e = 0.0126 Oe):

M=x-H (4.2)

The magnetic susceptibility assumes different values depending on the material behavior
in an external magnetic field and allows the material to be assigned to the appropriate
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magnetic type (Fig. 4.1):

- x < 0 - diamagnetic material

- x > 0 - paramagnetic material

- x >> 0 - ferromagnetic material

- X = -1 - ideal diamagnetic material - superconductor (B=0).
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Figure 4.1: Schematic dependence of magnetization on an applied external magnetic field.

In a vacuum, the magnetic field strength (H) is related to the magnetic induction
vector (B) through the vacuum permeability (1):

B=po-H (4.3)

Magnetic induction depends on the properties of the material and is expressed in [T =
N/(A - m)|. It is defined through the force (Lorentz force) (F) acting on electrical charge
(q) moving with the velocity (v):

F = q(vxB) (4.4)

The relationship between magnetic induction, magnetization and magnetic field strength
is following;:

As already mentioned, the substances belonging to the distinguished types of magnetic
materials behave differently in the presence and absence of an external magnetic field.
Diamagnetics respond to an external magnetic field by inducing an opposite field, thereby
diminishing the impact of the external magnetic field (Fig. 4.2 a). Perfect diamagnetism
is observed in superconductors whose interior is completely isolated from the external
magnetic field (Meissner effect). In turn, paramagnetic materials, magnetize toward an
external magnetic field (Fig. 4.2 b). Paramagnetic atoms maintain a constant, non-zero
net magnetic moment, but weak interactions between them result in zero magnetization
in the absence of an external magnetic field. In antiferromagnetic substances, adjacent
magnetic moments tend to align antiparallel, mutually compensating and preventing
spontaneous magnetization (Fig. 4.2 ¢). Similar behavior can be observed in ferrimagnets,
but in these materials, opposite magnetic moments, because of different magnetization
values of magnetic sublattices, exhibit spontaneous magnetization (Fig. 4.2 d) [87]. The
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last group of magnetic materials is ferromagnets, in which the magnetic moment occurs
even in the absence of an external magnetic field. These substances are described in more
detail in the next section. In addition to the mentioned class of magnetic materials, one
can also distinguish superparamagnetic materials. This state is observed in the case of
low-dimensional objects with a size of 10-20 nm or in other nanostructures of limited
size. In these materials, small, magnetically ordered areas are oriented randomly. Such a
system is similar to a paramagnetic sample, in which instead of disorder magnetic atoms
there are small magnetic areas — particles. The thermal vibrations do not destroy the
ferromagnetic orientation in particles but cause the fluctuation of magnetization vectors
of particular ferromagnetic objects, giving zero resultant magnetization.

a) b) c) d)
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Figure 4.2: Schematic drawing of the magnetic moment alignment in the: (a) diamagnetic,
(b) paramagnetic, (c) antiferromagnetic, (d) ferrimagnetic material.

4.1. Ferromagnetic materials

Ferromagnets are materials, in which strong exchange interactions, below a certain
temperature (T, called the Curie temperature), lead to a parallel ordering of magnetic
moments even in the absence of an external magnetic field (Fig. 4.3 a). At the absolute
zero temperature, spontaneous magnetization reaches its maximum value (Fig. 4.3 b). As
the temperature increases, the orientation of individual magnetic moments is rearranged
and, as a result, spontaneous magnetization decreases until the temperature reaches the
critical value T, (Fig. 4.3 b) [87].

Above this temperature, at which the second-order phase transition occurs, spontaneous
magnetization disappears and the system exhibits paramagnetic behavior. The temperature
dependence of the magnetic susceptibility for ferromagnets above the Curie temperature
is determined by the Curie-Weiss law:

B Const
T —T.

X (4.6)

The model of ferromagnetism proposed by Weiss postulated the presence of magnetic
domains — macroscopic areas magnetized homogeneously along different directions with
the resultant zero magnetization in the absence of an external magnetic field. Weiss
also assumed that this spontaneous magnetization of magnetic moments in ferromagnets
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Figure 4.3: Behavior of ferromagnetic materials: (a) schematic drawing of the magnetic
moment alignment in a ferromagnetic material, (b) macroscopic magnetization as a
function of field at various temperatures.

is caused by the existence of a strong internal magnetic field called a molecular field
(Bys), proportional to the magnetization vector (M). However, to maintain such a parallel
orientation of the spins at a temperature close but below the T, of Fe, a field of order
of 1000 T is needed (estimated based on a relationship mB); = kgT, where m is the
magnetic moment of the atom).

In the quantum mechanics approach the molecular field describes the electrostatic
exchange interactions between the pairs of spins. The exchange interactions are quantum
mechanical interactions of wave functions associated with neighboring atoms, which are
responsible for spontaneous ferromagnetic ordering in the domain area. The exchange
interaction can also assume an indirect nature, when the distance between the interacting
magnetic moments is larger than the lattice constant. In this case, the exchange interactions
occur by delocalized conduction electrons, which are polarized by magnetic ions (spins of
the electrons are homogenously oriented). The polarized conduction electrons transverse
their spin into the next magnetic ions via an indirect exchange interaction orienting
them. This exchange type called RKKY (Ruderman, Kittel, Kasuya, Yosida), describes
the interactions of magnetic ions distributed in a non-magnetic matrix. There are also
other types of indirect exchange interactions, such as superexchange (interactions via
two electrons with opposite spins) or double exchange (in the ions with different valences
whose electrons hop from the ion of lower to higher oxidation states through non-magnetic
ions between them) observed in magnetic ions separated by non-magnetic anions.

In the case of transition metals (Fe, Co, Ni), which can be considered as a lattice of
ions and delocalized conduction electrons, the ferromagnetism can be described by a band
model. The exchange interactions split the energy states, which results in a shift between
the bands with the spin-up and spin-down electrons. To keep the same Fermi level for
these bands, electrons move between them, giving the resultant magnetic moment. This
net magnetic moment can be reached for the strong molecular field and the large density
of states on the Fermi level (narrow band). This condition, called the Stoner criterion, is
fulfilled for Fe, Co, and Ni, which show ferromagnetic ordering.

4.1.1 Interactions in ferromagnetic materials

The total energy of the ferromagnetic material in an external magnetic field can be
expressed as a sum of the contributions originating from exchange energy (Egx), Zeeman
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energy (Ey), magnetostatic energy (Ep), magnetoelastic energy (Eyg), and crystalline
anisotropy energy (Eca):

E=Egx+Eg+Ep+Eyg+ Eca (4.7)

The exchange energy is connected with the interactions between the spins (.5; and 5;)
and depends on their mutual orientation:

1,J
where J; is the exchange integral, which takes a positive value (J > 0) for ferromagnetic
materials and a negative value (J < 0) for antiferromagnets. Exchange interactions can

be described by the exchange stiffness constant (A), which is a measure of the force that
holds the spins in order [88]:

A= J52§ (4.9)

where S is the magnitude of the individual spins, ¢ is the geometric factor, which assumes
1, 2, 4 or 2¢/2, respectively for simple cubic (sc), bee, fee, hep structures and a is the lattice
parameter. For most ferromagnetic materials, A is between 1 x 107% and 2 x 107 erg/cm?
(1x 107" and 2 x 107" J/m). Exchange interactions are a kind of quantum interaction
of wave functions identified with electrostatic interactions between electrons described
by Coulomb’s law. These are short-range interactions (of the order of lattice constant),
which decrease exponentially with distance. They belong to strong interactions of an
order of 0.1 — 50 meV. The exchange energy reaches its minimum value with a parallel
spin orientation.

The next term, also called external field energy is related to the interactions of the
magnetization vector with the external magnetic field and is minimized when magnetic
moments in the sample are oriented in the direction of the external field.

Ey = —MO/M CHdV (4.10)

Magnetostatic energy is connected with the magnetic field generated by the sample itself.
A magnetic sample with non-zero magnetization has north and south poles, which creates
a stray field outside the sample and a demagnetization field (H,) inside the sample. The
demagnetization field has a direction opposite to the magnetization vector, therefore the
magnetic induction generated by ferromagnet is diminished by Hy:

B = po(M — Hy) (4.11)

The demagnetization field depends on the shape of the sample and for a homogenously
magnetized sample H; = - Ng-M, where N is a demagnetizing factor depending on the
sample shape and direction of the magnetization (Nd is the demagnetization factor along
M). In the case of an elongated sample with the magnetization vector aligned along the
major axis (c¢), N takes the smallest value (N. decreases with increasing sample length
(L)), and when M lies along the short axis — the largest one. The demagnetization factor
along the axis of an ellipsoid (a, b, ¢) fulfills the condition N, + N, + N, = 1 (and 47 in
CGS). This factor ranges between 0 and 1 (SI) or 0-47 (CGS) and for spheres it is N, =
N, = N, = 1 and for nanowires N, = N, = £(27), N, = 0 (0) (SI/CGS) [89, 90, 92].
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The demagnetization field can be generated by itself, by the neighboring domains, or
by an external magnetic field. Magnetostatic energy is minimized when the magnetic field
lines follow a closed path and is expressed by:

1
Ep=—3 /Hd - MdV (4.12)

which for elongated, homogeneously magnetized samples assumes form Ep = %NdM 2.

Magnetostatic interactions also concern dipole interactions between magnetic moments
but they are three orders of magnitude smaller than exchange interactions. They are long-
range interactions and decrease with the cube of the distance. Such dipole interactions
also act in the matrix of nanowires and will be discussed in the next part of the thesis.
Similarly, shape anisotropy, which has its origins in magnetostatic interactions will also
be discussed in the next section.

Magnetoelastic energy shows the effect of strain on magnetization. This energy is
directly related to the magnetostriction effect, in which the magnetic materials change
their dimensions under the influence of a magnetic field or to an inverse effect called the
Villari effect, where the mechanical stresses cause a modification of the magnetization
vector. This kind of interaction and the associated magnetoelastic anisotropy will be
briefly described in the next section.

The latter term, called magnetocrystalline anisotropy, combines the crystallographic
directions with the magnetization vector and will be also described in the chapter on
anisotropy.

4.2. Magnetic anisotropy

Typically, magnetic materials are non-isotropic but anisotropic. Magnetic anisotropy
is the directional dependence of the magnetization vector. Thus, the magnetic moments
prefer to be aligned in a fixed direction, called the easy axis. The easy axis is the
energetically favorable direction of spontaneous magnetization. The energy needed to
rotate the magnetization vector from the easy to hard direction is the magnetic anisotropy
energy.

Magnetic anisotropy may originate from magnetocrystalline anisotropy, shape anisotropy,
magnetoelastic anisotropy, surface anisotropy, and as well as from dipolar interaction
[4, 70, 95, 96, 97, 98]. Among the anisotropies mentioned, only magnetocrystalline and
magnetoelastic anisotropies are material-dependent.

4.2.1 Magnetocrystalline anisotropy

Magnetocrystaline anisotropy is connected with the arrangement of magnetic moments
along the preferred crystalline axis due to the interaction of spin-orbit coupling with the
crystal electric field. In the absence of an external magnetic field, the magnetic moments
are ordered along the easy axis (EA), in which the absolute minimum free energy is
achieved.

In the case of uniaxial anisotropy (single axis of high symmetry), the magnetocrystalline

anisotropy energy density is:
Ecy = K,sin*0 (4.13)
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where K, is the anisotropy constant and 6 is the angle between the magnetization and
the easy axis.

Magnetic anisotropy can be determined by the anisotropy constants K or by the
anisotropy field Hg, which represents a hypothetical field that can align the magnetization
perpendicular to the easy direction [99]and is defined by:

Hy = (4.14)

In the case of a cubic system, the magnetocrystalline anisotropy energy density is:
Eca = Ki(a2a3 + ajai + a2al) + (Kyalaiad) + ... (4.15)

Usually, the contribution of the second term is small and can be neglected.
Thus for Ko = 0 and K; > 0 — EA || <100>
for Ko = 0and Ky < 0 — EA || <111>.
If K5 # 0 easy axes depend on K; and Ky [100].
In the hexagonal system, the energy density takes the form:

Eca = K;sin?0 + Kysin'0 + ... (4.16)

where 6 is the angle between the magnetization vector and the c-axis. In this system,
when K; > 0 and K, is small and can be neglected, the energy is smallest if 8 = 0, i.e.
the easy axis lies along the c-axis.

The table below shows the values of the anisotropy constant for Fe Co and Ni crystalizing
in bee, hep, and fee structures.

Table 4.1: Room-temperature anisotropy constants for different crystallographic
structures [101].

Crystallographic  Element K;[J/m?] K,[J/m?] Easy axis

structure
bce Fe 4.8 -10* -1.0 -10% <100>
hep Co 4.5-10°  1.5-10° {0001}
fce Ni -4.5-10°  -2.3 -10° <111>

Magnetocrystalline anisotropy may contribute to effective anisotropy only in single-
crystalline or textured samples. It does not occur in polycrystalline samples without a
preferred grain orientation [95].

The easy axis in FeCoNi fcc alloys lies in the [111] direction [102], which is typical for
a Ni-based fcc phase.

The magnetocrystalline anisotropy depends strongly on temperature and decreases as
temperature approaches the Curie temperature, so the crystal becomes isotropic.

4.2.2 Shape anisotropy

An object with a non-spherical shape, in which a long and short axis can be distinguished,
is easier to magnetize along its long axis. This is related to the magnetic poles described
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above and the induced demagnetization field, which increases as the distance between
poles decreases. Therefore, the demagnetization field is minimized when the magnetization
vector lies along the long axis. The origin of such an anisotropy called the shape anisotropy,
is the long-range dipole interactions. The shape anisotropy contribution to the effective
anisotropy increases as the object elongates and reaches saturation for an aspect ratio
above 10. Shape anisotropy favors the orientation of the magnetization direction along
the main axis of elongated objects.
The shape anisotropy constant can be written as:

Ko = pio(Na — N.) /2 (4.17)

where Na and Nc are demagnetization factors along a and c¢ axis. If N, < N. then the
shape anisotropy is minimal with M, along the c-axis.

In the case of the 3d metals, the shape anisotropy constant (Table 4.2), which is
proportional to M2 is usually larger than the magnetocrystalline constant.

Table 4.2: Shape anisotropy constant Kd for Fe, Co and Ni [95].

Element K,[J/m?]
bee-Fe  1.92 -10°
hep-Co  1.34 -10°
fce-Ni 1.73 -10°

4.2.3 Surface anisotropy

The dimensionality reduction responsible for translation symmetry breaking modifies
the magnetic anisotropy and leads to an increase in effective anisotropy. This is due to
the edge atoms, whose energy is several dozen larger than the energy of bulk atoms and
reaches the value of meV /atom (compared peV/atom in bulk). These atoms contribute to
surface anisotropy, also called Néel anisotropy. Surface anisotropy is sensitive to defects
and can be modified by small changes in chemical composition and surface roughness.
This anisotropy is inversely proportional to the layer thickness and may therefore be
important in ultrathin magnetic layers (« 10nm).

4.2.4 Magnetoelastic anisotropy

Magnetoelastic or stress anisotropy is related to the mechanical stresses that act on
the samples and influence the magnetization. Such mechanical stresses cause lattice
deformation, which affects the spin-orbit coupling and results in the appearance of a
preferred magnetization direction. Magnetoelastic anisotropy often comes from stresses
arising during the deposition or annealing processes due to the difference in the thermal
expansion coefficient between the substrate or templates and the deposit. The magnetoelastic
energy produced by a stress ¢ is proportional to this stress and the resulting deformation
(magnetostriction), A. In a uniaxial system the magnetoelastic energy is defined by:

By = —30)c05%0/2 (4.18)
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where )¢ is an isotropic magnetostriction coefficient and @ is the angle between the
magnetization M, and o. Stress-induced anisotropy constant is given by:

The stress axis is an easy direction of magnetization if oAs > 0 [103]. This kind of
anisotropy is usually neglected compared to other anisotropies in nanowires studied at
room temperature |70].

4.2.5 Dipolar interactions in the nanowire matrix

The effective magnetic anisotropy in nanowires is strongly affected by dipole interactions
between nanowires. The dipole interactions are magnetostatic interactions that depend
on the distance between the nanowires and decrease with the cube of the distance as
mentioned above. The direct parameter determining the inter-wire distance is porosity
(P), the greater the porosity, the shorter the inter-wire distance and the larger the
dipole interactions. Low porosity membranes enable the production of nanowires with
strong anisotropy along the main nanowire axis, which is typical for quasi-non-interacting
nanowires. On the other hand, in a high porosity nanowire matrix, strong dipolar
interactions contribute to the perpendicular alignment of the magnetization vector, which
reduces the effective anisotropy and, at very high porosity, can lead to the isotropic
behavior or even a 90-degree reorientation of the easy axis.

Dipolar interactions are proportional to the saturation magnetization, thus an increase
in the nanowire volume also results in large dipole interactions [33, 104, 105, 106]. This
means that dipolar interaction will increase with increasing nanowire length [105].

Therefore, to minimize dipolar interactions, relatively short nanowires separated by d
» ¢ [104] should be used. In the case of a nanowire matrix with an inter-wire distance
comparable to the nanowire diameter, the dipole interactions play a key role.

4.2.6 Magnetic anisotropy in nanowires

In general, magnetic anisotropy in nanowires is determined by magnetocrystalline
anisotropy, shape anisotropy, dipolar interactions, and magnetoelastic anisotropy [4, 96,
98]. As mentioned above, the contribution of magnetoelastic anisotropy can be neglected
at room temperature compared to other anisotropies.

The effective anisotropic field of the nanowire matrix can be expressed as the sum of
shape anisotropy field (27 M), inter-wire magnetostatic dipole interaction field (6.3 M r?Ld~3),
and magnetocrystalline anisotropy field (Hp¢):

Hy = 2rM, — 6.3rMr*Ld =3 + Hye (4.20)

where r is the radius of the nanowire, L is its length, and d is the distance between
the nanowires. Magnetocrystalline anisotropy is usually smaller than shape anisotropy
and additionally may contribute to effective anisotropy only in single-crystalline or highly
textured samples. Polycrystalline samples without a preferred orientation of grains do not
possess magnetocrystalline anisotropy [95]. Moreover, if the aspect ratio of the nanowires
is greater than 10, the shape anisotropy contribution is constant [33|. Therefore, the main
parameter determining effective anisotropy in nanowires with high aspect ratios are dipole
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interactions. As can be seen from the above formula (53), these interactions are largely
influenced by the dimensions of the nanowires: their length, diameter, and the distances
between them [105, 107].

4.3. Domain structure

Despite the presence of spontaneous magnetization, ferromagnetic samples often have
zero net magnetic moment at zero field. This is due to the formation of magnetic domains
- macroscopic areas magnetized homogeneously along different directions.

Two competing interactions are involved in the process of magnetic domain formation.
The first is the exchange interaction, which tends to ferromagnetic ordering of magnetic
moments and the second is the dipole interaction, which is weaker than the exchange
interaction, but a large number of ferromagnetically ordered magnetic moments have large
enough dipole energy to overcome exchange energy. Therefore, the magnetic moments are
arranged ferromagnetically to minimize the exchange energy, which maximizes their dipole
energy. The spontaneous domain formation oriented in different directions significantly
reduces the dipole energy but increases exchange energy, which is, however, relatively
small because it is only related to a small area at the domain boundary called the domain
wall (DW).

An abrupt change in the magnetization direction between adjacent domains would be
energetically unfavorable, which is why the domain walls are characterized by a certain
width (0pw ). The width of the domain wall is usually several orders of magnitude smaller
than the domain size and spans across around 100-150 atoms. For example, when the
size of domains in bulk materials is in the order of micrometers (107* — 107%m), the
domain wall width can be about 100 nm. The structure of the domain wall is determined
by a competition between exchange, anisotropy and dipolar energies [108|. Especially,
the thickness of the domain wall depends on the magnetocrystalline anisotropy, which
shows how easily the magnetic moment can rotate in crystalline structure, and although
an anisotropy energy is smaller than an exchange energy, it affects the rate of spatial
reorientation of the magnetic moments. The large anisotropy energy, keeping the magnetic
moment strongly oriented along the easy axis, favors a narrow domain wall to minimize
the area with spins deviated from the easy axis. On the other hand, the large exchange
interactions expressed by exchange stiffness constant (A) promoting the ferromagnetic
ordering of magnetic moments, hinder their rotation and the domain wall thickness
becomes large. Thus, the anisotropy energy collapses d py,, while exchange energy expands
it [109].

A domain wall is an area, in which the direction of magnetic moments gradually
changes from the magnetization direction of one domain to the direction of a neighboring
domain. These magnetic moments can rotate around the normal of the domain wall
(rotation occurs in the plane of the domain wall) - Bloch wall or around a line that is
orthogonal to the normal of the domain wall (in the plane of the magnetization vector of
adjacent domains) - Néel wall.

The domain wall width for hard magnetic materials with a Bloch-type domain wall
shows the following relationship with the exchange stiffness constant (A) and uniaxial
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anisotropy energy constant (K,) [109]:

| A | 2A

The domain structure is directly related to the hysteresis loop (Fig. 4.4). When a
small external magnetic field is applied to a ferromagnetic material, the magnetization
vector of individual domains begins to align along this field, which leads to the formation
of non-zero magnetization. An increasing magnetic field causes a rise in the volume of
these domains, whose directions of the magnetization are close to the direction of the
magnetic field. At the same time, the volume of the domains, whose magnetization
directions differ significantly from the direction of the magnetic field decreases, until they
completely disappear. As the magnetic field increases, the magnetization increases and
reaches a saturation state (Mj).

The magnetic field corresponding to the saturation of the magnetization (M) is a
saturation field (H,). When reducing the magnetic field after reaching My, the magnetic
curve follows a different curve than the original one. As a result of this cyclical change
of the magnetic field, a hysteresis loop is created (Fig. 4.4). The hysteresis loop is
characterized by remnant magnetization M, defined as the value of M at H = 0 and the
coercive force H,., being a field needed to demagnetize the sample, defined as the value of
the field H at the point M = 0. There is also another useful parameter - squareness, i.e.
the ratio of M, to Mg (M,./Mj). A perfect square hysteresis loop with M,./M; = 1 can be
obtained for a single-domain structure perfectly aligned along the external magnetic field.
For samples showing magnetic anisotropy, measurements along easy and hard directions
give different shapes of magnetic curves. In this case, the anisotropy field (Hg), which is
a field needed to saturate the sample along its hard direction, can be determined. The
saturation field (Hg) taken from the loop measured along the hard axis is equal to the
anisotropy field (Hg).

M
Ms|
M
Hc/

Figure 4.4: An example of a hysteresis loop of a ferromagnetic material measured along
easy and hard direction.

Due to the nature of the magnetization processes, ferromagnetic materials are divided
into hard, semi-hard, and soft magnetic materials.

HARD MAGNETIC MATERIALS are a group of materials that maintain the remnant
magnetization after removing the external magnetic field. Their coercivity value is above
100 kA/m (~ 1260 Oe). Hard magnets are characterized by a wide hysteresis loop due
to high H..
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SEMI-HARD MAGNETIC MATERIALS are a group of materials with a coercivity
value within the range of 1-100 kA /m (~ 12.5 — 1260 Oe). Similar to hard magnetics,
semi-hard materials retain their magnetized state when the magnetic field is removed.
However, not too high values of the coercive field allow for relatively easy removal of
the magnetization or its polarity reversal. This property is used in magnetic memory
applications to store information.

SOFT MAGNETIC MATERIALS are a group of materials that lose magnetization
when the magnetic field is removed. Their remagnetization takes place in a weak magnetic
field with a value below 1kA/m (~ 12.5 Oe). They have a narrow hysteresis loop and are
easily magnetized and demagnetized.

The shape of the hysteresis loops and magnetic parameters such as coercivity or
squareness strongly depend on magnetic anisotropy; the stronger the anisotropy, the
harder the material. In the case of nanowires, hysteresis loops measured with a magnetic
field applied along nanowires and perpendicular to them show a clear difference, resulting
from strong anisotropy (Fig. 4.4). However, the effective anisotropy can be significantly
reduced due to the dipolar interactions, which in the extreme case (high membrane
porosity = short inter-wire distances) can cause isotropic behavior because, as was mentioned,
the dipole interactions contribute to the alignment of the magnetization vector perpendicular
to the main axis of the nanowires. Consequently, strong dipolar interactions decrease the
coercivity and remnant value (as well as squareness) [105] and are responsible for the
appearance of steps on the magnetic curve called the Barkhausen effect [110, 111], which
for a large number of closely spaced nanowires is manifested by the slope of the hysteresis
loop.

4.3.1 Domain structure in nanowires

The domain structure is created in all ferromagnetic objects whose size is larger than
the critical volume of a single domain, regardless of whether they are single crystals,
polycrystals, or alloys. The process of domain formation depends on the shape and size
of the magnetic object. If the size of domain walls constitutes a significant contribution
in the sample volume, the energy cost to create a domain wall overcomes the advantages
of domain formation and a single-domain structure (SD) is energetically more favorable.

The theoretically predicted critical size of nanostructures, below which the material
forms a single domain is 100 nm. In the case of elongated nanostructures such as
nanowires, a single-domain structure is expected in objects up to 50 nm in diameter,
but this critical value may vary depending on the lengths and other nanowire parameters
[105, 112, 113, 114, 115]. Samanifar et al. observed an SD structure in nanowires with a
diameter of 175 nm and a transition from SD through a pseudo-single-domain structure
(PSD) state (L = 22 to 31 pm) to a multi-domain (MD) structure for longer nanowires.
A pseudo-single-domain structure is a state of gradual transition between SD and MD
structures, characterized by intermediate values of magnetic parameters between the SD
and MD states showing a gradual variation of squareness and coercivity instead of sharp
changes [116]. The critical diameter decreases with an increase in the demagnetization
factor, which occurs when the magnetic poles approach each other i.e. the length of
nanowires decreases.

The critical radius (rs4), below which each nanoobject in the form of a prolate ellipsoid
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has a single-domain structure is expressed by the function:

6A 2’]"Sd
Fed = \/ Taplne -1 (4.22)

where N. is the demagnetization factor along the major axis, and «; is the near-
neighbor spacing [cm| [88, 117]. Calculations of Sun et al., performed based on the above
equation show that, assuming L /¢ = 10, the critical diameter for a single-domain structure
would be 600 nm and 140 nm for Ni and Fe (or Co) nanowires.

Geometric confinement that occurs in nanowires results in the formation of other
kinds of domain walls: transverse (TDW) and vortex (VDW), which belong to a new
category of magnetic boundaries [108, 118]. In the case of TDW, magnetic moments rotate
transverse to the nanowire length (a significant component of magnetization is along a
direction transverse to the wire), while the vortex is a configuration of magnetic moments
with cylindrical symmetry (curling of magnetization vector around the axis). The vortex
domain wall is called according to other reference as a Bloch point DW [5, 91, 92, 93, 119].
The type of domain wall in nanowires is mainly determined by geometric parameters.

In nanowires with small diameters (10 - 50 nm), which reach the minimum internal
energy in the domain structure, a transverse DW is created, while in nanowires with
larger diameters (above 100 nm) the vortex domain wall is favored. In some interval
diameter (between transverse and vortex DW), both types of DW can coexist although
their energies are substantially different (with the minimum energy state of TDW) [5, 91].
According to Moreno et al., the critical diameters that separate the mentioned domain wall
regimes are characteristic of each material [34], however, Bruno maintains that domain
wall structure is almost independent of material parameters [108]. Besides the domain
type, the nanowire diameter also influences domain wall width (dpy ), which as shown
by Parkin et al. scales approximately with the nanowire diameter [5, 8] and is always
larger than the diameter of the nanowire for both types of DW [91]. Moreover, Moreno
et al. also showed in their simulation that, in the case of TDW, the width of the domain
wall increases linearly with the nanowire diameter (with deviation only for very narrow
NWs) and decreases with increasing M (in the absence of a strong magnetocrystalline
anisotropy). In the case of infinitely long and narrow nanowires, the domain wall width

(0pw) can be described by:
[ 24 4A
= S ——— 4.2
5DW ™ ,qufNa ™ /,I/OM82 ( 3)

where N,=1/2. However, for larger diameter (VDW regime), contradictory relationships
between My and dpy are observed [93, 118].

The domain wall is also determined by the nanowire length. Samanifar et al. found
VDW in nanowires with a length of up to 22 pm and noticed a transition from VDW to
TDW for longer nanowires [105].

The wall type influences the nanowire properties, for example, the nanowires with
TDW are characterized by higher coercivity [120] than the materials with VDW, while
nanowires with VDW show higher mobility, than TDW, which makes them useful for high
frequency applications [121].

47



4.3.2 Pinning and dynamics of domain wall

Domain walls are usually formed in the so-called pinning sites, which not only determine
the domain length but also ensure the stability of the domain walls and their resistance
to external disturbances such as magnetic field, thermal fluctuation, or stray currents [5].
The presence and type of the pinning sites decide on the magnetic response of the system,
which is reflected in the coercivity value. The pining strength depends on the type of
DWs and their chirality [5]. Besides the natural pinning sites (point and line defects, grain
boundaries, surface roughness, strains) [122] there are also artificial methods of forming
pinning sites such as the creation of notches and anti-notches, controlled diameter change
or material composition modification along the nanowires [5, 7, 123, 124, 125, 126]. The
pinning sites where the magnetic domain boundaries are created protect them against
undesired drift, but should also enable the domain walls to move. The applying of a
uniform external magnetic field could cause domain walls to move, but it cannot be used
to shift the series of domain walls in the same direction and as a consequence would lead to
domain annihilation [5]. The applying non-uniform local magnetic field cannot be used in
the 3D matrix of nanowires. In this case, a unique solution to achieve a controlled domain
wall movement is applying a pulsed current with an accurate magnitude and duration of
pulses. This allows the domain walls to be moved with the velocity from 100 m/s [8] to
even 1000 m/s [7| However, the Walker breakdown effect, also known as the Walker limit,
appears above some velocity threshold [127]. This effect is related to the introduction of a
periodic contribution (connected with the precession motion of the magnetic moment)
to a steady domain propagation, which leads to oscillatory DW propagation. Thus,
the DW dynamics alters and at a velocity of several hundred meters per second it is
almost impossible to displace the domain walls in a simple way to a well-defined position
[7]. This grave problem is suppressed in nanowires with cylindrical geometry |7, 91],
in which VDW turned out to be stable even at a velocity of 1000 m/s. However, such
a high velocity requires a high current density, which results in a temperature increase
because of Joule heating, hence the critical value of current density indicates a maximum
velocity of the domain wall rather close to 100 m/s, which is large enough for race track
memory applications [5, 128]. Other surface-induced effects such as Dzyaloshinskii-Moriya
(associated with curvature-induced interactions, favoring perpendicular orientation of
neighboring moments across DW with rotation of the magnetization along a local vector-
spiral spin structure [129] and Cherenkov effect (connected with spontaneous emission of
a spin density wave from a spin wall moving with the velocity equal to the minimum spin
wave phase velocity [7]) can be omitted for considered nanowire diameter larger than few
nanometers [92].

The production of nanowires with segments showing various chemical compositions
creates the boundaries, which can become domain wall pinning sites, meeting the criteria
required by race trace memories in the 3D approach.

4.3.3 Magnetization reversal mechanisms

In the absence of an external field, the magnetization vector in a single-domain
structure orients along the easy axis direction, whereas in the multi-domain structure
with zero or remnant net magnetization value, the domain magnetization vectors assume
the directions minimizing their internal energy. Applying an external magnetic field
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causes, the magnetic moments to rotate toward its direction. The mechanism of the
switching process (reversal mechanism) depends on the magnetic structure of the sample
(single/multi-domain), its geometry, the kind of materials (soft/hard), the domain wall
type (transverse/vortex) and, of course, the mutual orientation of the external field and
the magnetic easy axis and many others factors such as structure, sample volume, chemical
composition, presence of the pinning sites (grain boundaries and other defects), etc.

There are two basic reversal modes: coherent rotation (CR) of magnetic moments (the
Stoner-Wohlfarth model) and domain nucleation and domain wall motion (the Kondorsky
model) [130, 131].

The shape of the hysteresis loop is a primary indicator of the reversal mode. Experimentally,
the reversal mechanism is determined based on the angular dependence of the coercivity
field, since different switching modes give various coercivities.

The coherent rotation mode is the fast uniform rotation of magnetic moments observed
in single-domain objects with uniaxial anisotropy that are smaller than the critical diameter
(function 4.22). In such a case, the angular dependence of the coercivity field is described
by the Stoner-Wohlfarth model, in which H. decreases monotonically as a function of 6,
where 6 is an angle between the easy axis and the external field direction (Fig. 4.5, 4.7).
Depending on the 6, two regions can be distinguished.

Easy 0
axis [

717 KH
/ »7
Ay
av.

Figure 4.5: Relationship between magnetization vector and external magnetic field in a
single-domain particle with an elongated shape.

~

In the first range, when 0° < 6§ < 45°, the coercive field (H.) coincidences with the
switching field (Hgy ) [133] and is expressed by:

HEE(0) = H,,(0) = Hy(cos* 30 + sin?/30) 32 (4.24)

where H is an anisotropy field (Hx = 2K, /(120Ms)). In this range, the magnetization
curve is infinitely steep at the coercive field. In the second range, when 45° < 6 < 90°:

HER(9) = (Hg /2)sin26 (4.25)

and switching occurs only when the magnetization changes sign [131].

Besides coherent rotation, uniaxial magnetic systems with a single-domain structure
can switch magnetically by domain nucleation and domain wall motion. This process is
illustrated in Fig. 4.6. If a magnetic field is applied to the system in the direction opposite

49



- |

" hl ]

Figure 4.6: Model of the magnetization reversal by nucleation and domain wall motion in
a uniaxial single-domain structure. The subsequent schemes show the structures of SD,

PSD, MD, and SD.

to its magnetization, a small domain will be created with the magnetization oriented along
the external field. The value of the magnetic field at which this small domain appears is
called the nucleation field (H,). As the external magnetic field increases, the domain wall
moves, increasing the area of the domain oriented along the applied field.

In the case of multi-domain structures, the magnetization reversal process occurs
through the domain wall movement. Applying an external magnetic field causes the
domains with magnetization vector close or parallel to the field direction to expand,
which results in the diminishing of the adjacent domains that are not oriented along the
external field. Magnetic reversal modes involving domain wall movements are strongly
dominated by DW pinning, described in the previous section.

The processes of domain nucleation and domain wall motion are slower than coherent
rotation. They are described by the Kondorsky model, in which the coercivity HXo" (6)
increases monotonically as a function of the angle (Fig. 4.7) and is expressed as follows:

_ HEN0)

HKon 9
- (0 cos6

(4.26)

where HX°"(0) is a coercivity along the easy axis. However, this expression diverges at
angles close to 8 = 90°, which is a consequence of the assumption that the magnetization
vector does not rotate away from the anisotropy axis, regardless of the field angle and field
strength [131]. Moreover, in real samples, structural defects generate pinning sites that
hinder the domain wall movements and affect the angular dependence of the coercive field.
This is responsible for the observed discrepancies between model and experimental results.
Additionally, in certain conditions, domain wall motion and domain rotation can occur
simultaneously in the same part of the sample [132|. Thus, attempts to create the model
describing magnetization reversal in real multi-domain structures led to a new modified
Kondorski model, which takes into account the reversible rotation of magnetization vectors
in neighboring domains [134, 135, 136]. The angular dependence of coercivity in this
model shows a strong increase in H. with increasing angle, followed by a sharp coercivity
decrease at angles close to the hard axis direction. Thus, the modified Kondorsky model
begins with the depinning of the domain wall, analogous to the Kondorsky model, and
then with increasing field, domain switching is not abrupt but determined by the gradual
displacement of DWs [131]|. This model combines the mechanism of domain wall motion
with a coherent rotation of magnetic moments (Fig. 4.5). The angular dependence of the
coercive field in the modified Kondorski model is described as:

20



2,54
. Kondorsky model
20. H 1/cos@
S
< 1,54 Modified
% Kondorsky model
= 1,04
0,54
Stoner-Wolfharth mode
0.0 (Coherent rotation model)
0 20 40 60 80
0 [deg]

Figure 4.7: Angular dependences of coercivity H.(f) corresponding to the magnetization
reversal mechanisms described by the Stoner-Wohlfarth, the Kondorsky, and the modified
Kondorsky model.

(Ng + Ny)cost
N.sin?0 + (N, + Ny)cos?6

where N, and N, are the demagnetizing factors of the prolate ellipsoid (along the ¢ and
a axis), and Ny is a parameter interpreted as an effective demagnetizing factor due to the
effect of magnetocrystalline anisotropy [131]. The modified Kondorsky model accurately
describes different systems, such as ferromagnetic alloys, films of magnetic alloys, and
multilayer thin films exhibiting perpendicular magnetic anisotropy [131].

Using the models described above, based on the angular dependencies of the coercive
field (H.), it is possible to determine the reversal magnetization mechanism of the sample
(Fig. 4.7).

