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Abstract

This thesis focuses on the coupling mechanism of nanostructured cobalt ferrite (CFO)
in different hybrid materials and their response to external stimuli, such as temperature,
magnetic or electric fields. In the first part of this thesis, ferrofluidic materials consist-
ing of viscous solutions and embedded magnetic nanoparticles are studied offering a wide
range of possible applications. For that purpose, the influence of nanoparticles on mechan-
ical and rheological properties of solutions, as well as phase transitions, are investigated
by standard magnetometry and AC susceptometry (ACS). To cover a wide range of fre-
quencies, our ACS setup is combined with the one at the University of Cologne. The
in-field alignment of magnetic nanoparticles and their particle-matrix interaction are in-
vestigated by nanoparticle magnetization dynamics. Brownian motion is identified and
interpreted from ACS spectra, whereby the particle size in solutions is extracted. In the
second part of this thesis, the coupling mechanism of CFO to piezoelectric materials in
multiferroic composites is investigated. Since single-phase multiferroic materials operat-
ing at room temperature are rare in nature, multi-phase composites are studied at the
nanoscale. In recent years, the topic of multiferroics was revitalized by combinations of
nanostructured ferroic materials. Here, a detailed analysis of the magnetoelectric (ME)
effect between magnetostrictive and piezoelectric constituents is given. By pulsed laser
deposition (PLD) CFO is grown in combination with piezoelectric materials, like bar-
ium titanate or bismuth ferrite, in various connectivity schemes: CFO as thin films, as
nanopillars and as particles in a piezoelectric matrix. In the last step, CFO is replaced by
Terfenol-D to enhance the ME coupling coefficient. The second part of this thesis starts
with the preparation technique and synthesis of the multiferroic composites by PLD. The
main focus lies on structural and magnetic characterization and the indirect observation
of the magnetoelectric coupling. The influence of different material compositions and the
preparation technique are studied to obtain a detailed overview of the physical phenomena
that govern the strength of the ME effect. An element-specific characterization is done by
X-ray absorption spectroscopy. For that, electric-field dependent X-ray magnetic circular
dichroism is recorded at the Fe and Co L3,2 absorption edges in the surface-sensitive total
electron yield mode. X-ray linear dichroism is investigated at the Fe and Co L3,2 and Bi
N5,4 absorption edges at different magnetic fields. In addition, the magnetic field depen-
dent piezoresponse is measured by piezoresponse force microscopy or by magnetic force
microscopy to investigate the magnetoelectric effect.

In both parts of this thesis, dealing with polymeric hybrid materials and multiferroic
composites, the characterization of the constituent itself is given, e.g. structural properties
by X-ray diffraction. Then, the coupling mechanism itself is investigated by magnetometry,
ACS, microscopy or X-ray absorption spectroscopy.





Kurzzusammenfassung

Diese Arbeit beschäftigt sich mit den Kopplungsmechanismen von nanostrukturiertem
Cobaltferrit (CFO) in verschiedenen Verbundmaterialien und deren Antwortverhalten
auf äußere Einflussfaktoren, wie Temperatur, magnetische oder elektrische Felder. Im
ersten Teil dieser Arbeit werden Ferrofluide bestehend aus magnetischen Nanopartikeln
in viskosen Trägerflüssigkeiten behandelt. Eingebette Nanopartikel beeinflussen die mech-
anischen und rheologischen Eigenschaften, sowie die Phasenübergänge des Verbundma-
terials, welche mittels Magnetometrie und AC Suszeptometrie (ACS) untersucht werden.
Um einen möglichst großen Frequenzbereich abzudecken, kombinieren wir unseren ACS
Aufbau mit den Messungen von der Universität zu Köln. Die magnetische Ausrichtung
der Nanopartikel im Magnetfeld und deren Wechselwirkung mit der Matrix wird mit dy-
namischen Messungen untersucht. In den ACS Spektren wird die Brown’sche Bewegung
der Nanopartikel untersucht und damit deren hydrodynamischer Radius extrahiert. Im
zweiten Teil der Arbeit wird die Kopplung von CFO mit einem piezoelektrischen Ma-
terial in multiferroischen Systemen untersucht. In der Natur gibt es selten einphasige
multiferroische Systeme, die zudem bei Raumtemperatur einen multiferroischen Effekt
zeigen. Aus diesem Grund fokussieren wir uns im Folgenden auf mehrphasige Kompos-
ite. In den letzten Jahren sind die Multiferroika wieder in den Fokus der Wissenschaft
gerückt, da nanostrukturierte Materialien durch neuartige Präparationstechniken möglich
wurden. Eine detailierte Analyse vom magnetoelektrischen (ME) Effekt zwischen magne-
tostriktivem CFO und einem piezoelektrischen Material, wie Bariumtitanat oder Bis-
mutferrit, wird hier durchgeführt. Dazu wurden Multiferroika mittels gepulster Laserde-
position (PLD) in verschiedenen Konnektivitäten hergestellt: CFO als dünner Film, als
Nanosäulen und als Partikel in einer piezoelektrischen Matrix. Im letzten Schritt wird
CFO durch Terfenol-D ersetzt um die ME Kopplung zu erhöhen. Teil II beinhaltet die
Herstellung von zweiphasigen multiferroischen Kompositen und die Untersuchung der
strukturellen und magnetischen Eigenschaften, sowie der magnetoelektrischen Kopplung.
Der Einfluss der Konnektivitäten und der Materialkompositionen wird in Hinblick auf die
Größe des magnetoelektrischen Effekts erforscht. Die elementspezifische Röntgenabsorp-
tionsspektroskopie wird genutzt um den Einfluss von elektrischen Feldern auf den mag-
netischen Zirkulardichroismus an den Fe und Co L3,2 Absorptionskanten zu erforschen.
Zudem wird der lineare Dichroismus an der Fe und Co L3,2 und Bi N5,4 Kante bei unter-
schiedlichen magnetischen Feldern untersucht. Außerdem wird die Rasterkraftmikroskopie
mit piezoelektrisch-aktiver Spitze und magnetfeldabhängige Mikroskopie verwendet.

Zunächst werden die Eigenschaften der einzelnen Komponenten in den polymerbasierten
und multiferroischen Systeme aus Teil I und II analysiert, um dann die Kopplungsmech-
anismen selbst mittels Magnetometrie, ACS, Mikroskopie oder Röntgenabsorptionsspek-
troskopie zu untersuchen.
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1 Introduction

Nowadays, materials for applications are no longer only innovative but they must also
fulfill technical and economic requirements. In general, novel technology or materials
will not end up in applications unless they have the following advantages: Improvement
of current approaches, longevity and environmental-friendliness. One example for such
a material is cobalt ferrite (CFO), which has high coercivity, moderate magnetization,
good chemical stability, good hardness, low electrical resistance, high cubic magnetocrys-
talline anisotropy, high electromagnetic and low photomagnetic performance, high Curie
temperature, and large magnetostriction. All of this makes CFO a good candidate for
magnetic resonance imaging, magnetic memory devices, magnetooptic devices, actuators,
and sensors. Due to these properties, CFO can be used in materials to lower the power
consumption, to achieve higher sensitivity and faster processing time. However, CFO is
not only used as a pure material but as a constituent in many hybrid materials. Those
have been found to exhibit additional properties and are already used in state of the art
technologies. Composite materials with CFO as a constituent are in the focus of research
due to its wide ranging application field, as it is illustrated in Figure 1.1.

Figure 1.1: Possible applications of CFO in hybrid materials.
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1 Introduction

For example, CFO is used in catalysis due to its intrinsic catalytic property in oxygen
evolution reaction, which can be electrically addressed [1]. The electrocatalytic or pho-
tocatalytic oxidation reactions of CFO are studied in the framework of the CRC/TRR
247 for renewable energy technologies [2]. In nanotechnology, highly-capacitive and ultra-
high density memory devices [3] or spin-filters [4] are realized by using ferromagnetic
insulator layers sandwiched between nonmagnetic and ferromagnetic layers generating
spin-polarized currents by different tunneling probabilities between two spin orientations
[5]. Such a ferromagnetic layer can be very complex consisting of CFO and many more
materials. In addition, CFO in combination with piezoelectric materials can be used as
magnetoelectric device in sensors and actuators [6] or shape memory devices [7]. Besides
the technical approach, CFO is also used in medical applications, such as biomedical imag-
ing and therapeutic application [8]. Due to heat activated abilities, magnetic nanoparticles
can be utilized in cancer therapy, as a drug carrier or as a contrast agent in magnetic res-
onance imaging [9]. Furthermore, CFO particles in solutions are used as ferrofluids [10]
and magnetorheological fluids in dampers. By adding additives to the solutions, magne-
tosensitive elastomers [11] are formed, which are a possible candidate for soft actuators
[12].

Due to the complexity of CFO-based hybrid materials and the variety of combinations,
the microscopic understanding is still incomplete and is currently under investigation by
theoretical and experimental approaches. A comprehensive understanding of the coupling
mechanism, their interaction to external stimuli and resulting properties is necessary. Mo-
tivated by the different physical phenomena, widespread efforts have been made in recent
years to create magnetic compound materials, where the magnetism can be utilized to
probe the state of hybrid materials. For example, magnetic nanoparticles are incorpo-
rated to be an active detector to transfer external stimuli to the matrix, or vice versa, or
to probe the particle-matrix interaction on the particle scale. In this thesis the dynamic
intrinsic fluctuation of the particle moment and the response of the particle to an exter-
nal magnetic field are used to analyze magnetic relaxation phenomena at the nanoscale
by AC susceptometry and standard magnetometry protocols. That provides valuable in-
formation on magnetic structure, dynamic viscosity, constrained particle movement in
ferrofluids and polymers. On the other hand, magnetoelectric materials show coupling
between electric and magnetic properties, with an applied electric field leading to induced
magnetization, while an applied magnetic field leads to induced polarization. Biphasic
magnetoelectric composites of cobalt ferrite and barium titanate or bismuth ferrite are
studied to gain information on their multiferroic properties. In this thesis, we limit our
focus to the particle-matrix interaction in CFO-doped polymer solutions and CFO-based
multiferroics. The structure of the thesis will be given in the following.
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1.1 Structure of the thesis

1.1 Structure of the thesis

This work is focused on various kinds of CFO hybrid systems in order to develop a micro-
scopic understanding of the interaction mechanisms within the system. For that purpose,
the thesis is divided into two parts with respect to the type of matrix material. Before
both parts are introduced an overview of magnetism is given, explaining different kinds
of magnetism and what becomes important when going to the nanoscale. Then an intro-
duction of the material CFO and its characteristics is provided, followed by experimental
techniques used in this study to gain information on structural and macroscopic proper-
ties, e.g. magnetic and electric behavior. At the smallest length scale, atomic coupling can
be tested using X-ray absorption spectroscopy or Mössbauer spectroscopy. A selection of
measuring techniques at different scales are given.

1.1.1 Part I: Cobalt Ferrite Nanoparticles in Solutions

The first part of this thesis deals with cobalt ferrite nanoparticles dispersed in different
kinds of solution ranging from crystallizing to non-crystallizing carrier liquids. Start-
ing with an introduction to particle-matrix interaction in hybrid materials, phase tran-
sitions, especially for poly(ethylene glycol) solutions, and their influence on the mobility
of nanoparticles, considering the Néel relaxation as well as the Brownian motion, are
explained.

The results chapter of part I is ordered in the following fashion: First, the synthesis route
of CFO particles and their characterization is given. For the understanding of particle-
matrix interaction in complex polymer solutions, we start with our investigation on CFO
particles in water and later on in glycerol, before going to the phase transitions of com-
plex structured (differently concentrated and entangled) polymer solutions for which the
influence of nanoparticle concentrations and external magnetic fields is studied. Deter-
mining the origin of crystallization processes should lead to a deeper understanding of
the phase transition behavior from liquid to solid phase and vice versa. At the end of
this part, nanorheological studies on the scale-dependent particle-matrix interaction in
the polymeric solutions are done. In this part the following questions emerge:

- Is the observation of phase transitions in viscous or viscoelastic matrices possible by tem-
perature dependent magnetization measurements? How does the crystallization behavior
affect the shape of magnetization curves?

- Do nanostructured polymer solutions influence the response in AC magnetic fields? How
comparable are the observations by macro- and nanorheology?

3



1 Introduction

1.1.2 Part II: Cobalt Ferrite Structures in Multiferroic
Composites

In the second part of this thesis, cobalt ferrite is used as the magnetostrictive component in
biphasic multiferroic composites. First, the introduction will lay the groundwork for why
we are dealing with materials that exhibit magnetoelectric (ME) coupling and why we are
interested in two-phase multiferroics. Conceptually, connectivity is a major factor affecting
the modeling grounds for these composites. A combination of structural, magnetic and
electric characterization methods, as well as microscopic imaging are used to determine
the magnetoelectric coupling mechanism. The part of multiferroics is subdivided into three
chapters, each one dealing with a multiferroic composite of different connectivity:

We begin with the chapter on bi-layered structures of cobalt ferrite and barium titanate,
which might serve as a model system for future simulations, since finite element modeling
and computational simulations typically utilize simple and well defined boundary condi-
tions. The preparation conditions are explained and the bi-layer system is investigated by
electron microscopy to study the structure of the individual layer, as well as the interface.
Magnetic and electric properties of the constituents in the composite are probed. Since
those bi-layered structures cannot be characterized in our ME measurement setup, the
ME coupling is indirectly checked by imaging the piezoresponse under different applied
magnetic fields.

Further modification of the connectivity and substrate orientation leads to new properties
and coupling phenomena. In the second chapter, CFO nanopillars in a bismuth ferrite ma-
trix are grown by pulsed laser deposition. Since the deposition parameters have a strong
influence on the structure, several attempts were made to achieve optimized deposition
parameters. Structural and magnetic characterization are done by scanning electron mi-
croscopy (SEM) and magnetometry. By element-specific X-ray absorption spectroscopy
the electronic structure and magnetic properties at the Fe and Co absorption edge are
investigated and their magnetic dichroism is studied under various electric fields. X-ray lin-
ear dichroism at the Bi absorption edge is performed to probe the ion displacement under
magnetic fields via the magnetoelectric coupling. Moreover, the ME coupling mechanism
is tested by using piezoresponse and magnetic force microscopy (PFM/MFM).

The last chapter deals with the attempt to achieve a two-phase multiferroic system with
an enhanced magnetoelectric coefficient. Therefore, cobalt ferrite is replaced by the mate-
rial with the highest known magnetostriction, Terfenol-D, and synthesized together with
barium titanate to multiferroic pellets. Those are investigated in our ME measurement
setup, showing a classical pitfall due to conductivity effects. Due to limited beamtimes,
we tested our multiferroic pellets by X-ray absorption spectroscopy. Further experiments
would be appropriate to determine the magnetoelectric coupling coefficient.

4



1.1 Structure of the thesis

Part II leads to the following type of questions related to the multiferroic composites:

- How does the substrate orientation influence the growth behavior of bilayer systems?
How do the structural properties affect the magnetic characterization and the magneto-
electric coupling between those layers? Is there a significant change at the interface?

- Can the connectivity type be tailored by changing the deposition parameters in PLD?
What do the changes in piezoresponse and magnetic response look like in such nanopil-
lar structured films? How do the electronic and magnetic properties of the composite
affect the magnetoelectric coupling in a microscopic picture studied by X-ray absorption
spectroscopy?

- Is it possible to enhance the magnetoelectric effect by replacing CFO with Terfenol-D?
What kind of problems arise during the preparation and analysis of Terfenol-D based
composites?

5



2 Fundamentals

2 Fundamentals

In this chapter the theoretical foundations of magnetism, different types of magnetism
and important properties of magnetic nanoparticles are summarized, as well as a short
introduction to the broadly used material cobalt ferrite (CFO) is given in the following.

2.1 Magnetism

Materials can be classified regarding their magnetic state or magnetic phase. In general,
non-cooperative and cooperative magnetism exist. In a simple classification, the material’s
response to an applied magnetic field can be described by the magnetic susceptibility. An
example for non-cooperative magnetism is an ideal diamagnetic material, exhibiting a neg-
ative and temperature-independent magnetic susceptibility χ. Diamagnetism is present in
all kinds of materials, but is usually negligible compared with the magnetism arising from
any spontaneous moments. Another non-cooperative magnetism is paramagnetism, which
is, in an ideal case, the random distribution of magnetic moments. By applying an exter-
nal magnetic field, each moment aligns in field direction. Since the thermal energy kBT
results in a disarray of magnetic moments, the susceptibility of paramagnetic materials
is highly influenced by the temperature and can be described by the Curie law χ = C/T

with the element-specific Curie constant C. Curie’s law is a special case of the Curie-
Weiss law χ = C/(T − TO) with TO being the ordering temperature, which describes the
magnetic property of a cooperative magnetic material. Depending on the ordering mech-
anism of moments, TO is called Curie temperature TC for ferro- and ferrimagnets or Néel
temperature TN for antiferromagnets. In all cooperative magnetic materials, the magnetic
ordering disappears above the ordering temperature TO above which the materials become
paramagnetic.

2.1.1 Cooperative Magnetism

The first theoretical understanding of cooperative magnetism was introduced by Werner
Heisenberg in 1928 [13], who linked the magnetic phenomena to quantum theory. In ac-
cordance with quantum mechanics, the spin magnetic moment contributes to a molecular
field and spins on neighboring atoms can be aligned parallel or antiparallel to each other,
resulting in different electron charge distributions in the atom, which alters the electro-
static energy of the system. For ferromagnetic materials, a long-range collinear alignment
of moments is most energetically favorable, e.g. in iron, nickel, cobalt and many of their
alloys, but this alignment disappears above the Curie temperature TC. Below TC the
exchange energy of spins is larger than the thermal energy and a spontaneous magne-
tization remains even in the absence of external fields. In ferromagnetic bulk materials,
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there exist regions of parallel aligned moments, called domains, in which the net moments
point in different directions. By applying an external magnetic field, the orientation of
the domains can be aligned parallel, eventually resulting in a saturation magnetization
MS at sufficiently high fields. After removing the field, parts of the domains stay aligned,
which is known as remanence MR. For demagnetization, the so-called coercive field HC

pointing in the opposite direction is required. By further increasing the magnetic field,
all domains can align and the magnetization saturates again, but now in the opposite
direction. This phenomenon is called magnetic hysteresis, which is commonly depicted by
plotting the field dependent magnetization M(H) under a cyclic variation of the external
applied magnetic field H from positive to negative values and vice versa (see Figure 2.1).

Figure 2.1: Magnetic field dependent magnetization curve M(H) showing a typical hys-
teresis curve. At characteristic points, e.g. the saturation magnetization MS, the remanent
magnetization MR and the coercive field HC, the domain structure within the material is
schematically depicted.

Another type of magnetic ordering is antiferromagnetism, in which the spin moments
are aligned antiparallel to each other, resulting in a zero net magnetization [14]. Similar
to antiferromagnetic materials, the magnetic moments of a ferrimagnetic material are
antiparallel aligned, but the magnetic moments located on different sublattices are unequal
resulting in a small net magnetization [15]. A typical example for a ferrimagnetic material
is magnetite (Fe3O4): Like in most cubic spinel ferrites, magnetic properties result from

7



2 Fundamentals

the contained magnetic ions. The oxygen ion O2− has no net moment and the metal ions
in a ferrite crystal occupy two crystallographically different kinds of position, namely the
tetragonal A-site and octahedral B-site. As A- and B-site magnetization is unequal, the
spinel is ferrimagnetic. The cubic spinel structure will be discussed in detail in section 2.3
for CFO.

2.1.2 Anisotropy

The shape of the M(H) hysteresis loop is strongly affected by the magnetic anisotropy,
meaning that the magnetic properties depend on the measured field direction with re-
spect to the crystal lattice. Consequently, magnetically hard and easy directions exist in
a material. The origin of the magnetic anisotropy is the interaction of the mean field with
the exchange field and the orbital angular momentum of the atom in the lattice, called
spin-orbit coupling [16]. There are several contributions to the magnetic anisotropy, com-
monly the magnetocrystalline and shape anisotropy. In the simplest case and under the
assumption of uniaxial1 anisotropy, the anisotropy energy can be estimated by

EAni = KV · sin2(θ), (2.1)

with θ being the angle between the magnetization vector ~M and the easy magnetic di-
rection of the crystal lattice, the volume V and the anisotropy constant K. Another
important contribution to the magnetic anisotropy is the shape anisotropy. In particles,
the shape anisotropy energy is given by

EShape = µ0

2 · V
∑
i
NiM

2
i , (2.2)

with the vacuum permeability µ0 and the elements of the demagnetization vector Ni. For
spherically shaped particles, the elements of the demagnetization vector yield Ni = 1/3,
meaning that there is no preferred magnetization direction due to the particles’ shape.
If a magnetic field H is applied along the symmetry axis, the energy of the particle will
be

EAni, H = KV · sin2(θ)− µ0µH · cos(φ− θ), (2.3)

with µ = MV and the angle φ between the magnetization vector and the easy axis.

