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Abstract of Dissertation

Particle Size and Surface Charge Induced Variations in Magnetic Properties of
Metallic and Semiconducting Nanostructures

Novel physical phenomena arise when the size of a magnetic system is reduced from
bulk to the nanoscale regime. New possibilities in magnetization dynamics, negative
remanent magnetization and charge-induced response of magnetization, which are
respectively driven by the reduced energy barrier and the increased surface to volume ratio,
are presented.

The scope of this dissertation is to investigate the particle size and surface charge
induced variations in magnetic properties in strategically selected magnetic nanostructures.
The proposed dissertation is highly interdisciplinary in that it spans the fields of electrical
engineering, materials science, physics, mathematics, and chemistry. The applied research
methodologies include chemical synthesis of nanostructure, structural and magnetic
characterization, numerical modeling and analytical derivation, and design and construction
of in-situ experimental instruments.

The aim of this dissertation is to explore the connections between various novel
magnetic phenomena and their characteristic length scales. The detailed objectives include
gaining new insights into i) magnetization dynamics in monodispersed 3d metallic and 4f
semiconducting magnetic nanoparticles, ii) an unusual behavior of negative remanent

magnetization, also known as inverted hysteresis loop or negative coercivity, observed in

vii



4f semiconducting monodispersed magnetic nanoparticles, and iii) electronically tunable
variations in magnetization in magnetic thin films.

The dissertation will present i) the development of a Modified Preisach-Arrhenius model
and the derivation of an analytical formula for the prediction of time reliability of
magnetization state, ii) verification of the negative remanent magnetization in
homogeneous nanoparticles and the explanation for the origin of this phenomenon, and iii)
the realization of dynamic and reversible control of magnetic properties of magnetic thin

films via applied electrostatic field.
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Chapter 1: Introduction

1.1 Technological Interests in Magnetic Nanostructure

Magnetic nanostructures have been the subject of enormous research interest over the
last decade due to its wide ranging applications in, for example, data storage, biomedicine,
optics, catalysts, nanofluids and environmental remediation [LU04] [GUP05] [MORO06]
[GLEO5] [ELLO1] [PHI06] [PHIO3]. The advances in synthesis techniques, for example,
Molecular Beam Epitaxy (MBE), Chemical Vapour Deposition (CVD) and Magnetron
Sputtering, also contributed to the explosive growth in nanostructure-based technologies.
When the size of magnetic materials is reduced from bulk to nanoscale, it is not just
another step in miniaturization of magnetic devices, but rather an entirely different arena,
i.e. fundamental magnetic, electronic, optical, chemical and biological processes are
different, and the laws of physics that were used to describe the behavior of bulk materials
may not be applicable at this level [DELO5].

When the size of the magnetic systems is tailored to the dimensions comparable to the
characteristic physical length scales, i.e. magnetic domain size, domain wall width and
electron scattering length, i) new phenomena arise, including giant magnetoresistance
(GMR) effect, tunnel magnetoresistance (TMR) effect, current induced magnetization
switching (CIMS), superparamagnetism, and perpendicular anisotropy, etc., and ii) intrinsic
magnetic parameters may be affected, such as coercivity, curie temperature and remanence
[HER96].

The threshold of transition from bulk properties to nanoscale size-dependent properties

varies for different magnetic properties and magnetic materials. The change in specific
1



magnetic parameter, from bulk to nanoscale, is also dependent on magnetic materials. For
example, spark plasma sintered Sm,Co;7—FeCo nanocomposite permanent magnets showed
enhanced Curie temperature in comparison to its bulk [SREO08], but EuS nanocrystal
showed suppressed Curie temperature in comparison to its bulk [REGO06].
The size-induced novel magnetic behaviors have shown potential in improving existing
technologies, as well as creating the next-generation technologies:
+ improved magnetocaloric effect obtained using nanocomposite for magnetic
refrigeration systems [SHU93],
*  GMR for read heads in magnetic recording, allowing accelerated miniaturization of
bit size [BER92],
« MTJ and CIMS for spin-transfer torque random access memory (SPRAM)
[HAYO06],
« mono metallic/metal oxide nanoparticles for magnetic fluid hyperthermia based
therapy and controlled drug delivery [LAU11],
+ magnetic thin films for magnetic MEMS/NEMS actuators and sensors [GUC98].
Generally, there are two approaches for synthesis of magnetic nanomaterials and
fabrication of magnetic nanostructures: the top-down approach and the bottom-up
approach. The top-down approach is essentially the breaking down of a system to gain
insight into its compositional sub-systems, for example, Photolithography and Electron
beam lithography. The bottom-up approach is the piecing together of systems to give rise
to grander systems, thus making the original systems sub-systems of the emergent system,

for example, colloidal dispersion in the synthesis of nanoparticles. Similar results can be



obtained through top-down and bottom-up approach, as shown in Figure 1-1. Researchers
at MIT recently developed a new method that is a combination of these two approaches,
in which the self-assembled layers are created directly on a substrate that acts as a mask

during the lithography process [CHA11].

Top Down Approach Bottom Up Approach

Start with bulk wafer

Start with bulk wafer

Apply layer of Alter area of wafer where
pho-tori;Qiqt structure is to be created by

adding polymer or seed
crystals or other techniques.

Expose wafer with UV
light through mask and

etch wafer .
Grow or assemble the

structure on the area
determined by the seed
crystals or polymer.

Etched wafer with (selfassembly)

desired pattern

Figure 1-1: lllustration of a top-down approach and a bottom-up approach

A variety of (artificial) geometries for magnetic nanostructure was developed, in
combination with specific selection of magnetic materials and applications, so as to
judiciously exploit the optimal size-induced magnetic properties. Typical geometries
include nanoparticles, nanowires, nanotubes, nanodots, nanojunction, thin films,
multilayers and granular nanostructure (Figure 1-2). In this dissertation, emphasis is

given to nanoparticles and thin films.



Figure 1-2: lllustration of typical geometries of nanostructures: a) nanoparticles, b) nanowires, c)

nanotubes, d)nanodots, e)nanojunctions, and f) thin films

1.2 Scope, Motivation and Objectives

Scope

The scope of this dissertation is to investigate the particle size and surface charge
induced variations in magnetic properties and, in particular, “time stability” and “tunability”
of magnetization in strategically selected magnetic nanostructures, including
monodispersed metallic CoggNiyy nanoparticles (NPs), size-tunable monodispersed
semiconducting EuS NPs, and equi-atomic Co/Pt inter-metallic thin films. Note: In this
dissertation, “time stability” refers to the variations of magnetization state with time, and
“tunability” has a two-fold meaning: i) tuning of magnetization through tailoring of size
and micro-structure using advanced synthesis techniques, which results in irreversible
changes of properties, and ii) tuning of magnetization via electric surface charge, i.e.

interfacial carrier density, which results in reversible changes of properties.
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The applied research methodologies include chemical synthesis of nanostructure,
structural and magnetic characterization, numerical modeling and analytical derivation, and
design and construction of in-situ experimental instruments.

Motivation
Novel behaviors observed in magnetic nanostructures opened the possibility of
incorporating new insights into the following phenomena: magnetization dynamics,

negative remanent magnetization and charge-induced response of magnetization.

time [h]

Charge-induced Response of Magnetization

Figure 1-3: Particle size induced new possibilities in magnetic properties of magnetic

nanostructures

Specifically, the motivation of this dissertation is to find answers, solutions and

explanations to the following questions regarding these three phenomena:



» Magnetization Dynamics
Can long-term magnetization state be accurately predicted for magnetic nanoparticles that
display slow decay rates?

In bulk magneic materials, the magnetization decays very slowly towards its ground state,
in presence of large energy barrier. In magnetic nanostructures, due to reduced energy
barrier, the decay of magnetization with time become measurable using accelerated testing
technique [DELO2]. However, for magnetic materials displaying slow decay rate, it is not
possible to view the entire thermal relaxation process, i.e. entire sigmodal-shaped decay
curve.

» Negative Remanent Magnetization
Is negative remanent magnetization (NRM) real in homogeneous nanoparticles?

In contrast to normal magnetic behavior that magnetization follows the applied field with
phase lag, in magnetic systems that display negative remanent magnetization, the
magnetization of the descending branch of the hysteresis loop becomes negative while the
applied field is still positive. It seems to operate above "unity efficiency, which would
violate the 2" law of thermodynamics and put it into a category normally occupied by
perpetual motion machines. NRM has been observed experimentally mostly from
heterogeneous thin films, and heterogeneous nanoparticle systems and the origin of NRM
in these systems were attributed to the structural characteristics, i.e. layers or interfaces, or
non-uniform chemical composition, and therefore, cannot be applied to homogeneous
nanostructured system.

» Charge-induced Response in Magnetization

Can reversible changes in magnetic properties be realized in metallic magnetic materials?
6



Reversible changes in macroscopic properties are generally restricted to materials with
low charge carrier density, such as semiconductors, piezoelectrics, conducting polymers
and nanotubes. In bulk metallic magnetic materials, the charge carrier concentration is large
and therefore the change in macroscopic properties is insufficient to be measured
experimentally. The extremely large surface to volume ratio in magnetic nanostructures, as
shown in Figure 1-4, (both planar and nanoporous geometry) provides the new possibility

of reversible modulation of magnetic properties via surface charge.

Electrolyte
® ® @ @

W

Thin metal fllm d

Substrate

Figure 1-4: Schematic of the charged surface of a ultra-thin metal film inside electrolyte (Each

individual sphere represents one atom) [23]

Surface charge induced reversible tuning of properties, such as macroscopic length,

electrical conductivity, resistance and mass magnetization have been observed mostly in



nanoporous metal [KRA04] [DAS08] [GHO11]. A systematic study of charge response of

magnetization in planar geometry is lacking.

Objectives

The aim of this dissertation is to explore the connections between various novel
magnetic phenomena and their characteristic length scales. The detailed objectives consist
of the following three parts:

i) Characterization and prediction of time reliability of magnetization state in non-
interacting monodispersed magnetic NPs that display slow decay rate, i.e. the
complete magnetic thermal relaxation process characterized by sigmoidal-shaped
curve cannot be observed in a reasonable time interval. The measured CogoNiy data
that displays slow decay rate cannot be accurately fit by the Preisach-Arrhenius
model. This is due to the instability of the Preisach function that contains an operative
field, with a proportionality constant that is independent of magnetization. A
Modified Preisach-Arrhenius (MPA) model that predicts time reliability of
magnetization state in magnetic NPs is proposed based on a) quasi-equilibrium
thermodynamics, b) the assumption that the decay rate is maximized at the field that
maximizes the irreversible susceptibility, and c) experimental and artificial data on
the CogoNizg NPs. The proposed MPA model can resolve the difficulty in applying
Preisach-Arrhenius model by including a feedback parameter derived from the
moving model and the variance-variable model into the operative field and allows the
derivation of an analytical formula for the time variations of the magnetization based
on a Gaussian distribution. Joint field and temperature variation of critical parameters,

i.e. irreversible susceptibility, decay coefficient, fluctuation field and activation
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volume, that have been calculated using MPA model, is also presented.

Verification of negative remanent magnetization (NRM) in homogeneous NPs.
An agreement on the existence of NRM has not unanimously been reached mainly
due to the concern about its violation of the second law of thermodynamics.
Previously proposed explanations for NRM observed in heterogeneous thin films and
nanoparticles are attributed to the structural characteristics, i.e. layers or interfaces, or
non-uniform chemical composition, and therefore, cannot be applied to homogeneous
nanostructured system. In this dissertation, the observation of NRM in a size-tunable,
matrix-free, monodispersed EuS NPs system is presented. The thermodynamic
applicability of the observed NRM is verified via detailed analysis of the major and
minor hysteretic behavior of the studied system, and the extrinsic factors, such as
temperature and applied field, which affect the occurrence of the NRM. The existence
of NRM is confirmed with a counterintuitive magnetic aftereffect behavior that is
consistent with the magnetic reversal mechanism. A quantitative explanation of the
origin of NRM for simple nanomagnetic systems with uniform chemical composition,

homogeneous structure and single uniaxial anisotropy is proposed.

i) Dynamic and reversible control of magnetic properties of magnetic thin films via

applied electrostatic field. In contrast to the tuning of magnetic properties via size-
controllable synthesis, as presented in objective (ii) of the proposed dissertation,
which is irreversible by nature, reversible changes in macroscopic properties are
generally restricted to materials with low carrier density, such as semiconductors,
piezoelectrics, conducting polymers and nanotubes. In bulk metallic magnetic

materials, the charge carrier concentration is large and therefore the change in
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macroscopic properties is insufficient to be measured experimentally. However, the
extremely large surface to volume ratio in magnetic nanostructures provides the new
possibility of reversible modulation of magnetic properties via surface charge. In this
research, the experimental setup for the measurement of charge response of
magnetization has been designed and constructed. The setup consists of a Magneto-
optical Kerr Effect system, an electrochemical workstation and a three electrode
system that includes a working electrode (equal-atomic Co/Pt thin film), reference
electrode (Ag/AgCl), and a counter electrode (Pt thin film). 1M LiCIO, dissolved in
ethyl acetate has been used as the electrolyte. While cyclic electrostatic field within
the potential window for electrochemical double layer formation is applied on the
working electrode via the potentiostat of the electrochemical workstation at room

temperature, reversible tuning in magnetization, i.e. Kerr rotation, will be presented.

1.3 Organization of Dissertation

The proposed dissertation includes seven chapters which are integrated as follows:

Chapter 1 provides an introduction to the novel phenomenon arise in magnetic
nanostructures and their potential applications. This chapter outlines the impact of magnetic
nanostructures on current and future technologies, general approaches for fabrication of

magnetic nanostructure, and typical geometries of magnetic nanostructures. The chapter

concludes by presenting the scope and motivation of this dissertation, as well as

summarizing the contents of following six chapters.

Chapter 2 presents the conceptual definitions and theoretical background relevant to

understanding the magnetic behaviors to be discussed in the dissertation. This chapter
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includes an introduction to the classification of magnetic materials in terms of the response
to the presence of external magnetic field, the alignment of the spin moments of adjacent
atoms, and the mechanism of magnetic coupling, i.e. direct exchange coupling, indirect
exchange coupling and super-exchange coupling.

Chapter 3 describes the experimental techniques. This chapter includes the following
sections: 1) synthesis of nanoparticles and thin films, ii) structural characterization,
including X-ray diffraction, electron diffraction, transmission electron microscopy and
scanning electron microscopy, iii) electrochemical characterization, and iv) magnetic
characterization, i.e. SQUID magnetometry and Magneto-optical Kerr Effect spectroscopy.

Chapter 4 is dedicated to the magnetization dynamics of magnetic nanostructures.
Characterization of a CoggNiy nanoparticles system is described. The development of a
Modified Preisach-Arrhenius (MPA) model and the derivation of an analytical formula for
the prediction of time reliability of magnetization state are presented. The chapter
concludes by discussing the implementation of the MPA model.

Chapter 5 explores an unusual behavior of negative remanent magnetization (NRM).
Characterization of a homogeneous EuS nanoparticles system is presented. Verification of
NRM in EuS and explanation for the origin of NRM in homogeneous systems are
discussed in detail.

Chapter 6 investigates the possibility of dynamic and reversible control of magnetic
properties in magnetic thin films via applied electrostatic field. Design and construction of
in-situ  experimental setup for this study is illustrated and selection of suitable

ferromagnetic system is outlined. Realization of charge-induced variation in magnetization
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is shown in Co/Pt thin films using in-situ instruments. The chapter concludes by

summarizing the achievements and providing suggestions for future work.
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Chapter 2: Background

This chapter presents the conceptual definitions and theoretical background relevant to the

understanding of the magnetic behaviors to be discussed in the dissertation.

2.1 Classification of Magnetic Materials

Magnetic properties of materials result from the motion of electrons and the interaction
among the electrons. Both orbital and spin motion of electrons have magnetic moments
associated with them. The collective interaction of atomic magnetic moments can be used
to distinguish magnetic behaviors:

- When the magnetic moments of electrons are completely cancelled out by one
another and the atom has zero net magnetic moment, the material exhibit
diamagnetism.