In such case of a single domain structure, the magnetization switching is modeled by
coherent rotation (Fig. 4.8 a) or curling mode (Fig. 4.8 ¢) depending on the nanowire
diameter [88, 117]. The curling mode is observed in single-domain structures, in which the
magnetization reversal is non-uniform. One can also distinguish buckling mode, appearing
in samples with a high aspect ratio. This mode is expected at the transition between
coherent and curling mode and, because of its minor significance, is usually omitted from
discussion (Fig. 4.8 b).

The curling mode appears when the nanowire diameter is larger than the critical value
¢. (still in the single-domain regime), which for a prolate ellipsoid with an external field
parallel to the long axis is expressed by [88, 137]:

H'Eom(9) = H(0) (4.27)

8A A

S

¢c:q

where q is a geometrical parameter equal to q = 1.8412 for nanowires. The critical
diameter calculated for Fe, Co, and Ni are equal to 12 nm, 15 nm, and 27 nm, respectively
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Figure 4.8: The reversal magnetization mechanism observed in nanowires: (a) coherent
rotation, (b) buckling, and (c) curling mode.
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Figure 4.9: Angular dependence of coercivity in nanowires coherent and curling modes
[88, 137].

[138].

In the curling mode, the rotation of the magnetic moments is abrupt, thus, H. = Hy,,,
and both quantities depend on L/¢ and the size of the ellipsoid. The angular dependence
of coercivity for a prolate ellipsoid in the curling mode is expressed by [88]:

(QNC _ 3.39A )(2Na _ 3.39A )

H, = 27 M, e M¢ e M (4.29)
\/(2]\76 - j;g’?\?g)%m% + (2N, — 75’7;25])\?3)260520

where 1 is the nanowire radius, and € is the angle between the external magnetic field and
the magnetic easy axis. According to the curling model, based on calculations performed
for # = 0 with the expression 4.29, one predicts a significant increase in coercivity with
decreasing nanowire radius (Ho ~ 1/1?).

In the coherent model, coercivity (H,) increases with increasing angle (@), while in the
curling mode the opposite behavior with increasing H, as a function of ¢ is observed. The

angular dependence of the coercive field for coherent rotation and curling mode is shown
in Fig. 4.9.
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The models described can only be used as a first approach to study the reversal
mechanism in nanowires, which usually are not single domain structures, which complicates
their switching mode.

In multi-domain structures, a vortex or transverse domain wall propagation may occur.
The shape of the transverse reversal mode is similar to the coherent rotation transient
but has a much lower coercivity value, which makes this reversal mode energetically more
favorable. In the vortex domain wall mode, the coercivity continuously increases with
increasing angle. The most frequently observed behavior of the coercivity as a function
of angle in nanowire arrays is an initial coercivity increase and then a decrease with
increasing angle. This non-monotonic variation of the angular dependence of coercivity
may indicate the transition between vortex and transverse domain wall propagation
modes [165]. Another possible combination is the transition between vortex domain wall
propagation to the coherent rotation, which switches the magnetic moments in the final

stage of the reversal process when the angle of the magnetic moments is close to the hard
direction [168].

Io \ —=—=—-: Coherent }
E \ .......... Vortex
'-G_—J \\ ——— Transverse_f
(O] N H
= ~ :
O \\ :
N \:-'
= AN
} } N
0 30 60 90
0 [deg]

Figure 4.10: Calculated angular dependence of coercivity for nanowires [165]

To examine the magnetization reversal modes, the equations of the angular dependence
of the nucleation field for coherent [H{o"erent(9)], transverse [HZ (#)], and vortex [HY ()],

modes are needed:
Hgoherent(e) 1 — 3NC 1 — t2 + t4

i — 5 7 (4.30)
HT(0) 1—3N,V1—t>+t4
M, 2 1+ 2 (431)
0y (6) (Ne — ) (N — )
M. - 27,2 272 (4.32>
s \/(NC — T2 )sin?0y + (N, — 5= )*cos?0,

where t = tan'/3(6) [105, 165, 168, 169].
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Chapter 5

Structural and magnetic properties of
the Fe, Co, N1 elements and their alloys
- literature review

5.1. Magnetic and structural properties of Fe, Co, Ni

Fe, Co, and Ni belong to the group of transition metals (d block) with an incompletely
filled d subshell, which is responsible for their ferromagnetic character. Table 7 compares
the structural and magnetic properties of bulk Fe, Co, and Ni (or nanowires). As can be
seen, these three ferromagnetic elements are significantly different from each other, despite
their adjacent positions in the periodic table. They crystalize in different structures with
various lattice parameters and atomic radii. In the case of nanowires, Fe and Ni grow in
bee and fee structure, respectively, while Co depending on pH, may grow in bce or hep
structure as was mentioned in chapter 3.1.

These elements also show different magnetic parameters. The magnetic moment is
greatest for Fe and smallest for Ni. The same relationship is observed for the coercivity
measured for nanowires with a diameter from 10 to 20 nm and length from 400 nm to
1 pm [180]. The maximum coercivity achieved at room temperature for Fe, Co, and Ni
nanowires is 3000, 2600, and 950 Oe, respectively [180].

The difference in the crystal structure of Fe, Co, and Ni affects the magnetocrystalline
anisotropy, which is reflected in changes in the easy and hard axis directions (Fig. 5.1).
The easy axis in iron and nickel cubic structures are [100] and [111], respectively, while
in the case of cobalt crystallizing in a hexagonal structure, the easy axis lies along the
c-axis.

The combination of the above elements in the form of binary or ternary alloys with
various concentrations enables the design of materials with desired magnetic properties
suitable for applications.
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Table 5.1: Selected physical parameters of Fe, Co, and Ni.

Parameter Iron Cobalt Nickel
Atomic number 26 27 28
Electron - 364s? 3745 384
configuration

Atomic radius [A] 1.72 1.67 1.62
Allotropic body centered hexagonal face centered cubic
form cubic (bece) lattice (hep) (fce)
[Lniflt]lce parameter . 986 5 — 0.251 ¢ — 0.407 a — 0.352
Easy axis [100] <0001> [111]
Difficult axis [111] <1010> [100]
Melting

temperature [°C]| 1535 1495 1455
Density [g/cm?| 7.9 8.9 8.9
[ngﬁle temperature 770 1115 354
Magnetic moment

(1B /atom| 2.22 1.72 0.61
Saturation

magnetization 1707 1400 485
M, [emu/cm3|

Coercivity H. [Oe| 1100 1000 350
Maximum

coercivity for 3000 2600 950

nanowires H, [O¢]

5.2. Binary systems Fe-Co, Fe-Ni

Iron-Cobalt (Fe-Co)

The phase diagram of the Fe-Co system is presented in Figure 5.2 [139]. Below the
liquidus line (app.1500°C), there are five FeCo phases depending on the alloy composition
and temperature. At lower temperatures (closest to room temperature) bee (o (A2), o
(B2)), and hep (¢(A3)) structures appear as the Co content increases. The fcc (v (Al))
structure is stable only at higher temperatures (above app. 150°C in the case of Co-rich
alloys. An Fe-rich alloy (not less than 90%) crystallizes in a disordered solid solution of
Co in Fe bee (a). At Fe concentration ranging from 20 to 90 at.% ordered FeCo alloy
with a bee structure (B2 - CsCl type) appears in the mixture with adjacent phases. In
contrast, in Co-rich alloys a solid solution of Fe in Co hcp with limited Fe solubility to 3%
can be observed. At higher Fe concentration (3-20 at.%), a mixture of B2 and A3 phases
occurs.

Chemical composition modification and the resulting changes in the FeCo nanowire
structure can, obviously, be achieved by the appropriate selection of the electrolyte
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Figure 5.1: (a) Orientation of the easy (green) and hard (red) axes of magnetization in Fe
bee, Co hep, and Ni fee structures, (b) magnetic curves measured with a magnetic field
applied along different crystal axes [87].

composition, as well as the manipulation of electrodeposition parameters such as temperature,
pH, and applied potential and also by electrodeposition type [81, 158|. At low temperatures,
the growth of the (110) FeCo planes is energetically more favorable than the growth
along the [100] and [111] directions [149]. Additionally, an increase in electrodeposition
temperature leads to the polycrystalline structure formation [149]. No less important is
the pH, which, based on the results obtained on studies of Co nanowires, should promote
the fec or hep structure at low (2.4 - 2.7) or high pH (5.0 - 6.4), respectively [31, 65, 67, 68].
The other important parameter is the applied potential, which may lead to an increase in
the Fe content with increasing potential or, depending on the electrolyte composition, may
not affect the chemical composition of the nanowires [158]. In general, FeCo nanowires
show a rather weak dependence on the applied potential [41]. Moreover, in the FeCo
alloys, anomalous co-deposition is observed, in which less noble Fe metal is preferentially
deposited. However, this anomalous behavior is weak and exhibits a selectivity ratio in
the range of 1.4 - 1.5, which values are close to normal deposition [41].

The magnetic character of FeCo alloy is determined by the Tc line that varies with the
Fe content. As can be seen, changes in the chemical composition lead to the structural
modification of FeCo alloy. These structural modifications induce changes in the magnetic
properties. Literature studies show that an increase in Co content results in greater
coercivity and squareness [81, 82, 149, 157|, but these changes are strongly dependent
on the nanowire diameter [140]. However, H, and M, /M, decrease with the appearance
of the Co hep phase (especially in the single-crystalline sample), which exhibits strong
magnetocrystalline anisotropy along the c-axis, which aligns perpendicular to the NW
axis. The magnetocrystalline anisotropy constant (K;) of hep Co is approximately 10
times higher than that of cubic CoFe alloys [82]. Therefore, in the case of hep structure
with high Co-content and pure Co nanowires, the coercivity and squareness decrease
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Figure 5.2: The phase equilibrium diagram of FeCo system [139].

compared to Fe-rich nanowires [81, 140]. These magnetic parameters are obviously
affected by nanowire geometry. The decrease in the nanowire diameter results in an
increase in the coercivity and squareness of nanowires taken from the loops measured with
a magnetic field applied along nanowire axis [82, 140, 158], however, the observed changes
depend on the nanowire composition. An increase in the nanowire length above an aspect
ratio of 10 no longer increases the shape anisotropy contribution, but causes an increase in
dipole interactions, which are responsible for the decrease in the coercivity and squareness
with increasing nanowire length [33, 41, 110, 141, 142, 158|. The chemical composition
and geometry of nanowires influence the reversal mechanism, which can switch from
coherent rotation to curling mode at different nanowire diameters (such as 10 nm or 40
nm), depending on the FeCo nanowire composition [140, 158|.

Iron-Nickel (Fe-Ni)

Figure 5.3 shows the phase equilibrium diagram of the Fe-Ni system. At higher temperatures,
the fcc structure of the Il-FeNi phase with unlimited solubility is stable. Additionally,
directly below the liquidus line at high Fe concertation, the 6—Fe phase occurs (a high-
temperature solid solution of Ni in the Fe bcc structure). The most interesting part
of the diagram at low temperatures shows the various phases that appear as the alloy
composition changes. At high Fe concentrations, a—Fe (a solid solution of Ni in Fe becc
structure) disordered phase is observed, while at higher Ni concentrations, the fcc-based
structure dominates. The disordered structure Al transforms into ordered L12 and L10
structures with atom arrangement shown in the unit cells (Fig. 5.3). In the indicated
limited concentration ranges, substitutional structures FesNi, FeNi, and FeNis appear. In
the concentration regions between these specified areas, the mixture of neighboring phases
is stable. The Fe3Ni (L12-type) structure called the Invar alloy is characterized by a low
or even negative value of the thermal expansion coefficient. FeNi (L10-type) called Elinvar
alloys are known for their unique elastic properties with negligible thermal expansion and
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constant elasticity modulus over a wide temperature range. The most known ordered
L12-FeNij alloy called permalloy (20 at.% Fe) is a soft magnetic material (low coercivity)
characterized by high magnetic permeability, low value of magnetic anisotropy, significant
remnant magnetization, and near zero magnetostriction. In the NizFe phase, each Ni atom
has 4 Fe neighbors and 8 Ni neighbors. Fe atoms are located at the corners, while Ni
atoms are on the walls of the unit cell.

Niwt. (96)
0 10 20 30 40 50 60 70 80 90 100

1600 4 . 1c 1900

1700

1400 1

I.W-l'-(-: 1425°C
{y-Fe-Ni)

1200 4

T(K)

200

0 10 20 30 40 50 60 70 80 90 100
Ni at. (%)

Figure 5.3: Fe-Ni phase equilibrium diagram [143|. L is the FeNi liquid solution. The
presented crystal structures of the three stoichiometric ordered phases (at T = 0): L12 —
NizFe (Permalloy), L10 — NiFe (Elinvar), and L12 — NiFe; (Invar), where o - Ni, e - Fe.

The ferromagnetic character of FeNi alloys is determined by the Curie temperature,
which increases significantly in the permalloy concentration range. Compared to Fe/Co,
FeNi alloys exhibit different behavior in many respects. As in the case of FeCo NWs,
the same dependence of coercivity and squareness is observed as a function of nanowire
geometry [144], but an increase in both parameters with increasing nanowire length was
also observed [41]. This unexpected behavior was explained by the inhomogeneity of FeNi
nanowires along the growth direction with the formation of Fe-rich FeNi alloy on the top of
the nanowires. Inhomogeneity was also observed by other groups [148, 159], but depending
on the applied potential and other parameters, the elemental composition shows a different
distribution [148], or does not reveal significant changes [144]. The increase in diameter
favored multi-domain structure and impacted the reversal mechanism that switches from
coherent to curling mode [144].

Unlike the FeCo nanowires, the chemical composition of FeNi nanowires can be easily
modified by applied potential [41, 85]. The increasing cathodic voltage causes an increase
in the Ni content with a simultaneous decrease in the Fe concentration [41, 85, 148, 159],
except for a small potential range (-0.9 V. — -0.1 V), in which opposite relationship
occurs [148]. Moreover, this alloy shows strong anomalous behavior, even more visible in
nanowires compared to thin films [148], with a high selectivity ratio [41]. The applied
potential usually affects the grain size resulting in their reduction at more cathodic
potentials [85, 159]. In the all concentration range the fcc structure dominates (85, 159],
however depending on the Ni content, the ordered alloys such as permalloy or other solid
solutions can appear. Besides the fcc structure, the bee crystals can also be found [41, 144].
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The changes in the chemical composition affect the magnetic properties of nanowires, in
which an increasing potential (increase in Ni content), depending on the diameters of
nanowires, causes the increase [159] or decrease in the coercivity and squareness, however
non-monotonous behavior, related probably to the ordered phase formation, can also be
observed [85].

5.3. Ternary system Fe-Co-Ni

The phase equilibrium diagram of the FeCoNi system presented at a temperature of
293 K is shown in Fig. 5.4. Depending on the composition, four different phases can be
distinguished. The a—Fe phase appears in Fe-rich alloys with an Fe content above 97%.
On the contrary, the 7-Ni phase is observed in almost the entire Ni content range. Co-
based alloys in the form e-Co phase occupy the smallest area in a narrow concentration
range. Apart from the mentioned disordered solid solutions, in all other concentration
areas the ordered NizFe phase occurs as a single phase or in a mixture with the above
solid solutions. At the higher temperature of 600°C (not shown), the system exhibits only
three phases, without permalloy [154].

a-Fe+NisFe

o-Fe,

W iY) T} LT}

FE 08 08 07 06 05 04 03 02 01 NI

Figure 5.4: Ternary phase diagram of the FeCoNi system — isothermal cross-section at
293 K generated using the FactStage package and the SGTE database.

The content of individual elements in the material significantly affects its magnetic
properties, as observed in FeCoNi thin layers [20, 21, 81, 105, 145, 146]. The desired
chemical composition can be achieved by appropriate electrolyte selection and adjustment
of the electrodeposition parameters. Changes in the applied potential can modify the
chemical composition of the nanowires, leading to the variation of the magnetic parameters.
Sarac et. al. studied the effect of the applied potential on the properties of FeCoNi thin
films and noticed that as the potential became more cathodic, the Co content decreased
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and the Ni content increased (non-monotonous changes in Fe concentration) leading to a
decrease in the coercivity value, which made the materials softer magnetically [147]. A
similar relationship between the applied potentials and the chemical composition was
observed by Hanafi et. al., with a difference that increasing the potential caused a
decrease in the Fe content. However, the increase in potential resulted in greater coercivity,
contrary to Sarac’s results [52]. The impact of a potential change was also studied by
Budi et. al., who found the same correlation as Hanafi et al. both in terms of chemical
composition and magnetic parameter changes [20]. Changes in the magnetic properties
induced by modification of the chemical composition of alloys due to cathodic potential
variation result from differences in the values of magnetic moments for these elements
(mpe>me,>mpy;) [20].

Despite many studies on FeCoNi thin layers, only a few works regarding the properties
of FeCoNi nanowires deposited into the porous matrix can be found in the literature.
Except for one, all the others report the studies of nanowires prepared in alumina membranes
and show the changes in the magnetic properties of FeCoNi wires as a function of annealing,
nanowire geometry [105, 107, 152, 153| or describe the possibility of the modification their
geometry or morphology [50, 61, 156|. In general, an increase in the diameter and length
of the nanowire matrix results in a decrease in the coercivity and squareness and causes
the magnetic structure to change from SD through PSD to MD as well as transition from
VDW to TDW, modifying the reversal mode [105, 107|. Other works show the influence
of the electrodeposition parameters (cathodic potential, AC frequency) on the chemical
composition of nanowires [86, 153]. In the case of nanowires deposited at various cathodic
potentials, the selected electrolyte did not reveal any visible differences in the composition
of the nanowires, therefore their magnetic parameters, such as coercivity or squareness,
also did not change significantly [86]. On the other hand, Sharma et al. in their studies
of AC frequency influence on the chemical composition, indicated that significant changes
in the chemical composition and the resulting modification of the magnetic properties
can only be achieved for a well-selected electrolyte. So far, no work has been performed
examining the structural and magnetic properties of FeCoNi nanowires as a function of
the chemical composition varied by the cathodic potential.

FeCoNi ternary alloys are the main subject of this work. This system is gaining
increasing interest among scientists, especially due to its unique magnetic properties,
which allow for applications of FeCoNi films as anti-corrosion, or anti-reflective coatings,
MEM systems or memory units [20, 145, 146, 151, 154, 155]. As shown, intensive studies
have mainly focused on coating and thin films, and only a few works regarding FeCoNi
nanowires were found [50, 61, 81, 86, 105, 152, 156].
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Chapter 6

Materials and methods

6.1. Electrodeposition parameters

Before the nanowire deposition, the thin contact layer (copper or gold) was sputtered
on one side of the templates to close the pores and act as a cathode. The electrodeposition
processes were performed in an electrochemical cell in a three-electrode system as presented
in Fig. 2.1 (Chapter 2). PC and AAO membranes were used as templates (as described
in Table 2.2) (Chapter 2.2).

The deposition processes were controlled using an AUTOLAB PGSTAT302N potentiostat
operating in potentiostatic mode with different values of cathodic potential. The deposition
was carried out in an electrolyte bath containing FeSO,, CoSO,, NiSO, ions and their
mixture (Table 6.1) with the addition of boric acid (to stabilize pH extending the region of
proton reduction to more negative potentials and avoiding metal hydroxide precipitations)
[160] and ascorbic acid (to prevent against iron oxidation by residual oxygen). The
deposition temperature was 20°C (except for iron samples studied as a function of the
electrolyte temperature), and the applied voltage varied as shown in Table 6.1. Additionally,
the FeCoNi flat samples with a thickness of approximately 10 pm were prepared on the
thin copper foil to compare the properties.

Table 6.1: Concentrations of electrolytes used to produce nanowires.

Nanowire Concentration [g/dm?| 1 Applied
FeSO; CoSO; NiSO, CuSO, CgHgOg H3BO3 P potential [V]*
Fe 55.6 - - - 1 24.72 2.9 -1.1
Co - 33.73 - - - 24.72 2.8 -1.0
Ni - - 44.71 - - 24.72 3.2 -2.0
2.78 5.62
FeCo 16.63 3373 - - 1 24.72 2.8 -1.0, -2.0
FeNi 2.78 - 44.71 - 1 24.72 3.2 -1.0 = -2.0
FeCoNi 2.78 5.62 44.71 - 1 40.0 3.0
FeCoNiCu 278 562  44.71 % 1 100 36 U8

* All potential values given in this work refer to the Ag/AgCl (3 M KCl) electrode.
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6.2. Cyclic voltammetry

Cyclic voltammetry (CV) is a popular and often-used electrochemical technique to
examine electrochemical reactions, such as reduction and oxidation processes of molecular
species. It quickly provides information on the thermodynamics of redox processes, as
well as on the kinetics of heterogeneous electron transfer reactions. Cyclic voltammetry is
usually the first experiment performed in electroanalytical research. In this experiment, an
applied, cyclically varying voltage causes a current response creating a cyclic voltammogram.
Typically, the measurement starts at potential 0 and then moves towards negative values,
followed by the reverse scan. Figure 6.1 shows a current transient as a function of cyclic
voltage changes. Two important parts can be distinguished in this curve. The first is
measured when the voltage changes towards negative values (1-2-3), which results in a
negative current in response. This is the cathodic part of the curve informing about the
reduction process. The second part, measured when the potential moves towards positive
values (3-4-1), gives a positive current and is called the anodic scan. This anodic part
carries information about the oxidation process, which in the case of electrodeposition is
directly connected with the dissolution of the deposit. This cycle can be repeated many
times.

When a potential, changing towards negative values, is applied to electrodes immersed
in the solution containing Me* ions, the Me™ at the electrode is reduced to Me, resulting
in a cathodic current signal. This is associated with a steady depletion of Me™ near
the electrode surface, which creates a diffusion layer, growing with the scan. This slows
down mass transport. As a consequence, the lower M ion diffusion rate causes a current
decrease and the appearance of a maximum called the cathodic peak. During a reverse
scan, an anodic current is generated as a result of the oxidation process, which in turn
leads to the anodic peak formation and the mentioned dissolution of the previously reduced
deposit [161]. The voltammogram allows for determining the potentials (Ej, Epj) and
currents (ig, ig) at the cathodic and anodic peak positions as well as the peak-to-peak
separation voltage (AE = EJ- Eg), which is a distance between potentials at the peaks,
and half potential parameter (E;/;) defined as an average potential between maxima
(E1)2 = AE/2) (Figure 29). The half potential parameter is the point at which the
concentrations of oxidized and reduced substances are equal and provides a simple way
to estimate the standard potential (in the case of reversible reaction).

An essential quantity, related to CV measurements is the scanning speed of the applied
potential (v), which determines the slope of the CV signal. As the scanning speed
increases, the entire process will run faster and, consequently, the diffusion layer will form
closer to the electrode. As a result, the flux onto the electrode surface will be greater,
and since the current is proportional to the flux, the current peak will be higher at high
scanning speeds (Fig. 6.1 b). In this case, the increasing scan rate value does not affect
the position of the maximum that appears at a specific voltage value and does not change
the shape of the curve but increases the total current value. This is a characteristic feature
of electrode reactions showing fast electron transfer kinetics, i.e. reversible reactions.

There are four conditions for the reversibility of a reaction:

e the amplitudes of the anodic and cathodic peaks are equal (if/i} = 1)
e peak-to-peak separation parameter assumes a constant value (AE = 58 mV) and does
not depend on the scan rate
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Figure 6.1: (a) Cyclic voltammogram diagram of reversible reduction, (b) series of
voltammograms recorded when total current increases with increasing scan rate, (c) series
of voltammograms recorded at a single voltage sweep rate for different values of the
reduction rate constant [161].

e the peak position of half potential E; /5 does not change with a scan rate
e the peak currents are proportional to the square root of the scan rate (i;fJ and i ~ V).

Chemical reversibility informs that the reduced substance is stable and can be subsequently

reoxidized, while electrochemical reversibility refers to the fast electron transfer, in which
a low electron transfer barrier allows for equilibrium to be established immediately after
a change in the applied potential [161].

If the current increases with the square root of the scanning rate, this indicates
that the electrode response is controlled by mass transport (fast electron transfer). The
concentration of a substance in the solution near the electrode changes with time according
to the Nernst equation. The concentration of Me™ ions as a function of distance from the
electrode surface depends on the applied potential.

In irreversible systems (with slow exchange of electrons compared to mass transport),
the individual peaks are reduced in size and far apart. Completely irreversible systems
are characterized by a shift in the peak potential with the scanning rate. In quasi-
reversible systems, the current is controlled by charge transfer and mass transfer. The
voltammogram of quasi-reversible systems is very stretched and shows greater separation
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of peak potentials compared to reversible systems.

In the case of quasi-reversible or irreversible reactions, the slow electron transfer is
about the voltage scanning speed. The electron transfer barrier is high and a more negative
(positive) potential is required to observe the reduction (oxidation) reaction, which results
in higher AE values. In a slow reaction kinetics, the equilibrium is established slower
compared to the scanning rate. For this reason, the position of the peak maximum varies
depending on the reduction rate constant because it takes longer for the current to respond
to the applied voltage than in the reversible process [161]. As the rate constant decreases
the peaks shift and the peak-to-peak separation parameter increases (Fig. 6.1 c).

Analysis of the shape and peak positions on the CV curve as a function of the scan rate
allows us to determine the reaction mechanism with an indication of the process limiting
the reaction rate. If the cathodic and anodic peaks are equal and close to each other, the
process is limited by mass transport, which means that the electron transfer is fast and
the reaction is reversible. In the opposite case, a slow electron exchange points out that
the reaction is irreversible and is controlled by electron transfer. However, the process can
also be more complicated, in such a case both charge transfer and mass transfer determine
the reaction mechanism.

Cyclic voltammetry measurements, as well as nanowire deposition, were performed
using the AUTOLAB PGSTAT302N potentiostat (Metrohm Autolab B.V., Utrecht, The
Netherlands). CV was performed for electrolytes containing separate FeSO4, CoSOy4, and
NiSO4 and also all of them in mixture (50 mM each) with boric acid and ascorbic acid
in the potential window between -1.2 V and 0.0 V (or 0.2 V). The scan rate for single
elements was 10 mV /s and differ from 10 to 160 mV /s for ternary system.

6.3. Electron microscopy (SEM, EDS, TEM)

Electron microscopy methods are the most often used to observe the material surface.
In electron microscopy, electrons of primary beam are accelerated by applying voltage
of the order of a few kV in the case of scanning electron microscope (SEM) or a few
hundred or even thousand kV in transmission electron microscope (TEM). The basis of
those methods is irradiation of the sample with an electron beam, which may results in
electron scattering, absorption, and passage through the material. The signal emitted on
the top of the sample is used in SEM while electron transmitted through the sample are
measured in TEM.

The most relevant phenomenon in electron microscopy is scattering - interaction
between the electron beam and atoms or electrons of a sample, whereby there is a change
in the trajectory or energy of the beam. Scattering could be divided into elastic (change
of beam trajectory and insignificant change of electron energy) and inelastic (substantial
loss of electron energy and a slight change of beam trajectory).

Elastic scattering is the result of collisions of high-energy beam electrons with atom
nuclei and consequently, there is a change in the trajectory of the electron. There are two
mechanisms: low-angle elastic scattering which is the result of the Coulomb interaction
with the electron cloud and high-angle elastic scattering is the effect of Coulomb interactions
with the nucleus.
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Scanning electron microscopy (SEM) is one of the electron scattering-based
methods. It uses an electron beam to scan the surface of the material and detects the
scattered signal.

The effect of elastic scattering is backscatter electrons (BSE). The ratio of the number
of backscattered electrons to the total number of primary electrons increases with increasing
atomic number of target elements and with increasing tilt and is marginally affected by
the primary beam energy. The dependence of the BSE production on the atomic number
enables the analysis of the chemical composition of the sample. As a consequence, the
higher atomic number elements, the brighter the materials appears in the SEM image. In
inelastic scattering, there is an energy transfer from the primary beam electrons to the
target sample electrons or atoms resulting in an X-ray emission, electron emission and
cathodolumienscence.

For different sample depths, a different effect from electron interactions prevails (Fig.
6.2).

Primary electron beam

Auger Electrons Secondary Electrons (SE)

Backscattered

Electrons (BSE) Characteristic X-ray
Continuous
X-ray Fluorescence

Figure 6.2: Scheme showing the interaction of an electron beam with a sample.

Near the surface, about 10 A, the Auger process prevails. In this effect the electron
from the incident beam ejects electron out of the inner shell, leaving a hole. The electron
from the higher shell fills the gap and excess energy is transmitted to external shell electron
which leaves atom. This electron is called the Auger electron.

At the depth from 50 to 500 A, inelastic scattering dominates causing the electrons to
be ejected from the shell. These electrons are called secondary electrons (SE) and have
energy below 50 eV. Secondary electron yield increases with increasing tilt of the sample
with respect to the electron beam direction and increase with decreasing energy. The low
energy of secondary electrons limits their application to the topography examination (<
10 nm).

As seen in Fig. 6.2, secondary electrons come from surface area while back scattered
electrons originate from deeper regions of the sample. The other phenomena such as
characteristic X-ray, continuous X-ray and secondary fluorescence can get out from even
greater depth.

The main signal in the SEM originates from backscatter electrons but the secondary
electrons and signal coming from the background are also recorded. Fig. 6.3 shows
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the intensity of the scattered beam of electrons as a function of their energy, with a
high-intensity peak at low energy coming from secondary electrons and a lower-intensity
maximum at higher energy, indicating backscattered electrons.

I
111

E

Figure 6.3: Intensity of the scattered beam as a function of electron energy: I - range of
the electronic spectrum for SE electrons (to 50 eV), II - range of the electronic spectrum
for BSE electrons.

The important parameter in SEM is the resolution (r), which determines the distinguishability
of the two image details. From the visible light diffraction theory the formula for resolution

follows:
~0.61x

r =

6.1
USino (6.1)

where: A — wavelength, u — refractive index, o — half the angle of the cone of light from
specimen plane accepted by the objective (halve aperture angle).

For the refractive index equal to 1 for the vacuum and small halve aperture angle the
resolution in electron microscope is:

0.61\
T =

«

(6.2)

Application of an electron beam in the electron microscopes instead of the light beam
used in optical ones significantly increased the resolution from micrometers to nanometers
and magnification from 1000x to 500,000x.

To observe the morphology of the nanowires, it was necessary to dissolve the membrane.
For this purpose, the sample was glued to a copper tape, looded with 2 ml of dichloromethane
and left for 10 min. After this time, the sample was gently removed and left to dry.

The pore-filling and morphology of the nanowires presented in this work were studied
using a scanning electron microscope: Tescan Vega 3 (in IFJ PAN) and also JEOL JSM-
IT500HR (in LCPME UL). SEM was used for observing the nanowires before and after
membrane dissolution in dichloromethane, by applying low (1-5 keV) and high (20-30)
voltages respectively. The morphology of nanowires was analyzed using Image-J software.

Energy-dispersive spectrometry (EDS) is a technique for the chemical characterization
of a sample. Electrons from the primary beam irradiating the sample may create an
electron hole (by electron ejection), which will be filled with an electron from the outer
shell. The energy resulting from the electron transition between these two energy levels
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can be emitted in the form of X-ray radiation, characteristic of each element. The number
of X-rays recorded as the function of their energy creates a spectrum measured by an
energy-dispersive spectrometer. Due to the fundamental principle that each element
shows a unique atomic structure, the detected emission spectrum can be used for the
elemental characterization of the sample. The intensity of the spectrum lines provides
quantitative information about individual elements. The spectrum may contain artifacts
mainly related to the summary peak (two X-ray photons are registered in the detector
simultaneously as one quantum of double energy) and escaped peak (the additional peak
that is created when an X-ray photon excites the fluorescence of the material from which
the detector is made, resulting in a visible peak with the energy minus fluorescence energy
of that material).

The chemical composition of the prepared nanowires was studied by energy-dispersive
spectroscopy measurements performed in SEM (both Tescan Vega 3 and JEOL JSM-
IT500HR). The research included point and linear measurements, and maps of the elements
in selected areas.

Another technique based on the interactions of an electron beam with a sample is
Transmission Electron Microscopy (TEM), in which a beam of electrons is transmitted
through the material and crates the image detected behind the sample. The accelerating
voltage determines the maximum thickness of the sample, which varies from 100 nm for
500 kV to 10 pm for 3 MV.

The incident electron beam may pass through the sample without being scattered
(central beam of diffraction pattern) or may be scattered (diffracted). Unscattered electrons
create a bright field image (BF) that shows mass-thickness contrast resulting in a dark
image in areas of greater mass or thickness. Diffracted electrons scattered at a particular
Bragg angle (corresponding to a given lattice constant) form dark field (DF) images
and slight changes in crystalline orientation (i.e. Bragg conditions) influence the image
contrast. These two mechanisms (mass-thickness contrast and diffraction contrast), which
affect the amplitude of wave associated with transmitted electrons belong to an amplitude-
contrast image formation and are obtained by selecting an unscattered or diffracted
electron beam before the image plane.

In addition to changing the amplitude, the scattering of the incident electron beam
can also alter the phase of the electron wave. Phase-contrast images, also known as high-
resolution transmission microscopy, occur when the unscattered and diffracted Bragg
beams, which are phase-shifted, interfere with each other in a constructive or destructive
way. As a result, one can observe lattice fringes in HR-TEM images, Fresnel fringes at the
sample edge, or Moiré pattern. Phase contrast significantly increases spatial resolution due
to multiple beams, including those scattered at higher angles (smaller lattice constant).

Besides conventional imaging, transmission electron microscopy offers a wide range of
operating modes such as diffraction, scanning TEM imaging (STEM), and spectroscopy
techniques as well as combinations of them.

Measuring electrons scattered at characteristic Bragg angles allows the generation of
diffraction patterns. For single-crystalline samples, these patterns have the form of dots,
while for polycrystalline samples, they create diffuse rings with the radii corresponding
to the lattice constant. The smaller the crystallite size, the more diffuse the rings,
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which expand in the case of amorphous samples. Diffraction pattern acquisition can
be performed on a precisely selected area of the sample, resulting in high-quality selected
area diffraction (SAD) patterns.

High-angle-scattered electrons excluded from BF images are used for scanning transmission
electron microscopy (STEM) imaging. In this case, the primary beam scanning the sample
surface is convergent (unlike the parallel beam in TEM measurements). The scattered
electrons are collected by a high-angle annular dark field (HAADF) detector and the
atomically resolved mass-thickness contrast images reveal maps of atomic column position.

The imaging modes briefly described above use elastically scattered electron beams.
Inelastically scattered electrons with a measurable energy loss (from meV to several
hundred eV) generate X-ray emission, secondary electrons, and even visible light (cathodo-
luminescence). The most popular techniques using inelastic signals are electron energy
loss spectroscopy (EELS) and X-ray spectroscopy (EDX). EELS measures excitation and
ionization events providing information on core-shell transitions and phonon emission.
The widely used EDS spectroscopy detects de-excitation events. Inelastically scattered
electrons emit characteristic X-rays coming from the interaction of the electron beam with
the inner electron shell of target atoms or continuous X-rays resulting from the interaction
of the electron beam with atomic nuclei. Characteristic X-rays carry information about
local elemental composition while continuous spectrum, used in biological studies to
analyze the average atomic number of samples, in the case of material studies is treated
as a background obscuring the characteristic X-rays.

Electron microscopy allows for the observation of the structure of crystals and their
defects such as grain and phase boundaries, and dislocations. TEM provides information
about atom positions and crystal orientation, as well as the elemental composition of the
samples and chemical bonds.

The combination of inelastic scattering methods with high-resolution imaging provides
an advanced tool for observing atomic-scale structure and analyzing the chemical composition
of nanoareas. This makes electron microscopy an irreplaceable technique in nanotechnology
and material science applications.

TEM results presented in this work were obtained at the AGH University using
Transmission Electron Microscope FEI Tecnai G2 20 X-TWIN electron microscope equipped
with a LaB6 emission source, and FEI Titan Cubed G2 60-300 microscope (FEI) equipped
with the ChemiSTEM system, and also in Institute Jean Lamour at UL using a JEM -
ARM 200 F Cold FEG TEM/STEM operating at 200 kV and equipped with a spherical
aberration (Cs) probe and image correctors. Scanning transmission electron microscopy
(STEM) images were acquired using a high-angle annular dark-field (HAADF) detector.
The STEM-EDS data was analyzed by Esprit software (Bruker) in which the standardless
Cliff-Lorimer quantification method was used. Indexing of electron diffraction patterns
was performed with the use of JEMS software.

TEM microscopy can also be used to image the micromagnetic structure of a nanomaterial
using Lorentz microscopy (L-TEM). Especially, it is possible to investigate the domain
wall distribution of ferromagnetic samples and magnetization reversal mechanisms.