2.2 Magnetic Nanoparticles

The reduction in size of a magnetic material changes the properties significantly compared
to the bulk form. Based on the theory by Néel [17] new phenomena, such as relaxation

1only one easy direction
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mechanisms like superparamagnetism, need to be considered. Starting with the anisotropy
in magnetic nanoparticles, it is often described in terms of an effective anisotropy Keff,
which contains contributions of shape, magnetocrystalline and surface anisotropy:

EAni,eff = Keff · VParticle. (2.4)

It can be shown that the magnetocrystalline anisotropy becomes less important in small
particles, while the shape and surface anisotropy need to be considered due to the high
surface-to-volume ratio. In the case of spherical nanoparticles, the anisotropy constant
can be divided into a core anisotropy constant KC representing a core with spins pointing
in one direction and a surface anisotropy constant KS describing a shell of surface spins
around the core. The competition between the alignment of surface spins and the mag-
netocrystalline anisotropy result either in spin alignment parallel to the surface or in a
frustrated spin structure. Nevertheless, both spin structures lead to a reduction of the net
magnetic moment of the particle. Going from a single particle to an ensemble of particles,
also the magnetic dipolar interaction between the moments of neighboring particles can
reduce the net magnetic moment. The magnetic dipole energy of two interacting particles
in a distance d with a net magnetic moment µi pointing in direction ~ei can be expressed
by

EDipol-Dipol = µ0

4π

(
~µ1 · ~µ2

d3 − 3( ~µ1 · ~e1) · ( ~µ2 · ~e2)
d5

)
. (2.5)

Since the interparticle exchange interaction is strongly limited by the distance between
particles, one can prevent the reduction of the net magnetic moment caused by interpar-
ticle interaction by reducing the number of interacting particles. The distance becomes
larger resulting in an almost vanishing interaction energy. Another option to chemically
stabilize particles in fluids is a coating. A non-magnetic shell prevents the particles from
forming agglomerates and also reduces the interparticle interaction. By coupling the mag-
netic moments of individual magnetic particles, interparticle interaction induces a col-
lective behavior resulting in a modified magnetic response of the assembly, as compared
to the isolated particles. Regarding magnetorheological fluids, magnetic nanoparticles are
intended to form dense assemblies, e.g. particle chains. The collective behavior of such
materials can be described by the inter-atomic quantum-mechanical exchange model by
Heisenberg [18].

2.2.1 Superparamagnetism

The lower volume of a magnetic particle affects not only the magnetic anisotropy but
also the domain structure within the particle. Below a critical threshold, which originates
from the competition between minimizing the stray field and the domain wall energy,
a single-domain state is favorable [19]. For a single-domain particle the thermal energy
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ETherm = kBT with kB being the Boltzmann constant becomes comparable to the magnetic
anisotropy energy. In a ferromagnetic single-domain particle the magnetic moments within
the particle can be summarized by a superspin, for simplicity, pointing in one direction. If
the thermal energy is larger than the anisotropy energy, the particle’s superspin fluctuates
and the material behaves like a paramagnet with a high magnetic moment. Assuming
uniaxial anisotropy, the orientation of the magnetic moment can be described by the
Stoner-Wohlfarth model [20]. The magnetization vector can then align either parallel or
antiparallel to the easy magnetic axis, illustrated by two minima in the energy landscape
in Figure 2.2.

Figure 2.2: The energy landscape for particles with a uniaxial anisotropy in the Stoner-
Wohlfarth model. The thermal energy is smaller than the anisotropy energy, the particle
moment fluctuates.

Both energetically favored states are separated by an energy barrier. At low temperatures,
the thermal energy is insufficient to allow the spin to flip. In this state, the assembly of
magnetic moments shows hysteretic behavior, which is called the magnetically blocked
state. With increasing temperature, the direction of particles’ magnetization starts to
randomly fluctuate in every direction, known as superparamagnetic behavior [21].

In the superparamagnetic state, the magnetization can be described by the Langevin func-
tion. By establishing an intrinsic time constant τ0, which describes the shortest possible
time in which the spin can flip, the relaxation time constant can be expressed by

τNéel = τ0 exp
(
KeffV

kBT

)
, (2.6)
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which is called the Néel relaxation time. For the detection of superparamagnetic behavior
of magnetic nanoparticles, the particles must be probed for a relatively long period of time,
in which they perform many switching events, leading to an observation of a vanishing
time-averaged net magnetic moment. The condition for superparamagnetic behavior is
fulfilled, if the time scale of the measurement technique τM is greater than the relaxation
time constant. Depending on the measurement time scale τM, the particle moment is
perceived either as magnetically blocked or superparamagnetic. To consider this strong
dependence on relaxation times, one defines the blocking temperature TB at which the
time scale of the measurement technique and the relaxation process match

TB = KeffV

kB ln (τM/τ0) . (2.7)

For T < TB, the particle moments fluctuate without switching their directions and the
assembly is in a blocked state, whereas for T > TB, the assembly is in the superparamag-
netic state. In this thesis the time scales of used experimental techniques vary by several
orders of magnitude. In standard magnetometry the time constant is approximately 10 s,
whereas in AC experiments the measurement time is determined by the frequency of the
applied AC field ranging between 0.01Hz to 1400Hz, corresponding to a minimal time
constant of a few microseconds. Mössbauer spectroscopy exhibits the shortest time scale
in this thesis of approximately 5 nanoseconds resulting from the high nuclear angular Lar-
mor precession frequency. If one would want to analyze the superparamagnetic behavior
of a material, one has to keep in mind the measurement’s time scale.

2.2.2 Relaxation Phenomena in Fluids

The motion of particles within a fluid can be described by translational and rotational
movements. On the one hand the translational motion is a movement in which all points
of the colloid at a given time have identical velocities and accelerations on parallel trajec-
tories, on the other hand, the rotational movement of a colloid occurs around a rotation
axis. These motions can be described by the Stokes-Einstein relation. Combining the dif-
fusivity, which is related to the hydrodynamic mobility expressed by the hydrodynamic
radius rh, and the mobility to rheological properties, e.g. the viscosity η, the translational
DT and rotational diffusion coefficient DR are given as:

DT = kBT

6πηrh
(2.8)

DR = kBT

8πηr3
h
, (2.9)
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indicating different size dependence. Furthermore, magnetic nanoparticles can perform
different relaxation mechanisms in a medium.

Figure 2.3: Schematic picture of a particle’s magnetic superspin performing Néel relaxation
(left) and Brownian motion (right).

As it was mentioned in the previous paragraph, the internal reorientation of a magnetic
particle moment, known as Néel relaxation, is schematically depicted in Figure 2.3 on
the left side. The Néel relaxation depends on intrinsic properties of the particle, like the
anisotropy constant, and can be understood as a diffusive motion of the superspin direction
within the particle [14]. Superparamagnetism can also be achieved by the free motion of
the particle itself, i.e. translational or rotational Brownian motion of the nanoparticle,
like it is shown in Figure 2.3 on the right side. The Brownian motion is determined by the
particles’ effective hydrodynamic diameter and the viscosity η of the carrier liquid [22].
Under the assumption of spherical particles in a Newtonian fluid, meaning that a shear
stress acting on a liquid results in a proportional shear rate, and in thermal equilibrium,
the diffusive rotational motion can be described by

τBrown = 3Vhη(T )
kBT

, (2.10)

with the hydrodynamic volume Vh of the particles. According to Equation 2.10, particles
move faster in fluids of low viscosity, the latter again being dependent on the temperature.
In chapter 5 polymer solutions of identical viscosity, while exhibiting different nanostruc-
tured polymer networks, and solutions with different viscosities are studied over a large
temperature region. In those fluids the temperature dependent viscosity is a crucial factor
for the relaxation phenomena of the embedded nanoparticles. In first approximation the
viscosity can be described by

η(T ) = η0 exp
(
EA

RT

)
, (2.11)
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where η0 is a material parameter, R the ideal gas constant and EA the activation en-
ergy describing the energy of place switching fluid molecules. Since here a Newtonian
fluid is described, the viscosity is a priori independent of the shear stress. As a reference
system, nanoparticles dispersed in water are studied, exhibiting a dynamic viscosity of
approximately 1mPas at ambient temperature. The Arrhenius-like Andrade law in equa-
tion 2.11 has been proven to correctly describe the temperature dependence in a limited
temperature regime between the freezing and boiling point of water. The dynamic vis-
cosity increases with decreasing temperature until the freezing temperature of water is
reached. Below the freezing temperature, the water crystallizes into ice and the Brownian
relaxation of nanoparticles is stopped. In fact, the crystallization and freezing of solutions
is a complex process, which may depend on various parameters, such as the cooling rate
or phase transitions of individual components of the solution. It is worth to note that
the crystallization process doesn’t occur in every solution, which will be demonstrated in
chapter 5. Upon cooling, the molecular motion decreases and in some materials an amor-
phous solid state without long-range order is formed, known as the glass phase [23]. These
solutions that do not crystallize are called glass formers and their temperature dependent
viscosity deviates from the simple Arrhenius-like Andrade equation. It was shown that the
viscosity η can be well approximated by the Vogel-Fulcher-Tammann-Hesse equation

η(T ) = η0 exp
(

EA

R(T − TVF)

)
, (2.12)

with the Vogel-Fulcher temperature TVF, which is in a first approximation equivalent to the
freezing temperature of crystallizing solutions. Empirically, the Vogel-Fulcher temperature
has been found to be approximately 50 K below the glass transition temperature.

In principle, particles in fluids perform Néel relaxation and Brownian motion simultane-
ously. However, for nanoparticles with a defined particle size, the relaxation times differ
by several orders of magnitude and in most experiments one observes only the faster re-
laxation process. If the relaxation time of Néel and Brown are similar (τNéel ≈ τBrown),
one measures an effective relaxation time

τeff = τNéel · τBrown
τNéel + τBrown

. (2.13)

The most prominent difference between both relaxation times is the particle size depen-
dence. The Brownian rotation time is proportional to the hydrodynamic particle volume
and, therefore, scales with the cubed hydrodynamic particle diameter. In contrast, the
Néel relaxation time dramatically changes for different particle core diameters and effec-
tive magnetic anisotropy constants. Although laboratory-made particles are used in this
thesis, usually in a polydispersive assembly of magnetic nanoparticles a particle size dis-
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tribution has to be considered with a mean µ and standard deviation σ of the particle
diameter d, which is generally of log-normal shape:

p(d) = 1√
2πdσ

exp
−1

2

(
ln(d/µ)

σ

)2
 . (2.14)

Relaxation times and frequencies, respectively, of magnetic particles in fluids can be ex-
tracted from AC susceptometry measurements by using Debye’s theory, which was origi-
nally accounting for the anomalous dielectric dispersion in dipolar fluids. The theory holds
true for spherical particles and the magnetic dipole-dipole interaction energy is small com-
pared to the thermal energy. According to Debye’s theory, the complex susceptibility has
a frequency dependence: The rotational frequency frot is the frequency at which χ′′(ω)
displays a maximum and χ(∞) indicates the susceptibility value at very high frequencies.
For further information, the reader is referred to chapter 3.2.3 on AC susceptometry in
experimental section.

2.3 Cobalt Ferrite (CFO)

In this thesis, the main focus lies on the coupling mechanisms of Cobalt Ferrite (CFO)
with the empirical formula CoFe2O4 to various matrices. It is the material of experimental
choice due to its high magnetostrictive coefficient, anisotropy and magnetization. CFO is
used in the form of nanoparticles in ferrofluids and polymer solutions, respectively, and
as a constituent in multiferroic composites, resulting in hybrid materials with complex
properties. By either using the relaxation properties of CFO nanoparticles to probe phase
transitions in polymer solutions or by combining the magnetostrictive CFO with piezo-
electric materials to gain magnetoelectric coupling, the properties of CFO are used to
induce different physical mechanisms in the hybrid materials studied in this work. The
preparation of CFO is explained in the respective chapter. Here, the crystal structure and
general magnetic properties of cobalt ferrite are discussed.

2.3.1 Structure

The crystal structure of CFO is of an inverse spinel type, which can be differentiated by
a tetrahedral and octahedral site. Its crystallographic structure corresponds to the space
group Fd3m with a cubic lattice parameter of a=8.392Å [24]. The general spinel structure
consists of eight face-centered cubes of oxygen atoms. Each cube has eight tetragonal A-
and four octahedral B-sites in an AB2O4 unit cell, only being partially occupied. The
structure of cobalt ferrite is depicted in Figure 2.4. In an ideal inverse spinel, the Fe3+ ions
occupy one-eighth of the tetragonal sites. On the octahedral site one-fourth of the B-site
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is occupied by Co2+ and one-fourth of the B-site by Fe3+ ions, being equally distributed
on these sites. The formula unit for an ideal inverse CFO spinel can be described as

(Fe3+)A(Co2+Fe3+)BO4. (2.15)

However, the real ion distribution can be described via the inversion parameter s. The
inversion parameter adopts values between 0 (normal spinel) and 1 (inverse spinel) and
for a randomly distributed cation distribution s = 2/3.

Figure 2.4: Cubic spinel structure of cobalt ferrite: Fe3+ ions on the tetragonal A-sites are
depicted in blue, ions on octahedral B-sites (Fe3+ and Co2+) in green and O in red.

2.3.2 Magnetism

Cobalt ferrite is a hard magnetic material with a Curie temperature of 520◦C [25] and
a coercive field of 750-980Oe at ambient temperature depending on the degree of inver-
sion. For bulk-CFO the anisotropy constant is K=20·105 erg/cm3=2·105 J/m3 and the
saturation magnetization is 90 emu/g at 4K and 80.8 emu/g at 300K, respectively [26].
Originally, the magnetic structure was reported to be collinear ferromagnetic based on
neutron diffraction experiments by Prince [27]. However, Petit and Forester [28] found
evidence for non-aligned spins at 4K in a magnetic field of 6T with a canting angle of
25◦ by Mössbauer spectroscopy. In an ideal case considering no canting effects, the net
magnetic moment per formula unit results from the sum off all ion magnetic moments.
The formula unit of cobalt ferrite contains two Fe ions with electron configurations of
[Ar]3d5 for Fe3+ and one Co ion with [Ar]3d7 for Co2+. In Figure 2.5 the crystallographic
and magnetic structure of cobalt ferrite is shown.
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Figure 2.5: Crystallographic and magnetic structure of cobalt ferrite: Tetrahedral A-site
and octahedral B-site coordinated ions are shown in blue and green, respectively. The cages
around the three shown ions are formed by oxygen atoms (red). The magnetic moments of
Fe ions are coupled antiferromagnetically via superexchange (SE) and the moments of Co2+

and Fe3+ on the octahedral site are ferromagnetically coupled via double exchange (DE).

As one can see in that illustration the superexchange and double exchange proceed via
the same oxygen atom. The octahedral Co2+ and Fe3+ ions are ferromagnetically coupled
through double exchange. In contrast, the two Fe3+ ions in the tetragonal and octa-
hedral sites are antiferromagnetically coupled through superexchange. Considering their
moments to be ±5µB canceling each other and the oxygen O2+ ions showing no magnetic
moment due to filled p orbitals, the residual theoretical value for the net magnetic mo-
ment of CFO is 3µB achieved by three uncompensated parallel spins of the Co ion (see
Figure 2.6). The direction of magnetic moments is parallel to the cubic lattice in <100>
direction.

Figure 2.6: Schematic spin arrangement for calculating the net magnetic moment in cobalt
ferrite. The moments of Fe3+ ions are antiparallel aligned canceling each other. The net
magnetic moment results from the Co2+ ion.
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2.3.2.1 Magnetostriction

One important property of cobalt ferrite, which makes it a promising candidate for mul-
tiferroic materials, is the magnetostriction. Magnetostriction refers to the macroscopic
change of the crystal dimension due to an elastic strain by an external magnetic field.
The underlying physical mechanism is the spin-orbit and orbit-lattice coupling [29]. In
the presence of a magnetic field, small changes in anisotropy followed by a change of
interatomic distances affect the magnetization, schematically depicted in Figure 2.7. The
fractional change ∆l in length l parallel to an applied magnetic field is called the magne-
tostrictive coefficient λ‖:

λ‖ = ∆l
l
. (2.16)

For the cubic crystal cobalt ferrite the saturation magnetostrictive coefficient along the
<100> and <111> direction is found to be λ100 = −515 · 10−6 and λ111 = 45 · 10−6,
respectively [30]. In polycrystalline systems, the grain orientation is random, thus the
saturation magnetostriction of such systems can be determined by some sort of average
over those orientations. If a condition of uniform strain is implied, the magnetostriction
can be averaged over all directions by λ = (2λ100 + 3λ111)/5.

Figure 2.7: Schematic illustration of a magnetostrictive material without and with an
applied magnetic field resulting in a change in length. On the right side the magnetostriction
is depicted as a function of a magnetic field, curve shape is adapted from [31].

On the right hand of Figure 2.7 the magnetostriction is depicted as a function of an ap-
plied magnetic field. The curve shape is adapted from literature [31] and can be described
by two different regions. At low magnetic fields, a high negative slope is observed, corre-
sponding to a dominant contribution of λ100. At higher magnetic fields a low positive slope

17



2 Fundamentals

occurs, representing the contribution of λ111. The combination of both magnetostriction
coefficients results in a net magnetostriction, as shown in the literature [32]. The maximal
magnetostriction, observed for polycrystalline cobalt ferrite at 300K, is approximately
200 ppm [33]. By going from poly- to single crystallinity, the magnetostriction for CFO
increases up to 900 ppm [34].

Similar to the magnetic hysteresis loop, the elastic strain is magnetic field dependent
and shows hysteretic effects. A maximum strain is yielded by applying magnetic fields
at which the cobalt ferrite magnetization saturates, resulting in the so-called satura-
tion magnetostriction λS. In general, the thermal expansion of a material is greater and
the magnetostriction can be neglected. However, in cobalt ferrite the saturation magne-
tostriction is in the same order of magnitude as the thermal expansion observed for a
temperature change of ca. 70K, being sufficiently high to be used in magnetostrictive
applications, such as sensors and actuators, and the operating region up to the Curie
temperature of 520 ◦C without using environmentally harmful rare-earth elements, makes
CFO a promising candidate for future applications.
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This section deals with the experimental techniques, which are utilized to characterize
the constituents, as well as the final hybrid materials. In our group, we predominantly use
X-ray diffraction, magnetometry, including AC susceptometry and magnetoelectric mea-
surements, Mössbauer spectroscopy, as well as X-ray absorption spectroscopy. Comple-
mentary experiments are performed in collaboration with the group of Prof. Dr. Annette
M. Schmidt from the University of Cologne and with the materials science group of Prof.
Dr. Doru C. Lupascu from our university. Additional transmission electron microscopic
measurements are performed under the supervision of Dr. Markus Heidelmann from the
Interdisciplinary Center for Analytics of the Nanoscale (ICAN) at our university.

The combination of these different methods helps us to gain a detailed insight into the
complex particle-matrix interaction of CFO in polymeric and multiferroic hybrid materi-
als. However, describing all of the methods in detail would go beyond the scope of this
thesis, so only a short introduction is provided for all methods used in this work. For a
more detailed description, I would like to direct the reader to specialized literature, e.g.
[35] or [36]. If not otherwise stated in the respective chapter, the experiments and analysis
are done by myself.

3.1 Structural Characterization Techniques

3.1.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) provides information about the structure of crystalline samples,
the crystallographic plane orientation, texture and grain size of a material by using the
interaction between X-rays and the atoms inside a material. A monochromatic X-ray
beam is focused on a target material and a regular diffraction pattern is generated by
periodically arranged atoms due to Bragg’s law (see Equation 3.1). The scattered X-
rays undergo constructive and destructive interference. By analyzing those patterns, the
structure and lattice parameters can be deduced. Polycrystalline materials and powders
with randomly distributed crystallites reveal interatomic distances. The basic principle
is depicted in Figure 3.1, in which the incident (normal to the reflecting plane) and
diffracted/scattered beam are co-planar and the angle between both beams is set to a
constant value of 2θ. The condition for diffraction is fulfilled, if the X-ray’s wavelength λ
is of the same order of magnitude as the repeat distance between scattering centers. The
condition for constructive interference is described by Bragg’s law

n · λ = 2dhkl · sin(θ), (3.1)
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where n is a positive integer and dhkl describes the interplanar distance using the Miller
notation (hkl) linked to the crystallographic planes of the crystal lattice. Bragg’s law is
schematically depicted on the left side in Figure 3.1. The position of Bragg peaks is cor-
related to the crystal structure, the intensity of the peaks is linked to the crystallographic
texture and the width of the peaks are indicative for the size of the crystallites

D = K · λ
1
2β cos(θ) , (3.2)

with K the Scherrer form factor of the crystallites, which is approximately 1 for spherical
particles, D the mean sizes of the crystallites and 1

2β the full width at half maximum.
Equation 3.2 reveals that a lower number of lattice planes results in broader peaks.