- When the cancellation of magnetic moments of electrons is partially and the net
magnetic moment is non-zero, the material may exhibit paramagnetic,
ferromagnetic, ferrimagnetic or antiferromagnetic behavior.

2.1.1 Non-cooperative Behavior: Diamagnetism and Paramagnetism
Diamagnetism

Diamagnetism results from non-cooperative behavior of orbiting electrons in presence of
external magnetic field. In this case the orbital motion generates a field opposite the
external magnetic field and produces negative magnetization and therefore negative
susceptibility. There are no unpaired electrons in the atoms of diamagnetic materials.

Paramagnetism

13



Paramagnetic materials have a net magnetic moment due to incomplete cancellation of
electron spin and/or orbital magnetic moments. In presence of external magnetic field, such
a moment will experience a torque tending to align by rotation towards the direction of the
external magnetic field, resulting in a net positive magnetization and positive susceptibility.
However, in absence of external magnetic field, the dipole moments are randomly oriented
and individual magnetic moments do not interact magnetically, therefore net macroscopic
magnetization is zero.

Dia- and para- magnetic materials do not exhibit hysteresis and their magnetic properties
are very weak at room temperature.

2.1.2 Cooperative  behavior:  Ferromagnetism, Antiferromagnetism and
Ferrimagnetism

In contrast to dia- and para- magnetism, strong interactions among the atomic spins exist
in the other forms of magnetism: ferromagnetism, antiferromagnetism and ferrimagnetism.
These interactions, which originate from the quantum mechanical properties of spins, are
produced by electronic exchanges and lead to parallel or anti-parallel alignments of atomic
moments.

Ferromagnetism

In ferromagnetic materials, the exchange interaction between neighbouring atoms lead to
parallel alignment of atomic magnetic moments, resulting in large net magnetization, even
in the absence of external magnetic field.

Antiferromagnetism

In antiferromagnetic materials, the exchange interaction between neighbouring atoms lead

to anti-parallel alignment of the atomic magnetic moments. The ordered magnetic moments
14



lie on two interpenetrating sublattices. The spins on the same sublattice are parallel to each
other, whereas spins on different sublattices are antiparallel to one another.

Ferrimagnetism

Ferrimagnetism is a special case of antiferromagnetism in which two sublattices of anti-
ferromagnetic state are inequivalent.
2.1.3 Superparamagnetism

Superparamagnetism is a form of magnetism that arises when the physical size of a
magnetic system is sufficiently small. It appears in ferromagnetic or ferrimagnetic
nanoparticles that weakly interact with each other [NEE49] first pointed out that if the
volume of the particle were small enough, it would be possible for the particle to randomly
flip its magnetization as a result of thermal fluctuation, even in the absence of an external
magnetic field. The behavior is termed “superparamagnetism” due to the large magnetic
moment of the particles; in atomic paramagnetism, the value of the magnetic moment is a
few uB, and in superparamagnetism, the value may be as large as 10° B [DENO02].
2.1.4 Exchange interactions in 3d and 4f Ferromagnetic Materials

Magnetic behaviors can also be classified into 3d and 4f magnetism in terms of exchange
interaction. A 3d ferromagnetic system, CoggNiyo nanoparticles, and a 4f ferromagnetic
system, EuS nanoparticles, are respectively employed in Chapter 4 and Chapter 5. It is
important to point that the difference in their origin of magnetic properties and exchange
coupling mechanism.

The elements Fe, Ni, and Co and many of their alloys, e.g. CoxNiy.x, are conventional 3d
ferromagnetic materials and their ferromagnetic behavior is sought in the presence of

unpaired 3d electrons. In contrast, the ferromagnetic behavior of rare-earth elements and
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their compounds arise from the orbitally degenerate localized open 4f-shell. In particular,
the magnetic properties of Europium Chalogenides are caused by the half filled 4f shell of
the Eu”* cations. For example, the electron and shell configuration of a transition metal
element, Fe, and a rare-earth element, Nd, are shown in Figure 2-1. Their outer shell 3d
electrons and inner shell 4f electrons are the origins of their magnetic properties,
respectively.

The magnetically ordered states in both 3d and 4f ferromagnetic materials are formed due
to exchange coupling between magnetic moments. Different exchange coupling

mechanisms are responsible for the difference in magnetic properties.

a rare-earth element a transition-metal element

Figure 2-1: Electron and shell configuration of a transition metal element, Fe, and a rare-earth

elements, Nd [SIM10].

Three types of exchange coupling are believed to exist: direct exchange, indirect exchange
and superexchange. Direct exchange operates between moments, which are close enough to
have sufficient overlap of their wavefunctions. It gives a strong but short range coupling

which decreases rapidly as the ions are separated (Figure 2-2).
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Figure 2-2: Direct exchange interaction between atoms. (a) anti-parallel alignment for small inter-

atomic distances, and (b) Parallel alignment for large inter-atomic distances.

Indirect exchange couples moments over relatively large distances. It is the dominant
exchange interaction in metals, where there is little or no direct overlap between
neighboring electrons. It is also known RKKY (Ruderman, Kittel, Kasuya and Yoshida)
interaction. As shown in Figure 2-3, a magnetic ion induces a spin polarization in the

conduction electrons in its neighborhood. This spin polarization in the itinerant

Figure 2-3: Indirect exchange interaction between atoms [FRE12]
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electrons can affect the moment of other magnetic ions within a certain range and lead to
indirect coupling.

When the interaction between magnetic ions is too far to be connected by direct exchange,
they may be coupled through their common non-magnetic neighbor, as shown in Figure 2-4.

This exchange mechanism is called superexchange.

Figure 2-4: Superexchange interaction between atoms [FRE12]

It is well known that the magnetism in conventional magnetic materials, i.e. Fe, Ni, Co
and their alloys, arise from direct exchange coupling of the 3d electrons. In contrast, in
rare-earth elements and their compounds, the direct exchange resulting from the 4f-4f
overlap be between the nearest neighbor sites is weak. Instead the indirect coupling via
conduction electrons (ferromagnetic indirect coupling) or via ligands (antiferromagnetic
superchange) is responsible for their magnetic behavior.

In two-spin systems, the exchange energy is defined as the energy difference between the
parallel and anti-parallel spin configuration. In quantum mechanics, the exchange

interaction can described by Heisenberg Hamiltonian:

Heen Z_ZJij§i '§j (2.1)
i,
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where Jj; is the exchange constant between the i™ and j™ ion site, describing the coupling
between spins represented by spin operators S; and S i

For rare earth compounds, in which only indirect exchange and superexchange exist, Eg.

(2.1) can be given by
H exch Z jlgo ' SAnn - Z jzgo : SAnnn (22)

where J; is the indirect exchange constant, J, is the superexchange constant, nn and nnn
are respectively used to denote nearest neighbor and next nearest neighbor.

2.2 Types of Magnetic Energy

The total energy of a ferromagnetic material under the presence of an external magnetic

field can be given by
Etotal = Eexchange + Eanisotropy + Emagnetostatic + EZeeman (23)

where Eexchange 1S the exchange energy, Eanisotropy IS the anisotropy energy, Emagnetostatic 1S the
magnetostatic energy, and Ezeman IS the Zeeman energy. Magnetic domains in
ferromagnetic materials are generated to minimize the sum of the energy terms in Eq. (2.3).
It is the balancing of various type of magnetic energy that defined the characteristics of the
magnetic domain, including the size of the domains (regions of uniform magnetization),
and the width of the domain walls (regions of transition between one area of uniform
magnetization in a give direction and another region of uniform magnetization in a
different direction) [DENO02].

2.2.1 Exchange Energy
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Exchange energy depends on the mechanism of exchange coupling and inter-atomic
distances. The relationship between exchange energy and inter-atomic distances for short-
range interaction (direct exchange coupling) and long-range interaction (indirect exchange
coupling) are shown in Figure 2-5 and Figure 2-6, respectively. Positive values of exchange
energy lead to ferromagnetic coupling of spins, denoted by parallel red arrows, and
negative values of exchange energy lead to antiferromagnetic coupling of spins, denoted by

anti-parallel red arrows.

==
M

Jexch (a'u')
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r/ry

Figure 2-5: Jexen as a function of  r/rg. Jexch is the exchange energy, r is the inter-atomic distance

and rq is the radius of d orbital [GETO08].
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Figure 2-6: Jech @s a function of 2kgr. Jexen IS the exchange energy, r is the inter-atomic distance

and ke is the radius of the Fermi sphere [GETO08].

2.2.2 Anisotropy Energy

Ferromagnetic materials exhibit intrinsic easy and hard direction of the magnetization.
Magnetic anisotropy describes the direction dependence of a material’s magnetic properties.
It becomes rather volatile as the bulk symmetry is reduced in small structures. For example,
in single Cobalt atoms and nanoparticles [GAMO3], the isotropic magnetic moment of a
free atom is shown to develop giant magnetic anisotropy energy due to the reduction at an
atomically ordered surface. The two primary sources of magnetic anisotropy are the
magnetic dipolar interaction (Figure 2-7) and the spin-orbit interaction (Figure 2-8), which

respectively lead to shape anisotropy and magnetocrystalline anisotropy.
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Figure 2-7: Schematic illustration of magnetic dipolar interaction, which is associated with shape

anisotropy [GAM10].

Figure 2-8: Schematic illustration of spin-orbit interaction, which is associated with

magnetocrystalline anisotropy [GAM10].

In general, the magnetic anisotropy energy density can be describe by
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E =K cos®* @ (2.4)

anisotropy
Where K is the anisotropy constant and 0 is the angle of the magnetization with respect to
an axis of symmetry in a crystal or film.

In the study of Perpendicular magnetic anisotropy [CAR88] [BRO88], the effective
magnetic anisotropy energy K could be separated into a contribution from volume Ky, and
a contribution from the interfaces Ks. The relationship is described by

K =K, +2K, /t (2.5)

where t is the thickness of the magnetic layer.
2.2.3 Magnetostatic Energy
Magnetostatic forces are long ranged and weak and they determine the magnetic

microstructure. Magnetostatic energy, Emagnetostatic, 1S defined as the energy of a magnetized

material in its own demagnetizing field, H gemag . It can be given by

E ﬁdemag (M) . d m (26)

magnetostatic — 4o

o3|

In the case of magnetic thin film, the finite size of its lateral extension induces surfacing
charging, leading to a demagnetized field. Hence, Emagnetostatic IS N0t zero and has to be taken
into consideration.

2.2.4 Zeeman Energy

Zeeman energy Ezeeman 1S the energy of a magnetized body in an external magnetic field

Hex . It can be given by

EZeeman

:_ﬂo\./[M ‘Hext -dV @.7)
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where V is the volume of the magnetized body.
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Chapter 3: Experimental Techniques

3.1 Structural Characterization

3.1.1 Scanning Electron Microscopy

A Scanning Electron Microscope at the Institute of Materials Science of Madrid of
Spanish National Research Council, Madrid, Spain, has been used to examine the size and
shape of the CoggNiyo nanoparticles employed in the study of magnetization dynamics
(Chapter 4) and their distribution in the P\V/C matrix.

SEM is a microscopy technique that produces a largely magnified image by using a
focused beam of high energy electron. The signals derived from the interaction between the
electrons and the sample can reveal information about the sample’s surface topography,

chemical composition and crystal structure of the material under investigation.

Incider_lt Beam

X-rays

Backscattered Electrons

Sample

Figure 3-1: Electrons and x-rays ejected from the sample after excitation by the incident beam
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The signals generated from the electron-sample interaction after excitation by the incident
beam include the secondary electrons, backscattered electrons, diffracted backscattered
electrons, Auger electrons and x-rays (Figure 3-1) [IOWQ9]. The secondary electrons can
reveal information on the morphology and topography; the backscattered electrons can
show contrasts in the composition of multiple phases; the characteristic x-rays generated
for each element in a sample can be sued for element specific analysis of the material.
3.1.2 Transmission Electron Microscopy

A Philips CM 20 high resolution transmission electron microscope (HR-TEM) at Prof.
James Dickerson’s lab of the Vanderbilt Institute of Nanoscale Science and Engineering,
Vanderbilt University, has been used to investigate the size and size distribution of the EuS
nanoparticles employed in the study of negative remanent magnetization (Chapter 5). The
tungsten electron gun is operated at 200 KV. A drop of the cleaned nanoparticles was first
dispersed in methanol and then added onto a holey carbon film mounted on TEM specimen
grids for the TEM measurement.

TEM is microscopy technique that uses a beam of highly energetic electrons to examine
morphologic, compositional and crystallographic information on ultrathin specimen
[VAN11]. A high-resolution, black and white image is formed from the interaction that
takes place between the specimen and energetic electrons in the vacuum chamber, which
transmitted through the specimen. The electrons are focused with electromagnetic lenses
and the image is observed on a CCD camera. Before reaching a CCD camera, the
transmitted beam is sent through several electromagnetic lenses to achieve high

magnification. The quality and detail of electron microscope is limited by aberrations
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inherent in electromagnetic lenses.
Different imaging modes of TEM can be used to obtain different information:
» High resolution mode: planar and linear defects, grain boundaries and interfaces of
the specimen surface can be provided inelastically scattered electrons
+ Bright Field and dark field imaging mode: morphology, crystal phases and defects
inside the specimen can be obtained from elastically scattered electrons.
Note, elastic and inelastic scattering are the two primary classes of electron scattering. In
elastic scattering, the direction of the incident electron will change, but its kinetic energy
will remain the same, whereas in inelastic scattering, both the direction and the kinetic
energy of the incident electron will change.
3.1.3 Selected Area Electron Diffraction
Selected Area Electron Diffraction (SAED) has been performed on EuS nanoparticles
inside the TEM to obtain diffraction patterns which can be used to determine the material
species, i.e. single-crystalline, polycrystalline or amporphous, crystallographic structure,
orientation and lattice parameters of the material. The incident beam of high-energy
electrons is scattered by the sample lattice to obtain a series of spots on the screen of the
TEM, that is, the diffraction patterns. Selected area diffraction patterns can be obtained
from localized part of the specimen by inserting a selected area diffraction aperture into the
image plane of the objective lens, as shown in Figure 3-2. The diffraction spots in the

pattern can be indexed based on bragg’s law.
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Figure 3-2: Schematic illustration of the formation of SAED patterns [ALE10]

3.2 Magnetic Characterization

3.2.1 SQUID magnetometer
A Superconducting Quantum Interference Devices (SQUID) magnetometer (Quantum

Design, MPMS XL 5.0 Tesla) at Prof. Michael J. Wagner’s lab of the Chemistry
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Department of the George Washington University have been used in the magnetization
measurements on CoggNiy nanoparticles and EuS nanoparticles, which are respectively
employed in the study of magnetization dynamics (Chapter 4) and negative remanent

magnetization (Chapter 5).

A SQUID magnetometer is the most sensitive device available for measuring magnetic
field. However, in a MPMS system, the magnetic field is not directly provided by the
SQUID; a system of superconducting detection coils, which are connected to the SQUID
with superconducting wires, are used to pick up the magnetic flux generated from the
sample. The magnetization of the sample induce changes of magnetic flux in the detection
coils, producing changes in changes in the persistent current in the detection circuit, and
therefore result in corresponding changes in the SQUID output voltage which are
proportional to the magnetization of the sample. In a calibrated MPMS system, the
measurement of the changes in voltage from the SQUID detector as a sample moves
through the detection coils can provide a highly accurate measurement of the sample’s

magnetic moment [CLAOQ7].
Components of a MPMS system

The five principal components of the MPMS system enable magnetic characterization of
nanostructured samples employed in this dissertation over a broad temperature range with
highest detection sensitivity: i) the temperature control system provide precision control of
the temperature of the sample in the range from 2 K to 400 K, ii) the magnet control system
can provide magnetic fields in the ranges of -5.5 Tesla to +5.5. Tesla, iii) the

superconducting SQUID amplifier system guarantees a highly balanced 2" derivative
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sample coil array and provides electromagnetic interference protection, iv) the sample

handling system is used to step and rotate the sample smoothly through the detection coils,

allowing different scan lengths and options, and v) the computer system controls the

measurement sequence and data acquisition.

