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RESUMEN (en espafiol)

Este trabajo presenta un estudio sobre las propiedades magnéticas de las matrices de
nanohuecos o “antidots” ordenadas hexagonalmente a nano escala en peliculas delgadas
magnéticamente blandas (Ferromagnéticas, FM = Fe, Co, Ni y Ferrimagnéticas, FIM =
Dy-Fe). Los arreglos de antidots se fabrican depositando los materiales magnéticos
sobre membranas de alimina nanoporosa con diferentes diametros de poros que varian
en el rango entre 32 £ 2 a 93 + 1 nm. Por lo tanto, varios conjuntos de matrices FM-
antidots se han fabricado con diferentes diametros de antidots, d, pero distancia fija
entre nanohuecos, Din; y espesor de capa, t, o que reduce la separacion de borde a borde
entre los antidots adyacentes, (W = Diy - d). La caracterizacion magnética se logra
mediante métodos integrales como la magnetometria de muestra vibrante (VSM) y del
efecto Kerr magnetooptico (MOKE), asi como los métodos de magnetometria
microscopica, como la microscopia de fuerza magnética (MFM). Todos los métodos
experimentales estan respaldados por simulaciones micromagnéticas realizadas con el
cédigo mumax3. La presencia de antidots conduce generalmente a un efecto de
endurecimiento magnético con mejoras de los campos coercitivos, por lo general, de
hasta dos 6rdenes de magnitud. Se observa un cambio notable en la dependencia de los
campos coercitivos con el tamafio de hueco, d, y la distancia entre bodes de nanohuecos,
W, encontrandose un tamafio critico para la distancia al borde, W¢, al que se invierte el
comportamiento del campo coercitivo. La disminucion de la coercitividad en el plano
para las muestras de FM-antidots con W < W, da lugar a un aumento de la contribucion
del componente magnética fuera del plano con el aumento del tamafio del antidot. El
cambio en el tamafio del nanohueco de las muestras de antidots se refleja en la
imanacion remanente, como asi lo revela la simulacion micromagnética. Dependiendo
de los parametros d y W, se pueden identificar tres patrones de dominio distintos. El
patron de dominio para muestras con un diametro de nanohueco pequefio (W > 50 nm)
donde se reproduce la estructura pelicular bien conocida, con una fuerte anisotropia
magnética en el plano de la muestra. Para muestras de antidots con W =~ W¢, la
estructura del dominio magnético presenta paredes de superdominio de alta energia, los
HE-SDW, y los ciclos de histéresis muestran un comportamiento magnético de
multiples pasos y un campo coercitivo maximo en la direccion del plano de la muestra.
Finalmente, la estructura del dominio magnético que surge en las muestras de antidots
con un diametro de nanohueco grande, donde W < W, dominan los procesos por
rotacion de la imanacion, que se asemeja al estado de orden magnético de spin-ice en
hielo artificialmente frustrado geométricamente, aumentando la anisotropia magnética
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fuera de plano. Ademas, la anisotropia magnética presenta un cruce inesperado desde la
direccion en el plano de la muestra a la posicion de fuera del plano, debido al aumento
de la densidad de energia efectiva de la anisotropia magnética perpendicular con el
tamafio del nanohueco, para las distintas muestras de antidots. Cabe destacar los
elevados valores de la densidad de energia de la anisotropia magnética perpendicular
efectiva, Kefs X t, para aleaciones de antidots de Dy-Fe con espesores, t = 30 nm, (3.8 erg
/ cm?) y (1.44 erg / cm?) para matrices de antidots de Ni con t = 20 nm, que se han
obtenido en este trabajo. Ademas, se ha encontrado que la distribucion de los elementos
de las aleaciones Dy-Fe alrededor y entre los nanohuecos de las muestras de antidots, la
compleja inversion de la imanacion y la alta estabilidad térmica de la estructura
hexagonal de los conjuntos de antidots, permiten sintonizar tanto la temperatura de
Curie como el punto de compensacion de la aleacion ferrimagnética a valores cercanos
a temperatura ambiente para las muestras de antidots de aleaciones Dy-Fe. Estas
observaciones pueden ser de enorme interés para el desarrollo de nuevos sensores
magnéticos y avalan el comportamiento de las peliculas magnéticas de antidots como
excelentes candidatas para disefio de medios de grabacion magneto-dptica perpendicular
y dispositivos para spintronica basados en técnicas de deposicion asistida mediante
plantillas nanoestructuradas.

RESUMEN (en Inglés)

This work presents a study about the magnetic properties of nanoscaled, hexagonally
ordered antidot arrays within magnetically soft thin films (Ferromagnetic, FM= Fe, Co,
Ni and Ferrimagnetic, FIM=Dy-Fe alloy). The antidot arrays are fabricated by
depositing the magnetic materials onto nanoporous alumina membranes with different
pore diameters varying in the range between 32+2 to 93+1 nm. Therefore, several sets
of FM- antidot arrays thin films have been fabricated with different hole diameter, d, but
fixed inter-hole distance, Din, and layer thickness, t, therefore reducing the edge-to-edge
separation between adjacent antidots, (W= D — d). Magnetic characterization is
achieved by integral methods such as vibrating sample magnetometry (VSM) and
magneto-optical Kerr effect (MOKE) measurements, as well as microscopic
magnetometry methods, such as magnetic force microscopy (MFM). All experimental
methods are supported by micromagnetic simulations performed with mumax3 code.
The presence of the antidots generally leads to a magnetic hardening effect with
enhancements of the coercive fields by typically two orders of magnitude. A dramatic
change in the coercive fields dependence with W and d have been found at a critical
edge to edge distance, W, which the coercive fields behaviour with W is reversed. The
decreasing of the in-plane coercivity for FM-antidot samples with W <W,_ gives rise to
an increase of the out-of-plane magnetic component contribution with the antidot hole
size increasing. Changing in nanohole size of the antidot samples reflects in the
remanent magnetization, as revealed by micromagnetic simulation. Dependent on the d
and W, three distinct domain patterns can be identified. The domain pattern for samples
with small hole diameter where (W > 50 nm) show the well-known leaf structure with a
strong in-plane magnetic anisotropy of the magnetization reversal. For antidot samples
with W = W, the magnetic domain structure shows high-energy super domain walls,
HE-SDWs, and hysteresis loops show a multi-steps magnetic behaviour and maximum
in-plane coercive field. Finally, the magnetic domain structure arising in antidot arrays
with large hole diameter where (W < W,) resembles the spin ordered state in
geometrically frustrated artificial spin-ice and increase the out-of-plane magnetic
anisotropy of the magnetization reversal. In addition, the magnetic anisotropy exhibits
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an unexpected crossover from the in-plane to out-of-plane direction due to the
increasing of the effective perpendicular magnetic anisotropy energy density with the
hole size of antidot arrays. It is worth to mention large values of effective perpendicular
magnetic anisotropy energy density, Kes % t, for Dy-Fe antidot alloys with t = 30 nm
(3.8 erg/cm?) and (1.44 erg/cm?) for Ni antidot arrays with t = 20 nm that have been
obtained in this work. Furthermore, the unique elements distribution of Dy-Fe alloys
around and between the holes of antidot samples, the complex magnetization reversal
and the high thermal stability of the hexagonal structure of antidot arrays enable us to
tailor the Curie temperature and the room temperature compensation point of Dy-Fe
antidot alloys. These observations can be of high interest for the development of novel
magnetic sensors and represent an excellent candidate for magneto-optic perpendicular
recording patterned media and spintronic devices based on template-assisted deposition
techniques.
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EN MATERIALES







To M,
Fatler X Mother



Acknowledgments
In the next few words, 1 would like to thank and express my gratitude to everybody

who supported or helped me in this work.

I would like to thank the supervisors Prof. Agustin Antonio Fernandez Suérez,
Prof. Victor Manuel del la Prida Pidal for the real support, help, guidance and the

fruitful discussions.

It was a pleasure to work in the Magnetic Materials and Nanomaterials research
group in Department of Physics, Oviedo University with Prof. Blanca Hernando Grande,

Dr. Victor Vega and Dr. Rafael Caballero-Flores, Dr. Javier Garcia and Dra. Ana Silvia

Gonzalez.

I would like to acknowledge the work financial support provided by the Spanish
MINECO Ref. MAT2016-76824-C3-3-R and MAT2013-48054-C2-2-R, by the Asturias

Government Ref. FC-15-GRUPIN14-085 research projects.

| greatly thank Prof. Blanca Hernando, Victor Vega and R. Caballero-Flores
for the very nice time and the continuous assistance in general life in Oviedo, and |
specially thank my friend Abd EI-Moez A. Mohamed, who has kept in touch despite the far

away distance.

I must express my profound gratitude to Shaimaa my wife and my dear kids Mariam,
Ahmed and Omar who were patient with me. I’d like to say to them: "l apologize to you about
the times when which | could not be with you because of research. Thanks for your quietness
and patience for sometimes which helped me to research. You are my soul, my heart and my

hope in this life. Really, I love you a lot.”



Abstract

This work presents a study about the magnetic properties of nanoscaled,
hexagonally ordered antidot arrays within magnetically soft thin films (Ferromagnetic,
FM=Fe, Co, Ni and Ferrimagnetic, FIM=Dy-Fe alloy). The antidot arrays were fabricated
by depositing the magnetic materials onto the planar surface of nanoporous alumina
membranes with different pore diameters varying in the range between 32+2 to 931 nm.
Therefore, several sets of FM and FIM- antidot arrays thin films have been fabricated
with different hole diameter, d, but fixed inter-hole distance, Dint, and layer thickness, t,
therefore reducing the edge-to-edge separation between adjacent antidots, (W= Dint — d).
Magnetic characterization is achieved by integral methods such as vibrating sample
magnetometry (VSM) and magneto-optical Kerr effect (MOKE) measurements, as well
as microscopic magnetometry methods, such as magnetic force microscopy (MFM). All
experimental methods are supported by micromagnetic simulations performed with
mumax3 code. The presence of the antidots generally leads to a magnetic hardening effect
with enhancements of the coercive fields by typically up to two orders of magnitude. A
noticeable change in the coercive fields dependence with W and d have been found at a
critical edge to edge distance, W, which the coercive fields behaviour with W is reversed.
The decreasing of the in-plane coercivity for FM-antidot samples with W < W, gives rise
to an increase of the out-of-plane magnetic component contribution with the antidot hole
size increasing. Changing in nanohole size of the antidot samples reflects in the remanent
magnetization, as revealed by micromagnetic simulation. Depending on the d and W
lattice parameters, three distinct domain patterns can be identified. The domain pattern
for samples with small hole diameter where (W > 50 nm) show the well-known leaf
structure with a strong in-plane magnetic anisotropy of the magnetization reversal. For

antidot samples with W =~ W, the magnetic domain structure shows high-energy super



domain walls, HE-SDWs, and hysteresis loops show a multi-steps magnetic behaviour
and maximum in-plane coercive field. Finally, the magnetic domain structure arising in
antidot arrays with large hole diameter where (W < W,) resembles the spin ordered state
in geometrically frustrated artificial spin-ice and increase the out-of-plane magnetic
anisotropy of the magnetization reversal. In addition, the magnetic anisotropy exhibits an
unexpected crossover from the in-plane to out-of-plane direction due to the increasing of
the effective perpendicular magnetic anisotropy energy density with the hole size of
antidot arrays. It is worth to mention large values of effective perpendicular magnetic
anisotropy energy density, Kes x t, for Dy-Fe antidot alloys with t = 30 nm (3.8 erg/cm?)
and (1.44 erg/cm?) for Ni antidot arrays with t = 20 nm that have been obtained in this
work. Furthermore, the unique elements distribution of Dy-Fe alloys around and between
the holes of antidot samples, the complex magnetization reversal and the high thermal
stability of the hexagonal structure of antidot arrays enable us to tailor the Curie
temperature and the room temperature compensation point of Dy-Fe antidot alloys. These
observations can be of high interest for the development of novel magnetic sensors and
represent an excellent candidate for magneto-optic perpendicular recording patterned
media and thermo-magnetic recording patterned media based on template-assisted

deposition techniques.



Resumen

Este trabajo presenta un estudio sobre las propiedades magnéticas de las matrices
de nanohuecos o “antidots” ordenadas hexagonalmente a nano escala en peliculas
delgadas magnéticamente blandas (Ferromagnéticas, FM = Fe, Co, Ni y Ferrimagnéticas,
FIM = Dy-Fe). Los arreglos de antidots se fabrican depositando los materiales magnéticos
sobre membranas de alimina nanoporosa con diferentes didmetros de poros que varian
en el rango entre 32 £ 2 a 93 = 1 nm. Por lo tanto, varios conjuntos de matrices FM y
FIM-antidots se han fabricado con diferentes didmetros de antidots, d, pero distancia fija
entre nanohuecos, Dint y espesor de capa, t, 1o que reduce la separacion de borde a borde
entre los nanohuecos o antidots adyacentes, (W = Dint - d). La caracterizacion magnética
se logra mediante métodos integrales como la magnetometria de muestra vibrante (VSM)
y del efecto Kerr magnetodptico (MOKE), asi como los métodos de magnetometria
microscopica, como la microscopia de fuerza magnética (MFM). Todos los métodos
experimentales estan respaldados por simulaciones micromagnéticas realizadas con el
codigo mumax®. La presencia de antidots conduce generalmente a un efecto de
endurecimiento magnético con mejoras de los valores de campo coercitivo de hasta dos
Ordenes de magnitud. Se observa un cambio notable en la dependencia de los campos
coercitivos con el tamafio de hueco, d, y la distancia entre bordes de nanohuecos, W,
encontrandose un tamario critico para la distancia entre bordes de antidots, W¢, al que se
invierte el comportamiento del campo coercitivo. La disminucion de la coercitividad en
el plano para las muestras de FM-antidots con W < W, da lugar a un aumento de la
contribucion del componente magnética fuera del plano con el aumento del tamafio del
antidot. El cambio en el tamafio del nanohueco de las muestras de antidots se refleja en
la imanacion remanente, como asi lo revela la simulacion micromagnética. Dependiendo

de los parametros d y W, se pueden identificar tres patrones de dominios magnéticos



distintos. El patron de dominio para muestras con un didmetro de nanohueco pequefio (W
> 50 nm) donde se reproduce la estructura pelicular bien conocida, con una fuerte
anisotropia magnéetica en el plano de la muestra. Para muestras de antidots con W = W,
la estructura del dominio magnético presenta paredes de superdominio de alta energia,
los HE-SDW, y los ciclos de histéresis muestran un comportamiento magnético de
maultiples pasos y un campo coercitivo maximo en la direccion del plano de la muestra.
Finalmente, la estructura del dominio magnético que surge en las muestras de antidots
con un diametro de nanohueco grande, donde W < W¢, dominan los procesos por rotacion
de la imanacion, que se asemeja al estado de orden magnético de spin-ice en hielo
artificialmente frustrado geométricamente, aumentando la anisotropia magnética fuera
del plano. Ademas, la anisotropia magnética presenta un cruce inesperado desde la
direccidn en el plano de la muestra a la posicion de fuera del plano, debido al aumento de
la densidad de energia efectiva de la anisotropia magnética perpendicular con el tamafio
del nanohueco, para las distintas muestras de antidots. Cabe destacar los elevados valores
de la densidad de energia de la anisotropia magnética perpendicular efectiva, Kest X t, para
aleaciones de antidots de Dy-Fe con espesores, t = 30 nm, (3.8 erg / cm?) y (1.44 erg /
cm?) para matrices de antidots de Ni con t = 20 nm, que se han obtenido en este trabajo.
Ademas, se ha encontrado que la distribucion de los elementos de las aleaciones Dy-Fe
alrededor y entre los nanohuecos de las muestras de antidots, la compleja inversion de la
imanacion y la alta estabilidad térmica de la estructura hexagonal de los conjuntos de
antidots, permiten sintonizar tanto la temperatura de Curie como el punto de
compensacion de la aleacion ferrimagnética a valores cercanos a temperatura ambiente
para las muestras de antidots de aleaciones Dy-Fe. Estas observaciones pueden ser de
enorme interés para el desarrollo de nuevos sensores magnéticos y avalan el

comportamiento de las peliculas magnéticas de antidots como excelentes candidatas para



disefio de medios de grabacién magneto-Optica perpendicular y dispositivos para
spintronica basados en técnicas de deposicion asistida mediante plantillas

nanoestructuradas.
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Chapter 1: Introduction

In condensed matter physics, materials science, chemistry, mechanical and
electrical engineering, research on the nano-scale has gained particular attention, as much
as it reveals novel effects from fundamental relevance and paves the way for future
technologies [1,2] Subject of research is so-called nanostructured materials, which can be
classified as objects with a characteristic length scale in the order of few nanometers in
at least one dimension [3,4] The computers and electronic devices have become
indispensable companions in our everyday life through an abundance of applications in
education, medicine, automotive industry, and all the way to space industry. Most
important material traits involved in these devices at the atomic and nanometre scales are
the electron’s charge and spin, which may couple to each other through direct and indirect
interactions, all building up a rather new field of research called as “spintronics” [5,6]
The term “spintronics” (SPIN Transport electrONICS), introduced in 2000 [7] designates
a field of electronics aimed to manufacture devices, the electrical characteristics of which
are controlled by modifying its spin state. The emerging of spintronics is usually
associated with observation of giant magnetoresistance effect (GMR 1988) in three-layer
and multilayer metallic F/N structures (F, N = ferromagnetic and normal metal,

respectively) [8,9]

Indeed, this discovery, at first, initiated a huge increase of research in this area and
second, almost immediately found some application such as, magnetic field sensors,
which put in the basis of reading heads for magnetic hard disk drives and rising to a new
level of magnetic data storage capacities, biosensors, microelectromechanical systems

(MEMS) and other devices [10]. Both inventors shared the Nobel Prize for this



achievement in 2007. After its first economic usage as a magnetic sensor element [11], it
is undoubtedly found its way to commercialization as ’read-head’ for magnetic hard disk
drives in 1997 by IBM [12] and, thus, became amongst the most important innovations

in the last decades, only 9 years after its discovery.

Of particular importance in the evolution toward higher areal densities is the
transition from longitudinal to perpendicular magnetic recording (PMR) [13], whereas a
difference from longitudinal magnetic recording (LMR) technology [14], the out-of-
plane orientation of the bit magnetization is perpendicular to the disk surface. One of the
fundamental advantages of PMR is that it allows to reach higher magnetic writing fields
as compared to LMR, and thus to use materials with higher magnetic anisotropy (Ku).
The possibility of using high-Ku materials is critically important to maintain the stability
of the magnetic bits against superparamagnetic effects [15,16], which eventually might
cause the bit magnetization to flip due to thermal fluctuations and hence lead to data loss.
At present the areal density approaches the 1 Tb/in? density point, which means that each
individual bit, despite being composed by several magnetic grains, is only ~25 nm? in
size. A second aspect concerning superparamagnetic effects is related to the bit volume
V, because the time between fluctuations of the bit magnetization is essentially
proportional to KuxV [15]. This quantity determines the nonvolatility of the magnetic
medium. Therefore, to further decrease the bit volume, for example, by using materials
with smaller grains, it is in principle necessary to accordingly increase Ku [17]. This
implies that the higher magnetic fields provided by PMR are required for the writing

process.

Within the next 10 years due to the continuous development of emergent
technologies such as heat-assisted magnetic recording (HAMR), bit-patterned magnetic

recording [18-20], shingled magnetic recording (SMR) [21] and/or two-dimensional
2



magnetic recording (TDMR) [22] , the areal bit density of data storage will increase more

than 10 Th/in? as reported in Fig. 1.1.
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Figure 1.1: Bit areal density progress in magnetic hard disk drives [23]

The engineering of magnetic systems based on planar patterned nanostructures by
properly controlling the shape and size of the patterned nano-objects allows obtaining
magnetic films with non-collinear magnetization distribution, thus enabling the
development of magnetic data processing devices with perpendicular architecture and
spin-based electronics [24]. Nanoscale antidot arrays lattices in magnetic materials, i.e.,
periodic spatial arrangements of nanometric holes in thin metal films, have been studied
in a wide scientific and technical scope. Tuned magnetic frustration in spin ice [25,26]
and spin glass [27] behaviour have been investigated and detected in magnetic nanoscale

antidot arrays. Moreover, their ability to act as magnonic crystals which -similar to
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photonic crystals for photons- exhibits a periodic potential for magnons, allowing to tailor
the spin wave dispersion [3,28]. Thus, antidot arrays systems are promising candidates

for applications in the field of spintronics as spin wave filters or spin wave guides [29,30]

In addition, the antidot arrays with perpendicular easy magnetic anisotropy axis
are interesting systems from the application point of view in superconductor as flux pining
centres [31,32]. Furthermore, many studies used magnetic materials with a perpendicular
magnetic anisotropy as host films for the antidot lattices and declared their efficiency for
magnetic recording and bit patterned media compared to unpatterned films [33-35]. The
extraordinary features exhibited by these nanostructured materials comes from their
relatively large surface to volume ratio, which influences the shape, morphology,

crystalline structure, and surface roughness of the material in the nanoscale range [36].