Figure 3.1: Schematic illustration of Bragg’s law and basic principle of X-ray diffraction:
Source generating X-rays, interference of X-rays scattered by surface atoms (grey dots) of
a crystalline sample and a moving detector counting incoming X-rays as a function of the
angle.

One measuring mode for XRD is the θ-2θ mode. The incident X-ray beam is fixed and the
Bragg condition is achieved by rotating the detector in the diffraction plane. The sample
rotates under an angle θ and the detector rotates around 2θ in order to fulfill the construc-
tive interference condition. In this thesis, wide-angle XRD is performed using a copper
anode with a mean wavelength of λCu,Kα

=1.5418Å and a commercial θ-2θ (0.5 ◦-120 ◦)
X-ray horizontal goniometer PW1730 by Philips. The focusing principle upon which the
goniometer is based is described in the following: A divergent X-ray beam passes through
the divergence slit and irradiates the surface of a flat specimen. All X-rays diffracted at
Bragg angle θ by suitably orientated crystallites in the specimen surface converge approx-
imately to a single line. The X-rays are detected by means of a radiation detector, which
moves along a circle about the specimen axis in order to scan angles of 2θ. The specimen
is rotated about the same axis at half the angular speed [37]. The parallel slit systems
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ensure a narrow width of the diffraction lines. A graphite monochromator is placed in
front of the detector resulting in an angular resolution of approximately 0.01 ◦ and the
X-rays are collimated and directed onto the sample surface. The detector records the in-
coming X-ray signal and converts it into a count rate. It is important to denote here that
the Kα emission lines of the copper anode result from an electron transition from a 2p
orbital to the innermost K shell. Actually, the 2p orbital splits into 2p1/2 and 2p3/2 due
to the spin-orbit coupling, which results in two Kα lines with slightly different energies
and wavelengths, respectively. Similar to the Kα, the Kβ line results from an electron
transition from the 3p orbital to the innermost shell. Monochromators and slits should,
in principle, prevent diffracted Kβ lines from being counted in the detector, but it is not
completely suppressed, as it will be shown in the results section later on.

3.1.2 Scanning and Transmission Electron Microscopy (SEM
and TEM)

For the analysis on the nanoscale, an electron beam can be used to scan a sample surface
to gain information on the grain size and chemical composition. In Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM) an electron beam is
focused via an electron lens system onto the sample surface and is scanned over the
surface to record an electron image. The focused electron beam has a diameter of a few
nanometers, which results in a high-resolution image. The interaction between the focused
electron beam and the sample surface produces signals of different intensities. Commonly,
a secondary electron detector is used, for the analysis of the chemical composition an
energy dispersive X-ray spectrometer can be used. The topography of the sample is imaged
in variation of brightness. For imaging at the atomic level, a TEM with high resolution
(HR-TEM) is used. The basic principle is similar to common SEM, however, the electron
beam transmits through the sample. Since the penetration depth is limited, the samples
have to be thinner than 100 nm, which is usually done by focused ion beam slicing. SEM
images are recorded in the group of Prof. Dr. Lupascu (materials science), mainly by Dr.
Harsh Trivedi at the University of Duisburg-Essen. The TEMmeasurements are performed
under the supervision of Dr. Markus Heidelmann from the ICAN team (University of
Duisburg-Essen, NETZ building employing a JEOL 2200FS).

3.1.3 Atomic Force Microscopy (AFM)

The characterization of microscopic properties, such as ferromagnetism and ferroelectric-
ity, can be achieved by a variety of atomic force microscopes. The underlying concept of
those techniques is that in all of these microscopes a sharp tip on a cantilever is employed
to scan the sample surface. By choosing an appropriate tip, which specifically interacts
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with the sample surface, one can probe local information in contact or non-contact mode.
The probing tip is mounted to a cantilever and is brought close to the sample surface.
Various forces, e.g. mechanical contact force, van der Waals force or magnetic force, cause
a bending or deflection of the cantilever, which is recorded by a laser beam and split pho-
todiode detector. Atomic Force Microscopy (AFM) is a method to map the topography of
the sample surface by measuring the van der Waals force between the tip and the sample
[38]. The tip of the AFM can be used not only for measuring the forces, but also for
imaging the surface and manipulating the surface on the nanoscale. The position of the
tip is correlated to the height of the sample surface and thus provides the topography.
In common AFM techniques the deflection of the cantilever is used to image the surface
topography, while lateral force microscopy focuses on the torsional deflection revealing
the frictional force.

Figure 3.2: Schematic illustration of Atomic Force Microscopy (AFM): The sample surface
is scanned by a cantilever tip and its bending is recorded via a laser system and a photodiode.

By employing a conductive tip on the cantilever, electrostatic force microscopy probes
the ferroelectric regions of the sample. For this, the tip is placed over the sample surface
at a height where the long-range electrostatic force dominates. Due to the attractive and
repulsive deflections of the cantilever, one measures the regions with positive and negative
surface charges, as illustrated in Figure 3.2.

3.1.3.1 Magnetic Force Microscopy (MFM)

Magnetic Force Microscopy (MFM) is in principle an AFM with a magnetically coated
tip. MFM features a contact AFM scan to obtain topography [39] and a scan farther from
the surface to probe the long-range magnetic force [40]. For performing magnetic imaging
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of magnetic domains with nano- to micrometer resolution, deflections of the cantilever
corresponding to regions of different magnetic polarization on the sample surface are
recorded, as illustrated in Figure 3.3.

Figure 3.3: Schematic illustration of the Magnetic Force Microscopy (MFM), using a mag-
netic tip on the cantilever.

3.1.3.2 Piezoresponse Force Microscopy (PFM)

Another modification of AFM is Piezoresponse Force Microscopy (PFM), which allows
imaging and manipulation of ferroelectric domains on the nanoscale. By using the converse
piezoelectric effect2, an AC bias is applied to the conductive tip to locally stimulate
deformations. The deflections of the cantilever are detected and demodulated by a lock-in
amplifier [41]. The cantilever can perform three kinds of displacement, which influences the
contrast mechanism in PFM [42]. The vertical displacement is linked to the out-of-plane
polarization of domains, a torsion is caused by a shear piezoelectric constant and buckling
results from the interaction with the surface. For example, a ferroelectric domain with
downwards polarization stretches under a positive electric field applied by the cantilever
and contracts under a negative one, resulting in a variation of contrast.

3.1.3.3 Sawyer Tower Circuit and Dielectric Measurements

For measuring an electric polarization a Sawyer-Tower circuit can be used, as shown in
Figure 3.4, in which the sample is connected in series with a reference capacitor (with

2The converse piezoelectric effect describes a mechanical deformation of a crystal under the influence of
an applied electric field.
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a capacitance Creference � Csample). A function generator supplies an input signal to a
high voltage amplifier and triangular waves of some kilo volt amplitude with adjustable
frequency are used. The voltage drop V is acquired via an oscilloscope.

Figure 3.4: Schematic illustration of the Sawyer Tower circuit consisting of a reference
capacitance and the sample capacitance connected in series.

The charge Q of the sample can be calculated by:

Q = Csample · Vsample = Creference · Vreference. (3.3)

Since the charge in both capacitors is equal and the reference sample is well-known, the
polarization P of the sample can be estimated by:

P = Vsample · Csample/A, (3.4)

with A being the sample electrode area. Going to dielectric measurements, the sample is
considered as a parallel plate capacitor, for which the permittivity ε is expressed by the
capacitance times the distance between two capacitor planes and divided by the electrode
area. In dielectric measurements, the capacitance is a complex number, resulting in a real
part ε′ and imaginary part of the permittivity ε′′. In an ideal capacitor the phase shift
between the voltage and the current is 90◦. Any deviations from that are described as
loss tangent tan(δ), which is the ratio between the imaginary part and real part of the
permittivity:

tan(δ) = C ′′

C ′
= ε′′

ε′
. (3.5)
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3.2 Magnetometry

In this section an introduction towards magnetic characterization is given. For studying
general magnetic properties as well as dynamic properties, e.g. for nanoparticle dynamics
within a visco- or viscoelastic sample, a Quantum Design MPMS-5S Superconducting
Quantum Interference Device (SQUID) magnetometer with an additional AC option and a
Vibrating Sample Magnetometer (VSM) option on the Quantum Design PPMS DynaCool
[43] are used. By combining both devices, a wide spectrum of individual sequences in the
temperature range of 1.8K - 1000K and magnetic fields up to 9T are available.

In general, standard magnetometry measurements such as temperature and field depen-
dent magnetization curves are used to investigate the net magnetic moment of a material.
It is a macroscopic method with a measurement time window of τM=1-100 s [44]. One
basic magnetic characterization is the measurement of the temperature-dependent mag-
netization M(T ) at various magnetic fields. During this study, it is found that especially
the temperature dependent magnetization curves can reveal details about magnetic and
structural phase transitions of dilute and semidilute materials [45] (see Part I). For that
purpose Zero-Field Cooled - Field Cooled (ZFC-FC) measurements are performed, ex-
plained as follows: Initially, a material is cooled from room temperature to 5K at zero
field. Then a small magnetic field of a few millitesla is applied and the magnetization is
recorded during a heating process yielding the ZFC curve. Subsequently, the field cooled
magnetization curve is obtained by recording the magnetization upon cooling the material
in an applied magnetic field. In any case, the same magnetic field and identical tempera-
ture sweep rates are used for ZFC and FC measurements. By comparing the ZFC and FC
branches, one can estimate the ratio between the magnetic energy and the thermal energy.
Above a sufficiently high temperature, magnetic moments in the sample can fluctuate be-
tween easy magnetic directions. Initially, the spins are in a blocked state. By reaching
the blocking temperature, the magnetic moments can fluctuate freely, see also chapter
2.2.2. If a particle size distribution is present, the fluctuation of the largest particles is
represented by the coincidence of the ZFC and FC branch. The blocking temperature of
the average sized particle can be seen by a maximum in the ZFC branch [46]. Another
common method for magnetic characterization is the measurement of the field-dependent
magnetization M(H) at various temperatures. One can extract important material pa-
rameters such as high field magnetization often referred to as saturationMS and remanent
magnetization MR and coercive field HC. By using the AC option, AC susceptibility can
be measured from very low frequencies of 0.01Hz up to 1500Hz, revealing further insight
into particle-matrix interaction and particle-particle interaction, respectively, and infor-
mation regarding the dynamic viscosity of a solution, the particle size and particle size
distribution.
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3.2.1 Vibrating Sample Magnetometer (VSM)

The VSM is a versatile and sensitive instrument to measure magnetic properties and is
credited to Simon Foner [47]. The instrument is illustrated in Figure 3.5 (taken from the
PPMS VSM brochure [48]).

Figure 3.5: Vibrating Sample Magnetometer (VSM) showing the linear motor, the pickup
coils, the thermometer and the sample area. Illustration is taken from the PPMS VSM
brochure by LOT Quantum Design Europe [48].

In principle, a vibrating magnetic sample induces a flux change in a gradiometer pickup
coil. The sample is attached to the bottom end of a non-magnetic rod, the top end of
which is mounted on a linear motor, performing mechanical vibrations. The oscillating
magnetic field of the moving sample induces an alternating electromagnetic field in the
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detection coils whose magnitude is proportional to the magnetic moment of the sample.
The time-dependent induced voltage is given by the following equation [49]:

VCoil = dΦ
dt

=
(
dΦ
dz

)
·
(
dz

dt

)
, (3.6)

with the magnetic flux Φ enclosed by the pickup coil, the time t and the vertical position
z of the sample with respect to the coil. For a sinusoidally oscillating sample position
Equation 3.6 can be simplified to

VCoil = 2πfCmA sin(2πft). (3.7)

f is the frequency of oscillation, C the coupling constant, m is the DC magnetic moment
of the measured sample and A is the amplitude of oscillation. The acquisition of magnetic
moment involves measuring the coefficient of the sinusoidal voltage response from the
detection coil. The detection limit is approximately in the range of 10−6 emu [50].

3.2.2 Superconducting Quantum Interference Device (SQUID)
Magnetometer

Magnetometers based on SQUID technology are presently the most sensitive instruments
to measure magnetic moments, especially of liquid samples. In chapter 5 ferrofluids and
polymer solutions are investigated regarding their response to external magnetic fields and
temperatures. For that purpose, it is important to seal the liquid samples properly. This
is done by filling the sample into PCR tubes, which then are hermetically heat-sealed. In
Figure 3.6 a picture of the MPMS SQUID magnetometer and a schematic illustration of
a liquid sample in the pickup coil system is shown. The sample is moved slowly through
a superconducting pickup coil system coupled to the SQUID. The instrument consists of
a closed superconducting loop including one or two Josephson junctions. The underlying
principle is the tunneling effect of superconducting electrons across a narrow insulating
gap between superconductors. Due to quantum physics, the magnetic flux is quantized
through a ring of superconducting material and an increase in flux is directly linked
to an increase of induced compensation current. One can determine the compensation
current by connecting both sides of a ring, applying a current and measuring the voltage
drop of the circuit and therefore evaluate the magnetic flux. In this thesis, the MPMS-
5S by QuantumDesign is applied, which uses a 2nd order gradiometer system [51] for its
detection coils. The sample is moved through a coil-set resulting in a voltage function of a
characteristic w-shape, whose amplitude is determined as its proportional of the sample’s
net magnetic moment.
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Figure 3.6: The left part of the figure illustrates the sample space with a PCR tube for
liquid samples and the second order gradiometer represented by black coils. On the right side
a photo of the MPMS-5S SQUID magnetometer is displayed, showing the sample transport
and the electronic control assembly. The dewar is covered by a wood paneling and the
electronics are positioned next to it.

3.2.3 AC Susceptometry (ACS)

The basic principle behind AC Susceptometry (ACS) is the application of an oscillating
magnetic AC field to the sample. The change in flux experienced by the detection circuit
is caused only by the changing magnetic moment of the sample as it responds to the
applied AC field amplitude HAC [52]. The induced AC magnetization can be described
by

MAC = dM

dH
·HAC · sin(ωt), (3.8)

with ω the angular frequency3 of the AC driving field. The differential or AC susceptibility
χAC = dM/dH obtained from these measurements is described by the real and imaginary
components χ′ and χ′′, where the imaginary component is proportional to the energy
losses in the sample. Concerning the frequency of the AC driving field, there exist two
limits: For small frequencies, the sinus function can be easily followed and similar results
in respect to the DC magnetometry are observed. At sufficiently high frequencies, the
re-magnetization of a sample is slower than the AC magnetic field, which leads to a phase

3Note that the angular frequency ω is linked to the frequency f by ω = 2π · f .
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shift φ between field and sample magnetization. By introducing a complex susceptibility
χ∗ = χ′ + χ′′, the phase shift can be expressed as follows:

φ = arctan χ
′′

χ′
. (3.9)

The phase shift is correlated to the imaginary part χ′′ divided by the real part of the sus-
ceptibility χ′. The complex susceptibility provides various types of information on sample
properties, such as structure, resonance phenomena, electrical conductivity by induced
currents, relaxation processes such as flux profiles and flux creep in superconductors and
energy exchange between magnetic spins and the lattice in paramagnetic materials.

For Newtonian fluids, showing linear viscous behavior, and by application of the Debye
model, the imaginary part of the AC susceptibility can be analyzed as a function of fre-
quency and temperature. Particle relaxation mechanisms within a material are expressed
by the frequency dependence. For a single relaxation process and a lognormal distribu-
tion of particle diameters d, the Brownian relaxation time τB can be calculated by the
peak position of χ′′, which is directly correlated with the diffusion coefficient D via the
Stokes-Einstein equation:

D = 1
2τB

= 1
2ω = π · frot = kBT

πηd3 . (3.10)

The imaginary part of the AC susceptibility for a polydisperse sample with a wide dis-
tribution p(d) of particle diameters d needs to be weighted by a particle size distribution
[53]

χ′′ = χ0

〈d6〉

∫ ∞
d̃=0

ωτ(d̃)
1 + ω2τ 2(d̃)

d̃6p(d̃)dd̃, (3.11)

with the static susceptibility χ0 = µ0nm2

3kBT
, the particle density n and the magnetic moment

m.

For non-interacting monodisperse nanoparticles, a Cole-Cole plot can be derived from an
analytic expression for the AC susceptibility in zero bias field [54]. The complex suscep-
tibility can be simplified by

χ′′ =

√√√√(ασ
2

)2
−
(
χ′ − α(2 + σ)

2

)2

. (3.12)

with parameters α and σ representing the magnetic and anisotropic contribution

α = µ0M
2
S

3K and σ = KV

kBT
. (3.13)
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The Equation 3.12 describes a semicircle with a radius r = 1
2ασ and a center at (α(2 +

σ)/2, 0). In the case of a polydispersive ensemble of non-interacting superparamagnetic
nanoparticles and hence, a distribution of relaxation times, a Cole-Cole semicircle is ex-
pected to become flattened and distorted [55].

In this thesis AC susceptometry is measured using our SQUID device by Quantum Design
and the integrated AC option, which combines the AC drive field with the SQUID-based
detection system. The frequency-independent coupling between magnetic flux and induced
currents in the superconductors allows the use of AC frequencies that are many order of
magnitudes lower than those used in conventional AC systems. The MPMS AC system
operates between 5-400K over a frequency range of 0.01-1500Hz and an amplitude of
applied AC drive signal of 0.0001-5Oe. This method provides information on the diffusion
of magnetic particles in complex fluids. Complementary AC measurements are done by
Melissa Hess from the University of Cologne, covering the high frequency region up to
several megahertz.

3.2.4 Magnetoelectric (ME) Measurements

There are several possible ways to determine the magnetoelectric (ME) coefficient of
multiferroic materials. The most common one is the dynamic method, in which a lock-in
amplifier measures the induced magnetization under electric fields. Since in this thesis, the
ME measurement was not successful, which will be discussed in the respective chapters,
only the key points will be mentioned in the following. A detailed description of the
converse ME measurement methodology is nicely explained in Dr. Soma Salamon’s PhD
thesis [56]. We can, in principle, measure the so-called converse magnetoelectric effect
(αE→M

ij = µ0dMi(H)
dEj

) by modifying the AC option of our SQUID magnetometer, which was
initially developed by Borisov et al. [57]. For this, the signal originally intended for the
magnetic AC field coil is instead used to apply an alternating electric field to the sample,
with the SQUID recording any resulting change in sample magnetization. Thanks to the
lock-in amplifier inherent to the AC option, magnetic signals as low as 1 · 10−8 emu can
be detected by this setup. For this purpose, samples are mounted in a home-built sample
holder, with their surface oriented perpendicular to the applied magnetic field direction,
while thin contact wires are affixed to the sample faces using silver paste. Once dried, these
not only hold the wires in place, but also form capacitor plates to apply a homogenous
electric field to the entirety of the sample. This setup allows the application of both AC and
DC electric fields, with the maximum combined voltage being limited to ± 200V, while all
the usual functions of the SQUID remain available. Measurements can thus be performed
at temperatures between 4K and 400K and at magnetic fields of up to ± 5T. To obtain
the maximum of the ME effect, the ideal temperature and magnetic field values need
to be identified, which is done by measuring the induced magnetization as a function of
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temperature and evaluating structural phase transitions, as well as measuring the induced
magnetization upon different applied magnetic fields indicating the field dependence of the
magnetostriction and therefore, affecting the strength of ME coupling. After optimizing
the ME parameters, the electric field dependence of the induced magnetization is recorded,
which allows a quantitative analysis of the ME coupling coefficient. The data points can
be fitted by a linear function with a slope α being directly linked to the converse ME
coupling coefficient αc.

3.3 Mössbauer Spectroscopy

In 1958 Rudolf L. Mößbauer discovered the effect of recoilless nuclear resonance absorp-
tion of γ-rays in solid iridium, resulting in a new spectroscopic method that was named in
his honor, providing detailed fingerprints of the local surrounding of atomic nuclei, such as
the electrostatic and magnetic environment. The method can be used to access oxidation
state, symmetry and spin state and magnetic ordering of atoms. Furthermore, there are
some critical aspects in the determination of cation distribution from Mössbauer spec-
troscopy. The hyperfine interactions in octahedral and tetrahedral sites are only slightly
different and particularly in mixed ferrites a distribution of hyperfine fields occurs, mak-
ing it difficult to discern the subspectra or to make assignments to the respective lattice
sites. Therefore, the use of external magnetic fields to separate the subspectra is indis-
pensable. In order to characterize material properties at low temperatures, the Mössbauer
measurements are performed in a bath cryostat, cooled by liquid helium and/or nitrogen.
Liquid samples are measured in a copper cylinder sealed with mylar foils on both ends
(see Figure 3.7 coppery sample holder). Powders and solid samples are filled into simple
plastic holders, which are almost completely transparent to γ-rays.