The objective lens used in TEM produces a strong magnetic field along the axis of
the microscope (up to 2 T). This field magnetizes the sample, which loses its domain
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Figure 6.4: Scheme of the transmission electron microscope (TEM).

structure, becoming a single-domain object. In the Lorentz microscope, to avoid such a
modification of the magnetic structure, the objective lens is replaced by a special Lorentz
lens, which is an objective mini lens generating a negligible small magnetic field. This
lens is installed below the objective lens, away from the sample, and focuses the image
after the electrons pass through the sample. Thus, Lorentz’s lens takes over the function
of the objective lens that can be turned off.

The electron beam passing through the ferromagnetic sample experiences the Lorentz
force acting, which deflects it from its normal direction. According to Lorentz’s rule,
this deflection will vary depending on the magnetization vector direction. Therefore, the
areas of two magnetic domains (with magnetization vectors rotated by 180°) will deflect
the electron beam in opposite directions. This phenomenon allows the study of domain
structures. Electron microscopy using a Lorentz lens has two modes: Fresnel mode and
Foucault mode. The difference between these two modes will be discussed on the example
of a sample in which the magnetization directions in adjacent magnetic domains differ by
180°.

In the Fresnel mode, in adjacent magnetic domains, incident electron beams are
deflected in opposite directions, as shown in Fig. 6.5. In one DW region, electrons
passing through adjacent domains are deflected closer to each other (overlapping) and
increase the intensity of the electron beams, while in the other DW area, electrons are
deflected away relative to each other and reduce the intensity of the electron beams. The
magnetic domain wall is difficult to observe when the lens is focused on the bottom surface
of the sample because the overlapping electron region is narrow. When the focus is moved
(defocused), the overlapping area is enlarged and the DW appears as light (or dark) lines.
Typically, the image is over-focused or under-focused by about 1 pm [162], which results
in a slightly different magnification. The two images are also shifted laterally with respect
to each other [163]. Fresnel mode is also called the defocused method.
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Figure 6.5: Scheme of image acquisition in Fresnel mode with intensity distribution for
over-focus and under-focus conditions.

In the Foucault mode, diffraction spots from adjacent magnetic domains arise at
slightly different locations on the back focal plane, and one of these spots is selected
for imaging. The domain corresponding to the selected diffraction point appears bright,
while the domain corresponding to the unselected diffraction point appears dark. This
technique is called the focus method.

In Fresnel imaging mode, magnetic domain walls appear as bright or dark lines, while
in Foucault mode, magnetic domains are bright or dark depending on the magnetization
vector direction.

We used a JEOL JEM-2010 TEM operated at 200 kV for L-TEM. Fresnel images were
taken under-focus in low magnification mode, using the objective mini-lens as the imaging
lens, with the objective lens slightly excited (at 10% of the value used for eucentric focus),
in order to impart a specimen- tilt-angle-dependent magnetic field to the sample.

6.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a very effective technique for quantitative
analysis of the elemental composition (all elements except hydrogen and helium), chemical
state, and electronic structure of elements occupying the surface area of the sample (1-10
nm of detected depth). It is a type of photoelectron spectroscopy, in which a sample
irradiated by a focused, monochromatic X-ray beam (Ka Mg or Ka Al) emits core
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electrons. The ejected electron enters the free state with kinetic energy Ex. The kinetic
energy of the emitted photoelectron depends on its binding energy on the appropriate
electron shell of the atom (characteristic of their elements) and is described by the
relationship based on Einstein’s equation:

EK :hU—EB—CI) (63)

where: Ep - electron binding energy in the atomic core measured relative to the
vacuum level (eV), hv - the energy of the photon falling on the sample, while ® is a work
function resulting from the energy loss when an electron leaves the atom and when is
absorbed by the detector (quantity of the order several eV, estimated from calibration).

The XPS spectra show the intensity corresponding to the number of ejected electrons
as a function of the binding energy. Elastically scattered electrons in the first few atomic
layers, which release the sample without energy loss, create sharp peaks in the spectrum,
while the electrons that have undergone collisions and lowered their energy contribute to
the inelastic background of the spectrum. In the spectrum, one can also distinguish
multiplet splitting, which occurs when unfilled shells contain unpaired electrons (the
unpaired electron remaining after ionization couples with an unpaired electron in the
originally incompletely filled shell and generates splitting of the orbital). Moreover,
satellites can appear due to a sudden change in effective charge caused by the loss of
shielding electrons when a core electron is removed by photoionization. Two types of
satellite can be detected: shake-up and shake-off. The shake-up satellite arises when the
outgoing electron interacts with a valance electron and excites it (shakes it up) to a higher
energy level. This causes a slight energy loss of core electron and appears in the spectrum
as an additional low-intensity peak shifted from the main peak by a few eV (below the
main line). In the case of a shake-off satellite, the valence electron is ejected from the
ion and contributes to a noise signal or causes the broadening of the main peak. The
photoelectron emission process is accompanied by the emission of Auger electrons and
photons.

XPS is a very sensitive technique. The detection limit for elements ranges from 1%
of the surface layer for light elements to less than 0.1% of the surface layer for heavy
elements. Quantitative analysis in XPS is possible with an accuracy of 90-95 at.%. Due
to the low lateral resolution (millimeter range), XPS is not a very suitable technique for
mapping. Using XPS in combination with ion sputtering can obtain a depth profile, but
this technique is not very effective.

The presented XPS research was performed in a Vacuum System Workshop at AGH
to analyze the oxidation state of the Fe nanowires. The measurements were carried out
with a residual pressure below 5 x 107® mbar during analyses, operating at Ka Mg
radiation of energy 1253.6 eV. A concentric hemispherical electron analyzer worked in a
fixed-analyze transmission mode with a constant pass energy of electrons set at 22.5 eV.
The binding energy scale was calibrated by fixing the position of the dominant Cls peak
of the adventitious carbon to 284.6 eV.
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6.5. X-ray diffraction (XRD)

The X-ray Diffraction (XRD) technique is an analytical method that provides information
about the crystal structure, preferred crystal orientation (texture), crystallite size, lattice
strain, and phase composition of the tested materials. This method uses the phenomenon
of diffraction of monochromatic X-ray beam on periodic structures. Since the wavelength
of an X-ray is similar to the distance between atoms in the crystal, the diffraction of X-ray
on the periodic lattice of atoms can be used to measure the distance between atoms.

In this effect, the incident beam is elastically scattered by electrons around atoms
forming the planes of the crystal lattice (the strength with which an atom scatters X-rays
is proportional to the number of electrons around the atom). Crystallographic planes
are marked as a set of parallel lines on which the atoms are arranged, and each pair of
adjacent planes is separated by a constant distance from each other (dn;). (Fig. 6.6).
The angle between the incident beam and the plane defined by the sample surface is 6
and is equal to the angle between the diffracted beams and the sample plane, the angle
between the incident beam and the diffracted beam is 2 6. The diffraction vector bisects
the angle between the incident and the diffracted beam.

The X-ray beams reflected from two adjacent planes can interfere constructively causing
the signal to be amplified or destructively resulting in the signal extinction. For a
diffraction pattern to occur, the Bragg’s condition must be fulfilled. This means that
to observe a constructive interference, the difference in the optical path length of the
incident and diffracted beams (x) must be equal to an integer (n) of the wavelength (1)),
that is nA.

dnasin® B

Figure 6.6: Diffraction of X-ray beams on atomic planes in a crystal.

Optical path difference is:

AS =AB + BC (6.4)
AB = djj,5in0 (6.5)
BC = dj;sinb

Hence:
AS = 2dy.51n0 (6.7)

The condition for the constructive interference expressed by Bragg’s law is as follows:
thklsinQ =nA\ (68)

where: djj; - distance between planes [A], 6 - reflex angle [°], n - integer, A - wavelength
[A]. The constrictive interference forms an interference pattern with the peaks, whose
positions are determined by the space between diffracting planes (djx;).
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An X-ray instrument contains an X-ray source, a sample stage, and an X-ray diffracted
beam detector. In the Bragg-Brentano geometry used in this work, the sample is placed
on a fixed support and the radiation source and detector are moved on a circle that is
centered on the sample (Fig. 6.7).

X-ray lamp Detector

Figure 6.7: Scheme of a diffractometer in Bragg-Brentano geometry.

X-ray tubes that are the source of monochromatic X-rays, depending on the anode
material, can emit electromagnetic waves with different wavelengths. The most typical,
Cu X-ray tube (in our instrument), emits an X-ray with three distinct lengths related to
the Kq1, Kq2, Kgs, transition. The use of the Ni-filter allows the Kz line to be removed,

Ni filter

Intensity

Wavelength

Figure 6.8: The radiation spectrum emitted by Cu anode tube Kz = 1.3922 A K, =
1.5406 A, K, = 1.5444 A with the marked absorption edge of the nickel filter.

but the K,; K,2 doublet will almost always be present (these two lines overlap strongly at
low angles but are more separated at higher angles near 100 deg). Therefore, the average
value of the wavelength K, = 1.5418 A is usually assumed.

In Bragg-Brentano geometry, the diffraction vector is always normal to the surface of
the sample. The observed diffraction peaks correspond to the planes of atoms and are
described by Miller indices (hkl). Only atomic planes, whose normal vector [hkl] is parallel
to the diffraction vector contribute to the diffraction pattern. Amorphous materials such
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as glass do not have a periodic long-range ordering of atoms and only produce a broad
scattering peak or contribute to the background.

Depending on the atomic structure, some reflexes cannot be observed because of the
extinction rule, which indicates forbidden reflections. This systematic lack of reflections
in some reflection orders is related to the centering of unit cells.

Table 6.2: The rules determining which reflexes can be observed in particular crystal
structures.

Crystal structure Condition for reflection to be present

bee ht+k+1 = 2n (even)
fce all h,k,1 odd or all even
hep -h+k+1 = 3n

In a single crystal sample, only one family of peaks can be observed in the diffraction
pattern, provided that the normal vector of the crystallographic planes is parallel to
the diffraction vector. In a polycrystalline sample, there is a set of crystallites that are
properly oriented i.e. their normal vector is parallel to the diffraction vector.

Irradiating a large volume of material ensures a statistically significant number of
grains contributing to the diffraction pattern. A small sample quantity limits the number
of crystallites that can produce a diffraction pattern. This situation is observed in the
case of analysis of nanowires, which show low peak intensities in diffractograms.

Diffraction patterns are collected as 26 vs. absolute intensity (i.e. the number of
X-rays observed in a given peak, which can vary due to the instrumental (wavelength
of X-ray) and experimental parameters). Using Brag’s law, 20 can be converted to d;,
which is an instrument-independent, material property, while the absolute intensity can
be replaced by an instrument-independent relative intensity, obtained by dividing the
absolute intensity of each peak by the absolute intensity of the most intense peak and
showing it as a percentage.

To identify the phase composition, the measured X-ray diffraction pattern is compared
to standards found in reference databases such as the ICDD database (International
Center of Diffraction Data) or to own measurements of pure-phase diffraction patterns.

The diffractograms, and in particular the position of the peaks, their intensity, and
shape (the width of the peak at half its height) provide qualitative and quantitative
information about the structure and phase composition of the tested sample. As mentioned,
the peak positions are determined by the space between diffracting planes (djg;). The
intensity of reflections depends on the incident beam intensity, the positions of atoms
in the unit cell, the number of hkl planes, and other factors such as the type of atoms,
etc. The ability of an atom to scatter X-ray depends on the number of electrons (Z),
their spatial distribution, the diffraction angle #, and the wavelength A. If the grains in
the sample are not randomly oriented i.e. the sample has a preferred crystallographic
direction (texture), the pattern will contain the peaks with enhanced intensity indicating
the preferred growth direction. In analysis, peak areas are a much more reliable measure of
intensity than peak heights. The peak broadening may result from limited crystalline size
(crystallites smaller than app. 120 nm cause the broadening of the diffraction peaks) and
the strain in the lattice. Table 6.3 shows the relationship between individual diffractogram
parameters and selected properties of the crystal structure.
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Table 6.3: Relationship between individual diffractogram parameters and selected
properties of the crystal structure.

Diffractogram parameter Crystal structure
Position Unit cell parameters
Crystal structure
Atom positions
Intensity Preffered orientation
Amount of materials in multiphase samples
Crystallite size
Shape Lattice defects
Strain

The crystallite size can be estimated using the equation proposed by Scherrer:

K\
Bcost

Deryst = (6.9)
where B = B,ps - Bsta (Bops is FWHM - the width of the peak at half its height, Byq is
the instrumental width taken from a standard sample that does not exhibit any structural
broadening, K is shape factor (ranging between 0.83 and 0.91 for a cubic shape of crystals),
and D5 is the crystallite size. This method determines the crystal size along the
direction of the scattering vector. The above equation shows that with smaller crystallite
sizes, the peaks become broader. As mentioned above, peak broadening can also indicate
lattice strain (n). The Hall-Williamson method can be used to separate the macrostrain
and crystallite size. In this approach, the peak width should be analyzed over a long
range of 20 and 7 is equal to the slope coefficient in the equation, where x = sinf, y =

Bceosf, and the y-intercept is DK A -
crys

Bcosf =

+ nsind (6.10)

cryst

As shown, the X-ray Diffraction technique is a versatile, non-destructive method, very
useful in the analysis of the structure and phase composition of the samples and can be
successfully used in the studies of nanowires.

The structure of the nanowires embedded in the polycarbonate membrane presented
in this work was investigated through X-ray diffraction using a X’Pert MRD Pro diffractometer
with Cu Ko radiation operating at 40 kV and 30 mA in #—26 geometry. The measurements
were performed at the IFJ PAN.

6.6. Mossbauer Spectroscopy

Mossbauer spectroscopy provides precise information about the local atomic environment
of nuclei, which determines the physicochemical and crystallographic properties of the
solid. It is based on the Mossbauer effect, involving the almost recoilless emission and
absorption of gamma radiation by the nucleus.
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In the case of the free nucleus during the emission and absorption of a v ray, the

nucleus suffers the recoil effect. The recoil energy of an atom with mass m is equal to

2 . .
Er = £-, and the recoil momentum is p = %, thus:

E2
Ep=—2 (6.11)

2mc?

where c is the speed of light and F, is the energy of v-ray.

This reduces the emitted v ray energy and creates a requirement for more energy (then
the transition energy) in the case of the absorbing nucleus. The recoil energy is 5-6 orders
of magnitude greater than the natural linewidth (I"), therefore the recoilless absorption
and emission are impossible between free atoms or molecules (in gas or liquids) (Fig. 6.9).

NE) T : 2ER

Figure 6.9: Emission and absorption lines in the case of free nuclei with slight overlap
due to the Doppler effect [164].

The thermal motion of the atoms increases the line width (Doppler effect) and an
extremely small overlap, can be observed but this is not sufficient for resonant absorption
and emission of v ray (Fig. 6.10, dashed line). Thus, there is an energetic mismatch
between the emitted and absorbed photons with the value of 2Eg, which for nuclear
processes is much larger than the natural width of the spectral line (Fig. 6.10).

Mossbauer discovered that when the atoms are bonded in a crystal lattice, the recoil
during the emission or absorption of the photon is taken over the whole crystal. Consequently,
in formula 6.11, the mass of the atom m, will be replaced by the mass of the whole crystal,
so the recoil energy will be minimal. Thanks to this, the recoil energy can be reduced
almost to zero, which enables the observation of resonant absorption and emission (Fig.
6.10). If emitting and absorbing nuclei are in identical, cubic environments, the energy
absorbed by the sample will produce the spectrum with a single absorption line.

The probability for such recoil-free emission/absorption is described by the Debye-
Waller factor. The smaller the recoil-free factor (f), the smaller the resonance effect. The
factor f becomes larger with increasing wavelength of ~-ray (\) (or decreasing E\ = hv =
he/X) and with decreasing recoil energy (Eg). Moreover, the weaker the bond in the
crystal, the greater the mean square vibrational amplitude of the nucleus <x?>, and the
smaller the resonance effect (smaller f). The recoil-free fraction is temperature-dependent
and increases as temperature decreases:
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Figure 6.10: Recoil-free resonant absorption and emission of y-ray with a recorded spectral
line.

f=exp—|[(<z®>/N)(2n)%] = exp — [(27)*E} < 22 > /(hc)?] (6.12)

The absorption and emission lines will not overlap sufficiently if the lines are too
narrow or too broad. The suitable lifetime (line width) for Méssbauer spectroscopy is
107% s > 7 >107™ s. As the resonance only occurs when the transition energy of the
emitting and absorbing nucleus are exactly matched, this effect is isotopic specific and
is only detected in isotopes with very low transition energy (E,). The most common
Mossbauer isotope °“Fe is characterized by E, = 14.4 keV, Er = 1.95 x 10-3 eV, I = 4.7
x 10-9 eV, 7 = 1.4 x 10-7s, and Dy,oq ~ 10-2 €V (300K). The small line width compared
to the energy of y-ray gives an extremely high resolution of the Mossbauer spectroscopy,
of the order of 10-12¢eV.

As mentioned above, when the absorbing and emitting nuclei are in identical surroundings,

a single absorbing line is detected in the Mdssbauer spectrum. However, the surroundings
of the source and studied nuclei are usually different, which induces changes in the
energy of the nuclear transition. Energy changes caused by the interaction between the
nuclear moments and extranuclear electric and magnetic fields are called nuclear hyperfine
interactions. These interactions result in the shift and splitting of the ground and excited
state of nuclei by app. 10-7 eV. Such energy changes, make it impossible to observe
resonance gamma absorption.

This energetic mismatch can be eliminated by the Doppler effect (types I and II),
which causes both a shift and a broadening of the spectral line. In the first-order Doppler
effect, the energy mismatch is compensated by the movement of the ~-source towards and
away from the absorber with a velocity of a few mm/s according to V' = 1;13_1; - c. This
movement gives the energy shift of AE = E, - £. Due to the connection between the
energy changes and the velocity, the energy scale in the Mossbauer spectrum is replaced
by the source velocity given in mm/s. The second-order Doppler effect is related to the

thermal motion of atoms and causes an increase in the mean square vibrational amplitude.
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The Doppler line width can be estimated from the formula:

E |[ET
D = \/2ERkT = N (6.13)

where T is the absolute temperature and k is the Boltzmann constant. At a sufficiently
high temperature, a partial overlap of the emission and absorption lines can be achieved.

In the Méssbauer spectroscopy, three types of hyperfine interaction can be distinguished:
the isomer shift (IS), quadrupole splitting (QS), and magnetic hyperfine splitting (Bj,f).
Fig. 6.11 shows the modification in the Mdssbauer spectra caused by appropriate hyperfine
interactions.
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Figure 6.11: Shift and splitting of the energy levels caused by the hyperfine interactions
and the corresponding Méssbauer spectra shown on the example of the >"Fe isotope [164].

The isomeric shift (IS) is related to the shift of nuclear levels due to the electrostatic
interaction of the nuclear charge with the s electrons, which have a finite probability of
being found in the nucleus region. This shift occurs when the radiating and absorbing
nuclei are in different chemical environments and results from different radii in the excited
and ground states affecting s-electron density. In the case of *"Fe, the radius of the excited
state is larger than in the ground state, hence the decreasing electron density causes a
decrease in the isomer shift. The energy shift is as small as 1071%V and is measured
relative to a standard (for example the isomer shift in the *"Fe Mdassbauer spectra is
shown relative or a-Fe at RT'). The isomeric shift allows determining the oxidation state
and chemical surroundings of the nucleus. It provides information about electron density
in the nuclear region and the valence states of iron (Fe** or Fe3T). For example, the
ferrous ions (Fe?T) have less s-electrons at the nucleus due to the greater screening of the
d-electrons, thus the ferrous ions have larger positive isomer shifts than ferric ions (Fe3™).

The quadrupole splitting (QS) arises from the interactions of the quadrupole moment
of the excited state of the nucleus (with a spin of I > 1/2 showing a non-spherical charge
distribution) with the electric field gradient. This gradient may come not only from the
valence electrons of a given atom but also from the charges of its neighboring ligands.

78



The interaction of the electric field gradient with the quadrupole moment of the nucleus
leads to the splitting of nuclear energy levels. The electric quadrupole interaction, in the
case of the Mossbauer transition of *"Fe, has no effect on the ground state with I = 1/2,
but abolishes the degeneracy of the excited state (I = 3/2), leading to its splitting into
two sublevels with m; = £1/2 and m;= £3/2. The distance between these sublevels
is determined by the quadrupole splitting parameter. QS of a cubic structure is close
to zero and takes non-0 values if the symmetry of its own electrons and distribution of
surrounding ions deviates from cubic symmetry. This parameter provides information
about the valence state and the degree of crystallographic site distortion.

(Brs) The hyperfine magnetic splitting is related to the dipolar interactions of nuclear
magnetic moment and the effective magnetic field acting on the nucleus. This field
combines contributions from (i) the partially filled electron shell, whose electrons polarize
the spin density at the nucleus, (ii) the orbital moment of these electrons, (iii) the dipolar
field due to the spin of those electrons and (iiii) the applied external field. In the case
of ®"Fe, magnetic splitting results in a sextet in the Mossbauer spectrum (Fig. 6.11 (3)).
This parameter provides information about the magnetic surrounding of the nucleus and
is evidence of the existence of magnetic ordering in the sample.

The relative line intensities in the sextet 3:x:1:1:x:3 allow the identification of the
magnetization vector direction (M) relative to the ~-ray direction, where x = 2‘{5;?”209, and
0 is the angle between magnetization vector and y-ray direction. The relative line intensity
3:4:1 informs about the magnetization vector perpendicular to the ~-ray propagation
direction, 3:0:1 indicates M II v and 3:2:1 points out the random orientation of magnetic
moments.

The Méssbauer spectrum is a superposition of the spectra corresponding to all "Fe
surroundings that occur in the sample. The abundance of the >"Fe in natural iron is app.
2% and only this isotope contributes to the Mossbauer spectrum. This extends the scope
of the Mossbauer technique by the use of a >"Fe isotope as a probe of the selected area to
study the interfaces or other regions of the samples deeply buried under the sample surface.
Hyperfine parameters provide the chemical, physical, and crystallographic information
about the studied sample, and enable the identification of iron-containing phases.

The experimental setup in the Mossbauer spectroscope consists of three main parts:

- a source of gamma radiation (moving in oscillatory motion) - the ®”Co isotope (which
decays by electron capture with a half-life of 270 days and produces, among others, vy-rays
with an energy of 14.4 €V) is used to excite the *"Fe isotope

- absorbent (tested sample contains natural iron or is enriched in the ®"Fe- isotope),

- a detector recording the radiation intensity after passing through the sample.
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O — @ —
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Figure 6.12: Scheme of a Mdssbauer spectroscope operating in transmission geometry.

The presented Mossbauer studies for Fe nanowires were conducted in transmission
geometry using 100 mCi ®”Co(Rh) source and He-10%CH4 gas flow counter. The measurements
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were taken at room temperature, the direction of the «-ray propagation was perpendicular
to the sample surface. The Mossbauer spectra were fitted as the sum of the Lorentzian
sites using Recoil software (D. G. Rancourt).

6.7. Superconductive Quantum Device SQUID

SQUID (Superconducting Quantum Interference Device) is a very sensitive
magnetometer designed for magnetic measurements that use the quantization effect of
the magnetic induction flux in a superconducting ring with the Josephson junctions. A
Josephson junction is formed when two superconducting regions are separated by an
insulator (or non-superconducting metal). Superconductivity in such a junction occurs
by electron pairs (so-called Cooper pairs of two electrons with opposite spins, interacting
through vibrations of the crystal lattice) bounded together at low temperature (thermal
energy can easily break the pair whose energy of the pairing interaction (long range - even
hundreds of nanometers) is of the order of 10-3 €V). The Cooper pairs, unlike electrons,
are allowed to be at the same quantum state and are described by in-phase wave functions.
Tunneling the superconducting current through the Josephson junction causes the phase
of the wave function to change. In the absence of an external magnetic field, the current is
divided equally into the two branches of the ring, and the phase shifts at both Josephson
junctions are the same. If a small external magnetic field is applied to the superconducting
coil, the magnetic flux passing through the coil can lead to constructive or destructive
interference, depending on whether the magnetic flux is an integral multiple of the flux
quantum or not. The interference of the wave functions results in the field-dependent
current oscillation. Using such a SQUID sensor, it is possible to measure magnetic field
as low as 10-15 T (1 femtotesla).

Josephson
junction |
Josephson

junction |l

Figure 6.13: Scheme of the: (a) DC SQUID build of two Josephson junctions, (b) SQUID

magnetometer.

Current
—s-

The SQUID device consists of a cryostat with a variable field superconducting magnet,
superconducting pickup coils, and a SQUID sensor. There are two types of magnetometers:
de-SQUID and ac-SQUID. The former consists of two Josephson junctions located on
opposite sides of the superconducting ring, while the second contains only one Josephson
junction. The scheme of the SQUID device is shown in Fig. 6.13.
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To perform the measurement, the sample is placed in a polymer straw and introduced
into a superconducting coil. During measurement, the sample is periodically moved
vertically inside the coils with a frequency of 1 Hz and with an amplitude of 4 cm. This
causes changes in the magnetic flux through the coils, which induce a current proportional
to the magnetic moment of the sample. The signal is then detected by the SQUID sensor
and amplified. The sensitivity of the Quantum Design SQUID magnetometer operating
at the Institute of Nuclear Physics reaches the value of 10-8 emu, wherein the magnetic
moment of 1 g of Fe is 200 emu.

As described in the previous chapters there are many factors that determine the
magnetic behavior of nanowires. In order to more precisely characterize magnetic samples
and indicate the dominant interactions in the nanostructures (its magnetization resulting
from exchange interactions and dipolar interactions between nanowires) a First Order
Reversal Curves (FORC) method was developed. This is an advanced characterization
method based on SQUID measurements, which is mainly a qualitative tool for identifying
the magnetic state in single-domain, pseudo-single-domain, and multi-domain systems of
nanostructures that interact or do not interact with each other. FORC measurements
allow determining the coercive field distribution (AH, - arising from non-uniform length
distribution in an array of nanowires), the interaction field distribution (AH,, - describes
magnetostatic interaction between nanowires), magnetic phases (soft /hard), magnetization
reversal mode (coherent, TDW, VDW).

Using FORC measurements, it is possible to extract reversible M,., and irreversible
magnetization M;,,. [165]. However, the FORC diagram shows only irreversible switching
events and reversible magnetization does not contribute to a FORC diagram [170], but
can be identified from angular FORC measurements [AFORC]|. Irreversible magnetization
can result from nucleation of new domain walls, unpinning domain boundary walls,
and coherent or incoherent domain reversal modes [174] (dissipation of energy through
domain wall motion or moment switching in single-domain particles [173]). Reversible
magnetization can be connected with domain wall bowing with reversible rotation of
domain magnetization vector [Crew1999| (moment rotation or domain wall displacement
in a single potential well [173]). These two processes can also be differentiated by heat
generation, which occurs only in the irreversible process (without heat generation in the
reversible process) [173|. The reversible and irreversible rotations are marked in Fig. 6.14.

Irreversible magnetization is defined as a value of magnetization remaining when the
magnetization changes along the recoil curve and the field is reduced to zero [174]. The
maximal value of M;,, is achieved for a major loop and equals to the remanence value
(Fig. 6.14 b). Reversible magnetization is a difference between the magnetization and the
irreversible component (this definition is valid only for closed and reversible recoil curves,
with a constant M;,..). The character of M,., versus M, dependence can identify the
magnetization reversal mechanism [114, 174].

The irreversible magnetization is the difference between the major hysteresis curve
and FORC magnetization, given by the equation:

dM;., = limgM(H) — M(H,, H) (6.14)
The reversible magnetization is given by:

AM, ey = limyg M (H,, H) — M(H,) (6.15)
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Figure 6.14: The reversible and irreversible rotations [105, 171, 172, 173, 174].
a) Measurement of a single FORC b) Raw FORC data
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Figure 6.15: The subsequent steps of the FORC measurements acquisition: (a) single
FORC, (b) series of FORCs.

Irreversible processes result in a non-zero FORC distribution, in contrast to reversible
switching, which is characterized by a zero FORC distribution. To obtain the FORC
diagram, the magnetic nanowires are initially saturated by applying Hy, then the field is
decreased to reversal field H, and FORC is acquired when sweeping H, back to H, (Fig.
6.15 a). The measurement is repeated in a series of regular steps for many values of H,.
At each step, the magnetization is measured to obtain M(H,,H) (Fig. 6.15 b), which
can be shown in a two-dimensional grid in field space M(H,., H). The FORC distribution
pFORC(H,,H) is defined as a second-order mixed partial derivative of M(H,,H) with
respect to H and H,.:

1,02M(H,,H)

pFORC(H,, H) = (=)= ==

[165]. (6.16)
To fit the M(H,,H) of the data points, the following polynomial is considered:
M(H,,H) = a; + ayH + asH* + a4 H, + asH? + agH H,.[165] (6.17)

where ag is pPFORC value at the center of the local grid.
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The FORC diagram is shown on a color scale from blue (minimum) to red (maximum).
The coordinates (H,, H) are usually replaced by H. = (H - H,)/2 (corresponds to the
distribution of switching field) and H, = (H+H,)/2 (corresponds to the distribution of
interaction field), which rotates the FORC distribution by 45 deg.

The elongated narrow distribution of a FORC diagram along the Hu axis indicates
magnetostatic interactions [105]. In the case of dipolar interactions, the distribution gives
maximum spreading at positive Hu, while distribution at negative H,, indicates exchange
interactions [166]. The half-width of the irreversible FORC distribution cross-section
dH, (taken from out-of-plane measurements) parallel to the Hu axis passing through the
maximum coercivity describes quantitatively the magnetostatic interactions. The range
of the spreading can be used to measure the extent of the domain wall pinning, domain
nucleation, and annihilation [166].

On the other hand, the irreversible FORC distribution along the H. axis at H, = 0
allows the estimation of the individual coercivity of nanowires. As mentioned before, this
coercivity distribution can result from different lengths of nanowires. These measurements
provide a switching field of individual nanowires, which is an experimental challenge due to
the very small magnetization of a single NW in the order of 10-11 emu [170]. The difference
between the coercivity obtained from out-of-plane FORC measurements (HY9%%) and out-
of-plane coercivity taken from the hysteresis loop shows the contribution of magnetostatic
interactions A = HFORC _ Harray,

The deviation from the coherent rotation is usually due to the magnetostatic interactions
between nanowires, therefore the magnetic state of the system can be described based
on the FORC diagram. The shape of a FORC diagram along the H, axis informs
about magnetization reversal. The increase in the distribution along the H. axis can
be attributed to a magnetization reversal by the propagation of TDW, while in the
case of VDW, the coercivity distribution is not affected [105]. The elongated FORC
distribution with closed contours extending along H, indicates a single-domain structure.
The transition to PSD causes oval-like contours with the peak moving along H,, while
the MD structure shows a broad, open contour extending along H, which diverges from
the H, = 0 axis and intersects the H, axis [167, 202].

A more complicated continuous FORC diagram with small amplitudes may indicate a
complex system of various weak magnetic nanostructures. A FORC diagram with distinct
regions informs about different magnetic phases and complicated interactions.

Magnetic measurements presented in this work were measured for the nanowires
embedded in the membrane, using a superconducting quantum interference device (SQUID)
magnetometer (MPMS, Quantum Design, San Diego, California, USA), located in the IFJ
PAN. Hysteresis loops were measured at room temperature, by applying an external field
of up to 4 T in the plane and out of the plane of the membrane, and at angles ranging
from 0 to 90° in angle-dependent measurements. The diamagnetic signal of the sample
holder and the polycarbonate membrane was subtracted from the hysteresis loops.

The FORC measurements were performed in out-of-plane measurements at room
temperature using SQUID magnetometer. The samples were initially subjected to a
maximum magnetic field of 40 000 Oe. Before each FORC measurement, the sample was
saturated at 10000 Oe, and FORC was measured with the reversal field range from - 5000
to 5000 Oe and step of 100 Oe.
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Chapter 7

Cyclic voltammetry of iron, cobalt,
nickel and their alloys

The cyclic voltammetry (CV) method was used to optimize electrodeposition parameters
and to understand the behavior of selected elements under the influence of cathodic
potential. The measurements were performed using gold film electrodes immersed in
various electrolytes containing FeSO,4, CoSOy, NiSOy, or their mixture (and boric acid as
supporting electrolyte and ascorbic acid as anti-oxidant) with a pH adjusted at approximately
3.

First, the CV curves (i.e., current vs. potential curves) were recorded separately
for each cation (Fe*", Co®", Ni*T) in electrolytes containing their sulfate salts (at a
concentration of either 50 mM or 5 mM each) in view of gaining information on their
electrodeposition potentials. The obtained CVs in the potential window between +0.2
V and -1.2 V for cobalt and nickel and between 0.0 V and -1.2 V for iron are shown in
Figure 7.1 a. All CV experiments were performed at a scan rate of 10 mV /s.

a) b)
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Figure 7.1: Cyclic voltammograms recorded in solutions containing separately FeSOy,
CoSOy, or NiSOy, at two different concentrations: (a) 50 mM and (b) 5 mM (+ 0.4 M
HBOj3; and 5.7 mM ascorbic acid). All curves were recorded at a scan rate of 10 mV/s.
Figure b represents the CV curves for Fe and Co magnified by a factor of two. The inset
shows a magnified view of the area marked with a dashed line.

Measurements were made by applying a potential from 0 V and scanning first in the
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cathodic direction. The current response remained close to 0 over a wide voltage range
down to approximately -0.4 V. Then, cathodic metal deposition occurred, starting with
nickel followed by the reduction of cobalt and iron, which is consistent with values of
standard potentials (Table 2.1). No clear cathodic peaks can be observed (only waves),
and in the case of cobalt, two successive reduction waves are even visible. This is consistent
with the literature data, notably that reporting two signals for cobalt reduction, which
were attributed to two predominant complexes [175]. Behind the reduction waves, a
further increase in cathodic voltage caused a quite sharp increase in current (to the point
of reversal potential at -1.2 V), caused by hydrogen evolution. On scan reversal, metal
dissolution is likely to occur, showing distinct anodic peaks that appear in the reverse
order of cation reduction, in agreement with the redox properties of the considered species
(Table 2.1). Moreover, one can observe a very slow increase in current at the stripping
peaks, which suggests slow anodic dissolution processes.

The absence of well-defined cathodic peaks could be due to a too-high concentration of
cations in the electrolyte solution, so the next measurements were performed with a lower
cation content (i.e., concentrations diluted 10 times). Cyclic voltammetry measurements
performed in the potential window between +0.2 V and -1.2 V are shown in Figure 7.1 b.
The magnification of CV curves (see inset) enables this time to observe cathodic peaks
for Fe** and Co?' reduction whereas the reduction of Ni** still remained in the form
of two successive waves. Again, these cathodic signals appear in the order consistent
with the standard potentials (first Ni, then Co and Fe). The approximate positions of
the cathodic peaks are -0.63 V and -0.66 V for Co?** and Fe?", respectively, and around
-0.56 V for Ni**. In the latter case, one still observes the two sequential reductions for
Ni?* at close potential positions, as described in the literature [176]. They have been
assigned to two steps of le- reduction [176]. On scan reversal, the slow anodic stripping
is observed with peak currents appearing at lower anodic values compared to the more
concentrated solutions (compare parts a and b of the figure) as a result of less deposited
metals, confirming the successive dissolution of Fe, Co, and Ni.

Figure 7.2 depicts typical CV curves obtained for binary systems (i.e., FeSO,/CoSOy
(denoted FeCo), see part (a), and FeSO4/NiSO, (denoted FeNi), see part (b), which
are compared to the responses of solutions containing each cation separately. In all
measurements, the potential was scanned from positive to negative values with scan
started from 0 V, at a scan rate of 10mV/s. The concentrations of separate cations
were diluted like before (5 mM each), while the solution compositions for binary alloy
depositions were adjusted to keep a molar ratio of 1:3 for FeCo and 1:5 for FeNi.

The CV curve obtained for the FeCo system seems to indicate a slightly easier reduction
compared to the media with separate Fe?™ and Co** ions, with cathodic peaks observed
at potentials of -0.61 V, -0.63 V, and -0.66 V for FeCo, Co?*, and Fe?*, respectively. This
might suggest some stabilization of metal species in the alloy compared to separate Fe
and Co elements. Again, hydrogen evolution occurred by further increasing potentials
towards more cathodic values. As expected, on scan reversal, one can observe two peaks
for the FeCo alloy, corresponding to the anodic dissolution of each element.

In the case of the FeNi system, the reduction of metal ions also starts at less cathodic
values (-0.21 V) compared to the reduction of Ni** and Fe?" in separate media, and
currents observed at the main wave (-1.1 V) are significantly larger, suggesting more
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Figure 7.2: Cyclic voltammograms recorded in solutions containing FeSO,, CoSQOy4, and
NiSOy or their mixture (in the binary systems), at concentrations equal to 5 mM for each
element in separate electrolytes and 1 mM, 3 mM and 5 mM, respectively for Fe, Co and
Ni, in binary systems ((a) FeCo and (b) FeNi). Figure b represents the CV curves for Fe
magnified by a factor of two.

effective reduction when forming the alloy. Surprisingly, a single anodic stripping peak
was visible on scan reversal for FeNi dissolution, which might be actually an overlap due

to bigger deposits than for the FeCo system (compare y (current) scale in part (a) and
(b) of Fig. 7.2).