These artificial arrays have been recently used in ultra-high density data storage
applications [37,38] where the antidot lattices allow to define a peculiar type of bit
patterned media that can overcome the superparamagnetic limit due to the non-formation
of isolated magnetic domains [39,40]. The presence of antidots in the continuous thin film
form a complex magnetic domain structure at remanent state such as superdomains, as
shown in Fig. 1.2. The latter are exotic magnetic domain structures characterized by a
common average magnetization, while presenting inhomogeneous magnetization inside
an antidot cell [41]. Neighbouring superdomains with different average magnetization are
separated by superdomains walls (SDWs) (inset of Fig. 1.2b). The geometrical
confinement of the magnetization between holes may find different applications: in the
field of information storage, the magnetic entity surrounded by the nearest antidots can
be used as memory bits [42]. Magnetic domain structures arising in antidot arrays have
been experimentally observed by means of magnetic force microscopy (MFM), Lorentz

microscopy, X-ray photoemission electron microscopy, and magneto-optic Kerr effect
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measurements [41,43-45] Particular attention has been devoted to the nucleation and
propagation of discrete domain chains, to explore the possibility of controlling domain
walls with well-defined magnetic configurations [41,46] A fundamental support to
understand the complex magnetic behaviour exhibited by the antidot arrays has been
found in micromagnetic simulations, which are based on the solution of the Landau-

Lifshitz equation as described in chapters 5 and 6 and reported in [37,47-49]
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Figure 1.2: a) Simulated magnetic domain structure at remanent state for Ni continuous thin
film (inset shows the large magnetic domain, D, separated with domain walls, DWs). b)
Simulated magnetic domain configuration at remanent state for Ni antidot arrays with hole
diameter, d = 40 nm and interpore distance, Dixx = 105 nm (inset shows the formation of
magnetic super domains, SD, separated with super-domain walls, SDWs. C) color mapping
where each color indicates easy magnetization direction for each single D or SD.

Antidot arrays are commonly prepared by different nanolithography techniques
[50-53], focused ion beam lithography [54-56], holographic lithography [57,58],
colloidal lithography [59], and block copolymer self-assembly [60]. Some of these
techniques, however, are restricted to laboratory scale applications by expensive
procedure or limited patterned areas. Antidot arrays based on nanoporous anodic alumina

templates, allow obtaining elaborated and reproducible 3D arrangement of self-ordered
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nanopores with precise control on the lattice parameters of the former alumina templates,
such as the pore diameter, interpore distance and pore length. Normally the periodical
ordering cannot be achieved using the latter method, but this problem has already been
successfully addressed even for wafer-size scale by introducing pre-patterning step before

anodization of the alumina surface [61,62].

1.1 Outline of the thesis

This thesis is composed of eight Chapters. The next two Chapters (Chapter two and
three) discuss on the theoretical frameworks and the experimental techniques used in this
work. This is then followed by two parts. Chapters four, five and six make up part one of
the thesis and it starts by investigating the magnetic properties of ferromagnetic (Fe, Co
and Ni) antidot arrays thin film. Therefore, Chapter four focused on the effect of antidot
layer thickness on the magnetic anisotropy mainly the in-plane angular dependence of the
coercivity and reduced remanence. Meanwhile, Chapter five studied deeply the influence
of antidot hole diameter on the magnetic properties of FM-antidot arrays thin film and
their effect on the micromagnetic domain structure. Finally, Chapter six investigated the
tailored perpendicular magnetic anisotropy in Ni antidot arrays by varying the nanohole
size of antidot arrays for spintronic application. Part two is made up by Chapter seven
and eight. The preparation and characterization of RE-TM (Dy-Fe) alloys antidot thin
film with different layer thickness and elemental/atomic concentration as ferrimagnetic
on the magnetic properties such as the magnetic anisotropy, compensation point, and
Curie temperature is presented in Chapter seven. After that, finally it comes the summary

and main conclusions of the work at Chapter eight, together the bibliography.



Chapter 2: Phenomena and concepts

The interesting phenomena displayed by magnetic materials based on antidot arrays
thin films are governed by their geometrical parameters and lattice symmetry. This
Chapter discusses about the most important concepts in magnetic antidot arrays thin films

to have a deep understanding of the related phenomena.

2.1 Exchange Interaction

To explain the main properties of ferromagnetic antidot materials like the magnetic
ordering, we introduce the magnetic interactions theories and the existence of magnetic

domains.

Heisenberg and Dirac independently described an interaction between quantum
mechanical particles, with which it was possible to explain why the magnetic moments
in a ferromagnetic state align parallel to each other [63,64]. This phenomenon was named
as “exchange interaction”. Within the Heisenberg model, the exchange interaction energy

between neighboring magnetic moments reads:

Eex = _]ij AR (2.1)

where ?l = ml/ﬁ. For a ferromagnet, the coupling constant J;; is positive for
l

ferromagnetic ordering, so that a parallel alignment of spins results in a reduction of
interaction energy, while a negative J;; describes the antiferromagnetic ordering. When
instead of localized magnetic moments the magnetization, M, is regarded as a property in
the sense of a continuum theory, which is especially relevant in the context of

micromagnetic simulations (see section 6.4), the exchange energy can be expressed as:
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here, the exchange stiffness constant A,,., = (cJS?)/a is introduced. a is the lattice

constant, and the parameter c takes the values 1, 2 and 4 for simple cubic, sc, body-

centered cubic, bcc, and face-centered cubic, fcc, lattice symmetry, respectively [65].

2.2 Magnetic Domains and Domain Walls

In general, the magnetization of a ferromagnetic ordering is not
homogeneous, but it is divided into a multitude of regions in which the
magnetization has the same easy magnetization direction. These regions are called
as magnetic domains. Each two neighboring magnetic domains are separated by a
domain wall, DW, where the magnetization gradually reorients over a distance in

the order of several hundreds of the lattice constants, a.

Figure 2.1: The formation of magnetic domains reduces the stray field energy. Details
see text. Image from Ref [66].

Magnetic domains are formed due to a competition of the different energy

contributions in the magnetic system such as different terms of magnetic anisotropy.



While the magnetization with a single domain is favorable in terms of exchange
interaction, the resulting demagnetizing fields are usually large, as sketched in Fig. 2.1 a.
Such a configuration is thus only possible if the stray field energy can be
overcompensated by magnetocrystalline anisotropy [66]. Splitting the sample into two
domains with opposite magnetization directions reduces the stray field energy (Fig. 2.1
b). The cost for the additional domain is an increase in exchange energy due to formation
of the domain wall. A very favorable configuration is shown in Fig. 2.1d, where almost
no stray field emerges at the samples edges due to a closure of the magnetic flux. Such a
configuration, however, can only be attained when the magnetocrystalline anisotropy is

negligible, for example in micron scaled rectangular prisms of the Permalloy [66].

X
AXxis of rotation

1 Axis of rotation

Figure 2.2:a) Bloch and b) Néel domain Wall, as it usually occurs in soft magnetic thin films
[67].

Two common types of domain wall are illustrated in Fig. 2.2. In bulk

ferromagnetic materials, the domain walls are usually in the form of Bloch domain walls.



In a Bloch wall, the magnetization always stays within the DW plane. The width of the
domain wall is hereby given by a competition between exchange interaction and the
magnetocrystalline anisotropy. In soft magnetic thin film elements, Fe, Co and Ni, the
formation of Bloch domain walls would lead to an out of plane component of the
magnetization, which is unfavorable due to shape anisotropy with strong in-plane

magnetic anisotropy.

In this context, the exchange length, lexcn, is an important property:

Aexch
lexch = HOMSZ (2.3)

For the materials used for the preparation of the antidot arrays in this thesis, the
values are lexch = 2.4 nm for Fe, lexch = 3.8 nm for Co, and lexch = 5.1 nm for Ni [68]. The
corresponding Néel wall widths in polycrystalline samples of these materials are in the
range between 30 and 200 nm [69,70]. Therefore, after/by modifying the geometrical
parameters of antidot arrays we can tailor the micromagnetic domain structure and

magnetic anisotropy, as it will be described in Chapters 5 and 6.

2.2.1 The coherence radius

The critical size and nucleation field for ideal magnetic particles were given for
the following shapes: sphere, infinite long cylinder, prolate ellipsoid, and hollow cylinder
[68]. The maximum size of the ferromagnetic material at which its magnetization reversal
takes place by quasi-uniform magnetization rotation process rather than domain wall

movement is called the characteristic length, R, and given approximately by [67,71]:

(RCOh = 24A/uM2 = V24 Lexcn ) (2.4)
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In this work we found a strong relation between the R.,; and the magnetic properties of

ferromagnetic antidot arrays thin films.

2.3 Magnetic anisotropy in continuous thin film and antidot arrays

thin films

Most of the previous works on antidot arrays are made by lithography, and they
show homogeneous magnetic domain structures due to the spatial periodicity of the
nanoholes arrangement. The magnetic behavior demonstrates a great enhancement in
comparison with their counterpart continuous thin film. The anisotropy induced by the
sample geometry and lattice symmetry define the magnetic behavior of the antidot arrays,
such as coercivity, Hc, and reduced remanence, m; = Mr/Ms Many studies have shown
that the intrinsic anisotropy of the unpatterned film is still present in the arrays [39,72].

The anisotropies that must be taken into account in the system of antidot arrays are:

2.3.1 Magnetocrystalline anisotropy

The energy corresponding to a given magnetization configuration of a

ferromagnetic material depends on the relative orientation of the magnetization vector M
and the crystal axes of the material. The origin of this magnetocrystalline anisotropy is
the spin-orbit interaction. The easy magnetization axis lies along certain crystal
directions, so that the ferromagnetic materials are easily magnetized and saturated by
means of an external applied field along these preferred directions. Once the
magnetization points in a favorable direction resulting in a square-like hysteresis loop as
show in Fig. 2.3a. Such directions which minimize the energy are called easy anisotropy
or magnetization axes (Fig. 2.3a). For a magnetocrystalline easy anisotropy axis,
however, the orbital contribution to the magnetic moment is always maximized [73]. The
energetically most unfavorable orientations of the magnetization are then called the hard
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axis as shown in Fig. 2.3b. It takes relatively large fields to force the magnetization into
such a direction, and once the external field is turned off; there is a tendency for the

magnetization to rotate into a neighboring easy magnetization axis.
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Figure 2.3: Schematic hysteresis loops for a magnetic field applied along (a) easy
magnetization axis and (b) hard magnetization axis.

Also, ferromagnetic materials can be characterized by its magnetocrystalline

anisotropy by the magnitude of the quality factor, Q, which is related to the ratio:

2k

Q=1 (2.5)

If Q >> 1, the magnetic anisotropy behavior is dominated by the magnetocrystalline
anisotropy; such materials are called as “hard” magnetic material. If Q << 1, the magnetic
anisotropy behavior is governed by the magnetostatic energy and such materials are called

as “soft” magnetic materials [74].

For the antidot arrays prepared in this thesis, the shape anisotropy always

dominates over the magnetocrystalline anisotropy. This is due to the relatively small
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intrinsic values for the anisotropy constants of the materials used for the thin film

preparation.

2.3.2 Shape Anisotropy

Shape anisotropy in a magnetic specimen is purely a magnetostatic self-energy,
which originates from the magnetostatic interaction among magnetic dipoles. To
understand the effect of the shape of a specimen on developing this anisotropy, let us

define the demagnetizing field.

ez ‘ AN

Figure 2.4: Magnetization (M) and demagnetizing field (Hg) in an ellipsoid when the external
field is applied in the direction of the long axis (a) and short axis (b). Hq is higher for (b) because
of smaller distance between dipoles.

Consider an external magnetic field, Hex:, applied to an ellipsoid of ferromagnetic
material in the direction parallel to the long axis, as show in Fig. 2.4a. This causes that
the ellipsoid becomes magnetized with the north and south poles as shown in Fig. 2.4a.
Due to the magnetic lines of force emerge out of the North Pole and ended at the South
Pole, the field line inside the ellipsoid goes in the opposite direction to that of the external

field Hext. This fact makes to develop an intrinsic magnetic field which opposes to the
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external magnetic field Hext [75]. This opposite field is called as the demagnetizing field,
Hq, which originates from the magnetization of the specimen (M) and depends on the

shape of the specimen. It can be written as:

where Ng is a demagnetization factor and depends solely on the shape of the specimen.
Theoretical calculations have shown that Ng is smaller for the longer axis [76]. This
means, higher Ng values are expected for external field Hex: applied as shown in Fig. 2.4b
and hence higher Hq values. In other words, it is hard to magnetize in the short axis
direction as shown in Fig. 2.4b and easier in the long axis direction as shown in Fig. 2.4a.
In the case of magnetic thin films, the value of the in-plane demagnetization field,
Ng™ P js very much lower in comparison to the out-of-plane value, NgoutofPlane,
Therefore, the easy magnetization axis always lies within the plane of the film and results
the in-plane magnetic anisotropy for all the continuous thin film (CTF) samples within

the scope of current thesis.

The shape anisotropy in Fe, Co and Ni continuous thin films always favors the in-
plane magnetic anisotropy and is one of the major contributors to net effective magnetic

anisotropy.

The magnetostatic energy per unit volume for a specimen with its saturation

magnetization Ms can be written as;

Ey= % MZ cos? 6 (2.7)

where po is the magnetic permeability of free space and 6 is the angle between the

magnetization and normal to the film surface.
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Let’s define the Ksh = (1o /2) Ms? = 2rM? such that, Eq = Ksh cos? 8. We will call this
constant Ksh the “shape anisotropy constant”, which has units of energy/volume.
According to the equation of above, the shape anisotropy favors the in-plane magnetic

anisotropy in thin films.

2.3.3 Uniaxial anisotropy

For a hexagonal crystalline structure, as in hcp cobalt, the equation for
magnetocrystalline uniaxial anisotropy energy density can be written in its simplest form

as:
E, = —K,cos?*6 + K,cos*0 (2.8)

where 0 is the angle between the magnetization direction and the crystallographic c-axis,
while K1 and K3 are the anisotropy constants. In expression (2.8), higher order terms are

neglected as the anisotropy constant values are very small.

Depending on the values of K1 and Ko, there are different kinds of anisotropy (i)
with K1 = Kz = 0, the isotropic magnetic system; (ii) with Ky > 0, the magnetic system
with an easy magnetization axis along the c-axis and (iii) with K1 < 0, the magnetic system

with an easy magnetization plane perpendicular to the c-axis.

2.4 Magnetic anisotropy constants determined from experimental

measurements

The magnetic anisotropy constants can be experimentally obtained from magnetic
hysteresis curves, M(H). To derive those parameters, the magnetic hysteresis curves
should be measured along both easy and hard magnetization axes by using instruments
like the vibrating sample magnetometer (VSM), Superconducting Quantum Interference
Device (SQUID), longitudinal and polar magneto-optical Kerr effect (MOKE)
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measurements (L and P -MOKE) etc. When the field is applied along the easy
magnetization axis, the external applied field required to get up to magnetic saturation,

hard js maximum when the

let us define as Hsx®, is minimum. Likewise, the value of Hsa
field is applied in the parallel direction to one of the hard magnetization axes. Fig. 2.5
shows an example of the M—H hysteresis curves measured in both In-Plane (black) and

Out-of-Plane (red) directions.

The magnetic hysteresis curve is defined by different physical parameters, such as
coercive field (Hc), remanence magnetization (Mr), and saturation magnetization (Ms).
The term Hk is generally called the anisotropy field and there is a difference between
external fields required for saturation of magnetization along the hard and easy

magnetization axes:

H, = Hhard _ geasy (2.9)

sat

Then the overall or effective anisotropy constant can be calculated from

experimental observations using the equation

Kepr = 2 (2.10)

Here, if Hk is given in Oersted (or Gauss) and Ms is in emu/cm? then we get Kes in

erglcm?®,
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Figure 2.5: Typical M—H hysteresis curves for a continuous thin film of Ni with layer thickness

of 20 nm. The hysteresis curves are measured with the applied field in the In-Plane (black) and
Out of Plane (red) directions.

2.5 Coercivity

Generally, the coercivity is the resistance of a magnetic material to change in the
magnetization, equivalent to the field intensity necessary to demagnetize the fully
magnetized material. A periodic nonmagnetic inclusion i.e. nanoholes in a continuous
thin film, CTF, reduces the local anisotropy energy, showing an interesting feature, the
hardening effect on the magnetic properties when comparing to the corresponding CTF
[77]. The presence of the pinning defects leads to an irregular DW movement consisting
on a series of Bakhausen jumps as the wall skips from hole to hole [6]. If the defect width
is smaller than the DW width, the coercivity is predicted by the micromagnetic
calculations to increase linearly with the inter-nanohole distance, Dint [78,79]. The DW

is more strongly pinned if a larger number of defects fill the wall thickness.

Several works have demonstrated the relation between Hc, and the geometric

properties of the arrays. The in-plane coercivity, Hcy, increases with 1/Dint, hence stronger
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magnetic fields are needed to overcome this pinning effect [80]. On the other hand, when
Dint is kept constant, Hc is found to increase with the antidot hole diameter, d, due to the
increasing of the local stray fields [39,51]. In general, the increases of the Hc with
increasing d and Dint, is attributed to the pinning of DW due to the local dipolar effect

[81].

1 1
a —
Ding— d w

Hc/ a (2.11)

According to the micromagnetic model, the in-plane Hc saturates for larger defects. As
expected, the coercivity decreases with the separation distance between the edges of
nanoholes, W = Dint - d. The separation of the non-magnetic structures implies a decrease
in the magnitude of the demagnetizing energy relative to the total energy. In this thesis

we find a limitation for this micromagnetic model where the behaviour of Hc reversed
after reaching a critical separation distance, W, ,where H. a% forW>W, and H; a W

for W < W, (as will be discussed in Chapter 5).

2.6 Objective of this work

This work is focused on the systematic study of the enhancement of the magnetic
properties of two type of magnetic materials within the shape of thin films, (ferromagnetic
and ferrimagnetic materials), by using nano-patterned systems of antidot arrays. The
competition between the intrinsic and shape anisotropy together with the local effects
induced by the antidots creates new scenario to engineer and tailor the magnetic properties
of the magnetic thin films by modifying their geometrical parameters. Special focusing
in the magnetic anisotropy for both directions, the in-plane and the out-of-plane, have
done to find possible application in spintronics and bit-patterned magnetic recording

media. In order to exploit the magnetic properties of the antidot arrays and applying them
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instead of the continuous thin film, the magnetic properties with different geometrical
features must be deeply known. In addition, micromagnetic domain structure study has
been done with micromagnetic simulation to investigate and analyse the effect of

geometrical parameters on magnetic domain structure.

The presented nanoporous alumina membrane, NPAM, has exceptional features
for the purposes of this work such as low cost, the reproducibility of the samples, the
relatively easy manipulation of the geometric properties and the desired nano-dimensions.
Besides, these alumina membranes display long-range porous area, in which the
controlled pores diameter are of few tens of nanometres and are hexagonally arranged
within geometric domains of micrometric size. The total effective area is of the order of

cm2,

The engineering of the geometric properties of the NPAM is the keystone of this
work, by using electrochemical processes. The well-equipped laboratory at (Scientific
and Technical Services of the University of Oviedo), holds the necessary conditions to
obtain a big amount of nanoporous alumina templates with a wide range of different pore
diameters varied between 32+2 to 93+1 nm, but keeping constant the interpore distance,
Dint, to the value of 103£2 nm, within the scope of this study (see Fig.3.2). The fabrication
technique behind these systems is chemical in origin, which together with physical

deposition method, i.e. thermal evaporation, consisted in a bottom-up method.
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Chapter 3: Preparation and characterization of antidot
arrays

In this Chapter, an overview of the experimental techniques concerning
fabrication and characterization of antidot samples are presented. It is divided in three
parts: i) fabrication techniques, ii) topography and structural characterization and iii)
magnetic characterization. The work of this study focusses on improvements in the
characteristics of the nanoporous alumina templates aiming tailored magnetic properties.
The experimental techniques are described making special emphasis in those involving

our most active work.