Measurement procedure

When the magnetic field of the magnet is reduced to zero from saturation field after
multiple, there may be a small non-zero remanent field trapped in the magnet.
Therefore, when measurements are made at low fields, it is important to properly
reset the magnet after each measurement. It is also proven that the oscillate mode can
effectively offset the remanent field in low field measurements compared the other
modes of operations, i.e. non-overshoot and hysteresis.

Many samples used in SQUID measurement has a background, for example, the
Co80Ni20/PVC nanocomposites sample employed in this dissertation has a
diamagnetic PVC matrix. The signal picked from the background may lead to a
distorted output signal and therefore it is necessary to make background subtraction.
The most appropriate method is the measure the sample and the background material
separately. It should be emphasized that both measurements must have the same
center so that the signal produced by the background are the same, allowing for
proper background subtraction.

The physical size of the sample under investigation may affect the spatial uniformity
of the magnetic field and therefore affect the accuracy of the SQUID measurements.

The change in the sample position leads to a change in the magnetic flux within the
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detection coil. When the sample is place into the sample holder, its vertical length

should be as small as possible to guarantee the field uniformity along its length.

3.2.2 MOKE magnetometer

A home-built magneto-optical Kerr Effect (MOKE) magnetometer system at the
Magneto-optics lab of the Institute for Magnetics Research, George Washington University
has been used in the magnetization measurements of CoPt ultrathin films at room
temperature. The MOKE magnetometer has also been incorporated into an in-situ
experimental setup for the measurement of surface charge induced variations in
magnetization of thin film samples, together with a electrochemical workstation and a
electrochemical cell that accommodates three electrodes and electrolyte.

MOKE is the change of polarization of a beam of polarized light after reflecting from a
magnetized surface. The change of polarization can be measured in the form of Kerr
rotation Ok, the rotation of the polarization axis, or Kerr ellipticity ek, the change from
linear to elliptical polarization. The compex Kerr angel ¢k can be formed by 6 and e,

e =Oc +lgy 3.1)
Among available magnetometers, MOKE magnetometer is characterized by the small spot
(<0.2 mm) and the penetration depth (<20 nm) of the incident laser beam, and therefore, it
is a local technique, suitable for the measurement of magnetization at different positions of
the sample, and is generally used in the case of thin films and multilayers. The
magnetization process with respect to the applied magnetic field, i.e. hysteresis loop, can be

traced by the MOKE magnetometer, however, quantitative information in terms of the
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magnitude of magnetization cannot obtained; the measured change in polarization is
assumed to be proportional to the magnetization.

Modes of Operation

Kerr rotation and ellipticity can be measured in three geometries based on the orientation of
magnetization with respect to the reflecting surface and the surface of incidence. In polar
mode, the magnetization vector is almost perpendicular to the reflection surface and
parallel to the plane of incidence. In longitudinal mode, the magnetization vector is parallel
to both the reflecting surface the plane of the sample and the plane of incidence. In
transverse mode, the magnetization vector is perpendicular to the plane of incidence and
parallel to the reflecting surface. The polar mode is used to measure magnetic thin films
that exhibit perpendicular anisotropy, whereas the longitudinal and transverse mode are
used to study magnetic thin films that exhibit in-plane anisotropy. Generally, the Kerr
effect obtained in transverse mode is smaller than that obtained in Longitudinal mode.
Since the CoPt ultrathin films employed in this dissertation exhibit perpendicular
magnetization, the polar mode is primarily used in the characterization of the sample’s
magnetic properties.

Theoretical Principles of MOKE

Magneto-optical (MO) effects can be described macroscopically by dielectric theory or

microscopically in the context of quantum theory. As suggested by Landau [LANGQ], a

dielectric tensor ¢, which is determined by the motion of electrons in a medium, can be
used to describe the interaction the linearly polarized incident light and the magnetic

sample,
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The complex Kerr angle can then be given by the dielectric tensor,

e =0, +ie, (3.3)

_ i,
\’ Exx (1_ gxx)
where ¢, is the diagonal elements of ¢, which are independent of the magnetization and

&, 1s the off-diagonal element of ¢, which are linearly dependent on the magnetization.

A linearly polarized light can be considered to be a superposition of a right- and left-
circularly polarized light waves. Microscopically, the description of MO effects is based on
the different responses of the right- and left- circularly polarized light waves, which only
exist in the presence of a non-zero magnetic field, i.e. in absence of a magnetic field, the
dielectric constant is the same for both right- and left- circularly polarized light waves. Kerr
rotation results from the different propagating velocities of the two circularly polarized
modes and the Kerr ellipticity results from the different rates of absorption of the two

circularly polarized modes. The macroscopic description of MO effects concern the

analysis of ¢ , i.e. the dielectric properties of the sample. The off-diagonal elements of ¢
change the polarization of the incident light.
Experimental Setup of MOKE System

The schematic illustration of the MOKE setup located at the magneto-optics lab of the
Institute for Magnetics Research, George Washington University is shown in Figure 3-3.

The description and functionality of the components of the MOKE system is as follows:
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Figure 3-3: Schematic illustration of the MOKE setup (in polar geometry) at IMR, GWU

e He-Ne laser: Output power= 5 mW, wavelength= 632.8 nm, beam diameter= 2

mm, Areotech LSR5P; it is used as light source.

e Polarizer and analyzer: Glan-Thompson polarizing prism; they are used for

linear polarization enhancement.

e PEM (Photoelastic modulator) : Calcium fluoride Photoelastic modulator
crystal with natural resonant frequency= 57 KHz, Hinds Instruments Model
[I/CF57; it is used to modulate the polarization of the laser between two

polarization states, i.e. right- and left- circularly polarized, with intermediate

linear/elliptical states.
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e Detector: Silicon photovoltaic diode detector (Hinds Instruments, Model DET-
90-004)
e SCU (Signal Conditioning Unit): Hinds Instruments, Model SCU-90; it is used
to provide amplification and separate dc and ac signals
e 1% Lock-in Amplifier (Analog): Stanford Research Systems, Model SR5301; it
is used to increase signal to noise ratio of the ac signal from the SCU
e 2" Lock-in Amplifier (Digital): EG&G, Model 7280; it is used as a
communication unit
e DMM (Digital Multimeter): Keithley, Model 197; it is used to read the dc signal
from SCU
e EM (Electromagnet): Maximum magnetic field= 0.8 Tesla, Varian, Model V-
4004 with a bipolar power supply (Kepco, Model 100-2M)
e Gaussmeter: Lakeshore, Model 450; it is used to read the magnetic field detected
by a Hall probe which is connected to the sample holder.
The components of the MOKE system are connected to the computer via GPIB cables
and PCI interface and the data acquisition and measurement protocol are controlled by
a Visual Basic program
Experimental Procedure
Standard calibration procedures were followed to eliminate excessive noise and distortion
of hysteresis loop. However, it was noticed that the drifting of measured signal may still

exist after calibration. Multiple hysteresis loop measurements on a CoMnAl thin film
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sample after proper calibration is shown in Figure 3-4. The drifting of signal with time can

be observed.
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Figure 3-4: Multiple Kerr rotation measurements on a CoMnAl thin film sample

In this case, the setting of parameters, such as time constant (SCU or Lock-in amplifier)
and time delay (VB program) need to be adjusted. It should be emphasized that the optimal
setting of parameters for one sample in a certain geometry may not be appropriate for
another sample or the same sample in other geometries.

The MOKE apparatus can independently perform major and mior hysteresis loop and
aftereffect measurements on thin film samples in polar, longitudinal and transverse

geometries at room temperature. It can also be used to measure surface charge induced
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variation in magnetization of thin film samples, in conjunction with a electrochemical

workstation and a electrochemical cell, which will be discussed in detail in Chapter 6.
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Chapter 4: Fluctuation Field Driven Magnetization Dynamics

4.1 Introduction

In magnetic information storage devices where a certain magnetization state must be
permanently conserved, the decay of magnetization towards anhysteretic ground state with
time is normally slow due to the presence of large energy barriers. In order to achieve
ultra-high storage density, the size of the magnetic storage cell continues to decrease,
which leads to easier (faster) reversal of magnetic domains. Therefore, the device
performance and reliability become heavily dependent on a thorough understanding of
magnetization dynamics at nanoscale level. The dynamic effect may be divided into two
categories: i) nonequilibrium conditions; those that possess time constant faster or
comparable to the rate of applied field, and quasi-equilibrium conditions, those that possess
time constant much slower that the rate of applied field. While ultrafast magneto-dynamic
phenomena, e.g. magnetic domain wall motion, dynamics of magnetic vortices and
magnetization switching, in nanomagnets may be achieved with external stimuli, such as
current or optical pulses, this chapter focuses on the study of magnetic aftereffect, also
known as magnetic relaxation or magnetic viscosity, belonging to the latter category, that is,
the time dependence of the intensity of magnetization under a constant applied field after
the excitation. The quantitative analysis of magnetic aftereffect in magnetic nanostructures
is of crucial importance for predicting the time reliability of stored information in magnetic
recording devices and maintaining highly accurate tolerances in magnetic sensors.

4.1.1 Physical Origins of Magnetic Aftereffect
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The magnetic aftereffect during domain-wall transition have two origins and are
respectively called diffusion (or reversible) magnetic aftereffect and thermal (or irreversible)
magnetic aftereffect [NEE51]. Diffusion magnetic aftereffect, first observed by Ewing, is
associated to the diffusion of impurity atoms or vacancies, from one interstitial site to
another. During this process, a supplementary uniaxial anisotropy can be induced in the
vicinity of domain walls [FOUO04], which will lead to the modification of the atomic
structure and result in a general tendency of the system to find a lower energy in the
magnetic domain structure [CHI64]. Diffusion magnetic aftereffect is very sensitive to
temperature, which is typical of diffusion processes, and can only appear within definite
temperature ranges called aftereffect bands [SNO38]. Magnetic thermal aftereffect is a
result of thermal activation of irreversible domain processes. Unlike diffusion magnetic
aftereffect, the thermal magnetic aftereffect does not require diffusion and therefore can
occur in pure metals. In fact, it affects all magnetic materials that exhibit hysteresis. In
addition, it is less sensitive to temperature and has more significant influence in hard
magnetic materials than soft magnetic materials. It was pointed out by Street and Wooley
that, during magnetic thermal aftereffect, the magnetization processes exist in metastable
states, until the irreversible crossing of energy barrier by a combination of field induced
transitions and thermal activations, which result in the new thermodynamic equilibrium
state [STR1949]. The metastable states, characterized by local minima corresponding to
different equilibrium states, are separated by energy barriers, as shown in Figure 4-1.
Under constant field conditions, thermal activation of irreversible magnetization processes

provide the energy for the magnetic system trapped in local minima to overcome the
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energy barrier, and give rise to the evolution of magnetization, that is the progressive
transform from higher metastable state to lower metastable states, and ultimately to a global
energy minimum. This process may vary from a few seconds for soft magnetic materials
with small energy barriers to hundreds of years for hard magnetic materials with large
energy barriers. Even though magnetization states that are surrounded by sufficiently high
energy barriers can be regarded as relatively stable, their energy level will eventually
reduce to anhysteretic ground state. The magnetic aftereffect of nanoscaled hard magnetic

materials will be discussed in detail in Chapter 4.2.

Local Minima

Figure 4-1: Schematic illustration of the energy barrier local minima separating two metastable

states. The local minima are denoted by arrows.
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4.1.2 Important Coefficients of Magnetic Aftereffect: Decay Coefficient,
Fluctuation Field, Irreversible Susceptibility and Activation Volume
The time dependent magnetization that has a reversible component and irreversible

component can be given by
M (t) = M rev (t) + Ivlirr (t) (41)
Only M., (t) should be taken into account in the description magnetic aftereffect

behavior, because changes in magnetization induced by thermal activation are
irreversible.

Street and Woolley pointed out that the time dependence of each energy barrier on their
thermal relaxation time is logarithmic, and therefore, for a flat distribution of energy
barriers, the magnetization of hysteretic magnetic material, under a fixed applied field,

can by described by a logarithmic time dependence,
M., (t)=M,+S:In(t/t,) (4.2)
where M, () =M(t) , M,,(®)|., =M, and S is the decay coefficient of magnetic

aftereffect.
Neel suggested that the effect of thermal fluctuations may entirely be represented as a
fictitious field, which he called the fluctuation field, H;. The concept of fluctuation field,

expanded by Street and Brown on physical grounds, is defined as

h, =— (4.3)
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where ;.. is the irreversible susceptibility. Both S and y;, may be determined from

macroscopic measurements.

Wonhlfarth [WOHS84] suggested that h; can alternatively be evaluated by equating two
definitions of an activation energy

E=yMNVh, =kT (4.9)
where V is the activation volume of the individual magnetic entity, Ms is the saturation
magnetization.

Hence, the h; can alternatively been given by

kT
HoM sV

h, (4.5)

4.1.3 Classical and Modified Preisach Models

Magnetic thermal aftereffect has been studied extensively since the seminal work of
Ferenc Preisach in 1935 [PRE35] and the numerical model named after Preisach has
become a fundamental toolkit in describing the hysteresis characteristics of magnetic
materials, as wells as hysteresis phenomena in other disciplines, such as economics. The
classical Preisach model is a scalar hysteresis model that can only be applied when the
magnetic intensity vector and the magnetization vector are aligned in the same direction
specified by the direction of the excitation field. This model is capable of providing
physical insights into both major and minor hysteresis loops which can be not adequately
described in other models. Based on the fact that ferromagnetic materials consists of

numerous interacting elementary magnetic domains, the Preisach model assumes that each
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domain can be represented by a rectangular elementary hysteresis loop and therefore
considers the magnetic material to be a collection of square-loop hysterons. A typical
hysteron in a Preisach model is shown in Figure 4-2. Each hysteron is characterized by the
switching fields, i.e. a up-switching field B and a down-switching field a, and a unique
normalized magnetization, m, that can jump between +1 and -1 under various conditions:
when the applied field, H,, is greater than B, m equals to +1; when H, is less than a, m
equals to -1; when H, lies between a and , m may be either +1 or -1, depending on its
history. Since the energy loss is inevitable as the hysteresis loop progresses in the

counterclockwise direction, B > a for all magnetic materials.

The Preisach state function, Q (a, B, Hy), of each hysteron can be given by

Q(a,3,H,)

Figure 4-2a: Schematic illustration of a typical hysteron in a Preisach model
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Qd Ha ZB
Q(a,B,H,)=10Q, H,<a (4.6)
kK a<H,<P

where the descending and ascending branches of the hysteresis loop are respectively

denoted by d and a, and k depends on the history of H,
H .2
k _ {Qd a_ history B} (47)

Qa Ha_history sa

P(a,B,H,)

Figure 4-2b: Schematic illustration of a probability distribution of a hysteron in a Preisach model.

The probability distribution functions of the hysterons, P (a, B, Ha), as shown in Figure 4-

2b, can be given by
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Pd Ha 2 B
P(o,B,H,) =P, H,<a (4.8)
k a<H,<B
where k can be given by
P H, >
k _ d a_ history B (49)
Pa Ha_history <o

The applied field dependence of the magnetization of a magnetic material, m (Hy), may be
illustrated by numerous parallel-connected hysterons, where each hysteron is multiplied by

a probability distribution function and then summed, as shown in Figure 4-4.