Cyclic voltammetry was then performed using a solution containing all three elements
(FeSO4 + CoSO4 + NiSOy) at a concentration of 5 mM each at 10 mV/s. As shown in
Figure 7.3, the CV curve obtained for this ternary system (FeCoNi) exhibits a reduction
signal at a potential value of approximately -0.68 V (see top right inset in Fig. 7.3),
which is a bit more cathodic than those observed for the separate metal ions (see bottom
right inset in Fig. 7.3). Note that the high magnification view also shows the presence
of an additional pre-wave appearing at a potential of approximately -0.41 V, which may
suggest that the reduction from the ternary system started earlier. This may be related
to anomalous deposition |56, 177]. On the other hand, the appearance of a peak at more
cathodic potentials has been reported in the literature [177]. This shift (compared to
separate cations) was explained by the fact that a larger overvoltage is needed during
the alloy deposition process to overcome the higher kinetic barrier for chemical reactions
caused by the species, which may inhibit electron transfer [177]. On scan reversal, one
could observe only one anodic peak encompassing the stripping of all components of the
alloy.

In the next experiment, I compared the behavior of the ternary system at two concentrations.
As shown in Figure 7.4 a (inset), the CV curve obtained in a mixture of FeSO, + CoSOy
+ NiSQy, at concentrations of 50 mM indicates the presence of small reduction pre-waves
appearing at -0.58 V and -0.69 V while a single one (-0.68 V), a bit more intense, came from
the system with lower concentration (5 mM) indicating possibly faster nucleation processes
in this case. Then, the more intense reduction was observed for the more concentrated
medium, as expected, with the corresponding more intense anodic stripping peak on scan
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Figure 7.3: Cyclic voltammograms recorded in solutions containing FeSO4, CoSQOy, and
NiSOy, alone or as a mixture of all of them (5 mM each). Right bottom inset: enlargement
of the cathodic region marked black, right top inset: enlargement of the cathodic region
only of FeCoNi system, marked red. The CV curves for Fe and Co are magnified by a
factor of two.

reversal, consistent with a larger amount of electrodeposited material. Comparing the area
under the peak indicates however only a two-times increase although the concentration
of metal ion precursors was ten times larger, suggesting again kinetic limitations.

Finally, CV measurements in a solution containing all three elements (FeSO, + CoSO,
+ NiSO,) in high concentrations (50 mM each) were carried out at various potential scan
rates (from 10 to 160 mV/s) (Fig. 7.4 b). In this case, the reduction signals were not well-
defined, similarly as was observed for individual metal ions, but small reduction waves can
be noticed with the intensities increasing with the scan rate. An inverse relationship was
observed for the anodic peaks, the intensities of which decreased with increasing scan rate,
indicating less deposited amounts when applying cathodic potentials for shorter time (i.e.,
faster scan rates). This confirms a lack of electrochemical reversibility and slow electron
transfer and/or nucleation kinetics. Comparing this result to the deposition of single
metals, it can also be seen that the alloy deposition starts at lower potential values,
indicating anomalous co-deposition. This shows that the changes in the applied potential
can significantly affect the individual metal reduction, leading to the modification in the
chemical composition of their alloys.
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Figure 7.4: Cyclic voltammograms recorded in a solution containing a mixture of FeSQOy,
CoSOy, and NiSOy4: (a) comparison of two different concentrations (5 mM and 50 mM

cach) at 10 mV /s and (b) effect of potential scan rate (from 10 to 160 mV/s) for 50 mM
of each compound.
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Chapter 8

Single-component Fe, Co, N1 nanowires

In the beginning, single-component nanowires with two different diameters (100 nm
and 120 nm) and a length of 6 pm were prepared. The electrodeposition parameters were
selected to ensure the optimal condition for the growth of individual elements and the
best possible filling of the pores, which is why they differ from each other, as shown in
Table 6.1.

8.1. Electrochemical analysis

In electrodeposition processes, during the pore filling, the current and charge values
were measured as a function of time (Fig. 8.1). In the current transient, the five different
zones described in Chapter 2.3 can be distinguished. The region, where the current
suddenly begins to increase was used to identify the complete filling of the pores and was
a signal to stop the deposition process. Interruption of the electrodeposition process
at this point allowed us to avoid the creation of the caps on the membrane surface
(overdeposition).

The deposition time for smaller-diameter nanowires (100 nm) is shorter than for
nanowires with larger diameters (120 nm) for all three elements. This is directly connected
with the membrane porosity, larger in the case of 120 nm nanowires. The membrane
porosity is also responsible for the lower current density measured for nanowires with
larger diameters. The increasing current value with deposition time can be related to the
shortening of the diffusion length as the pores are filled.

At the same time, the electrical charge, which was reduced into pores, was measured
and is presented in insets in Fig. 8.1. The highest deposited charge is observed for iron
(0.65 C for 100 nm), then for cobalt (0.55 C), and the lowest for nickel (0.45 C). The
recorded charge results from the material reduced into the pores but may also be related
to the evolution of hydrogen, which increases strongly at higher pH and more cathodic
potential. In our case, the pH values were almost the same for Fe and Co (pH = 2.9 and
2.8) and much higher for Ni (pH = 3.2) (Table 6.1). A similar tendency can be noticed
for nanowires with a diameter of 120 nm. The applied potential was slightly different
for Fe and Co (U = 1.1 and -1.0 vs Ag/AgCl) and much higher for Ni (U = -2.0 V).
This suggests stronger hydrogen evolution in the case of Ni and may result in a lower
filling degree and a more porous nanowire structure, which is reflected in a lower charge
reduced in the membranes. The charge reduced in the membranes for individual elements
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and different pore diameters varied equally over time, but was much larger for thicker
nanowires, consistent with the increasing membrane porosity (Pioonm = 3.1 %, Pioonm =

4.5%, see Table 2.2).
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Figure 8.1: Cathodic current densities as a function of time, measured during the

electrodeposition of Fe, Co, and Ni nanowires with two different diameters: 100 nm and
120 nm. The insets show the corresponding changes in electric charge over time.

Figure 8.2 shows the values of growth rate for two different diameters of Fe, Co, and
Ni nanowires. Growth rate calculated as L/t, (where L is the nanowire length and t is the
deposition time) varies between elements, which results from different overpotentials. As
mentioned above, the growth rate for all elements is higher for smaller diameter nanowires
and increases by 25%, 65%, and 100%, for Ni, Fe, and Co, respectively. This can be
connected with the greater porosity of the membranes with a larger diameter, which
may cause overlapping of spherical diffusion zones at the throat of nanopores (Fig. 2.7)
resulting in a thicker outer diffusion zone and a slower growth rate [43].

The current as a function of time plots presented in the normalized form as (i/inqez)?
versus (t/tmqz) allows determining the nucleation type using equations (2.21) and (2.22).
Figure 8.3 shows the relationship between (i/ima:)? and (t/tye:). Despite the small
difference between the nanowire diameters, these dimensionless plots show significant
differences. The curves obtained for smaller pore diameters from narrow peaks indicating
progressive nucleation, while for larger pore diameters with broad peaks, instantaneous
nucleation is predicted. These two types differ in the frequency of nucleation appearance
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Figure 8.2: Growth rate for Fe, Co, and Ni nanowires as a function of their diameter.
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and the rate of active site depletion. In the case of the progressive nucleation type, nuclei
are formed continuously during the crystalline growth, whereas in the instantaneous type,
nucleation occurs fast at a relatively small number of active sites, which are formed and
exhausted at a very early stage of the deposition process. Therefore, an increase in
the pore diameter causes a change in the nucleation mechanism from a progressive one,
dominating in nanowires with a smaller diameter, to an instantaneous one, prevalent
in larger nanowires. The instantaneous nucleation type favors crystal growth, leading
to larger and more oriented crystallites. This suggests a fine crystalline structure for
nanowires with a diameter of 100 nm and large columnar crystals for 120 nm nanowires.
Such a difference in the nanowire morphology can also be expected based on the growth
rate, which is higher in the case of nanowires with smaller diameters (Fig. 8.3).
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Figure 8.3: The dimensionless peaks (derived from the current transients) for Fe, Co, and
Ni nanowires with different diameters presented with theoretical curves calculated for a
progressive (dotted curve) and instantaneous nucleation (dashed curve).

8.2. Morphological and structural studies

After the deposition of the nanowires, the surfaces of the filled membranes were
observed using an SEM microscope. Figure 8.5 shows images of the membrane surface
after the electrodeposition process of (a) iron, (b) cobalt, and (c) nickel, with structures
growing on nanowires visible in some places on the membrane surface. They appeared due
to the extension of the electrodeposition process for several seconds. It can be observed
that the created structures differ in shape. Iron caps resemble cauliflowers, showing a
clear trace of oxidation in the form of an oxide coating covering metallic caps. The XPS
studies performed on this surface revealed a high-spin spectrum of Fe2p with multiplet
splitting (Fig. 8.4). The peaks at a binding energy of 710.9 and 724.6 correspond to
the Fe2ps/, and Fe2p,/, photoelectron states, which together with the shake-up satellite
of Fe2p3/2 confirmed the presence of iron in the oxidation state +3 (Fe,O3) [178, 179].
The structures growing on the Co nanowires take the form of regular crystals whose
atomic planes show three-fold symmetry, while the nickel caps have the shape of spheres.
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Insightful observation of the overdeposited cap allows prediction of the nanowire structure
and preferred growth direction.
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Figure 8.4: XPS spectra of Fe nanowires measured on the overdeposited caps formed on
Fe nanowires with the survey scan presented in the inset [32].

The presence of overdeposited structures also may result from the deviation of the
nanowire axis from the normal direction, caused by the imperfect orientation of nanochannels.
The overdeposition can affect the results of the investigations, especially in the case of
magnetic measurements, therefore stopping the process at the right moment is a crucial
task in the nanowire preparation.

Figure 8.5: SEM images of the membrane surface after the electrodeposition process of
(a) Fe, (b) Co, and (c) Ni nanowires, showing the overdeposited caps.

To observe the morphology of nanowires, polycarbonate membranes were dissolved in
dichloromethane. SEM images show that there are no significant differences between the
nanowires made of different elements (Fig. 8.6). All nanowires are smooth and continuous,
without noticeable porosity, which means that the conditions of the deposition processes
have been well selected.

The structure of the Fe, Co, and Ni nanowires with a diameter of 100 nm, was analyzed
based on X-ray diffraction measurements. The diffractograms are presented in Fig. 8.7.
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Figure 8.6: SEM images of the (a) Fe, (b) Co, and (c) Ni nanowires with a diameter of
100 nm observed after membrane dissolution.

In all samples, the most intense peaks, marked with an asterisk, originate from the copper
contact layer sputtered on the membrane, before electrodeposition. Peaks characteristic
of the studied elements described with Miller indices are listed in Table 8.1 in comparison
with reference data with corresponding 20 angles and relative intensities. They identify
the polycrystalline nature for all samples with a bee, hep/fee, and fee structure for Fe,
Co, and Ni, respectively. Among the peaks characteristic for particular phases, only the
most intense peaks were recorded. The low intensity of the peaks results from the small
amount of the studied material, constituting approximately 3% of the sample surface.
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Figure 8.7: X-ray diffraction patterns measured for the Fe, Co, and Ni nanowires
embedded in the polycarbonate membranes (¢ = 100 nm). The indexed peaks correspond
to the Fe bee, Co hep, Co fee, and Ni fee phases (reference code: 03-065-4899, 00-005-
0727, 00-001-1259, 03-065-0380 NIST Database), while the peaks marked with asterisks
come from the copper layer (00-004-0836 NIST Database).

The positions of the peaks correspond well to the 20 angles of the reference samples,
showing no significant deviation from the lattice parameter of bulk materials. The relative
intensities of the peaks taken from diffractograms for Fe and Ni are quite close to the
reference samples (with larger deviation for Ni nanowires) suggesting rather isotropic
polycrystalline growth of Fe and Ni. In both cases, the diffractograms show only the two
most intensive peaks assigned to reflections from (110) and (211) planes for Fe nanowires
and (111) and (200) for Ni nanowires. The situation changes for the Co sample, in which
two phases with a clear dominance of the hcp structure were identified. In this structure,
a distinct texture with a preferred direction along [100] can be distinguished. The (002)
peak also shows a significant contribution, but it may be a superposition with the (111)
peak of the fcc phase. The Co fcc structure is difficult to identify due to the overlap
between the Co fcc peaks and those originating from the Co hcp phase and peaks coming
from Cu. The appearance of these structures can be associated with the adjusted pH value
(pH = 2.8, Table 6.1), which in this range favors the growth of both types of structures
(Chapter 3).

In these samples, the crystallite size was estimated based on the Scherrer equation.
The results of the calculations allowed us to estimate the crystallite size for iron and
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Table 8.1: Results of XRD measurements of Fe, Co, and Ni nanowires with a diameter
of 100 nm with the corresponding reference data. The values in the parentheses are the
relative intensities.

hkl 20
Reference Nanowires

Fe bcc
110 44.66 (100)  44.67 (100)
200 65.01 (12) -
211 82.31 (17)  82.38 (15)
220 98.92 (5) -
100 41.69 (20) 41.55 (365)
002 44.76 (60) 44.34 (235)
101 47.57 (100)  47.45 (100)
110 75.94 (80) 75.87 (150)
200 90.62 (20) 90.22 (155)
112 92.54 (80)  92.36 (40)
201 94.74 (60)  94.40 (125)
004 98.74 (20) -
111 44.37 (100)  44.34 (100)
200 51.29 (8) 51.33 (15)
220 75.37 (83) -
311 92.09 (100) 92.36 (16)
222 98.09 (8) 97.90 (6)

Ni fcc
111 44.35 (100)  44.51 (100)
200 51.67 (42) 51.89 (35)
220 76.10 (16) 76.24 (6)
311 92.56 (14) -
222 98.02 (4) -

Cu fcc
111 43.20 (100)  43.30 (100)
200 50.43 (46) 50.41 (33)
220 74.13 (20) 74.08 (3)
311 89.93 (17) 89.88 (3)
222 95.14 (5) 95.11 (2)

cobalt at 23-24 nm, and 27 nm (£1 nm) for Ni nanowires.

As shown, the Fe, Co, and Ni nanowires crystallize in different structures (excluding
a small fraction of the Co fcc phase), which combined with various magnetic moments
(Table 5.1) should result in different magnetic parameters of individual materials.
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8.3. Magnetic measurements

Magnetic measurements of Fe, Co, and Ni nanowires were performed at room temperature
with the magnetic field applied along the nanowire axis and perpendicular to it. The
hysteresis loops of Fe, Co, and Ni nanowires embedded in the membranes are presented in
Fig. 8.8. A clear magnetic anisotropy with an easy axis along the nanowires was observed
for all nanowires. As shown in earlier chapters, the effective anisotropy of nanowires is
affected by three factors: magnetocrystalline anisotropy, shape anisotropy, and dipolar
interactions. In the case of polycrystalline samples without a preferred growth direction,
magnetocrystalline anisotropy can be neglected. Therefore, shape anisotropy and dipolar
interactions are the main parameters determining the magnetic behavior of Fe and Ni
nanowires, while in Co nanowires, magnetocrystalline anisotropy can also play a significant
role. The easy magnetic axis of the Co hep structure aligns along the [002] direction, which
may contribute to the ordering of the magnetization vector along the NWs axis, but the
distinct texture along the [100] direction, which is the hard magnetic direction, implies
the c-axis alignment perpendicular to the nanowire axis. This contributes to the ordering
of the magnetization vector along an axis perpendicular to the nanowire axis, weakening
an effective anisotropy with an easy axis along nanowires.

Additionally, as can be seen, the hysteresis loops measured along nanowires deviate
slightly from the perfect square shape. Their slope can indicate the presence of dipolar
interactions between nanowires, but the relatively low porosity should rather cause their
reduction. Therefore, the parameter that finally determines the effective anisotropy turns
out to be shape anisotropy, which favors the orientation of the magnetization direction
along the nanowire axis.

The coercivity (H.) and squareness (M,./Mj) values for individual nanowires are presented
in Table 8.2. The greatest coercive value measured with a magnetic field applied along the
nanowires was obtained for Co nanowires, while squareness does not change much. The
relatively high values of (M, /M;) confirm the marginal contribution of dipolar interactions
to the effective anisotropy.

Table 8.2: Values of magnetic parameters: coercive field (H.) and squareness (M,./Mj)
for Fe, Co, Ni nanowires, measured with a magnetic field applied in the membrane plane
and out of it.

Nanowire FEasy axis H. in [Oe|] H. out [Oe] M,/M;in M, /M; out

Iron Along 773 435 0.20 0.73
Cobalt the 590 645 0.11 0.79
Nickel NWs 530 530 0.28 0.8

These values significantly differ from the parameters related to bulk materials (Table
5.1) and from maximal coercivities obtained in nanowires [180] cited in Chapter 5.1. The
differences result from many parameters such as sample state (bulk/nanostructures) the
nanowire geometry, their distribution, structure, and morphology, which determine the
properties of the nanowires and can be relatively easily modified by electrodeposition
parameters.
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Figure 8.8: Hysteresis loops measured at room temperature with a magnetic field applied
in the membrane plane (magnetic field applied perpendicular to the nanowire axis) and out
of the membrane plane (magnetic field applied parallel to nanowire axis) for Fe, Co, and
Ni nanowires with a diameter of 100 nm. The magnetization (M) value was normalized
to the saturation magnetization (Mj).

8.4. Temperature dependance

As shown in Fig. 8.5, the overdeposited caps created on Fe nanowires are covered with
an oxide layer. Oxidized materials change their magnetic properties. A positive example
of the application of the Fe nanowire oxidation are the corrosion sensors, described in
Appendix. However, this may be a problem in the case of the 3D race track memory
units. To verify the stability of Fe nanowires especially their resistance to oxidation in
terms of their future applications, temperature studies were performed. Nanowires with a
pore diameter of 120 nm and a length of 6 pm were deposited in polycarbonate membranes
from electrolyte (Table 6.1) whose temperature varied from 15° to 40°.

Electrochemical analysis

During electrodeposition, the cathodic current (Fig. 8.9 a) and electric charge transients
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Figure 8.9: (a) Cathodic current and electrical charge (inset) reduced into porous
membranes versus time measured during the deposition of Fe nanowires prepared
at different electrolyte temperatures; (b) dimensionless peaks (derived from current
transients) with theoretical curves for instantaneous (dashed curve) and progressive
nucleation (dotted curve); (c) growth rate as a function of electrolyte temperature.

(Fig. 8.9 a - inset) were recorded at various temperatures as a function of time. Lowering
the electrolyte temperature significantly extended the electrodeposition time and resulted
in a lower cathodic current. At higher temperatures, the conductivity of the solution
increases due to the increasing ion activity resulting in a higher cathodic current recorded
at the same potential applied. At higher ion activity, the energy required to drive the
reaction is lower and a lower overpotential is needed. Thus, the same potential applied at
higher temperatures can result in the intensification of the hydrogen evolution [181, 182].

The charge measured during the process (shown in the inset of Fig. 8.9 a) at intermediate
temperatures (20°C - 35°C) shows almost the same values, while at marginal temperatures
it differs significantly. At low temperature, a high value of reduced charge is recorded,
which may imply an increase in the degree of pore filling and a less porous material
due to lower hydrogen evolution [75]. Lowering the deposition temperature elongates
the diffusion layer, effectively reducing the ion concentration gradient and ion diffusion
rate, which favor the uniform growth of the nanowires [73]. On the other hand, at high
temperature, the reduced charge is small although, the process was stopped when a sudden
increase in the current indicated a complete pore filling. This could mean the more
porous structure and lower filling degree probably because of the high hydrogen evolution
at elevated temperatures [181, 182|, which block the pores and hinder the deposition
process.

The electrolyte temperature can also affect the nucleation process [73]. In Fig. 8.9 b.
the relationship between (i/inqez)? and (t/tmq) was presented. In the studied temperature
range, the experimental curves are close to the theoretical curve predicted for instantaneous
nucleation, in which nucleation is rapid and on a relatively small number of active sites,
which are exhausted early in the process [183]). Such a kind of nucleation process
promotes the uniform growth of large columnar crystals. The changes in the electrolyte
temperatures did not significantly influence the nucleation mechanism.

The increasing deposition temperature increases the growth rate of nanowires (Fig.
8.9 ¢). The temperature directly affects the diffusion of metal ions, causing their increase
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at higher temperatures. The ion diffusion together with the migration controlled by the
overpotential, determines the rate of electrolytic deposition [38, 73].

Morphology

Figure 8.10 shows SEM images of nanowires after membrane dissolution, deposited at
15°C (a, d), 25°C (b, e), and 40°C (c, f). The morphology of nanowires did not reveal
any significant changes as a function of the electrolyte temperature. Densely packed
nanostructures were observed in all cases, and the standing nanowires created uniform
nanowire arrays (Fig. 8.10 a, b, ¢). At higher magnification, the nanowires exhibited a

continuous structure with a smooth, lateral surface without any traces of porosity (Fig.
8.10 d, e, f).

Figure 8.10: Scanning electron microscopy images of Fe nanowires observed after
membrane dissolution measured for nanowires deposited at different electrolyte
temperatures: (a, d) 15°C, (b, e) 25°C, and (c, f) 40°C.

The nanowires observed at this scale did not show any morphological features (porous
structure, low pore-filling degree) expected based on electrochemical analysis.

The morphology of nanowires visible in SEM images after membrane dissolution did
not show any trace of oxide formation, although an oxide layer covered overdeposited caps
growing on the Fe nanowires (Fig. 8.5 a). However, the nanowire diameter estimated
from SEM images was larger, than the nominal one, suggesting the presence of a coating
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formed on the nanowire surface. To identify its chemical composition, X-ray photoelectron
spectroscopy measurements were performed (Fig. 8.11).
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Figure 8.11: XPS spectra of Fe nanowires measured after membrane dissolution [32].

The XPS spectrum showed peaks that were neither characteristic of Fe oxide nor of
metallic Fe, indicating the presence of a thin iron-free layer on the nanowire surface. The
recorded peaks, especially the high-intensity peak from carbon, indicate a polycarbonate
layer covering the surface of the nanowires and was probably formed during the process
of membrane dissolving. The low-intensity sodium peak is characteristic of membrane
contamination introduced during the etching of ion traces. This confirms the presence
of a polycarbonate coating in the samples. The thickness of the polycarbonate coating
estimated based on the SEM image and XPS sensitivity is in the range of 20-30 nm. This
coating protects the Fe nanowires from oxidation, which is confirmed by the absence of
peaks at 710.9 and 724.6 €V (inset Fig. 8.11) corresponding to the iron in the oxide state.

Figure 8.12 a and b present the TEM overview of the nanowires and prove their
continuity. The diffraction patterns for all samples consisted of semicontinuous rings and
elongated spots, which confirmed the polycrystalline Fe bce structure of the nanowires
(Fig. 8.12 ¢). Figures 8.12 e, f exhibit the high-magnification bright-field TEM images
of nanowires deposited at extreme deposition temperatures. They are characterized by a
fine-crystalline structure, with columnar crystallites growing along the nanowires. These
crystallite sizes ranged from a few to 30 nm. No significant differences were noticed in the
microstructure of Fe nanowires as a function of the electrolyte temperature. Additionally,
on the lateral surface of a nanowire, a thin amorphous layer with approximately 15 nm
thickness, identified as a polycarbonate, is visible (Figure 8.12 d).
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Figure 8.12: TEM images of Fe nanowires in the bright-field mode with the diffraction
pattern (c) indexed with the lattice parameters of the Fe bce structure (a, e) 25°C, (b)
35°C, (c) 20°C, (d) 20°C, (f) 15°C.

Structure and phase analysis

The structure of the nanowires was also analyzed based on X-ray diffraction. Figure
8.13 shows the XRD spectra of the nanowires deposited at the lowest, medium, and highest
electrolyte temperatures (15°C, 25°C, and 40°C). The most intensive peaks, marked
with asterisks as above, originate from the copper contact layer. The indexed peaks
correspond to the polycrystalline Fe in the bcc structure and appear in all spectra with
little difference in their intensity and width. Relative peak intensities correlated with
a powder sample (reference code 03-065-4899 NIST Database) suggest a slight texture
with a preferred growth along the [211]| direction. Additionally, the texture coefficient
was calculated using the Harris formula [184]. Calculations show that the growth in the
preferred orientation weakens with increasing temperature, and becomes almost isotropic
for the highest temperature.

For the most intensive peaks (110) and (211), shown in the insets of Fig. 8.14, a slight
broadening was observed with increasing electrolyte temperature, suggesting a decrease
in crystallite size. Figure 8.14 shows the mean values of the crystallite sizes calculated
based on the Scherrer equation. The highest values, equal to approximately 25 nm, were
obtained for nanowires prepared at lower electrodeposition temperatures (15°C and 20°C),
and the lowest values, of about 20 nm, were calculated for samples deposited at higher
temperatures (25°C, 35°C, 40°C).
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Figure 8.13: X-ray diffraction spectra measured for Fe nanowires embedded in
polycarbonate membranes. The indexed peaks correspond to Fe-bce (reference code:
03-065-4899 NIST Database) while the peaks marked with an asterisk come from the
copper contact layer.

Our studies revealed a tendency for the crystallite size to decrease with increasing
electrolyte temperature. Increasing electrodeposition temperature is associated with the
increase in the electrodeposition rate, which may be the main reason for the observed
crystalline reduction. Additionally, increasing hydrogen evolution can also block crystalline
growth, resulting in a fine crystalline structure. Similar observations were reported by
Azevedo et al. [75] in the studies of Fe nanowires deposited in alumina membranes.

[ron nanowires were also studied using Mossbauer spectroscopy. Figure 8.15 presents
the Mossbauer spectra, measured at room temperature for nanowires embedded in PC
membranes. The spectra were fitted with two components described by the hyperfine
parameters (Table 8.3).
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Figure 8.14: Average crystallite size calculated according to the Scherrer equation based
on the (110) and (211) peaks [32].

The dominant component of the spectra is a sextet with a relative contribution of
about 80%. This component is characterized by a hyperfine magnetic field that is equal to
approximately 33 T, an isomer shift close to -0.10 mm/s, and nearly 0 vales of quadrupole
splitting, which together are typical for bulk-like Fe atoms [185, 32|. This component is
related to the Fe nucleus surrounded by Fe atoms that are arranged in a regular structure.
The intensity ratio of second and third line (A2/A3), shown in Table 8.3, informs about the
relationship between the y-ray propagation and magnetization vector orientation (¢). The
estimated value of § changed from 30° to 33°, indicating the deviation of the magnetization
vector from the normal direction.

The second component of the spectrum is a doublet characterized by an isomer
shift and quadrupole splitting. The doublet indicates Fe atoms in a paramagnetic or
superparamagnetic state. While sextets have been assigned to Fe atoms inside the
nanowires, doublets could be associated with the Fe atoms at the edges or in voids that
have a limited number of Fe atoms in a ferromagnetic state in close proximity to the
nucleus.

The studies did not reveal the presence of iron oxide regardless of the electrolyte
temperature. The low effect and noisy spectrum, caused by the small amount of 5"Fe (low
porosity and abundance), make it impossible to study hyperfine parameters as a function
of the electrolyte temperature.

103



2.75

29.65

number of counts [10°]

29.60

velocity [mm/s]

Figure 8.15: Mossbauer spectra measured at room temperature for nanowires embedded
in polycarbonate membranes shown with their fit [32].

Table 8.3: The hyperfine parameters of the spectra measured for nanowires deposited at
different temperatures.

IS QS By, Relative
Temperature Subspectra fmm/s|  [mm/s] [Tf AyJA; 0 contribution
150 doublet 0.31 0.63 - - - 16
sextet -0.10 -0.01 3297 0.7 33 84
90° doublet 0.26 0.65 - - - 23
sextet -0.10 0.00 3298 0.6 30 7
950 doublet 0.37 0.65 - - - 16
sextet -0.13 0.00 3294 0.6 30 84
350 doublet 0.06 0.46 - - - 13
sextet -0.11 -0.01 3293 0.7 33 87
40° doublet 0.06 0.46 - - - 14
sextet -0.10 0.00 3296 0.7 33 86
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Magnetic measurements
Magnetic measurements of these samples were performed at room temperature
with the magnetic field applied along the nanowire axis and perpendicular to it. Figure
8.16 exhibits the hysteresis loops of the Fe nanowires deposited at the lowest, medium,
and highest temperatures. Magnetic anisotropy with an easy axis along nanowires was
observed for all nanowires, regardless of the deposition temperature.
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Figure 8.16: Hysteresis loops measured at room temperature in the membrane plane
and out of it for nanowires with a diameter of 120 nm, deposited at different electrolyte
temperatures.

The polycrystalline structure of the Fe nanowires with a slight texture along the [211]
direction, which is not an easy direction, allows the magnetocrystalline anisotropy to be
neglected. Therefore, effective anisotropy may result from dipolar interaction and shape
anisotropy [186]. The hysteresis loops measured with a magnetic field applied along the
normal to the membrane plane are saturated at a field of approximately 2 kOe. The
narrow hysteresis loops cause the small coercivity values.

The inclination of the hysteresis loops, measured with the magnetic field applied along
the normal to the membrane plane, suggests a deviation of the magnetization vector from
the normal direction or a notable contribution of the dipolar interaction in the magnetic
behavior of the Fe nanowire matrix. However, the low porosity of the membrane, and
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consequently, the large average distance between nanowires, indicates a relatively small
influence of the dipolar interactions decreasing with the cube of distance. Considering the
results of Mossbauer measurements, it can be concluded that the observed loop inclination
was mainly related to the previously mentioned deviation of the nanowire axis from the
normal direction, which could result in an inclination of the easy magnetic axis. This
deviation may be the reason for the open hysteresis curves measured in both directions.
The only exception for the curve measured in the membrane plane for nanowires deposited
at 15°C indicated a really hard magnetization direction, in which the magnetization
rotated coherently towards the field.

The coercivity values are presented in Fig. 8.17 a as a function of electrolyte temperature.
These low values can be explained by the deviation of the nanowire axis from the normal
direction but they can also be related to the geometric parameters of the nanowires,
in particular their aspect ratio (L/¢). If its value exceeds 28, the coercivity decreases
significantly [98], and in the range of 30 - 120, it decreases twice [31]. Thus, the aspect
ratio of these nanowires of 60 may be the main factor, apart from the nanowire tilt,
responsible for the low value of the coercive field.
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Figure 8.17: (a) Coercivity and (b) squareness values versus electrolyte temperature
measured for Fe nanowires with a magnetic field applied out of the membrane plane.

In general, coercivity values measured with a magnetic field applied out of the membrane
plane increase with the electrodeposition temperature (Fig. 8.17 a). This may be because
nanowires deposited at higher temperatures may have a more porous structure with
defects that can block the movement of the domain walls. Schlérb et al. observed higher
coercivity values for irregularly shaped nanowires compared to low values for smooth
ones [98]. Due to the large tilt of the loops, the squareness (M, /M;) parameter shows
very small values with a slight increase with increasing temperature, consistent with the
coercivity changes (Fig. 8.17 b).

The above studies show that the electrolyte temperature in the selected range does not
significantly affect the structure and magnetic properties of nanowires, and importantly,
it does not cause iron oxidation. Although the electrical charge indicated a low pore-
filling degree and suggested a more defected structure at the highest electrodeposition
temperature, no morphological or structural changes were revealed. A slight modification
of the magnetic properties combined with morphological and structural stability confirms
the stability of Fe nanowires at the studied temperature range.
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Chapter 9

Binary systems FeCo, FeNi

9.1. Electrochemical study

After studying single-element nanowires, I investigated the FeCo and FeNi binary alloy
nanowires with a diameter of 100 nm to find out how the applied potential influences the
nanowire composition and how individual elements affect each other. For this purpose,
the nanowires with a length of 6 pm were deposited at various voltages ranging from -1.0
to -2.0 V. Figure 9.1 presents example current vs time plots for FeCo (a) and FeNi (b)
NWs. In both cases, an increase in the applied potential resulted in an increase in the
recorded current, and consequently, shorter times were needed to fill the pore channels
completely. The corresponding electrical charge variations (insets in Fig. 9.1 ) are linear,
suggesting uniform growth of nanowires inside the pores. The final charge values i.e. the
charge achieved after complete pore filling, decreased with increasing potential, which as
in the case of single-element nanowires, may indicate a more porous nanowire morphology
and lower degree of membrane filling due to the greater hydrogen evolution [61].
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Figure 9.1: Variation of cathodic currents as a function of time measured during the
electrodeposition of (a) FeCo and (b) FeNi nanowires with a diameter of 100 nm at
different applied potentials. The insets show the corresponding electrical charge variations
in time.

Different values of the standard potential of individual ions result in various overpotentials
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and current densities, which are responsible for different deposition rates as described in
Chapter 2.5. A larger overpotential should cause the higher content of atoms with a less
noble standard potential, but in the case of FeCo and FeNi alloys, the anomalous co-
deposition occurs, thus the changes in the cathodic potential may lead to an unexpected
chemical composition modification. Additionally, CV measurements performed for individual
elements showed different behavior of Fe, Co, and Ni ions under the applied potential.
Therefore, EDS measurements were performed to investigate the chemical composition of
FeCo and FeNi nanowires deposited at various potentials or from different electrolytes.

9.2. Chemical composition

EDS studies were carried out on nanowires released from the membranes. Elemental
fractions were given in the atomic concentrations. In the case of FeNi nanowires, changes
in potential resulted in various compositions of nanowires, in contrast to FeCo nanowires,
in which only extreme values of the applied potentials cause significant content changes.
A weak sensitivity of the chemical composition of the FeCo nanowires on the applied
potential has also been observed in the literature [19, 41, 153]. Thus, to obtain FeCo
nanowires with different compositions and, consequently various structural and magnetic
properties, different electrolyte compositions were used.

The concentrations of Fe and Ni in FeNi nanowires deposited at different cathodic
potentials are plotted in Fig. 9.2. It can be observed that the Ni content increases with
the cathodic potential, while the Fe concentration decreases, which is consistent with
the literature studies [85, 148]. Changes in the Ni content from 46 to 90 at% suggest
that, depending on the Ni concentration, different phases predicted based on the phase
diagram (Fig. 5.3) can be stable. This will be discussed in the next section. The content
of Fe and Ni in the electrolyte does not reflect the chemical composition of the FeNi
nanowires deposited at -1.0 V, indicating the occurrence of anomalous co-deposition. The
Fe concentrations in these samples are much higher than the Fe?" ion concentrations
in the electrolyte, clearly showing a preferential deposition of iron. At more negative
potentials, the Fe content significantly decreases and at higher values, a constant low
content is maintained. In this potential range, the atomic concentrations in nanowires
reflect the ion concentration in the electrolyte.

The high Fe content can be explained by a larger partial current of Fe ions at low
potential due to anomalous co-deposition [187]. At more cathodic potentials, the maximum
partial current of Ni ions is achieved, which causes an increase and then saturation of the
Ni content. The diffusion limit reached at higher potentials for both Fe and Ni ions results
in a potential-independent composition of nanowires [148].

Based on the obtained iron and nickel concentrations, selectivity ratio (SR) values were
calculated to indicate the type of electrodeposition. The molar ratio of Fet? /Ni? in the
electrolyte used to obtain FeNi nanowires was 0.01/0.17. The determined SR coefficients
for FeNi nanowires are presented in Fig. 9.2 b.

An SR value close to 1 suggested co-deposition predicted by standard potentials
and electrolyte composition, while anomalous co-deposition occurred for a higher SR
coefficient. The calculated SR parameters show a high value for low potential and close
to 1 for higher potentials. Hence, the observable anomalous co-deposition appears only at
the lowest potential, while at high cathodic voltages, the electrodeposition process loses
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Figure 9.2: (a) Atomic composition of Fe and Ni in FeNi nanowires deposited at different
potentials with the lines corresponding to the Fe (red) and Ni (blue) contents in the
electrolyte (b) Selectivity ratio of Fe/Ni, calculated for FeNi nanowires. The particular
elemental contents were given with an error of no more than +1.

its anomalous character. These results confirm the influence of voltage on the anomalous
co-deposition phenomenon. The FeNi alloy nanowires were found to be sensitive to the
applied potential, which should affect the structural and magnetic properties of the FeNi
nanowires. (Fig. 9.2 b).

Table 9.1: Chemical concentration of Fe and Co in electrolytes and nanowires.