3.1 Preparation of antidot arrays thin films

3.1.1 Nanoporous alumina templates fabrication

In brief, the initial samples consist of 0.5 mm thick, high purity Al foils (99.999%,
Goodfellow, Huntingdon, UK) that were cleaned by sonication in ethanol and isopropyl
alcohols and electropolished at 20 V in perchloric acid and ethanol solution (1:3 vol., 5
°C) for 5 min see (Fig.3.1a). These polished Al foils were then employed as starting
substrates for the anodic synthesis of nanoporous alumina templates through mild
anodization process. The two-step electrochemical anodization was performed in 0.3 M
oxalic acid, at a temperature range between 1 and 3 °C and under a potentiostatic applied
voltage of 40 V, measured versus a Pt counter electrode. Between the two anodization
steps, the alumina samples were immersed in 0.2 M CrOz and 0.6 M H3PO4 aqueous
solution. This chemical etching step allowed for the selective removal of the first grown
anodic alumina layer, which contained randomly disordered nanopores at its top surface
see (Fig.3.1b). During the second anodization step, which lasted for 5 h, the nanopores

grew following the highly self-ordered hexagonal symmetry pre-patterned engineering
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during the first anodization process as sketched in (Fig.3.1c, d). To obtain alumina
templates with different pore size, the samples were chemically etched in 5 wt.%
orthophosphoric acid at 30 °C, for different etching times, Tetching, that were varied
between 5 and 53 minutes. This procedure allowed us to obtain a great variety of
nanoporous alumina templates with a wide range of different pore diameters ranging
between 32+2 and 93+1 nm, but keeping constant the interpore distance, Dint, to the value

of 103+2 nm see (Fig.3.2).

Fig. 3.2 summarizes the evolution of the alumina membrane pore diameter as a
function of the etching time for the pores widening chemical etching. A linear relationship
is found between the pore diameter and Tetching With an inflection point for (Tetching= 37.5
min), at which the rate of the pore size increases with etching time changes. The Al oxide
of pore wall removed in the early stage is etched at a higher rate (Tetching < 37.5 min with
slope = 1.14), than that in the later stage (Tetching™> 37.5 min with slope = 0.95). The
retarded rate of chemical etching in the later stage can be attributed to the relatively more
pure Al oxide nature of the inner pore wall, as compared to the less dense Al oxide of the
outer pore wall due to the incorporation of anionic species [82]. The linearity of pore
diameter increasing with pore widening time has been already previously described for
many studies [38,77,83]. By increasing the pore diameter of alumina membrane and
keeping constant Dix, this distance is reduced down to its minimum value. Consequently,
the pore diameter reaches a maximum value for a network with a fixed Din parameter,
around pore diameter = Dinc= 103 nm. Here, the maximum pore diameter value reaches
~ 93 nm, indicating that the stabilization of the hexagonal network is stable up to 90.3%
of the maximum value for pores of the alumina membrane. This value here reached is
higher than the ones previously obtained in the literature with similar techniques [41,84—

86].
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Figure 3.1: The steps for obtaining the nanoporous alumina membrane and related SEM
images for each step. (a) first one starts from an electropolished Al surface; (b) scheme of a
nanoporous alumina membrane after first anodization process with random nucleation of the
pores in the top-surface; (c) Al foil after removing the first anodized alumina revealing the
engraved hole structure; (d) nanoporous alumina membrane after the second anodization
process with hexagonal self-ordered pattern of nanoholes.
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Figure 3.2: Pore diameter of alumina membrane versus etching time Tetcning during the pore
widening procedure of the alumina templates. The red arrows indicate the inflection point at
Tetching: 375 mln

3.1.2 Thin film deposition by thermal evaporation system

The controlled deposition of the metallic thin film formed by highly pure metal
pieces of magnetic materials (99.999%) was performed in a high vacuum thermal
evaporation technique using an E306A thermal vacuum coating unit (Edwards, Crawley,
UK) with an ultimate vacuum better than 4.1x10~" mbar, having a diffusion pump backed
by rotary pumping together with a liquid nitrogen trap as sketched in Fig. 3.3a [77]. The
pure element of magnetic metal pieces was placed inside a water-cooled copper crucible
and heated by the action of magnetically focused electron ion-beams. The evaporated
target metal was deposited on the top-surface of the hexagonally ordered nanoporous
alumina membranes, which acted as templates to obtain the thin film antidot arrays, as

depicted in Fig. 3.3 b [38]. The control of the film thickness was achieved by using two
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independent quartz crystal controllers that monitored simultaneously and independently
the deposition rates of each evaporation source. The source to substrate distances were

maintained constant at about 18 cm. The deposition rate was around 0.10-0.15 nm s2.,
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Figure 3.3: a) Sketch of the thermal evaporating system. b) Deposition film on top-surface of
the nanoporous alumina membrane.

3.2 Morphology and micro-structure characterization

3.2.1 Scanning Electron Microscope

The surface morphological characterization of the Ferromagnetic and

Ferrimagnetic antidot arrays samples have been carried out mainly by Scanning Electron

24



Microscopy (SEM) (JSM 5600, JEOL, Akishima, Tokyo, Japan). This technique not only
allows studying the micro and nano-structure of the samples, but also allows obtaining
information on the chemical composition and homogeneity of the samples. The operation
of the SEM is based on the interactions between the surface of the sample and the electron

beam that runs through it in a sweeping/scanning mode (as seen in Figs. 3.4 a and 3.4b).

The SEM uses the detection of the secondary electrons to produce the images. The
generated secondary electrons depend on the energy of the incident beam, material and
the surface of the sample. In the SEM images, the contrast is due to the morphology of
the sample or due to a different compound in the sample. The resolution of the image

obtained ranges between 3 and 20 nm.
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Figure 3.4: a) Schematic of a Scanning Electron Microscope and b) Schematic of electron beam

interaction [87].
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Figure 3.5: SEM image of the antidot arrays thin films with hole diameter, d = 85 nm, and
interpore distance, Din: = 105 nm, with different magnifications: 1 um, 0.5 um and 0.1 pm.

Figure. 3.5 shows an example of the SEM images obtained with different
magnification scale. In the specific case of the nanomaterials synthesized and presented
in this thesis, its topographic and compositional characterization has been carried out

using a commercial model of SEM, (JSM 5600, JEOL, Akishima, Tokyo, Japan) which

is allowable at Scientific and Technical Services of the University of Oviedo.

3.2.2 Energy Dispersive X-Ray Spectroscopy

Chemical information of particular samples was obtained by Energy Dispersive
X-Ray Spectroscopy (EDS). Overall, the high energy of an incident beam ionizes the
atoms then the X-ray photons are emitted; the energy of these photons is characteristic
for each element (X-ray fluorescence). The EDS detector was embedded in a Field
Emission Scanning Electron Microscopy and carried out using a commercial model of
SEM, (JSM 5600, JEOL, Akishima, Tokyo, Japan) allowable at Scientific and Technical

Services of the University of Oviedo.
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3.2.3 Atomic Force Microscopy technique

The Atomic Force Microscopy, AFM, technique is a high-resolution (fractions of
a nanometer) scanning probe microscope. The AFM consists on a cantilever with a sharp
tip (probe) at its end used to scan, in this work, the thin films so as the antidot arrays
sample surface. The interaction between the tip and the sample suface originates a
deflection of the cantilever, measured through the deflection of an incident laser beam

[88].

Two different modes can be used in the AFM system: contact mode, where the
repulsion force between the tip and the sample is kept constant; and the dynamics mode,
where the cantilever vibrates at resonance frequency and the amplitude is used as the
feedback parameter. The tip can generate artifacts in the images, so a special care must
be taken in the analysis of the results. The system used is a Cervantes system from
Nanotec Electrénica at the Materials Science Institute of Madrid-CSIC. From the AFM
images, the average size of the in-plane crystals were measured by the calculus of the
“auto-correlation” [89]. This operation evaluated the integral convolution of a multiplied
photo by itself, with a certain displacement in the axes X and Y. The auto-correlation

image G is defined as:

G(K, Kp) =X f(ay)f(x + Kiy + K) (3.1)

where f (X,y) is the initial image, and ki and k: is the displacement in the axes X and Y

respectively, with respect to the center of the image [89].
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Figure 3.6: (a) AFM image corresponding to the topography of the Dy-Fe alloy antidot sample
with 30 nm in thickness. (b) Image magnifications corresponding to the marked region in (a).
Insets correspond to the FFT of each image. (c) AFM profiles obtained along the marked lines
in (b).

Figure 3.6 shows the AFM image of the surface topography for the Dy-Fe antidot
sample, with thickness of 30 nm. The nanometric hole structure of the magnetic film is
clearly visible and replicates the hexagonal geometry of the nanoporous alumina
membrane used as template. From the profile scan in (Fig.3.6 c), as well as from the FFT
data shown in the inset of (Fig.3.6 b), the lattice constant of the hexagonal antidot
arrangement is estimated to be around 110 nm. The AFM characterizations of antidot thin
films shown in this thesis were performed by Dra. Agustina Asenjo from the
Nanomagnetism and Magnetization Processes Group (GNMP) led by Prof. M. Vazquez

at the Materials Science Institute of Madrid ICMM-CSIC.

3.2.4 Transmission electron microscopy

The operating principle of the Transmission Electron Microscope, TEM, is similar

to that of the transmission optical microscopes, but it uses electrons instead of photons to
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form the image. An outline of the principle of TEM operation is shown in Figure 3.7.
Electrons are provided by an electron gun and accelerated by a high voltage (in the order

of hundreds of kV).

electron gun,
accelerator

condenser lens 2
sample St
objective lens M

fluorescense screen
CCD sensor

Figure 3. 7: Diagram of a transmission electron microscope.

The main difference with respect to the SEM is that in the TEM the electrons pass
through the sample and are focused directly on a plate of a fluorescent material located at
the base of the system as a screen. Also, the TEM allows the obtaining of images in the
reciprocal space (electron diffraction images, SAED) that provide information on the

crystalline or amorphous structure of the samples.

Since in the TEM microscopes the image is obtained by transmission mode, the
sample must be sufficiently thin to allow to pass through it an appreciable amount of

electrons. Depending on the atomic number of the material being studied and the energy
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of the electrons, the maximum allowed sample thickness is usually of the order of tens to
hundreds of nanometers. In order to solve this problem in our case, the antidot arrays
samples were separated from the substrate, membrane or template that served as a support
during its manufacture and then suspended in ethanol in the form of thin films to allow

its observation.

Figure 3.8: a) TEM image of antidots thin film after being released from the nanoporous
alumina template. b) The FFT analysis shown in the upper inset reveals the highly hexagonal
ordering degree of the antidots by replicating the nonporous structure of the patterned alumina
membrane, while the electron diffraction pattern (SAED) displayed in the lower inset
demonstrates the amorphous character of the deposited DyisFeg; alloy.

TEM micrograph of the Dy-Fe antidots thin film released from the nanoporous
alumina membrane, which are displayed in Figure 3.8, demonstrates that the nanometric
holes successfully replicate the structure of the highly hexagonal self-ordered nanoporous
alumina template. The Fast Fourier Transform (FFT) shown in the upper inset of Fig.
3.8b, which is characteristic of a system with hexagonal periodic symmetry, reinforces
this observation. In addition, SAED spectrum, shown as the lower inset in Fig. 3.8b,
indicates the amorphous structure of the DyisFeg7 alloy, evidenced by the presence of
diffused rings and the absence of clear spots in the electron diffraction spectrum. The

morphological and structural studies performed by TEM presented in this thesis report
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have been carried out in several transmission microscopes (JEOL 2000 EXlland JEOL-

JEM 2100F), belonging to the SCTs of the University of Oviedo.

3.2.5 Determination of geometrical and parameters of the antidot arrays

The magnetic properties of antidot samples strongly depend on the geometrical
parameters of the array, namely the interpore distance, Dint, and the antidot hole diameter,
d, as well as the nanohole ordering. An efficient way to determine these parameters uses
an top-view SEM or TEM images of the antidot array of interest, as presented in Figure

3.9, as a starting point for the subsequent analysis.
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Figure 3.9: a) Three-dimensional sketch of antidot arrays thin film, where it is indicated the
main geometrical parameters like the antidot hole diameter and the interpore distance. b) SEM

image of a sample of antidot arrays. In the inset it can be seen the average pore diameter
obtained with image J analysis.

In order to determine the hole diameters, the freely available software ImageJ, is
used [90]. This software provides a routine which is able to identify the holes in the SEM
micrograph (“Analyze Particles”). The threshold of the gray value. which associates a

pixel to either thin film or hole can be adjusted. However, due to the clear contrast, this
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setting has only a very minor influence on the results over a wide range of parameters,

which makes the method very reliable.

3.3 Magnetic Characterization

3.3.1 Vibrating Sample Magnetometer: VSM

Most of studies on the volume magnetic characterization of CTF and antidot
arrays samples presented in this work have been performed in a systematic way by using
a Vibrating Sample Magnetometer (VSM-VersaLab, Quantum Design) equipped with
superconducting coils that allow to apply a maximum magnetic field of + 3 T measured
in both, parallel (In-Plane, INP) and perpendicular (Out-of-Plane, OOP) directions to the
film plane, respectively. Sensibility in the measurement of the magnetization in this
equipment is less than 10 emu (effective value), which has proved sufficient in most of
magnetic measurements of nanomaterials. The measurement temperature of the VSM-
VersalLab can be adjusted in the range from 50 to 400 K, although the measurements
performed in this work were carried out as a function of the applied magnetic field
(magnetic hysteresis cycles) performed under isothermal conditions at room temperature
(RT= 300 K). Figure 3.10 shows the operating scheme of a VSM. This technique,
developed by Foner [91], is based on the change of magnetic flux in a coil when a
magnetic sample vibrates near it. The sample is attached to one end of a rod which is
placed in an area where a uniform magnetic field is created by an electromagnet, while
the other end of the rod is attached to a mechanical oscillator which causes it to oscillate
with a vibration frequency of the order of 40 Hz and with an oscillation amplitude of 0.1
to 5.0 mm. Around the sample are arranged the detection coils that measure the alternating
electromotive force induced by the oscillatory movement of the sample and that is

proportional to the magnetic moment of the sample.
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Figure 3.10: a) Schematic diagram of the operating mode of a Vibrating Sample Magnetometer
and b) pictures in this image.

3.3.2 Magnetic Force Microscopy

The Magnetic Force Microscopy, MFM, is a Scanning Probe Microscope that
maps the magnetic spatial distribution by the interaction between the tip and the sample.
The MFM works in the dynamical mode with a magnetic tip (a standard AMF tip that is
coated with a magnetic layer) [92]. The system is able to detect not only the atomic forces
between the sample and the tip but also the magnetic interaction [93,94] The force
between the sample and the tip is given by:

F = @mV)H (3.2)
where m is the magnetic moment of the tip and H is the magnetic field applied to the
sample. The magnetic moment of the tip can affect the magnetic state of the sample, so
the accurate kind of tip should be selected regarding the magnetic properties of the
samples. The control detects the changes in the resonance frequency on the cantilever,

which is induced by the magnetostatic interaction between the tip and the sample.
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Generally, the tip has an OOP component of the magnetic moment, so the MFM signal
corresponds mainly to the out-of-plane magnetization component/contribution of the
sample. The MFM signal is related to the orientation of the magnetization along the
sample. The resulting image consist of white color (repulsing interaction), for the
magnetic moments of the domains that are in antiparallel direction relative to the
magnetization of the tip; black color (attractive interaction), when the magnetic moments
are parallel to the magnetization state of the tip sample; and grey color adscribed to the
magnetic moments that are perpendicular to the moments of the tip (parallel to the plane
of the sample). The study of the magnetic domain structure of the antidot sample surface
was performed with a Magnetic Force Microscopy from Nanotec Electrénica [88]. The
probes are commercial Nanosensors PPP- LM-MFMR cantilevers with a force constant
of 2.8 N/m and a resonance frequency of 75 kHz. Before the experiment, the probes are
magnetized along their pyramid axis. As usual procedure in AFM/MFM characterization,
two images were recorded simultaneously, the topography, obtained at small tip—sample

distance, and the frequency shift, which is obtained at a retrace distance of 30 nm.

3.3.3 Magneto-optical Kerr effect Magnetometer: MOKE

The use of Magnetic-Optical Kerr Effect Magnetometry, MOKE, technique has
allowed the study of the surface magnetic behavior of antidot arrays thin films. This
measurement technique is based on the interaction of a linearly polarized laser light beam
and the magnetic material under investigation.

When a linearly polarized light beam is reflected in an immersed medium, the
reflected beam has an elliptical polarization state (Kerr ellipticity) and undergoes a
rotation of the polarization axis direction with respect to the polarization axis of the

incident beam (Kerr rotation). These changes are proportional to the magnetization of the
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medium. Depending on the sample relative orientation (palarell or perdicular to its plane) ,
the magnetization of the sample and the polarization plane of the incident light, three

variants of the Kerr effect can be distinguished: polar, longitudinal and transversal (see

Figure 3.11).
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Figure 3.11: Schematic representation of MOKE geometries of measurement.

In the longitudinal configuration, the magnetization vector is parallel to both the
reflection surface and the plane of incidence. The linearly polarized light incident on the
surface becomes elliptically polarized after reflection; the change in polarization is
directly proportional to the component of magnetization. Longitudinal geometry, within
a first order approximation can provide information on the magnetization components
My. In this case, both s- and p-polarized light produce a small rotation on the polarization
plane of the reflected light, which depends on the magnetization of the sample.

In the transverse configuration, the magnetization is transversal to the plane of
incidence and parallel to the surface. In this case, instead of measuring the Polarization

of the light after reflection, the reflectivity is measured. This change in reflectivity is
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proportional to the component of magnetization that is transversal to the plane of
incidence and parallel to the surface, My. In this case, if the light is p-polarized, the electric
field is parallel to the incidence plane, so the magnetic field is transversal to the incidence
plane (parallel to the magnetization vector of the sample), as can be seen in Figure 3.11.
Thus, the electric field of the light interacts with the orbital momentum of the electrons,
giving rise to Kerr effect. The coupling L-S (angular momentum and spin momentum) is
the responsible of the magnetic moment.

In the polar Kerr effect, the magnetization vector is perpendicular to the reflection
surface and parallel to the plane of incidence. Polar geometry, within a first order
approximation can provide information on the perpendicular magnetization component
Mz to the sample plane. In this case, as in the longitudinal configuration, both s- and p-
polarized light produce a small change on the polarization plane of the reflected light,
which depends on the magnetization of the sample.

The MOKE measurements presented in this thesis were carried out on a
NanoMOKE-3® magnetometer (Durham Magneto Optics Ltd., Durham, UK) belonging
to the SCTs of the University of Oviedo. The schematic diagram and a picture of this
measurement device is shown in Figure 3.12. The NanoMOKE-3® magnetometer being
able to apply up to 0.125 T by using the quadrupole electromagnet option or 0.5 T, with
the dipole electromagnet optionis matched with p-polarized laser beam and it is sensitive
to the longitudinal (L-MOKE), transversal (T-MOKE), and polar (P-MOKE)

components.
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Figure. 3.12: a) picture of a NanoMOKE3® magnetometer and b) schematic diagram of the
operating system.

3.3.4 Finite Element Micromagnetic Simulations by Mumax?® software

Micromagnetic simulations provide detailed insight into the magnetization
behavior of a magnetic system. There are several software solutions freely available in
the market. Micromagnetic simulations of antidot arrays with different pore diameter
have been performed in this thesis by using the GPU-accelerated Mumax® software. It
allows calculating the space- and time-dependent magnetization dynamics in nano- to
micro-sized ferromagnets using a finite-difference discretization. Mumax? is open-source

software written in Go and CUDA and is freely available under the GPLv3 license on
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[95]. This software package allows the calculation of the temporal evolution of the
reduced magnetization based on the modified Landau-Lifshitz-Gilbert-Slonczewski
(LLGS) equation of movement for the magnetization, m’((#), t). lts time derivative has
to consider three contributions: Landau-Lifshitz torque, Zhang-Li spin-transfer torque
and Slonczewski spin-transfer torque. A finite difference discretization allows for the
magnetostatic field to be evaluated as a discrete convolution of the magnetization
[96]. Figure 3.13a displays an example of a hysteresis loop of Ni antidot arrays with d =
60 nm and Dint = 105 and Figure 3.13b shows the image of magnetic domain structure at

remanent state.
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Figure. 3.13: a) Simulated hysteresis loop of Ni antidot arrays with hole diameter around 60
nm and interhole distance of 105 nm. b) Simulated magnetic domain structure at remanent state
for the same antidot sample.
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Part I. Ferromagnetic
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Chapter 4: Dependence of magnetization process on layer
thickness of Ferromagnetic antidot arrays

In this Chapter, the magnetic properties of hexagonally ordered antidot arrays
made of Fe and Co are studied and compared with corresponding ones of continuous thin
films with the same layer thicknesses, varying between 10 nm and 100 nm. Both samples,
the continuous thin films and antidot arrays, were prepared by high vacuum e-beam
evaporation of the alloy on the top-surface of glass and hexagonally self-ordered
nanoporous alumina templates, which serve as substrates, respectively as described in the
experimental part 3.1.1 and 3.1.2. A noticeable change in the magnetic properties has

been observed by modifying the antidot layer thickness.