! | /\
pr— Q(G1,B1,Ha) P(a4,B4,Ha)
'. ]
ro N\ m(H,)
H, » Q(0,,B,H,) > PlapH) | z >
w— ! i / \
1 1 A
& @
| e
| | /\
P(0n: Py Ha)

»| Q(a,,B,H,)

I \
PR R—

/

Figure 4-3: Block diagram representing a Preisach model

The magnetization can then be given by
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M(H,)

m(H,) = = [[R(at,,H,)-p(e, B, H,)dadp (4.10)

S p>a
The up-switching field f and a down-switching field a may also be used to determine the

interaction field, h;, and the critical field of isolated hysterons with negligible interactions,

hi
h P2 (4.11)
2
and h - '“T“ (4.12)

Gaussian Preisach Model: Analytical Approximation of the Probability Distribution
Function

It is proven that classical Preisach model can be applied to describe a magnetic system only
if the both the wiping out property and the congruency property are obeyed. While the
wiping out property is obeyed in various system, the congruency property requirement can
only partially satisfied in many systems. In reality, modifications and approximations need
to be made to Classical Preisach model in order to reveal the physical meaning of the
magnetic materials properly. It is suggested that Gaussian distribution can be a useful
analytical approximation of the probability distribution function of the Presiach model for
hard magnetic materials [DEL99]. Assume both interaction field, h;, and the interaction-
free critical field, hy, obey Gaussian distribution, the Preisach function can then be given in

closed form

P(h,,h,) =~ exp{—l[hk—‘zhk—h—iz]} (4.13)

TG0}
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where 6; and o, are the standard deviation in the interaction field and the critical field. The

The Gaussian nature of stationary thermal perturbation can be customary justified on the
basis of the central limit theorem of statistical theory.

For the Gaussian Preisach model, the susceptibility of both the ascending and descending

branches of the major hysteresis loop, S—E is Gaussian, and the magnetization, m, of both

branches of major hysteresis loop, can therefore be described by error functions.

4.1.4 Preisach Interpretation of Magnetic Aftereffect

Magnetic aftereffect can be modeled using as a result of the interactions between magnons,
i.e. spins waves, and hysterons, i.e. magnetic entities that behave as single magnetic
moments. The energy activation process results from the collision between magnons and
hysterons may be categorized as follows: i) if the energy of the magnons is insufficient to
overcome the energy barrier and reverse the magnetization, the collision is purely elastic;
and ii) if the magnons have sufficient energy to overcome the energy barrer, then there is a
finite opportunity that the hysteron will be reversed.

Various Preisach-type models have been developed for magnetic aftereffect. Mayergoyz
and Korman modeled the random thermal agitations with stochastic inputs and kept the
general formalism of the classical Preisach model [MAY91]. This model explicitly took
into account the randomness of the thermal noise which is responsible for the thermal
aftereffect. Bertotti provided energetic and thermodynamic generalization of Preisach
model for sufficiently small thermal fluctuations [BER96a]. The elementary switching
units in the Preisach model was used to describe the Barkhausen jump behavior and an

extension of the classical Preisach model was introduced, where the congruency property
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took a much weaker form, partially overcoming the intrinsic limitation of the classical
Preisach model.

Della Torre and Bennett [DEL98] developed a Preisach-Arrhenius model for magnetic
aftereffect based on thermodynamics where the population density of the states obeys
Maxwell-Boltzmann statistics. The probability that a given hysteron switches with time
constant is linked to hysteresis modeling using Presiach model, as was previously done by
Mayergoyz and Korman [MAY91] and Bertotti [BER96a], but a Gaussian distribution was
used to obtain an explicit function of time for the magnetization. The time variation of the
normalized irreversible component of magnetization, exhibited by a collection of hysterons

with different energy barriers, is described by
m, (t) =m,(0) + Am, [1—_[ p.(t)exp(-t/ r)drj (4.14)
0

where m;(0) is the initial magnetization, Ami is the total change in magnetization due to
magnetic aftereffect. and p,(t) is the probability that a given hysteron switches with time
constant ¢, which can be given by the Arrhenius law

t=1,eXp(W/KT), (4.15)

where W is the energy barrier and 1, the reciprocal of the attempt frequency. However,

Preisach-Arrhenius model deviates from the magnetic aftereffect experimental data of the
nanoscaled ferromagnetic system employed in the present work, a CoggNiyy nanoparticles

system.

4.2 Characterization of CogyNi,o Nanoparticles System

48



Magnetic medium that consists of single domain particles homogeneous in particle size,
isolated and uniformly distributed are desirable for high density magnetic recording, due to
reduced particle size fluctuation and negligible interparticle-interaction-induced particle
noise. A CogoNiyo nanoparticles/PVC nanocomposite sample that has the stated desirable
characteristics is employed in this study.

Sample Preparation and Description

This material is consisted of quasi-spherical magnetic CogyNi, nanoparticles with 50 nm
average diameter, prepared by the polyol reduction of cobalt and nickel tetrahydrate
acetates. The nanoparticles were uniformly embedded in a diamagnetic PVC matrix. The
weight concentration of the nanoparticles in the sample is 0.4 wt% and, thus, the interaction
between the nanoparticles is assumed to be negligible. Using a microbalance with a
precision of 100 g, the weight of the sample was measured 12.89 mg. This sample was
provided by Dr. V&quez, CISC, Madrid Spain.

Structural Characterization

The structural properties, i.e. size, shape and their distribution in PVC matrix, of the
nanoparticles were examined by TEM (a 200 keV JEOL-200 FXII microscope) [LUNO3]
and SEM [SANO05]. The TEM image shows that the CoggNiyo Sample is rather spherical

with small size distribution.

49



TEM 50nm SEM 1000nm

Figure 4-4: (Left) TEM picture [LUNO3] of magnetic CogoNi,g hanoparticles with 50nm average

diameter and (Right) SEM picture [SANO5] of the CoggNiy hanopatrticles prepared by polyol

process

Hysteresis Loop Measurements

Hysteresis loop measurements of the CogoNiyo nanocomposite were carried out using a
SQUID magnetometer (MPMS XL 5.0 Tesla) using applied fields up to 5 Tesla in the
temperature range of 5 K to 300 K. Note, 1 Tesla (SI unit) = 10* Oersted (CGS unit) = 796
kA/m. Since the PVC matrix displays a diamagnetic contribution, it was subtracted from
the measurement data.
Figure 4-5 shows the hysteresis loop at 300K after correcting for the diamagnetic PVC
matrix. In the aftereffect simulation, the measured hysteresis loops were used to generate
anhysteretic and aftereffect curves. As the temperature increases from 5 K to 300 K,

coercivity Hc decreases monotonically from 95 mT to 35 mT (Figure 4-6, shown by an
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Figure 4-5. Hysteresis loop of the CogyNiyy nanocomposite at 300K after correction for the
diamagnetic PVC matrix. Inset: Highlight of hysteresis loop over the field range -0.5 Tesla

to 0.5 Tesla.
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Figure 4.6: Details of hysteresis loops of the Co80Ni20 nanocomposite at selected temperatures
from 5 K to 300 K after correction for the diamagnetic PVC matrix over the field range —0.2 to
0.0 Tesla. The arrow illustrates the shift of decreasing coercivity Hc (increasing —Hc) as the
temperature increases from 5 K to 300 K.
Magnetic Aftereffect Measurements
Magnetic aftereffect measurements on the CoggNiz Sample was performed for a collection
of holding fields at various temperatures from 2 K to 300 K. Figure 4-7 shows the magnetic
aftereffect curves for holding fields near negative coercivity at 50 K. Figure 4-7 shows the
magnetic aftereffect curves for holding fields near negative coercivity, ranging from -96
mT to -76 mT with interval of 2 mT, at 50K. The slope of the decay curve is approximately

linear within the analytical time window as shown in the shaded area.
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Figure 4.7: Aftereffect curve for CoggNiog nanocomposite for holding fields ranging from -96 mT to -

76 mT with interval of 2 mT at 50K. Analytical time window (shaded, with In(t) from 6 to 8)

was used to determine the linear decay rate. Note: SQUID magnetometer requires ~300

seconds (In(t) from 0 to 6) to stabilize in aftereffect measurement. Thus, the non-linearity of

the decay curves for In(t) from 0 to 6 is due to the instability of the SQUID magnetometer

during that period of time.

4.3 Derivation of Modified Preisach-Arrhenius Model

The Preisach-Arrhenius model [BAS00] [DELO2] fit disagrees with the CogyNiyo data.

The inaccuracy is attributed to the instability of the Preisach function, which contains an

operative field, h, with a proportionality constant, «, that is independent of magnetization.

When a field is applied to a medium, the location of the Gaussian peak changes with the
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magnetization. The MPA model resolves this difficulty by including a feedback parameter
derived from the Moving Model [DEL94] and the Variance-Variable Model [DELO3] into
the operative field. The MPA model was validated by both artificial data and experimental
CogoNiy data.

In the MPA model, the classical Preisach-Gaussian function [DEL99] is used to simulate
the major hysteresis loop. The ascending hysteresis curve is an error function and it can be

described by

m = erf ( t‘;\;;j (4.16)

wherehis the operative field, h,_is the average critical field and - is the standard deviation
of the switching fields [8] and can be given by

o=\o’+c’ (4.17)
In the CogoNizo nanocomposite, since the interaction between the nanoparticles is assumed
negligible, the standard deviation of the interaction field, o, , is assumed to be zero, and
o = o, , the standard deviation of the critical field.

Material-dependent parameters, such as coercivity, H., and saturation field, H__ , can

affect the shape of the major hysteresis loop and should be determined prior to the
simulation. In addition to the parameters in classical Preisach function, additional

parameters including the variable-variance parameter,y, the fluctuation field, h. and the

standard deviation of the critical field, o, , are incorporated into the MPA model to control

the shape of the major hysteresis loop and the aftereffect curve.
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Figure 4-8: Comparison of hysteresis loops with the same standard deviation of critical field, 5 , and

different coercivity, Hc, and Saturation field, Hn,ax (hysteresis loop 2 and 3). Comparison of

hysteresis loops with the same Hc and Hiax and different 5 (hysteresis loop 1 and 2)

Figure 4-8 shows three normalized hysteresis loops. Hysteresis loop 1 and 2 have the

same coercivity (H_ =2) and saturation field (H,_, =6), but their respective values of y are

different. The effect of , upon the shape of hysteresis loop is illustrated by the difference

between hysteresis loop 1 and 2. Standard deviation of critical field, o, , which is
magnetization-dependent through y, can be described by

o, = o(L-y(L-m")). (4.18)

The coercivity (H. =0.5) and saturation field (H,, =5) of hysteresis loop 3 are

different from those of hysteresis 1 and 2. The effect of H.and H, . on the shape of
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hysteresis loop is shown by the difference between hysteresis loop 3 and the other two
loops.

The decay of magnetization toward anhysteretic ground state with time is very slow due
to the presence of large energy barriers. A region where the decay rate is maximized need
to be selected for the accelerated testing of aftereffect and the development of the model
proposed.

Della Torre et al. [DELO2] concluded that decay rate is maximized when the irreversible
part of the susceptibility is maximized at a holding field. The major hysteresis loop

susceptibility is given by,

dm 1\/? { (hh_k)} (4.19)
—==—,|—exp ——
dh o\« 20

Figure 4-9 shows a simulated hysteresis loop and its corresponding anhysteretic curve.
The dotted curve is the susceptibility, dm/dh, of the descending hysteresis curve. (E =-05

and o =0.5) The shaded area that maximizes the irreversible susceptibility is the region of
interest for aftereffect measurement and model development. The arrows demonstrate the
aftereffect measurement protocol: the magnetic material is first saturated by a large positive
field, which is then rapidly decreased to a negative field within the region of interest

(shaded) and held constant for the decay measurement.
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Figure 4-9: Ascending and descending hysteresis curve and anhysteretic curve of the CogyNixg
nanocomposite at 50K. A region of interest (shaded) is selected based on the susceptibility

curve (dotted) for descending hysteresis curve

At a holding field within the region of interest, the magnetization decays slowly towards
its anhysteretic ground state. As shown in Figure 4-10, the decay of the magnetization, at a
specific holding field, is a vertical line starting at the descending hysteresis curve and
ultimately reaching the anhysteretic curve. The mapping of each magnetization value of the
time-varying decay line onto the field-dependent descending hysteresis curve provides the
necessary transformation from field dependence to time dependence. The same
transformation can be obtained by adjusting the parameters of the hysteresis loop, provided
that the coercivity is much smaller than the saturation field. A characteristic triangle, as

shown in Figure 4-10, facilitates the transformation between H and In(t) in MPA.
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Figure 4-10: Simulation of a normalized hysteresis loop and its corresponding anhysteretic curve
(H= 0.5 Tesla and H,,o=5 Tesla). Characteristic triangle for the holding field of -0.5 Tesla.
Inset: Hysteresis loop and anhysteretic curve of the CoggNiy,, hanocomposite at 50K and

characteristic triangle for holding field of -0.1 Tesla.

A characteristic triangle can also be identified from the CoggNi,o magnetic measurement
results. The inset of Figure 4.10 shows the characteristic triangle bounded by the
descending hysteresis curve and the anhysteretic curve of the CoggNiz nanocomposite at
50K.

If applied field is constant, the fluctuation field is

Ah,
“TAIN(Y) (4.20)
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where an,_ is the difference of the two decay curves holding field and Aln(t)is the difference
between the two decay curve’s log-time, In(t). The fluctuation field, h. , can be rigorously

determined experimentally by simply measuring the time required to reach a certain value.

Once h, is calculated, the relationship between h, and In(t) can be obtained by
h,=h; -In(t)+C (4.21)
where C is an integration constant.
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Figure 4-11: 24-hour aftereffect measurement curve for holding field of -100 mT at 50K on CogyNixg
nanocomposite with 0.4wt% (red curve) and its field transform onto descending hysteresis
curve. Insets: (Left) Highlights of the measured aftereffect curve at low field and its field
transform. The shaded area represent the time it takes for the SQUID magnetomteter to
stabilize in aftereffect measurement. (Right) Measurement of magnetization decay as a

function of In(t) for 24 hours
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Figure 4-11 shows the transformation from aftereffect curve to corresponding curve on
descending hysteresis curve using aftereffect measurement data of the CoggNizg
nanocomposite.

Given that the power series expansion for the error function is given by,

2 & n Z2n+l
erf ()= N nz 2n i (4.22)
then the major hysteresis loop can be described by
h h 2n+1
h— o (_1)n£ U‘\/_J
m = erf = 4.23
[ o2 } Jr nZ:(; (2n+1)n! (423)
Therefore, the aftereffect curve is
(1) h, -In(t)+C—h, o
2 & ald "1
_\/;n=0 (2n+1)n! (4.24)

Figure 4-12 shows aftereffect curve for CogoNiz nanocomposite for the holding field of -
0.1 Tesla at 50K for 24 hours (red, measured) and the prediction of aftereffect curve using

MPA model (blue, simulated).
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Figure 4-12: Aftereffect measurement curve (Red) of the CogyNig hanocomposite for the holding
field of -0.1 Tesla at 50K for 24 hours and the prediction of decay curve using MPA model

(Blue). Inset: Highlights of the measured and simulated curves for In(t) from 0 to 50.

The critical time t, is defined as,

L (4.25)

while the standard deviation of decay rate o, is defined as ,

o, = V20 (4.26)
hf

Hence, the MPA model computes the magnetization as a function of time by the following

equation
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m(ln(t))=\/2_i (2n+1)n! @27

7T ho
Note: expanding Eq. (4.27) up to the 4™ order term (n=4) gives a computationally efficient
approximation of the equation. However, for higher accuracy predictions, more terms
would be needed. With the help of Eq. (4.27), a complete decay curve for long periods of
time can be generated and the decay rate can be calculated accurately from the simulated

decay curve. MPA has also been validated by measurement data at different temperatures.