3.3.1 57Fe-Mössbauer Spectroscopy

Mössbauer spectroscopy is a very useful and sensitive technique to study the cation dis-
tribution and spin structure in spinel ferrites. In this thesis Mössbauer spectroscopy is
performed using a radioactive 57Co source, which decays to 57Fe with a half-life of approx-
imately 270 days, providing discrete γ-ray energy for resonant absorption in Fe-containing
samples. Natural iron is composed of ca. 2 % of 57Fe [58], with the remaining 98 % be-
ing made up of 56Fe, which has no Mössbauer effect. 57Fe-Mössbauer spectroscopy is an
element-specific method in which iron-bearing magnetic materials can be characterized.
One big advantage is that all magnetically ordered Fe-bearing substances can be stud-
ied. For ferri- and antiferromagnetic materials, the sublattices can be distinguished by
applying an additional external magnetic field, which increases the energy level splitting
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and thus leads to a visible shift between subspectra, enabling the individual evaluation of
sublattice contributions.

Figure 3.7: Schematic illustration of Mössbauer spectroscopy in transmission geometry
and the nuclear energy levels of the emitter and absorber showing a magnetic splitting and
an exemplary Mössbauer spectrum.

In Figure 3.7 the decay scheme of 57Co is depicted. After electron capture the source
decays into an excited 57Fe nuclear state (I=5/2), which further decays either directly
into the ground state (I=1/2) or into the intermediate state (I=3/2), followed by the
transition to the ground state. The nuclear transition from the I=3/2 to the ground state
generates γ photons with energies of Eγ=14.4 keV. The lifetime of the excited state is
connected to a natural line width Γnat via the uncertainty principle, here Γnat=4.6 neV,
resulting in the technique’s high energy resolution permitting the observation of very
small variations in nuclear energy levels. By emitting the γ-quantum, not only its energy
is transferred, but also the momentum. For a free iron atom with a mass m of 57 atomic
units and Eγ=14.4 keV, one finds a shift in transition energy by the recoil energy ER

relative to Eγ of ca. 2meV. In addition, the velocity of the free iron atom results in a
Doppler broadening of absorption and emission lines. As both line positions are shifted
by the recoil energy, which is higher than the natural line width, resonant absorption by
the free iron atom would be unlikely. This problem can be solved by the incorporation of
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the previously discussed free atom into a solid, e.g. crystalline matrix. The probability of
resonant absorption is then expressed by the Lamb-Mössbauer factor, equivalent to the
Debye-Waller factor in X-ray scattering theory:

f = exp
(
− 3ER

2kBΘD

[
1 + 4

(
T

ΘD

)2 ∫ ΘD/T

0

xdx

exp(x)− 1

])
and ER =

E2
γ

2mc2 (3.14)

with the Debye temperature ΘD, temperature T and the velocity of light c. The Lamb-
Mössbauer-factor f represents the resonant area of a Mössbauer spectrum.

In the upper part of Figure 3.7 the principle of recording a Mössbauer spectrum in trans-
mission geometry is depicted. Essentially, three main components are necessary for mea-
suring a spectrum: A radioactive source mounted on a constant acceleration velocity
transducer (often referred to as Mössbauer driving unit), performing movements back and
forth to produce a shift in photon energy Eγ via the Doppler effect, the iron-containing
sample fixed on a sample holder and a proportional counter with a multichannel analyzer
to record the rate of incoming γ-rays transmitted through the sample and correlating
them to the velocity of the source.

3.3.2 Hyperfine Interactions

As mentioned above, Mössbauer spectroscopy has an extremely fine energy resolution
due to the small natural line width, and can detect very small changes in the nuclear
environment of iron atoms within a sample. Typically, three types of nuclear interactions
may be observed: isomer shift, quadrupole splitting and magnetic hyperfine splitting.
The origin of these effects can be divided into electric and magnetic interactions of the
nucleus with its surrounding, which are nicely described in [59] and [60]. Under electric
interactions, one defines the local electrostatic interaction between a nucleus and the non-
zero probability of s orbital electrons at the nucleus, resulting in a shift of absorption lines,
known as isomer shift4 [61]. Another electric interaction originates in case of a nucleus
with a non-spherical charge distribution having a quadrupole moment, meaning that the
angular quantum number I is greater than 1/2, and an electric field gradient, resulting in
a splitting of nuclei energy levels into (I + 1/2)-sublevels. The chemical isomer shift and
quadrupole splitting are generally evaluated with respect to a reference material, here an
α-Fe foil, which is also used to calibrate the spectrometer. Most important in this thesis
is the magnetic hyperfine interaction, described in the following subsection.

4In addition, one includes the quadratic temperature dependent Doppler effect in the isomer shift.
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3.3.2.1 Magnetic Hyperfine Interactions

The magnetic hyperfine interaction is present for a nucleus with a magnetic dipole moment
interacting with the surrounding magnetic field. The nuclear levels split into (2I + 1)-
sublevels in accordance with the nuclear Zeeman effect [62, 63]. Due to the selection rule
of magnetic dipoles, transitions with ∆mI = 0,±1 are permitted for 57Fe, and six possible
transitions between I = 3/2 and I = 1/2 exist. The energy splitting is described by

Em = −µBhfmI

I
, (3.15)

with µ being the magnetic moment, Bhf the hyperfine field and I and mI the nuclear
quantum numbers. The extent of splitting is in a simple picture proportional to the
magnetic field amplitude at the nucleus:

|Bhf| ∝ |µFe| . (3.16)

3.3.2.2 Spin Canting and Inversion Parameter

Antiferromagnetic materials consist of at least two sublattices, in which the spins are
aligned antiparallelly to each other due to the direct exchange coupling. In competition
to the exchange coupling is the spin-orbit coupling, resulting in a misalignment of spin
moments, which can be described by the canting angle ΘCanting, which is important for
applications since it reduces the magnetic performance of a nanomaterial. The average
spin canting angle, illustrated by the brackets 〈Θ〉 in the following equation, describes the
angle between incident γ-ray and the spin moments, and can be observed in the relative
line intensity of the absorption line 2 to 3 or 5 to 4, respectively. The ratio between line
intensities is defined by 3 : x : 1 : 1 : x : 3, with x varying between 0 and 4 [64]:

x = 4 〈sin2 Θ〉
1 + 〈cos2 Θ〉 . (3.17)

With Equation 3.17, the canting angle can be estimated by [65]:

〈
cos2 Θ

〉
= 4− x

4 + x
. (3.18)

Another important parameter, which Mössbauer spectroscopy can shed light on, is the
inversion parameter. A binary spinel can be described by (X1−sYs)A (XsY2−s)BO4 with s
the inversion parameter. For an ideal spinel, a cation to anion ratio of 3:4 is expected.
However, a normal spinel structure has s=0 and an inverse spinel s=1. Spinels with a
cation distribution between these extrema are called partially inverse or mixed spinels
and are of interest in recent studies due to the novel approach in catalysis and their
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magnetic behavior in contrast to bulk-spinels, e.g. higher saturation magnetization. The
distribution of Fe ions on tetragonal A- and octahedral B-site in a spinel lattice can be
distinguished by the investigation of the degree of inversion:

s = 2 ·RAB

1 +RAB
with RAB = AA

AB
, (3.19)

with AA and AB the resonant areas in Mössbauer spectra being approximately propor-
tional to the Fe atoms on the different A- and B-sites.

In general, the determination of the spin structure and orientation of the spin moments by
Mössbauer spectroscopy is crucial, since the absorption lines arising from the sublattices
might be overlapping. By applying a high magnetic field and recording Mössbauer spectra
at low temperature, i.e. in a liquid helium bath cryostat with superconductive coils, pro-
viding a magnetic field of 5T in or perpendicular to the propagation direction of γ-rays,
measurements at 4K and 5T simplify the resolution of subspectra and the calculation of
the spin orientation and inversion parameter.

3.4 Thermal Analysis - Differential Scanning
Calorimetry (DSC)

Thermal analysis, such as Differential Scanning Calorimetry (DSC), is the most widely
used technique for studying endothermic and exothermic phenomena. Calorimetry is the
measurement of the heat absorbed or generated in a substance as it undergoes a transi-
tion from a well-defined initial state to a well-defined final state. As chemical reactions
and many physical transitions are connected to the generation or consumption of heat,
calorimetry is a universal method for investigating such processes. Over a large tem-
perature range, thermal effects connected to phase transitions can be quickly identified.
Measurement values obtained by DSC allow a determination of heat capacity, heat of
transition, kinetic data, purity and glass transition. In Figure 3.8 the measuring princi-
ple of DSC is depicted. In classical DSC, two symmetrical cavities for the sample and a
reference substance, for which the heat capacity is known over the range of temperature
to be scanned, are heated or cooled. To maintain the same temperature throughout the
controlled temperature program, both cavities are mounted on a block acting as a heat
sink. Any energy difference in the independent supplies to the sample and the reference is
recorded over a temperature change. The temperature difference, given as a voltage signal,
is the original measurement signal, however, in almost all instruments a heat flow rate is
internally assigned to the temperature difference. Resulting DSC curves can be used to
identify substances, to set up phase diagrams and to determine degrees of crystallinity
[66]. In DSC curves thermal events of the sample thus appear as deviations from the DSC
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Figure 3.8: Schematic illustration of differential scanning calorimetry (DSC) to analyze
thermal properties: The difference in the amount of heat required to increase the temperature
of a reference and sample is measured as a function of temperature.

baseline, in either endothermic or exothermic direction, depending whether more or less
energy has to be supplied to the sample relative to the reference material [67]. Abrupt
changes in slope or position of the baseline usually indicate second order phase transitions,
e.g. glass transition in polymers [68] or a transition from ferromagnetic to paramagnetic
state. The endothermic melting peaks for pure substances are very sharp. They occur over
a narrow temperature interval and the melting point is determined by extrapolation of
a steeply rising approximately linear region of the endotherm back to the baseline [69].
In chapter 5.3, DSC measurements are used to crosscheck the phase transitions observed
in ZFC-FC curves for CFO particles in solutions. The results are used as complementary
information on the crystallization process of complex solutions.

3.5 X-ray Absorption Spectroscopy (XAS)

For the element-specific and orbital-sensitive investigation, polarized X-ray techniques
are used allowing studies on the electronic, chemical and magnetic characteristics of mat-
ter. In the following section, an introduction to X-ray Absorption (Near Edge) Spec-
troscopy (XA(NE)S), especially the usage of linearly and circularly polarized light, will
be given. Detailed information on the theoretical concepts can be found in Stöhr’s text-
book of magnetism in chapter 9 [70]. In XAS, transitions of core-level electrons, with their
element-specific binding energies, to unoccupied states are induced by the absorption of
X-ray photons. Generally, an X-ray absorption intensity I upon transmission through an
isotropic, homogenous sample of thickness d is described by Lambert-Beer’s law [71]:

I(E, d) = I0 exp (−µ(E) · d) , (3.20)

with the attenuation coefficient µ, which is characteristic for the interacting material and
is strongly energy-dependent. The energy of the electromagnetic radiation is important
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and influences all contributions to µ, i.e. atomic photoelectric effect, coherent scattering,
incoherent scattering, nuclear-field pair production, electron-field pair production and
nuclear photoabsorption. The transmitted intensity decreases when an X-ray absorption
channel is opened up at a threshold (absorption edge) corresponding to the loss of photons
through core electron excitation to empty final states. In the cross section of the absorption
process, the element-specific absorption edges are at energy values that are required to
excite an electron of initial state i to a final state f . The first order transition probability
from i to f induced by an electromagnetic field is described by Fermi’s Golden Rule [72]:

Ti,f = 2π
~
|〈f |Hint|i〉|2 δ(εi − εf)ρ(εf), (3.21)

with a perturbative Hamiltonian Hint, which is in the dipolar approximation proportional
to the scalar product of the momentum vector ~p and the vector potential ~A. Commonly,
X-ray absorption spectra are presented downside-up by plotting the quantity ln(I/I0),
which is proportional to µx (Equation 3.20). The measurements of X-ray absorption by
solids can be detected in transmission mode, by measuring Total Electron Yield (TEY)
or Fluorescence Yield (FY). In TEY mode, absorbed photons create core holes, which
are filled by Auger electrons. These primary Auger electrons cause a low energy cascade
through inelastic scattering processes on the way to the sample surface. The emitted
electron yield is measured by a picoammeter, measuring all kinds of photoelectron, Auger
electron and secondary electron. If the escape depth of electrons is small compared to the
penetration depth of the photons the current is proportional to the absorption coefficient.
The escape depth of the electrons is only a few nanometers, while the penetration depth
of soft X-rays is two orders of magnitude larger [73], making TEY more surface sensitive.
Another option is measuring the fluorescence yield by a photodiode. It is bulk sensitive
due to the larger penetration depth in contrast to the TEY and well suited for studies in
the presence of electric fields [74], as in the case of electric field dependent XMCD studies
in chapter 8. However, due to the exponentially decaying intensity of electron yield, deeper
atoms contribute less to absorption spectra and saturation effects resulting in a slightly
reduced peak intensity have to be considered in the analysis of absorption spectra.

X-ray absorption spectroscopy offers information on the atomic specificity through the en-
ergy separation of characteristic X-ray absorption edges, the chemical sensitivity through
the resonant fine structure at a given atomic absorption edge and the magnetic properties
through the polarization dependence of the near edge fine structure. The fine structure
at the absorption edge is studied by XANES, which delivers information on unoccu-
pied states and the chemical environment. For XAS experiments, extremely high brilliant
synchrotron radiation is used. For that purpose, electrons are accelerated in a linear ac-
celerator before being injected into the synchrotron ring, where their velocity increases
up to nearly the speed of light. After that, the electrons are injected to the circular stor-
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age ring, in which the synchrotron radiation is emitted by radially accelerated electrons
via bending magnets and/or undulators. The synchrotron radiation passes through beam-
lines, being aligned tangentially to the ring, to experimental end stations, in which various
experiments can be executed. In the storage ring, the electrons move on a circular track
induced by the Lorentz force ~F = e · ~v × ~B with the velocity v being nearly the speed
of light and with a magnetic field ~B applied by bending magnets. According to the laws
of electrodynamics, these accelerated electrons emit electromagnetic radiation. The emit-
ted radiation is linearly polarized and has a continuous energy spectrum ranging from
the infrared to hard X-ray regime. By using mirrors, apertures and monochromators, a
monochromatic, focused photon beam is produced in the beamline. Two block structures
of magnets with alternating magnetic directions form an undulator, which changes the
continuous spectrum by interference to a peaked spectrum at a certain wavelength. Fur-
thermore, in the undulator a shift in the periodic direction can be changed, resulting in
different kinds of polarized radiation: linear horizontal, linear vertical, circular right and
circular left polarization.

3.5.1 X-ray Magnetic Circular Dichroism (XMCD)

By using circularly polarized light, the size and direction of magnetic moments can be
determined by X-ray Magnetic Circular Dichroism (XMCD). XMCD requires the presence
of magnetic alignment, which has to be directional, and the spin-orbit coupling, since the
photon angular momentum couples indirectly to the electron spin via the orbital angular
momentum [75]. The dependence of XMCD on the spin-orbit coupling has the benefit
that it allows a separate determination of spin and orbital angular momenta from linear
combinations of the measured dichroism intensities, i.e. at the L3 and L2 edges, considering
the famous XMCD sum rule [76].

In a one-electron approximation, the origin of the XMCD effect based on a 3d transition
metal, e.g. for iron, can be described by a two step model. The spin-orbit splitting of the
core-level into the 2p3/2 and 2p1/2 levels with spin-up and spin-down electrons is shown
in Figure 3.9. The excitation probability of a polarized photon with positive +1 helicity
or negative −1 helicity is determined by the Clebsch-Gordon coefficients, resulting in a
spin-polarized absorption, which does not depend on the 3d state and is also valid for
non-magnetic materials. In a second step the valence shell serves as a detector for spin
polarization. The spin-resolved 3d band shows a clear imbalance between spin-up and spin-
down states. According to Fermi’s Golden Rule (Equation 3.21), the transition probability
is greater for spin-up than for spin-down electrons. Consequently, the absorption signal
at the L3 edge (2p3/2 → 3d) is rather large for +1 polarized photons, while the signal at

38
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the L2 edge (2p1/2 → 3d) is rather small. The opposite is true for −1 polarized photons.
The difference of these two spectra is the XMCD spectrum:

µXMCD(E) = µ+(E)− µ−(E), (3.22)

with the spectrum µ+, in which the spin polarization of the excited electron spin from
the 2p1/2 and the unoccupied final state is parallel to the spin of the majority band and
the reverse applies to µ− [77].

Figure 3.9: The XMCD effect illustrated at the absorption L edge of a 3d transition metal
in an one-electron picture described by a two step model. Spectra recorded with circular left
and right polarization and a corresponding XMCD spectrum schematically depicted in red.

In conventional XAS, the transition intensity measured as the whiteline (IL3 + IL2) is
proportional to the number of 3d holes Nh. To obtain the so-called XMCD signal, the
XANES spectrum must be recorded by use of left and right circularly polarized X-rays.
The spin moment and orbital moment of a specific element can be further determined from
the dichroic difference intensities separately in terms of optic sum rules. In the case of the
absorption at the L3,2 absorption edges, the linear background signal at the pre-edge needs
to be subtracted and the XMCD signal is normalized by a step function. Considering the
number of core electrons in the p3/2 and p1/2 core states with a ratio of 2:1, a step-like
background results from nonresonant excitations.

It is possible to obtain high quality element specific hysteresis loops by probing the mag-
netic field dependent XMCD effect. An XMCD hysteresis loop is a unique method to
resolve the overall magnetization curve of a composite system into separate magnetic
contributions of each element via measuring the XMCD amplitude as a function of mag-
netic fields at specific absorption edges.
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3.5.2 X-ray (Magnetic) Linear Dichroism (X(M)LD)

X-ray (Magnetic) Linear Dichroism (X(M)LD) is extensively used for the study of anti-
ferromagnets and ferrimagnets and reveals an electric displacement of ions in a lattice,
especially electronic anisotropies can be studied. For XMLD, an atomic magnetic moment,
spin-orbit interaction and the presence of magnetic alignment is required. The exchange
interaction induces a spin magnetic moment, and the spin-orbit interaction an orbital
magnetic moment. A difference in the X-ray absorption intensity is observed, when the
polarization vector of the radiation is either parallel or perpendicular to the magnetic
axis. In the presence of a magnetic order the lattice lowers its symmetry, e.g. a contrac-
tion along one magnetic axis occurs, the charge distribution becomes anisotropic and this
causes a linear dichroism effect, which is magnetically induced. In contrast, the presence
of coupled electronic states that are formed under the influence of the exchange and spin-
orbit interaction, can also be the origin of XLD. The XLD is defined as the difference of
absorption spectra from linear vertically µV and horizontally µH polarized light

µXLD(E) = µV(E)− µH(E). (3.23)

In an isotropic sample, the absorption of horizontally and vertically polarized light is
identical and µXLD = 0, while µXLD 6= 0 follows for anisotropic samples.

3.5.3 Beamtime

In this thesis soft X-ray absorption experiments are done at the synchrotron facility
Bessy II of the Helmholtz-Zentrum Berlin (HZB). At the experimental end station UE46
PGM-1, a high-field diffractometer is suited for X-ray absorption experiments at magnetic
fields up to ± 5T. Further, variable polarizations, i.e. linearly polarized light with the elec-
tric field vector lying either horizontally or vertically, as well as circularly polarized light,
is available. At the fixed end station of PM2-VEKMAG, electric-field dependent XMCD
spectra are recorded under in-plane applied voltages. Measurements presented are mainly
performed in total electron yield (TEY) mode by measuring the sample drain current.
Before measurements, the stability of the TEY has been monitored to exclude the occur-
rence of charging effects. For further information on the experimental end stations UE46
PGM-1 and PM2-VEKMAG, the details provided by the HZB are recommended [78].
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CoFe2O4 Nanoparticles in Solutions
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4 Introduction to Particle-Matrix
Interaction in Hybrid Materials

In this part of the thesis CFO nanoparticles embedded in viscous or viscoelastic solutions
are studied with respect to their particle-matrix interaction. Since hybrid materials are
applicable in different temperature ranges, it is investigated to which extent the matrix
affects the particle motion and how a temperature change influences their relaxation
behavior. This work is done in the priority program SPP1681, which deals with “field
controlled particle matrix interactions: synthesis multi-scale modelling and application of
magnetic hybrid materials”.