Electrolyte Molar ration =~ Nanowire  Atomic ratio SR
Potential composition in electrolyte composition in NWs parameter
[mol /dm?3| Fe:Co [%] Fe:Co
FeSO, CoSOy4 Fe Co

-1.0V 0.06 0.12 0.5 47 53 0.9 1.3
20V 0.06 0.12 0.5 44 56 0.8 1.6
-1.0V 0.01 0.02 0.5 40 60 0.7 1
20V 0.01 0.02 0.5 34 66 0.5 1

The chemical compositions of FeCo nanowires and the corresponding electrolyte compositions
are shown in Table 9.1. While in the case of FeNi nanowires, the use of extreme potentials
resulted in an almost 100% increase in the Ni concentration, the same potentials applied
in FeCo systems caused an increase in the Co content (with increasing potential) by a
few percent. The selectivity ratio parameters are equal to 1 or slightly higher, but neither
of these values indicates anomalous co-deposition. According to the phase diagram (Fig.

5.2), for all Co concentrations ranging from 53 to 68 at%, only the FeCo bce B2 phase is
expected.
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9.3. Morphology and structure

The membranes were then dissolved to check whether changing the composition of
the nanowires had an impact on their morphology. SEM images show that there are
no significant differences between the nanowires with various chemical compositions in
both cases of FeCo and FeNi nanowires (Fig. 9.3). In all samples, the nanowires create
densely packed nanostructures, forming matrices of nanowires with uniform diameters and
lengths. No effect of the composition change on morphology was observed. All nanowires
were smooth and continuous, with no noticeable porosity.

Figure 9.3: SEM images of (a, ¢) FeCo and (b, d) FeNi nanowires deposited at -1.0 V

observed after membrane dissolution.

The structural properties and phase composition of the nanowires were examined by
XRD measurements. The results are presented in Figure 9.4. As in the case of single
nanowires, the very intense peaks marked with asterisks come from the Cu layer. The
peaks described by Miller indices were assigned to the FeCo bce and FeNij fecc phases
according to the reference data (03 065 6829 and 00-038-0419 NIST).

The peak positions and their intensities are listed in Table 9.2 with the reference data.
All nanowires show a polycrystalline structure.

As shown above, the concentration range of the analyzed FeCo nanowires indicates
the occurrence of the B2 phase. The most intense peaks for FeCo alloy come from the
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Figure 9.4: X-ray diffraction patterns measured for (a) FeCo and (b) FeNi nanowires
embedded in PC membranes. The indexed peaks correspond to the FeCo bce and FeNij
fcc phases (reference code: 03 065 6829 and 00-038-0419 NIST Database), while the
peaks marked with an asterisk come from the copper layer.

(110) planes and appear at an angle of approximately 20 = 44.9°. Two other peaks with
lower intensities are assigned to the reflections from the planes (200) and (211). Relatively
small changes in Co concentration do not result in significant changes in peak positions
and relative intensities, which correspond to the reference sample quite well. This suggests
no changes in the lattice parameters and isotropic growth of FeCo nanowires.

In the case of FeNi nanowires, according to the phase diagram (Fig. 5.3) and the
Ni content (46 - 90 at%), one can expect the appearance of FeNi L1y (at the lowest
Ni concentration, U = -1.0 V) and FeNiz L1, phase (at higher Ni content U = -1.3 +
-2V). The peak positions were assigned to the reference data of the FeNi3 phase with the
most intensive peak at an angle of approx. 20 = 44.4° coming from (111) planes. The
slight deviation from the peak position showed no correlation with changes in chemical
compositions. The relative peak intensities indicate the preferred growth direction normal
to the (111) planes, with one exception for the sample deposited at -1.6 V, which shows
slight texture along [220] direction. The highest peak intensities found in the samples
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deposited at -1.3 V and -1.6 V may suggest that intermediate voltages create the most
favorable conditions for the growth of crystalline FeNi nanowires. The analysis did not
reveal the peaks typical of the FeNi phase.

The crystallite size, estimated based on the Scherrer equation, was approximately 17
nm and 20 nm for FeCo and FeNi, respectively.

Table 9.2: XRD measurement results of FeCo and FeNi nanowires compared to reference
data* (03-065-6829 and 00-038-0419 NIST Database).

FeCo
Wkl Reference* Fe47Co53 Fe44Co56 Fe40Co60 Fe34Co66
-1.0V -1.0V 20V 20V
20

110 44.94 45.00 45.06 45.08 44.96
111 55.82 - - - -
200 65.43 65.54 - 65.58 -
210 74.35 74.23 74.20 74.23 74.22
211 82.90 83.07 83.14 83.18 83.01
220 99.7 - - - -

Relative Intensity [%]
110 100 100 100 100 100
111 0.1 - - - -
200 11.3 6 - 8 -
210 0.1 31 35 22 44
211 17.0 16 20 14 13
220 4.4 - - - -

FeNi

Feb54Nib6  FeldNi86  Fe9Ni9l  FelONi90

Bkl Reference™ =y 0y 3v 6V 20V
20

111 44.28 44.42 44.31 44.43 44.44
200 51.53 51.52 51.59 51.72 51.67
220 75.87 - 75.90 76.14 -
311 92.21 - 92.53 92.68 92.85

Relative Intensity [%]
111 100 100 100 100 100
200 60 20 29 20 24
220 30 - 8 35 -
311 40 - 8 7 11

9.4. Magnetic studies

FeCo and FeNi nanowires were also studied magnetically, using SQUID measurements.
Figure 9.5 presents the hysteresis loops of FeCo and FeNi nanowires with different chemical
compositions. As before, the magnetic measurements were performed at room temperature
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with a magnetic field applied in the membrane plane and along normal to the membrane
plane.

Atomic fraction of Ni

Field [kOe] Field [kOe]

Figure 9.5: Hysteresis loops measured at room temperature with a magnetic field applied
in the membrane plane and out of it for (a) FeCo and (b) FeNi nanowires (¢ = 100 nm)
of different compositions. The magnetization (M) value was normalized to the saturation
magnetization (Mj).

Figure 49 a shows the hysteresis loops for FeCo nanowires. It can be seen that all
nanowires are characterized by magnetic anisotropy with the easy axis along or near the
nanowire axis. The lack of a preferred growth direction excludes the magnetocrystalline
anisotropy from the factors contributing to the magnetic behavior of FeCo nanowires.
Thus, the magnetic anisotropy can result from shape anisotropy and dipole interactions.

Loops measured with a magnetic field applied out of the membrane plane deviate
from a rectangular shape. As in the case of single-element nanowires, the deviation of the
channels from the normal to the membrane surface or relatively strong dipolar interactions
can be responsible for the observed shape. The in-plane curves, except for one sample, are
open, which indicates the appearance of non-coherent rotation related to the domain wall
motion. Increasing the Co content causes an increase in the out-of-plane coercivity and
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non-monotonic changes in the squareness (Fig. 9.6). It can be noticed that the samples
deposited at higher voltages have greater coercivity compared to samples deposited from
the same electrolyte at low potential. This can be associated with a higher deposition
rate, a more porous structure, and a lower filling degree (lower charge Fig. 9.1 a). A
more defected and more porous structure can create the pinning sites for the domain
movements, while a lower filling degree reduces dipole interactions. These changes may
cause an increase in the coercivity values.

Figure 9.5 b shows the hysteresis loops measured for FeNi nanowires. It is clearly
visible that there is no direct correlation between the shape of the hysteresis loop and the
Ni content in the nanowires. The main parameter determining the magnetic behavior of
FeNi nanowires seems to be the applied voltage. Samples deposited at extreme voltages
(with Ni contents of 90% and 46%) are magnetically isotropic, while samples deposited at
intermediate voltages (containing 91% and 86% of Ni) exhibit magnetic anisotropy with
an easy axis along the nanowire axis. As shown, the samples deposited at intermediate
potentials had a better crystalline structure, in contrast to samples deposited at extreme
potentials, which were characterized by low peak intensities in the diffractograms. Thus,
the structural differences, especially poor crystalline structure, may be responsible for the
isotropic behavior of nanowires. The preferred growth direction along the magnetic easy
axis did not enhance magnetic anisotropy, suggesting its marginal contribution to the
effective anisotropy. Although, the coercivity and squareness increase with increasing Ni
content, only the sample showing magnetic anisotropy are interesting from the application
point of view (Fig. 9.6 b).
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Figure 9.6: Out of plane coercivity and squareness shown as a function of sample
composition (and cathodic voltage) for (a) FeCo and (b) FeNi nanowires.

The values of the coercivity and squareness of alloyed nanowires are much smaller
than the parameters measured for single-element nanowires. The observed changes are
directly related to the formation of new phases that crystalize in various structures with
different properties.

Changes in the chemical composition of nanowires caused by modification of the
electrolyte concentration turned out to be significant in the case of FeNi nanowires, but
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in this case, the extreme potential values applied led to a magnetic anisotropy loss. In the
case of FeCo nanowires, the potential changes did not indicate a significant modification of
the chemical composition, however, the increasing Co content, achieved by changing the
concentration of Fe and Co in the electrolyte, caused an increase in the FeCo coercivity.
Different coercivities create a boundary between soft and hard materials, which could
become a desirable domain wall pinning center. An interesting observation revealing the
different sensitivity of FeCo and FeNi alloys to the applied potential and appearance of
the anomalous co-deposition in FeNi nanowires deposited at low potential demonstrates
the different impacts of Co and Ni on the alloy behavior.

In the further part of the thesis, the three-element alloys with Fe, Co, and Ni are
studied.
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Chapter 10

Ternary system FeCoNi

After examining systems consisting of single and binary elements, I prepared ternary
FeCoNi alloys. The influence of different voltages and geometries (length and diameter)
on the nanowire properties was investigated in order to obtain the best possible materials
for 3D memory units. All nanowires were deposited at room temperature from electrolytes
carefully selected based on the literature studies so that the change in potential had an
impact on the chemical composition of the nanowires (Table 6.1).

10.1. Electrochemical analysis

First, I examined the effect of the potential value on the nanowire deposition process.
Figure 10.1 shows current vs. time plots recorded during the electrodeposition of nanowires
with different diameters (a-b) and flat reference samples (c). All samples were deposited
at four potentials ranging from -1.0 V to -1.8 V. As before, the processes were stopped
when the currents suddenly started to grow, indicating complete membrane filling.
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Figure 10.1: Cathodic currents as a function of time measured during the electrodeposition
of FeCoNi nanowires at different applied potentials with pore diameters of (a) 40 nm
(b) 100 nm, and (c) flat samples. The insets show the corresponding electrical charge
variations in time.

As the applied potential increases, the cathodic current for all nanowires and flat
samples increases and shorter times are needed to completely fill the membrane pores.
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Additionally, one can observe, that the currents measured during the deposition of nanowires
with larger diameters are higher than those recorded for smaller nanowires, which is
connected with the greater porosity of membranes with larger pore diameters (Table 2.2).
As the nanowires fill, the current increases slightly, which is related to the shortening of
the diffusion length.

As in the case of single and double-element nanowires, the corresponding electrical
charge variations are linear (insets), suggesting a constant growth of the alloy wires inside
the pores. In all cases, the final charge achieves extreme values for the lowest (-1.0 V)
and the highest (-1.8 V) potentials, while it is almost the same for the medium potentials
(-1.2 V, -1.4 V). Such a dependency may suggest a different degree of membrane filling
and is consistent with the results for Fe nanowires deposited at various temperatures, as
well as for FeCo and FeNi nanowires deposited at different potentials (Chapter 9).

These changes in the applied potential affect the hydrogen evolution, which increases
with overpotential, as written earlier. At high applied potential, hydrogen bubbles can
block the pores and hinder the deposition process, leading to the creation of more defected
structures with more porous or even discontinuous nanowire forms. This effect should be
more pronounced in membranes with smaller diameters, which can easily be blocked by
hydrogen bubbles. The different membrane porosity together with the difficulties in pore
filling caused by hydrogen bubbles result in a lower charge (0.24 C to -0.035 C) reduced
in nanowires with the smallest diameter compared to values ranging from -1.9 C to -0.4
C for nanowires with a diameter of 100 nm.

The value of the applied potential affects the rate of both charge transfer and migration
of metal ions, inducing thereby different speeds of electrodeposition. The values of current
density and growth rate for nanowires with diameters of 40 and 100 nm are presented
as a function of applied potentials (Fig. 10.2). For both pore diameters, an increasing
cathodic voltage results in larger values of cathodic current densities and deposition rate.
The applied potential has a stronger effect on nanowires with a diameter of 40 nm, wherein
this effect is more pronounced at higher overpotential probably due to the high hydrogen
evolution. Obviously, an increase in the growth rate shortens the process duration. As a
result, the time needed to fully fill the membrane changes from 1380 s to 70 s and from
930 s to 10 s, for nanowires with diameters of 100 nm and 40 nm, respectively.
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Figure 10.2: (a) Current density and (b) growth rate measured as a function of cathodic
potential for nanowires with a diameter of 40 nm and 100 nm [188].

In addition to nanowires of various diameters, I made nanowires of different lengths,
1

filling the membranes to 5 and 411 of the membrane thickness to obtain nanowires with

117



a length of 3 pm and 1.5 pm, respectively. This was achieved by stopping the process
when the appropriate amount of charge had been reduced. The selected nanowire lengths
correspond to the length of the segments in segmented nanowires, which will be described
in the last chapter. Figure 10.3 shows current and charge versus time graphs for different
nanowire lengths and diameters. Besides intentional proportional changes in charge
values, a similar dependence can be observed for current transient over time. The current
curves measured for the same nanowire diameters have the same shape, which proves
the repeatability of the process. A comparison of the currents measured during the
deposition of nanowires with a length of 6 pm and different diameters confirmed the
known relationship related to the various porosity of the membranes (Fig. 10.3 ¢).

a) b) c)
15 $=100 nm| | 9=120 nm| 11— L=6pm
<< fﬁ%ﬁ [ ;
£ -20- 21
= z 3 =3 .- ] 1
[ : I . - .
3 30 @) 4 g’ ' _
o : -0z g =
=] 3 ] a2-
- E Y 3
g 3.5 F ] | 5 4]
o] 0.4 »
Q404 ] 100 200 . 0 100 200 300 400 1 - ] 20 40
- -6 - . -6 . . r -
0 100 200 0 100 200 300 400 0 100 200 300 400
Time [s] Time [s] Time [s]

Figure 10.3: Cathodic currents as a function of time, measured during the
electrodeposition of FeCoNi nanowires of different lengths and diameters, with charge
variation in time shown in the insets.

Changes in the electrodeposition parameters as well as in the geometry of nanowires
should modify their properties starting from the chemical composition through structure
and ending with magnetic properties that are key from the application point of view. In
the next part, the investigation of these properties will be performed.

10.2. Morphology

The deposition processes of nanowires with a length of 6 pm were stopped after the
pores were completely filled (drop in the current curve). Figure 10.4 shows the SEM
images of the membrane surface with visible nanowire ends without overdeposited caps.
To observe the morphology of FeCoNi nanowires, PC membranes were dissolved using
dichloromethane. In Figure 10.6 the nanowires with diameters of 40 nm and 100 nm
deposited at the different potentials are presented. SEM images exhibit that there
are no significant differences between these nanowires. In all samples, the nanowires
create densely packed forest-like nanostructures. These vertically oriented objects form
matrices of nanowires with uniform diameters and lengths. All nanowires are smooth and
continuous, without noticeable porosity. Moreover, at higher magnification, we can see
the coating covering nanowires. As in the previous samples, this is a polycarbonate layer
(a side effect of the dissolution process) that protects nanowires against oxidation.
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Figure 10.4: SEM images acquired on the membrane surface with a pore diameter of 100
nm, filled with FeCoNi NWs deposited at a cathodic potential of (a) -1.0 V, (b) -1.2 V|
and (c) -1.4 V.

Furthermore, the FeCoNi nanowires with different lengths and diameters, prepared at
-1.2 V are shown in Figure 10.5. One could observe that changes in nanowire geometry
do not affect their morphology, the nanowires are continuous, without any porosity.
Additionally, SEM measurements allowed us to confirm that the deposition processes
were stopped appropriately and the desired nanowire lengths were obtained.

Figure 10.5: SEM images of the FeCoNi nanowires with a diameter of 100 nm and different
lengths: (a) 6 pm, (b) 3 pm, (¢) 1.5 pm and length of 6 pm and different diameters: (d)
40nm, (e) 100nm (f) 120nm.

The microstructure of the alloyed FeCoNi nanowires with a diameter of 40 nm (Fig.
10.7 a~c) and 100 nm (Fig. 10.7 d-f) was investigated using transmission electron microscopy
(TEM) measurements. The overview TEM images show the uniform diameter nanowires
in both cases. A thin polycarbonate layer covering the nanowire surface is visible in
Fig. 10.7 a, d. The selected area electron diffraction pattern (SAED), taken along the

119



NWs ¢ =40 nm NWs ¢ = 100 nm

- oy

Figure 10.6: SEM images of the FeCoNi nanowires with two different diameters, deposited
at the different potentials observed after membrane dissolution: (a, b) forest-like nanowire
structure with 40 nm and 100 nm diameter and with higher magnification: 40 nm of
diameter: -1.0 V (c¢), -1.2 V (d), -1.4 V (e), -1.8 V (f) and 100 nm of diameter: -1.0 V
(h),-1.2 V (g), -1.4 V (i), -1.8 V (j).
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[110] zone axis (ZA), indicates the [111] growth direction of nanowires with a diameter
of 40 nm. However, the crystallite orientation along the [220] direction, confirmed by the
SAED pattern with the zone axis along [111], was also found (not shown). The SAED
pattern measured for 100 nm diameter nanowires exhibits a [112| zone axis indicating
the growth direction along [111]| with the (111) plane distance of 0.212 nm. Moreover,
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Figure 10.7: (a, d) Bright-filed TEM, (b, c) high-resolution TEM micrographs and (e, f)
HAADF STEM images of FeCoNi nanowires with a diameter of 40 nm deposited at -1.2
V (a, b, ¢) and 100 nm deposited at -1.8 V (d, e, f) together with SAED patterns (a, e)
and fast Fourier transform (FFT) (c) indexed with the lattice parameters of fcc FeCoNi
or Ni structure. The (111) inter-plane distance was determined based on the inverse fast
Fourier transform (IFFT).

high-resolution TEM measurements of nanowires with a diameter of 40 nm revealed long
straight lines along the growth direction of nanowires, shown in Figure 10.8. The SAED
pattern indicates the doubled spots suggesting that the straight lines are twinning defects.
Such twins oriented along the nanowire axis or slightly vertically tilted are common
structural defects in our nanowires. Figure 10.8 ¢ shows a high-resolution TEM picture
with mirror-like boundaries between planes on the left and right sides confirming the
nanotwin formation.
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Figure 10.8: (a, b) Bright-field TEM with corresponding SAED pattern of FeCoNi
nanowires with a diameter of 40 nm deposited at -1.2 V; (c) High-resolution TEM
image confirming the formation of twin planes. reveals that the nanowire is composed of
nanotwins on [111] planes.

10.3. Chemical composition

Based on cyclic voltammetry measurements in which different values of the cathodic
current vs. potential were recorded for individual elements, different behavior of Fe, Co,
and Ni ions deposition can be expected. Taking into account the literature, various
standard potentials, and the possibility of anomalous co-deposition, I chose the ion
concentrations in the electrolyte that should induce changes in the chemical composition
of nanowires measured at various potentials.

The chemical composition of FeCoNi nanowires with 40 nm and 100 nm diameter
(released from the membranes) and on the flat samples was analyzed using energy-
dispersive spectroscopy measurements. The fractions are given in the atomic concentrations.
The concentrations of Fe, Co, and Ni in the FeCoNi samples, deposited at different
cathodic potentials are plotted in Figure 10.9. All samples show the same tendency with
increasing cathodic potential, demonstrating an increase of Ni content with a simultaneous
decrease in Co and Fe concentration, which is consistent with my previous results of FeNi
nanowires and also literature data [19, 20, 21, 85|. For samples deposited at potentials
ranging from -1.2 V to -1.8 V, the atomic concentration in the deposits reflects the ion
concentration in the electrolyte. Hence, similar to double-element FeNi nanowires, the
mass transfer is much greater for Ni?* than for Fe?* and Co?* ions and in consequence, the
anomalous co-deposition tendency is vanquished. Whereas, the chemical composition of
the samples deposited at -1.0 V differs significantly from each other. The flat sample
shows a concentration ratio relatively closer to the electrolyte composition, while in
nanowires concentration of individual atoms clearly deviates from the electrolyte and order
predicted by standard potential values. The main difference between porous templates
and a flat sample is related to the diffusion length. As shown by Saedi et al. in their
studies of FeCoNi nanowires deposited in membranes with different pore lengths and also
different diameters, metals with lower concentrations in the electrolyte appear in higher
concentrations in the nanowires when the pore lengths are shorter [50]. This behavior
was explained with a shorter diffusion length, which creates more favorable conditions for
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the competition of low-concentration ions (Fe and Co) with high-concentration ions (Ni).
Diffusion length can also explain the difference in the chemical composition of elements
in the membrane pores and on the flat sample. By analogy, a lower deposition rate (at
low cathodic potential) also creates more favorable conditions for very diluted ions, which
may result in a higher concentration of them in the deposit. At a more cathodic potential
mass transport limitation connected with low ion concertation dominates and metal with
high concentration is preferentially deposited [26, 50|. Despite the large difference in the
concentration of individual ions in the electrolyte (0.01 M Fe?* / 0.02 M Co*T / 0.17
M Ni?T), the amount of the elements in nanowires at this potential is similar to each
other and shows a relatively high concentration of Fe and a clear dominance of Co. This
behavior of nanowires indicates anomalous co-deposition, which is not usually observed
at more cathodic potentials, and suggests that the mechanism of anomalous co-deposition
in nanowires can be more complicated than in flat samples.
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Figure 10.9: Atomic composition of Fe, Co, Ni in FeCoNi nanowires with diameters of 40
nm and 100 nm and also in FeCoNi films deposited at different potentials. The particular
elemental contents were given with an error of no more than +1 [188].

The chemical composition of FeCoNi nanowires deposited at different potentials was
also analyzed by STEM-EDS measurements. Figure 10.10 presents the EDS maps measured
for Fe, Co, and Ni. The images show a homogenous distribution of all elements. The
results demonstrate the same tendency in the atomic concentration values as a function
of the applied potential and correlate very well with the compositions obtained in SEM.
To better describe the relationships between elements, as in the case of FeNi samples, I
calculated the SR parameters for Co/Fe, Fe/Ni, and Co/Ni ratios as a function of applied
potential (Fig. 10.11). As mentioned, an SR value close to 1 suggests co-deposition
predicted by standard potentials, while anomalous co-deposition occurs for a higher SR
coefficient.

The calculations demonstrated similar behavior of particular ratios versus voltages,
as expected from chemical analysis and also based on the FeNi NWs results. But the
details stand out. The first is the SR parameter calculated for the Co/Fe ratio, which
maintains an almost constant value for all potentials and samples with a value close to
1. The second issue is the parameters calculated for Fe/Ni and Co/Ni ratios, which show
the same values for higher potentials (close to 1) with a sharp increase in SR at lower
voltages, which is consistent with the results for binary alloy nanowires. Additionally,
these parameters reach the largest values for nanowires with a diameter of 100 nm and
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Figure 10.10: STEM-EDS maps of Fe, Co, and Ni measured in FeCoNi nanowires with
diameters of (a) 40 nm and (b) 100 nm deposited at -1.2 and -1.0 V, respectively [188].

the smallest for flat samples. The above analysis reveals that the concentration of Fe
and Co weakly depends on the applied potential, which is also confirmed by previously
described studies of FeCo nanowires. Moreover, the results point out a strong potential
dependence of the Fe/Ni ratio, which was also observed in FeNi nanowires. The behavior
of the SR parameter calculated for Co/Ni is consistent with the changes in Fe/Ni, which
suggests that the concentration of Ni is very sensitive to the applied potential and plays a
dominant role in the anomalous co-deposition mechanism. Similar results were obtained
for FeCoNi nanowires [19, 41| and for FeCo and FeNi nanowires [50, 153, 188|.

As was pointed out earlier, anomalous co-deposition depends on the applied voltage,
and at high cathodic overpotential, the electrodeposition process loses its anomalous
character. A significant anomalous co-deposition only appears at the lowest potential,
which is in accordance with direct observation of EDS measurements (Fig. 10.9). The
difference between the SR parameters observed for nanowires and flat samples indicates
less anomalous co-deposition for flat samples, which confirms a distinct mechanism for
anomalous co-deposition in nanowires and coatings.

As shown by the presented results, anomalous co-deposition has a direct impact on the
final composition of the iron group alloys. Consequently, this may affect the structural
and magnetic properties of nanowires (such as coercivity or squareness). This impact was
examined in the next chapters.

10.4. Structure

The structure of the nanowires was analyzed based on X-ray diffraction. Figure 10.12
shows the measurements of FeCoNi nanowires with a diameter of 100 nm and the flat

124



20 Nanowires $40 20 Nanowires (¢100 201 Flat samples
15— -
ke Fe/Ni .
® 15410 151 —e—CoINi 15 ¢ -~
2 1, / —=— ColFe ’
= 104 10 104 2 B
ksl o =F——— LI S e——
% A814 12 1.0 5 4814 12 10
s > 4 M’fn
" _ -
0l & : , . | ol - : eS—— T Y —_—— = N
-18 16 -14 -12 -0 18 16 -14 -2 -10 18 16 -14 -12 -10
Potential [V] Potential [V] Potential [V]

Figure 10.11: Selectivity ratios of Fe/Ni, Co/Ni, and Co/Fe calculated for FeCoNi
nanowires with diameters of 40 nm and 100 nm and also for FeCoNi flat samples deposited
at different cathodic potentials. The inset shows the same graph on a larger scale.

samples deposited at the different potentials. In all samples, the most intense, narrow
peaks, marked with an asterisk originate from the copper contact layer for nanowires and
the Cu substrate for flat samples. Small peaks at 20 = 45.34° and 48.71° observed in the
diffractograms measured for flat samples come from the substrate contamination (marked
with open circles). The peak intensities were normalized to the (111) peak, which is
the most intense in the reference sample. The indexed peaks correspond to the FeCoNi
phase crystallizing in the fcc structure. These peaks, described in Table 10.1, appear in
all patterns with a slight difference in their position and significantly different intensities.
Additionally, a trace of the hep phase was found in the sample deposited at -1.2 V (marked
with red) [188].

The diffractograms measured for samples deposited at more cathodic potentials show
peaks with higher intensity than the samples prepared at lower potentials. In the case of
nanowires, the intensity of the (220) peak increases the most, while in flat samples this
observation refers especially to the (200) reflection, which increases even above the (111)
peak. These deviations from the intensities observed for isotropic powder samples indicate
a texture with a preferential orientation along [220]| and [200] directions for nanowires and
flat samples, respectively. Simultaneously, the small peak intensities observed for samples
deposited at low potentials suggest a texture along the [111]| direction in nanowires and
quasi-isotropic growth in flat samples [188].

As shown above, the different values of cathodic potentials caused the changes in
the chemical compositions. Such modification in the elemental content should result in a
different phase composition. The phases that we can expect in conditions of thermodynamic
equilibrium at 293 K are presented in the ternary phase diagram (Fig. 10.13). Points
corresponding to the chemical composition of nanowires with a diameter of 100 nm are
marked on the graph. The chemical composition of nanowires with a diameter of 40 nm
and flat samples at particular voltages has nearly the same values, except for the -1.0 V
potential, for which the points were also shown on the diagram. The samples deposited
at potentials ranging from -1.2 V to -1.8 V, showing a Ni content above 70%, are localized
in the area where, according to the phase diagram, only the 7-Ni phase should appear.
The points showing the chemical concentration of the samples deposited at -1.0 V are
localized at two different areas: the points corresponding to nanowires appear in the area
where a-Fe, v-Ni, and NigFe are thermodynamically stable, while the point related to the
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flat sample occupies the area where the 7-Ni and NizFe phases should be observed. The
a-Fe, v-Ni, and NigFe phases respectively correspond to the Fe-based solid solution with
the bee structure, Ni-based solid solution with the fce structure, and the L1, intermetallic
phase, which is the ordered counterpart of the fcc solid solution. NigFe phase, with Fe
and Ni atoms located in the corners and on the faces of the unit cell, respectively, is
indistinguishable from the disordered Ni phase in the XRD pattern [188|.

In the XRD patterns measured for 100 nm diameter nanowires and flat samples, we
only observed peaks that are attributed to the FeCoNi alloys [154], assigned to the -
Ni phase with an fcc structure (with a slight trace of hep in one sample). We have
not observed any additional peaks that could come from Fe-based solid solution, which
should appear in the samples deposited at -1.0 V exhibiting a relatively high Fe content
of 31%. The discrepancy between the phase composition predicted by the trinary phase
diagram and our nanowires, pronounced especially in the case of the lowest potential, may
be explained by non-equilibrium conditions of the electrodeposition process. Similarly,
only the fcc phase was observed in FeCoNi alloys with various concentrations by many
researchers [147, 154, 186, 189, 190, 191]. Although, the mixture of fcc and bee [105], or
fcc and hep has also been observed [151, 152]. These differences in the phase composition of
the FeCoNi alloy indicate a strong dependence of the growth process on the electrodeposition
parameters, which results in a different structure of the alloy despite a similar chemical
composition or an identical structure observed for alloys with different chemical compositions

[188).

Table 10.1: Results of XRD measurements of 100 nm diameter nanowires with lattice
parameter (a), and average crystallite size (D) estimated with an error of 1 nm.

20|deg|
hkl Reference* -1.0V -12V -14V -18V
111 44.23 43.95 44.15 44.30 44.37
200 51.53 51.21 51.44 51.62 51.75
220 75.87 75.60 75.76 7595 76.08
311 92.25 91.78 92.16 92,51 92.71
222 97.69 97.32 97.57 97.85 98.08

Relative intensity [%]
hkl Reference* -1.0V -12V -14V -18V

111 100 100 100 100 100

200 41.8 17.5 12.0 21.6 20.8

220 16.4 8.2 6.4 30.4 25.8

311 14.6 4.2 4.6 9.8 6.9

222 4.0 2 2 2.9 2.4

Lattice parameters

a [A] 3.544 3.565 3.555 3.538  3.530

D [nm] - 12 18 19 22

* the fcc NiggaFegis powder sample (JCPDS:04-003-2245)
The increasing cathodic potential and the associated increase in the Ni content caused
the changes in the peak positions. The shifts of the (111) and (220) peaks in nanowires
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Figure 10.12: X-ray diffraction patterns measured for the FeCoNi nanowires with a
diameter of 100 nm embedded in the (a) polycarbonate membranes and (b) flat samples.
The indexed peaks correspond to the fcc Ni0.82Fe0.18 powder sample (JCPDS:04-003-
2245), while the peaks marked with an asterisk and triangle-down come from the copper
and its contamination, respectively [188].

with a diameter of 100 nm are shown in Figure 10.14. Peak maxima move towards
higher angular values as the cathodic current increases. Such a shift is caused by the
modification of the atomic distance due to the replacement of Fe and Co atoms with
Ni atoms, which results from the changes in the chemical composition. As Ni content
increases, the Fe and Co content decrease, which taking into account that the Fe (1.72
A) and Co (1.67 A) atomic radii are larger than the radius of the Ni (1.62 A) may
be responsible for shortening the lattice parameter. Moreover, as can be seen from the
calculated lattice parameters (Table 10.1), with the increase in the nickel content this
parameter approaches to the Ni lattice constant (ay; = 3.52 A in the fec structure).
Similarly, Dalavi et al. observed expansion of the lattice with an increase in Fe content
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Figure 10.13: Ternary phase diagram of the FeCoNi system - isothermal cross-section
at 293 K generated using the FactStage package and the SGTE database with points
indicating the chemical composition of the samples (blue points - 100 nm diameter NWs,
red point - 40 nm diameter NWs and green point - flat sample). The number from 1 to 4
correspond to the cathodic potentials from -1.0 V to -1.8 V [188].

in FeCoNi monocrystalline alloys [186]. The changes in the lattice parameter caused by
modification of the chemical composition were also observed in FeCoNi films |21, 192].

Besides, the shift in the peak positions, a narrowing of the XRD reflection was
observed. The normalized (220) peaks are shown in the inset of Figure 10.15. As can
be seen, the width of the peaks decreases with increasing cathodic voltage (Ni content
increases and the Co and Fe decrease), which suggests an increase in crystallite size for
higher voltages. Calculations based on the Scherrer equation, shown in Figure 10.15,
confirmed these observations. The average size of the crystallites, estimated with an error
of 1 nm (larger only in the case of the smallest potential due to the inaccuracy of FWHM
(full width at half maximum) determination), ranged from 12 to 22 nm for the lowest
and highest voltage, respectively. The change in crystallite size with increasing voltage
can be related to the change in current density. Higher current density at more cathodic
potentials creates favorable conditions for crystal growth without ion deficiency, which
promotes large crystallite sizes. Moreover, a greater amount of Ni, which crystallizes in
its own structure with a low content of Fe and Co, which can be treated as impurities in
the Ni lattice, may also explain the observed increase in crystal size. A decrease in the
grain size with increasing Co content was also observed by Long et al. in FeCoNi coatings
[151] and Yanai et al. in FeCoNi films [188, 191].

XRD measurements were also performed for nanowires with a diameter of 40 nm (Fig.
10.16 a). These nanowires were deposited in the membranes covered with a gold layer,
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increasing cathodic potential (measured for 100 nm diameter nanowires) [188].
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Figure 10.15: The mean value of crystallite size calculated according to the Scherrer
formula based on the (220) peak broadening (measured for 100 nm diameter nanowires)
[188].

which shows the most intense peak in the same position as the (111) FeCoNi reflex. The
first pattern measured for a pure gold-coated membrane indicates the peaks characteristic
of gold. Subsequent patterns, apart from gold reflections (unmarked), reveal low-intensity
peaks described by Miller indices (blues), assigned to the fcc phase of FeCoNi. The most
intense (111) peak coming from FeCoNi is observed at 44.4°, which is also the position of
the (200) reflex coming from gold. The increasing intensity of these peaks may suggest
an increasing contribution of FeCoNi peaks (Fig. 10.16 b). This can be attributed to a
better filling degree (increase in total charge, Fig. 10.1 insets) and more distinct texture
along the (111) direction (Fig. 10.7 b). Moreover, the shift in peak positions towards
higher angles with more cathodic potential shows the same changes as observed in 100
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nm diameter nanowires, indicating a shortening of the lattice parameters. The shift
also confirms that this peak is a superposition of the reflexes coming from the FeCoNi
alloy and gold. Additionally, the patterns measured for the samples prepared at medium
potentials show well-distinguished (220) peaks and low-intensity (200) and (311) peaks.
Furthermore, in the case of the nanowires deposited at -1.2 V, two peaks arise, which
can be assigned to the hcep Ni-based alloy. Such a mixture of hep and fece structure has
also been observed in FeCoNi nanowires with a similar chemical composition [152] and in
films with high Co content (61 at%) [151]. As was mentioned, a slight hcp fraction was
also found in the nanowires with a diameter of 100 nm deposited at the same potential.
The above results show a similar structural composition, which will not be analyzed in
detail due to the mentioned superposition and low-intensity peaks. The very low peak
intensities are due to the small amount of material which, in the case of membranes with
a pore diameter of 40 nm, is embedded in pores constituting only 0.14% of the sample
surface [188].

The preferred growth direction indicated by XRD measurements is consistent with the
information taken from high-resolution TEM analysis. The performed studies reveal that
for both nanowire diameters, the samples show a texture along the [111] direction or the
[220] direction depending on the applied cathodic potential [188§].

10.5. Magnetic measurements

The magnetic measurements of the FeCoNi nanowires were performed at room temperature
with the magnetic field applied along the nanowire axis and perpendicular to it. The
hysteresis loops of the FeCoNi with diameters of 40 nm and 100 nm deposited at the
different potentials are presented in Fig. 10.17. Pronounced magnetic anisotropy with
an easy axis along nanowires was observed for all nanowires, regardless of diameter and
composition.

As was mentioned earlier, the magnetic behavior of nanowires is determined by completion
between magnetocrystalline anisotropy, shape anisotropy, magnetoelastic anisotropy, and
dipolar interactions, whereas, the first one may contribute to effective anisotropy only
in single crystalline samples or in samples with clearly visible texture. According to the
literature, the easy axis in fcc FeCoNi alloys lies along [111] direction [102], which is typical
for a Ni-based fcc alloy. The shape anisotropy in high aspect ratio nanowires induces an
easy axis along the nanowire axis and is larger than the magnetocrystalline anisotropy in
Fe, Ni, and Co (fcc) [72, 193, 194]. The magnetoelastic anisotropy, arising due to stresses
between the template and the nanowires, can be neglected at room temperature because
its value is much smaller than the shape anisotropy |70, 195]. The last contribution
connected with dipolar interaction, if appears, will cause an alignment of the easy axis
perpendicular to the nanowire axis.