4.4 Interpretation of Thermal dependence of magnetic aftereffect:

Implementation and Extension of Modified Preisach-Arrhenius Model
Applied field and temperature are important factors in the accurate description of
magnetic aftereffect behavior. The goal of this section is to incorporate the interpretation of
thermal dependence of magnetic aftereffect into the MPA model and propose a more
complete MPA model that can predict the magnetization as function of time, field and
temperature for magnetic material with slow decay rates.
The MPA model has been implemented to calculate the field and temperature variation

of irreversible susceptibility 4, , decay coefficient S, fluctuation field h, and activation

volume V are calculated for the nanocomposite sample (CogoNiz).
The more complete MPA model that considers the temperature and field dependence of

magnetic behavior uses a multi-variable analytical formula m(In(t),H,T) which

incorporates the characteristic parameters. Equation (4.27) should therefore be replaced by
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i T _J;,]Z:(:) (2n+1)n!

m(In(t))

, (4.28)

where t is the relative decay time, h,, is the holding field within the region of interest, T is
temperature, t, is the critical time and o, is the standard deviation of decay rate. Equation
1 enables us to predict the magnetization at any time during the decay process at a given h,,

and a given temperature.

In this investigation, the joint presence of field-induced effects and thermal activation in
magnetic aftereffect is interpreted. Both field and temperature dependence are shown in
characteristic magnetic state parameters, such as coercivity, irreversible susceptibility,
decay coefficient and fluctuation field, that are derived from hysteretic and aftereffect
measurements. Extension of (4.28) to a multi-variable function is proposed so that the
precise nature of time, field and temperature dependence in magnetic aftereffect can be
rigorously described. The accuracy of the extended model has been validated by
experimental data.

Irreversible Susceptibility

The irrversible susceptibility y, [14] is defined as

oM,
= 4.29
Kire oH " ( )

Since the reversible magnetization is negligible for the CogoNizo nanocomposite, ., can
be derived from the remanent magnetization curve. As shown in Figure 4-13, ., is

dependent on both applied field and temperature. As temperature increases from 5 K to 300
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K, the value of the maximum irrversible susceptibility ,, (.., the peak of each 4,
curve) increases monotonically and the location of the ,, - shifts to lower field (shown

by arrow). For any combination of temperature and field, the value of the correponding

irrversible susceptibility can be found on the three-dimensional surface in Figure 4-14.
. 14
12

10

Irreversible Susceptibility

Airr,max

0.2 -0.T15 -ox.1
Applied Field, H (Tesla)

+9k +10k 20k -30k -40k - 50k 60k +100K -200K 250K -+ 300k

Figure 4-13: Applied field dependence of irrversible susceptibility for the CogyNi,g Nnanocomposite at

selected temperatures from 5 K to 300 K. The maximum irreversible susceptibility y;, ... Of

each curve(peak value) is represented by black dot. The arrow illustrates the shift of

increasing x,. ..« as the temperature increases from 5 K to 300 K.
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Figure 4-14: Applied field and temperature dependence of irreversible susceptibility for the CoggNiyg

nanocomposite. The color varies from light green for small values of y, to purple for

Zirr,max "

Implementation of Modified Preisach-Arrhenius Model

The MPA model can predict the shape of the entire magnetic aftereffect curves for
magnetic materials with slow decay rate, and thus, enables us to accurately extract the
maximum decay coefficient, Snax, at a given holding field, H, and temperature, T. Figure
4-15 shows the predicted sigmodal-shaped decay curve at a given temperature (T = 50 K)
and holding field (-0.1 Tesla) using MPA model (solid blue). The location and value of the

maximum decay slope S, (dotted) can be accurately calculated.
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Figure 4-15: Extraction of decay coefficient from decay curve using MPA model.

After obtaining the values of decay coefficient at any given temperature and field, the
applied field dependence of decay coefficient is studied for selected temperatures within
the range of 10 K to 300 K. As shown in Figure 4-16, the decay coefficient is dependent
on both the applied field and the temperature. At each temperature, the applied field at
which the maximum decay coefficient (black dot) occurs has been defined as the remanent

coercivity h, [DELO2]. As the temperature increases from 10 K to 300 K, the value of h,

decreases monotonically, as shown by the arrow.
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Figure 4-16: Holding field dependence of decay coefficient, S, for the CoggNiy, hanocomposite at
selected temperatures from 10 K to 300 K. As temperature increases from 10 K to 300 K,
Smax increases first from 10 K to 50 K, reaches peak value at 50 K and then decreases from

50 K to 300 K.

The value of Syax, increases as temperature increases from 10 K to 50 K (dotted line)
and then decreases as temperature increases further from 50 K to 300 K (dashed line).
Note: Smax reaches the maximum value when the temperature is 50 K. Non-Arrhenius
behavior [RAOO5] is observed in the maximum decay coefficient S__ as a function of the
temperature T curve, with the peak, Smax, at the critical temperature T, of ~50 K (Figure 4-
17). The non-Arrhenius behavior implies that the density of states in energy space is not
uniform and the energy distribution of magnetic excitations obeys quantum statistics rather
than Maxwell-Boltzmann statistics which are assumed in the Preisach-Arrhenius model.
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Bose-Einstein statistics have been proposed to explain similar non-Arrhenius behavior in
nano-magnetic materials [SWAOQO] [DELO1].
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Figure 4-17: Temperature dependence of the maximum decay coefficient for the CoggNixg
nanocomposite. MPA model evaluated S, at selected temperatures are represented by

red dots. The non-Arrhenius behavior is illustrated by the black fitting curve.
In Figure 4-18, the maximum decay coefficient is plotted, in three dimensions, as a
function of both temperature and holding field. For any combination of temperature and
field, the value of the correponding maximum decay rate can be found on the surface in

Figure 4-1.

68



©
(@]
-
(@)

0.005

Maximum Decay Coefficient, Spax

Figure 4-18: Temperature and field dependence of the maximum decay coefficient for the CoggNixg

nanocomposite. The maximum decay coefficient varies from light green for small values of

S, to dark blue for peak value of S___ .

Extension to Modified Preisach-Arrhenius Model

The fluctuation field h, , introduced by Né&l [NEE51] and expanded by Street and Brown

[STR94] is defined as

S(H,T)

h(HT)=—"b""1
f( ) Zirr(H’T)

(4.30)

where S is the decay coefficient and y, is irreversible susceptibility. Hence, h, can be
rigorously determined from macroscopic measurements of S and 4, . As shown in Figure

4-14 and Figure 4-18, both Sand 4, , are dependent on the variation of T and H, where H is
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the holding field in S(H,T) and the applied field in 4, .(H,T). Note, the fluctuation field

may also have time dependence, which can be attributed to the gradual variation in

magnetic properties of the moments during the thermal relaxation process.

In Figure 4-19, the fluctuation field is plotted, in three dimensions, as a function of both
temperature and field. Note: the generated surface (highlighted by red circle) is expected to

have percent error of + 0.5%, due to the limited amount of data obtained from

measurements of S and .
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Figure 4-19: Temperature and applied field dependence of the fluctuation field for the CogyNiyg

nanocomposite. h; were rigorously determined from macroscopic measurements of S and

Xirr-
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At each holding field in the region of interest, the non-Arrhenius behavior has been
observed in the fluctuation field vs. temperature curves. Figure 4-20 shows the temperature
dependence of the fluctuation field at a representative applied field of -0.1 Tesla, with a

peak value at a critical temperature T, of ~50 K.
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Figure 4-20: Temperature dependence of fluctuation field at a representative applied field of -0.1

Tesla

Even though the location of the critical temperature varies at different holding fields in the
range of negative saturation to positive saturation, the variation is negligible within the
region of interest. Hence, for the special case of a monodispersed nanoparticulate system
that exhibits slow decay, the fluctuation field, the driving force of the magnetic thermal
aftereffect over the energy barrier, can be assumed to be independent of the holding field

within the region of interest. Therefore,
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__sM

h: (H,T)|,.. =
rl )hr' Zirr (T) (4.31)

Wohlfarth [WOH84] suggested that h, can alternatively be evaluated by equating two
definitions of an activation energy

E=g,MVh, =KT (4.32)
Hence, the h, can alternatively been given by

KT

he (H,T) |y =he (T) = ——————
¢ (H. D), =y (M) HoMs (T)V(T) (4.33)

where b is the Bohr magneton, k is the Boltzmann constant, Ms is the saturation
magnetization, T is the temperature and V is the activation volume [GAU86] [WER97]

[BENO6].

Rao et al. introduced a temperature-dependent chemical potential £ to describe the

magnetic aftereffect when the holding field is close to coercivity, i.e., the system has a
substantial spin entropy s [RAOO05]. The temperature dependence of the fluctuation field

below and above the critical temperature can then be described separately. For T <T,, the
fluctuation field h, (T) can be described by Eq. (4.33) which is directly proportional to
temperature, except for weak temperature changes associated with variations in M and V.
For T >T,, the effect of chemical potential on the energy barrier is not negligible and the
expression of h, (T) is modified, accordingly.

KT
oM (TV (T)(1-Eg /£ (T)) (4.34)

he (H, )|, =he (T) =
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Figure 4-21 shows joint field and temperature dependence of the fluctuation field that were
evaluated using Eq. (4.34). The difference between Figure 4-20 and Figure 4-21 in the peak

region (highlighted by red circle in Figure 4-19) is attributed to the inaccuracy in the

measured data (0.5%).
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Figure 4-21: Temperature and applied field dependence of the fluctuation field for the CoggNixg

nanocomposite. h; were evaluted using Eq. (4.34).

It is proposed to incorporate the interpretation of the temperature dependence of magnetic

aftereffect into the previously developed MPA model and to extend Eq. (4.28) to a multi-

variable function, based on the behavior of fluctuation field
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where critical time t (T is given by

t(T)= , (4.36)

the standard deviation of decay rate o, (T) is given by

o, (T)= hff) , (4.37)

and fluctuation field h, (T)can be given by Eq. (4.33) and Eq. (4.34) for T <T, and T >T,

respectively.

Note: expanding Eq. (4.35) up to the 4™ order term (n=4) gives a computationally efficient
approximation of the equation.

Summary

The characteristic parameters, such as irreversible susceptibility 4, , maximum decay

coefficient S__ , fluctuation field h; , have been derived on dimensional grounds, i.e., both

max !

field and temperature variation, from hysteretic and thermal aftereffect measurements and

theoretical analysis based on the MPA model. As the temperature increases, while 5,

increases monotonically, S . and h; within h; demonstrate non-Arrhenius behaviors,

max

which are interpreted as follows: i) for T <T,, hs, derived by equating two definitions of

activation energy, is directly proportional to temperature, except for weak variations in
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saturation magnetization M and activation volume V with temperature, ii) for T >T,, a

temperature-dependent chemical potential reduces the effective energy barrier, and as a
result, exerts an influence on the behavior of h;. These interpretations have been
incorporated into the extended multi-variable analytical MPA model, which is quantatively

consistent with the presented data.
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Chapter 5: Negative Remanent Magnetization

5.1 Introduction

It is well known in materials science that tailoring of size and micro-structure may
result in irreversible changes of macroscopric properties. When the particle size of fine-
particle systems is tuned to nanometer scale using advanced synthesis techniques, new
phenomena are seen arise as a result of i) increased surface to volume ratio, or ii) modified
electronic structure of the material due to quantum confinement effects. One of unusual
phenomena that have been considered anomalous is negative remanent magnetization
(NRM), also known as, inverted hysteresis loop or negative coercivity. In normal
magnetic behavior the magnetization follows the applied field with a phase lag, whereas in
magnetic systems that display NRM, the magnetization of the descending branch of the
hysteresis loop becomes negative while the applied field is still positive. Controversy
concerning NRM remains despite extensive research attention from physicist, chemists,
materials scientists and electrical engineers over the last decade; while some do not
believe the existence of NRM is thermodynamically allowed (perpetual motion machine),
others assert NRM can exist provided that the magnetic system possesses structural or
compositional heterogeneity. The aim of the present work is to resolve the long-existing
controversy by presenting compelling experimental evidence and physical justification
that NRM is real in a homogeneous europium sulfide (EuS) nanoparticle system and, in
general, simple nanomagnetic systems with uniform chemical composition and
homogeneous structure. In this chapter, the author provides novel insights into major and

minor hysteresis behavior that illuminate the true nature of the observed inverted
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hysteresis and validate its thermodynamic permissibility and, for the first time, present
counterintuitive magnetic aftereffect behavior that is consistent with the mechanism of
magnetization reversal, possessing unique capability to identify NRM. The origin and
conditions of NRM are explained quantitatively via a wasp-waist model, in combination
of energy calculations.
5.1.1 Negative Remanent Magnetization in Heterogeneous Magnetic Systems

NRM has been observed experimentally in a number of heterogeneous magnetic systems,
such as thin films, and NP systems with amorphous matrix, large particle size distribution
or core shell structure, by various experimental techniques (e.g., Vibrating Sample
Magnetometer, SQUID magnetometry, Alternating Gradient Force, Magneto-optical Kerr
Effect and Hall probe imaging) [TAK93] [CRI03] [OSH94] [SAN95] [YAN96] [DOS 00]
[LONO1] [WUO01] [ZIE11]. Models and theories have been proposed to explain the
observed NRM. For example, NRM in Ag/Ni multilayer films [SAN95] and granular (Ni,
Fe)-SiO, films [YAN96] was explained by magnetostatic interaction; NRM in YCo,/YCo,
(Fe1oNigo/Fe1oNigo) polycrystal bilayer films and CoNbZr (CoFeMoSiB) amorphous single
layer films were explained by competing uniaxial (biaxial) and uniaxial anisotropies
[VALO1] [VALO2], which was later extended to competing cubic and uniaxial anisotropies
[ARR93] [GES98]; NRM in Cr,0O3 coated CrO, particles [ZHEO4], and a randomly
distributed Co NP system [YANO8] was explained by dipolar interactions between
ferromagnetic and superparamagnetic particles.

These previously proposed explanations attributed NRM to heterogeneous structural
characteristics, such as heterogeneous layers or interfaces, or non-uniform chemical

composition of the studied system, and, therefore, cannot be applied to a homogeneous
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nanostructured system. In addition, an agreement on the existence of NRM has not been
unanimously reached, mainly due to the concern about its perceived violation of the first
law of thermodynamics, and the lack of adequate rationalization and verification of the
inverted hysteresis loop in the previous studies. A systematic in-depth investigation into
the intriguing NRM phenomenon is still lacking.
5.1.2 Negative Remanent Magnetization in a Simple Homogeneous Magnetic System
In chapter, the author verifies the thermodynamic permissibility of the observed NRM, via
detailed insight into the major hysteresis loops and first-order reversal curves (FORCs) of
the studied system and confirms the existence of NRM with counterintuitive magnetic
aftereffect behavior that is consistent with the magnetic reversal mechanism. The authors
further proposes a novel interpretation of NRM as an extreme case of wasp-waist behavior
[BENO5] and present a quantitative explanation of the origin and conditions of NRM for
simple nanomagnetic systems with uniform chemical composition and homogeneous
structure. A three-dimensionally confined, matrix-free, nearly monodispersed EuS NP
system is used to verify the presence of NRM in a simple homogeneous magnetic system.
In contrast to direct exchange coupling in 3d ferromagnetic materials, (i.e., nickel, iron and
cobalt), the magnetic properties of europium monochalcogenides (EuX: X=0, S, Se or Te)
are caused by the half-filled 4f shell of the Eu?* ions with a magnetic ground state Sz, and
are jointly governed by ferromagnetic indirect exchange (J1) among nearest neighbor Eu*
ions and antiferromagnetic super-exchange (J,) among next-nearest neighbor Eu®* ions
[WACT79] [REDO6]. The behavior of EuX nanostructures, including the controversial
NRM phenomenon observed in EuS NPs, is largely beneficial for the potential magnetic

and optical applications of EuX crystals on the nanoscale [HAS08] [SCHO08] [KOK10].
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5.2 Characterization of EuS Nanoparticles

5.2.1 Europium Chalcogenides

Europium Chalcogenides (EuX: X=S, Se, Te) is one of the most prominent series of
magnetic semiconductors among rare earth chalcogenide compounds, which exhibit a wide
spectrum of magnetic ordering ranging from ferromagnetism (EuO, EuS), metamagnetism
(EuSe) and antiferromagnetism (EuTe). In contrast to direct exchange coupling in 3d
ferromagnetic materials, (i.e., nickel, iron and cobalt), the magnetic properties of EuX are
caused by the half-filled 4f shell of the Eu®* ions with a magnetic ground state Sy, and are
jointly governed by ferromagnetic indirect exchange (J;) among nearest neighbor Eu* ions
and antiferromagnetic super-exchange (J,) among next-nearest neighbor Eu®* ions
[WACT79] [REDO6]. The lattice parameters, electronic energy gaps and magnetic ordering

temperatures of the bulk EuX can be found in Table 5.1 [BAR86] [KRE99] [GHO04].