4.1 Morphological characterization of antidot thin film samples.

The morphological characterization of the samples is performed by means of
(SEM) (JSM 5600, JEOL, Akishima, Tokyo, Japan) images. The resulting lattice
parameters of the so synthesized nanoporous alumina membrane which employed as a
starting template for the thin film deposition are around 85+3 nm of pore diameter and
104+2 nm of the interpore distance, Dint. Fig. 4.1(a to i) shows the SEM images of Fe
antidot arrays with hexagonal symmetry. We should point out that as the thickness of the
film increases, the diameter of the nanoholes reduces due to the deposition of magnetic

material in the top of the hole until it closed to tally at layer thickness 100 nm (Fig. 4.1h).

Fig. 4.2 shows the correlation between the resulting nano-holes diameters, d, and
the edge-to-edge antidot distance, W = Dint -d, with the antidot layer thickness, t, of the
Fe antidots same result obtain for Co antidot arrays. This change in the nano-hole
diameter is due to the deposition of magnetic material in the upper part of the wall of the

pore. From Fig. 4.2 we can distinguish two regimes depending on the edge-to-edge

40



antidot distance value. One for W is smaller than the antidot hole diameter i.e. (thinner

samples) and later for W is bigger than antidot diameter i.e. (thicker film).

= 100nm

i)100nm

Figure 4.1: SEM top-view surface of Fe antidot thin films with thicknesses ranging from 10
nm up to 100 nm. Scale-bars indicate 100 nm.
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Figure 4.2: Dependence of the resulting nanoholes diameter, d, and the edge-to-edge antidot
distance, W, of the Fe antidot arrays with the film thickness grown.

4.2 Magnetic properties of Fe thin films and antidot arrays

Magnetic properties of Fe and Co antidot arrays, AD, and their corresponding
continuous thin films, CTF, have been determined through the hysteresis loops at room
temperature by the magneto-optical Kerr effect (MOKE) with magnetic field applied up
to £ 0.50T, using the NanoMOKE-3 magnetometer, (Durham Magneto Optics Ltd.). In
addition, we also obtained hysteresis loops using vibrating sample magnetometer, (VSM-
QD-Versa lab) with applied magnetic field to £3T. The magnetic field is applied in the

plane of the film, INP, and perpendicular to the plane (out-of-plane), OOP, directions.

Hysteresis loops were obtained for both types of samples CTF and AD films. By
rotating the samples every 5 degrees at film plane; we can get the MOKE hysteresis loops,
with magnetic field parallel to the plane of the sample. To avoid the translation movement
due to the sample rotation we first identified a feature or particle on the sample surface
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using the scanning laser microscopy option of Nano-MOKE. Then we start measurement
at a well-controlled position located at fixed distance which is about 10 um from this
point. Therefore, we correct the sample translation that happen because of stage rotation

for every measurement angle by using the same procedure.

4.2.1 Magnetic characterization of continuous thin films

The Fig. 4.3 (a, b) show the INP MOKE hysteresis loop of selected Fe CTF with
thickness range from 15 nm. A clear in-plane uniaxial anisotropy has been observed for
all CTF samples, where the in-plane coercivity, Hc, angular dependence shows two-fold
symmetry. This uniaxial anisotropy appears because of the angle incidence of the
evaporation beam in the substrate which performed a residual stress on the surface of the
film after the deposition, or dispersion of magnetic field used to focus the electron used
for the materials heating [77,97]. Therefore, we called this anisotropy “induced intrinsic
anisotropy” of CTF, which is, in turns, induced during the thin film deposition. Its values
range from 3x10" to 8x107 (erg/cmq). Also, this in-plane intrinsic anisotropy is found for

all continuous thin films from 10 to 100 nm and it flow two-fold symmetry.

The thickness dependent roughness is strongly related to the film growth modes
and the type of material being deposited. For the same film thickness, the rougher the
surface the larger is the coercivity [98]. Consequently, by increasing the film thickness,
Hc rises due to the surface roughness and grain size increase, which results in an increase
of the magnetic shape anisotropy for these thin films [99]. This observation agrees well
with our experimental data, as shown in Fig. 4.4. The thickness of the Fe continuous thin
film, CTF, increases from 10 up to 100 nm, giving rise to in-plane Hc/ values between

68 and 160 Oe, respectively. Therefore, the magnetic behavior is dominated by the layer
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thickness of the Fe thin films, where the larger coercivity is obtained for the thin film with

the higher thickness.

40
10
304
150
0.5- 20
° 10
)
s 00 S 180
E 2]
I 40l
-0.5
20 -
210
1.04 —— Easy axis 30+
—— Hard axis|
40"

4500 -1000 -500 O 500 1000 1500
H(Oe)

Figure 4.3: a) In-plane hysteresis loops of Fe continuous thin film and b) related INP angular coercivity
dependence for samples with layer thickness 15 nm.

4.2.2 Magnetic characterization of antidot arrays thin films

The in-plane surface magnetic properties of Fe and Co antidot arrays, AD, samples
with pore diameter 60 nm and interpore distance 105 nm and layer thickness 25 nm are
plotted in the Fig. 4.5. Several differences in the in-plane magnetic properties of Fe and
Co antidot have been found comparing to their corresponding CTF. Firstly, the
nanostructuring significantly affects the shape of hysteresis loops and drastically changes
the magnetic behavior. As it can be seen in Fig. 4.5, a magnetic anisotropy with in-plane
easy magnetization direction is derived for Fe and Co antidots arrays due to the nanoholes
induce a strong local shape anisotropy that tends to align the magnetization parallel to
their edges [100]. The intrinsic nature of such in-plane magnetic anisotropy is due to the
shape of the specimens. Consequently, in-plane magnetization process is due to domain
wall displacements giving rise to hysteresis loops with high squareness (S) ratio, while

magnetization rotation processes are responsible for the out-of-plane magnetization
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reversal direction [77,80,93]. In addition, the Hc (0) angular dependence show four-fold
symmetry for thinner antidot samples where d > W, meanwhile the AD samples with d <
W show two-fold symmetry like the CTF as plotted in Fig. 4.5¢c and Fig. 4.5d,
respectively. The change in Hc for the AD samples can be due to the competition between
the intrinsic anisotropy and the shape anisotropy, which is induced by nanoholes. Thus,

the shape anisotropy decreases with increase the layer thickness of AD samples.
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Figure 4.4: Longitudinal Kerr hysteresis loops for Fe CTF with different thicknesses (20, 30,
50, 80, and 100 nm).
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Figure 4.5: In-plane hysteresis loops for antidot, AD, arrays and corresponding CTF with film
thickness 25 nm a) Fe and b) for Co. c) Hc (6), angular dependence of coercivity for Fe AD
with layer thickness 15 nmi.e. d > W and d) for Fe AD with layer thickness 40 nm (d <W).

Secondly a sharp increase is observed in the Hc for the INP and OOP directions
of the antidot thin film comparing to the CTF. The maximum Hc , value of 688 Oe has
been obtained for Fe antidot samples with layer thickness 10 nm and 750 Oe for Co
antidot arrays with layer thickness 20 nm. This value of coercivity is approximately 11 or
18 times larger than the corresponding one for Fe and Co CTF, respectively. These
differences between AD and CTF can be explained because of a change in the mechanism
of magnetization reversal and local shape anisotropy induced by the nano-holes
arrangement [48,101,102]. It’s worth noting that by increasing the layer thickness of AD
samples, the in-plane Hc , decreases and a magnetic behaviour similar to that of CTF is

observed for thicker antidot thin films as show in Fig. 4.6.
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Figure 4.6: Longitudinal Kerr hysteresis loops for Fe AD films with different thicknesses (20,
30, 50, 80, and 100 nm).

By direct comparison between Fig. 4.4 and Fig. 4.6, corresponding to samples of
CTF and the thin films of antidot arrays, respectively, higher values of Hc , are found in
the Fe antidots than the corresponding ones for the CTFs with the same layer thickness,
which can be associated to an additional pinning effect originated by nanoholes. This
pinning effect induced by nanoholes is hindering the domain wall propagation through
the film plane, which makes to increase the coercivity of the antidots samples respect to
the continuous thin films. Additionally, the magnetostatic dipolar interaction among the
holes gives rise to a demagnetizing field in the opposite direction to magnetization [103].
Furthermore, for the antidot samples we found an opposite thickness dependent behavior
of Hc ), as illustrated in Fig. 4.6, where it is clearly shown that coercivity decreases with
increasing the Fe antidots thin film thickness. With increasing the layer thickness, the

geometry of thin films of antidots arrays changes and the magnetic behavior becomes also
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modified. The thickness increasing, adds soft and hard magnetic behaviors due to the
decrease of the holes size on the one hand and the increase of the surface roughness of
the film by the other side. The shape anisotropy of the thin film is strongly modified by
the nanoholes and this enhances the uniaxial anisotropy in the film plane for the thinner
samples (larger nanoholes sizes), due to the magnetostatic interactions among the
accumulative magnetic poles of opposite sign at each side of the nanoholes that originates
a pinning effect, which clearly decays when the nanoholes size diminishes with thickness
layer increasing.

The pinning effect ascribed to nanoholes dominates above the roughness surface
anisotropy for antidots thin films with smaller layer thickness giving rise to higher
coercivity values than in continuous thin films and a decrease of Hc , when the thickness
of the Fe or Co antidots thin films increases. Vazquez et al. [104] propose a
phenomenological law which predicts that the coercivity follows a linear relationship
with the thickness for the Ni antidots thin films, Hc / a (1/t) (Dint - d), where Din is the
inter distance between antidots centers, d is the antidot hole diameter and t the layer
thickness. In our case, the parameter (Dint - d) remains constant, so Hc » a 1/t. This
phenomenological law agrees well also with our experimental data, where it can be seen
that Hc // is inversely proportional to the Fe and Co antidots thin film thickness as plotted
in Fig. 4.7b. Actually, this phenomenological law does not totally apply for thinner antidot
samples of Fe and Co, meanwhile for thicker samples perfectly apply. So, we supposed a
different magnetic behaviour for antidot arrays samples with thinner layer thickness led
to decrease the in-plane coercivity. Thus, deeply study for thinner antidot samples will

perform in next Chapters of this thesis.
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Figure 4.7: a) In-plane hysteresis loops for Co antidot arrays with different layer thickness
ranging from 10 up to 100 nm and b) The in-plane coercivity behavior versus 1/t for Fe and Co
antidot arrays thin films.

4.3 Conclusion

In conclusion, global and local magnetization behavior in Fe and Co-based antidot
thin films is strongly dependent of holes diameter and layer thickness. For thinner AD
samples the in-plane Hc, show four-fold symmetry meanwhile the thicker AD samples
show two-fold symmetry. Unexpected Hc;, tendency behaviour with 1/t has been
observed which predict an interesting magnetic behaviour for AD samples with large hole
diameter and thin layer thickness. Tailored design of these novel nanostructured
ferromagnetic materials would be of huge interest for applications in many research fields
such as high-density magnetic data storage devices, magneto-transport phenomena,

logical devices and magnetic sensing.
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Chapter 5: Anomalous In-Plane Coercivity Behaviour in
Hexagonal Arrangements of Ferromagnetic Antidot Thin
Films

Understanding the nature of magnetism at the nanometer length scale is of interest
from a fundamental perspective and for the development of next generation spin-based
devices. Two dimensional (2-D) periodic ferromagnetic antidot lattices have emerged as
potential candidates for magneto-photonic crystals, [105,106] ultrahigh density magnetic
storage media, [42] magnonic crystals and biomedical application [107]. They bear
several advantages over the conventional dots system, including the absences of a super-
paramagnetic lower limit of the bit size, the preservation of magnetic properties, large-
area fabrication at low cost, and the absence of damage caused by nanofabrication [108].
For all these applications, the ability to control the strength and orientation of magnetic
anisotropy becomes essential, especially for the thermal stability and switching reliability
of magnetic bits. Nevertheless, the astonishing development of nanofabrication
techniques in the last decades has opened the door to a new strategy for the patterning of
nanostructures, which allows for the modification of the local magnetization distribution

in a controlled way [62,71,109-111]. The relevant length scale parameter for magnetic
phenomena in thin films is the characteristic correlation length, Roop= /24A/ugM2 =

V24 lexen (Where A,,n. is the exchange constant or stiffness, M the saturation
magnetization, and [, is the exchange length). This parameter refers to the maximum
size of the ferromagnetic material for which its magnetization reversal takes place by
quasi-uniform magnetization rotation process rather than domain wall movement
[67][112]. Also, the antidot geometry can tailor the coercivity, Hc, and in many previous

studies [82,102,104,113] they report on the empirical law according to which Hc
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increases linearly with the inverse of the antidot edge-to-edge separation W = Dint — d,

where d is the antidot hole diameter and Dint the antidot array lattice constant.

In this Chapter, we demonstrate that by properly controlling the geometrical
parameters of former alumina templates it can noticeable modify the magnetic properties
of ferromagnetic (FM)-antidot arrays thin films. Anomalous in-plane coercivity
dependence behaviour with W has been detected for Fe, Co and Ni-antidot arrays
samples. Critical in-plane edge-to-edge distances, W¢;, of 18, 24 and 33 nm have been
found for Fe, Co and Ni-antidots, respectively, where the in-plane coercivity starts
decrease with decrease the W and the out of plane coercivity increase rapidly with
decrease the W. In addition, another critical edge-to-edge distances, Wc., around of 14
nm and 22 nm have been found for Co and Ni antidot, respectively, where the crossover

of the magnetization from the in-plane to out-of-plane occurs.

5.1 Morphological characterization of antidot arrays thin films

After the thermal layer evaporation process, all samples were analysed using
scanning electron microscopy (SEM, JSM 5600, JEOL, Akishima, Tokyo, Japan) to
measure the nanohole diameter, d, and the inter-holes distance, Din.. Figure 5.1(a, b, and
c) shows the top view images of selected Co antidot samples with small d i.e. large W
around 73 nm, (Fig. 5.1a), and small W around 28 nm and 14 nm, (Fig. 5.1b), and (Fig.
5.1c). We observed for all samples a well-ordered hexagonal arrangement of holes with
a constant periodicity of 103+£2 nm, in good agreement with what is commonly obtained
in the patterned alumina substrate after the two-step anodizing procedure in oxalic acid
at 40 V. The samples with etching time = 53 min [114] shows the maximum pore diameter
of 93+1 nm, 1.e. minimum W = 11 nm, and corresponding hole size around of 89 nm, i.e.

W = 13 nm, which can also be achieved for the Fe, Co and Ni-antidot thin film samples,
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respectively, (Fig. 5.1¢). Figure 5.1d summarizes the evolution of the edge-to-edge
distance as a function of the hole diameter of Co antidot arrays film. Here, W takes values
in the range from 73 nm up to 13 nm. A linear relationship is found between W and d as
show in (Fig. 5.1d). It is worth to mention that the values of the hole diameter here reached

are higher than the ones previously obtained with similar techniques [84,86,115-117].
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Figure 5.1: SEM images of Co layer deposited on the top of nanoporous alumina membranes
with varying the edge to edge distance, W, () 73 nm, (b) 28 nm and (c) 14 nm. d) The edge to
edge distance, W, versus hole diameter, d, of Co thin layer deposited on the alumina templates.
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The surface magneto-optic properties of the Fe, Co and Ni-antidot array thin films
were measured making use of a scanning laser Magneto-Optical Kerr Effect (MOKE)

magnetometer as described in Chapter 3 (section 3.3.3).

5.2 Magnetic characterization of antidot arrays thin films

The surface magneto-optic properties of the Fe, Co and Ni antidot thin films were
characterized along the In-plane, INP, and Out-of-plane, OOP, directions making use of
the MOKE technique [38,114]. For the INP direction, we have been selected the INP easy
magnetization axis, which corresponds to the hysteresis loop with highest INP coercivity,

Hcy/, and INP remanence.

Figure 5.2 represents selected INP and OOP hysteresis loops of Fe, Co and Ni
antidot arrays thin films with W ranging between 73 and 14 nm, and the unpatterned Fe,
Co and Ni continuous thin film, CTF, of the same layer thickness 20 nm which employed
as a reference sample. Several differences INP magnetic properties of Fe, Co and Ni
antidots have been found comparing to their corresponding CTF. Firstly; the in-plane
hysteresis loops lose its squareness and become wider. This fact is consistent with the
scenario where the antidots are acting as pinning centres for the displacement of magnetic
domain walls and leads to increase the in-plane coercivity i.e. wider hysteresis loops
[114,118]. Also, the INP loops with W= 18, 22 and 28 nm for Fe, Co and Ni antidot films
show multi-step magnetization behaviour which indicates a strong pinning effect and
complex magnetization reversal process as shown in Fig.5.2 (¢, g and k). The possible
reason of multistep magnetic behaviour is attributed to the fact that the material inside the
walls of the pores can have a different magnetization orientation, OOP in this case,
contributing to the harder magnetic step, while the material in between the pores shows

INP magnetization, corresponding to the softer magnetic step [41,119,120]. Meanwhile,
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the hysteresis loops of the small hole diameter i.e. large W samples exhibit a single
magnetic behaviour as shown in Fig. 5.2(b, f and j). For FM-antidot samples with W <
18 nm, a sharp drop of the Hc; and increasing in the OOP coercivity, Hci, have been

observed as plotted in Fig. 5.2(d, h and 1).
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Figure 5.2: In-plane (black) and out-of-plane (red) hysteresis loops for antidot, AD, arrays with
layer thickness 20 nm a) Ni TF, b), ¢) and d) for Ni AD arrays samples, e) Co TF, f), g) and h)
for Co AD arrays thin film and i) Fe TF, j), k) and I) for Fe AD arrays films. The edge to edge
distance for each sample was specified in the lower right corner of the graphs.
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Figure 5.3 summaries the evolution of Hcy and He. of Fe, Co and Ni antidot arrays
thin films with respect to W evolution. The maximum value of Hcy about 570 Oe was
obtained for the Ni antidot sample with W = 33 nm, which is approximately 8.5 times
larger than the unpatterned film coercivity. Then, an unexpected Hcy decreasing with W
appears as indicated in Fig. 5.3a. The same tendency for Hc has been observed in Fe and
Co-antidot arrays with decreasing the edge-to-edge distance, as plotted in Fig. 5.3a.
Maximum Hcy values of 1040 Oe with W = 18 nm and 765 Oe with W = 24 nm have
been found for the Fe and Co-antidot samples, respectively. These Hc; values are
approximately between 15 and 17 times larger than the ones for unpatterned thin film, as
shown in Fig. 5.3(a). Therefore, an in-plane critical edge to edge distance, Wy, has been
detected for Fe, Co and Ni-antidot samples, where Hcy starts to decrease with W
decreasing while the out of plane coercivity, Hc., increase rapidly with W decreasing.
Thus, it can be found that the Hcs o 1/W for antidot samples above the W, and the Hc//

a W for antidot samples below the Wy,.

A sharp increase in Hc L for antidot samples with W < W(¢;, has been observed as
plotted in Figure 5.3. In fact, antidot arrays thin films deposited on the top-surface of
nanoporous alumina templates reproduce the intrinsic surface roughness of the patterned
templates and develop a crescent shape during the thin film deposition process [97,119-
122]. These two morphological features can determine the magnetic anisotropy of the
material. Thus, the magnetic moments between nanoholes remain aligned parallel within
the film plane, while magnetic moments along the walls of the nanoholes are
perpendicularly aligned to the film plane [114]. The effect on the magnetization
component along the perpendicular direction to the sample surface becomes higher and
stronger as the W decreases [41,80]. In addition, as W is further decreased, the

interdistance between adjacent holes becomes narrower, and the film area that has to be
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nucleated is very small, therefore the magnetization reversal is more favourable via the
coherent rotation rather than domain wall movement, which may lead to decrease the Hcy

[118].
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Figure 5.3: INP coercivity and OOP coercivity dependence of a) Ni AD, b) Co AD and c) Fe AD
thin films with 20 nm layer thickness and different edge-to-edge separation.
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Simultaneously, the Hc. is increasing rapidly until it reaches the value of Hcy at

W =22 nm for Ni antidot and W = 17 nm for Co antidot, as show in figure 5.3a and figure

5.3b. Therefore, the well-known phenomenological law (Hcy o

(o8
Ding—d

% ) [80,100,102,104,123-127] is found to be not valid for all cases; but it has a limitation
corresponding to the current results, where (Hcy % for W > Wy and Hey o< W for W

<Woy.