The incorporation of magnetic nanoparticles into complex matrices such as gels, elas-
tomers, liquid crystals or biological fluids opens the opportunity to manipulate as well as
analyze the system properties by means of external magnetic fields. By variation of the
particle characteristics in terms of size, surface coating and magnetic behavior, the inter-
action between probes and their environment can be tailored. The impact of particle-field
interaction on the overall material properties can be investigated by a combination of
magnetic and thermal methods. Magnetic flow control of liquids is a challenging field for
basic research and applications. Suspensions of magnetic nanoparticles known as ferroflu-
ids can be effectively controlled by magnetic fields, opening up a fascinating field into
fluid dynamics, engineering and medicine. Doping complex fluids and soft matter with
magnetic nanoparticles enables external control of the mechanical properties. In addition,
this topic becomes relevant for the preparation of pre-orientated functional materials,
which are synthesized, usually in a liquid state. Under an applied magnetic field, the sam-
ple is solidified by polymerization, which is shown in the following studies reducing the
magnetic in-field alignment of the particle’s magnetic moment. In this respect, a detailed
understanding of the coupling conditions between the magnetic probes and the matrix
phase, being determined by a variety of interactions, becomes important.

Here, the particle motion of cobalt ferrite nanoparticles is studied in aqueous solutions,
with special focus lying on the influence of complex structured poly(ethylene glycol)
(PEG) solutions. For that purpose, the magnetic particles are used as tracer particles
to gain information on phase transitions by studying their relaxation behavior under a
temperature change [79]. Additionally, the influence of different polymer solutions is inves-
tigated in regard to their scale-dependent viscosity [80] and compared to macrorheological
results [81]. In the following, phase transitions are described in general, after that charac-
teristics of PEG solutions are given, especially the phase diagram of waterx-PEG1−x, and
then the mobility of particles in polymer solution is shortly discussed.
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4.1 Phase Transitions

According to the definition of Ehrenfest [82], phase transitions are thermodynamically
classified on the basis of jumps in derivatives of the free energy function. Meaning that
a first-order phase transition exhibits a discontinuity in the first derivative of free energy
with respect to some thermodynamic variable, e.g. temperature or pressure. Analogously,
a second-order phase transition becomes non-continuous in the second derivative of free
energy but is continuous in the first derivative. In a more modern definition of phase
transitions, the first-order phase transition is linked to latent heat. The system absorbs
and releases a fixed amount of energy per volume, respectively. For example, during the
melting of ice, the temperature of the system stays constant as heat is added. The ice
does not turn instantly into water, but a mixed-phase of ice and water, which already
completed the transition, is formed. After the melting temperature, the transformation
from ice to water is completed. Another kind of phase transition arises from the dynamic
arrest or freezing out of motion of the constituent entities of a system. Thus, the transi-
tion is designated as the glass transition, which was observed first in supercooled liquids
[83]. The glass transition temperature TG is an important characteristic feature for phys-
ical properties as well as for processing polymers. It is a second-order phase transition,
which is often called continuous phase transition [84], in contrast to that is the first-
order transition. For example, the classical first-order transition between a liquid and
solid state occurs spontaneously, resulting in an abrupt change, e.g. in viscosity. During
the glass transition, however, the viscosity only gradually changes and the liquid to solid
state arises over a large temperature range. It is widely believed that the true ground
state is always crystalline and a glass is only a quenched disorder state, depending on
the thermal history [23]. To illustrate thermodynamically distinct phases under special
conditions, such as temperature, pressure, et cetera, phase diagrams with lines of equilib-
rium and phase boundaries are used. Phase diagrams of multi-component system provide
information regarding the temperature-composition condition for phase boundaries of ho-
mogenous one-phase and heterogeneous multi-phase states. One method to obtain a phase
diagram is the measurement of absorbed or released heat like it is done in Differential
Scanning Calorimetry (DSC), as explained in section 3.4.

In Figure 4.1 the heat flow curve of a substance is exemplarily depicted as a function of
temperature, in which the observed peaks are assigned to endothermic/exothermic pro-
cesses. Only transitions associated with a heat change, e.g. crystallization (melting) lead
to a peak, which ascends (descends) to the peak maximum (minimum) and merges back
into the baseline. Second-order phase transitions, e.g. glass transitions, are only detectable
by a step change of the heat capacity and the determination of transition temperature
is crucial. In literature three different methods to determine the glass temperature are
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employed: the extrapolated on-set temperature [85], the half-step temperature related to
the CP change [86] or the inflection point [87].

Figure 4.1: Exemplary DSC curve: The heat flow of a sample is depicted as a function
of temperature showing a crystallization and melting peak of a substance, as well as glass
associated step.

Although several methods have been used for the determination of melting, crystallization
and glass temperature, DSC is the most convenient tool to identify phase transitions
by observing the enthalpy relaxation and the scanning rate dependence of second-order
phase transitions. However, in the following chapter of this thesis, DSC limits will be
carved out and the methodology of ZFC-FC magnetization measurements will be used to
determine complex phase transitions in magnetically doped polymer solutions and gain
complementary information to DSC results.

4.2 Poly(Ethylene Glycol) (PEG) Solutions

For studying the particle-matrix interaction and the phase transitions, we choose poly(ethy-
lene glycol) (PEG) as a polymer constituent in aqueous solution, offering the advantage
of tailoring the matrices’ properties. PEG is a semicrystalline thermoplastic [88] with
the chemical formula H-(O-CH2-CH2)n-OH and a molar mass of 18.02 + 44.05 · n g/mol.
The integer n that is included in the names of PEGs indicates the average molecular
weight. For example, PEG with n =1.000 g/mol has an average molecular weight of ap-
proximately 1000 Daltons and is labeled as PEG1k. PEG is soluble in water over the
whole concentration regime at ambient temperature, resulting in dilute and concentrated
solutions [89]. The viscosity of a dilute polymer solution depends on the carrier liquid, the
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concentration and the nature of the polymer, its average molecular mass and molecular
mass distribution, the temperature and the shear rate. In general, one distinguishes be-
tween dilute, semidilute and concentrated solutions. In a dilute solution PEG molecules
are dissolved in water and do not interact with each other. In a concentrated solutions,
the PEG units form entanglements to neighboring PEG units and a polymer matrix is
formed. The semidilute state is an intermediate state between dilute and concentrated, in
which PEG units can overlap spontaneously but do not form polymer meshes. The condi-
tion for PEG forming entanglements was derived by introducing a radius of gyration Rg

[90] and an overlap volume fraction Φ∗. In Figure 4.2 the radius of gyration for different
molar masses and concentrations is schematically depicted. Above a critical molar mass
fraction, which is Mc = 5.870 g/mol, the PEG molecules are able to form entanglements.
Furthermore, the concentration of the polymer influences the overlap volume fraction.
The exact relationships between the molar mass, the radius of gyration and the overlap
concentration can be found in the appendix A. The different regimes of polymer solutions
is nicely described in Pierre-Gilles de Gennes Scaling concepts in Polymer Physics [91].

Figure 4.2: Illustration of PEG chains in water considering the concept of radius of gy-
ration (black circle) as a function of molecular mass and concentration as introduced by
Liu [92]: With increasing polymer chain length the radius of gyration increases until the
PEG molecules overlap. For a fixed radius of gyration the increasing polymer concentration
results in entangled polymer networks. Note this is only valid for polymers with a molar
mass fraction above Mc.

For the usage of semi-crystalline polymers in medical applications or engineering, it is
necessary to know their properties under specific conditions, e.g. temperature or pressure,
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and at which points the thermodynamically distinct phases occur, influencing the melting
and crystallization temperature. For that purpose, a type of chart is used called phase
diagram. The phase diagram of water and PEG is depicted in Figure 4.3.

Figure 4.3: Schematic picture of the phase diagram of aqueous poly(ethylene glycol) so-
lutions showing the melting points of the binary mixture for four polymer solutions: Tem-
perature is depicted versus the polymer molar mass fraction. On the left y-axis the melting
temperature of water and on the right the one of PEG is shown. The eutectic concentration
ceu and temperature Teu are highlighted by dotted lines.

In general, the melting curves of the pure component A and B with the melting point
Tm,A and Tm,B can be obtained using DSC. In a binary system the homogenous mixture
melts or solidifies at a specific temperature that is lower than the melting point of either
of the two constituents. The so-called eutectic temperature is the lowest possible melting
temperature of all the mixing ratios for the involved constituents. If a mixture of a specific
mixing ratio is cooled, a temperature will be reached at which one component will begin
to separate in its solid form and will continue to do so as the temperature is further
decreased. The remaining liquid continuously becomes richer in the other component
leading to a phase separation, until the composition of the liquid reaches a value at which
both substances begin to solidify simultaneously resulting in a mixture of two solids.
This composition is the eutectic composition and the temperature at which it solidifies is
the so-called eutectic temperature Teu [93]. For PEG solutions, the melting temperature
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shifts with increasing molar mass to higher temperatures and also the eutectic point5

shifts to higher temperatures [94]. In addition, the eutectic composition point shifts to
lower weight fraction of PEG with increasing molar mass [95]. Graham et al. [96] further
investigated the cooling behavior of polymer melts. If a PEG solution is cooled, it either
transforms into a semicrystalline solid below its melting point or into a polymeric glass
below its glass transition temperature, at which the molecular movement is hindered and
metastable crystals are formed. This glass temperature was found to be slightly dependent
on the mixing ratio of the constituents and follows the equation of Fox and Flury [68]:

TG = T 0
G −

K

Mn
, (4.1)

with the glass temperature T 0
G of a PEGx solution with a molar mass approaching an

infinite value (x → ∞), the number-average molecular weight Mn and an empirical pa-
rameter K that is related to the free volume present in the polymer sample. Equation
4.1 implies that low molecular weight values result in lower glass transition temperatures
whereas increasing values of molecular weight result in an asymptotic approach of the
glass transition temperatures to T 0

G.

4.3 Mobility of Particles in Polymer Solutions

For the investigation of scale-dependent particle-matrix interactions, macro- and nanorhe-
ological methods can be used to access information on different scaling regimes. Since the
characteristic length scales in polymer solutions depend on the polymer concentration
and molar mass of the used polymer, those are crucial factors for the interaction mecha-
nism present in a specific sample. What sort of information one can obtain via magnetic
nanoparticles in PEG solutions depends on the size of the probe particles relative to the
structural units. If the probe particle size is in the same size range as the characteristic
length of the polymer, one expects deviations from the macroscopic behavior. The scaling
theory of polymer solutions is an important field in polymer chemistry and will be shortly
introduced in the following: De Gennes [91] and Rubinstein [90] developed a scaling the-
ory and an extended version [97] considering the translational motion of particles in a
polymer solution. Under the assumption of a correlation length ζ and a radius of gyration
Rg of the polymer (see details in the appendix A.1), the mobility of particles within a
polymer solution can be described via the ratio of the characteristic length scales in the
solution. Starting with a particle size smaller than the correlation length of the polymer
(d < ζ), separate particles can only hydrodynamically interact with the matrix phase by
coupling to the viscous medium and normal diffusion should be observed corresponding to

5The eutectic point in a phase diagram of a homogenous mixture of two constituents describes a coor-
dinate at which the eutectic percentage ratio and the eutectic temperature is defined.
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the viscosity of the solvent ηs. In an extreme case, small nanoparticles can interpenetrate
the polymer chains or meshes and the transient network and the solvent becomes impor-
tant. For the intermediate regime, in which the particles and the characteristic length of
the polymer are in the same size of order, one expects a time-scale dependent behavior.
On short time scales, the same behavior as it is assumed for small particles is observed,
whereas at longer time scales a subdiffusive behavior is expected, in which an effective
viscosity ηeff of a polymer solution in the size range of the particle size can be assumed.
Additional to the subdiffusive behavior, larger particles can also be trapped by the poly-
mer meshes. However, for particles with a diameter larger than the radius of gyration of
the polymer, the macroscopic viscosity is rather expected [92]. If the length of the tracer
particles reaches the outer limit of the characteristic length in the polymer solution, the
magnetic particles can directly couple to the macroscopic polymer solution. In solutions
with low molecular weight the structural length scale is much smaller compared to the
size of magnetic particles. Therefore, the influence of the matrix to the magnetoviscous
effect and the viscosity can be neglected. If nanoparticles are comparable in size to the
polymer lengths, the mechanical coupling effect decreases.

The characteristic length of the PEG solutions studied in this thesis are listed in the
following Table 4.1.

PEG1k PEG4k PEG35k PEG300k
Mw [g/mol] 1000 4000 35000 300000
Rg [nm] 1.09 2.71 9.59 33.54
Φ∗ [v%] 7.59 1.45 0.28
Φe [v%] - - 9.36 1.81
Mc [g/mol] - - 5870 5870

Table 4.1: Overview on characteristic parameters of studied PEG solutions. Mw is the
weight-average molar mass, Rg is the radius of gyration calculated by equations explained
in the appendix A.1, Φ∗ the overlap and Φe entanglement volume fraction andMc the critical
molar mass for the formation of entanglements.

The values for PEG1k and PEG4k are below the critical molar mass, meaning that no
entanglements are formed at any volume fraction of polymer. Whereas in PEG35k and
PEG300k solutions, entanglements are formed if the entanglement concentration Φe is
exceeded.
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5 Cobalt Ferrite Nanoparticles Dispersed in
Solutions: Phase Transitions and
Nanorheology

This chapter deals with the investigation of the particle-matrix interaction in hybrid ma-
terials studied in the priority program SPP1681. The aim is to study magnetorheological
fluids and polymers from the macroscopic regime down to the nanoscale. In this project
the interaction between cobalt ferrite nanoparticles and a polymeric solution is investi-
gated.

We employ poly(ethylene glycol) as a model system based on polymer solutions with
well-known characteristic length scales in terms of molecular hydrodynamic radius, en-
tanglement length and mesh size. As magnetic probes, we employ well-defined magneti-
cally blocked CFO nanoparticles [80], which are pre-characterized in the first section of
this chapter. Then a mobility investigation of cobalt ferrite nanoparticles is given. Before
going to complex polymeric solutions, we investigate the relaxation behavior of the par-
ticles in water and glycerol, respectively. By temperature-dependent magnetization mea-
surements, interesting features in the ZFC-FC curves are found corresponding to phase
transitions of the investigated carrier fluid. The temperature-dependent methodology is
then applied to the polymeric solutions to study their phase transitions [98]. The focus
lies here on the crystallization and melting behavior of such solutions, where a distinct
change in the degree of magnetic in-field alignment is found [79], which is a crucial aspect
for the preparation of such hybrid materials. In addition, the Brownian relaxation of CFO
particles in complex polymeric solutions is studied. This section is based on reference [79]
[S. Webers et al., published in ACS Appl. Polym. Mat. (2020)].

In a second approach, the frequency dependent complex viscosity and mechanical moduli
are studied for the polymeric solutions. Investigations of the dynamics response of well-
defined magnetic nanoprobes are done in order to analyze the rheological properties of
complex fluids. The respective particle-matrix interactions are investigated by AC sus-
ceptometry, providing an elegant tool to extract rheological properties, e.g. the complex
viscosity. Such measurements are performed in order to measure the dynamic suscep-
tibility by particle rotation. An investigation of the range from dilute to concentrated
polymer solutions will bring out similarities and differences to ferrofluids, providing valu-
able information about the magnetic and rheological response of viscoelastic suspensions
containing ferromagnetic nanoparticles. This section is based on reference [81] [M. Hess,
..., S. Webers et al., submitted to Nanoscale (2019)].
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5.1 Synthesis and Particle Characterization

All probe particles obtained in this study are based on the same batch of cobalt fer-
rite nanoparticles, synthesized by thermal decomposition of cobalt(II) acetylacetonate
Co(acac)2 and iron(III) acetylacetonate Fe(acac)3 [99]. The seeds are subsequently grown
in four growth steps [100]. Dibenzyl ether is used as a solvent and stabilizers such as
oleic acid, oleyl amine and oleyl alcohol are added. The particles are electrostatically
stabilized in water using polyacrylic acid (PAA) according to protocols from literature
[101, 102, 103]. The magnetic cores are coated by a diamagnetic silica shell using a vari-
ant of the classical Stoeber method. The shell thickness depends on the reaction conditions
like the reaction time, the amount of precursor, the dropping rate or the amount of the
base are screened to yield a silica coating of 2 nm. Polymer stock solutions are prepared as
follows: The respective poly(ethylene glycol) (PEG) with a molar mass M=1.000 g/mol,
4.000 g/mol, 35.000 g/mol and 300.000 g/mol, purchased from Sigma-Aldrich Chemistry,
is mixed to demineralized water (Acros Organics) and shaken for a period sufficient to dis-
solve completely. The higher the volume fraction of polymer the longer takes the shaking
procedure, i.e. highly viscous PEG300k 25m% is dissolved after ca. 48 h. The aqueous-
dispersed tracer particles are added to the respective polymer stock solutions and dissolved
overnight on a shaking plate.

Figure 5.1: a) High resolution-TEM image of the cobalt ferrite nanoparticle powder show-
ing single-phase, highly-crystalline particles clustered on a grid-mesh (left blackish region)
and b) the corresponding particle size distribution, which is fitted by a lognormal distribu-
tion function (green curve).

First, the structural properties of synthesized particles as a dried powder are investigated
by TEM and XRD. In-field Mössbauer spectroscopy reveals additional information on the
magnetic nature of particles, which are further investigated by standard magnetometry
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measurements. A high-resolution TEM image (see Figure 5.1) shows spherically shaped
particles. By fitting the particle size distribution with a lognormal-distribution function
a particle diameter of dTEM = 17.3nm± 14% is obtained. The analysis of the planes in
HR-TEM is done by Fast Fourier Filtering of a selected area (see inset in Figure 5.1a),
yielding an interplanar distance of d = 4.834(1)Å, corresponding to {111} planes. It is
found that the nanoparticles are single-domain and single crystalline. The powder X-ray
diffraction pattern of cobalt ferrite nanoparticles is shown in Figure 5.2. The examination
of XRD pattern reveals the appearance of broad peaks, signifying the low crystallite
size of the prepared particles compared to bulk material. All peaks belong to the cubic
spinel structure with a lattice parameter a of 8.3918Å . The analysis of the XRD pattern
confirms the formation of a single spinel phase. The average crystallite size is calculated
using the Scherrer formula to approximately 12 nm.

Figure 5.2: X-ray diffractogram of cobalt ferrite nanoparticle powder measured at room
temperature. The reference data of cubic spinel-structured CFO are depicted in green and
the fit curve in red.

By analyzing the in-field Mössbauer spectra at 4K shown in Figure 5.3, the inversion
parameter of the spinel structure and the canting angle can be calculated. The spectra
consist of two sextets resulting from Fe3+ ions on the tetragonal A- (light green) and
octahedral B-site (dark green). With an applied magnetic field of 5T parallel to the γ-ray
direction, the subspectra shift with respect to each other, simplifying the fitting procedure
for the analysis. The two subspectra are modeled using the Pi program package [104]
and the fitting parameters can be found in Table 5.1. The values for A- and B-site are
comparable to literature values for CFO nanoparticles [105]: For the isomer shift we obtain
0.37mm/s and 0.51mm/s, for the effective magnetic field 55.7T and 49.5T, respectively.
The line width of around 0.5 mm/s represents the static nature of the CFO particles at
4K. The relative line intensity A23 of line 2 to 3 or 5 to 4, respectively, reflects the canting
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angle between the γ-ray direction and spin orientation, which is intercorrelated with the
magnetic field direction and the canting angle ΘCanting.

Figure 5.3: Mössbauer spectra recorded at 4K without and with an applied magnetic field
of 5T parallel to the γ-ray direction revealing the distribution of Fe ions on the A- (light
green) and B-site (dark green) in the cubic spinel lattice.

Mössbauer parameter 4K 4K+5T
A-site B-site A-site B-site

Isomer shift [mm/s] 0.39(1) 0.51(2) 0.37(1) 0.49(2)
Bhf or Beff [T] 51.4(1) 54.1(1) 55.7(2) 49.5(1)
Linewidth [mm/s] 0.45(3) 0.49(2) 0.40(2) 0.62(1)
A23 1.9(1) 2.2(1) 0.2(0.2) 0.4(0.1)
ΘCanting [◦] 54.7(5) 57.6(6) 18.8(2) 25.4(2)
Area [%] 52(2) 48(2) 32(1) 68(1)

Table 5.1: Mössbauer fitting parameter of the cobalt ferrite nanoparticle powder at 4K
and with an applied magnetic field of 5T: Isomer shift relative to α-Fe (v=-0.107 mm/s) at
room temperature, magnetic hyperfine fieldBhf and effective magnetic fieldBeff, respectively,
linewidth, line ratio A23, canting angle ΘCanting, relative area for calculating the inversion
parameter.

As expected, with an applied magnetic field of 5T in γ-ray direction, the relative line
intensity A23 approaches a value of 0, resulting also in a small canting angle of approx-
imately 20◦, which indicates a low surface spin contribution. The 5T spectrum shows
clearly resolved sextet subspectra for tetragonal A-site and octahedral B-site occupied
by the Fe3+ ions. The inversion parameter, calculated from the ratio of the two relative
spectral areas, is 0.64(2) revealing more or less randomly distributed Fe3+ ions on the A-
and B-site. The difference of the transferring spin imbalance from A- to B-site though the
oxygen ions leads to a difference in the hyperfine field at the Fe3+ nucleus in B-site and
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result in an increase in line width [106]. The isomer shift for the A-site is lower than for
the B-site, which can be explained by the bonding nature of Fe at the two sites.