Table 5-1: Physical properties of Europium Chalcogenides

Lattice Electronic energy band Magnetic ordering
EuX | parameters | gaps at room temperature temperatures
(A) (eV) (K)
EuO 5.141 1.12 66.8 / Curie Temperature
EuS 5. 968 1.65 16.6 / Curie Temperature
EuSe 6.195 1.8 4.6 / Neel Temperature
EuTe 6.598 2.0 9.64 / Neel Temperature

Considered a typical Heisenberg ferromagnet, EuS have been most extensively studied due

to its potential applications in magnetic, magneto-optical and luminescent devices. Suits et.
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al. showed that the 4f-5d electronic transition and spin configuration of Eu2+ could
generate significant magneto-optical properties, including Faraday and Kerr effects
[SUI66]. The physical properties of EuS can be modulated by reducing the dimensions of
the solid phase material down to nanoscale level and the obtained nanoscale EuS has been
used as a model system to study the relationship between the electronic structure and
magnetic properties.

5.2.2 Description and Preparation of EuS Nanoparticles

Various synthetic methods, such as zeolite-assisted synthesis and sol-gel synthesis have
been developed to fabricate EuS nanocrystals during the last decade [CHEQOO] [REIO5].
More recently, colloidal synthesis of matrix-free EuS nanocrystals have been demonstrated
using solid-state thermolysis, solution photolysis and liquid phase synthesis techniques
[MALOS5]. After comparing a number of synthetic methods, the thermal solvent-free
controlled decomposition of single molecular precursors is proven to be an effective
technique for successful synthesis of the simple homogeneous magnetic system required in
the present study, that is a three-dimensionally confined, matrix-free, nearly monodispersed
EuS NP system [KOK10] [ALI96] [PUNO1].

The synthesis was carried out using a Schlenk line. 0.6 mmol of diethylammonium
diethyldithiocarbamate, 0.2 mmol europium oleate , 0.6 mmol of phenanthroline, were
dissolved in a solution of 1 ml of 1-dodecanethiol and 6 ml of oleylamine contained in a
three-neck flask. The reaction mixture was then was degassed by purging at 80 <C with
argon flow for 45 min. Subsequently, the system was heated to 320 T under vigorous
stirring. The reaction was allowed to proceed for 1 hour at 320 <C, after which the mixture

was transferred to a glass vial with a glass syringe. 10 mL acetone was added to the fresh
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purple EuS NP sample in oleylamine as synthesized. The sample was precipitated out on
the bottom of the vial. The upper liquid was subsequently removed, and the EuS NPs were
then cleaned with acetone for four times. The cleaned EuS NPs were dispersed in toluene
for electron microscopic measurements. The glassware set-up for EuS NPs synthesis is

shown in Figure 5-1.

Figure 5-1: The glassware set-up for EuS NPs synthesis [MAH10]
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5.2.3 Structural characterization

The average size of the EuS NPs, employed in this study is 20 nm with less than 10%
size distribution. A high-resolution transmission electron microscopy (HR-TEM) image
and a selected area electron diffraction (SAED) pattern of the EuS NPs are shown in Figure
5-2 HR-TEM along with SAED pattern measurements were conducted using a Philips CM
200 operating at 200 kV. The sample for HR-TEM study was made by dropcasting of a
EuS NP suspension in toluene onto carbon coated copper grids. The two dominant SAED

ring patterns respectively correspond to (200) lattice plane and (220) lattice plane of FCC

EuS NPs.
. 200
S
e
]
100 nm

Figure 5-2: Structural characterization of 20 nm EuS NPs. (a) HR-TEM micrograph of 20 nm EuS
NPs. (b) SAED pattern of face-centered-cubic (fcc) EuS NPs, exhibiting features from

arising from (220) and (200) lattice planes.
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5.2.4 Magnetic Characterization

Magnetic properties of the EuS NP system were studied using a SQUID magnetometer
(Quantum Design, MPMS XL 5.0 Tesla). ZFC and FC measurement protocols were
adopted in characterization of magnetization as a function of temperature. In ZFC
measurements, the EuS NPs were cooled in zero applied field to 2 K, and the desired
applied field was applied, i.e. from 20 Oe to 10000 Oe. Magnetization was measured with
ascending temperature to 300 K. FC measurements were conducted in a similar manner
except that the EuS NPs were cooled in the presence of an applied field. ZFC and FC
magnetization measurements from 2 K to 300 K were conducted for various field strengths
from 20 Oe to 10000 Oe, (Figure 5-3). When the field was reduced below 1000 Oe, a split
between the ZFC and FC curves and the formation of a peak, at T, in the ZFC curves were
observed. For T < Ty, the rotation of spins is frozen unless the external applied field is
sufficiently large. As the temperature is increased in this range, the initial alignment of the
spins, whose orientations were frozen when cooled to 2 K in the absence of an applied field
IS maintained and the increased thermal fluctuation contributes to the increase in the
magnetic moment by rotation of some spins that become free to align with the applied field.
As the temperature increases above T, all of the spins became free to rotate. As a result,
the magnetic moments decrease as the directions of spins becomes increasingly
randomized due to thermal fluctuations. We must emphasize that T, cannot be interpreted
as a blocking temperature that marks the ferromagnetic to superparamagnetic transition,

due to the existence of hysteresis at temperature significantly above Tp,.
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Figure 5-3: The temperature dependence of the magnetization after zero-field-cooled and field-

cooled magnetization using various field strengths from 20 Oe to 10000 Oe.

5.2.4.1 Magnetic Ordering Temperature

The Curie temperature, Tc, of the EuS NPs was determined from magnetization
isothermals using an Arrott plot [ARR67], i.e. a M? vs. H/M plot, as shown in Figure 5-4a.
The square of the spontaneous magnetization, Ms?, was determined from the intercept of a
linear extrapolation from the high field portion (H> 5000 Oe) of the isotherms to H/M=0. A
positive (negative) value of the intercept indicates that T < T¢ (T > T¢), i.e., the NPs are in
ferromagnetic (paramagnetic) state. For the 20 nm EuS NPs, the positive (negative) value
of the intercept were obtained from the isothermals at T=16 K (T=17 K); hence 16 K < T¢<

17 K. The obtained Ms? values were then plotted as a function of T? (Figure 5-4b). The
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plotted points fall on a straight line with coefficient of determination, R>=0.9999, and T,
the temperature at which M¢?=0, was determined for 20 nm EuS NPs to be 16.4 K, which is
slightly lower than that of bulk EuS (16.6 K) [WAC79]. Others have used isothermal
measurements under applied fields up to 5000 Oe to evaluate Tc of 20 nm EuS NPs
[REGO06], however, our data indicate that isotherms measured in the vicinity of T¢ continue
to bend for applied fields higher than 5000 Oe, as shown in Figure 5-4a. Extrapolations of
the isothermals measured only up to 5000 Oe would place the evaluated T¢ in an incorrect
temperature range, i.e. 15 K < T¢c < 16 K. Hence, when the Arrott plot is applied, one must

extrapolate from a sufficiently high field portion of the isotherms [CHI11].
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Figure 5-4: Determination of T¢. (@) Arrot plots at temperatures between 10 K and 20 K. (b) M2 vs.
T plot from which T¢ for 20 nm EuS NPs was determined. Tc for bulk EuS is indicated on

the graph for comparison.

5.2.4.2 Magnetic hysteresis behavior

Major hysteresis loops were measured at temperatures in the range of 2 K to 300 K. The
temperature dependence of remanent magnetization, M, is shown in Fig. 5.5. Positive
remanent magnetization (PRM) and NRM were respectively observed in temperature
ranges of 2K < T<4.8Kand 4.8 K<T<25K. As the temperature increased from 2 K,
the magnitude of M, reached zero at the reversal temperature, T,=4.8 K, from a positive
value, and the temperature at which hysteresis vanished, T,,= 25 K, from a negative value.

Zero magnitude of M, persisted for temperatures above Ty,. Note: T is in the temperature
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range that exhibits NRM. M is determined by the magnetization of two sublattices that
have different temperature characteristics. The occurrence of NRM is attributed to

sufficient antiferromagnetic coupling between the sublattices.
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Figure 5-5: The temperature dependence of the remanent magnetization.

For T, < T < Ty, the major hysteresis loops were partially inverted, with crossover
between the descending and the ascending branch at a positive field and a negative field.
For example, at 10 K, crossing between the descending branch and the ascending branch
can be observed at 30000 Oe and -30000 Oe (Figure 5-6). The left and right insets of
Figure 5-6 respectively show a high field region that displays normal hysteresis and a low

field region that displays inverted hysteresis.
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FORCs were measured, at various temperatures from 2 K to 300 K, to reveal elementary
processes that cannot be sufficiently represented in major hysteresis loops and verify their
thermodynamic permissibility. In FORCs measurements, a class of minor hysteresis loops
was obtained by reserving the applied field at various points, H;, on the descending
(ascending) major hysteresis loop and subsequently going to positive (negative) saturation.
For T, < T < Ty, the temperature range in which NRM is exhibited, the magnetization along
the descending (ascending) branch of the major hysteresis loop is observed to be reversible
for different H, between the two crossover points.

We point out that the major hysteresis loop progressed in a normal counterclockwise
direction; the occurrence of an apparent clockwise major and minor hysteresis loop in the
inverted region, that might seem to be operating above unity efficiency, i.e. could be used
to realize perpetual motion machines, violating the first law of thermodynamics, is actually
due to the intersection of the descending and ascending branches of the counterclockwise
major hysteresis loop. Remarkably, the observed partially inverted hysteresis loop is not
real hysteresis behavior, but rather the joint behavior of the high-coercive surface spins and
the low-coercive core spins of EuS NP, which will be discussed in detail. The reversibility
in minor loops can only be observed while the applied field is not sufficiently high to
switch the high-coercive component of magnetization. Energy over the entire loop is
conserved; energy gain in inverted hysteresis in the low field region is compensated by the
energy loss in normal hysteresis in the high field region. Hence, the observed partially
inverted hysteresis loop is thermodynamically allowed, whereas a fully inverted hysteresis
loop is not thermodynamically allowed, due to the inevitable energy loss in reversing the

hard component of magnetization [AHA94].
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Figure 5-6: Major hysteresis loop measured at 10 K. Insets: (Left) Detail of a high field region
(36500 to 37000 Oe) that displays normal hysteresis. (Right) Detail of a low field region (-

500 to 500 Oe) that displays inverted hysteresis.

5.2.4.3 Magnetic Aftereffect Behavior

The author reports, for the first time, the unique capability of magnetic aftereffect
experiments to identify the existence of NRM, and present the observation of an unusual
magnetic aftereffect behavior of EuS NPs in the temperature range of T,< T < Ty, that is
consistent with the mechanism of magnetization reversal. In magnetic aftereffect
measurements, the EuS NPs were first saturated by a large positive field, i.e. 50000 Oe,
which is then rapidly decreased to a field in the vicinity of the coercive field of the
descending hysteretic curve, Hcq,, Where it was held constant while the magnetization was

measured as a function of time.
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A typical magnetic aftereffect behavior of nanomagnetic materials that display a slow
decay rate [GU12] is shown in Figure 5-7a; the intensity of magnetization under a constant
applied field decreases from its initial value, i.e. the magnetic moment on the descending
hysteretic curve, towards its anhysteretic ground state with time. When the holding field is
in the vicinity of Hcq also known as the negative coercive field in typical hysteresis loop,

the decay rate is maximized [WOH84] [DELO2] and the initial magnetization is close to
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Figure 5-7: Magnetic aftereffect measurements. (a) Magnetic aftereffect measured for 24 hours at 2
K for various holding fields in the vicinity of Hcy. An analytical time window (ATW) from
~300 s to 24 hr, i.e. In(t) from 6 to 11.4, were used in the measurements. Note: The first
~300 s were not included in the ATW to guarantee highly stable temperature and field
values. In the selected ATW, the decay curves were observed to be quasi-linear and their
slopes were used to determine the decay coefficient. (b) Comparison of magnetic
aftereffect measured at 2 K, 10 K and 30 K for the holding fields of their respective Hcy, -75

Oe, 14 Oe and 0 Oe, within the selected ATW.

If NRM exists, i.e. Heq > 0, at a holding field that is close to Hcg, the initial magnetization
should be smaller in value than its corresponding anhysteretic ground state, and therefore
the magnetic moment is expected to increase with time during thermal relaxation, as shown

in Figure 5-8.
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anhysteretic curve (indicated by the arrow).

Figure 5-8b juxtaposes the magnetic aftereffect of 20 nm EuS NPs measured at three
representative temperatures, 2 K, 10 K and 30 K, in the temperature range of T< T, T,< T
< Thy, and T > Ty, at the holding field of their respective Hcg, i.e. -75 Oe, 14 Oe and 0 Oe.
In contrast to the normal magnetic aftereffect behavior observed at 2 K (T < T,), as
expected, the magnetic moment increased with time at 10 K (T,< T < Ty,). Therefore, the
existence of NRM in homogeneous EuS NP system is confirmed and the consistency

between the occurrence of NRM and the mechanism of magnetization reversal is validated.
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5.3 Origin of Negative Remanent Magnetization

We propose that the NRM is an extreme case of wasp-waist behavior. In a typical wasp-
waist hysteresis loop, the width of the loop narrows as the applied field goes to zero and
then opens up [BENO05]. A wasp-waist hysteresis loop can be generated if two
ferromagnetic materials, one of which has a much larger coercivity than the other, are

antiferromagnetically coupled.

| descending major hysteretic curve

I [
' d

B 1 4 -~
| soft loop |

Normalized Magnetization

Applied Field

Figure 5-9: lllustration of an extreme case of wasp-waist behavior that exhibits NRM.

Figure 5.9 shows an extreme case of the wasp-waist behavior. The hysteresis loops of the
two ferromagnetic materials, with large and small coercivity, are respectively denoted as
hard loop and soft loop. The saturation magnetization obtained in the soft loop, Msos, iS
larger than that obtained in the hard loop, Mnaq. We assert that when the above criteria are

met, a wasp-waist hysteresis loop that exhibits NRM can be obtained. For given values of
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Mharg and Mgt the shape of the obtained composite hysteresis loop can be adjusted to fit
experimental data accurately by varying the exchange-coupling parameter, which is defined

as the dimensionless ratio of the normalized equivalent field on one material by the

normalized magnetic moment of the other material [DEL98].

M M soft

M net

Figure 5-10: Schematic illustration of the proposed wasp-waist system.
The total energy of the above described magnetic system that exhibits NRM can be given
by
E=Ksin? g +K_sin? B,—M,Hcos(3,-6)-M_H(B —6)—IM, M. cos(S, - 3.)
(5.1)
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where the first two terms represent uniaxial anisotropy energy, the next two terms represent
Zeeman energy, and the last term represents the exchange coupling between the hard and
soft components. K is the anisotropy constant of the hard component, which can be
determined from 2K/M= Hc, and, K, the anisotropy constant of the soft component is
assumed to be negligible, i.e. the system has single effective uniaxial anisotropy. J is the
antiferromagentic exchange coupling constant. My, and M; are the magnetization of the
hard and soft component. Sy and fsare the angles between My and Mg and the easy axis of
the hard component, and Sy is the angle between M and the easy axis of the soft
component. 6 is the angle between the applied field and the easy axis of the hard
component. A schematic illustration of the wasp-waist system, with the definition of
parameters, is shown in Fig. 5.10.