It is worth noting the relationship between the W of the Fe, Co and Ni antidot

array thin films and the coherence radius (R¢on= v/24A4/1oM2 = /24 lexcn) [67] for Fe,
Co and Ni, since the later refers to the maximum size of a uniformly magnetized particle,
where magnetization reversal takes place by coherent rotation rather than domain wall
movement [67,68]. Therefore, the reported values of the coherence radius for the

magnetic materials within the scope of present study are listed in table 5.1.

Table 5.1: Room temperature magnetic parameters and coherence radius for ferromagnetic
materials and comparing with critical edge to edge distance, We.

Materials  I,,..p (nM)  Rcop (NM)  Wey (NM) Wer (nm)

2.4[67]

12[67]

3.4[67] 17[67] 24 14

5.1[67] 25[67] 33 22
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From comparison between W and R, Vvalues, it can be found that the W¢;, >
Rcon for Fe, Co, and Ni antidot arrays samples. When R, is similar to the value of W,
the Hcu is increasing rapidly until Hc. > Hcy for antidot samples with W <R, 5, as plotted
in Figure 5.3. Those indicate that for antidot arrays thin film with W close to the R,
value, where the magnetization reversal mechanism changes from magnetic domain wall
movement (for AD with large W) to magnetization rotation of single domain (for AD
with short W) [68,114,118,128]. Thus, the crossover of the easy magnetization axis from
the INP to OOP direction has been detected at critical edge-to-edge distance, We., for Ni
and Co antidot with W¢1 = 22 nm and 14 nm, respectively. Unfortunately, we could not
be able to reach the W1 for Fe antidot thin films due the lowest value of W for antidot
samples that could be obtained in current work was 14 nm, which is higher than the R,

of Fe.

5.3 Conclusion

In summary, the magnetic properties of FM-antidot arrays are strongly dependent
on the geometrical parameters of the former nanoporous alumina template. The current
results suggest a unified description of the magnetic behaviour of FM-antidot arrays thin
films along the change of Hcy behaviour with W that takes place at the critical edge-edge
distance (W¢y = 18 nm, 24 nm and 33 nm) for Fe, Co and Ni-antidot arrays samples,
respectively. At the critical edge-edge distance, the maximum Hcy have been obtained
due to two different complex domain wall pinning mechanism, between the neighbouring
holes and inner wall of the holes. The multistep magnetic behaviour observed for antidot
samples with W < W, reveals the strong contribution of the OOP component in the
magnetization reversal mechanism of the FM-antidots thin films. The magnetization

crossover from the INP to OOP directions has been detected for antidot samples with W1
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< R¢opn at 22 nm and 14 nm for Ni and Co antidot arrays samples, respectively. The dual
behaviour of the INP/OOP coercivity points towards a new nanotechnological strategy of
fabrication arrays of magnetic bits, i.e., basic elements for magneto-optic perpendicular

recording patterned media, embedded into a continuous 2D structural system.
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Chapter 6: Tuning Nanohole Sizes in Ni Hexagonal
Antidot  Arrays: Large Perpendicular Magnetic
Anisotropy for Spintronic Applications

Ferromagnetic thin films with perpendicular magnetic anisotropy (PMA) become a
key driving force in the development of magnetic random-access memory (MRAM)
devices, spintronic devices and logic chips with high thermal stability [129-131]. The
traditional approach for PMA engineering is to use Ferromagnetic (FM)/oxide interfaces
[132,133] or multilayer structures comprising two FM or FM/nonmagnetic metal
interfaces [134—-136], and amorphous rare earth-transition metal alloys [137,138].
However, there is still a challenge to enable the large magnetic anisotropy, especially
PMA, in commonly used 3d transition metals such as Fe, Co and Ni (and their alloys)
thin films. Here, we propose a Ni thin film with hexagonally antidots arrangement having
large PMA that might be of huge importance for nanostructured antidot arrays based
spintronics application. The choice of antidot arrays system is governed by its ability for
tuning the physical properties of various host-patterned materials by varying the holes
parameters in the nanoscale, as they are the nanohole size and their neighboring inter-
distance [139,140]. Therefore, if large PMA can be realized, Ni antidot array architectures
can be very promising for bit patterned media and spin transfer torque magnetic random-
access memories (STT-MRAM) application [130,141]. Moreover, the proposed
antidot—Ni1 thin film system is unique in view of the long-standing challenge to promote
PMA in spintronic devices, comprising materials with a weak spin-orbit coupling (SOC)
[142]. This is extremely important since the presence of heavy-ions elements in the
system increases damping constant and strongly reduces spin diffusion lengths, thus
limiting magneto-resistance and precluding low critical currents for magnetization

reversal, two initial key factors for STT-MRAM applications [141,142].
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In this work, we demonstrate that controlling the geometrical parameters of alumina
templates of Ni-antidot arrays thin films can greatly enhance the PMA that is not
displayed by continuous Ni thin film, taken as the reference sample. A critical hole
diameter, dc, around of 80 nm has been found, where the crossover of the magnetization
from in-plane to out-of-plane occurs. The highest value of the effective perpendicular
magnetic anisotropy energy density observed for the Ni antidot thin film with d = 90 nm
and t = 20 nm is around 1.44 erg/cm?, which it is larger than that obtained by traditional
approaches for Ni thin films with PMA (0.03-0.2erg/cm?). These findings point toward
the tailoring of large perpendicular magnetic anisotropy for the Ni antidot arrays, which
stands as a hallmark for future bit patterned magneto-optic perpendicular recording media

and advanced spintronic applications based on template-assisted deposition techniques.

6.1 Fabrication of Ni antidot arrays thin films

The controlled deposition of the metallic film formed by highly pure metal pieces
of Ni (Goodfellow Limited, England, 99.99% purity) was performed by high vacuum
thermal evaporation technique (see Fig. 6.1b) using an E306A thermal vacuum coating
unit (Edwards, Crawley, UK) with an ultimate vacuum better than 4.1 x 10~" mbar [38].
The pure Ni metal pieces were put inside a water-cooled copper crucible and have been
heated by magnetically focused electron beam, 3.1 kV and electric energy 2.7 KW. The
evaporated Ni metal was deposited on the top-surface of the NPAAMs, which served as
templates to obtain the thin film antidot arrays (Fig. 6.1c) [83]. The layers film thickness
was checked by using a quartz crystal controller that monitored the deposition rate of the
evaporation source. The distance between the evaporation source to substrate sample
holder was fixed at about 18 cm. The deposition rate of Ni metal was around (0.10-0.15)
nm/sec, and it was performed with a deposition angle of about 15° measured between the

metal target and the normal direction to the sample surface.
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Figure 6.1: Schematic drawings of a) hexagonally self-ordered nanoporous anodic alumina
membrane, NPAAM, as starting substrate, b) Ni vacuum thermal evaporation process on top
surface of the NPAAM template and ¢) Ni antidot thin film sample by replicating the nanoholes
structure of the NPAAM template.

6.2 Morphological characterization of antidot arrays samples

After the thermal layer evaporation process, all samples were analyzed using
scanning electron microscopy (SEM, JSM 5600, JEOL, Akishima, Tokyo, Japan) to
measure the nanohole diameter, d, and the inter-holes distance, Dint. Fig. 6.1 shows the
top view images of nine selected antidot samples having different d values. We observed
for all samples a well-ordered hexagonal arrangement of holes with a constant periodicity
of 103+2 nm in good agreement with what is commonly obtained in the patterned alumina

substrate after the two-step anodizing procedure in oxalic acid at 40 V.
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Figure 6.2: a) to i) SEM images of Ni layer deposited on the top-surface of the NPAAM after
being submitted to pore widening process under different chemical etching time, Tetcn. j) SEM
image of the alumina membrane showing the collapse of the hexagonal pores symmetry for Tetcn.
= 55 min. k) 3d sketch of Ni antidot arrays on top surface of the NPAAM, indicating the main
morphological lattice parameters of the sample, namely: d = hole diameter, Dix = interhole
distance, t = thickness, and W = Din-d.

The sample with Teten = 53min. shows the maximum pore diameter of 93 nm and
corresponding hole size around of 89 nm that can be achieved for both, the alumina

template and antidot thin film samples, respectively (Fig. 6.1i). Also, for higher Tetch = 55
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min. the hexagonal pores ordering of the alumina membrane is found to become totally

destroyed, as shown in Fig. 6.1j.

Figure 6.3 summarizes the evolution of the hole diameter, d, and the edge-to-edge
distance, W, where (W = Din. — d), as a function of the etching time for the pores widening.
Here, d takes values in the range from 35 £ 3 nm up to 89 = 1 nm, which is plotted as a
function of Tewch. Therefore, W decreases from 67 nm down to 14 nm, while Din keeps
constant at 103 nm, respectively. A linear relationship is found between d and Tewch with
an inflection point for Tewch = 37.5 min, at which the rate of the hole size increases with
etching time changes. Pore wall oxide in the early stage is etched at a higher rate (Tetenh <
37.5 min., with slope = 1.12 nm/min.), than that in the later stage (Tewch > 37.5 min., with
slope = 0.84 nm/min.). The retarded rate of chemical etching in the later stage can be
attributed to the relatively purer Al oxide nature of the inner pore wall, as compared to
the less dense Al oxide of the outer pore wall due to the incorporation of anionic species
[82,143]. The linearity of pore diameter increasing with pore widening time has been
already previously described for many studies [38,77,82,83]. As the center-to-center
distance between two adjacent pores (and therefore holes also) remains constant at about
103 nm, the edge-to-edge distance, W, decreases consequently with d increasing, as

shown in Fig. 6.3b.
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Figure 6.3: a) Nanoholes size, d; and b) the edge-to-edge distance, W, versus etching time Tetn
for the Ni thin layer deposited on NPAAM templates. The red arrows indicate the inflection point
at Tetch = 375 min.

In our study, a limit value of the nanohole diameter seems to be reached at the high
Tetch regime equal to 53 minutes, evidenced by the destruction of the hexagonal ordering
of the nanoporous structure, as shown in Figure 6.2 j. Indeed, the main reason that may
lead to a limit value of the nanohole diameter is the available area between two adjacent
holes, which is Dint-d, where Dint is near to 103 nm. By increasing d and keeping constant
Dint, this distance is reduced down to its minimum value. Consequently, d reaches a
maximum value for a network with a fixed Dint parameter, around d = Dint= 103 nm. Here,
the maximum d value reaches ~ 93 nm, indicating that the stabilization of the hexagonal
network is stabilized up to 90.3% of the maximum value for pores of the alumina
membrane and 88 % for Ni antidot thin film with thickness around of 20 nm. This value
here reached is higher than the ones previously obtained with similar techniques [84—

86,144].
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6.3 Magnetic characterization of antidot arrays samples

The surface magneto-optic properties of the Ni continuous thin film and antidot
array thin films have been obtained making use of a scanning laser Magneto-Optical Kerr
Effect (MOKE) magnetometer. Complementary bulk magnetic measurements of Ni
antidot arrays thin films were carried out by using a vibrating sample magnetometer
(VSM-QD-Versalab, San Diego, CA, USA), with applied magnetic fields up to +3 T,
measured at room temperature (RT) and in both, parallel (In-Plane, INP) and
perpendicular (Out-of-Plane, OOP), directions to the film plane, respectively. The
micromagnetic simulations of Ni antidot arrays with different hole diameter have been
performed using the Mumax? package software. It allows the calculation of the temporal
evolution of the reduced magnetization, m, based on the modified Landau-Lifshitz-
Gilbert-Slonczewski equation of motion for the magnetization, m’((¥),t). A finite
difference discretization permits the magnetostatic field to be estimated as a discrete

convolution of the magnetization [96].

For survey, the induced PMA by nanoholes of the antidot arrays thin films, we have
selected a set of samples having a wide range of hole diameters as summarized in Figure
6.3a and fixed lattice parameters for Din: and layer thickness, t, of the thin film with
averaged values of 103+2 nm and 20 nm, respectively. Also, we divide the antidot
samples into two groups according to their W/t ratios, the first group with W >t and the

latter group having W <t.

The surface magneto-optic properties of the Ni antidot thin films were characterized
along the INP and OOP directions making use of the MOKE technique. For the INP
direction, we selected the INP easy axis, which corresponds to the hysteresis loop with

highest Hc s and my,. In Figures 6.4(a, b) there are represented both, the transversal and
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polar MOKE hysteresis loops of the Ni antidot thin films for the first group of samples
with W > t. The results are plotted in Figure 6.4 for the antidots with nanohole diameters
ranging between 35 + 3 and 7542 nm, besides for the unpattern Ni film of same thickness
employ as a reference sample. As plotted in Figure 6.4a, the magnetization is initiate to
be INP oriented for all samples, as indicated by the large m., magnetization and large
values of the coercivity. In contract, we detected remnant magnetization near to zero and
high saturating field measured along the OOP orientation (Fig. 6.4b). It can also be seen
in the Figure 6.4, that the increase in the antidot hole diameter, d, which indicates an
increase in the antidot arrays density, leads to an in-plane hysteresis loop with larger
coercivity, Hc /. This fact is consistent with the scenario where the antidots are acting as

pinning centers for the displacement of magnetic domain walls [118].

The maximum of Hcy value of around 590 Oe was obtained for the Ni antidot
sample with d = 70 nm, which is approximately 8.5 times larger than the coercivity value
of continuous thin film. Also, the enhancement of the out of plane coercivity, Hci, has
been noticed as a consequence of the increase of the hole diameter from zero for the
reference sample (continuous thin film) up to Hci =77 Oe for the antidot sample with d
=70 nm. This fact indicates that for antidots thin films with large nanoholes diameter, the
magnetization does not totally lie in the INP direction, but some magnetization
component appeared along the out of the sample plane induced by the holes

nanostructuring can be also observed [116].
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Figure 6.4: a) Transversal and b) Polar MOKE hysteresis loops for the 20 nm thick continuous
Ni thin film (black loop) and Ni antidot arrays samples with different hole diameter ranging from
40 nm up to 75 nm and 103 nm of interpore distance. ¢) Three-dimensional sketch of the Ni
antidot arrays. The arrows indicate the magnetization directions along the magnetic thin films at
remanence state for antidot samples with d < 80 nm and Diy = 105 nm.

For antidot sample with d = 75 nm, a sharp drop of the INP coercivity, Hc/, and
reduced remanence, my;, has been observed, as Hc, and my; decreased from 590 to 3510e

and 0.75 to 0.35, respectively. Meanwhile, the OOP coercivity, Hc., and remanence, myy,
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increase from 77 Oe to 107 Oe and 0.08 to 0.21, respectively. It seems that increased OOP
magnetization distribution obtained for this sample with 75 nm of hole diameter is related
to the underlying surface morphology of the patterned substrate of the NPAAM. In fact,
AD thin films deposited on top-surface of NPAAM templates reproduce the intrinsic
surface roughness of the patterned templates, [117,121,122] but they also develop
crescent shape during the thin film deposition process, as sketched in Fig. 6.4c
[41,120,145,146]. These two morphological features can determine the magnetic
anisotropy of the material. Thus, the magnetic moments between nanoholes remain
parallel aligned within the film plane, while magnetic moments along the walls of the
nanoholes are perpendicularly aligned to the film plane, as schematically shown in Fig.
6.4c. The effect on the magnetization component along the perpendicular direction to the
sample surface becomes higher as the nanoholes diameter increases, i.e. W decreases

[41,85,86,147].

Figure 6.5 shows the INP and OOP hysteresis loops for the second group of Ni
antidot samples where W < t with hole diameter ranging from 80 to 89+1 nm.
Surprisingly, a crossover of the easy magnetization axis from the INP to OOP direction
has been detected as shown in Figure 6.5 (c, d). This crossover started with a balance
between the INP and OOP coercivity for the sample with nanohole diameter around of
80 nm (Hc = 127 Oe) for both applied field directions (Figure 6.5a). Then, a balance
between the INP and OOP m; for samples with nanoholes diameter of 83 nm can be
observed, together with a dominated OOP coercivity, as shown in Figure 6.5b. Finally, a
dominant magnetization component along the perpendicular to the plane of the sample

surface has been observed as plotted in Figure 6.5(c, d).
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Figure 6.5: The INP (blue color) and OOP (red color) Kerr hysteresis loops of Ni antidot arrays
thin films with 20 nm in layer thickness and different hole diameter of a) 80 nm, b) 83 nm, c) 85
nm, d) 89 nm and 103 nm of interhole distance. ) 3d sketch for antidot arrays with W < t. f)
reduced remanence ratio from OOP to INP directions, mr./mry, calculated from the MOKE
hysteresis loops for the Ni antidot samples with different W/t ratio.

From the analysis of the INP and OOP hysteresis loops for a given Ni antidot hole
diameter, we calculate the ratio between the component of reduced remanence
perpendicular to the sample surface, m: (OOP)., and the reduced remanence component
parallel to the film surface, m; (INP),. When the ratio between m;./my;= 0 means that

INP direction, while m;1/my>> 1 means that
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magnetization is essentially pointing towards the OOP direction [142]. Accordingly, the
antidot sample with the maximum size of hole diameter around of 89+1 nm (i. e.: W/t <<
1) shows high mri/mry ratio of 7.5, thus indicating a strong perpendicular anisotropy for
this sample. Meanwhile, the other sample showed intermediate perpendicular anisotropy
with m;. / my, = 2. On the contrary, the continuous thin films and samples with small
nanohole diameter show an in-plane magnetic anisotropy with m../m;, ratio = 0, as

plotted in Figure 6.5f.

It should be also of great interest to investigate the dependence of the effective
magnetic anisotropy coefficient, Kes, and the effective perpendicular magnetic anisotropy
energy density (Kesx tni) with varying the size of holes diameter. The effective magnetic
anisotropy Kesr, determined from the difference between the areas of the INP and OOP

hysteresis loops and that can be calculated by the given expression:[38,114]

Mg Mg
Keff:KOOP_ KINP = fO—OOP HdM_ fO—INP HdM (61)

Where M is the magnetization, Ms denotes the saturation magnetization and H is

the applied magnetic field.

A clear trend of Kesr depending on the hole diameter can be seen, in Figure 6.6.
The larger the INP magnetic surface coverage i.e. continuous thin films and antidot with
small d, the greater the effective magnetic anisotropy coefficient. This trend can be
explained by a simple model based on the influence of nanoholes edge defects, which
reduce the value of the INP magnetic anisotropy locally [71,148,149]. The unpatterned
Ni thin film shows an INP effective magnetic anisotropy that is mainly due to the shape
anisotropy of the sample. The INP Kest decreases with the increase of nanohole diameter

which means that the hard magnetization axis displayed by the continuous unpatterned
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thin film that is pointing along the out of plane direction, turns into softer for the antidot
samples with larger holes diameter and lower W/t ratios [80,150]. Different “local” shape
anisotropy is thus expected, with a stronger contribution of the OOP anisotropy with
increasing the size of nanoholes diameter [93]. Navas et al, [93], and Jafaar et al,[93],
also reported a decrease in the INP effective anisotropy of Ni continuous thin film from
1.2 x 10% erg/cm? to 0.4 x 108 erg/cm?® for Ni antidots with largest hole diameter (70 nm),
with strong contribution of local perpendicular magnetic anisotropy, but still the
magnetization lies along the INP direction, which is ascribed to a positive value of Kes.
Wherever the critical hole diameter is found to be around dc ~ 80 nm, the value of
effective magnetic anisotropy decreased to the lowest value (0.15 x 10° erg/cm®) and a
counterbalance between the parallel and perpendicular components of the magnetic
anisotropy contributions takes place. Moreover, a dramatic change in the easy
magnetization axis of the sample occurs when the nanohole diameter crossed above its
critical size (for a determined value of the ratio W/t = 0.8 and 0.65, and d = 85 and 90
nm, respectively), rotating from the INP toward OOP direction (negative values of Kef),

when the value of nanoholes diameter overcomes its critical size, d > dc [41,85].
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Figure 6.6: Effective anisotropy, Kes, (Ieft axis), and effective anisotropy energy density, Kefx t,
(right axis), as a function of antidot hole diameter (down scale) and the edge-to-edge distance, W,
(top scale) for Ni antidot thin film. Negative values of Ker and Kesx t correspond to antidot
samples with perpendicular (OOP) effective anisotropy. The lines are guides to the eye.