Figure 5.4: Magnetic field and temperature dependent magnetization measurements on
the cobalt ferrite nanoparticle powder: The hysteresis curves are measured at 5K (green)
and 300K (black), respectively. Temperature dependent curves are recorded from 5-300K
(zero field cooled, ZFC) and 300-5K (field cooled, FC) with an applied magnetic field of
10mT. In addition, the difference magnetization M(FC)-M(ZFC) is plotted (dotted line).

In magnetization measurements depicted in Figure 5.4, an open hysteresis loop is found in
field dependent magnetization measurements at 5K (see green curve), whereas at 300K
the loop is almost closed indicating beginning superparamagnetic behavior. At 5K a co-
ercive field strength of 1.0T and a saturation magnetization MS(5T ) of 93.5 emu/g is
measured, which is 15 % higher as compared to bulk-CFO magnetization (80.8 emu/g)
[107], possibly caused by a Co site-distribution deviating from the most common ordered
inverse spinel structure of bulk-CFO samples [108]. On the right side of Figure 5.4 the tem-
perature dependent magnetization measurement is shown at 10mT, recorded using the
zero field cooled (ZFC) and field cooled (FC) protocol. The FC magnetization is almost
constant upon cooling. The ZFC magnetization is strongly temperature dependent and
presents a typical curve shape as expected for dried nanoparticles having a high blocking
temperature. Since we observe only small ZFC magnetization values, the Langevin-like
regime is not yet reached and no turning point in the difference curve is found. We con-
clude that our measurement range covers only the blocking temperatures of the smallest
particles in the sample. However, one can estimate the blocking temperature of the stud-
ied CFO particles to be above 300K, meaning that for temperatures below the blocking
temperature, the particle’s magnetic moment is blocked and its orientation depends on
its magnetic history.
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5.2 Mobility Investigations of Cobalt Ferrite
Nanoparticles in Pure Solution

To understand the complex interaction of particles in a nanostructured polymeric solution,
first CFO particles in pure water are studied. In Figure 5.5 the frequency-dependent
dynamic behavior of the cobalt ferrite nanoparticles in water is depicted as a function of
temperature. The AC magnetic susceptibility is measured from 320K down to 5K with
an AC field amplitude of 4Oe. In the water-phase the cobalt ferrite nanoparticles can
perform Brownian motion on timescales longer than τB resulting in a Brownian peak in
the imaginary part of the AC susceptibility. Upon decreasing temperature, the Brownian
peak shifts to lower frequencies due to the change in viscosity (black curve). At 320K the
peak maximum is outside the measured frequency range, which is expected to appear at
higher frequencies. At 280K the Brownian peak is fitted by a lognormal-distribution of
hydrodynamic diameters resulting in a rotation frequency of 18000Hz corresponding to a
hydrodynamic diameter of dh=23.2 nm. Below the crystallization temperature (blue line),
the cobalt ferrite nanoparticles are magnetically blocked in terms of Brownian motion and
no peak in χ′′ is observed, however, small hints for Néel relaxation are found at very low
temperatures.

Figure 5.5: The imaginary part of the AC susceptibility of CFO particles in water is
depicted as a function of temperature and frequency. At the freezing temperature of water
(blue line) an abrupt change in Brownian motion is observed. The black line is a guide to
the eye to depict the temperature dependent shift of the relaxation peak.

In the following the temperature dependent magnetization measurements of 0.038m%
CFO nanoparticles dispersed in water are studied with different applied magnetic fields
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from 0.4mT up to 10mT. Since these ZFC and FC curves will be important for the
interpretation of complex polymer solutions in the next section, the shape and its origin
will be discussed now in detail. For reasons of simplicity, the experimental data in Figure
5.6 are broken down to an ideal curve shape to discuss it in the following. In Figure 5.7
a schematic illustration dividing an ideal ZFC-FC curve into three regions is depicted:
Considering the low-temperature branch of the ZFC curve (region I), the nanoparticles are
randomly distributed within the frozen water resulting in an almost zero magnetization.
Upon rising temperature the sample’s magnetization under various fields from 4K stays
close to zero, until reaching the phase transition temperature. At the melting temperature
TMelt, at which point ice turns into water the nanoparticles can immediately align in field
direction and the magnetization suddenly increases. In the liquid state (region II) the
CFO particles move freely in water. In the simplest case we can consider an ensemble of
uniform, spherical magnetic dipolar particles with a radius r and non-interacting particles,
individually dispersed in the water, which holds true for low particle concentration, e.g.
0.038m% (Figure 5.6).

Figure 5.6: 0.038m% of cobalt ferrite nanoparticles in water: ZFC-FC magnetization curves
recorded at 0.4-10mT. For reasons of comparability, the magnetization is normalized to the
particle concentration, being equivalent to a susceptibility. In the liquid regime the data
are fitted by a Langevin fit assuming completely blocked nanoparticles in terms of Néel
relaxation and in low-field approximation (solid curves).

Under the influence of a small magnetic field, the temperature-dependent magnetization
of the sample can be described by the Langevin function L(α) = coth(α) − 1/α with
α = m·µ0·H

kB·T
:

M = MS · φ · L(α), (5.1)
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with the particle fraction φ and the magnetic moment of an individual particle m =
4/3πr3MS. For reasons of comparability, the magnetization can be normalized to the
concentration M

φ
as a dimensionless value, equivalent to a susceptibility, χ

φ
, which is shown

in full in the following:

χ

φ
= MS

H
· L(α) = MS

H
·
[
coth

(
4/3πr3MSµ0H

kBT

)
−
(

kBT

4/3πr3MSµ0H

)]
. (5.2)

Figure 5.7: Schematic illustration of the ZFC-FC curve shape for particles in solutions
dividing the curves in three regions corresponding to different physical origins. The insets
show the particle’s magnetic moment in the frozen and molten state at an applied magnetic
field.

Although our normalized value has the shape of a susceptibility, it does not correspond
directly to the derivation of the magnetization by the field. Comparing this theory with
the ZFC-FC curves of 0.038m% CFO particles in water, we expect that the particles follow
the above mentioned Langevin function at temperatures above the melting temperature
of water. For that, we fit the high-temperature branches by Equation 5.2. Indeed, we
observe a good agreement between the FC branch and the Langevin function in Figure
5.6, in which the values are either known from literature or experiments. However, with
increasing applied magnetic fields, the ZFC and FC branches start to deviate in the fluid
resulting in the characteristic shape occasionally resembling a ducks beak. At 0.4mT the
ZFC and FC branch overlap above 280K indicating the superparamagnetic behavior of
the particles within the molten solution (region II). In higher magnetic fields this super-
paramagnetic behavior is slightly shifted to higher temperatures, resulting in an opening
between the ZFC and FC branch. Considering this understanding, one can now follow the
branch downwards along the FC curve (region II-III). By cooling the sample in a small
magnetic field, the susceptibility increases as expected from equation 3.12 and in depen-
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dence of the applied magnetic flux µ0H. At the phase transition of water from liquid to
solid (related to the freezing temperature TFreeze), the FC susceptibility experiences a sud-
den drop and afterwards stays almost constant in all experiments. The low-temperature
susceptibility in the solid state is principally temperature-independent, which is due to
the fully immobilized particles within the frozen material, again verifying the absence
of Néel relaxation. The susceptibility in the solid state decreases with increasing field
strength, but the absolute values are similar in all runs. The drop in the susceptibility at
the freezing temperature of the solvent might result from several possible origins, which
will be explained later in 5.2.1. The discrepancy between the observed jump tempera-
tures upon cooling and heating can be explained by the water being in a supercooled
state closely below its freezing point when measuring the FC curve, followed by sponta-
neous recrystallization whereby TFreeze depends on the cooling rate. In several cooling and
heating cycles, it is tested whether the temperature treatment influences the magnetic
properties of the sample or an irreversible effect is measured. Anyway, after cycling, the
same magnetization curves are observed, with the same freezing and melting temperature,
even the jump and drop height in the curves are almost identical. The ZFC-FC results are
crosschecked by DSC measurements for 0.038m% and 1m% CFO in water and depicted in
Figure A.1 in the attachment. It is found that the transition temperatures in DSC curves
are identical with the jump-like increase and decrease in magnetization curves, respec-
tively. However, the position of the freezing temperature slightly shifts with increasing
particle content to higher temperatures, which is possibly due to the presence of a higher
number of crystallization nuclei and results in a lower degree of supercooling.

5.2.1 Effect of Crystallization

In this section the origin of the jump-like decrease in the FC magnetization observed in
Figure 5.6 will be discussed. One can suggest two possible explanations for that: Under
the process of freezing in a narrow temperature range, we can imagine that initially crys-
tallization nuclei appear and start to grow, while the fluid volume that is accessible for the
particles decreases quickly. The particle concentration increases strongly in the remaining
fluid phase, and consequently, the particle-particle interaction increases, presumably re-
sulting the low-energy assembly of particle aggregates. These structures, formed under the
influence of weak fields, show a reduced susceptibility as compared to the freely moving
particles observed before. This explanation is based on a phase separation and increased
concentration. Another possible explanation for the sudden drop is the freezing process it-
self, in which growing ice domains transfer a randomly-directed torque to particles nearby,
presumably resulting in some misalignment of the particles easy magnetic axes relative
to the field direction and the observed drop in magnetization. However, if crystals of ice
start to nucleate and grow in the solution, the magnetic probe particles either increase
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in concentration in the remaining solution or will be incorporated into ice crystals and
consequently, a lower magnetization value is observed.

For higher magnetic field amplitudes, smaller jumps in the susceptibility upon crystalliza-
tion are observed. This could be explained by a more stable alignment of the magnetic
moments along the field direction, being harder to misalign during the cooling process
either by particle interaction or transferred torques, resulting in a smaller decrease in the
magnetic susceptibility. Whether the particles are incorporated into water ice crystals, or
not, we will discuss in the following section in detail, based on DSC and magnetometry
data of PEG solutions. But first, we will show that the freezing linked magnetization jump
is absent for glass-forming solutions as discussed in the next step.

5.2.2 Effect of Non-Crystallizing Glycerol Solution

It has been shown in the previous section that there is a distinct decrease in the degree
of magnetic in-field alignment of the particles’ moment in water upon crystallization.
Although the mechanism leading to this re-orientation is still under research, now we want
to get a better understanding how the particles immobilization in a glass forming solution
occurs. The ZFC-FC protocol is applied to the same magnetic particles in glycerol solution,
which is a typical glass former exhibiting the glass transition at TG=190K, to check
the hypothesis that the formation of ice domains transfer a torque to particles nearby,
presumably resulting in some misalignment of the particles easy magnetic axes relative to
the field direction and in a drop in magnetization. In Figure 5.8 the temperature dependent
magnetization curves of 0.038m% CFO particles dispersed in 90m% glycerol solution are
measured at different fields (0.4mT to 10mT). Similar to the water reference, the ZFC-
FC curves in the molten regime can be described by the Langevin function, indicating
superparamagnetic behavior of the CFO particles. Further, the absolute susceptibility
decreases with an increasing applied magnetic field.

In contrast to the water sample, the glycerol solution does not crystallize. Upon cooling,
the glycerol solution becomes an amorphous solid, which is known as glass-forming be-
havior. In physics, the definition of a glass is described by a solid formed under rapid melt
quenching [109] that the crystallization is prevented and instead the disordered atomic
configuration of the supercooled liquid is frozen into the solid state [110]. Under the as-
sumption that crystallizing domains transfer a torque to the nanoparticles, and that no
crystallization domains exist in the glycerol solution, we expect that no torque transfer
can occur and the small misalignment of the particles magnetic moment in respect to the
applied magnetic field will be absent, resulting in the absence of a drop in the FC magne-
tization. In the glycerol measurements, no drop in FC curve is observed, which underlines
our hypothesis that the drop originates solely from the crystallizing fluid. However, we can
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Figure 5.8: Field dependent ZFC-FC magnetization measurements on CFO particles dis-
persed in 90m% glycerol solution from 0.4mT (pink) to 10mT (green). The FC curve
exhibits no jump-like feature upon cooling, whereas the ZFC magnetization dramatically
increases after the glass temperature TG = 190K for pure glycerol.

not distinguish further, whether the crystallization itself is the origin or rather the effects
caused by the phase separation. Although no jump in FC magnetization is observed, the
ZFC branch exhibits an increase in magnetization upon heating. Instead, there is a broad-
ened transition in the temperature regime, where the continuously decreasing viscosity is
sufficiently low to allow the particles’ alignment on timescales accessible by our applied
experimental approach.

In Figure 5.9 the temperature dependent real part and imaginary part of the magnetic
AC susceptibility are depicted as well as an AC map of the imaginary part. Between
340K and 240K we observe a Brownian peak shifting to lower frequencies upon cooling
the sample: The CFO particles can rotate freely in terms of Brownian motion in the
glycerol solution and are not disturbed by any phase transition, such as crystallization.
The temperature shift occurs over five orders of magnitude, indicating a huge change in
viscosity, following the Vogel-Fulcher-Tammann-Hesse equation, which Segur et al. [111]
measured for glycerol and its aqueous solutions without nanoparticles. Below 240K the
peak maximum is at the outer limit of our measurement frequency range. However, the
AC results confirm our ZFC-FC results. In the glass-forming solutions, no jumps in the
FC magnetization are observed. Whereas in the water sample, we observe a jump-like
behavior of the magnetization at the melting and crystallization temperature. We can
conclude that the FC jump upon cooling is a consequence of the crystallization process.
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Figure 5.9: a) Temperature dependent AC susceptibility of the cobalt ferrite nanoparticles
in glycerol solution in a 2D-plot and b) as an AC 3D-map measured in 10K steps. The arrow
and the black line are guides to the eye to highlight the shift of the Brownian relaxation
peak.

5.3 Phase Transitions in Aqueous Poly(Ethylene
Glycol) (PEG) Solutions

Going from pure water to poly(ethylene glycol) solutions, phase transitions become more
complex, depending on the length and concentration of the polymer. In this section, the
ZFC-FC methodology will be applied to four polymer solutions. Having the ZFC-FC
picture of CFO particles dispersed in water in mind, we can address these observations
to those of various polymer solutions.

PEG Φ [v%] µ [m%] µeu [m%]
1k 57.1 60 52
4k 37.2 40 50
35k 13.5 15 45
300k 2.1 2.4 n.d.

Table 5.2: Volume fraction Φ, molar mass fraction µ and the eutectic concentration µeu of
the studied polymer solutions. µeu for PEG300k is not determined in literature.

In Table 5.2 the studied solutions are listed according to their molar weight, volume
fraction and molar mass fraction. The latter parameter is compared to the eutectic con-
centration µeu, which will play a special role in the explanation of phase transitions.
Depending on whether the mass fraction is above or below the eutectic concentration, it
is known for DSC results, that two phase melting and heating peaks occur, respectively.
In the supplement DSC cooling and heating curves of the PEG solutions are shown in
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Figure A.3. One motivation for studying the phase transitions by ZFC-FC measurements
is that we gain complementary information to DSC results. For example, in Figure 5.10
40m% PEG4k solution without and with magnetic tracer particles is studied by DSC. The
pure PEG solution undergoes two freezing processes, indicated by the light blue peaks
upon cooling and a glassy step is observed. In the heating curves, several inflection points
can be observed in the low temperature regime, linked to glass-like behavior of the PEG
solution and one melting peak in light red.

Figure 5.10: Influence of CFO particles to DSC curves of 40m% PEG4k solution: Upon
doping the polymer solution the cooling curve (dark blue) exhibits more fine structures,
whereas the heating curve (dark red) in the lower temperature region does not show glass-
associated features, however, being present in the pure PEG solutions (light colored curves).

In contrast to that, the curves of the magnetically doped polymer solution exhibit three
freezing peaks and no inflection point at low temperatures. In the heating curve the fine
structure disappears at the low temperature regime, but a double peak regarding to the
melting behavior is found. This means the existence of magnetic tracer particles influences
the phase transitions of the polymer solutions, occurring at sharper temperature ranges
or suppressing glass-forming states. In the following the phase transitions in polymer
solutions of identical macroviscosity are studied by ZFC-FC and DSC approach and the
influence of particle doping and magnetic fields to the results are investigated.
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5.3.1 Phase Transitions in Polymer Solutions of Identical
Macroviscosity

Four polymer solutions with identical zero-shear viscosity are studied by ZFC-FC method-
ology and compared to DSC cooling and heating curves, respectively. For that purpose,
aqueous solutions of linear PEG of different molar mass and concentration are prepared,
thus employing different states of entanglements [81] as well as different length scales,
in particular the radius of gyration Rg. We study nearly Newtonian PEG solutions with
low molar mass and high polymer concentration above, as well as below the eutectic con-
centration (60m% PEG1k, 40m% PEG4k), an intermediate sample with 15m% PEG35k
and a high molar mass sample with low polymer content slightly above the entangle-
ment limit (2.4m% PEG300k). To directly compare the influence of the different phase
transitions observed in polymer solutions of comparable viscosity, ZFC-FC magnetiza-
tion curves are compared to the corresponding DSC cooling and heating curves for a
fixed concentration of 0.2m% CFO tracer particles and constant magnetic field (10mT).
The polymer solutions are displayed in order of decreasing water content, getting less
dilute from 2.4m% PEG300k to 60m% PEG1k. Since the critical molar mass Me for PEG
is around 5780 g/mol as reported in literature [103], no entanglements are expected for
PEG1k and PEG4k solutions at any polymer concentration. In contrast, molar masses of
PEG35k and PEG300k are clearly exceeding Me while also the PEG volume fractions φ
in this samples are slightly larger than the entanglement concentration φe. Before going
into a detailed description of Figure 5.11 and 5.12, the similarities observed for ZFC-FC
curves are discussed: In the temperature region between 5K and 200K all samples show
a constant splitting between the ZFC and FC curves (regions I and III), compare with
Figure 5.7, which can be assigned to the magnetically blocked state of the nanoparticles
in terms of Néel relaxation. At the melting and freezing point of the polymer solution
the normalized susceptibility of the samples suddenly increases, respectively decreases,
resulting from the change in the in-field alignment of nanoparticles’ magnetic moments at
the phase transition, being consistent with the behavior observed for the water reference
sample. The high-temperature branches seem to be at least qualitatively similar to the
one observed for the water reference showing the characteristic shape of a ducks beak.
Theoretically, the same behavior as in water is expected for polymer solutions in the quasi-
static experiment and in the liquid region both branches can be more or less described
by the Langevin function. Concerning the low-temperature region, the susceptibility of
the FC curve is temperature-independent and the transition behavior looks quite similar
to the water reference in case of the high-water content polymer solutions. However, the
phase transition temperatures are determined by the specific polymer solution. Comple-
mentary DSC results from the cooling and heating part of the thermograms (173-323 K)
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are framed around the magnetothermograms to directly compare the ZFC branch with
the heating curve and the FC branch with the cooling curve.

Figure 5.11: Comparison of DSC cooling (top) and heating curves (bottom) with ZFC-
FC magnetization measurements (middle) of the high-water content solutions of 2.4m%
PEG300k (blue) and 15m% PEG35k (green), respectively.

Starting now with a detailed description of the dilute solutions, the transition tempera-
tures of TMelt and TFreeze are determined at the maximum of dχ/dT obtained from the
dramatic rise in ZFC- and descent in the FC susceptibility and are listed in Table 5.3.
Two endothermic peaks are observed in the high molar mass solution PEG300k (Figure
5.11 bottom left) with minor polymer mass fraction: A small one at the melting point
263±2K of the polymer solution and a second peak at 272±2K resulting from a pure
water phase. The melting and freezing point observed for 2.4m% PEG300k (Figure 5.11
left) are close to the corresponding phase transition temperatures in water, in accordance
with the colligative nature of the freezing depression effect. With its relatively high water
content, nucleation occurs during the freezing process in the water-rich phase. In compar-
ison, for PEG35k solution, the freezing and melting point is shifted to lower temperatures
as compared to pure water due to the lower water content in the samples (Figure 5.11
right). With increasing polymer content, the amount of freezable bound water decreases,
as so does the peak temperature associated with the free water molecules. For the polymer
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solution 15m% PEG35k (Figure 5.11 bottom right), the intensity of the water-rich phase
decreases, while the melting peak of the eutectic solution increases as compared to the
2.4m% PEG300k thermogram, corresponding to a lower content of free water. To clarify
the nature of the effect leading to the decrease in magnetization upon cooling (FC curve),
the corresponding DSC cooling curve, shown in Figure 5.11 in the upper part, exhibits a
valuable clue: While the predominant peak is present at the water freezing temperature,
the smaller second peak is visible at the eutectic freezing temperature, matching the po-
sition of the distinct drop in the FC curve, strongly indicating that the particles are not
incorporated in the water ice crystals, manifesting first, but instead getting enriched in
the eutectic mixture, before being incorporated in the eutectic ice phase.