For the EuS NP system, enhanced magnetization is observed compared to their bulk
counterparts, due to the contribution of the uncompensated surface spins to the total
magnetization. As the size of EuS NPs is reduced to the nanoscale regime, the surface-to-
volume ratio increase significantly and a bimodal magnetization state formed by surface
spins and core spins, under certain temperature and field conditions, can be obtained
[REDO06] [GARO03] [KACO04]. The anisotropy energy of the three-dimensionally confined
homogeneous EuS NP system is primarily attributed to the surface atoms, i.e., the
anisotropy constant of the core atoms is assumed to be negligible. At saturation state, the
magnetization of core atoms, Mcore, are larger than that of the surface atoms, Mgyrface. IN
low energy regime, i.e. applied field and temperature are low, the core atoms and the
surface atoms tend to align antiferromagnetically with each other. Hence, the EuS NP

system meet the criteria of the wasp-waist system exhibiting NRM within appropriate
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window of related parameters, where the surface and core atoms can respectively be
viewed as the hard and soft magnetization component.
The magnetization of the EuS NP system, which is the magnetization component of the net

magnetization along the applied field, can be given by
M=M surface Cos(ﬁsurface - 9) + Mcore Cos(ﬂcore - 0) (5.2)

where parameters denoted by subscripts surface and core are equivalent to those denoted by
hard and soft in Eq. (5.1).

The magnetization reversal mechanism observed in EuS NPs is attributed to bimodal
magnetization state formed by surface spins and core spins, which is due to evolving
balance and changing dominance among anisotropy energy, Zeeman energy, and
aniferromagnetic coupling energy under different field and temperature conditions.

When the applied field is sufficiently large, i.e., saturation field, both core spins and
surface spins align along the applied field (Figure 5-11a). In this case, Zeeman energy is
dominant. While in low energy regimes, i.e., low temperature and low field, anisotropy
energy is dominant and the surface spins can fluctuate along their easy axis. However, at
very low temperature, i.e. 2 K < T < 4.8 K, the antiferromagnetic coupling between the
surface and core atoms are suppressed, because the rotation of core spins are frozen upon
removal of the applied field, and mutual alignment of core spins is sustained in absence of
external applied field. Within appropriate temperature window, i.e. 4.8 K< T <25 K, at
the remanent state, core spins align antiparallel with the surface spin, i.e. easy axis, and the

total magnetization is negative (Figure 5-11b).
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Figure 5.11: Interpretation of the origin and conditions of NRM. (a) Schematic illustration of a
special case of spin orientation: both surface and core spins align along the field direction.
(b) Schematic illustration of a special case of spin orientation: the core (surface) spins align
antiparallel (parallel) with respect to the easy axis and the total magnetization is negative.
Summary
The NRM observed in a EuS NP system and simple nanomagnetic systems with uniform
chemical composition and homogeneous structure, in general, has been rationalized. A
wasp-waist model, in combination with energy calculations, is proposed to give

unambiguous and quantitative explanations to the origin and conditions of NRM.
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Chapter 6: Charge-induced Modification of Magnetization

6.1 Introduction

Tuning of macroscopic properties, i.e. physical, chemical and mechanical properties,
through tailoring of size and microstructure of materials, which results in irreversible
property modifications, is a well-established technique and it has been extensively utilized
to obtain novel properties. In contrast, tuning of material properties by means of externally
applied electrical field, i.e. breaking the charge neutrality, can be reversible and dynamic
[GLEOQ1]. However, such reversible tuning has been restricted to materials with low free
charge carrier concentration (FCCC), such as semiconductors [SZE81], piezoelectrics
[SCOO07] and conducting polymers [KELO4]. The possibility of reversibly tuning the
macroscopic properties in metallic magnetic materials with large charge carrier density is
discussed in this chapter.

The depth of penetration of E- induced surface charge into a solid material, i.e. screening
length or Debye length, is confined by its FCCC. Materials with low FCCC can carry E-
induced surface charge much deeper into the solid than those with high FCCC; the
screening length of semiconductors is 10-1000 monolayers, whereas that of metals is
confined to one to a few monolayers [KEM85] [GHA80] [TOS79]. Hence, the E- induced
changes in the macroscopic properties of conventional bulk metallic structure is insufficient
to be measured experimentally and used for practical applications. Recently, Gleiter et al.
[GLEQO] [GLEO1] pointed out that tuning the charge carrier density by means of an
externally applied electric field, without changes in composition and temperature, may be

achieved even for highly conducting materials, when they possess nanometer-sized
98



structures, with extremely large surface to volume ratio, i.e. the surface region attain a
substantial fraction of the total volume.
Gating tactic: Dielectric gating and electrochemical gating for surface charge

Two approaches have been extensively adopted to obtain surface charge: dielectric gating
at the solid/dielectric interface and electrochemical gating at the solid/electrolyte interface.
Both approaches involve a capacitor-like structure where one of the plates is the solid
nanostructure under investigation, e.g. ferromagnetic thin film. When dielectric gating is
utilized, the charge per unit area, i.e. charge density, transferred from one plate to another,

under the application of voltage can be given by

q=¢s, % (6.1)

where U is the applied voltage, d is the distance between the two plates , ¢ is the relative
dielectric constant of the dielectric medium and &, is the dielectric constant of vacuum. In

order to obtain a large capacitance, dielectric medium with high relative dielectric constant,
e.g. ZrO,, HfO, and Al,Os, are conventionally used [CHI08] [SAW10] [END10] [CHI11].
In case of metal, even though the electric field can alter the spin polarization at the surface
of the solid nanostructure using dielectric gating, the change in charge carrier concentration
can hardly be detected, due to the extremely small screening length is (one or a few
monolayers). In comparison, the surface charge that can be achieved using electrochemical
gating via the formation of electrolyte double layer is up to two orders of magnitude higher
than the maximum achievable polarization using dielectric gating. Hence, significant
electric field induced changes in macroscopic properties of metallic nanostructure can be

expected. Note, it should be emphasized that electrochemical charging does not require an
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insulating dielectric layer and therefore a high amount of charge can be stored at low
voltages. In addition, wider classes of nanostructures can have access to the surface
charging using electrochemical gating: When the solid/dielectric interface is exploited for
surface charge, the interface is required to be completely smooth and defect free, imposing

a challenge on fabrication.

voltage

interconnected
nanocrystals

Figure 6-1: Schematic representation of interconnected array of electrochemically charged

nanoparticles immersed in an electrolyte [WEIO3]

In contrast, both conventional and irregular shaped solid nanostructure may be used to
generate the solid/electrolyte interface for space charging, provided the nanostructure has
sufficiently large surface-to-volume ratio. For example, the space charge layer at the
interface of irregular shaped, interconnected nanocrystals and electrolyte is shown in Figure

6-1.
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It has been reported that for nanoporous materials, the benefits of electrochemical
charging is particularly significant: the continuous network of nanometer sized pores can be
impregnated by the electrolyte and therefore the majority of nanoparticles can be
surrounded from all sides (Figure 6-2), resembling a much larger freestanding surface
exposed to the electric field than the solid/solid interface formed by dielectric gating, where

the electric field can only be applied from one side.

Figure 6-2: Schematic representation of the charged surface of a nanoporous thin film. The

nanopatrticles, represented by spheres, are surrounded by electrolyte from all sides [DAS09]

E-field induced tuning of macroscopic properties in nanostructures
Electric field control of various macroscopic properties has been demonstrated in

nanostructures (Table 6-1).
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Table 6-1: Summary of electric field induced changes of various macroscopic properties

Macroscopic Properties Structure Material Reference
Nanoporous network of noble metal Pt [WEIO3]
Strain
Nanoporous network of noble metal Au [KRAD4]
(Lattice-spacing and
Macroscopic length) Nanoporous network of noble metal Au [BIEQ9]
Nanoporous network of noble metal Pt [SAGO06]
Resistance
Ultrathin films Au [DASO08]
Nanoporous network of magnetic noble Au-Fe [BANO7]
Conductivity metal alloy
Nanoporous network of noble metal Au [MIS08]
Paramagnetic Susceptibility Nanocrystalline noble metal Pd [DRIO6]
Magnetization Nanoporous network of magnetic noble Pd-Ni [GHO11]
metal alloy

i) Mechanical properties (Strain): Weissmuller et al. first reported reversible strain
amplitudes in nanoporous network of noble metal, i.e. Pt samples, by controlling the
surface electronic charge density through electrochemical gating [WEI03]. While
various electrolytes, i.e. H,SO4 (0.5 M), HCIO4 (1M) and KOH (1M) in aqueous
solution, were tested, the largest reversible strain amplitude was obtained with KOH,
taking on the value of 0.15%. Kramer et al. later presented the surface stress induced
reversible macroscopic bending of nanoporous Au cantilevers [KRAO4]. The Au
sample was immersed in 50 mM H,SO4. The change in macroscopic length was
recorded while the applied potential was scanned within a potential window, which
was limited by the onset of hydrogen evolution and gold oxidation, as shown in Figure
6-3. Based on the same principle, i.e. surface chemistry induced changes of the surface

stress, Biener el al. recently proposed an actuator concept that drives an elastic
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macroscopic sample contraction/expansion (up to 0.5%), which can be used to directly
convert chemical energy into a mechanical response without generating heat or

electricity first [BIEQ9].
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Figures are referenced from D. Kramer, et. al. Nano Letters. 4, 793 (2004)

Figure 6-3: Length change of nanoporous gold cantilevers during 15 cycles of cyclic

voltammogram [KRAO4]

i) Electrical properties (Resistance and Conductivity): In 1973, Anderson et al.
carried out the first attempt to change the resistance of metal electrochemically using
a Au thin film in an aqueous solution of Na2SO4 and 0.4% modification in
resistance was observed. In 2006, Sagmeister et al. realized reversible tuning in
resistance of 4% in porous nanocrystalline Pt black with a particle diameter of 10 nm
using electrochemical gating in an aequeous electrolyte solution of 1 M KCI and
charging of the sample was performed by multistep chrono-amperometric
measurements [SAGO06]. Most recently, Dasgupta el al. presented a reversible
change in resistance of up to 1.5% of a Au thin film in a surface inactive nonaqueous
elelctrolyte, 0.1 M NaClO, in propylene carbonate, as shown in Figure 6-4 [DASO08].

103



Reversible changes in conductivity of nanoporous Au-Fe and Au using
electrochemical gating have also been reported [BANO7]. In addition to change in
charge density, a modification of the effect thickness of the sample, was considered
as another possible reason for the observed modulation of electrical properties

[MIS08].
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Figure 6-4: Resistance change of a 7 nm gold film during multiple cycles of cyclic voltammogram

[DAS08]

iii) Magnetic properties: Drings et al. reported electrochemically reversible tuning in
paramagnetic susceptibility up to 1% of a nanocrystalline Pd sample in both aqueous
electrolyte solution of 1 M KOH and nonaqueous electrolyte, 1 M LiCIO4 in
Dimethylformamide [DRI06]. Ghosh recently presented a reversible variation of 2.3%
in mass magnetization of nanoporous PdNi alloy, immersed in a nonaqueous
electrolyte, at an applied field of 0.1 Tesla through electrochemical charging (Figure
6-5), and concluded that strain induced pressure could be a driving force for the

reversible changes of mass magnetization [GHO11]. Electric field induced variations
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in magnetic properties of metallic ultrathin films, one of the most important forms of

nanostructures in practical applications, have not been extensively studied.
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Figure 6-5: Mass magnetization change of a nanoporous Pd-Ni alloys during multiple cycles of
cyclic voltammogram [GHO11]

E-field induced tuning of magnetic properties in ferromagnetic nanostructure at room
temperature

Electrical control of magnetic properties is of crucial importance to applications that
require the storage and manipulation of electron spins. Electric field induced reversible and
dynamic tuning of magnetic properties in devices that utilize the spin degrees of freedom,
i.e. spintronics, could enable new low-power logic devices and nonvolatile magnetic
storage devices and meet the demand for drastically growing demand for low power
consumption in electronic/magnetic devices. Manipulation of the magnetization direction
of the magnetic bit via electric current induced magnetic field has been widely used.
However, as the bit size is miniaturized, the required electric current increases dramatically.
Therefore, the current induced magnetic field cannot be used for high density magnetic
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storage devices. Spin transfer switching has attracted much attention as an alternative
method of electric current induced magnetization switching in nanopillars of spin valves
and magnetic tunnel junctions. The driving principle of this method is based on spin-
transfer torque, which is caused by the interaction between spin angular momentum of
conduction electron spins and local magnetic moments [SLO96] [BER96b]. Even though
the required current reduces as the bit size is reduced, the electric current is still large for
practical applications. In this study, voltage driven modulation is proposed as a desirable
alternative method for electrical control of magnetic properties, which can circumvent the
limitations in the other methods, as it does not require electric current flow. Significant
reduction of power consumption is expected in voltage driven spintronic devices.
Mechanisms of magneto-electric coupling have conventionally been demonstrated in
complex materials such as dilute magnetic semiconductors, or strain-coupled
magnetostrictive/piezoelectric composites and multiferroic oxides. In such magneto-
electric coupling, the magnetic state, e.g. mass magnetization and effective exchange
interactions, can be modulated by the application of surface charge via changes in d-band
filling and charge carrier doping. Response to the applied voltage has also been achieved in
other magnetic characteristics, including magnetic anisotropy, magnetostriction and
transition temperature. Recently, direct electric control of magnetic properties in transition
metal ferromagnets have been observed at low temperature using dielectric gating. It is
anticipated that voltage-driven change in the magnetic state can be achieved in

ferromagnetic ultrathin films at room temperature.
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6.2 Selection and description of suitable ferromagnetic system

The selection of suitable ferromagnetic system capable of appreciable response to the
surface charging is of great importance for this study. The selected system should meet the
following requirements:

e Well known and thoroughly studied metallic alloy system with inherent competition
of multiple electronic and magnetic phases with minimal difference of free energy.

e Magnetic transition temperatures are adjustable via synthesis techniques, such as
microstructure, size and chemical composition.

e Chemical resistance to electrolytes employed. Preferably large electrochemical
potential window, i.e. the voltage range between which the ferromagnetic
nanostructure doesn't get oxidized nor reduced.

Equi-atomic epitaxial Co/Pt inter-metallic ultrathin films

The selected system fulfilling the stated requirements is equi-atomic epitaxial Co/Pt inter-

metallic ultrathin films. The magnetic phase diagram of CoPt;x is well established, as

shown in Figure 6-6. When the atomic percentage of Co and Pt are approximately equal in
the alloy, the face centered cubic (fcc) structure transformed into one having tetragonal

symmetry at temperatures below 825°C [OKAO1].
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Figure 6-6: Phase diagram of Cobalt —Platinum alloy [OKAO1]

In addition to the stated requirements, as shown in Figure 6-7, applied field dependence of
the normalized Kerr rotation, the Co/Pt ultrathin films also have the following particularly
desirable properties for MOKE spectroscopy studies: i) perpendicular magnetization, ii)
large coercivities, iii) high squareness ratio in hysteresis loops, iv) significant Kerr rotations
[ZEP89] [GRE93].