The highest value of the effective perpendicular magnetic anisotropy energy
density observed for the Ni antidot thin film with d = 90 nm and t = 20 nm is around (
Kesr x t ~ 1.44 erg/cm?), that is more than (7.5-48)-times stronger than that observed for
Ni/Pt (0.18 erg/cm?), or Co/Pt (0.2 erg/cm?) and Ni/Pd (0.03 erg/cm?), multilayer thin
films with PMA, respectively[136,151,152]. This larger PMA value is also higher than
those obtained in Ni/Cu (0.1 to 0.67 erg/cm?) and Fe/MgO (0.1 erg/cm?) continuous thin
film with thickness 0.1 to 8.5 nm deposited on epitaxial single crystal exhibiting PMA
[148,153,154]. Thus, the high value of the effective perpendicular magnetic anisotropy
energy density that has been obtained in this work for the Ni antidot thin film with largest

nanoholes diameters, make them as excellent candidates for spintronics applications, bit

73



patterned magneto-optic perpendicular recording media and magnetic sensors based on

template-assisted deposition methods.

By studying the complete magnetic behaviour of the INP and OOP coercivity of
the two groups of samples with d and W that are plotted in Figure 6.7, we can distinguish

between two main regimes of antidot densities:

Low-Density Antidot (LD-AD) regime: d < 75 nm =W > 28 nm. The antidots
array are well separated from each other, and the expected tendency of the in-plane
coercivity, Hey o« d, are followed as plotted in Figure 6.7. Also, the OOP coercivity
exhibits the same tendency of the INP coercivity with d but with a slow rate, because of
the dominating in-plane magnetization and the magnetization reversal occurs by domain

walls movement [44,112].

High-Density Antidot (HD-AD) regime: d > 75 nm =W < 28 nm. When the
distance W among antidots array is small, a change in the dependence of the Hc; on
nanoholes geometry has been shown, as it sharply decreases with d increasing, in contrast
to detected for the linear increase in the LD-AD regime. It is worth noting that the HD-
AD regime represents an intermediate state between antidot and dot regimes, as
previously reported by other authors [118,128,155]. In this intermediate regime (i.e. HD-
AD) the evolution of magnetic parameters such as my;, Kes, and Hcy changed, as shown
in Figures 6.5f, 6.6 and 6.7, respectively, in good agreement with previous works
[118,128]. This change is an indication of a change in the magnetization reversal
mechanism in the antidot samples, which transfers from domain wall propagation to
magnetization rotation of single domain structures [118,128,155]. The reduction of the
INP coercivity in this antidot regime is mainly due to the reduced magnetic anisotropy

for these samples as shown in Figure 6.6. In addition, as d is further increased (i.e. W
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decreases), the inter-distance between adjacent holes becomes narrower, and the film area
that has to be nucleated with a reversed domain is smaller [118]. Consequently, Hcy
decreases. At the same time, the OOP coercivity is increasing rapidly until equals the
value of INP coercivity at W = 22 nm, when the hole diameter reaches the critical size,

de.
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Figure 6.7: Coercivity, Hc, dependence for the OOP and INP directions of Ni antidot array as a
function of a) antidot hole diameter, b) edge-to-edge nanoholes separation, W.
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6.4 Micromagnetic simulations

Micromagnetic simulations of the Ni thin films and the antidot arrays samples
were performed using the 3D object-oriented micromagnetic framework by Mumax®
package with finite element discretization [96]. Under this frame, the ferromagnetic
system is divided into cubic cells with a uniform magnetization inside each cell. For the
micromagnetic simulations, a grid has been taken as the hexagonally ordered antidots
array lattice of 2x2 pm? with 512x512x16 cells in the x, y and z axes, respectively, with
dimensions for the unit cell along each axis of 3.9 nm (x), 3.9 nm (y) and 3.125 nm (2).
The ordered Ni antidot arrays are defined by a layer thickness. t = 20 nm, the interspacing
distance between neighbouring holes measured centre-to-centre (105 nm), and the
nanohole diameter was varied from 40 to 100 nm. Typical values of the magnetic
parameters here employed for Ni were: saturation magnetization Ms(Ni) = 485 emu/cm?
exchange constant Aexcn (Ni) = 10 erg/cm and damping coefficient constant of 0.01 [68].
Because of the polycrystalline structure of the Ni thin film, the magnetocrystalline
anisotropy at room temperature is negligible, so we set this parameter to zero in the
simulations. Through the above micromagnetic simulations, it is considered an external
magnetic field applied parallel to the film plane in (x) and (y) directions, as well as in the
out of plane direction (z), in order to detect the easy magnetization axis (inset Figure
6.8a), ranging from saturation 4500 Oe to -4500 Oe, passing through the remanent state

for both, the INP loops and perpendicular to the film plane for the OOP loops.
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Figure 6.8: Micromagnetic simulations of hysteresis loops for a) In-plane (inset: 2x2 pm? ordered
Ni antidot arrays with applied external magnetic field along the x or y direction as indicated in
the pictures) and b) Out of plane directions to the Ni antidot arrays thin film plane and with
different holes diameter ranging from 60, 80 and 100 nm, but keeping constant the inter-nanohole
distance of 105 nm.

Figure 6.8 shows selected INP and OOP hysteresis loops for Ni antidot arrays with
W >t (blue loops), W near to t (red loops) and W < t (orange loops) obtained by
micromagnetic simulations with the above selected parameters. The simulated hysteresis
loops match well within the experimentally measured by MOKE. However, the magnetic
parameters derived from the simulated hysteresis loops, such as coercive field and
remanence are higher than that extracted from the experimental results. These quantitative
differences can be explained in the frame of the micromagnetic model employed for
simulations: First, our micromagnetic simulations do not take into consideration thermal
disorder effects whereas the experiments were performed at room temperature; second,
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for saving computational time, the simulations have been performed by considering only
a small portion of the whole system corresponding to an area of 2x2 um?, while our
experimental measurements consider the whole sample dimensions of 2x2 mm?. Finally,
the differences between experimental data and micromagnetic simulations may be
explained by the morphological topography (surface roughness of remaining continuous
thin layer between the holes), in addition to the presence of microstructural defects in the
samples, such as local hexagonally-ordered hole domains separated by boundaries, which
are not included in the simulated, ideally ordered flat surface area. Therefore, the value
of the critical size for the nanohole diameter, dc, obtained through micromagnetic
simulations, at which the magnetization transition from the INP to the OOP occurred, is
100 nm, that is 11 nm larger than the experimental one. For the simulated loop with hole
diameter of 100 nm, the value of perpendicular coercivity Hct ~ 820 Oe is almost twice
larger than the experimental value of OOP coercivity, Hct ~ 4450e, meanwhile, the Hcy,
is almost zero for both cases. Also, the out of plane reduced remanence obtained from
micromagnetic simulations shows a higher value of 0.99 than compared to the
experimental one of 0.82 obtained from the measured hysteresis loop of the sample with

PMA.

Figure 6.9 shows selected micromagnetic simulation images of magnetic domain
structure for Ni antidot samples. The images have been taken at remanent state after
saturating the samples along the in-plane easy direction. For samples with d = 40 nm and
60 nm the in-plane easy axis lies in the x direction (i.e. near neighbour holes) where the
highest values of Hc and m, are obtained. Meanwhile, the hard magnetization axis in these
samples lies along the y direction (i.e. next near neighbour direction), which shows the

lowest values of Hc and m.
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Figure 6.9: Micromagnetic simulations of magnetic domain structure at remanent state for Ni
antidot samples with nanohole diameter, d, of: a) 40 nm, b) 60 nm, c) 75 and d) 80 nm. The
colored maps represent the angle between the INP magnetization component and the x-axis or y-
axis, and the arrows provide a qualitative view of the magnetization orientation.

In addition, each two L-structure with different magnetization direction, i.e.
different colour, are connected with Low energy super domain wall, LE-SDWSs [44].
These LE-SDWs are mainly formed when head-to-tail or tail-to-head configurations of
the average magnetization vector take place with low stray field divergence and lower
exchange energy terms [44]. For antidot samples with d = 60 nm the magnetic domain

structure shows the stripe magnetic domain beside the L-structure [41,44,147,155] as
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plotted in Figure 6.9b. For samples with d = 75 nm the magnetic domains with L-structure
disappeared, and a stripe domain structure prevails, as show in Figure 6.9c. These
magnetic strips domain extended for many hexagonal cells. Also, the strip magnetic
domain is connected horizontally with high energy super domain wall, HE-SDWs [44].
These HE-SDWs are mainly form when head-to-head or tail-to-tail configurations of the
magnetization vector exist and create a high divergence of stray field and high exchange
energy density resulting in local out-of-plane easy magnetization direction in these
regions [44]. In addition, the in-plane loops for applied field on x and y direction are
approximately the same. By increasing the hole diameter, the magnetic domain structure
totally modifies, and the stripe domains tend disappear. As indicated in Figure 6.9d, the
magnetic unit cell consists of five domains in accordance to the five bridges between
neighbouring holes. The magnetization of the central domain points towards the next
nearest neighbour direction, while the other four domains have their magnetization
vectors oriented to the next nearest neighbour directions enclosing angles of 60° with
respect to the magnetization of the central bridge. As a consequence, the in-plane easy
magnetization axis shifts from near neighbour (x direction) to next near neighbour (y
direction) [155]. This magnetic state is supposedly very stable, as it not only minimizes
the energy of each single vertex in conformance with the spin-ice rules [156], but also the
interaction energy between neighbouring vertices. In addition, it is also responsible for
the occurrence of a magnetic component perpendicular to the applied magnetics field
[157] (i.e., out of plane direction). Therefore, the induced spin-ice magnetic domain
structure is causing a reduction of Hc, and my; and an increase of He - and my., as proved

with the experimental result where the Hc), reduced above the dc point.

80



6.5 Conclusions

In summary, the previous results suggest a unified description of the magnetic
properties of Ni antidot arrays thin films along the crossover of magnetization from the
INP to OOP directions that takes place at the unexpected critical hole diameter d. = (80
nm). The magnetostatic energy associated to the antidot array, increases with the antidot
hole diameter. When the hole diameter is large enough to counterbalance the energy
associated to the magnetic poles on the film surface, the preferred direction of
magnetization should change from the INP to OOP direction. The magnetization
crossover between the INP and OOP direction has been studied for two antidots densities
regimes, LD-AD and HD-AD. In addition, the INP effective anisotropy coefficient
approaches to zero as there is equivalent energy between the in-plane and out of plane
loops. For antidot diameters above dc, a strong effective PMA has been observed. The
highest values of effective perpendicular magnetic anisotropy energy density of Ni
antidot arrays that have been obtained in this work (1.44 erg/cm?) are more than (7.5-48)-
times stronger than that observed for Ni/Pt (0.18 erg/cm?) and Ni/Pd (0.03 erg/cm?)
multilayer thin film with PMA, respectively. Furthermore, these findings point toward
possibilities to engineer ferromagnetic metal antidots with large perpendicular magnetic
anisotropy more than 2-times larger than compared with conventional multi-layered
systems. Taking into account the long-standing challenge to promote large PMA in small
size spintronic devices, antidot based nanomaterials constitute a benchmark for future
spintronic information processing technologies and magneto-optic perpendicular

recording patterned media.
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Part I1: Ferrimagnetic

Antidot Arrays
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Chapter 7: Influence of the array antidot geometry on the
magnetic properties of Dy-Fe antidot array thin films.

Both, ferrimagnetic crystalline and amorphous rare-earth transition metal (RE-
TM) compounds and their alloys, in either the bulk material or the thin films, have
attracted great attention in the past as a potential medium for thermo-magnetic recording
and applications in modern ultrafast storage media [158-161]. The importance today of
amorphous materials (RE-TM), is found mainly in the field of partial exchange
heterostructures [162] giving place to fields of giant exchange bias [163] all-optical
switching, magnetic data applications of storage and spintronic due to the fact that they
meet all the requirements for an effective magneto-optical material [161,164].The
materials most commonly used for these applications are RE-TM alloys, (RE (Tb, Gd,
Dy) and TM (Fe, Co, Ni)) [162].Magnetic studies of amorphous REx-Fe (100-x) thin films
indicate that, for the heavier rare-earth metals, these films show a ferromagnetic
behaviour [165]. Recently, RE-TM nanostructure based antidots have a strong potential
for energy-assisted recording on nanometre-scale magnetic media, magneto-optic
perpendicular recording patterned media based on template-assisted deposition

techniques and ultrafast spintronic technology [34,37,38,166]

In this Chapter, we pay special attention to the basic magnetic properties
(magnetic anisotropy) of Dy-Fe alloy antidot arrays by studying the effect of geometrical
parameters as they are, shape of hole, holes ordering and antidot film thickness at room
temperature. In addition, the influence of hexagonal symmetry on the thermal magnetic

behaviour compared to the continuous thin film samples has been investigated.
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7.1 Experimental procedure

7.1.1 Fabrication of Dy-Fe alloyed antidot thin films

Two series of hexagonally ordered (HAD) and disordered (DAD) antidot arrays
of Dy.Fe alloy thin films having an interhole distance Dint = 105nm, hole diameter, d,
80+3nm and film thickness varying between 15 nm <t < 60 nm (with increasing steps of
each 5 nm), were grown by high-vacuum thermal evaporation technique. The continuous
Dy-Fe thin films, CTF, were also deposited on a glass substrate, with the same thicknesses

than for the antidots samples, to compare the obtained results.

In order to prepare hexagonally ordered antidot arrays nanoporous alumina
membranes were produced by the two-step anodization process [82]. High purity Al foils
(99.999%, Goodfellow, Huntingdon, UK), with 0.5 mm of thickness, were cleaned by
sonication in ethanol and isopropyl alcohols, then they were electropolished at 20 V in
perchloric acid and ethanol solution (1:3 vol., 5 °C) for 5 min. The polished Al foils were
employed as starting specimen for the anodic synthesis of nanoporous alumina templates.
The two steps electrochemical anodization procedure was done in 0.3 M oxalic acid, at a
temperature between 1-3 °C and under a potentiostatic applied voltage of 40 V, measured
versus a Pt counter electrode. To obtain the highly ordered nanoporous alumina templates,
the samples were immersed in 0.2 M CrOsz and 0.6 M H3PO4 aqueous solution. This
selective chemical etching step leads to the selective removal of the first grown anodic
alumina layer, which contained randomly disordered nanopores at its top surface, as
shown in Figure 7.1a. For the alumina templates with hexagonal lattice, the second
anodization step has been performed during 5 h., allowing the nanopores growth by
following a highly self-ordered hexagonal symmetry. In contrast, the disordered

nanoporous alumina samples were only submitted to a single anodization step, and
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therefore the sample surface remains with randomly distributed nanopores grown during

the first stages of the anodization procedure (Figure 7.1a).

Finally, the controlled deposition of the metallic Fe-Dy alloy film formed by
highly pure metal pieces of Fe (Goodfellow Limited, England, 99.9% purity) and Dy
(Ventron GMBH, Germany, 99.99% purity) was completed by a high vacuum thermal
evaporation technique using an E306A thermal vacuum coating unit (Edwards, Crawley,
UK) with an ultimate vacuum better than 5.2x10~" mbar, having a diffusion pump backed
by rotary pumping together with a liquid nitrogen trap [145]. The pure element metal
pieces were placed inside water cooled copper crucible and have been heated by
magnetically focused electron beam, 3.1 kV for Fe (cruciblel) and 4.5 kV for Dy
(crucible2) and electric energy 2.7 kW (Fe) and 2.5 kW for (Dy). The evaporated target
metals were deposited on the top-surface of both, the hexagonally ordered and randomly
disordered nanoporous alumina membranes, which play the role as templates to obtain
the thin films of antidot arrays [77,167]. The control of the film thickness was achieved
by using two independent quartz crystal controllers that monitored simultaneously the
deposition rates of each evaporation source. The source to substrate distances were
maintained constant at about 18 cm and the deposition rate of the Dy-Fe alloy was around
0.1-0.15 nm s%. The experimental details about the deposition conditions have been

already reported elsewhere [38,114].

7.2 Morphological characterization

7.2.1 Scanning Electron Microscopy analysis

The morphological characterization of samples was performed by means of
Scanning Electron Microscopy technique (SEM) (JSM 5600, JEOL, Akishima, Tokyo,

Japan). Figure 7.1(c to h) shows SEM images for sample surfaces of Dy-Fe antidot arrays
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with same hexagonal symmetry and starting values of lattice parameters (d, Dint), but
varying the thickness layer. We should point out that as the thickness of the film increases,
the apparent diameter of the nanoholes reduces due to the deposition of magnetic material

in the top of the hole until it totally collapses for layer thickness above 60 nm (Figure

7.1h).
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Figure 7.1: a) and b) show SEM images for the first anodization the second anodization to obtain
the showing only a halo that corresponds to the starting alumina membrane with disordered
nanopores and b) illustrating the hexagonal ordering of nanopores). ¢) to h) SEM images of series
from Dy-Fe antidot arrays with layer thickness varying from 15 hm up to 60 nm.
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Figure 7.2: Dependence of the apparent nanoholes diameter, d, and the edge-to-edge antidot
distance, W, of the Dy-Fe antidot arrays with the film thickness grown between 15 nm and 55
nm.

Figure 7.2 shows the correlation between the apparent nano-holes diameters, d,
and the edge-to-edge antidot distance, W = (Dint — d), with the antidot layer thickness, t,
of the Dy-Fe alloy antidots. This change in the apparent nano-hole diameter is due to the
deposition of magnetic material in the upper part of the wall of the pore. From Figure 7.2,
it can be distinguished two regimes depending on the edge-to-edge antidot distance value.
First one corresponds to the case when W is smaller than antidot hole diameter i.e.

(thinner samples), and later when W is bigger than the antidot diameter i.e. (thicker films).

Microscopically, the nanoporous alumina templates show a well-defined
hexagonal lattice with geometric properties that have been characterized by SEM
measurements as shown in Figure 7.1. The hexagonal geometry of the antidot arrays

allows distinguishing some characteristic main directions in the samples surface. Firstly,
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choosing any particular antidot as the origin, the direction from the origin to the nearest
neighbouring antidot, (NN), and secondly, the direction from the antidot of origin to the
second nearest neighbour, (NNN), as shown in Figure 7.3a. These directions alternate
every 30° all around, with symmetry of 60°. Thus, it can be detected an - angular magnetic
anisotropy dependence in the plane of antidot arrays films, related to these two main

directions, as it will be discussed in section 7.5.2.1 and also reported elsewhere, [50].
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Figure 7.3: a) SEM images of antidot substrate illustrating the near neighbour, NN, (double arrow
continuous yellow line) and its parallel line (dashed yellow line) along the edges of nanoholes
and a next near neighbour, NNN, direction (double arrow continuous red line) and its parallel line
(dashed red line). b) SEM image of the surface of an antidots thin film with low magnification.

Macroscopically, at low magnification the nanoporous alumina templates present
a hexagonal order of circular holes, divided into geometric hexagonal domains separated
by dislocation-like boundaries as shown in Figure 7.3b. The typical size of the
hexagonally ordered pore domains is in the range of 4-6 micrometers, as highlighted in
different colors in Figure 7.3b. In addition, this figure represents two NN directions, one
in each domain, showing the different orientation of the hexagonal order in them. Both
NN directions differ in 25°, while if they belonged to the same hexagonal order should

match or differ in 60° or 120°. When comparing the lithographed antidot arrays [101]
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with the ones obtained using anodic alumina membranes, the latter displays smaller holes
sizes and lattice parameters. However, the main drawback relies on the presence of

geometric hexagonal domains, while lithographed arrays are mono-domain.

7.2.2 Chemical composition

The chemical composition of Dy-Fe antidots thin films and their corresponding
continuous thin film are initially calculated from the measurements provided by the
controls of crystal quartz balance at the end of the film deposition, used to calculate the
ratio of RE/TM in the alloy. To confirm the nominal composition of the alloy, we make
a subsequent analysis by energy dispersive x-ray spectroscopy (EDX). The chemical
analysis of the spectra of three of these films shows a Dy1sFeg7 averaged composition as
summarized in the Table 7.1 and the measurements agree with the obtained values from

the quartz crystal balance.

Table 7.1: Atomic percentage of Fe and Dy elemental composition in Dy-Fe thin film.

EDX Spectrum Fe (at. %) Dy (at. %)
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7.3 Microstructural characterization by Transmission Electron

Microscopy analysis.

The microstructure of the samples has been studied by high-resolution
transmission electron microscopy (HR-TEM) (JEM 2100, JEOL, Akishima, Tokyo,
Japan) operating at 200 kV, which was employed to obtain high magnification images of
the antidots thin films. For that purpose, the nanoporous alumina membrane that acts as
the template for the fabrication of the antidot arrays was previously and selectively
dissolved in a 0.5M NaOH solution, thus releasing free-standing flakes of the
nanostructured thin film, which were then washed with distilled water and ethanol,
deposited into conventional transmission electron microscopy (TEM) copper grid sample
holders and dried in air. Selected area electron diffraction (SAED) spectrum was

performed to study the microstructure of antidot arrays samples.