Figure 5.12: Comparison of DSC cooling (top) and heating curves (bottom) with ZFC-FC
magnetization measurements (middle) of the low molar mass solutions of 40m% PEG4k
(red) and 60m% PEG1k (purple), respectively, indicating a more complex phase behavior
than the high-water content solutions.

Now, we are discussing the lower molar mass solutions (see Figure 5.12), which are not
entangled at any concentrations. For PEG4k one observes two ZFC jumps in the sus-
ceptibility indicating two phase transitions. A glass-associated jump is observed at about
220K for 40m% PEG4k (Figure 5.12 left). A corresponding feature is also observed to a
minor degree and less sharply in the ZFC curve of 15m% PEG35k. During the heating
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process, the glassy, concentrated water-PEG mixture re-entries the semi-crystalline state
[112], when passing the glass transition temperature TG of the polymer. Upon further
heating, the semi-crystalline fraction of the polymer solution melts at the melting tem-
perature of the eutectic material [113], which is accompanied by the second jump in the
ZFC curve of PEG4k at 264±2K. This effect is even more pronounced for the low molar
mass sample 40m% PEG4k than for PEG35k and is well-known as melting point depres-
sion [114]. The FC curve of PEG4k has one sharp FC drop at 236K linked to the glass
transition. One small feature can be observed at 253K. The overall process for PEG4k
can be understood as follows: As long as the polymer concentration is below that of the
corresponding eutectic mixture (µ4k = 40% < µeu,4k = 50%), at first crystals of pure
water ice are nucleated and grow from the solution. In consequence, the magnetic probe
concentration in the remaining dispersion increases, at which point presumably a torque
is transferred from the ice crystals to the nanoparticles, as illustrated before for the water-
based sample in the previous section. After crystallization of the water/eutectic phase, the
remaining polymer-rich phase is supposed to undergo a glass transition, meaning that the
mobility of the polymer segments drastically changes, accompanied by a sudden drop in
the heat capacity in DSC measurements as discussed below. The system develops a semi-
crystalline, glassy phase [115]. This is in accordance with a freeze of the magnetic dipoles
within the magnetic field at the glass transition [116]. During the partial crystallization
of the polymer within the frozen sample, the particles experience a further torque, which
results in an additional misalignment of the nanoparticles, causing the second decrease in
the magnetic moment upon cooling the samples.

2.4m% PEG300k 15m% PEG35k 40m% PEG4k 60m% PEG1k

DSC cooling
252±1K 248±4K 201±3K 272±6K
254±1K 256±1K 225±2K

233±2K

FC curve 261±1K 250±2K 236±2K n.d.
261±1K 253±1K

ZFC curve 267±1K 223±2K 220±2K 203±3K
264±2K 264±2K

DSC heating
263±2K 261±2K 199±2K 197±2K
272±2K 268±3K 223±2K 252±2K

260±3K 273±1K

Table 5.3: Characteristic temperatures estimated from the position of the discontinuity in
ZFC-FC magnetization and by the peak position of DSC cooling and heating curves.

Below the glass transition temperature, the susceptibility of the FC curve is almost con-
stant down to 5K, indicating that the nanoparticles are magnetically blocked in terms
of Néel relaxation and Brownian motion and again mechanically immobilized within the
frozen solution. After the discussion of PEG4k upon cooling, now the DSC heating curve is
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described for the 40m% PEG4k sample (Figure 5.12 bottom left). Only one melting peak
of the nearly-eutectic polymer solution at T=264±1K is found. While no melting peak
of the water-rich phase is observed, which can be explained by almost all water molecules
being bound to the PEG molecules here. Besides the endothermic peak, a second-order
transition is observed in the 40m% PEG4k DSC thermogram around 200K as a change
in heat capacity, indicating a glass transition process. After reaching the glass transition
temperature, an exothermic signal is measured around 223K, which is linked to the post-
crystallization of the polymer within the eutectic solution. The position of the exothermic
peak is identical to that of the jump-like increase in the ZFC curve observed in the PEG4k
solution.

For sample 60m% PEG1k (Figure 5.12 right), only one discontinuity in the ZFC magneti-
zation curve is observed at TG = 203K, with the lower TG of the remaining, polymer-rich
solution being in accordance with a lower molar mass of the PEG component. Here, the
polymer content is expected to be higher than the eutectic composition (µ1k = 60% >

µeu,1k = 52%) and thus, all water molecules are bound to the PEG molecules by solvation.
Accordingly, the phase transition of the respective polymer solution is mainly driven by
the PEG component, resulting in a glass forming tendency. In contrast to the other poly-
mer solutions, no dramatic decrease is observed in the field-cooled curve that is associated
with a first-order phase transition such as crystallization. Instead, a glass transition-type
change in susceptibility scaling is observed in the ZFC branch as it was already seen in the
glycerol sample in Figure 5.8. In the DSC curve of 60 m% PEG1k (Figure 5.12 bottom
right) a step-like feature associated with the glass transition temperature of PEG-rich
solution is observed at 193K. In contrast to the other DSC curves, only a minor melting
peak of a water-rich phase is observed at about 273K, indicating almost complete absence
of free water. The development of a glassy phase and the suppression of the water- [115]
and eutectic crystallization is assigned to the high polymer content in the mixture that
binds residual water by solvation and prevents nucleation and long-range order of the
molecules.

Summary and Discussion

For the detailed interpretation of ZFC-FC and DSC results, it has been shown that it
is useful to know the eutectic concentration µeu [117] of the respective water-PEG phase
diagram. During the cooling process of aqueous PEG solutions with a concentration be-
low the eutectic concentration, a water-rich high melting phase nucleates first [114] at a
temperature close to the freezing temperature of water, as indicated by an exothermic
crystallization peak in DSC cooling, whereby the remaining solution gets continuously
enriched with PEG until the eutectic composition is reached [118]. This is followed by
the crystallization of the eutectic phase as manifested by the corresponding flank or peak
in the cooling DSC branches and the FC curves. During this process, it can be assumed
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that the probe particle concentration is further enriched in the ebbing fluid. Upon further
cooling the remaining polymer-rich fluid phase can undergo a glass transition. Both pro-
cesses are accompanied by a drop in FC susceptibility that might be explained either by
the increase in particle concentration or the immobilization/crystallization process itself
or a combination of both. The reverse behavior is expected for the heating process. In
accordance with this, two melting peaks are observed for the higher concentrated samples,
corresponding presumably to the individual melting processes of the eutectic mixture and
the original water ice crystals. In contrast, only one eutectic melting peak of the binary
mixture is measured for polymer solutions around the eutectic concentration µeu [95]. For
polymer solutions with a concentration higher than the eutectic composition, we expect
PEG-rich crystals to appear first, yet in our case for the 60m% PEG1k glass formation
is observed instead. As mentioned by Guo et al. [119], polymer aqueous solutions can be
classified into three zones: Zone I exhibits exclusively water molecules bound to polymer
segments by solvation, the semidiluted regime employs predominantly free water molecules
(zone III) and an intermediate one with bound as well as free water molecules (zone II).
Accordingly, the shape of the DSC heating curves strongly depends on the polymer to
water ratio and thus, the amount of free and bound water within the sample. The inves-
tigated samples span the whole composition range exemplified by Guo et al. [119]. The
sample with the highest polymer concentration and lowest molar mass (60m% PEG1k)
exhibits a concentration above the eutectic concentration, employing a strong tendency
for glass-formation (zone I). We observe similarities between this sample and the glycerol
solution. For the intermediate samples (40m% PEG4k and 15m% PEG35k) we observe
the eutectic phase and the water phase melting and crystallization occur separately (zone
II). Finally, the diluted solution of high molar mass 2.4m% PEG300k behaves similar
to the water reference sample and the magnetization curve is mainly determined by the
dominating free water phase (zone III).

5.3.2 Influence of Particle Doping and Magnetic Fields

To better understand the mechanism of the sudden susceptibility changes in the ZFC and
FC curves and to study the influence of different amounts of cobalt ferrite nanoparticles,
next, we investigate polymer solutions with different particle contents. We expect that
the particle concentration plays an important role and affects the shape of the ZFC-FC
and DSC curves. An increased particle content results in an increased particle-particle
interaction and chain formation becomes more likely. For identical spherical CFO particles
in a magnetic field in a distance d, the particle interaction parameter λ describes the
dimensionless ratio between the magnetic interaction energy and the thermal energy:

λ = µ0

2π ·
m2

d3 ·
1
kBT

. (5.3)
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The dimensionless parameter introduced by de Gennes and Pincus in 1970 [120] can be
used to estimate the probability of chain formation of magnetic nanoparticles. If the
thermal energy relative to the magnetic interaction is higher (λ � 1), the nanoparticles
are unlikely to interact significantly with each other. If the magnetic interaction becomes
larger than the thermal energy (λ� 1), the formation of linear chains is possible, however,
for low particle fractions chain formation is only possible for high interaction parameters.
In addition to the magnetic interaction parameter, the chain formation and chain length
depends on the particle concentration and the applied magnetic fields.

Particle Doping: In Figure 5.13 the ZFC-FC curves of the four polymer solutions with
identical zero-shear viscosity and varying particle content are depicted. In addition to the
phase transition related drops and jumps in the susceptibility, respectively, the nanopar-
ticle doping influences the splitting behavior of ZFC and FC curve in the molten temper-
ature regime. The normalized susceptibility value and the absolute drop and jump height
of the susceptibility changes, as discussed in the following.

Figure 5.13: ZFC-FC curves for polymer solutions with identical macroviscosity and with
varying particle content from 0.038m% (pink) to 1m% (blue).

In the first row of Figure 5.13 the ZFC-FC curves of dilute PEG300k and PEG35k solution
are shown. The susceptibility values are normalized by the tracer particle content in
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order to provide better comparability as it is done in the previous section. In general,
the respective ZFC-FC curves exhibit similar characteristics as found in Figure 5.11. The
transition temperatures as indicated by the position of the susceptibility discontinuities are
mainly unaffected by the tracer particle content, confirming them to be characteristic for
the composition of the polymer-water phase. In particular, for the high molar mass sample,
only one susceptibility jump is observed, ascribed to the water-rich phase crystallization
or melting. While the ZFC branches are practically identical for all particle fractions in
PEG300k, some differences can be seen in region II, where the curve shape is duck beak-
like. In this high temperature region, the Langevin-dominated regime (T > TMelt) is similar
for all samples, with differences ascribed to minor changes in the particle dispersion state
in the quasi-homogenous solutions. With increasing particle concentration, the curves are
less closed, however, the main influence of the particle content is on the relative change in
normalized susceptibility that is stronger, the higher the particle fraction. The latter could
indicate a collective nanoparticle effect to be the origin of the larger magnetization drop,
e.g. stronger magnetic dipolar interparticle interaction resulting in a formation of particle-
enriched regions during or after the phase separation. In the vicinity of the transition
temperature, an indication for minor secondary processes can be observed in all curves,
that might be caused by internal reconfiguration or assembly processes.

Similar behavior is also confirmed for the PEG35k sample. In addition, the discontinuity
becomes increasingly complex, with two individual melting and freezing processes distin-
guishable for solutions with high particle content. While the transition associated with
water crystallization and melting, as clearly detected in the DSC thermograms observed
in Figure 5.11, is hardly detected for those samples containing low tracer particle contents,
the signal is more prominent using higher particle mass fraction. On the lower left side
of Figure 5.13 the particle concentrated ZFC-FC curves of PEG4k solutions are depicted.
In addition to the susceptibility jumps at the freezing and melting temperature of the
eutectic phase, the second susceptibility discontinuity is observed that can be assigned to
the glass transition of the remaining polymer-rich phase. The relative decrease in the nor-
malized susceptibility at the eutectic freezing temperature increases with increasing total
tracer concentration, in accordance with the reasoning above. In the high temperature
Langevin-like regime (T > TMelt), the normalized susceptibility decreases for increasing
particle fraction, and the ZFC branch shows an increased deviation from the FC branch
(wider open duck beak). In continuation of the argumentation the section before, this
indicates a strong tendency to superstructure formation of the tracer particles in the
polymer-rich glassy phase that is only slowly reversed at the higher temperature, if at all.
For the solution with the highest particle content, the overall normalized susceptibility is
reduced over the whole temperature range, thus, principally confirming this trend. Inter-
estingly, in the blue curve for 1m% CFO, the jump-like behavior at the glass transition
and the melting point is nearly smeared out as well in the FC as in the ZFC curve. This
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together with the curve shape at high temperatures indicates the formation of quite stable
clusters over the whole investigated temperature range at this high particle content.

Continuing with PEG1k solution, in the lower right part of Figure 5.13 the ZFC-FC
curve with a particle concentration of 0.038m% has the same curve shape in the liquid
polymer solution (region II) as it is observed in the water reference sample indicating
classical superparamagnetic behavior. With increasing particle content, the jump in the
ZFC susceptibility, upon heating, gets smaller. The ZFC branch in the molten regime
slowly increases upon further heating the solution, however, it does not overlap with
the FC branch in the measured temperature region. As it is already observed for non-
crystallizing materials, no drop in FC susceptibility is observed. For 1m% particle the
susceptibility is temperature-independent over the whole measured temperature range,
which might be due to the absolute lower susceptibility value compared to the lower doped
sample, whereas the lower doped PEG1k solution shows an increased FC susceptibility
upon cooling.

The AC susceptograms of polymer solutions with identical macroviscosity are shown in
Figure 5.14 with varying particle concentration from 0.038m% to 1m% measured at 300K.
All curves show a typical Debye-like relaxation behavior with a sigmoidal shape of the real
part of the susceptibility and a maximum for the imaginary part. All susceptograms can
be fitted according to a single Debye relaxation process in a Newtonian fluid with a minor
distribution of relaxation times due to the minor size distribution of the tracer particles.
By employing the viscosity, the volume-weighted hydrodynamic radius of the respective
tracer particles and its distribution is determined. By taking the macroscopically mea-
sured viscosity of approx. 30mPas into account, the samples with 2.4m% PEG300k and
15m% PEG35k can be fitted by using a hydrodynamic diameter of dh = 23.2± 3nm. The
imaginary part of the PEG300k solution shows a broadened relaxation peak due to the
distribution of polymer molar mass. However, in PEG4k and PEG1k solution, it is found
that the particle concentration influences the position of the maximum of the imaginary
part. With increasing particle concentration the Debye-like peak shifts to lower frequen-
cies, which results in a higher hydrodynamic radius. The higher the calculated radius is,
the broader is the relaxation peak resulting presumably from particle clustering. One has
to mention here, that we had problems with the stability of PEG4k solution over a longer
period of time, which is why the AC curves are measured just after preparation. How-
ever, we cannot exclude, that the particles had already started to agglomerate or even to
sediment in the solutions. Those effects accelerate, certainly, with higher particle doping
and higher applied magnetic fields in ZFC-FC experiments. The relaxation behavior of
the nanoparticles within the four different polymer solutions will be discussed in detail
in section 5.4, since the complex structure of the polymer matrix highly influences the
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Figure 5.14: Real and imaginary part of the magnetic AC susceptibility for polymer solu-
tions with identical macroviscosity and with varying particle content from 0.038m% (pink)
to 1m% (blue) measured at 300K. For the low molar mass (PEG4k and PEG1k) solutions
a shift of the relaxation Debye peak is found to lower frequencies with increasing particle
mass fraction, indicating particle cluster or chain formation. Open symbols represent data
provided by measurements at UzK.

particle-matrix interaction and therefore, the response of tracer particles to an applied
AC magnetic field.

In conclusion of the ACS results, agglomerate formation is estimated for highly particle-
doped PEG4k and PEG1k solution. When one considers now the shape of the ZFC-FC
curves, this may shed light on the process at hand, leading to the magnetization drop
upon crystallization: The splitting indicates the presence of tracer particle superstruc-
tures/chains as a consequence of the previous phase separation / solidification process
for the ZFC branch. Such superstructures might be explained by the successive particle
enrichment of the tracer particles in the remaining fluid phase after crystallization of the
water-rich phase and the eutectic phase. This increase in tracer particle concentration
is accompanied by an increased particle-particle interaction and may result in particle
clustering. Such particle clusters, especially when forming in the absence of an external
field (ZFC curve) can be expected to have a lower normalized temperature-dependent
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susceptibility as compared to individual particles, assuming non-parallel alignment of the
magnetic dipoles of the blocked particles within the cluster [121]. For the susceptibility
drop in the FC curve, the explanation is less straight forward, however, we assume it might
be caused by particle clustering due to phase separation-induced particle concentration
in the fluid phase in combination with subsequent particle immobilization in the freezing
process.

Magnetic field dependence: In addition to the particle doping, the ZFC-FC protocol
with varying magnetic fields from 0.4mT to 10mT is applied to the high-water content
sample PEG300k solution and measured for two different particle concentrations (see
Figure 5.15). In the molten regime (region II), the FC branch can be nicely fitted by the
Langevin function using an effective magnetic radius of reff=8.55 nm to 7.05 nm depending
on the applied magnetic field, which slightly differs from the TEM obtained particle radius
rTEM=8.65 nm. The values obtained by the Langevin function fit very well to the expected
radius. The experimental effective radius is the closer, the smaller the magnetic field. The
deviations of the effective radius from the ideal value can probably be explained by the
finite particle size distribution. Another possibility is that a small canting at the particle’s
surface results in a net magnetic moment of the particle, which is slightly lower than
expected. The existence of canting was already shown by Mössbauer results in section
5.1.

Figure 5.15: Field dependent ZFC-FC curves for the high-water content 2.4m% PEG300k
solution doped with 0.038m% and 1m% CFO particles, respectively. In the high-temperature
regime, the curves are fitted by the Langevin function (solid lines) revealing that 1m% and
10mT is not in the small field approximation.

This measurement is a nice indication for the polymer chain lengths influencing the ag-
glomeration formation. At 10mT the particles should agglomerate more than it is here
observed. By looking at the fit curves, almost all show the classical 1/T behavior. How-
ever, the fit curve for 10mT (green curve in Figure 5.15) matches the FC curve in the
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molten regime well, but upon decreasing temperature, the fit curve seems to approach a
finite value, which is not the case for the other curves. This might be due to the limita-
tions of Equation 5.2, in which small magnetic fields and no particle-particle interaction is
assumed. The combination of high magnetic particle doping and measurements at 10mT
represents an upper limit for applying that equation.

5.3.3 Influence of Polymer Volume Fraction in PEG300k
Solution

In the following study, 1m% CFO particles are dispersed in various PEG300k solutions
ranging from viscous to viscoelastic matrix. The radius of gyration of PEG300k is larger
than the embedded particles with dTEM = 17.3nm, so we would expect normal diffusion
of the nanoparticles corresponding to the viscosity of the solvent. All selected polymer
volume fractions are above the critical mass fraction, which means the PEG forms en-
tanglements. Macroscopically, the low-concentrated PEG solutions show more water-like
behavior. On the other hand the high-concentrated sample with 25m% exhibits honey-like
properties. The influence of the polymer concentration in dilute and semi-dilute PEG300k
aqueous polymer solutions is investigated for a series of solutions between 5m% and
25m%.

Figure 5.16: Flow curves of different polymer concentrated PEG300k solutions measured
at UzK. 25m%-10m% are measured in plane-plane geometry and 5m%, 2m% in concentric
cylinder geometry. The black line represents the viscosity of water at room temperature.

In Figure 5.16 flow cures of PEG300k solutions with different concentrations are depicted
(provided by Dr. Eric Roeben, University of Cologne UzK). Highly viscous solutions (10-
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25m%) are measured in concentric cylinder geometry and the more viscous solutions are
measured in plane-plane geometry (2 and 5m%). Upon rising polymer concentration the
shear viscosity increases over several orders of magnitude (see logarithmic scale). The ref-
erence value of water at 20◦C is also depicted, showing our polymer solutions have a higher
viscosity. The influence of different volume fractions on DSC curves will be studied now. In
Figure 5.17 the DSC heating and cooling curves for PEG300k solutions are depicted. Two
endothermic peaks are found corresponding to a melting temperature TMelt of the water-
rich phase at 273K and the eutectic melting temperature at 266K. At the same time, the
melting enthalpy associated with the water-rich and eutectic phase changes systematically
and the relative peak intensity of both peaks changes with increasing polymer-to-water
ratio in PEG300k solution. In the cooling curves on the right side a double-peak structure
is found. The freezing of the water-phase and the eutectic phase occur at almost the same
temperature. A quantitative analysis of the cooling curves here is not suitable, since the
peaks are not Lorentzian-shaped and the peak maximum is at higher temperatures than
the peak turning points.