The Co/Pt samples, provided by IBM Research Division, Almaden Research Center, were
prepared by molecular beam epitaxy (MBE) in an ultra-high vacuum environment (~2<10"
! mbar) [LEE91]. 20 nm of Ag buffer layer was first deposited onto a clean GaAs (111)
substrate. Co and Pt were then respectively grown from e-gun sources at the deposition

rates of ~ 0.015 nm/s and ~ 0.025 nm/s. After ~ 4.2 nm of CoPt was deposited, the ultrathin
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film was capped with a 1.6 nm Pt layer to stabilize the surface against atmospheric

oxidization.
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Figure 6-7: Field dependence of the normalized Kerr rotation of Co/Pt ultrathin films

6.3 Selection of suitable electrolyte for electrochemical gating

The selection of suitable liquid electrolyte is of crucial importance for electrolyte gating.
When dielectric gating is used, a number of characteristic parameters of the system are
determined by the insulating layer (Figure 6-8), for example, the dielectric constant of the

insulator and the gap between conducting surface. The
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Insulator

Ferromagnetic metal

Figure 6-8: Schematic of a device consisting of a metal gate (Au/Cr), an insulator layer (HfO,), and
an ultrathin Co layer. Chiba et al. used this device to study electrical control of the

ferromagnetic properties in cobalt [CHI11]

liquid electrolyte in electrochemical gating is equivalent to the insulator in dielectric gating:
an ionic insulating layer, that is, the electrochemical double layer, forms in front of the
conducting surfaces of the thin film electrodes. The majority of the potential drop between
the counter electrode and the working electrode (the ferromagneic system under
investigation) occurs across the electrochemical double layer, as shown in Figure 6-9. For
the Co/Pt ultrathin films, desirable electrochemical double layer formation can be obtained
by using suitable liquid electrolyte. Cyclic voltammetry, i.e. the electrochemical potential
depdence of the current, was applied in the electrochemical charactierzation of the Co/Pt

system using various candidate electrolytes. The electrolytes that exhibited fast evaporation
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Figure 6-9: Shematic illustration of the electrolytic double layer capacitor principle. The charge on
the metallic thin film attracts ions of opposite charge in the electrolyte, and the dipoles in the
solvent align. Note, electricity is not stored by means of chemical reaction but rather the

physical adsorption of ions to the large specific surface area of the thin film electrodes.

and slow charge transfer kinetics were fist exculded. The combination of an aqueous
electrolyte and a non-aqueous solvent was rejected due to the evolution of hydrogen gas at
negative potentials and its diffusion into the ferrmagnetic thin film. The presence of water
molecule in the aqueous medium was also undesirable. LiCIO4 (non-aqueous electrolyte,

99% pure, Sigma Aldrich) dissovled in ethyl acetate (non-aqueous solution, Sigma Aldrich)
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was proven to provide large stabiliy potential window and neglible reaction with the Co/Pt
alloy and was selected in the present study.
When the applied bias potential between the electrodes are sufficiently large, the
following electrode reaction may occur:
Li*+e > Li and CIO4 + 2e > ClOs3,

The electrode potential, E, required for the above reaction to occur can be evaluated by

E=qi-@. =427V (6.2)
where
¢+ =@ cloa/cioz =1.23V (6.3)
o-=¢LiLi=-3.04V (6.4)

Hence, when the applied bias potential is less than 4.27 V, the electrolyte LiCIO, is stable.

6.4 Design and instrumentation of in-situ experimental system

Electrochemical cell and cell holder design

The electrochemical cell and cell holder are made of non-magnetic and non-conducting
materials to prevent mechanical motion when magnetic field is applied. The
electrochemical cell consists of a Teflon cap and a quartz body. The telfon cap, designed
using Pro Engineer and fabricated using a Stratasys Dimension 3D Printer, has four holes,
which are respectively used to accommodate 1) the working electrode, 2) the counter

electrode, 3) the reference electrode, and 4) the purging line, as shown in Figure 6-10.
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Figure 6-10: Schematic illustration the Teflon cap design: (a) side view, (b) top views, and (c) 3 D
view. The holes denoted 1~4 are respectively used to accommodate the working electrode,

the counter electrode, the reference electrode, and the purging line.

The cell body incorporates optically transparent flat quartz windows so that minimum
absorption and dispersion of the incident and reflection laser beam can be guaranteed. Note,
all components of the cell are chemical resistant to degradation by electrolyte and possible
electrode reactants and products. The assembly of the cell, as shown in Figure 6-11, is
designed to have a compact size, that is, 25 mm (width) x 25 mm (length) x 50 mm
(height), so that it fits the small space between the pole caps of the two electromagnets of

the MOKE system which is manually adjustable with a minimum separation of 38 mm.
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(c) (d)

Figure 6-11: Schematic illustration the electrochemical cell design: (a) top view, b) & c) side views,

and d) 3 D view

A customized cell holder adapter, as shown in Figure 6-12, is utilized to firmly mount the
electrochemical cell on the optical table. The surface of the ferromagnetic thin film, i.e. the
working electrode, is properly positioned at the center of the opening of the cell holder

adapter (denoted by an arrow).
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Figure 6-12: Electrochemical cell holder for optical measurements, incorporating a cell holder
adapter. The incident and reflection laser beam will pass through the opening in the center
of the cell holder adapter.

In the present study, the electrochemical cell is equipped with a Co/Pt working electrode, a
Pt counter electrode and a Ag/AgClI reference electrode.

In-situ experimental setup

The in-situ experimental setup for the measurement of surface-charge induced variations in
magnetization has three components: a home-built MOKE apparatus, a three-electrode
electrochemical cell, and a Potentiostat (Gamry G 300/750), as shown in Figure 6-13. For

the ferromagnetic Co/Pt ultrathin film sample that exhibits perpendicular magnetization,

115



the MOKE apparatus is set to operate in Polar mode. The electrochemical cell is positioned

between the two electromagnets

Analyzar : Polarizar
Mirror
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- Potentiosatat -
[ =
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Figure 6-13: Schematic illustration (top view) of the in-situ experimental up that consists of a MOKE
apparatus, a Potentiostat and a three-electrode electrochemical cell. The optical path of
the laser for Polar MOKE measurements is represented by a thin line. Note, the actual

incident laser beam should be almost perpendicular to the surface of the working electrode.
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and carefully adjusted so that the incident and reflection laser beam can directly pass
through a small hole in the pole cap of an electromagnet (both the incident and the
reflection laser beam are most perpendicular to the surface of the working electrode). The
Potentiostat is used to accurately control the potential of the counter electrode with respect
to that of the working electrode. Electrochemical charging of the working electrode takes
place when the electrodes are under potentiostatic control and a non-zero bias potential
between the counter electrode and the working electrode is applied. When a certain
magnetic field is applied, magnetic response of the sample under various user-specified

values of bias potential can be measured using the MOKE magnetometer.

6.5 Dynamic and reversible variations in the magnetic properties via

electrochemical surface charge

Experimental procedure

An experimental procedure has been extensively used in the study of surface-charge
induced variations in magnetic properties [WEI03] [KRA04] [GHO11]. The experimental
procedure can be summarized as follows:

« Step 1: Set the applied magnetic field to a desired value,

+ Step 2: Cycle the bias potential within a proper potential window, in which double-
layer charging is dominant, and measure the variations in magnetic response at the
same time

« Step 3: Calculate and analyze the percentage variation of magnetization resulting

from cyclic sweeping of the bias potential
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« Step 4: Set the applied magnetic field to another value of interest and repeat step 1 to

3.

However, this procedure has its limitations: The applied magnetic field dependence of the
magnetic response cannot be systematically studied and the critical magnetic parameters,
i.e. coercivity, retentivity, and saturation, cannot easily extracted, and therefore the charge
induced variations in magnetic behavior cannot adequately represented by the measured
data. An alternative experimental procedure is used in the present study to systematically
evaluate the effect of induced surface charge on magnetic parameters. The major steps of
this experimental procedure are as follows:

» Step 1: Measure the hysteresis loop, i.e. Kerr rotation vs. applied magnetic field,
without potentiostatic control, that is, the gate voltage, V¢, between the counter
electrode and the working electrode is set to 0. Note, an electrochemical double layer
naturally forms at the interface between the metallic thin film and the electrolyte,
even if the applied gate potential is zero.

+ Step 2: Set the gate voltage to a non-zero value of interest within a potential window
(for electrochemical double layer formation) and measure hysteresis loop,

» Step 3: Calculate and analyze the percentage variation of critical magnetic
parameters, e.g. coercivity, from gate voltage application

» Step 4: Set the gate voltage to another value of interest, measure hysteresis loop and

repeat step 3
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Experimental Results

Polar Kerr hysteresis loops were measured with the Co/Pt system under various gate
voltage applications. Figure 6-14 shows the Kerr rotation vs. magnetic field curves under
two gate voltage applications of -0.5 V and 0.5 V. When the gate voltage is 0.5 V, the
Co/Pt system shows paramagnetic behavior, i.e. coercivity is reduced to zero, and the

intrinsic ferromagnetic ordering of Co/Pt is suppressed
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Figure 6-14: Polar Kerr hysteresis loops at 300 K under two gate voltage applications of -05Vv
and 0.5 V. Hysteresis curves are normalized with respect the saturation under the gate
voltage of -0.5 V.

One possible explanation for the electric field induced paramagnetic behavior is that the

critical magnetic ordering temperature is decreased to some value below 300 K upon the
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application of a positive gate voltage and the phase transition is modulated via induced
surface charge. Since our in-situ experimental setup is currently restricted to room
temperature measurements, the stated explanation cannot be supported by measurements at
lower temperatures. (Future improvements of the in-situ experimental setup will include a
temperature control unit, which will enable magnetization measurements at lower
temperatures). When the gate voltage is changed from a positive value (0.5 V) to a negative
value (-0.5 V), it is clear that a perpendicular anisotropy is induced. As shown in Figure 6-
15, when various

-0.8V
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Figure 6-15: Polar Kerr hysteresis loops at 300 K under two gate voltage applications of -0 V, -0.3 V,
-0.5 V and -0.8 V. Hysteresis curves are normalized with respect the saturation under the

gate voltage of 0 V.
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negative gate voltages are applied, the Co/Pt system exhibits ferromagnetic behavior in
hysteresis curves. When the gate voltage changed from 0 V to -0.8 V, that is, the magnitude
of negative gate voltage increased, significant changes in critical magnetic parameters were
observed; the saturation magnetization, coercivity, and switching field distribution
decreased, however, the perpendicular anisotropy clearly increased. The change in
coercivity, in particular, indicates that magnetization switching process can be modulated

electrically.

Discussion
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Figure 6-16a: Descending branch of Polar Kerr hysteresis curves at 300 K under gate voltage
applications of 0 V, -0.3 V, -0.5 V and -0.8 V after saturated in 6000 Oe under zero gate

voltage.
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As shown in Figure 6-16, the effect of bias voltage application on the magnetization
reversal process is properly compared; the Co/Pt system is first saturated in a large positive
magnetic field, i.e. 6 kOe, under zero gate voltage to eliminate the difference resulting from
history dependent magnetic behavior, a non-zero gate voltage is then applied, and the
magnetization switching process is subsequently recorded as the magnetic field decreased
to negative saturation. The procedure is repeated for various values of gate voltage. The

change in coercivity as a function of gate voltage is shown in Figure 6-16b.
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Figure 6-16b: Change in coercivity as a function of gate voltage. The coercivities under various gate

voltage application are obtained from the hysteresis curves in Figure 6-16a.

It should be emphasized that the electrical modulation of magnetization switching is

reversible. The reduction of coercivity at which magnetization reversal occurs, assisted by
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the application of a small bias voltage, would lead to easier switching without sacrificing
thermal stability and it is therefore highly desirable in magnetic recording systems. The
magnetization reversal process starts with the nucleation of small reversed domains,
followed by their local expansion from the nuclei and subsequent domain wall propagation.
The change in domain wall propagation results in modulated activation energy barrier, and
therefore leads to the variation in coercivity. The magnetization switching can therefore be
dynamically controlled by inducing a gate voltage at various stages of the magnetization
reversal. For example, an asymmetric magnetization switching process may be obtained as
the magnetic field cycle from negative to positive saturation and back, when the following

sequence is used (Figure 6-17):

Saturate the Co/Pt system in a large negative field under zero gate voltage,

* Increase the magnetic field to point “A”, denoted by a black arrow, and induce a gate
voltage of -0.5 V at A. Note, the nucleation of the reversed domain has not taken
place at “A”.

* The subsequent magnetization switching follows the blue solid curve, instead of the
black dashed curve, as the magnetic field increased to positive saturation.

» Decrease the magnetic field to point “B”, denoted by a blue arrow, and remove the
gate voltage at B

+ The subsequent magnetization switching follows the black solid curve, instead of the

blue dashed curve, to negative saturation.
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Figure 6-17: Dynamic control of magnetization switching via gate voltage application. A gate voltage
of -0.5 V is induced at A, denoted by black arrow, and then removed at B, denoted by blue

arrow.

The application of a sufficiently large negative gate voltage, which leads to significant
reduction of coercivity and large induced perpendicular anisotropy, may also be used to
trigger the magnetization switching to a stable magnetization state. As shown in Figure 6-
18, a positive saturation field is first applied to the Co/Pt system magnetic field under zero
gate voltage, the field is then decreased and fixed at “C”, a value indicated by a vertical
dashed line, at which the magnetization state is stable under zero gate voltage. It should be
noted that the magnitude of “C” is larger than that of the coercivity under a gate voltage

application of -0.8 V. That means, when a gate voltage of -0.8 V is applied, the
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magnetization state at “C” can no longer be sustained and magnetization switching will be

immediately activated.
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Figure 6-18: Activation of magnetization switching to a stable magnetization state via gate voltage

application.

Summary

The author designed and built an in-situ experimental system, which consists of a
MOKE apparatus, a three-electrode electrochemical cell and a Potentiostat for the
measurement of surface charge induced variations in magnetic properties. The present
investigation presents isothermal reversible variations in the critical magnetic parameters of
a Co/Pt ultrathin film system via induced electrochemical surface charge. Dynamic control

of magnetization switching is realized by negatively charging the interface of the
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ferromagnetic thin film and the electrolyte at various stages of the magnetization reversal
process. The possibility of reversibly and dynamically control the magnetic properties of
ferromagnetic metallic nanostructure, under the assistance of a small biased voltage, at
room temperature offers new functionalities of spintronic and magnetoelectronic devices
and could enable the development of nonvolatile magnetic storage and logic devices with

ultra-low power consumption.

The present work (chapter 6 of the dissertation) partially results from an American-
German joint research program involving the George Washington University (US team)
and the Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany (German team). In
this program, the German team is responsible for the synthesis and processing of suitable
nanostructures, employing its pioneering novel and versatile fabrication strategies. A series
of ferromagnetic nanostructures, synthesized under identical conditions, are expected to be
provided by KIT after successful demonstration of reversible and dynamic control of
magnetic properties via induced electrochemical surface charge in the Co/Pt ultrathin film
system, i.e. 1% batch specimen for the program, using in-situ experimental setup at GWU.
The effect of structural parameters, such as thickness of the thin films, film-substrate
combination and chemical composition, on the charge induced variations in magnetic
properties can therefore be systematically studied, in reference to experimental results on

the Co/Pt system described in this dissertation.

126


http://en.wikipedia.org/wiki/Karlsruhe_Institute_of_Technology

6.6 Future Work

The customized MOKE magnetometer at GWU offers many advantages, such as high

surface sensitivity and multiple measurement geometries, however, the functionality of the

experimental system can still be further enhanced:

1)

2)

3)

The experimental system is currently restricted to room temperature measurements.
The top priority for future improvements in the experimental system should be the
addition of a temperature control unit to the electrochemical cell that accommodates
the thin film sample under investigation. The observed paramagnetic behavior under a
positive bias voltage in the Co/Pt ultrathin film system could be attributed to surface
charge induced modulation of phase transition. The capability of doing MOKE
measurements at lower temperatures would enable us to validate such conjecture.

A laser stabilizer should be incorporated into the MOKE magnetometer to increase
the stability in the intensity and phase of the laser outputs. Stable laser signal is the
prerequisite for quantitative calibration and accurate Kerr effect measurements. The
addition of a laser stabilizer is expected to drastically improve the repeatability of
MOKE experiments.

In order to ultimately incorporate the three-electrode system into a practical solid-
state device, the liquid electrolyte should be replaced by alternative gel-polymer
electrolytes. The author suggests an ionic liquid film that can provide a large potential
window for electrolytic double layer formation and allow for all-solid state

fabrication as a candidate electrolyte for future investigation.
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4) Structural characteristics are expected to significantly influence the surface charge
induced variations in magnetic properties. It is of crucial importance to systematically
study a series of specimens that are fabricated under identical conditions, featuring

various controlled thickness, film/substrate combination and chemical composition.
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