The TEM micrograph of the Dy-Fe antidots thin film after being released from
the nanoporous alumina membrane is displayed in Figure 7.4, which demonstrates that
the nanometric holes successfully replicated the structure of the highly hexagonal ordered
nanoporous alumina template, in agreement with the findings revealed by the SEM
images. Also, the SAED spectrum, shown as the inset in Figure 7.4a, indicates the
amorphous structure of the Dy-Fe alloy, evidenced by the presence of diffused rings and

the absence of clear spots in the electron diffraction spectrum.
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Figure 7.4: HR-TEM images of Fe-Dy antidot arrays with 15 nm in layer thickness taken at low (a)
and high (b) magnification. The inset in (a) shows the SAED spectrum.

7.4 Characterization of magnetic properties

Magnetic properties of Dy-Fe alloy antidot arrays and their corresponding CTF
have been determined from the hysteresis loops measured at room temperature on
samples surface by the magneto-optical Kerr effect (MOKE), with applied magnetic field
of up to £ 0.50T, using the NanoMOKE-3 magnetometer, (Durham Magneto Optics Ltd.).
In addition, we have also obtained hysteresis loops of the bulk samples using vibrating
sample magnetometer, (VSM-QD-Versalab) with applied magnetic field up to £3T. In
both cases, the magnetic field is applied in the plane of the film, INP, and perpendicular
to the film plane (out of plane), OOP, directions. NanoMOKE-3 magnetometer allows
obtaining local measurements of the magnetization of the sample by employing a focused
laser beam covering an area smaller than 2 microns of diameter, as show in Figure 7.3b.
Alternatively, a defocusing lens can be employed in order to widen the laser beam,
covering an area of about 0.5 mm radius, thus widening the area of measurement. In other
words, it is possible to obtain information from the magnetization of the sample at the

microscopic or macroscopic level.
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First, we choose the local, microscopic, settings for NanoMOKE-3 magnetometer.
We make the measurements for different orientations of the INP applied field. Hysteresis
loops were obtained for both types of samples, CTF and antidot arrays films. The angular
dependence of the magnetic properties was studied by rotating the samples every 5
degrees in the plane of the sample. To avoid the translational movement due to the sample
rotation we firstly localized a specific feature of the sample surface by using the scanning
laser microscopy option of Nano-MOKE. Then we start measurement at a well-
controlled position located at fixed distance, which is about 10 um from this point.
Therefore, we correct the sample translation displacement that happens because of stage

rotation for every measurement at each angle by using the same procedure.

7.5 Magnetic behaviour of Dy-Fe continuous thin films and antidots

arrays.

7.5.1 Magnetic properties of continuous thin films

The INP MOKE hysteresis loop of selected Dy-Fe alloy CTF with thickness
ranging from 15 to 60 nm are shown in Figure 7.5 (a, c and €). A clear in-plane uniaxial
anisotropy has been observed for all CTF samples, where the angular dependence of the
in-plane coercivity, Hc (6), shows a two-fold symmetry. Actually, amorphous RE-TM
alloy possess an anisotropic microstructure when prepared by physical vapor deposition
procedure onto room-temperature substrate that is called as columnar structure [168,169].
Usually, this columnar micromagnetic structure induces an in-plane uniaxial magnetic
anisotropy in the thin films [169]. Therefore, we called this anisotropy as “deposition
intrinsic anisotropy” of CTF, which induced during the film deposition. Its values range
from 3x10° to 8x10° (erg/cm?®). Also, this in-plane intrinsic anisotropy is found for all

continuous thin films from 15 to 60 nm and it follows two-fold order symmetry. By
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increasing the layer thickness of Dy-Fe CTF, the coercivity multiplied by the thin film
thickness, Hcxt, increase from 0.75 kOe nm up to 22 kOe nm for samples with layer
thickness 15 and 60 nm, respectively. Actually, the parameter (Hcxt) is related to the local
domain wall pinning force within the alloy and this observed change with film thickness

may well indicate the onset of associated changes in the film morphology [170].
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Figure 7.5: In-plane hysteresis loops of Dy-Fe alloy continuous thin film and related INP angular
coercivity dependence for samples with different thickness: a) and b) 15 nm, c) and d) 30 nm and
e) and f) 50 nm, respectively.
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7.5.2 Antidot arrays thin films

7.5.2.1 Antidots with hexagonal symmetry

The in-plane surface magnetic properties of Dy-Fe antidot arrays samples with
different layer thickness are plotted in the Figure 7.6. Several differences in the in-plane
magnetic properties of Dy-Fe antidots have been found comparing to their corresponding
CTF. Firstly; the in-plane hysteresis loop loses its squareness and becomes wider. Also,
the INP loops show multi-step magnetization behaviour which indicates a strong pinning
effect and complex magnetization reversal process as shown in Figure 7.6(a, c). This
multi-stepped magnetic behaviour indicates that there is a contribution of the out of plane
component in the magnetization reversal mechanism [41,119]. Meanwhile, the hysteresis
loops of the thicker samples exhibit a single magnetic behaviour as shown in Figure 7.6(e,
and g). Secondly, a sharp increase in the Hc for the INP and OOP directions is observed
for the antidot thin film comparing to the CTF. The maximum Hc value of 848 Oe has
been obtained for antidot samples with layer thickness of 15 nm. This value of coercivity
is approximately 17 times larger than the corresponding one for CTF. These differences
between CTF and HAD can be explained because of a change in the magnetization
reversal mechanism from domain wall movement to super domain wall pinning, as

reported in [44], which induced by the nano-holes arrangement, respectively [101,115].

For a best understanding of the magnetic properties of Dy-Fe antidot arrays, we
study the angular dependence of the in-plane coercivity and remanence that can be
extracted from the INP hysteresis curves. Figure 7.6 (b, d, and f) represents the angular
dependence of Hc (0) for an antidot array thin film with 15, 20, 30 and 50 nm in thickness.
We observe for the lower film thicknesses (15 and 20 nm) a six-fold order symmetry of

Hc (0), where the easy anisotropy axis, E. A., (highest values of Hc) repeated every 60°
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and the difference between the E.A. and hard anisotropy axis, H.A., is 30° as it has been
reported also in the case of lithographed antidot arrays [101]. For antidot samples with
layer thickness of 30 nm and 35 nm they exhibit an out-of-plane anisotropy (see section
8.6), but when we restrict the study to the in-plane magnetization hysteresis loops a four-
fold symmetry of the Hc (0) has been detected, where the E.A repeated every 90° and the
difference between the E.A and the H.A is 45° as show in Figure 7.6 f. Finally, for thicker
antidot samples (50 nm), two-fold symmetry of Hc (6) was observed, where the E. A.
repeated every 180° and the difference between the E. A. and the H.A. is 90° i.c. the same
behaviour of CTF as show in Figure 7.6 h and Figure 7.5. Consequently, we can deduce
that there is a critical geometric parameter where the six-fold order symmetry for DyFe
antidot thin film can be affected. For HAD samples which size of lattice parameters are
below this critical geometrical point, the effective INP local magnetic anisotropy, induced
by holes, is dominating and causes the local six-fold order anisotropy for antidot arrays
with hexagonal symmetry. Whereas, for antidot samples with W > d i.e. higher than the
critical point of the geometrical parameter, the effective in-plane local magnetic
anisotropy becomes weaker because of the increasing contribution of intrinsic magnetic
anisotropy of the continuous thin film area between the adjacent holes. Therefore,
different magnetic anisotropy contribution and symmetry appeared. It is known, that the
coercivity of the antidot arrays thin film is determined as a balance between the intrinsic
magnetic anisotropy of thin film and the shape anisotropy induced by the arrays of holes

[41][50] [114].
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Figure 7.6: In-plane hysteresis loops of Dy-Fe alloy antidot thin films with different thicknesses
and their related INP angular coercivity dependence for: a) and b) 15 nm, ¢) and d) 20 nm and e)

and f) 50

nm.
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If we now choose the macroscopic, or non-local, configuration for the laser beam
of the NanoMOKE-3 magnetometer, the area of sample surface covered by the laser beam
has a diameter of the order of 0.5 mm. Under these conditions, the MOKE signal is not
proportional to the magnetization of only one single domain of antidots with hexagonal
ordering, but it is the result of the sum of the MOKE response in multitude of hexagonally
ordered domains of antidots. Since the orientation of the hexagonal ordering of antidots
will change from one domain to another, the six-fold order symmetry observed in the
magnetic properties, i.e. angular dependence of Hc or my, of a single domain of hexagonal
order is not found when using the macroscopic configuration of the laser beam for
studying bigger sample surface areas, as shown in Figure 7.7(a, b). These results fit better

within two-fold order symmetry, likely due to an in-plane uniaxial anisotropy.

HAD t=15nm HAD t=15nm

Figure 7.7: In-plane angular dependence of, a) Hc and b) m,, for an antidot array thin film with
layer thickness 15 nm, when using the macroscopic configuration of the laser beam of
NanoMOKE-3 magnetometer.

7.5.2.2 Antidot arrays with disordered nanoholes arrangement.

In the case of a DAD array with no hexagonal ordering of nanoholes and therefore

no geometric configuration of hexagonal domains of antidot arrays, the local six-fold
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order anisotropy is lost. As previously mentioned in the experimental section, the
nanopores arrangement obtained at the sample surface after the first anodization process
is randomly disordered. The dislocations are inexistent in this kind of arrays, and the
sample can be compared to an amorphous packing of antidots with a broad distribution
of holes diameter. Figure 7.8(a, c) represents the surface magnetic characterization of
DAD with layer thickness of 15 nm and 20 nm, respectively. Firstly, the hysteresis loops
of DAD show single step magnetic behaviour in contrast to the multistep magnetic
behaviour for the HAD the same layer thickness, as show in Figure 7.8 a, c. Also, the Hc
value of DAD is lower than the Hc of the antidot with hexagonal ordering, but still larger
than the corresponding value for a CTF with same thickness. This should be due to the
domain wall pinning from disordered nanoholes. Secondly, the angular dependence of
HC shows a random distribution as shown in Figure 7.8b, because there is not any spatial
ordering symmetry in the antidot structure, as shown in Figure 7.1a. However, the Hc
angular dependence for the DAD samples with 20 nm show a two-fold order, such as in
the case of the symmetry of CTF as show in Figure 7.8d. This means that the induced
shape anisotropy by disordered arrays of holes isn’t big enough to overcome the intrinsic

magnetic anisotropy of CTF.

98



1.5

1.0
| 450 4
0.5 1
400

a)
0.0 [ T
350 4
-0.54 300_'
—DAD ]
104 It =15 nm

-1500 -1000 -500 0 500 1000 1500
Magnetic field {Oe)

MMs
He {Oe)

1.5

c) ;
1.0 1504
0.5 1

3004
0.0 ]
-0.5 1 _J/} 2590

L DAD

-1.01

t =20 nm
-15600 -1000 -500 0 500 41000 1500
Magnetic field {Oe)

MMs
Hc{Oe)

Figure 7.8: a) The in-plane hysteresis loops of Dy-Fe alloy disordered antidot array thin film with
different thickness and related INP angular coercivity dependence for a) and b) 15 nm, ¢) and d)
20 nm, respectively.

7.6 Effect of hexagonal arrangement of Dy-Fe antidots on Curie

temperature.
The effects of thermal activation on the magnetic properties of the Dy-Fe antidot
arrays and the continuous thin film, have been studied through the measurements of

temperature dependence of the magnetization, M(T), in the temperature range between

the room temperature, RT, and 1000 K.
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Figure 7.9: Temperature dependence of the magnetization in Dy-Fe alloys for both, CTF and
HAD samples with layer thickness of 15 nm, measured at constant applied field of 20 kOe along

the INP direction.

Figure 7.9 shows the normalized magnetization, M(T)/M(RT), as a function of
temperature of Dy-Fe CTF and corresponding antidot arrays film sample with layer
thickness of 15 nm obtained by VSM technique. The magnetization curves for HAD and
CTF have been obtained after subtracting from the measurements the signal of the
corresponding substrates, glass in case of CTF and alumina for HAD. As show in Figure
7.9, from 300 K to 550 K the magnetization behaviour for antidot arrays and CTF shows
quite similar trend. An increase in the slope of magnetization curve for the CTF sample
with temperature increasing can be observed comparing to HAD sample, ascribed to the
existing hexagonal arrangement of antidots which may increase the thermal stability of

hosting magnetic materials compare to CTF [171]. A sharp drop in the magnetization
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curve of HAD sample has been observed around 785 K because of damage of the
supporting alumina membrane when temperature rises. From 820 K to 860 K the
magnetization curve for HAD and CTF samples reach the lowest value. Further increasing
of temperature, leads to the HAD sample to show a strong paramagnetic phase due to the
crystallization under the effect of high temperature annealing for T > 860 K. In order to

obtain an accurate value of Curie temperature, Tc, a fitting of the magnetization curves

T-Te

- )81 [172]. The Tc

plotted in Figure 7.9 was performed according to [M(T, H) = M(

increases from 669 K for CTF to 710 K in case of antidots array. This increase in the Tc
is attributed to the strong pinning effect [33,173] that is induced by the nanoholes of the
HAD sample. In addition, the hexagonal arrays of antidot have high thermal stability due
to three-dimensional magnetization profile where, the out-of-plane component plays a
more important role due to the misaligned magnetic moments at the edge and at the inner
wall of the nanoholes [41][80] [120]. Meanwhile, the continuous thin film has only two-
dimensional magnetization in-plane components, so the magnetic moments will need
more thermal energy to overcome the ordered structure in the case of sample with HAD

arrays.

7.7 Effect of hexagonal antidot arrays on the temperature

compensation point.

The critical properties of the Dy-Fe alloy include the temperature compensation
point, Tcomp, N€ar room temperature, RT, where the magnetic moments of the two opposite
Dy and Fe sublattices compensate each other. At T = Tcomp, Vanishing of magnetization
could be achieved for a wide range of compositions. Due to the existence of this

compensation temperature, the Dy-Fe alloys continue to attract great interest for
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applications in high-density low-current spintronic devices and ultrafast magnetic

recording [166].
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Figure 7.10: The magnetization saturation of continuous thin film and antidot arrays film with
different Dy percentage measured by VSM at room temperature.

Fig. 7.10 show the compositional dependence of the room temperature saturation
magnetization, Ms, obtained from the M-H loops measurements for HAD samples and
their corresponding CTF with layer thickness 20 nm. The compensation composition, at
which the Ms becomes minimum, is reached at x = 23.5+2 % for the DyxFeio0-x CTF and
33.5+2 % for the corresponding HAD, respectively. We attribute this shifting in the
compensation temperature, Tcomp, in the case of antidot arrays samples to the hexagonal
structure of nanoholes and the high surface roughness of alumina template, which
influence on the asymmetric composition distribution of Dy and Fe elements around and

areas between the nanoholes, and therefore on the resulting magnetic anisotropy.
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Figure 7.11: HR-TEM image for Dy:sFes; antidot arrays showing the Dy and Fe elements
distribution for different regions: at the edge of holes (green circle from 1 to 3), area between
two holes (red stars from 1 to 4) and the area between three holes (blue triangles from 1 to 3).

Figure 7.11 shows the HR-TEM image with elemental analysis for Fe and Dy at
three different places. From the chemical composition analysis, the TEM images around
the hexagonal unit cell of the Dy-Fe antidot arrays show that the composition of Dy-Fe
alloys differs from place to place. Around the hole’s edges, the analysis of the spectra of
three regions shows a DysFegs averaged composition, as summarized in Table 7.2. In
contrast, for the area between two holes, W, which are marked as dotted red rectangles in
Figure 7.11, the analysis of the four regions shows a Dy.gFe7> averaged composition.
Finally, for the wide area confined between three holes, the Dy-Fe alloys exhibits an
averaged composition of Dyi1sFeg7, which is very near to the continuous thin film values.
Thus, the existence of iron rich areas with DysFegs alloy composition in case of hexagonal
antidot arrays may lead to the observed increase in Tc and shifting in Tcomp as compared

to the CTF as plotted in Figure7.9 and Figure7.10.
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Table 7.2: Atomic percentage of Fe and Dy elements measured at different zones of the antidot sample.

Area around the holes Area between two holes Area between three holes

(green dots) (red stars) (blue triangles)

Spectrum Fe (at. %) Dy (at. %) Fe (at. %) Dy (at.%) Fe(at.%) Dy (at. %)

95.0 5.0 76.0 24.0 89.0 11.0
97.0 3.0 77.0 23.0 84.8 15.2
96.5 35 71.0 29.0 87.5 125
69.0 31.0
Average 96.2 3.8 72.3 27.7 87.1 12.9

7.8 Tailoring of perpendicular magnetic anisotropy in DyisFes; thin

films with hexagonal antidot lattice nanostructure

In this section, we will discuss deeply the observation of an interesting phenomenon
consisting in the easy magnetization axis transfer from a purely in-plane (INP) magnetic
anisotropy to out-of-plane (OOP) magnetization, for a 30 nm thick layer of Dy13Fes7 thin

film with hexagonal ordering antidots lattice.

7.8.1 Atomic Force Microscopy and Magnetic Force Microscopy imaging

Atomic Force Microscopy (AFM) image of the surface topography of the DyisFesy
antidot sample, with thickness of 30 nm, can be observed in Fig. 7.12a. The nanometric
hole structure of the magnetic film is clearly visible and replicates the hexagonal
geometry of the nanoporous alumina membrane used as template. The Magnetic Force

Microscopy (MFM) signal is mainly sensitive to the out of plane component of the
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magnetization and to the magnetic-poles accumulation around the domain walls. The
MFM image obtained in the same region in the as prepared state (see Fig. 7.12b) presents
a magnetic configuration with positive and negative contrast corresponding to the out of

plane magnetization.
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Figure 7.12: (a) Topography and (b) MFM images corresponding to the DyisFes; antidot
sample with 30 nm in thickness. (c) and (d) are zooms corresponding to the marked region in
(a) and (b), respectively. Insets correspond to the FFT of each image. (e) and (f) are the profiles
obtained along the marked lines in (c) and (d). The magnetic state of the sample is as prepared.
As shown in Fig. 7.12a, the sample presents different morphological domains. Fig.

7.12c and Fig. 7.12d are the zooms performed in the marked regions in Fig. 7.12a and

Fig. 7.12b, respectively, in order to study the topographic periodicity and its correlation
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with the magnetic signal. The profiles along the NN direction are displayed in Fig. 7.12e
and Fig. 7.12f. From the profile scan in Fig. 7.12e, as well as from the Fast Fourier
Transform (FFT) data shown in the inset, the lattice constant of the hexagonal antidot

arrangement is estimated to be around 110 nm.

The corresponding MFM signal in Fig. 7.12d and Fig. 7.12f allows us to distinguish
the superposition of two kind of contrast, one correlated with the topographic signal
(always negative) and a positive/negative contrast corresponding to the out of plane
magnetization, which is not correlated with the holes position. Notice that the FFT of the
MFM signal presents a set of peaks corresponding to the hexagonal lattice and an
additional contrast associated to the larger structures. Such component of the magnetic

signal is due to the local magnetic anisotropy induced by the antidot thin film geometry.

7.8.2 Magneto-optical Kerr effect hysteresis loops

The surface magnetic properties of the DyisFes; antidot thin films were
characterized making use of the magneto-optical Kerr effect (MOKE), NanoMOKE3
magnetometer, which is sensitive to the longitudinal, transverse and polar magneto-
optical Kerr effects; applying up to 0.1250 T by using the quadrupole electromagnet, or

0.5 T with the dipole electromagnet options, respectively.

In the Fig. 7.13a it is represented, in black line, the longitudinal MOKE hysteresis
loop of a continuous Dy1sFes7 thin film, with 30 nm of thickness. It shows a square shape
that matches within an in-plane easy magnetization axis. Red and blue plots in Fig. 7.13a
show the longitudinal MOKE hysteresis loops for 30 nm thick antidot thin films,
measured along both, the NN and NNN directions, respectively. By comparison of these
two later measurements, we can observe that these directions act as easy (NN) and hard

(NNN) in-plane magnetization axes. Furthermore, both longitudinal hysteresis loop for
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the antidot thin film have lost the squared shape and acquired a shape bending in slope,
if compared with the thin film one. This fact shows that the magnetization is not aligned
along an easy axis direction, indicating that the easy magnetization axis does not totally
lie in the in-plane direction. Coercivity of DyisFeg7 antidots thin film increases also
noticeably respect to the one for the continuous film, caused by the presence of holes that

act as pinning centers of domain wall displacement [102].