The nanowires with a diameter of 40 nm showed more rectangular hysteresis measured
with a magnetic field applied along nanowires and significantly greater values of coercivity
and squareness. Changes in the hysteresis loop shapes for nanowires with different
diameters are known in the literature and result from smaller inter-wire interactions as the
packing factor decreases (porosity) [112, 196]. Furthermore, the nanowires with diameters
smaller than 55 nm are expected to be single-domain wires [112], which changes the
magnetization reversal process. The presented structural studies (XRD/TEM) indicate

130



NWs $40

b
a) mumJ - ) 000:

5000+ —-1.0V
—-12V
—-14V

80004 18V

1.0V 5000

Intensity [%]
3
8

4000

4000+

&
B

45 46 47
1.2V 20 [deg]

8000+

Intensity [%]

4000

80001
-1.4V

-

4000

80004

w
=

4000

(

40 50 60 70 80 80 100
260 [deq]

Figure 10.16: (a) X-ray diffraction patterns measured for the FeCoNi nanowires with a
diameter of 40 nm embedded in the polycarbonate membranes and (b) superposition of
(111) and (200) peaks coming from FeCoNi NWs and Au gold layer, respectively. The
assigned peaks correspond to the fcc FeCoNi (blue description; JCPDS:04-003-2245) and
hep FeCoNi (red description; AtomWork calculator). Non-described peaks come from
gold [188].
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[111] growth direction or the [220] texture at lower and higher potentials, respectively. In
nanowires with texture along the [111] direction, magnetocrystalline and shape anisotropies
act in the same direction, increasing effective anisotropy along the nanowire axis. A slight
fraction of the hep structure with atomic planes growing along the [100] direction, i.e.
along a hard magnetic axis, can be neglected. Moreover, for 40 nm diameter NWs,
the low porosity templates suggest non-interacting nanowires with negligible dipolar
interactions, which additionally increase coercivity and squareness. On the other hand,
the texture along [220] deviates from the easy axis direction by about 35°, thus it slightly
contributes to the anisotropy along the nanowires axis. However, in the case of nanowires
with a diameter of 100 nm, stronger dipole interactions, associated with the relatively
small inter-wire distance, give the contribution to the magnetization alignment in the
direction perpendicular to the nanowire axis and overshadow the effect of both anisotropy
contributions.

The values of saturation magnetization (M), coercivity (H.), and squareness (M, /My)
measured with a magnetic field applied along nanowires are presented in Fig. 10.18. The
saturation magnetization normalized to the membrane surface (Fig. 10.18 a) decreases
with increasing electrodeposition rate (cathodic potential increases). This behavior is
consistent with the decrease in the charge reduced at the cathode, assigned to the decreasing
filling degree. The smaller amount of magnetic material embedded into the membrane
is one of the reasons for the observed magnetization saturation drop. The second reason
may be changes in the chemical composition. Samples with higher M, values contain a
smaller amount of Ni (lower potential), which has three and four times lower saturation
magnetization (Mg(Ni) = 57.5 emu/g) than cobalt (162.7 emu/g) and iron (217.9 emu/g)
[153, 190, 197|. The described My variation as a function of applied potential was observed
for both 40 nm and 100 nm diameter nanowires, but at the lowest potential, the amount
of Ni was significantly smaller in the nanowires with a diameter of 100 nm, which may
explain the large increase in saturation magnetization for this sample. There is also a
significant difference in the M, values measured for nanowires with diameters of 40 nm
and 100 nm deposited at other potentials, which is related to the much higher porosity
of membranes with a pore diameter of 100 nm equaled to 3.1% compared to 0.7% for
membranes with a pore size of 40 nm (Table 2.2). Higher open area means a greater
amount of magnetic material contributing to the saturation magnetization [188].

A surprising behavior was observed for coercivity and squareness dependence on the
applied cathodic potential (Fig. 10.18 b-c). Both of these values demonstrate extremely
different dependencies on the nanowire diameters. In the case of nanowires with a
diameter of 100 nm, the expected increase in coercivity and squareness was observed
with increasing cathodic voltage. This can be explained by the faster deposition rate,
which resulted in a lower filling degree and therefore a more porous structure with a
larger number of defects. These defects can block the domain wall movement and lead
to a coercivity increase [32, 98]. Changes in the squareness, but also coercivity, can be
attributed to smaller dipolar interactions caused by reduced saturation magnetization.
Theoretically predicted and experimentally observed narrower, less squared and more
oblique-shaped hysteresis has been reported for nanowires with decreasing distance thus
increasing dipolar interactions [110, 111, 196, 198, 199, 200|. For nanowires with a
diameter of 100 nm, the coercivity and squareness increased with increasing Ni content
and decreasing Co and Fe content (higher potentials). These chemical changes resulted
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Figure 10.17: Hysteresis loops measured at room temperature with a magnetic field
applied out of the membrane plane (red circles) and in the membrane plane (black
triangles) for nanowires with a diameter of (a) 40 nm and (b) 100 nm deposited at different
cathodic potentials. The magnetization (M) value was normalized to the saturation
magnetization (Mj).

in a smaller saturation magnetization, which caused weaker magnetostatic interactions
leading to higher coercivity and squareness. Together with the Ni content increase, an
expansion of the grain size was observed (Fig. 10.18 ¢). In our case, the larger the grains,
the higher values of the coercivity and squareness were noticed. It is usually assumed that
the grain boundary can hinder the domain wall movement, thus the larger the crystallite
size, the lower the grain boundary density occurs, which should cause the lowering of
the coercivity [32, 96, 191]. The observed discrepancy can again be attributed to the
dipolar interactions, which in FeCoNi nanowires with a diameter of 100 nm, turned out
to be the dominant factor determining coercivity and squareness. Therefore, the higher
the saturation magnetization, the higher the dipolar interactions and the smaller the
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coercivity and squareness. Unexpected changes in coercivity and squareness were noted
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Figure 10.18: (a) Saturation magnetization, (b, ¢) out of plane coercivity and squareness
shown as a function of cathodic potential (and crystallite size) for nanowires with 40 nm
and 100 nm diameters.

for nanowires with a diameter of 40 nm (Fig. 10.18 b). In this case, both values decrease
with increasing cathodic voltage. Nanowires with a diameter of 40 nm, like nanowires
with a diameter of 100 nm, show the same changes in the chemical composition with an
increase in Ni content and decreasing total charge reduced at the cathode as a function
of cathodic potential. There are also the same trends in the growth rates. Despite these
similarities, there is an important differentiating factor, which is porosity, as mentioned
above. In nanowires with a diameter of 40 nm, which show low porosity, very weak dipolar
interactions do not reduce coercivity and squareness, therefore these parameters are much
higher than in nanowires with larger diameters.

Thus, in the case of non-interacting nanowires, the coercivity and squareness behave
as saturation magnetization, i.e. they increase with increasing Fe and Co content. An
increase in coercivity with increasing Co content has also been observed in the literature
[20, 147, 180, 198]. According to Shama et al., for weak magnetostatic interactions between
nanowires - as in the case of nanowires with a diameter of 40 nm - an increase in Ni content
results in a decrease in the saturation magnetization and coercivity [153]. Changes in
coercivity and squareness as a function of chemical composition can be analyzed based on
the magnetic parameters of Fe, Co, and Ni nanowires. A larger amount of Fe and/or Co,
showing higher values of saturation magnetization, coercivity, and squareness, directly
results in an increase in these values in FeCoNi nanowires [151, 180]. At the same time,
the opposite behavior observed in nanowires with a diameter of 100 nm results from
dipolar interactions, which increased when the amount of elements with high saturation
magnetization and coercivity increased.

According to the literature, dipolar interactions increase strongly with increasing
nanowire length [31, 96, 105|. Although their influence dominated the magnetic behavior
of nanowires with a diameter of 100 nm, a significant increase in coercivity and squareness
as nanowire length drops down to 1.5 nm (predicted length of the magnetic segment in
segmented nanowires) is expected. This suggests that dipolar interactions can also be
neglected in nanowires with a diameter of 100 nm, which indicates that both 40 nm
and 100 nm nanowires can be considered as potential candidates for racetrack memory
applications.
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Hysteresis loops were then measured for FeCoNi nanowires as a function of their length
and diameter, with a magnetic field applied along the nanowire axis and perpendicular to
it (Fig. 10.19 a and b). A clear magnetic anisotropy with an easy axis along the nanowires
was observed for all nanowires, regardless of the nanowire geometry.

A decrease in the lengths of nanowires (6 pum, 3 pm, and 1.5 pm) with a diameter
of 100 nm, causes slight changes in the hysteresis loops. It is known that if the aspect
ratio is higher than 10 (as in our samples), the shape anisotropy contribution remains
constant and does not depend on the nanowire length [26, 33, 110], so it will not affect the
magnetic properties of considered nanowires. Fig. 10.19 ¢ and d show how the out-of-plane
coercivity and squareness change with length for two diameters of nanowires. These results
exhibit small and non-monotonic changes for 120 nm diameter nanowires and slightly
greater differences in the case of diameters of 100 nm, where the coercivity increases with
decreasing length. Such behavior suggests that for larger nanowire diameters, dipolar
interactions are strong even in the shortest nanowires, while for nanowires with a diameter
of 100 nm they become smaller, which is reflected in the coercivity increase.

However, a change in the shape of the loop measured in the membrane plane can be
observed. There are two interesting aspects: a narrowing of the loops with decreasing
nanowire length and a small contribution from the rectangular loop. The shortest nanowires
show a narrow, almost closed loop typical of measurements in hard directions. As
nanowire length increases, the loops become more open with a visible jump associated
with the appearance of an additional loop. This two-step magnetic switching suggests
the appearance of a soft magnetic material. These may be small disc-shaped objects
that exhibit an easy axis direction along the membrane plane. In the case of the longest
nanowires, such structures may originate from overdeposited caps. Another explanation
can be related to dipolar interactions that can result in the deviation of the magnetic
moments from the nanowire axis at the ends of nanowires (vortex or other alignments
along the direction perpendicular to nanowire axis), which allows the magnetic field lines
to close and minimize magnetostatic energy.

The changes in diameter (Fig. 10.19 b) result in a modification of the hysteresis
loops. First of all, as the diameter decreases, the out-of-plane loops become wider with
a significant increase in the coercivity and squareness (Fig. 10.19 d). The observed
behavior can be attributed to strongly reduced dipolar interactions in smaller-diameter
nanowires due to larger inter-wire distance connected with lower porosities. The increase
in coercivity and squareness with decreasing nanowire diameter is widely observed in
the literature [26, 31, 82, 201|. The in-plane hysteresis loops are open and show a clear
superposition of magnetic curves typical for materials magnetized along hard and easy
directions, which can be explained as above.

Therefore, the nanowires with a diameter of 100 nm (or less) and a length corresponding
to the length of the segment in multi-segmented nanowires can be considered as magnetically
non-interacting objects and can meet the requirements for 3D magnetic memory media.

Changes in the nanowire geometry affect the magnetic anisotropy energy, which can
be described by a parameter defined as the ratio of squarenesses measured out-of-plane
and in-plane of membrane (M, /M;)out / (M,/M;)in. The larger this parameter, the
greater the magnetic anisotropy. This parameter calculated for nanowires with diameters
of 40, 100, and 120 nm equals 5.6, 3.6, and 2.5, respectively, and confirms a decrease in
magnetic anisotropy energy with increasing nanowire diameter. Similarly, an increase in
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Figure 10.19: Hysteresis loops measured at room temperature with a magnetic field
applied in the membrane plane and out of the membrane plane for nanowires (a) with a
diameter of 100 nm and different lengths and also (b) for nanowires with a 6pm length
and different diameters (U = -1.2 V). The magnetization (M) value was normalized to
the saturation magnetization (M;). Out of plane coercivity and squareness shown as a
function of (a) length and (b) diameter.

the nanowire length results in a decrease in the magnetic anisotropy energy as shown by
parameters 11.2, 8.9, and 4.1 calculated for nanowires with lengths of 1.5 pm, 3 pm, and
6 pm, respectively. The largest magnetic anisotropy is therefore achieved in nanowires
with the smallest diameter and the shortest length. On the other hand, an increase
in the diameter and length of the nanowire leads to an increase in the magnetostatic
interaction, which causes a decrease in the magnetic anisotropy energy. These observations
are consistent with the results reported in the literature [21, 202]. The described behavior
is also connected with the magnetic structure of nanowires, which depending on nanowire
geometry, changes from a single-domain structure to a pseudo-single-domain or multi-
domain structure with a critical diameter of about 50 nm [112, 202] and a critical length of
about 22 pm [105]. The magnetic structure of nanowires affects their reversal mechanism,
which will be analyzed based on the angular dependence of coercivity.

To investigate the magnetization reversal mechanism in FeCoNi nanowires and the
influence of nanowire length and diameter on this mechanism, the angular dependence of
the hysteresis loops was studied. The angle changed from 0° to 90°, where 0° and 90°
correspond to the magnetic field applied along the nanowire axis and perpendicular to
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Figure 10.20: Angular dependence of: (a, b) hysteresis loops for FeCoNi nanowires of
different diameters, (c) analytical calculations of H. () for FeCoNi nanowires and (d, e)
experimental results of coercivity for different lengths and diameters.

it. The results obtained for nanowires of different lengths and diameters are presented in
Figure 10.20. The increase in the angle caused a gradual tilting of the hysteresis loops,
which changed from a shape close to rectangular, typical for the easy axis measurements,
to almost closed loops observed for measurements along the hard direction (Fig. 10.20
a, ¢). The coercivity values taken from these measurements were plotted as a function
of angle for different lengths (Fig. 10.20 b) and diameters (Fig. 10.20 d) of nanowires.
Regardless of nanowire geometry, the changes of H, versus 6 showed similar transients.
Initially, with increasing angle, the H, increased slightly, then reached a maximum at
70 degrees, and decreased at # = 90°. The most pronounced maxima were observed in
the nanowires with the smallest length and diameter, while for longer nanowires with
larger diameters, the changes of coercivity were much smaller. Similar H.(0) transients
with maxima close to 70 degrees were observed by other groups [105, 165, 209] and were
interpreted as a transition between different reversal modes. According to Figure 4.10,
this non-monotonic coercivity variation can be explained by a combination of vortex
domain wall propagation, dominating before the maximum was reached, and transverse
or coherent rotation, which switches magnetic moments when the angles are close to the
hard magnetic axis.
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The magnetic structure of FeCoNi nanowires and the interactions between nanowires
were analyzed using FORC methods. In Figure 10.21 the FORC diagrams measured for
nanowires with a length of 6 pm and diameters of 40 nm and 100 nm are presented. The
H, axis presents the coercivity field distribution while the H, axis shows the interaction
field distribution. In the case of small diameter nanowires, a single elongated region can
be observed along the H, axis at H, = 0 with a slight extension in the perpendicular
direction. This indicates a small coercivity distribution (920 - 1420) probably related
to the small difference in the nanowire length. The coercivity value determined from
the hysteresis loop (1110 Oe) corresponds to the maximum of the FORC diagram. The
distribution along the H, axis suggests the magnetization reversal by the propagation of
the transverse domain wall [105]. Such a contour closed around the central peak indicates
a single-domain structure of nanowires. The relatively narrow distribution along the
H, axis demonstrates low magnetostatic interactions. The slight positive slope in this
distribution can be interpreted as the appearance of another interaction field in addition
to the almost constant interactions giving a small symmetrical broadening [167].

With the diameter increase, the shape of the FORC diagram undergoes a large change.
In contrast to the previous case, the diagram is elongated in the direction parallel to the
H, axis. Such a distribution indicates the presence of magnetostatic interactions between
nanowires. These interactions are responsible for the lower coercivity of nanowires with
larger diameters as confirmed by the pattern shift towards lower H.. The contours are
symmetrically arranged with respect to H,=0 (-400 Oe - 400 Oe) and slightly spread
along H, with a distribution between 280 - 570 (A = 290 Oe). The closed contours with
a steep slope suggest a single-domain structure of the nanowires [211]. However, the
relatively long ridge with a tail extending along the H. axis and the symmetrical pattern
of the main part show some features of the multi-domain structure, which may appear
as the magnetostatic energy increases [210]. Moreover, one can distinguish another small
separated region with low coercivity, which can be assigned to the soft magnetic phase.

Thus, the increase in the nanowire diameter results in a significant broadening of the
pattern distribution in the H, direction due to the increasing interaction field. The larger
diameter of nanowires and the associated larger inter-wire interactions may cause changes
in the magnetic structure of nanowires. The studies in this direction will be continued.

Further investigations of the magnetic properties of the FeCoNi nanowires were carried
out using Lorentz-TEM. Figure 10.22 shows the images obtained for nanowires with a
length of 6 pm and a diameter of 40 nm and 100 nm (as in FORC). Under-focus and
over-focus Lorentz-TEM images show bright and dark fringes along both sides of the
nanowires and inside them, respectively. For smaller diameter nanowires, uniform Fresnel
fringes along the whole nanowires indicate the single-domain structure without a domain
wall in the analyzed area of nanowires [208]. Small perturbations along the nanowires
reflect the sample morphology shown in the in-focus image. On this basis, it can be
concluded that the presented nanowires behave like a material with an SD structure. The
same observations were made for nanowires of a larger diameter. Analysis performed
at different locations did not reveal the features expected in a multi-domain structure.
Thus, studies carried out using a Lorentz microscope suggest a single-domain structure
in nanowires of both diameters.
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Figure 10.21: Out-of-plane FORC diagrams of FeCoNi nanowires with a length of 6 pm
and different diameters: (a) 40 nm and (b) 100 nm.

Figure 10.22: Lorentz-TEM in-focus and under-focus images of FeCoNi NWs for (a) 40
nm and (b) 100 nm diameter.

FeCoNi nanowires, depending on the applied voltage and their geometry, show differences
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in the filling degree, structure, and magnetic properties. Changes in the cathodic voltage
resulted in modifications of the magnetic parameters of nanowires. Our preliminary
studies using FORC measurements and Lorentz microscope give interesting results but
require further systematical investigations to determine the difference in the magnetic
behavior of nanowires with diameters of 40 nm and 100 nm, especially concerning their
magnetic structure and mutual interactions. Such materials are promising candidates for
3D memory applications and have been investigated in the form of segmented nanowires.
The results of these studies are presented in the next chapter.
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Chapter 11

Segmented nanowires - FeCoNi1

In Chapter 10, I analyzed the morphology, structure, and magnetic properties of
ternary FeCoNi nanowires depending on the deposition potential and their geometry
(diameter and length). As mentioned earlier, such nanowires can be a basis for building
a 3D race-track memory. For this purpose, it is necessary to create nanowires containing
domain walls distributed at desired locations along nanowires. These domain walls will
serve as memory units. To obtain such a multi-domain structure, I prepared segmented
nanowires. Particular segments will be composed of FeCoNi with different contents of
these metals characterized by various magnetic parameters. [ expect the boundaries
between segments will be the places of domain wall formation with intentionally created
domain wall pinning sites.

11.1. Single segment nanowires

Electrodeposition process

After preparing nanowires with a length equal to the membrane thickness (i.e. complete
pore filling), I calculated the charge required to fill 1/3 of the pore channel length to obtain
nanowires with a length of 2 pm. Based on previous studies, I produced FeCoNi nanowires
of the desired length and diameter of 100 nm at three different cathodic potentials. Figure
11.1 shows the current vs. time dependence recorded during nanowire deposition. The
processes occurring at different deposition rates were stopped at various electrodeposition
times when the assumed charge (shown in the inset of Fig. 11.1) corresponding to the
selected nanowire length was reached.

Nanowire morphology
Figure 11.2 shows FeCoNi nanowires with a length of 2 pm deposited at different

potentials. As can be seen, the nanowires are continuous, without visible porosity, similar
to their long counterparts (Fig. 10.6).
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Figure 11.1: Cathodic current versus time measured during the electrodeposition FeCoNi
nanowires at different potentials (L = 2 pm, ¢ = 100 nm). The inset shows corresponding
electrical charge variations in time.

Figure 11.2: SEM images of FeCoNi nanowires (L = 2 pm, ¢ = 100 nm) deposited
at the various cathodic potentials observed after membrane dissolution: (a, b, ¢) lower
magnification showing forest-like short nanowires, (d, e, f) higher magnification indicating
smooth wires.

The chemical composition of the nanowires showed the same trend with the potential
changes as in the case of 6 pm long nanowires with insignificant differences in the content
of individual elements. Thus, with the potential increase, the nickel content in the samples
increased, while the content of iron and cobalt decreased (Fig. 10.9).

Magnetic measurements
As it follows from the studies of FeCoNi nanowires of different lengths (Fig. 10.19),
shorter nanowires with a diameter of 100 nm should exhibit higher coercivity and squareness

due to lower saturation magnetization and smaller magnetostatic interactions.
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Figure 11.3: Hysteresis loops measured at room temperature with a magnetic field applied
out of the membrane plane and in the membrane plane for FeCoNi nanowires with a length
of 2 nm and diameter of 100 nm deposited at different cathodic potentials.

Magnetic measurements of 2 pm long and 100 nm in diameter FeCoNi nanowires were
performed using a SQUID magnetometer under the same conditions as for the previous
samples. Figure 11.3 presents the hysteresis loops of nanowires deposited at different
potentials. Similar to long nanowires, the magnetic anisotropy with the easy axis along
nanowires was observed in all cases, demonstrating that shape anisotropy still plays a
dominant role in determining the easy axis parallel to the NWs. However, in-plane loops
are not as narrow as in the case of 6 pm nanowires. In addition to the curve typical of
the phase measured along the hard direction, a rectangular loop appears indicating the
presence of the soft magnetic material. Furthermore, the 6 pm and 2 pm long nanowires
differ significantly in the aspect ratio, which decreases from 60 to 20. This may suggest
that in the shorter nanowires, the contribution of magnetostatic interactions may be
smaller, which should result in higher coercivity and squareness of 2 pm long nanowires.

Figure 11.4 shows the coercivity (H.) and squareness (M, /M;) for short nanowires
compared to 6 pm long nanowires. Both parameters are significantly larger in the case of
short nanowires. The coercivity measured for nanowires with a length of 2 pm exhibits
non-monotonic behavior as a function of the applied voltage, with the highest value at a
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Figure 11.4: Out-of-plane coercivity and squareness shown as a function of cathodic
potential for nanowires with a diameter of 100 nm and two different lengths: 2 pm and 6
pm.

potential of -1.2 V.

The magnetic properties of FeCoNi nanowires with a length of 2 pm were analyzed
using FORC measurements. Figure 11.5 shows the FORC diagram with two regions.
The largest one is extended along the H, axis from -400 to 310 Oe (A=710) with weak
distribution along the H, direction (320-550 Oe, A=230), and asymmetric elongation (at
H, = -120 Oe) up to 580 Oe. Both the elongation in the H, and H, axes is smaller
compared to the long nanowires. This may indicate smaller magnetostatic interactions,
additionally its asymmetry with a larger part occupying negative H, values may suggest a
greater role of exchange interactions [166]. In contrast to the long nanowires, the diagram
measured for short nanowires has a significantly lower FORC signal. The coercivity value
taken from the hysteresis loop equal to 510 Oe is in the range of coercivity distribution
taken from the FORC measurements. This broadening may result from nanowire length
distribution. The relatively low spreading along H, indicates a single-domain structure
of the 2 pm nanowires.

In addition to the main pattern, a region with two objects can be distinguished at
higher coercivities (700 and 900 Oe). These objects did not show any broadening either
along the H, or along the H, axis indicating the presence of non-interacting harder (than
the phase from the first region) magnetic phases.
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Figure 11.5: Out-of-plane FORC diagrams of FeCoNi nanowires with a length of 2 pm
and a diameter of 100 nm (U = -1.2 V).

The magnetic structure of short nanowires was studied by Lorentz-TEM microscopy.
Figure 11.6 shows the in-focus and under-focus images. The uniform Fresnel fringes
visible along the whole nanowire (Fig. 11.6 b) indicate a homogenous magnetic object
without magnetic domain walls. The observed deviation of the fringes at the nanowire
ends suggests a slight perturbation in the magnetic moment ordering, typical for elongated
objects.

Figure 11.6: (a) In-focus and (b) under-focus Lorentz-TEM images of short FeCoNi
nanowires with a diameter of 100 nm (U = -1.2 V).

The above studies demonstrated that the applied potentials enable the production
of single-domain nanowires with different chemical compositions and various magnetic
properties. This suggests that the nanowires composed of segments deposited at different
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potentials could be separated by domain walls pinned at the segment boundary. The
studies of segmented nanowires are presented in the next subsection.

11.2. Segmented nanowires

The FeCoNi nanowires with a length of 2 pm prepared separately at different cathodic
potentials allow me to learn about the chemical composition and magnetic properties of
individual segments. Based on the information obtained, I deposited segmented FeCoNi
nanowires with a total length of 6 pm and a diameter of 100 nm, consisting of three
segments of 2 pm each. The electrodeposition process was performed in a single electrolytic
bath applying a specific voltage sequence with an appropriate pulse duration.

Electrochemical analysis

Figure 5 shows the potential and current vs. time dependence recorded during the
electrodeposition of segmented nanowires. The sequence of the applied potentials with
different pulse durations (Fig. 11.7 a) starts from -1.0 V then switches to -1.2 V and
ends at -1.4 V. In response to the applied voltage, different currents were recorded (Fig.
11.7 b) with values similar to those measured for single counterparts. Each step of the
sequence was stopped when the previously estimated charge (Fig. 11.1) corresponding to
a nanowire length of 2 pm was reached (Fig. 11.2 b). The charge measured at the lowest
voltage shows a nonlinear transient associated with the current decrease (Fig. 11.7 b)
caused by the mass transport limitation at the nucleation stage.

Morphology and chemical composition

Similar to the samples deposited at individual potentials, the SEM images (not shown)
revealed that segmented FeCoNi nanowires were also continuous and smooth, without any
visible porosity. These measurements did not show any features indicating a segmented
structure of nanowires.

The chemical composition of the segmented nanowires was analyzed using the HAADF
detector. Figure 11.8 presents the STEM-HAADF image with corresponding EDS maps
showing the Fe, Co, and Ni content of the segmented nanowires. Following the content
of the individual elements along the nanowires, one can distinguish clear changes in the
chemical composition that correspond to the successive segments of nanowires.
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Figure 11.7: (a) Applied potential and (b) cathodic current versus time measured during
the electrodeposition of 3-segmented FeCoNi nanowires with a diameter of 100 nm and
a total length of 6 pm (each segment 2 pm). The inset in the current graph shows
corresponding electrical charge variations in time. The drawing above the graphs shows
the nanowire scheme.
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Figure 11.8: STEM-HAADF images and corresponding HAADF-EDS maps showing the
content of Fe, Co, and Ni measured in segmented FeCoNi nanowires with a diameter of
100 nm and a length of 6 pm.
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The segmented structure of nanowires is even more visible in the EDS map showing
all elements together, presented in Fig. 11.9 a. The changes in the chemical composition
along the nanowires are also confirmed by the linear EDS spectra depicted in Fig. 11.9
b. The spectra were measured from the nanowire end, thus the scan starts from U
= -1.4 V. The atomic fraction shown on the left axis indicates slightly different values
from those obtained during the deposition of nanowires prepared at individual potentials.
However, general features such as increasing Ni content and decreasing Fe and Co content
with increasing potential, similar content of elements at the lowest potential, highest Ni
content at more cathodic potentials (-1.2 and -1.4 V), and larger Co content compared to
Fe are kept.
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Figure 11.9: (a) EDS-map showing the Fe, Co, and Ni content together and (b) linear
scan measured along the segmented FeCoNi nanowires.

The above studies show that it is possible to obtain segmented nanowires of a specific
composition by applying different values of cathodic potential in a single electrolyte bath.
Based on previous studies I expect that the difference in the chemical composition of
individual segments will be sufficient to modify the magnetic properties of the nanowires
and create domain walls at the boundaries of the segments.

Magnetic properties

Figure 11.10 a presents the hysteresis loops of segmented FeCoNi nanowires. Magnetic
measurements confirm the alignment of the magnetic easy axis along nanowires. The
coercivity and squareness taken from out of membrane plane measurements were 390 Oe
and 64 %, respectively. Thus, the squareness value is within the range of parameters
obtained for nanowires deposited at individual potentials, while the coercivity shows a
lower value, which could result from stronger magnetostatic interaction or magnetically
softer material. It was assumed that the magnetic parameters of individual segments are
similar for 2 pm nanowires deposited at corresponding potentials (repeated in Fig. 11.10
b). The segmented nanowires were also studied using FORC measurements. The results
are shown in Fig. 11.11. Three separated regions can be distinguished in the diagram.
The main pattern has some similar features to the pattern obtained for homogeneous
nanowires with lengths of 6pm and 2 pym (Fig. 10.21 b and Fig. 11.5). The contour
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Figure 11.10: (a) Hysteresis loops of segmented FeCoNi nanowires measured with a
magnetic field applied in the membrane plane and out of the membrane plane and (b) the
dependence of the coercivity and squareness for 2 pm nanowires deposited at potentials
corresponding to the voltages applied during the deposition of segmented nanowires.

is extended along the H, axis between -500 and 550 Oe (A = 1050 Oe) with a slight
spreading along the H. axis (at H, = 0) between 250 and 540 Oe, with the distribution
of A = 290 Oe. The elongation in the H, direction is larger compared to homogenous
nanowires, while the spreading along the H, axis is exactly the same as observed for long
nanowires. The values of the coercivity expected for the individual segments based on
the 2 pm nanowires are within the range of coercivity distribution determined from the
FORC measurements. In contrast to the homogenous sample (Fig. 10.21 b), the slope
of the main pattern is much gentle. The visible elongation in the H. direction up to 580
Oe at H, &~ -250 Oe also appears in the short nanowires and reaches exactly the same
coercivity but at a different H,, value.

The elongation in the H, direction, which is larger than that of the homogeneous
nanowires, and the less steep contour slope suggest multi-domain structures of the segmented
nanowires [105].

Additionally, the diagram shows two double contours. One pair is in close proximity
to the main pattern with coercivities of about 870 and 950 Oe (at H, close to 0) and the
other with coercivities of 1700 and 1900 Oe at high positive values of H, (2610 and 2600
Oe). These regions indicate the presence of hard magnetic materials, with two different
well-defined coercivities without the H. distribution pointing out non-interacting objects.
The coercivities determined from FORC measurements differ significantly from the values
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expected for the individual segments. An interesting feature requiring further studies is
the appearance of the regions with double contours. We did not notice the soft magnetic
phase observed in the homogeneous sample with a length of 6 pm.
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Figure 11.11: Out-of-plane FORC diagrams of segmented FeCoNi nanowires with a total
length of 6 pm and a diameter of 100 nm. (a) diagram presenting all regions and (b)
diagram shown at the same scale as the FORC diagram measured for homogeneous
samples of different lengths (Fig. 10.21 b, Fig. 11.5) for comparison purposes. Insets
show selected regions at a magnified scale.

These studies revealed a complex magnetic structure that induces complicated magnetic
interaction expected in segmented nanowires. We hope that in time we will be able to
satisfactorily explain all features observed in the diagram.

The segmented nanowires were also examined using Lorentz-TEM microscopy. Figure
11.12 shows in-focus and over-focus Lorentz-TEM images with insets presenting selected
areas at higher magnifications. Fresnel fringes, difficult to see in the presented scale but
clearly visible at higher magnifications (insets), appear on both sides of the nanowires. The
fringes observed in the regions extending from the nanowire ends are uniform without any
perturbation, which indicates a homogenous magnetic structure (blue inset). However,
as can be seen in the yellow inset, two disturbances marked with arrows are observed in
the central part of the nanowires. Their positions correspond very well to the sites of
the chemical composition modification (Fig. 11.9 a). Such a perturbation observed by
Venturi et al. in cobalt nanowires was interpreted as a domain wall [208|. They confirmed
the above interpretation after applying the small magnetic field that caused its shift along
nanowires. Thus, based on the literature reports and our studies we can attribute these
deviations of Fresnel fringes to the domain walls, which, as can be concluded from their
positions, are pinned at the segment boundaries.
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a)

Figure 11.12: Lorentz-TEM (a) in-focus and (b) over-focus images of segmented
FeCoNi nanowires with a diameter of 100 nm. Insets show selected regions at higher
magnifications. Yellow arrows indicate the position of domain walls located at the segment
boundaries.

The above results confirm that the boundaries between segments are the sites of
domain wall formation. Thus, using an appropriately selected electrolyte and well-chosen
cathodic potentials, I created nanowires with intentionally distributed magnetic domain
walls. Nanowires prepared in this way meet the criteria required for 3D racetrack memory
applications.

In my further scientific work, I will extend this study up to nanowires deposited
in alumina membranes and doped with copper as will be shown in the last chapter.
Moreover, the studies using the Lorentz microscope will be extended by the application
of a small external magnetic field, which should induce the domain wall movement and
finally confirm that observed perturbations are indeed domain walls. FORC studies also
require more in-depth analysis, which will be expanded with further measurements.
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Chapter 12

Conclusions

This interdisciplinary work entitled Morphology, structure, and magnetic properties
of metallic nanowires synthesized by electrodeposition contains the results of studies on
nanowires in the form of single-element (Fe, Co, Ni) binary systems (FeCo, FeNi) and
ternary alloys (FeCoNi) with diameters of 40, 100 and 120 nm and length varying from
1.5 to 6 pm.

The main goal of this thesis was to modify the magnetic properties along nanowires to
obtain segmented nanowires, the individual segments of which exhibit different chemical
compositions and associated various magnetic properties. Such segmented nanowires with
domain walls pinned at the sites of the segment boundaries can find application in 3D
racetrack memory systems.

Single element nanowires of Fe, Co, and Ni prepared in polycarbonate membranes
demonstrated bce, hep (with a small amount of fec), and fce polycrystalline structure,
respectively, and various magnetic parameters such as coercivity and squareness.

Fe nanowires embedded in a polycarbonate template and released from membrane
nanowires (covered with a thin polycarbonate layer) showed chemical stability without
the formation of an oxide layer in the tested temperature range.

The use of different cathodic potentials and well-selected electrolyte allowed me to
obtain alloy nanowires with different chemical compositions from a single electrolyte bath.

FeCo binary alloys showed poor sensitivity of the chemical composition to the applied
potential, in contrast to Fe/Ni alloys, which demonstrate an increase in Ni content with
increasing voltage and an associated increase in coercivity and squareness.

Increasing cathodic potential caused changes in the chemical composition of FeCoNi
ternary alloys, the more cathodic potential, the higher the Ni content and the lower
the content of Fe and Co. The increase in the Ni content resulted in changes in the
preferred growth direction from [111] to [220], a shortening of the fcc lattice parameters,
and an increase in crystallite size. Nanowires deposited at all applied potentials showed
a magnetic easy axis along nanowires. Depending on nanowire geometry, the applied
potential caused different dependence of saturation magnetization, coercivity, and squareness
on the applied potential, explained based on magnetostatic interactions. The magnetic
reversal mechanism was determined as the combination of the vertex domain wall propagation
followed by transverse or coherent rotation. The nanowires demonstrated a single-domain
structure, with magnetostatic interactions appearing in nanowires with larger diameter.

Segmented FeCoNi nanowires were successfully obtained by applying a specific voltage
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sequence with an appropriate pulse duration in a single electrolytic bath. The segment
boundaries were identified as domain wall pinning sites, which makes such materials
promising candidates for 3D racetrack memory applications.

Further studies will focus on nanowires prepared in alumina membranes and FeCoNi
alloys doped with Cu. The results obtained by advanced magnetic techniques such
as FORC and Lorentz-TEM microscopy will be extended with in-depth analysis and
interpretation.
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Chapter 13

Plans for the near future

In further scientific work, I plan to continue research on FeCoNi systems in two
directions. The first is the studies of FeCoNi nanowires deposited in alumina membranes,
the second is the investigations of this alloy doped with Cu. My preliminary studies,
indicating the possibility of modifying magnetic properties, give promising results, which
I will briefly describe in the next two subsections.

13.1. FeCoNi nanowires deposited in AAO

As was described in chapter 2.2 the alumina membrane shows a different pore distribution
and porosity compared to polycarbonate membranes. The regular, hexagonal pore distribution
is a favorable feature enabling the prediction of nanowire position (helpful in localization
of magnetic units) and amount of studied material (for estimating M,/cm?® value). In
turn, porosity, which can be even two orders of magnitude larger in comparison with
polycarbonate, is a disadvantage due to the smaller inter-pore distance resulting in larger
magnetostatic interactions, although on the other hand, it may increase magnetic unit
density. Moreover, alumina membranes are usually much thicker than polycarbonate,
which allows the production of long nanowires with a high aspect ratio.

Therefore, to study FeCoNi nanowires with higher length and porosity I deposited
FeCoNi nanowires in AAO membranes with a pore diameter of 40 nm at four cathodic
potentials. Increasing the cathodic potential caused a current increase and known from
previous studies a significant decrease in the reduced charge, suggesting a lower filling
degree in the sample deposited at more cathodic potential.