Fig. 7.13b shows the hysteresis loop obtained by polar MOKE for the same antidot
thin film with an out-of-plane applied magnetic field. In the polar MOKE configuration,
the response of the polar Kerr effect is sensitive to the out of plane magnetization signal,
while the longitudinal Kerr measurement is sensitive to any magnetization along the
intersection of the film surface plane with the incidence plane of the laser beam, and thus
the longitudinal Kerr response is dominated by the in-plane magnetization [174]. The
hysteresis loop plotted in Fig. 7.13b shows a dominant magnetization component
perpendicular to the surface plane in pseudo magnetization saturation. This fact proves

the dropping of the magnetization onto the out of plane direction [174].
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Figure 7.13: (a) Longitudinal Magneto-Optical Kerr Effect (MOKE) hysteresis loops of a 30
nm thick DyisFes; thin film (black line) and antidot film of the same thickness and composition,
measured along the NN (red line) and NNN (blue line) directions of the hexagonal lattice. (b):
Polar MOKE hysteresis loop with an out of plane applied magnetic field for the same antidot
thin film.

7.8.3 Vibrating Sample Magnetometer hysteresis loops

For investigating the whole magnetic behaviour of antidots thin film by measuring
the bulk sample hysteresis loops, we use a vibrating sample magnetometer (VSM), at
room temperature and with applied magnetic field values up to +3T. Two common
magnetic field configurations were considered for applied magnetic field, in-plane (INP,
when magnetic field is applied parallel to film plane) and out of plane (OOP, for the
magnetic field perpendicularly applied to film plane). Fig. 7.14a shows both, the INP and
OOP hysteresis loops for a continuous thin film and Fig. 7.14 b shows the corresponding

ones for the antidot thin film with 30 nm of thickness.

It can be observed from Fig. 7.14a that the magnetization is laying along the INP direction
for the DyFe continuous film. In contrast, the OOP magnetization direction for antidot

arrays is dominating, as it can be deduced from Fig. 7.14b and confirmed by the polar-
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MOKE measurement. In addition, it can be observed the INP shape anisotropy deduced
for the continuous thin film, while a more complex magnetic structure is ascribed for the

antidot film, where its OOP component clearly differs from that of the continuous film.

It is expected that the anisotropy contributes to the appearance of the OOP
magnetization component. The antidot arrays can induce strong local shape anisotropy.
This can overcome any kind of intrinsic anisotropy of the host materials; moreover, it
prefers an OOP orientation of the magnetization [113]. Also, theoretical studies about the
magnetic anisotropy of antidot arrays performed by both, Monte—Carlo simulation [175],
and micro magnetic simulation [49] illustrate that the INP preferred orientation of the
magnetization in a thin film of antidots array can be, at least partially, lifted. Furthermore,

magnetic surface anisotropy contributes to the partial OOP magnetization found here
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Figure 7.14: (a) VSM INP and OOP hysteresis loops for the continuous DyFe thin film with
30 nm thickness. The inset shows the low field scale of INP and OOP hysteresis loops. (b) INP
and OOP VSM loops for DyFe antidot films with 30 nm thickness, Dix= 105 nm and d = 55
nm. The inset shows the magnification in the low field region.
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The local geometry of antidot plays a major important role on the magnetization
reversal of the antidot films [39][50][80][177]. Such kind of nanoholes arrays is usually
described by a parameter named as the antidot aspect ratio, r, which is defined by

[41][85]:
r=(d + dp)/2t (7.1)

For the current sample the aspect ratio, r, is close to 2.2, that is, the thickness of the films
is near to the average antidot diameters and thus the magnetostatic energy accumulated
by the surface poles, in the film plane, and that due to magnetic poles on the nanohole
surfaces starts to be of the same order of magnitude. Therefore, the magnetization could
lie in the OOP direction, as the thickness, t, increases, in order to reduce the whole

magnetostatic energy of the system [41][85].

7.8.4 Effective magnetic anisotropy for HAD and CTF

Aiming to further investigate the rise of OOP magnetization phenomena, we have
estimated the effective in-plane anisotropy, Kesr, for antidots and thin film samples with
the same DyisFeg; composition and different thicknesses. Kefr values were calculated

from INP and OOP VSM hysteresis loops according to Refs. [80][114] and they are given

by:

Keff = fMS

Mg
ot op HAM— [75  HAM  (7.2)

—INP

where M is the magnetization, Ms is the saturation magnetization and H is the applied

magnetic field.

Fig. 7.15 (a, b) represents the Kefr and the effective anisotropy density, Kess % t, for
the Dy-Fe alloy HAD arrays and corresponding CTF with variation of the layer thickness.
For CTF samples the Kefrand Kest % t has a nonlinear relationship with the layer thickness.
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The maximum value of Keff and Kefr x t occurred at thickness 50 nm, and then start
decrease with increasing of layer thickness due to decreasing of magnetization saturation
of CTF. It is worth noting, for all CTF samples show a positive Kerf and Kest X t i.e. the

CTF have an INP easy magnetization axis.

For the antidot samples, noticeable changes of the effective magnetic anisotropy
have been observed. Firstly, Kefr values sharply decrease in comparison to the CTF due
to the competition between the intrinsic anisotropy and the shape anisotropy of nano-
holes and the contribution of out-of-plane magnetic component in the magnetization
reversal process [41][120]. Therefore, the magnetic anisotropy crossover from the in-
plane to out-of-plane directions have been observed for antidot samples with layer
thickness 25 nm and 30 nm (negative values of Kefrand Kess X t). It is worth to mention
that the values of effective perpendicular magnetic anisotropy energy density, Kes x t, (3.8
erg/cm?) that have been obtained in this work represent an excellent candidate for
magneto-optic perpendicular recording patterned media based on template-assisted

deposition techniques [38].

Finally, for the thicker HAD samples a positive Kef and Kesr xt with values close
to that of the ones for CTF indicates an in-plane easy magnetization axis. A strong relation

between the geometric parameter and the effective anisotropy constant is thus confirmed.
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Figure 7.15: a) Effective anisotropy Kesrand b) effective anisotropy density Kes Xt for Dy-Fe
antidot arrays and their corresponding CTF plotted versus the thin film thickness. Negative
values of Kerand Kess X t indicate samples with perpendicular (OOP) anisotropy. The lines are
guides to the eye.

7.9 Conclusion

In summary, the magnetic behaviour of Dy.Fe alloy HAD and corresponding CTF
with different layer thickness have been investigated. The dependence of the

magnetization reversal mechanism on their lattice parameters have been analysed
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through micro-and-macroscopic angular dependence of the in-plane coercivity. The
microscopic local measurements of the in-plane magnetic anisotropy for antidot arrays
samples show a dramatic change with increasing the layer thickness, exhibiting a
magnetization crossover at the thickness value of 25 nm. For thinner antidot sample, W
< d, tri-axial magnetic anisotropy has been detected. Meanwhile, for thicker antidot
arrays samples, W > d, uniaxial magnetic anisotropy has been observed. A strong
correlation between the edge-to-edge distance and the local magnetic anisotropy of Dy-
Fe alloy antidot arrays samples has been found. Also, the competition between the
intrinsic magnetic anisotropy of CTF and the magnetic shape anisotropy plays the main
role on the effective magnetic anisotropy behaviour of the antidot arrays samples.
Volume magnetic anisotropy shows a crossover of the magnetic anisotropy from the in-
plane easy magnetization axis to out-of-plane easy axis by increasing the layer thickness
(at 25 nm). The magnetostatic energy associated to the antidot array increases with the
thickness of the thin film. When the thickness increases well enough to counterbalance
the energy associated to the magnetic poles on the film surface, then, the preferred
direction of magnetization should change from INP to OOP direction. In addition to, by
suitable controlling the aspect ratio of antidot parameter, it allows also to tailor the
magnetization process of the magnetic materials and controlling the direction of easy
magnetization axis from the in plane or out of plane directions. Furthermore, the thermal
magnetization behavior for antidot arrays shows an increase in the Curie temperature
point comparing to that of the CTF due to the high thermal stability induced by the local
hexagonal symmetry of nanoholes arrangement for the HAD sample. Moreover, the
inhomogeneous distribution of Fe and Dy elements around and between the holes of
antidot arrays play main role to tailor the Tc and room temperature compensation point.

Finally, the strong dependence of magnetic properties of Dy-Fe alloys antidot arrays on
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the layer thickness and temperature may advance 2D magnetic logic to the third
dimension not only at room temperature, but also at high temperature. In addition, these
observations can be of high interest for the development of novel magnetic sensors with
high uniaxial magnetic anisotropy and for thermo-magnetic recording patterned media

based on template-assisted deposition techniques.
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Conclusions

In the present thesis, the magnetic properties of hexagonally ordered antidot arrays
within magnetically soft thin films of iron, cobalt, nickel and iron-dysprosium alloy have
been studied. The antidot arrays are fabricated by depositing the magnetic materials onto
nanoporous alumina membranes with different pore diameters varying in the range
between 32+2 to 93+1 nm but fixed inter-hole distance, Dint as described in Chapter 3.

In Chapter 4 the global and local magnetization behavior of Fe and Co-based
antidot thin films is strongly dependent on holes diameter and layer thickness. For thinner
AD samples the in-plane Hcy shows four-fold symmetry, meanwhile the thicker AD
samples show two-fold symmetry. Unexpected Hc tendency behaviour with 1/t has been
observed, which predict an interesting magnetic behaviour for AD samples with large
nanohole diameter and thin layer thickness.

In Chapter 5, the magnetic properties of FM-antidot arrays with different hole
diameter, (d = 35 to 89 nm) but fixed inter-hole distance (Dint = 105 nm) and layer
thickness (t = 20 nm) have been investigated. The current results suggest a unified
description of the magnetic behaviour of FM-antidot arrays thin films along the change
of Hcy behaviour with W that takes place at the critical edge-edge distance (W¢; = 18 nm,
24 nm and 33 nm) for Fe, Co and Ni-antidot arrays samples, respectively. At the critical
edge-edge distance, the maximum Hcy, have been obtained due to two different complex
domain wall pinning mechanism, between the neighbouring holes and inner wall of the
holes. The multistep magnetic behaviour observed for antidot samples with W < W
reveals the strong contribution of the OOP component in the magnetization reversal
mechanism of the FM-antidots thin films. The magnetization crossover from the INP to
OOP directions has been detected for antidot samples with W¢1 < Reop, at 22 nm and 14
nm for Ni and Co antidot arrays samples, respectively.
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In Chapter 6, deeply study of Ni antidot arrays with different nanohole diameter
and fixed Dint and t has been performed. The previous results suggest a unified description
of the magnetic properties of Ni antidot arrays thin films along the crossover of
magnetization from the INP to OOP directions that takes place at the unexpected critical
hole diameter dc = (80 nm). The magnetostatic energy associated to the antidot array,
increases with the antidot hole diameter. When the hole diameter is large enough to
counterbalance the energy associated to the magnetic poles on the film surface, the
preferred direction of magnetization should change from the INP to OOP direction. The
magnetization crossover between the INP and OOP direction has been studied for two
antidots densities regimes, LD-AD and HD-AD. In addition, the INP effective anisotropy
coefficient approaches to zero as there is equivalent energy between the in-plane and out
of plane loops. For antidot diameters above dc, a strong effective PMA has been observed.
The highest values of effective perpendicular magnetic anisotropy energy density of Ni
antidot arrays that have been obtained in this work (1.44 erg/cm?) are more than (7.5-48)-
times stronger than that observed for Ni/Pt (0.18 erg/cm?) and Ni/Pd (0.03 erg/cm?)
multilayer thin film with PMA, respectively. Furthermore, these findings point toward
possibilities to engineer ferromagnetic metal antidots with large perpendicular magnetic
anisotropy more than 2-times larger than compared with conventional multi-layered
systems. Taking into account the long-standing challenge to promote large PMA in small
size spintronic devices, antidot based nanomaterials constitute a benchmark for future
spintronic information processing technologies and magneto-optic perpendicular
recording patterned media.

In Chapter 7, we pay special attention to the basic magnetic properties (magnetic
anisotropy) of Dy-Fe alloy antidot arrays by studying the effect of geometrical parameters

as they are, shape of hole, holes ordering and antidot film thickness at room temperature.
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In addition, the influence of hexagonal symmetry on the thermal magnetic
behaviour compared to the continuous thin film samples has been investigated. The
antidot arrays introduce a noticeable change in the morphology and magnetic behavior of
the magnetic thin film if we compare it with that one of the continuous thin film. It makes
to increase the magnetostatic energy associated to the antidot arrays, if the magnetization
lies in the film plane. This energy might be due to the appearance of magnetic poles on
the antidot surfaces in competition with the magnetostatic energy due to the magnetic
poles on the film surface when the magnetization is OOP. The magnetostatic energy
associated to the antidot array, increases with the film thickness. When the thickness
increases enough to counterbalance the energy associated to the magnetic poles on the
film surface, and then the preferred direction of magnetization should change from INP
to OOP direction. In addition, by suitable controlling the aspect ratio of antidot parameter,
it allows also to tailor the magnetization process of the magnetic materials and controlling
the direction of easy magnetization axis from the in plane or out of plane directions.

Finally, the strong dependence of magnetic properties of Dy-Fe alloys antidot
arrays on the layer thickness and temperature may advance 2D magnetic logic to the third
dimension not only at room temperature, but also at high temperature. In addition, these
observations can be of high interest for the development of novel magnetic sensors with
high uniaxial magnetic anisotropy and for thermo-magnetic recording patterned media

based on template-assisted deposition techniques.
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Conclusiones

En la presente tesis, se han estudiado las propiedades magnéticas de matrices
ordenadas de antidots con geometria hexagonal dispuestas en peliculas delgadas
magnéticamente blandas de hierro, cobalto y niquel, asi como de la aleacion de hierro-
disprosio. Las matrices de antidots (AD) se fabricaron depositando los materiales
magnéticos sobre membranas de alimina nanoporosa con diferentes diametros de poro
que varian en el rango desde 32 + 2 nm hasta 93 + 1 nm, pero manteniendo fija la distancia
entre nanohuecos, Dint, cOMo se describe en el Capitulo 3.

En el Capitulo 4, se estudia el comportamiento de la imanacion global y local de
las peliculas delgadas de antidots basadas en Fe y Co, y como depende en gran medida
del diametro de los nanohuecos, d, y del espesor de la pelicula delgada, t. Para muestras
de AD més delgadas, el campo coercitivo, Hc, medido en el plano de la muestra presenta
una simetria cuadruple, mientras que las muestras de AD mas gruesas presentan una
simetria doble. Se ha observado un comportamiento inesperado en la tendencia del Hc
con 1/t, que predice un comportamiento magnético interesante para muestras de AD con
un gran didmetro de antidot y lamina de espesor muy delgado.

En el Capitulo 5, se han investigado las propiedades magnéticas de las matrices
FM-antidot con diferentes diametros de nanohueco (d = 35 a 89 nm), pero distancia fija
entre nanohuecos (Dint = 105 nm) y espesor de la pelicula delgada (t = 20 nm). Los
resultados obtenidos sugieren una descripcion unificada del comportamiento magnético
de las matrices delgadas de FM-antidot a lo largo del cambio del comportamiento de Hcy,
con respecto a la distancia entre bordes de antidots, W = Dint-d, que tiene lugar para un
valor de distancia critica borde-borde entre nanohuecos, W¢; = 18 nm, 24 nm y 33 nm
para las muestras de Fe, Co y Ni-antidots, respectivamente. En la distancia critica borde-

borde entre nanohuecos, se ha obtenido el médximo de Hcy debido a dos mecanismos
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complejos diferentes de fijacion de la pared del dominio, entre los nanohuecos vecinos y
la pared interior de los nanohuecos. EI comportamiento magnético de inversion de la
imanacion en varias etapas observado para las muestras de antidots con W < W¢, revela
la fuerte contribucidon del componente perpendicular o fuera del plano de la muestra
(OOP), en el mecanismo de inversion de la imanacién de las peliculas delgadas FM-
antidots. El cruce que experimenta la imanacion desde la direccion contenida en el plano
de la muestra (INP) hacia la direccion perpendicular (OOP), se ha detectado para muestras
de antidots con Wc1 < Rconde 22 nm y hasta 14 nm, para muestras de arreglos de antidots
de Ni y Co, respectivamente.

En el Capitulo 6, se ha realizado un estudio profundo de las matrices de antidots
de Ni con diferentes diametros de nanohueco pero manteniendo Dint y t fijos. Los
resultados obtenidos sugieren una descripcion unificada de las propiedades magnéticas
de los arreglos antidots de Ni en peliculas delgadas a lo largo del salto de la imanacién
desde las direccion INP a la OOP, que tiene lugar para el valor de didmetro critico del
nanohueco dc = 80 n). La energia magnetostatica asociada a la matriz de antidots aumenta
con el diametro del nanohueco de antidot. Cuando el diametro del nanohueco es lo
suficientemente grande como para contrarrestar la energia asociada a los polos
magnéticos en la superficie de la pelicula, la direccion preferida de la imanacién cambia
desde la direccion INP a la OOP. El salto de la imanacion desde la direccion INP a la
OOP se ha estudiado para dos regimenes diferentes de densidades de antidots, LD-AD y
HD-AD. Ademas, el coeficiente de anisotropia efectivo INP se aproxima a cero, ya que
existe una energia equivalente entre los ciclos en el plano y fuera del plano. Para
diametros de antidot por encima de dc, se ha observado la aparicién de una anisotropia
magnética perpendicular efectiva, PMA, fuerte. Los valores mas altos de densidad de

energia de la anisotropia magnética perpendicular efectiva de los arreglos de antidots de
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Ni que se han obtenido en este trabajo (1.44 erg / cm?) son méas de 7.5-48 veces mas
elevados que los observados para Ni/Pt (0.18 erg / cm?) y en peliculas delgadas multicapa
de Ni/Pd (0.03 erg/cm?) con PMA, respectivamente. Ademas, estos hallazgos apuntan
hacia posibilidades para disefiar peliculas delgadas de antidots de metales
ferromagnéeticos con elevada anisotropia magnética perpendicular, de hasta méas de 2
veces mayor que en comparacion con los sistemas multicapa convencionales. Teniendo
en cuenta el futuro desafio del almacenamiento de big-data con el fin de promover
sistemas con elevada PMA en dispositivos espintrénicos de pequefio tamario, los
nanomateriales basados en estructuras ordenadas de antidots constituyen un punto de
referencia para las futuras tecnologias de procesamiento de informacion para espintrénica
y en los medios de grabacion perpendicular magneto-optica.

En el Capitulo 7, prestamos especial atencién a las propiedades magnéticas
béasicas (anisotropia magnética) de las matrices de antidots de aleacion Dy-Fe al estudiar
la influencia de los parametros geométricos sobre ellas, como son, la forma del
nanohueco, el orden espacial de los nanohuecos y el espesor de la pelicula del antidot, a
temperatura ambiente. También se ha investigado la influencia de la simetria hexagonal
del ordenamiento de los antidots sobre el comportamiento magneto-térmico en
comparacion con las muestras de pelicula delgada continua. Las matrices de antidots
introducen un cambio drastico en la morfologia y el comportamiento magnético de la
pelicula delgada magnética si lo comparamos con el de la pelicula delgada continua. Se
incrementa la energia magnetostatica asociada a las matrices de antidots si la imanacion
se encuentra en el plano de la pelicula. Esta energia podria deberse a la aparicion de polos
magnéticos en las superficies del antidot, en competencia con la energia magnetostatica
asociada a los polos magnéticos de la superficie de la pelicula cuando la imanacion se

dispone segun la direccion OOP. Ademas, la energia magnetostatica asociada a la matriz
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de antidots aumenta con el espesor de la pelicula. Cuando el grosor aumenta lo suficiente
como para contrarrestar la energia asociada a los polos magnéticos en la superficie de la
pelicula delgada, la direccion preferente de la imanacion (o eje de imanacién facil) debe
cambiar de la direccion INP a la de OOP. Ademas, el control adecuado de la relacion de
aspecto de los parametros de red de los antidots, también permite adaptar el proceso de
imanacion de los materiales magnéticos y controlar la direccién del eje de facil imanacion
desde las direcciones en el plano o fuera del plano de la muestra. Finalmente, la fuerte
dependencia encontrada de las propiedades magnéticas de las matrices de antidots de las
aleaciones Dy-Fe respecto al espesor de la pelicula delgada y la temperatura, permite
emplear dichos materiales en dispositivos de l6gica magnética 2D, y aumentar su avance
hacia sistemas 3D, no solo a temperatura ambiente, sino también a alta temperatura.
Estas observaciones pueden ser de gran interés para el desarrollo de nuevos
sensores magnéticos con alta anisotropia magnética uniaxial y para dispositivos de
espintrénica basados en técnicas de deposicidn asistida mediante el empleo de plantillas

patrén nanoestructuradas.
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