Figure 13.1 shows the cross-section of the AAO template with FeCoNi nanowires with
completely filled membrane channels. I did not notice any differences in the morphology
of nanowires deposited at selected potentials. As in the case of nanowires deposited in
PC membranes, the nanowires obtained in AAO membranes showed similar composition
at corresponding potentials with the same trend observed with varying voltage. The
structure of nanowires deposited in alumina also did not differ significantly from samples
deposited in PC and shows the same polycrystalline fcc structure with a texture along
[220] direction.

The magnetic properties that are the most interesting in our studies, seem to be
ideal for 3D racetrack memory applications. As shown in Fig. 13.2, the hysteresis loops
measured along the nanowires are rectangular with high coercivity and squareness (much
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Figure 13.1: SEM images of the FeCoNi nanowires (¢ = 40 nm) inside the AAO template,
deposited at -1.2 V.

higher than in PC membranes), while measurement with a magnetic field applied in
the membrane planes shows curves typical of a hard magnetic axis with zero values of
remanence and coercivity. This indicates a magnetic easy axis perfectly aligned along
the nanowires. Similar to the case of nanowires produced in polycarbonate, the changes
in magnetic parameters under the influence of applied potentials make this material a
promising candidate for 3D magnetic memory applications. In the future, differences in
interactions resulting from the distance between nanowires will be studied in more detail.
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Figure 13.2: Hysteresis loops measured at RT with a magnetic field applied out of the
membrane plane (red circles) and in the membrane plane (black triangles) for nanowires
with a diameter of 40 nm deposited in AAO membranes at different cathodic potentials.

13.2. Copper addition to FeCoNi nanowires

The literature shows that even a small addition of non-magnetic copper to magnetic
systems significantly changes their properties |26, 201, 203]. Copper can also be added to
multilayered nanowires as a non-magnetic spacer |26, 204, 205, 206, 207|. To extend the
scope of modifying the magnetic properties of nanowires, I prepared FeCoNi nanowires
with Cu addition. I tested two Cu contents: (1.6 mM (0.26g/1) and 3.3 mM (0.53 g/1)
CuSOy - Table 6.1) in nanowires with a length of 6 pm and a diameter of 100 nm, deposited
at four different cathodic potentials, similarly to ternary systems.

Already at the preparation stage, I noticed significant and very interesting differences.
The copper addition caused the lowering of the current compared to undoped FeCoNi
nanowires, but simultaneously the complete filling was reached in a shorter time and with
a smaller total charge (Fig. 13.3 a). This suggests a lower pore filling degree. The Cu
addition increases the number of ions in the electrolyte, but doubling the Cu concentration
(Fig. 13.3 b) did not affect the cathodic current, however, it shortens the deposition time
and lowers the reduced charge.
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Figure 13.3: Cathodic current versus time measured at different potentials during the
electrodeposition of (a) FeCoNi and FeCoNiCu nanowires (with lower Cu content) and
(b) FeCoNiCu nanowires with two different copper concentrations (1.6 mM and 3.3 mM).
The insets show corresponding electrical charge variations in time.

FeCoNiCu nanowires did not show any significant changes in morphology between the
nanowires deposited at different potentials and compared to undoped samples.

The presence of Cu in the electrolyte did not influence the chemical composition of
nanowires known from FeCoNi systems (Fig. 13.4), while the Cu content decreased with
increasing potential for both tested Cu concentrations. The copper did not disturb the
homogeneous distribution of elements shown in Fig. 13.5.
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Figure 13.4: Atomic composition of Fe, Co, Ni, and Cu in FeCoNiCu nanowires deposited
at different potentials with (a) lower and (b) higher Cu concentrations. Elemental contents
are given with an error of no more than +1.

FeCoNiCu nanowires deposited at different potentials show the same fcc structure
with the same preferred growth direction changing from [111] to [220] with increasing
potential. The Cu addition caused the refinement of the crystalline structure (Fig. 13.6
a) with a maintained trend of crystallite size as a function of applied potential. Similar to
the case of undoped samples, the increase in cathodic voltage shifted the peak positions
towards higher angles, but these changes were larger in FeCoNiCu systems (Fig. 13.6 b),
which will be interesting to analyze considering the smaller Cu radius (1.5 A) compared
to the atomic radii of Fe, Co, and Ni (1.72, 1.67 and 1.62 A, respectively).
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Figure 13.5: STEM-EDS maps of Fe, Co, Ni, and Cu of FeCoNiCu nanowires (¢ = 100
nm) deposited at a voltage of -1.0 V.
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Figure 13.6: (a) Average value of crystallite size for FeCoNiCu nanowires calculated
according to the Scherrer formula based on the broadening of the (111) peak (inset).
(b) (111) peaks with a visible shift towards higher 26 values with increasing cathodic
potential for FeCoNiCu (solid line) and FeCoNi (dotted line) nanowires.

Magnetic measurements (Fig. 13.7) showed magnetic anisotropy with the easy axis
along the nanowires (as observed in all cases), despite the large fraction of Cu, which is a
non-magnetic element. Moreover, Cu addition caused a significant increase in coercivity
and squareness (Fig. 13.8). Similar behavior induced by copper was observed in magnetic
nanowires by other groups [201, 203].
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Figure 13.7: Hysteresis loops measured at room temperature with a magnetic field applied
out of the membrane plane (red circles) and in the membrane plane (black triangles) for
FeCoNiCu nanowires with a diameter of 100 nm (L = 6 pm) deposited at different cathodic
potentials. The magnetization (M) value was normalized to the saturation magnetization
(M)
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Figure 13.8: Out of plane coercivity and squareness shown as a function of cathodic
potential for FeCoNiCu (full circles) and FeCoNi (empty circles) nanowires with a
diameter of 100 nm.

The addition of Cu into FeCoNi nanowires results in unexpected electrochemical
behavior manifesting by lower current but shorter deposition time and smaller charge.
This may suggest a lower filling degree, which together with smaller grains may help
explain the observed high values of coercivity and squareness. Such alloys also seem to
be very promising materials for 3D memory applications and will be the subject of my
studies, including the magnetic structure and reversal mechanism.
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Appendix A

Nanowire applications

As mentioned above the size- and shape-dependent, magnetic, optical, and electrical
properties of nanowires create conditions for their various applications, which are briefly
described below.

Biomedical

The application of nanowires in biomedicine will be presented on two examples: 1) in
the cancer treatment using hyperthermia and 2) in the drug delivery process.

In hyperthermia, also known as overheating, the temperature around cancer cells
increases, leading to their death, without harming healthy cells that are more resistant
to heat. Magnetic nanowires are the perfect candidates for this application. They are
injected directly into the tumor area where a magnetic field is applied to cause them to
rotate, which locally heats the cells. Nanowires have an advantage over nanoparticles
due to their magnetic anisotropy, which facilitates heating at low-frequency fields |?] and
requires only a small concentration of nanowires to achieve rapid heating [212].

Another application of nanowires in medicine is the drug delivery system. The nanowires
can capture and then push, pull or rotate drug molecules and other cellular objects [34].
Drug-loaded nanowires are moved toward diseased cells where they release transported
medicaments. There are several methods of attaching drugs to nanowires. This can be
done using micro-gel that swells or shrinks depending on temperature, causing the drug to
be absorbed or extracted; or chemically by functionalization due to native oxides formed
on the surface of the metallic nanowires; or by a magnetic field with the drug-loaded
magnetic microparticles or using porous nanowires that have the ability to carry a large
amount of drug. Depending on the nanowires, transport through the microchannels into
living cells occurs by the magnetic field or ultrasounds, while release can be controlled
using thermal effect applying a magnetic field or irradiations with near-infrared light.
In such applications, nanowires of Fe, Ni, Fe/Pd, or segmented Au/Ni/Au can be used
[34, 213, 214]. Specially selected nanowires due to their biocompatibility and non-toxicity,
are approved for in vivo use in humans and, thanks to their biodegradability, can be
degraded to the small aggregates and distributed to the neighboring cells, leaving the
treated area free from contamination.

Sensors
Thanks to their unique properties, nanowires can also be used as various types of
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sensors. One example is the application of magnetostrictive nanowires as acoustic sensors.
Such nanowires change their magnetic properties under the influence of mechanical stress
(compression or tension). These changes can be measured by a GMR sensor or pickup
coil and converted into an electrical signal. The same effect is observed in the inner ear,
where stress induced by sound waves causes electrical signals in response. In both cases,
the acoustic signal is detected. This similarity makes arrays of magnetostrictive nanowires
attractive materials for implants such as cilia in the inner ear. Promising candidates for
this type of application are Co, Ni, and FeGa nanowires [215, 216].

Nanowires, due to their shape, are characterized by a high ratio of surface area to
volume, while maintaining their nanosize. This feature and the unique catalytic properties
of nanowires make them attractive as electrochemical biosensors with significantly higher
efficiency compared to traditional electrodes. The nanowire-covered electrodes show at
least an order of magnitude higher sensitivity than the bulk electrodes. For example,
a Ni nanowire array electrode can be used as a glucose sensor with a stable and fast
amperometric response and a significant increase in sensitivity. It is a nonenzymatic sensor
that relies on the current response of glucose oxidation directly at the electrode surface
[217]. Nanowire-based sensors are free from interference from other oxidable species in
blood, which additionally increases their attractiveness. Ni nanowires can also be used as
sucrose and methanol sensors [218, 219|.

Another example of using nanowires as sensors is the detection of the degree of metal
corrosion. As in the case of chemical sensors, the big advantage of these nanowire-based
sensors is their large surface area to volume ratio, which causes the material to respond
quickly to changes. Due to the oxidation in the environment, the magnetic properties of
nanowires change, which allows for monitoring the corrosion process. For this purpose, the
nanowires are correlated with a Magnetic Tunnel Junction (MTJ) and nanowire corrosion
is observed as a change in its resistance [220](Masharei2018). An ideal candidate for this
application are iron nanowires, which have a high magnetization value that decreases
during oxidation of the nanowires.

Nanowires can also be used as magnetic field sensors. For this purpose, materials
exhibiting the GMR (Giant Magnetoresistance) effect are needed, i.e. those that show
large changes in electrical resistance in magnetic fields. This effect occurs in nanoscale
multilayer materials consisting of alternating ferromagnetic and nonmagnetic layers. To
observe GMR, the magnetization direction of ferromagnetic layers should show antiferromagnetic
coupling (antiparallel arrangement of magnetic layers). Under the influence of the magnetic
field, the magnetization vectors align along the external field and the system is ferromagnetically
coupled, which causes a decrease in resistance. These changes allow for the detection
of a magnetic field. In such applications, multilayered nanowires composed of Co/Chu,
FeCoNi/Cu, Fe/Cu CoNi/Cu can be used [221, 222].

Environmental protection

In addition, nanowires can also be used in environmental protection. One example is
Ni nanowires, which can be exploited in water purification and monitoring technologies
[223](Pinherio2014). Functionalized Ni nanowires (covered with a hybrid coating composed
of silica and dithiocarbamate groups) demonstrate efficient absorption of Hg(II) from
water. Nanowires with uptaken mercury can be magnetically separated and removed
from aqueous solutions. This indicates the ability of nanowires to absorb heavy metal
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ion contamination and improve water quality. Also, porous magnetic nanowires made of
iron oxide doped with Mn have a high ability to absorb heavy metal ions and organic
pollutants, which may be used in wastewater treatment [224](Cui 2013).

Another example is ZnO nanowires, which apart from a wide range of other applications
are also interesting from an environmental protection point of view. In this case, the
photocatalytic properties of ZnO nanowires allow for the inactivation of bacteria and
viruses as well as the degradation of pesticides and volatile organic compounds [225].
In the photocatalysis process, as a result of oxidation performed under irradiation with
appropriate light, the positive hole created in the valance band oxidizes organic contaminates
(directly or in an indirect way by hydroxyl radical production), while an electron in the
conduction band reduces the adsorbed oxygen. To observe such a reaction the pollutant
molecules must be adsorbed onto the photocatalyst, thus the use of the nanowires supported
on the steady substrate can increase photocatalytic efficiency (compared to a flat surface)
thanks to their huge surface-to-volume ratio. Moreover, the nanowire application does not
generate problems with separation, which is a serious drawback in the case of nanoparticles,
which also have a large surface area.

Optical

Nanowires are also gaining increasing attention in optics showing potential applications
such as UV photodetectors, waveguides, diodes, optical switches, and UV lasers [226].
Zn0O nanowires also find numerous applications here. For example, their attractiveness in
diode research was determined by the wide bandgap, high excitation binding energy, high
refractive index (ensuring strong photonic confinement), low cost, and easy manufacturing
processes. ZnQO nanowires are also being investigated for applications as UV photodetectors
or optical switches, which is due to the photo-induced changes in conductivity (with the
resistivity that typically drops by several orders of magnitude, when ZnO nanowires are
exposed to UV light). Taking into account the undisputed application potential of ZnO
nanowires as well as the enormous interest in nanowire research, the optoelectronic future
surely belongs to them.

Electronic elements and spintronic

The use of nanowires in electronics and spintronics is equally important. A variety of
nanowire-based electronic devices play a key role, especially in the age of miniaturization,
where it is required to reduce power consumption while increasing efficiency. In such
applications, nanowires are nanoscale building blocks of field-effective transistors, GMR
sensors, diodes, and other consumer electronics devices [227, 228|.

163



Appendix B

Rozszerzone streszczenie

Prezentacja tematu pracy doktorskiej

Nanotechnologia to obecnie jedna z najdynamiczniej rozwijajacych sie dziedzin nauki,
gtownie ze wzgledu na jej potencjalne zastosowania w biomedycynie oraz réznych dziedzinach
technologii, takich jak elektronika, optoelektronika, spintronika czy ochrona srodowiska.
Na szczegblng uwage zastuguja nanodruty, jednowymiarowe nanostruktury, ze wzgledu na
ich rozmiar i zalezne od ksztaltu wtasciwosci magnetyczne, optyczne i elektryczne.

Istnieje wiele r6znych metod wytwarzania nanodrutéw metalicznych, w tym szeroki
zakres technik litograficznych, bezposrednie parowanie lub osadzanie elektrochemiczne.
Ta ostatnia metoda, prosta i niedroga, staje si¢ coraz czesciej stosownym sposobem
syntezy nanostruktur. Do jej gléwnych zalet nalezy wszechstronnosé i mozliwo$é produkeji
na duza skale, a takze relatywnie duza tatwos¢ w kontrolowaniu geometrii i struktury
otrzymywanych obiektow. W przypadku nanodrutéw technika elektrodepozycji jest stosowana
w polaczeniu z zastosowaniem membran, ktére wypeliane redukowanym metalem pozwalaja
na odwzorowanie Srednicy i ksztaltu kanaléw membrany oraz ich rozmieszczenie. Porowate
membrany umozliwiaja produkcje nanodrutéw o monodyspersyjnej $rednicy i tatwej do
kontrolowania dtugosci podczas jednokierunkowego wzrostu. Jednym z najczesciej stosowanych
rodzajow membran sa membrany poliweglanowe (PC) otrzymywane w procesie trawienia
sladoéw jonowych. Dzieki malej gestosci poréw, membrany PC umozliwiaja uzyskiwanie
nanodrutéw charakteryzujacych sie stosunkowo stabymi oddziatywaniami magnetostatycznymi,
ktore w skrajnych przypadkach sa zaniedbywalne. Ponadto membrany poliweglanowe sa
dostepne w szerokim zakresie grubosci, rozmiaréw poréw i ich gestosci, az do jednego
poru na membrane.

Probki przygotowane w ramach tej pracy sktadaja sie z zelaza, kobaltu i niklu.
Elektrochemiczne osadzanie stopéw z grup zelaza, okresla sie jako anomalne, poniewaz
zawarto$é bardziej aktywnych pierwiastkow w uzyskanej probce jest wicksza niz w elektrolicie.
Cho¢ istnieja modele opisujace zjawiska anomalne dla powtlok, to zlozony mechanizm
procesow osadzania nanostruktur ze stopu FeCoNi w porowatej matrycy pozostaje kwestia
otwarta i wymaga lepszego zrozumienia. Wiadomo, ze elektrodepozycja Fe, Co i Ni
odbywa sie nie tylko na drodze redukcji jonow Fe**, Co*™ i Ni?*, ale takze z ich kompleksow
hydroksylowych FeOH", CoOH™ i NiIOH™, ktore wykazujg wyzsze stale szybkosci reakcji
niz wolne jony. Tak wiec, mozliwe wyjasnienie anomalnego wspotosadzania opiera sie na
hipotezie, ze gtéwnymi prekursorami konkurujacymi ze soba o miejsca na powierzchni
elektrody sa wodorotlenki metali MOH™* (M = Fe, Co, Ni). Przyjmuje sie, ze hamowanie
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elektrolizy najszlachetniejszych pierwiastkow wynika z preferencyjnej redukeji jondw
hydroksylowych w kolejnosci: FeOH™ > CoOH* > NiOH', ze wzgledu na roznice w
kinetyce przenoszenia tadunku. Zatem wspotosadzanie anomalne jest zjawiskiem sprzyjajacym
osadzaniu metalu mniej szlachetnego w poréwnaniu z metalem szlachetniejszym. Jednocze$nie
efekt ten jest silnie zalezny od potencjatu katodowego, co sugeruje, ze modyfikujac przytozone
napiecie mozna kontrolowaé proces depozycji wzmacniajac lub ostabiajac anomalne osadzanie,
a co za tym idzie, zmienia¢ sktad chemiczny otrzymywanych materiatow.

Cylindryczne nanodruty magnetyczne wytwarzane technika elektrodepozycji wspomagane;j
membranami sg badane pod katem ich zastosowania w urzadzeniach do przechowywania
danych nowej generacji, takich jak jednostki pamieci magnetycznej 3D. Wyjatkowa geometria
nanodrutéow jest zrodtem anizotropii magnetycznej, ktéra mozna modyfikowaé i kontrolowaé
na etapie procesu preparatyki, aby uzyska¢ materiaty o pozadanych parametrach. Izolowane,
jednodomenowe nanodruty magnetyczne powinny sie charakteryzowaé¢ kwadratows petla
histerezy ze skokowym odwroceniem namagnesowania pomiedzy dwoma antyréwnoleglymi
kierunkami. Jednakze jak wykazuja pomiary magnetyczne, petla histerezy matrycy nanodrutow
jest wyraznie odchylona, co moze wynikaé¢ z zaburzen, w normalnym do powierzchni,
uporzadkowaniu nanodrutéw, a takze z interakcji pomiedzy drutami. W zaleznosci od
geometrii nanodrutéw, mozna wyréznié trzy tryby przemagnesowania: koherentna rotacje
oraz przemieszczanie $cian domenowych poprzecznych i wirowych. Rotacja koherentna
zachodzi zwykle w matych jednodomenowych obiektach, ktorych srednica jest zblizona
do dtugoséci. W diugich strukturach cylindrycznych, takich jak nanodruty, odwrécenie
namagnesowania nastepuje poprzez zarodkowanie i propagacje scian domenowych z bardzo
duza predkoscia. Te ceche nanodrutéw mozna wykorzysta¢ do skonstruowania tréojwymiarowych
jednostek pamieci magnetycznej. W takich uktadach poszczegdlne bity sa zwigzane ze
Scianami domenowymi, ktore do odczytu i zapisu informacji sa przemieszczane wzdluz
nanodrutow o $cisle okreslong odlegto$é poprzez przytozenie spolaryzowanych impulsoéw
pradowych. Aby nie dochodzilo do utraty informacji, poszczegdlne jednostki pamieci
zlokalizowane w sasiednich nanodrutach nie moga ze soba oddzialtywaé. Ponadto, aby
wyeliminowaé niepozadane dryfty Scian domenowych konieczne jest ich zakotwiczenie,
ktorym moga by¢ rézne defekty, uskoki, zmiany S$rednicy nanodrutéw lub zmiany ich
sktadu na dtugosci. Ten ostatni sposob zakotwiczenia $cian domenowych stal sie motywacja
dla moich badan.

Cel pracy doktorskiej

Celem tej pracy byto uzyskanie nanodrutéw FeCoNi o réznym sktadzie chemicznym, a
co za tym idzie o r6znych wlasciwosciach magnetycznych, z jednej kapieli elektrolitycznej o
odpowiednio dobranym sktadzie, poprzez zastosowanie réznych potencjatow katodowych.
Tak przygotowane nanodruty staly sie punktem wyjscia do produkeji nanodrutow
segmentowych, ktorych poszczegdlne segmenty roznity sie sktadem chemicznym i
wlasciwosciami magnetycznymi. Zakotwiczenie Scian domenowych na granicach pomiedzy
segmentami jest glownym celem tej pracy i pozwoli na wykorzystanie segmentowych
nanodrutéw jako jednostki pamieci 3D.

Uzyskane wyniki
W celu optymalizacji parametréow osadzania elektrolitycznego i zrozumienia zachowania
elektrochemicznego réznych pierwiastkow w zaleznosci od przytozonego potencjatu zastosowano
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Figure B.1: Woltamperogramy cykliczne rejestrowane w roztworach zawierajacych FeSOy,
CoSO, i NiSO, w stezeniach rownych 5 mM dla kazdego pierwiastka w (a) oddzielnych
elektrolitach oraz (b) mieszaninie wszystkich tych pierwiastkow. Wstawki pokazuja
powiekszenie oznaczonego obszaru katodowego. Krzywe CV dla Fe i Co powigkszono
dwukrotnie.

technike woltamperometrii cyklicznej (CV). Pomiary wykonano za pomoca ztotych elektrod
zanurzonych w réznych roztworach elektrolitéow zawierajacych FeSO,, CoSOy4, NiSO4 lub
ich mieszaniny (oraz kwas borowy jako elektrolit pomocniczy i kwas askorbinowy jako
przeciwutleniacz) o pH ustawionym na okoto 3. Pomiary woltamperometrii cyklicznej
przeprowadzone w oddzielnych elektrolitach (ryc. B.1 a) ujawnily sygnaly katodowe
pochodzace od redukcji jonéw zelaza, kobaltu i niklu, ktére pojawiaja sie w kolejnosci
zgodnej z wartosciami potencjalow standardowych (najpierw Ni , potem Co i Fe). W
kolejnym etapie przeprowadzono pomiary, stosujac roztwor zawierajacy wszystkie trzy
pierwiastki (FeSO, + CoSO,4 + NiSO,) w stezeniu 5 mM kazdy, przy predkosci skanowania

10 mV /s. Uzyskana krzywa CV (ryc. B.1 b) dla tego uktadu trojsktadnikowego pokazuje
sygnat redukcji przy nieco wiekszym potencjale katodowym niz obserwowany dla oddzielonych
jonow metali. Przesuniecie to ttumaczy sie faktem, ze podczas procesu osadzania stopu
wymagany jest wiekszy impuls, aby pokona¢ wyzszg bariere kinetyczng dla reakcji chemicznych,
ktore moga hamowaé przenoszenie elektronéw. Po odwréceniu skanowania mozna byto
zaobserwowaé tylko pojedynczy pik anodowy, swiadczacy o rozpuszczaniu osadu.

Po przeprowadzeniu badan metoda woltamperometrii cyklicznej przygotowatam nanodruty
ztozone z pojedynczych pierwiastkow Fe, Co, Ni o dwoch réznych srednicach (100 i 120
nm) i dlugosciach 6 pym. W procesach elektrodepozycji, podczas wypelniania porow,
mierzono wartosci pradu i tadunku w funkeji czasu (rys. B.2). Obszar, w ktorym prad
nagle zaczyna sie zwieksza¢, oznaczal catkowite wypelnienie porow i byl sygnatem do
zatrzymania procesu osadzania. Przerwanie procesu na tym etapie pozwolito uniknaé
struktur rozrastajacych sie na powierzchni membrany.

Czas osadzania nanodrutéw o mniejszej Srednicy (100 nm) jest krotszy w poréwnaniu
do nanodrutéow o wiekszej srednicy (120 nm) dla wszystkich trzech pierwiastkow, co jest
powigzane z porowatoscia membrany (P100 nm = 3,1%, P120 nm = 4,5%). Wozrost
wartosci pradu wraz z czasem osadzania moze by¢ zwigzany ze skroceniem dtugosci drogi
dyfuzji w miare wypeliania sie poréw.

W celu obserwacji morfologii nanodrutéw, membrany poliweglanowe rozpuszczono w
dichlorometanie. Obrazy ze skaningowego mikroskopu elektronowego (SEM) nie wykazuja
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Figure B.2: Zmiana gestosci pradu katodowego w funkcji czasu, mierzona podczas
osadzania elektrolitycznego nanodrutow Fe, Co i Ni o dwoch réznych srednicach: 100
nm i 120 nm. Wstawki pokazuja odpowiednie zmiany tadunku elektrycznego w czasie.

Figure B.3: Obrazy SEM (a) Fe, (b) Co i (c) nanodrutéw Ni o $rednicy 100 nm
obserwowane po rozpuszczeniu membrany.

znaczacych roznic pomiedzy nanodrutami wykonanymi z réznych pierwiastkow (rys. B.3).
Wszystkie nanodruty sa gtadkie i ciagte, bez zauwazalnej porowatosci, co oznacza, ze
warunki proceséw osadzania zostaly dobrze dobrane.

Strukture nanodrutéw Fe, Co i Ni o srednicy 100 nm analizowano za pomoca pomiarow
dyfrakeji rentgenowskiej (XRD). Wszystkie probki wykazywatly polikrystaliczna budowe, o
strukturze bee, hep/fec i fec odpowiednio dla Fe, Co i Ni. Wielkosé krystalitow oszacowana
na podstawie rownania Scherrera wynosita 23-24 nm dla zelaza i kobaltu oraz 27 nm (+1
nm) dla nanodrutéw Ni.

Pomiary magnetyczne nanodrutéow Fe, Co i Ni przeprowadzono w temperaturze pokojowej
poprzez przytozenie pola magnetycznego wzdtuz osi nanodrutu i prostopadle do niego.
Petle histerezy nanodrutéw Fe, Co i Ni osadzonych w membranach (rys. B.4) wykazuja

wyrazng anizotropie magnetyczna z tatwa osig wzdtuz nanodrutéw dla wszystkich pierwiastkow.

Anizotropia ksztaltu i oddzialywania dipolowe to gtéwne parametry okreslajace zachowanie
magnetyczne nanodrutéw Fe i Ni, podczas gdy w nanodrutach Co anizotropia magneto-

krystaliczna moze réwniez odgrywac¢ wazna role. Z uwagi na fakt, ze os tatwa dla struktury
hep Co lezy na kierunku [002], a krysztaly wykazuja wyrazng teksture wzdtuz kierunku
[100], ktory jest kierunkiem trudnym, anizotropia magnetokrystaliczna daje przyczynek
do utozenia wektora namagnesowania prostopadle do nanodrutu. Najwicksza warto$é
koercji mierzong przy polu magnetycznym przytozonym wzdtuz nanodrutéw uzyskano
dla nanodrutéow Co, ale prostokatny ksztalt petli uzyskiwanych dla kierunku tatwego

obserwowano dla we wszystkich probkach. Stosunkowo wysokie wartosci (M, /M) potwierdzaja

marginalny udzial oddzialywan dipolowych w efektywnej anizotropii.
Po przeanalizowaniu nanodrutéw jednoelementowych, badatam nanodruty ze stopow
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Figure B.4: Petle histerezy mierzone z polem magnetycznym przytozonym réwnolegle i
prostopadle do ptaszczyzny membrany dla nanodrutéw Fe, Co i Ni o §rednicy 100 nm.
Warto$¢ namagnesowania (M) jest znormalizowano do namagnesowania nasycenia (Mj).

podwojnych FeCo i FeNi o $rednicy 100 nm, aby ocenié, jak przylozony potencjal wplywa
na sktad nanodrutéw i ich wlasciwosci.

Ro6zne wartosci potencjatu standardowego jonow zelaza, kobaltu i niklu skutkuja réznymi
warto$ciami nadnapiecia i gestosci pradu, co wptywa na szybkos¢ osadzania poszczegolnych
pierwiastkow. Wieksze nadnapiecie powinno powodowaé wzrost zawarto$ci atoméw o
mniej szlachetnym potencjale standardowym, ale w przypadku tych stopéw obserwujemy
anomalne wspoélosadzanie, dlatego zmiany potencjatlu katodowego moga prowadzi¢ do
nieoczekiwanych zmian w sktadzie chemicznym. Analiza sktadu chemicznego nanodrutéw
FeCo i FeNi osadzonych przy roéznych potencjatach katodowych pokazuje duze zmiany w
przypadku uktadéow FeNi (od 46 do 90% atomowych), w przeciwieristwie do nanodrutéow
FeCo, ktore dopiero dla skrajnych wartosci przytozonych potencjatéw powoduja istotne
zmiany zawartosci. W nanodrutach FeNi zawarto$¢ Ni wzrasta wraz z potencjatem
katodowym, co sugeruje, ze w zaleznosci od stezenia Ni rézne fazy moga by¢ stabilne.
Wzgledne stezenia Fe w probkach osadzonych przy napieciu 1.0 V sa znacznie wyzsze
niz wzgledne stezenia jonéw Fe?* w roztworze wyjsciowym, co wyraznie wskazuje na
preferencyjne osadzanie sie zelaza. Ze wzrostem potencjatu zawarto$é Fe znacznie maleje
i utrzymuje sie na niskim poziomie przy bardziej katodowych napieciach.

Wiasciwoscei strukturalne i sktad fazowy nanodrutéw zbadano za pomoca dyfrakcji
rentgenowskiej. Piki opisane wskaznikami Millera przypisano fazom FeCo bcece i FeNij fec
zgodnie z danymi referencyjnymi (03-065-6829 i 00-038-0419 NIST'). Najbardziej intensywne
piki dla stopu FeCo pochodza z ptaszczyzn (110). Stosunkowo male réznice w stezeniu Co
nie powoduja znaczacych zmian w pozycjach pikéw i wzglednych intensywnosciach, ktore
calkiem dobrze odpowiadaja probce referencyjnej. Sugeruje to brak zmian w parametrach
sieci i izotropowy wzrost nanodrutéw FeCo. W probkach FeNi niewielkie odchylenie
od pozycji pikéw nie wykazalo korelacji ze zmianami sktadu chemicznego. Wzgledne
intensywnosci pikow wskazujg preferowany kierunek wzrostu normalny do ptaszczyzn
(111) dla prawie wszystkich probek niklowych. Najwyzsze intensywnosci pikow stwierdzone
w probkach zdeponowanych przy -1.3 Vi -1.6 V moga sugerowad, ze napiecia posrednie
stwarzaja najkorzystniejsze warunki dla wzrostu krystalicznych nanodrutéw FeNi.

Nanodruty FeCo i FeNi badano takze magnetycznie za pomoca SQUID. Wszystkie
nanodruty FeCo charakteryzuja sie anizotropia magnetyczna z osig tatwa wzdtuz lub w
poblizu osi nanodrutu. Wzrost zawartosci Co w nanodrutach FeCo powoduje zwiekszona
koercje mierzong z polem magnetycznym przytozonym wzdtuz nanodrutéw i niemonotoniczne
zmiany kwadratowosci. Mozna réowniez zauwazyé, ze probki osadzone przy wickszym
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napieciu katodowym maja wyzsza koercje w poréwnaniu z probkami osadzonymi z tego
samego elektrolitu przy niskim potencjale. Wieksze napiecie powoduje wzrost szybkosci
osadzania i bardziej porowatg strukture z nizszym stopniem wypekienia, co bezposrednio
moze wplywaé na obserwowany wzrost koercji spowodowany kotwiczeniem $cian domenowych
na defektach struktury.

W petlach histerezy zmierzonych dla nanodrutéow FeNi wyraznie widaé, ze nie ma
bezposredniej korelacji pomiedzy ksztattem petli a zawartoscig Ni w nanodrutach. Gléwnym
parametrem okreslajacym zachowanie magnetyczne nanodrutéw FeNi wydaje sie byé
przytozone napiecie. Probki osadzone przy ekstremalnych napieciach (zawierajace 90% i
46% Ni) sa izotropowe magnetycznie, natomiast probki osadzone przy napieciach posrednich
(zawierajace 91% i 86% Ni) wykazuja anizotropie magnetyczng z osia tatwa wzdhuz osi
nanodrutu. Zmiany te koreluja z wynikami uzyskanymi z pomiaréw XRD, z ktorych
wynika, ze probki zdeponowane przy potencjatach posrednich mialy lepiej wykrystalizowana
strukture, w przeciwienstwie do probek wytworzonych przy potencjatach skrajnych, ktore
charakteryzowaly sie liniami dyfrakcyjnymi o niskim natezeniu.

Po zbadaniu nanodrutéw sktadajacych sie z pojedynczych pierwiastkow i stopow
podwojnych przygotowalam tréjsktadnikowe stopy FeCoNi. W pracy przebadano wplyw
przytozonych napie¢ oraz zmian geometrii nanodrutéw (dtugosé i srednica) na wtasciwosei
uzyskanych nanostruktur w celu ich optymalizacji pod katem zastosowania do produkcji
jednostek pamieci 3D. Wszystkie nanodruty osadzano w temperaturze pokojowej z odpowiednio
dobranych elektrolitoéw (na podstawie badan literaturowych), tak aby zmiana potencjatu
miata wpltyw na ich sktad chemiczny.

W pierwszej kolejnosci zbadatam wplyw przylozonej wartosci potencjatlu na proces
elektrodepozycji nanodrutow FeCoNi (rys. B.5 a). Wraz ze wzrostem przytozonego
potencjalu wzrasta prad katodowy wszystkich nanodrutéw, co skraca czas potrzebny do
calkowitego wypelienia poréw membrany. Zgodnie z oczekiwaniami mozna zaobserwowac,
ze prady mierzone podczas osadzania nanodrutéw o wiekszych srednicach sa wyzsze niz te
rejestrowane dla cienszych nanodrutow, co jest zwiazane z wieksza porowatosciag membran
o wiekszych érednicach poréw. W miare wypelniania poréw, prad nieznacznie wzrasta,
co jest zwiazane ze skroceniem dlugosci drogi dyfuzji. tadunek koricowy osiaga wartosci
ekstremalne dla najmniejszych (-1.0 V) i najwyzszych (-1.8 V) potencjaléow katodowych,
podczas gdy dla potencjalow posrednich jest prawie taki sam (-1.2 V, -1.4 V). Te zmiany
przylozonego potencjatu wptywaja na wydzielanie sie wodoru, ktorego ilo$¢ wzrasta wraz z
napieciem. Pecherzyki wodoru tworzace sie przy wyzszych potencjatach katodowych moga
blokowaé¢ pory i utrudnia¢ proces wzrostu nanodrutu, prowadzac do tworzenia struktur o

wiekszej liczbie defektow.

Dodatkowo wykonalam nanodruty o réznej dtugosci, wypetniajac membrany do % i i
ich grubogci, uzyskujac nanodruty o dtugosci odpowiednio 3 pm i 1,5 pm. Krzywe pradowe
mierzone dla tych samych $rednic nanodrutéw maja ten sam ksztatt, co swiadczy o
powtarzalnosci procesu. Poréwnanie pradéw zmierzonych podczas osadzania nanodrutéw
o dtugosci 6 nm i réznych Srednicach potwierdzito znana zaleznosé zwiazana z porowatoscia
membran.

Podobnie jak poprzednio, morfologie nanodrutéw FeCoNi obserwowano po rozpuszczeniu
membrany. Obrazy SEM pokazuja, ze nie ma znaczgcych réznic pomiedzy nanodrutami
osadzonymi przy réznych potencjatach. We wszystkich probkach nanodruty tworza geste

nanostruktury przypominajace las. Wszystkie nanodruty sa gtadkie i ciagte, bez zauwazalnej
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Figure B.5: Zmiany pradéw katodowych mierzone w funkcji czasu podczas osadzania
elektrolitycznego nanodrutéw FeCoNi o $rednicy poréw 100 nm: (a) przy réznych
potencjatach oraz (b) o roznych dtugosciach. Wstawki pokazuja odpowiednie zmiany
tadunku elektrycznego w funkcji czasu.

porowatosci. Zmiany dtugosci i srednicy nanodrutéw FeCoNi nie wplywaja na ich morfologie.

Sktad chemiczny nanodrutéw analizowano za pomoca pomiaréw EDS. Podobnie jak
w przypadku nanodrutéw ze stopéw podwodjnych, zwiekszenie przylozonego potencjatu
powodowalo wzrost stezenia Ni przy jednoczesnym spadku zawartosci Fe i Co. Proces
depozycji przy potencjale -1.0 V wskazuje na anomalne wspotosadzanie, gdyz niezaleznie
od $rednicy i pomimo duzej réznicy stezen poszczegolnych jonow w roztworze (0.01 M
Fe?t/0.02 M Co?*/0.17 M Ni*") zawarto$¢ poszczegolnych pierwiastkow nie rozni sie
znaczaco i nie odzwierciedla sktadu kapieli elektrolityczne;j.

Badania dyfrakcyjne XRD wskazuja na polikrystaliczna budowe nanodrutéw o strukturze
regularnej Sciennie centrowanej stopu FeCoNi. $rednia wielko$¢ krystalitow obliczona na
podstawie rownania Scherrera wahala sie od 12 do 22 nm odpowiednio dla najnizszego i
najwyzszego napiecia i zostala oszacowana z btedem 1 nm. Zmiana wielkosci krystalitow
obserwowana wraz ze wzrostem przytozonego napiecia moze by¢ powigzana ze wzrostem
gestosci pradu, wplywajacym na efektywne dostarczanie jonéw, co stwarza korzystne
warunki dla wzrostu nanodrutéow. Analizujac dyfraktogramy rentgenowskie, zaobserwowatam
przesuniecie pikow. Pik (220) obserwowany przy 20 = 43.95 dla nanodrutéw osadzanych
przy najnizszym potencjale przesuwa sie w strone wyzszych wartosci katowych wraz ze
wzrostem zawarto$ci Ni. Sugeruje to zmniejszenie parametru sieciowego prawdopodobnie
spowodowane zastapieniem atoméw Fe i Co atomami Ni, ktére maja mniejszy promien
jonowy.

Pomiary magnetyczne nanodrutéw osadzonych w membranie poliweglanowej przeprowa-
dzono przy uzyciu pola magnetycznego przytozonego wzdtuz osi nanodrutéw i prostopadle
do nich. Dla wszystkich probek, niezaleznie od ich sktadu, zaobserwowano anizotropie
magne- tyczna z osiag tatwa wzdluz nanodrutéw. Zmiana sktadu powodowala wyrazne
roznice w wartosciach koercji (H,) i kwadratowosci (M,./My) petli histerezy mierzonych w
kierunku tatwym (ryc. B.6 a). Najwicksze wartosci H,. (277 Oe) i M,./M; (61%), uzyskano
dla nanodrutéw o najwieckszej zawartosci Ni. Wzrost obu parametréw wraz ze wzrostem
przylozonego napiecia jest zwiazany z zwiekszeniem porowatodci struktury, ktora sprzyja
kotwiczeniu $cian domenowych, a takze ze spadkiem wartosci namagnesowania nasycenia
i wynikajacym z tego, ostabieniem oddzialywan dipolowych dla probek osadzanych przy
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Figure B.6: Koercja i kwadratowos¢ wykreslone jako funkcja (a) potencjatu katodowego
(i wielkosci krystalitow), (b) diugosci i (c) $rednicy nanodrutéow ze stopu FeCoNi ((b) i
(c) U=-12V).
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Figure B.7: (a) Zaleznosé¢ katowa petli histerezy dla nanodrutow FeCoNi oraz (b) wartosci
koercji dla r6znych dtugosci nanodrutow.

wyzszych potencjatach. Ponadto zaobserwowano, ze wzrost rednicy i dtugosci nanodrutow
prowadzi do wzrostu oddzialtywan magnetostatycznych, ktore ostabiaja anizotropie magne-
tyczna, powodujac spadek energii anizotropii magnetycznej przejawiajacy sie wzrostem
koercji i kwadratowosci ze zmniejszaniem Srednicy nanodrutéw (rys. B.6 b, c¢). Zmiany
dtugosci skutkowaly niemonotonicznymi zaleznosciami.

Aby poznaé¢ mechanizm odwrocenia wektora namagnesowania w nanodrutach FeCoNi
oraz wpltyw dhugosci i srednicy nanodrutéw na ten mechanizm, zbadano zaleznosé katowa
koercji (rys. B.7). Wraz ze zmiana kierunku przylozonego pola magnetycznego od 6
= 0° (kierunek tatwy) obserwowano wzrost koercji i po osiggnieciu maksimum przy
0 = 70° zanotowano spadek az do kata odpowiadajacego kierunkowi trudnemu (6 =
90°). Zaleznosé¢ te zinterpretowano jako zmiane trybu przemagnesowania, ktory dla
katow bliskich tatwemu kierunkowi byl typowy dla przemieszczania sie wirowej Sciany
domenowej, a dla katow bliskich kierunku trudnego przechodzil w tryb charakterystyczny
dla ruchu poprzecznej sciany domenowej lub koherentnej rotacji.

Oddzialywania pomiedzy nanodrutami FeCoNi i struktura domenowa probek byta
analizowana w oparciu o diagramy FORC. Analiza potwierdza wyrazny wzrost oddziatywan
dla nanodrutéw o wiekszych srednicach i wskazuje na jednodomenowa strukture obu
uktadow.

Dalsze badania wtasciwosci magnetycznych nanodrutéw FeCoNi przeprowadzono przy
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Figure B.8: Zmiana pradu katodowego w funkcji czasu mierzonego podczas osadzania
elektrolitycznego nanodrutow FeCoNi: (a) pojedynczych segmentéw o dlugosci 2 pm
i §rednicy 100 nm przy roznych potencjatach oraz (b) wielosegmentowych nanodrutéow
FeCoNi o érednicy 100 nm i catkowitej dtugosci 6 nm (kazdy segment 2 pm). Wstawki
pokazuja odpowiednie zmiany tadunku elektrycznego w czasie. Nad wykresem dla probki
segmentowej znajduje sie schemat przygotowanego nanodrutu.

Figure B.9: Pomiar HAADF-EDS Fe, Co i Ni dla segmentowanych nanodrutéw FeCoNi
o Srednicy 100 nm i catkowitej dtugosci 6 pm.

uzyciu transmisyjnej mikroskopii elektronowej Lorentza (L-TEM). Dla nanodrutéow o
srednicach 40 nm i 100 nm jednolite prazki Fresnela wzdtuz calych nanodrutow wskazuja
na strukture jednodomenowa bez $ciany domenowej w analizowanym obszarze, co jest
potwierdzeniem wynikoéw otrzymanych w pomiarach FORC.

Po przygotowaniu nanodrutéw o dtugosci réwnej grubosci membrany (czyli catkowitym
wypelnieniu poréw) obliczytam, jaki tadunek jest potrzebny do wypetnienia 1/3 dtugosci
kanatow membrany. Bazujac na wcze$niejszych wynikach uzyskatam nanodruty FeCoNi
o dhugosci 2 pm i Srednicy 100 nm przy trzech réznych potencjatach katodowych oraz
nanodruty segmentowe z 3 segmentami magnetycznymi o dtugosci 2 pm kazdy. Wykres
zaleznosci pradu od czasu pokazuje przebiegi pradowe dla krotkich nanodrutow (rys. B.8
a) 1 nanodrutéw segmentowych (rys. B.8 b).

Sktad chemiczny segmentowanych nanodrutéw analizowano za pomoca pomiaréw HAADF
(rys. B.9). Mozna zaobserwowa¢ wyrazna zmiane sktadu, odpowiadajaca trzem segmentom.
Wyniki wskazuja na dobra zgodnosé wartosci stezert atomowych z wynikami otrzymanymi
dla nanodrutéw osadzonych w postaci stopéw przy ustalonym potencjale.

Badania wykonane przy uzyciu mikroskopu Lorentza pokazuja wyrazne zaburzenia
liniowego przebiegu prazkow Fresnela w srodkowej czesci nanodrutéw (rys. B.10). Zaburzenia
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Figure B.10: Wyniki pomiaréw nanodrutéw segmentowych FeCoNi (¢ = 100 nm)
przeprowadzone z wykorzystaniem mikroskopu Lorentza.  Wstawki przedstawiaja
wybrane obszary w powiekszeniu. zotte strzatki wskazuja pozycje Scian domenowych
zlokalizowanych na granicach miedzy segmentami.

te oznaczone zottymi strzatkami wskazuja pozycje $cian domenowych i odpowiadaja pozycji
granic pomiedzy segmentami.

Obecno$é wielodomenowej struktury sugeruja takze pomiary FORC. Przeprowadzone
badania potwierdzity, ze uzyskane segmentowane nanodruty sa materiatami wielodomenowymi,
co czyni je dobrymi kandydatami do konstruowania jednostek pamieci 3D.

Wnhioski

Podsumowujac, w niniejszej pracy wykazano wplyw parametréow elektrodepozycji na
sktad i wltasciwosci magnetyczne otrzymanych nanodrutéw, co moze przyniesé potencjalne
korzysci w zastosowaniach takich materialéw do produkcji trojwymiarowych jednostek
magnetycznych.

173



Appendix C
Résumé détaillé

Présentation du sujet de thése

Les nanotechnologies font actuellement partie des domaines scientifiques les plus dyna-
miques en développement, principalement en raison de leurs applications potentielles en
biomédecine et dans divers domaines technologiques tels que I’électronique, I'optoélectronique,
la spintronique et la protection de l’environnement. En particulier, les nanostructures
unidimensionnelles comme les nanofils ont recu une attention considérable tant du point
de vue des études fondamentales que des applications potentielles, en raison de leur taille
et de leurs propriétés magnétiques, optiques et électriques dépendantes de leur forme.

Il existe de nombreuses méthodes distinctes pour produire des nanofils métalliques,
notamment un large éventail de techniques de lithographie, 1’évaporation directe ou le
dépot électrochimique. Cette derniére approche, simple et peu cotiiteuse devient un moyen
de plus en plus attrayant pour la syntheése de nanostructures. Sa polyvalence et son
adéquation a la production a grande échelle de dépots de forme et de caractéristiques
cristallines bien définies sont sont bien adaptées pour des applications & base de nanofils.
L’usage d’agents directeurs de structure (< templates > en anglais) combiné a I’électrochimie
constitue une approche générale pour préparer des matériaux a structure organisée, notamment
sous la forme d’une matrice de pores cylindriques orientés. Les membranes poreuses
permettent de produire des nanofils avec un diamétre monodisperse et une longueur
facilement controlée pendant la croissance unidirectionnelle. L’un des types de membranes
les plus utilisés sont les membranes en polycarbonate (PC) obtenues par gravure. Comme
elles possédent une faible densité de pores, elles permettent la création de nanofils quasi-
séparés avec une interaction dipolaire faible ou négligeable. De plus, les membranes en
polycarbonate sont disponibles dans une large gamme d’épaisseurs, de tailles de pores et
de densités, jusqu’a un seul pore par membrane.

Les échantillons préparés dans le cadre de cette thése seront constitués d’éléments
comme le fer, le cobalt et le nickel. Le dépot d’alliages du groupe du fer tels que Fe, Co
et Ni par voie électrochimique est décrit comme un électrodépot de type anormal, car la
composition des dépots en métaux les plus actifs est plus élevée que celle des solutions
de départ. Bien qu’il existe des modéles décrivant les phénoménes anormaux pour les
revétements, le mécanisme complexe de dépot de nanostructures d’alliages FeCoNi dans la
matrice poreuse est une question qui reste ouverte et nécessite une meilleure compréhension
des processus. L’électrodépot de ces éléments peut se produire non seulement a partir
des ions Fe?*, Co?*+ et Ni?*, mais aussi a partir de leurs complexes hydroxylés FeOH™,
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CoOH™ et NiOH™, qui présentent des constantes de vitesse plus élevées que les ions
libres. Une explication possible du co-dépdét anormal repose sur ’hypothése que pour
I'électrodépdt de métaux du groupe du fer, les hydroxyde métalliques MOH™ (M = Co,
Ni, Fe) sont les principaux précurseurs en compétition les uns avec les autres pour les
sites de surface a ’électrode. On suppose que I'inhibition de 1’électrolyse des éléments les
plus nobles résulte d’'un dépot préférentiel dans Pordre : FeOH™ > CoOH' > NiOHT,
en raison des différences de cinétique de transfert de charge. Ainsi, le co-dépdt anormal
est un phénomeéne montrant une préférence pour le dépot d’un métal moins noble, par
rapport & un métal plus noble, mais en méme temps, elle dépend fortement du potentiel
cathodique appliqué. Cela signifie qu’en modifiant le potentiel de réduction, il est possible
de controler le type de dépot et, par conséquent, la composition chimique des matériaux
obtenus.

Les nanofils magnétiques cylindriques produits par la technique d’électrodépot assisté
par moule sont des matériaux intéressants pour les dispositifs de stockage de données
de nouvelle génération comme les unités de mémoire magnétique 3D. La morphologie
unique des nanofils est une raison de I’anisotropie magnétique, qui peut étre modifiée
et controlée au stade de la préparation pour obtenir des matériaux avec les parameétres
souhaités. Les nanofils magnétiques isolés a domaine unique sont caractérisés par des
boucles d’hystérése carrées avec une inversion brusque de la magnétisation entre deux états
résiduels possibles. Cependant, la boucle d’hystérése du réseau de ces nanofils présente
des formes non carrées résultant d’une déviation géométrique et d’interactions entre les
fils. Dans les nanofils, en fonction de leur géométrie, trois modes d’inversion différents
peuvent étre observés : rotation cohérente, mouvement transversal et mouvement de
paroi de domaine vortex. Le processus d’inversion cohérente se produit principalement
dans des nanofils courts & domaine unique, lorsque leur diamétre est similaire a leur
longueur. Dans les structures cylindriques longues telles que les nanofils, I'inversion
de la magnétisation est provoquée par la nucléation et la propagation des parois de
domaine. Selon la géométrie des structures magnétiques, l'inversion de ’aimantation
se produit via le mouvement d’une paroi de domaine transversale ou vortex a trés grande
vitesse. Cette caractéristique des nanofils peut étre exploitée pour construire des unités de
mémoire magnétique tridimensionnelles. Dans de tels systémes, des bits individuels sont
associés a des parois de domaine, qui sont déplacées le long des nanofils sur une distance
précisément définie pour lire et écrire des informations en appliquant des impulsions de
courant polarisées. Pour éviter la perte d’informations, les unités de mémoire individuelles
situées dans les nanofils adjacents ne peuvent pas interagir les unes avec les autres. De
plus, pour éliminer les dérives indésirables des parois de domaines, il est nécessaire de les
ancrer, ce qui peut étre réalisé via les défauts, des modifications du diamétre des nanofils
ou la modifications de leur composition sur la longueur. Cette derniére méthode d’ancrage
des parois de domaine a été la motivation de mes recherches.

L’objectif de la thése de doctorat

Le but de ce travail était d’obtenir des nanofils de FeCoNi de composition chimique
différente et, par conséquent, de propriétés magnétiques différentes a partir d’'un bain
électrolytique de composition appropriée sélectionnée, en utilisant différents potentiels
cathodiques. Les nanofils ainsi préparés sont devenus le point de départ pour la production
de nanofils segmentés, dont les segments individuels différaient par leur composition
chimique et leurs propriétés magnétiques. L’ancrage de parois de domaines aux frontiéres
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entre segments est ’objectif principal de ce travail et permettra d’utiliser des nanofils
segmentés comme unité de mémoire 3D.

Résultats obtenus

La technique de voltampérométrie cyclique (VC) a d’abord été utilisée pour optimiser
les paramétres de I’électrodépot et pour comprendre le comportement électrochimique des
différents éléments utilisés en fonction du potentiel imposé. Les mesures ont été effectuées
en utilisant des électrodes a film d’or immergées dans diverses solutions électrolytes
contenant FeSO,, CoSO4, NiSO,4 ou leurs mélanges (et de I’acide borique comme électrolyte
de support et de 'acide ascorbique comme antioxydant) avec un pH ajusté a environ 3.
Les mesures de voltampéromeétrie cyclique (Fig. C.1 a) ont permis d’observer des signaux
cathodiques pour la réduction des ions fer, cobalt et nickel, qui apparaissent dans I'ordre
cohérent avec les potentiels standards (d’abord Ni, puis Co et Fe). La voltampérométrie
cyclique a ensuite été réalisée en utilisant une solution contenant les trois éléments (FeSOy4
+ CoSO4 + NiSOy4) a une concentration de 5 mM chacun & 10 mV/s. La courbe VC
obtenue (Fig. C.1 b) pour ce systéme ternaire présente un signal de réduction a un
potentiel un peu plus cathodique que ceux observés pour les ions métalliques séparés. Ce
décalage s’explique par le fait qu'une surtension plus importante est nécessaire pendant
le processus de dépot de 1’alliage pour surmonter la barriére cinétique plus élevée pour les
réactions chimiques provoquées par I'espéce, ce qui peut inhiber le transfert d’électrons.
Lors de l'inversion du balayage, on n’a pu observer qu’'un seul pic anodique englobant le
décapage de tous les composants de 'alliage.
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Figure C.1: Voltampérogrammes cycliques enregistrés dans des solutions contenant
FeSOy4, CoSOy4 et NiSOy4 a des concentrations égales & 5 mM pour chaque élément dans
(a) des électrolytes séparés et (b) un mélange de tous ces éléments. Les encarts présentent
un agrandissement de la région cathodique marquée. Les courbes VC pour Fe et Co sont
agrandies d’un facteur deux.

Aprés avoir effectué les études par voltampérométrie cyclique, j’ai préparé des nanofils
constitués d’éléments singuliers Fe, Co, Ni avec deux diamétres différents (100 et 120
nm) et des longueurs de 6 pm. Dans les processus d’électrodépdt, pendant le remplissage
des pores, les valeurs de courant et de charge ont été mesurées en fonction du temps
(Fig. C.2). La région oAg le courant commence soudainement & augmenter a été utilisée
pour identifier le remplissage complet des pores et a constitué un signal pour arréter le
processus de dépot. L’interruption du processus a ce stade nous a permis d’éviter la
création da€™Mexcroissance a la surface de la membrane.

Le temps de dépot des nanofils de plus petit diamétre (100 nm) est plus court que
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Figure C.2: Variation des densités de courant cathodique en fonction du temps, mesurées
lors de 'électrodépot de nanofils de Fe, Co et Ni de deux diamétres différents : 100 nm
et 120 nm. Les encarts montrent les changements correspondants de charge électrique au
fil du temps.

celui des nanofils de plus grand diamétre (120 nm) pour les trois éléments, ce qui est lié
a la porosité de la membrane (P100 nm = 3,1 %, P120 nm = 4,5 %). L’augmentation
de la valeur du courant avec le temps de dépdt peut étre liée au raccourcissement de la
longueur de diffusion & mesure que les pores se remplissent.

Pour observer la morphologie des nanofils, les membranes en polycarbonate ont été
dissoutes dans du dichlorométhane. Les images de microscopie électronique a balayage
(MEB) ne montrent aucune différence significative entre les nanofils constitués de différents
éléments (Fig. C.3). Tous les nanofils sont lisses et continus, sans porosité notable, ce qui
signifie que les conditions des processus de dépot ont été bien sélectionnées.

\

Figure C.3: Images MEB des nanofils (a) Fe, (b) Co et (c) Ni d’'un diamétre de 100 nm
observés aprés dissolution de la membrane.

La structure des nanofils de Fe, Co et Ni d’'un diamétre de 100 nm a été analysée a
partir de mesures de diffraction des rayons X (DRX). Elles identifient la nature polycristalline
pour tous les échantillons avec une structure bee, hep/fec et fee pour Fe, Co et Ni,
respectivement. La taille des cristallites a été estimée & partir de I’équation de Scherrer.
Les résultats des calculs nous ont permis d’estimer la taille des cristallites pour le fer et
le cobalt & 23-24 nm, et & 27 nm (£1 nm) pour les nanofils de Ni.

Les mesures magnétiques des nanofils de Fe, Co et Ni ont été effectuées a température
ambiante en appliquabt le champ magnétique le long de I’axe du nanofil et perpendiculairement
a celui-ci. Les boucles d’hystérése des nanofils de Fe, Co et Ni intégrés dans les membranes
(Fig. C.4) indiquent pour tous les nanofils une anisotropie magnétique claire avec un axe
facile le long des nanofils. L’anisotropie de forme et les interactions dipolaires sont les
principaux paramétres déterminant le comportement magnétique des nanofils de Fe et Ni,
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tandis que dans les nanofils de Co, ’anisotropie magnétocristalline peut également jouer
un roéle important. On peut remarquer que ’axe magnétique facile de la structure hcp
de Co s’aligne le long de la direction [002], ce qui peut contribuer a I'ordre du vecteur de
magnétisation le long de ’'axe NWs, mais la texture distincte le long de la direction [100],
qui est la direction magnétique dure, implique 'alignement de 'axe ¢ perpendiculaire a
I’axe du nanofil. La plus grande valeur coercitive mesurée avec un champ magnétique
appliqué le long des nanofils a été obtenue pour les nanofils de Co, alors que la forme
carrée ne change pas beaucoup. Les valeurs relativement élevées de (M, /M) confirment
la contribution marginale des interactions dipolaires a ’anisotropie effective.
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Figure C.4: Boucles d’hystérése mesurées avec un champ magnétique appliqué dans et
hors du plan de la membrane pour des nanofils de Fe, Co et Ni d'un diamétre de 100
nm. La valeur de magnétisation (M) a été normalisée par rapport a la magnétisation a
saturation (Mj).

Aprés avoir étudié les nanofils mono-élémentaires, j’ai considéré les nanofils d’alliage
binaire FeCo et FeNi d’un diamétre de 100 nm pour évaluer comment le potentiel appliqué
influence la composition des nanofils et leurs propriétés.

Différentes valeurs du potentiel standard des ions fer, cobalt et nickel entrainent
différentes surtensions et densités de courant, qui sont responsables du taux de dépot
des éléments individuels. Une surtension plus importante devrait entrainer une teneur
plus élevée en atomes avec un potentiel standard moins noble, mais dans le cas de ces
alliages, le co-dépot anormal se produit, ainsi des modifications de potentiel cathodique
peuvent conduire & une variation inattendue de la composition chimique. Par conséquent,
j’ai effectué des mesures spectroscopiques de dispersion en énergie (EDS) pour étudier la
composition chimique des nanofils FeCo et FeNi déposés a différents potentiels ou & partir
de différentes solutions électrolytiques. Dans les nanofils FeCo, seules les valeurs extrémes
des potentiels appliqués provoquent des changements de teneur significatifs. a contrario,
dans les nanofils FeNi la teneur en Ni augmente avec le potentiel cathodique (de 46 & 90
% atomique), ce qui suggere que, selon la concentration en Ni, différentes phases peuvent
étre stables. Les concentrations relatives en Fe dans les échantillons déposés a 1.0 V sont
beaucoup plus élevées que les concentrations relatives des ions Fe?* dans la solution de
départ, montrant clairement un dépot préférentiel du fer. a des potentiels plus négatifs,
la teneur en Fe diminue considérablement et & des valeurs plus élevées, une faible teneur
constante est maintenue.

Les propriétés structurales et la composition des phases au sein des nanofils ont été
examinées par des mesures de DRX. Les pics décrits par les indices de Miller ont été
attribués aux phases FeCo bec et FeNij fee selon les données de référence (03-065-6829 et
00-038-0419 NIST). Les pics les plus intenses pour 'alliage FeCo proviennent des plans
(110). Des variations relativement faibles de la concentration en Co n’entrainent pas
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de changements significatifs dans les positions des pics et les intensités relatives, qui
correspondent assez bien a l’échantillon de référence. Cela suggére qu’il n’y a aucun
changement dans les parameétres du réseau et la croissance isotrope des nanofils FeCo.
Dans les échantillons FeNi, le léger écart par rapport aux positions des pics n’a montré
aucune corrélation avec les changements de compositions chimiques. Les intensités relatives
des pics indiquent une direction de croissance préférée normale aux plans (111) pour
presque tous les échantillons. Les intensités de pointe les plus élevées trouvées dans les
échantillons déposés a -1.3 V et -1.6 V peuvent suggérer que les tensions intermédiaires
créent les conditions les plus favorables a la croissance de nanofils cristallins de FeNi.

Les nanofils FeCo et FeNi ont également été étudiés magnétiquement, & l'aide de
mesures SQUID. Tous les nanofils FeCo sont caractérisés par une anisotropie magnétique
avec l'axe facile le long ou a proximité de I’axe du nanofil. L’augmentation de la teneur
en Co dans les nanofils FeCo entraine un accroissement de la coercivité hors plan et
des changements non monotones de la quadrature. On peut aussi remarquer que les
échantillons déposés a des tensions plus cathodiques ont une coercivité plus élevée par
rapport aux échantillons déposés a partir de la méme solution électrolytique a faible
potentiel. Cela peut étre associé & une vitesse de dépot plus élevée, a une structure plus
poreuse et & un degré de remplissage plus faible.

Dans les boucles d’hystérése mesurées pour les nanofils FeNi, il est clairement visible
qu’il n’y a pas de corrélation directe entre la forme de la boucle et la teneur en Ni dans les
nanofils. Le principal parameétre déterminant le comportement magnétique des nanofils
FeNi semble étre la tension appliquée. Les échantillons déposés & des tensions extrémes
(avec des teneurs en Ni de 90 % et 46 %) sont magnétiquement isotropes, tandis que
les échantillons déposés a des tensions intermédiaires (contenant 91 % et 86 % de Ni)
présentent une anisotropie magnétique avec un axe facile le long de ’axe du nanofil.
Il a été observé que les échantillons déposés a des potentiels intermédiaires avaient une
structure cristalline mieux définie, contrairement aux échantillons déposés a des potentiels
extrémes, qui étaient caractérisés par des raies de diffraction de faibles intensités.

Aprés avoir examiné des systémes constitués d’éléments simples et binaires, j’ai préparé
des alliages ternaires FeCoNi. L’influence de différentes tensions appliquées et géométries
du moule (longueur et diamétre des canaux de la membrane) sur les propriétés des nanofils
a été étudiée afin d’obtenir les meilleurs matériaux possibles pour les unités de mémoire
3D. Tous les nanofils ont été déposés a température ambiante a partir de solutions
électrolytiques soigneusement sélectionnées sur la base des études de la littérature afin
que le changement de potentiel ait un impact sur la composition chimique des nanofils.

Tout d’abord, j’ai examiné l'effet de la valeur du potentiel appliqué sur le processus
de dépot des nanofils (Fig. C.5 a). Lorsque le potentiel appliqué augmente, le courant
cathodique de tous les nanofils augmente et des temps plus courts sont nécessaires pour
remplir complétement les pores de la membrane. Comme attendu, on peut observer que
les courants mesurés lors du dépot de nanofils de plus gros diameétres sont plus élevés que
ceux enregistrés pour des nanofils plus minces, ce qui est lié a la plus grande porosité
des membranes avec des diameétres de pores plus importants. Au fur et & mesure que
les pores se remplissent et que les nanofils croissent, le courant augmente légérement, ce
qui est lié au raccourcissement de la longueur de diffusion. La charge finale atteint des
valeurs extrémes pour les potentiels les moins cathodiques (-1.0 V) et les tensions les plus
importantes (-1.8 V), alors qu’elle est presque la méme pour les potentiels intermédiaires (-
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1.2 V,-1.4 V). Ces changements de potentiel appliqué affectent I’évolution de ’hydrogéne,
qui augmente avec la surtension. Les bulles d’hydrogéne qui se forment a des potentiels
d’autant plus cathodiques peuvent bloquer les pores et entraver le processus de croissance
des nanofils, conduisant a la création de structures présentant davantage de défauts.

De plus, j’ai réalisé des nanofils de différentes longueurs, en remplissant les membranes
a % et %1 de leur épaisseur pour obtenir des nanofils d’une longueur de 3 pm et 1,5 pm,
respectivement. Les longueurs de nanofils sélectionnées correspondent a la longueur des
segments dans les nanofils multisegmentés (Fig. C.5 b). Les courbes de courant mesurées
pour les mémes diameétres de nanofils ont la méme forme, ce qui prouve la répétabilité du
procédé. Une comparaison des courants mesurés lors du dépot de nanofils d’une longueur
de 6 nm et de différents diameétres a confirmé la relation connue liée a la porosité variable
des membranes.
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Figure C.5: Variations des courants cathodiques mesurés au cours du temps lors de
I'électrodépdt de nanofils de FeCoNi avec des diamétres de pores de 100 nm : (a) a
différents potentiels appliqués et (b) avec différentes longueurs. Les encarts montrent les
variations de charge électrique correspondantes en fonction du temps.

Comme précédemment, la morphologie des nanofils de FeCoNi a été observée aprés
dissolution de la membranes. Les images MEB montrent qu’il n’y a pas de différences
significatives entre ces nanofils déposés a différents potentiels. Dans tous les échantillons,
les nanofils créent des nanostructures denses en forme de < forét >. Tous les nanofils sont
lisses et continus, sans porosité notable. De plus, on a pu observer que les changements
de longueur et de diametre des nanofils de FeCoNi n’affectent pas leur morphologie.

La composition chimique des nanofils a été analysée & ’aide de mesures EDS. Comme
dans les nanofils d’alliage binaire, ’augmentation du potentiel appliqué a entrainé une
augmentation de la concentration en Ni avec une diminution simultanée des teneurs en Fe
et Co. On peut observer que pour les nanofils produits au potentiel de -1.0 V, quel que
soit le diameétre et malgré la grande différence dans les concentrations des ions individuels
dans la solution (0,01 M Fe?* /0,02 M Co?* /0,17 M Ni?*), les teneurs de chaque élément
ne différent pas significativement et ne reflétent pas la composition du bain électrolytique
initial, ce qui indique un co-dépdt anormal.

Des variabilités entre échantillons ont également été observées dans les études structurales
réalisées par DRX. I’analyse a permis d’identifier des raies de diffraction correspondant
a la structure fcc de FeCoNi. La taille moyenne des cristallites, calculée sur la base de
I’équation de Scherrer, a été estimée avec une erreur de 1 nm et variait de 12 & 22 nm
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pour les tensions les plus basse et plus élevée, respectivement. Le changement de taille
des cristallites observé avec ’augmentation de la tension appliquée peut étre relié & une
modification de la densité de courant, qui a un impact direct sur la vitesse de dépot et
donc de croissance des nanofils. En analysant les diffractogrammes RX, j’ai observé un
décalage des signaux. Le maximum du pic (220) pour les nanofils préparés au potentiel
le plus bas apparait a 20 = 43,95 et se déplace vers des valeurs plus élevées a mesure que
la teneur en Ni augmente. Cela suggére une diminution du paramétre de réseau causée
probablement par le remplacement des atomes de Fe et de Co par des atomes de Ni, qui
ont un rayon ionique plus petit.

Les mesures magnétiques des nanofils intégrés dans la membrane de polycarbonate
ont été réalisées avec un champ magnétique appliqué le long de 'axe du nanofil et
perpendiculairement a celui-ci. Une anisotropie magnétique avec ’axe facile le long des
nanofils a été observée pour tous les nanofils, quelle que soit leur composition. De plus,
leurs propriétés magnétiques telles que la coercivité (H,.) et les caractéristiques de lla
forme carrée (M, /M) ont varié avec la composition chimique des nanofils (Fig. C.6 a).
Les valeurs les plus élevées de He et Mr/Ms mesurées hors du plan de la membrane, égales
a H, = 277 Oe et M, /M, = 61 %, ont été obtenues pour les nanofils ayant la teneur en
Ni la plus élevée. L’augmentation des deux parameétres avec 'augmentation de la tension
appliquée est liée a 'augmentation de la porosité de la structure, qui favorise ’ancrage des
parois du domaine, ainsi qu’a la diminution de la valeur de magnétisation & saturation et
a 'affaiblissement des interactions dipolaires qui en résulte pour les échantillons déposés
a des potentiels plus élevés. De plus, une augmentation du diamétre et de la longueur du
nanofil entraine un accroissement de l'interaction magnétostatique, ce qui provoque une
diminution de I’énergie d’anisotropie magnétique se manifestant par une augmentation de
la coercivité et de la squareité avec une diminution dans le diameétre des nanofils (Fig.
C.6 b, ¢). Les changements de longueur ont entrainé des relations non monotones.
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Figure C.6: Coercivité hors plan et circularité représentées en fonction (a) du potentiel
cathodique (et de la taille des cristallites), (b) de la longueur et (c¢) du diamétre pour les
nanofils en alliage FeCoNi ((b) et (¢) U = -1.2 V).

Pour étudier le mécanisme d’inversion de I'aimantation dans les nanofils de FeCoNi et
I'influence de la longueur et du diamétre des nanofils sur celui-ci, la dépendance angulaire
de la coercivité a été étudiée (Fig. C.7). Lorsque 'orientation du champ a augmenté de
6 = 0°, une augmentation de la coercivité avec un pic a 8 = 70° a été observée pour tous
les échantillons. Pour 8 > 70°, la coercivité a diminué pour atteindre un minimum le long
de l'axe dur (# = 90°). Cette dépendance peut s’expliquer par une combinaison de la
rotation cohérente et du mode d’enroulement du processus d’inversion de I'aimantation.
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Pour identifier la structure des domaines et des interactions dipolaires dans les nanofils
FeCoNi, les diagrammes FORC ont été analysés. La structure a domaine unique est
observée pour tous les nanofils, tandis qu’a mesure que le diamétre augmente, le role des
interactions magnétostatiques devient plus prononcé.
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Figure C.7: (a) Dépendance angulaire des boucles d’hystérése pour les nanofils FeCoNi
et (b) valeurs de coercivité pour différentes longueurs de nanofils.

Des recherches plus poussées sur les propriétés magnétiques des nanofils FeCoNi ont
été réalisées a l'aide de la microscopie électronique en transmission (MET) de Lorentz.
Pour des nanofils de 40 nm et 100 nm de diamétre, des franges de Fresnel uniformes le
long de ’ensemble des nanofils indiquent la structure & domaine unique sans paroi de
domaine dans la zone analysée.

Apreés avoir préparé des nanofils d’une longueur égale & la largeur de la membrane
(c’est-a~dire remplissant complétement les pores), j’ai calculé quelle charge est nécessaire
pour remplir 1/3 de la largeur du gabarit. Sur la base des résultats précédents, j’ai produit
des nanofils FeCoNi d’une longueur de 2 pm et d’un diamétre de 100 nm & trois potentiels
cathodiques différents ainsi que des nanofils multisegmentés avec 3 segments magnétiques
de 2 pm de longueur chacun. Le graphique courant/temps montre les formes d’onde de
courant pour les nanofils courts (Fig. C.8 a) et les nanofils segmentés (Fig. C.8 b).

La composition chimique des nanofils segmentés a été analysée par des mesures HAADF
(Fig. C.9). Un changement clair de composition peut étre observé, correspondant a trois
segments. Les résultats indiquent une bonne concordance des valeurs de concentration
atomique avec les résultats des nanofils déposés sous forme d’alliages a un potentiel fixe.

Des études réalisées au microscope de Lorentz montrent de nettes perturbations du
tracé linéaire des franges de Fresnel dans la partie centrale des nanofils (Fig. C.10). Ces
perturbations marquées de fleches jaunes indiquent les positions des parois du domaine
et correspondent aux positions des frontiéres entre segments.

La présence d’'une structure multidomaine est également suggérée par les mesures
FORC. Les recherches menées ont confirmé que les nanofils segmentés obtenus sont des
matériaux multi-domaines, ce qui en fait de bons candidats pour la construction d’unités
de mémoire 3D.

Conclusion

En résumé, ce travail de thése a démontré 'importance des conditions d’électrodépot
de nanofils métalliques et d’alliage mono- et multi-segmentés sur la composition des
matériaux obtenus et de I'influence de cette derniére sur leurs propriétés magnétiques, avec

182



()
—

Cathodic current [mA)]

by (-10v [ -12v [ 1a4av |
04 FeCoNi NWs;L=2um
—_10V -1 -— 10V
-—12V -_— 12V
o0 —14V a2l r____:-mv
. 0,00
-4 4 01 * Tlooe
3], gom
£ 012
_6_ 02 O.n_m
0 150 300 4 [ 150 300 r,_-
0 50 100 250 300 0 50 100 150 200 250 300 350
Time [s] Time [s]

Figure C.8: Variation du courant cathodique en fonction du temps mesurée pendant
I’électrodépdt de nanofils FeCoNi :
diamétre de 100 nm a différents potentiels et (b) nanofils FeCoNi multisegmentés d’un
diamétre de 100 nm et d’une longueur totale de 6 pm (chaque segment de 2 pm). L’encart
dans le graphique du courant montre les variations de charge électrique correspondantes
Au-dessus du graphique de I'échantillon segmenté, il y a un schéma du

dans le temps.

nanofil préparé.

(a) segments simples d’une longueur de 2 pm et d’un

Figure C.9: HAADF-EDS de Fe, Co et Ni mesuré pour des nanofils FeCoNi segmentés de
diameétre de 100 nm et d’une longueur totale de 6 pm.
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Figure C.10: Résultats de mesures de nanofils segmentés FeCoNi (
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I’aide d’'un microscope de Lorentz. Les encarts montrent les zones belecnonneeb agrandies.
Les fléches jaunes indiquent les positions des parois du domaine situés aux limites entre

les segments.

des retombées potentielles pour des applications dans le domaine du stockage magnétique
a base de structures tridimensionnelles.
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