Figure 5.17: DSC heating and cooling curves of different polymer concentrated PEG300k
solution showing the phase transition of the eutectic (eu) and water-rich phase and their
relative enthalpy change with varying polymer content.

By integrating the area of the endothermic peaks under the baseline from DSC heating
curves, one can compare the enthalpy change of the melting peak of the eutectic phase
and the water ice. With increasing polymer concentration, the relative enthalpy of the
water peak decreases, whereas the eutectic peak increases. In Figure 5.18 the normalized
enthalpy change is depicted showing an intercept of both curves at a polymer concen-
tration of ca. 22.5m%. Extrapolating the red curve for the water ice enthalpy change
to higher polymer concentrations, it becomes zero for polymers with a concentration of
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ca. 42.5m%. At this value is presumably the eutectic concentration of PEG300k, fitting
perfectly to the trend of known eutectic concentrations in other PEG solutions [117]. At
this concentration, all water molecules are directly bound to PEG solutes.

Figure 5.18: Enthalpy change normalized to the total enthalpy change of the melting peak
of the eutectic phase and the ice water calculated from DSC heating curves.

The corresponding ZFC-FC magnetization curves are shown in Figure 5.19. Only a minor
change in the position of transition temperatures with changing composition is observed,
since the crystallization and melting temperatures of the water-rich and the eutectic phase
are mainly constant. In addition, the melting transition as observed in the ZFC branch
gets broader, the higher the polymer fraction in line with the findings discussed above.

Figure 5.19: ZFC-FC magnetization curves for 5-25 m% PEG300k solution with 1m%
CFO particles. The molten region is fitted by the Langevin function (solid lines).
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The influence of the polymer fraction might be understood if taking into account that the
volume accessible for the tracers in the remaining fluid of the solidifying solid is further
reduced by the presence of large fractions of polymer. Interestingly, the particle behavior is
mainly influenced by the eutectic phase, while the crystallization and melting of the water-
rich phase is less pronounced in the ZFC-FC experiments. If the polymer concentration is
further increased, the normalized susceptibility of the whole temperature range including
the low-temperature FC branch decreases and the jump at TG is less developed. At the
same time the splitting of magnetization curves above TMelt is more pronounced and the
susceptibility is significantly reduced. In accordance with the discussion above, this can
be assigned to an increasing trend to cluster formation and an increasing persistence of
these clusters also at higher temperatures.

Figure 5.20: Real and imaginary part of the magnetic AC susceptibility of 5-25m%
PEG300k solutions and the corresponding Cole-Cole plot (right) indicating a bimodal behav-
ior of highly concentrated solutions and a water reference curve (black) at room temperature.
Open symbols represent data provided by measurements at UzK.

The cluster formation is studied in more detail by measuring the AC susceptibility of the
polymer solutions. In Figure 5.20 the real and imaginary part of the magnetic AC suscep-
tibility of 5-25m% PEG300k solutions and the corresponding Cole-Cole plots are shown,
indicating a two phase behavior upon rising volume fractions. Generally, the peaks are
shifted to lower frequencies with increasing polymer concentration, in accordance with a
higher viscosity (compare flow curves 5.16). In contrast to the already studied AC suscep-
tograms, here, the curves show a broadening of the peak. Additionally, a bimodal behavior
at volume fractions above 15m% is observed in the high frequency regime, easier to recog-
nize in the Cole-Cole plots. Analyzing the AC curves by means of the Gemant-DiMarzio-
Bishop (GDB) model allows the detailed investigation of the influence of the intrinsic
parameters of the polymer solutions on the rotational particle diffusivity. In PEG300k
solutions, the embedded cobalt ferrite nanoparticles realign with a rotational frequency
of approximately 103 Hz, which is linked to a Debye-like relaxation in water. However, a
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low-frequency related peak, strongly shifting with rising polymer concentration, can be
related to a decelerated relaxation of magnetic particles within the polymer matrix. The
increased polymer fraction generates not only an increased value in viscosity, but also the
radius of gyration increases. Since the volume fraction is already above the entanglement
concentration, the number of entanglements increases and consequently, the mesh size of
the nanostructured polymer matrix decreases. Nanoparticles trapped within those meshes,
do not rotate in the vicinity of water, but are influenced by the polymer chains, presum-
ably resulting in the observed low frequency peak. In conclusion, the bimodal shape of the
ACS represents the free motion of particles within the solvent (high frequency peak) and
a subdiffusive behavior of the nanoparticles in the polymer meshes (broad low-frequency
peak). One has to mention here, that the normalization of the magnetic susceptibility
to χ0 is insufficient for polymer solutions above 10m% due to the non-saturated χ′ part
at low frequencies. Due to this problematic, we are unable to compare the peak areas of
the imaginary part to gain information on the particle distribution performing water-like
relaxation and decelerated rotation in the polymeric meshes.

5.4 Nanorheological Studies on the Scale-dependent
Particle-Matrix Interaction in Hybrid Materials

For the understanding of particle-matrix interaction from the macro- down to the nano-
regime, a short introduction into the particle-matrix configuration, structure and dynam-
ics determining the materials’ properties are given. In nanorheology, investigation on the
interaction between particle and matrix is scale-dependent. The idea of this project is to
investigate polymer solutions of identical macroscopic viscosity of 27mPas by using dif-
ferent mass and volume concentration and study the local, size-dependent diffusivity and
particle-matrix interactions. For the latter, the relative length scales of the used probes
compared to the size of structural units of the polymer solution gets relevant. The com-
plex Brownian relaxation behavior of the particles in solutions is systematically studied
by means of ACS to extract the size- and frequency dependent nanorheological properties,
and compared to macrorheology. The mechanical coupling mechanism can be studied by
using magnetic nanoparticles as tracer particles and performing dynamic magnetic meth-
ods. Information about the effective viscosities felt by the probe particles is extracted and
deviations of the effective viscosity from the solution’s viscosity are discussed. These dis-
crepancies may arise from the comparable size of probe particles to characteristic length
scales present in solution. Whereas most publications focus on the translational motion of
tracer particles, AC susceptometry allows the investigation of rotational motion of probes
when the probe size is comparable to the structures of the solution. The understanding of
the scale-dependent particle-matrix interaction mechanism is very important for further
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Figure 5.21: The characteristic length scales of the polymer solutions (radius of gyration
Rg, correlation length ζ, tube diameter a) compared to the size of the magnetic tracer
particles (hydrodynamic diameter dh and radius rh). For the sake of completeness, PEG1k
from the previous section is also shown.

investigations on the field induced interaction mechanism in viscoelastic complex mate-
rials. Similar to the section before, here, magnetic nanoparticles with a hydrodynamic

Figure 5.22: Schematic illustration of the cobalt ferrite nanoparticles dispersed into differ-
ent sized polymer solutions and their characteristic length scales (correlation length ζ, tube
diameter a and radius of gyration Rg).

diameter dh=23.2 nm embedded in PEG solutions are used for the rheological approach.
Small, spherical cobalt ferrite nanoparticles, which are close to the characteristic sizes in
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the polymer solution are used to detect the nanorheology of complex fluids. Three PEG
solutions, combining polymer volume fraction and concentration in such a way that the so-
lutions have similar zero shear viscosity, are prepared: 33.6m% PEG4k, 11.2m% PEG35k,
1.9m% PEG300k. In Figure 5.21 the characteristic lengths of the polymer solutions are
shown in dependence on the polymer volume fraction, as well as the particle diameter and
radius. As a reminder, the radius of gyration of PEG4k and PEG35k solution is smaller
than the particle diameter, which should result in the observation of the macroscopic vis-
cosity. However, for 1.9m% PEG300k solution (blue symbols in Figure 5.21) the radius
of gyration is larger than the tracer particles, meaning that a size dependent viscosity is
expected. By considering a tube diameter a, which Rubinstein defined as the width of a
confining tube with strand excursions that have free energy above the minimum at the
primitive path [97], one can classify the three PEG solutions as explained in the following:
In 33.6m% PEG4k solution, the particles are larger than the characteristic length of the
polymer, which can be assigned to the regime of large particles, in which the measure-
ment time scale determines the observation of an effective viscosity ηeff or the macroscopic
viscosity ηs. The 11.2m% PEG35k solution is within the intermediate region (ζ<r and
d<a), where an effective viscosity ηeff is expected. The 1.9m% PEG300k solution is in
the region, where the tube diameter a is larger than the particle diameter d and the cor-
relation length ζ smaller than the diameter, meaning that the solvent viscosity ηs should
be observed. Thus, measuring the viscosity by a nanorheological method will probably
obtain the macroscopic viscosity of PEG4k solution, whereas for PEG35k and PEG300k
solution a deviation from the macroscopic behavior is expected.

Figure 5.23: Flow curves of aqueous solutions of PEG4k (red) and PEG35k (green) cor-
responding to Newtonian behavior (η=constant), while PEG300k (blue) shows a shear-
thinning behavior described by a simple-power law. The inset shows the measurement ge-
ometry.

79



5 Cobalt Ferrite Nanoparticles Dispersed in Solutions:
Phase Transitions and Nanorheology

The macroviscosity of all samples is measured in dependence on the shear rate γ̇ and
the results are shown in Figure 5.23. The zero shear viscosity η0 for PEG4k solution
is 26.0mPas, for PEG35k 25.8mPas and PEG300k 24.8mPas. These values are slightly
lower than the targeted viscosity of 27mPas because the molar mass of used polymer has a
certain molar mass distribution and gets broader with increasing molar mass, influencing
strongly the deviations to targeted viscosity. However, in the scope of the measurement
accuracy and standard deviation, the zero shear viscosities of the studied polymer so-
lutions are nearly identical and useful for the size-dependent rheology measurements in
the following. The flow curves in Figure 5.23 reveal Newtonian behavior of the PEG4k
and PEK35k solutions, whereas a pronounced shear thinning behavior is observed for the
PEG300k solution.

Figure 5.24: AC spectra and phase shift for aqueous solutions of PEG4k (red), PEG35k
(green) and PEG300k (blue) with an identical macroviscosity. The phase lag angles are
calculated from the measured imaginary part of the AC susceptibility and corrected by
the real part spectra (Value of real part at high frequency is substracted). Open symbols
represent data provided by measurements at UzK.

In conventional rheological experiments the measurement geometry is much larger than
the structural units of a complex fluid. By applying nanorheological methods, as dis-
cussed before, the characteristic length in these fluids can be approached and specific
particle-matrix interactions can be targeted. On the left side of Figure 5.24 the frequency
dependent real part and imaginary part of the AC susceptbility are depicted. To cover
a wider range of frequencies, AC spectra include values measured in Duisburg (filled
symbols) and in the high frequency regime values are provided by measurements at the
University of Cologne (empty symbols). For the PEG4k solution a single relaxation peak is
found (red curve). The spectrum for PEG4k can readily be fitted based on a single Debye
relaxation with a viscosity of 33.5mPas, which is in agreement with the expected predom-
inant Newtonian behavior of the non-entangled fluid. The PEG35k related curve shows
a similar curve shape, but the maximum of χ′′/χ0 is slightly shifted to higher frequen-
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cies, corresponding to a lower viscosity than in PEG4k. For PEG35k solution, well above
the entanglement molar mass and at the threshold for the entanglement volume fraction,
deviations from this behavior are observed and indications for a bimodal distribution of
relaxation times can be found. This is in accordance with an intermediate probe size. The
PEG300k curve exhibits a broader maximum of χ′′/χ0. Even stronger deviations from
the macroscopic behavior are observed for PEG300k. The observed strong deviations for
PEG300k are expected since the particle diameter is smaller than the radius of gyration of
the polymer matrix. The corresponding phase lag, which is calculated from the measured
imaginary part and corrected by the real part (value of the real part at high frequency
corresponding to a Néel type background signal is substracted), is shown in Figure 5.24
on the right side. For the low molecular weight (PEG4k), the increase of the phase angle
to 90◦ confirms the Newtonian fluid properties in the investigated frequency regime. The
values for the local viscosity are close to the macroscopically determined results as ex-
pected. In contrast, PEG35k and even stronger the PEG300k solution reveals a reduced
peak amplitude and a plateau of the phase angle at 75◦ and 70◦, respectively, indicating
an elastic contribution in the interaction between the particles and the polymer matrix.
The measurements show the validity of the nanorheological methods for the lower molec-
ular mass range. For higher molar masses, the results show a dependence on the particle
size, in agreement with theoretical predictions. The extraction of frequency-dependent
nanorheological properties from ACS data is possible. In accordance to the GDB model
being valid for dielectric materials, the real and imaginary part can be used to calculate
the storage G′ and loss modulus G′′ in the magnetic case [99]:

G′(ω) = 1
K

(
χ′N

(χ′2N + χ′′2N ) − 1
)

(5.4)

G′′(ω) = χ′′N
K (χ′2N + χ′′2N ) , (5.5)

with K being a proportional factor. In addition, the loss modulus provides information
on the viscosity, which can be estimated by:

η′(ω) = G′′(ω)
2πf = G′′(ω)

ω
. (5.6)

The storage and loss moduli determined by the ACS results are shown in Figure 5.25.
Only in the case of PEG4k the absolute values in the overlapping frequency region of
macro- (crossed symbols) and nanoscopic (closed / open symbols) measurements show
good agreement, confirming that the diffusion of the particles in PEG4k is determined by
the solvent since no entanglements are present. Small deviations are observed for PEG35k.
The slope of G′′(f ) passes through different regimes for PEG300k, presumably ascribed
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to different dominating relaxation modes. A subdiffusive behavior is observed, which is in
agreement with the theoretical predictions.

Figure 5.25: Frequency dependent storage and loss moduli (G′ and G′′) determined by
using the GDB model. Open symbols are data provided by measurements at UzK. Crossed
symbols are macroscopic data.

In Figure 5.26 the viscosity calculated by the loss modulus and Equation 5.6 is depicted.
In general, the apparent macroviscosity is the same for the three solutions. However,
in the nanoscopically accessible frequency range (filled and open symbols), a frequency-
dependent behavior is observable. PEG4k is most comparable to macroscopic results,
here the nanoscopic (ηapp = 33.5mPas) and macroscopic results (crossed symbols) are
similar up to high frequencies of 105 Hz. This confirms experimentally the Newtonian-
like behavior for f < 105 Hz. This is expected, since the molar mass of the PEG4k is
below the critical entanglement value and thus, the solution behaves similar to a simple
Newtonian fluid in all regimes, in principle, for all length scales considerably larger than
the radius of gyration. PEG35k shows lower nanoviscosity with small deviations from ideal
Newtonian behavior, the decreased apparent viscosity is η′app = 7.3mPas. The results of
PEG300k is the most complex one. The nanoscopic viscosity in the low frequency regime
is two orders of magnitude larger and almost constant. In the frequency regime of 100 to
103 Hz, the viscosity starts to decrease linearly in the double-logarithmic plot and in the
high frequency regime above 103 Hz the nanoviscosity strongly decreases, even stronger
than the other solutions. The strong decrease can be attributed to the diffusion of tracer
particles within its mesh of the entangled networks of PEG300k solution. A reduction in
effective viscosity as compared to the macroscopic behavior is present, as the particles
mainly diffuse in the solvent-rich region.

Hence, the apparent viscosity as obtained from AC measurements is lower than the macro-
scopic zero-shear viscosity and closer to the viscosity of the solvent, here water. It is ob-
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Figure 5.26: A comparison of the apparent (calculated) viscosity obtained for the aqueous
polymer solutions in nanorheology and macroscopic results (crossed symbol). The macro-
scopic results are identical for the three solutions, whereas the nanoscopic results deviate for
PEG35k and PEG300k. Open symbols are AC susceptibility data provided by measurements
at UzK.

served that with increasing molar mass of the polymer the viscosity in general increases as
one would expect. Additionally, in the nanoscopically accessible size- and frequency range,
a frequency-dependent behavior is measured in contrast to the mainly Newtonian-like be-
havior in macrorheology measurements. For the highly entangled PEG300k solution, one
expects the behavior of an intermediate sized tracer particles, which is in accordance with
the observed subdiffusive behavior and the frequency dependent apparent viscosity and
a strong decrease of the viscosity at higher frequencies. In the entangled solution and
at long observation times, the diffusion of particles is determined by the viscosity of the
solvent, corresponding to a slope of 1 in G′′(f ), however, on shorter time scales, the poly-
mer mesh first has to relax, resulting in a plateau in G′′(f ). Above the relaxation time of
an entangled strand, the tracer particles can diffuse within the polymer meshes exhibit-
ing similar behavior to PEG35k solution. Thus, it is experimentally observed that the
nanorheological behavior is in accordance with the predicted behavior by Rubinstein [97].
Again, for the PEG4k solution there is a good agreement found between the macroscopic
and nanoscopic measurements. This is expected, since the molar mass is lower than the
critical entangled molar mass, and thus, the solutions behave similarly to a Newtonian
fluid. While the macroscopic results for almost all samples show Newtonian behavior in
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the investigated frequency regime, generally the correspondence between the macroscop-
ically and nanoscopically derived data is best for the non-entangled PEG4k solution, in
which the tracer particles are larger compared to the characteristic length of the polymer
matrix. For increasing molar mass or polymer fraction, particles, which are small com-
pared to the characteristic size of the polymer, show deviations between the methods and
a frequency-dependent behavior. In the following the observations are summarized.

Summary

In this study, the scale-dependent rheological investigation of model polymer solutions
with special emphasis on the relative length scales is provided. The rheological properties
of aqueous PEG solutions are compared possessing equal macroscopic zero shear viscosity
but different internal characteristic length scales. By fitting the results of PEG4k in regard
to Debye’s theory, one finds good agreement with the predominant Newtonian behavior
and only small deviations in the loss modulus G′′ and viscosity η′app from macroscopic
behavior are observed. Regarding the theory by Rubinstein, the tube diameter is close
to the particle diameter and thus, the particle can be affected by the polymer mesh size
resulting in a subdiffusive motion of particles and therefore, an effective viscosity of the
polymer strand in the size of the particle size is expected. A subdiffusive behavior has
already been observed for the high molar mass solution PEG 300k, being present in a
bimodal distribution of relaxation times and the apparent viscosity η′app strongly depends
on the frequency.

5.5 Conclusion and Outlook

In this part of the thesis we studied the liquid-solid phase transitions of aqueous PEG
solutions and the corresponding characteristic temperatures by using magnetic nanopar-
ticles incorporated into the binary mixture for thermomagnetometry and compare those
results to DSC measurements. A distinct increase of the magnetic in-field alignment is
found during heating of the sample and the influence of particle content as well as mag-
netic field strength is investigated. Additionally, a distinct decrease in magnetic in-field
alignment is found upon crystallization. By varying the composition of the polymer solu-
tions and the molar mass of the polymer, a deep insight into the phase transitions of the
investigated polymer solutions and their effect on the tracer susceptibility is achieved. In
selected systems, both the melting and crystallization of the water-rich phase as well as
of the eutectic phase can be detected, however, the behavior is often dominated by the
latter. Glass transition temperatures are found for the low molar mass polymer solutions
PEG4k and PEG1k as sharp jumps in the susceptibility, confirmed by the respective tran-
sitions in DSC. By systematic investigation of the impact of the composition for solutions
of different mass fraction, we conclude that the concentration relative to the eutectic
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concentration becomes important: Above the eutectic concentration, the glass forming
tendency of the PEG solution is the dominating property (as observed for PEG1k), which
can be clearly seen in the ZFC branch, as well as in the missing drop in the FC curve
due to the suppressed crystallization. By comparing the characteristic phase transitions
and the temperatures obtained by magnetic and DSC measurements, it is shown that
by doping materials with a minor fraction of magnetic particles, we gain access to infor-
mation on complex temperature dependent phase behavior in polymer materials. Under
the influence of phase transitions, the thermomagnetic behavior of embedded magnetic
nanoparticles dramatically changes, facilitating the observation of complex phase transi-
tions, such as glass transitions, which are often not clearly visible in DSC measurements.
Additionally, this new approach allows receiving information on the microscopic environ-
ment of the particles. This knowledge is crucial for the development of new elaborate and
innovative applications concerning (nanostructured) hybrid materials. In future experi-
ments, the zero-field-cooled and field-cooled methodology will be applied to investigate
the phase transitions of various solutions, as well as hydrogels and other matrix systems,
over a wide temperature range. This easily provides information on phase transitions in
magnetically doped hybrid materials, which are inaccessible by conventional thermal anal-
ysis, and it can be used to optimize magnetically orientated materials by considering the
decrease in magnetic in-field alignment upon crystallization / solidification. By measuring
the temperature dependent magnetization curves under the influence of different particle
concentrations, it is observed that for higher particle doping agglomerates even without
an external magnetic field are formed. The origin of the discontinuities in the magnetiza-
tion curves can, therefore, be better understood by studying the samples under different
dipole interactions. By tuning the dipole interaction, the self-induced agglomeration (we
do not mean here the enhanced interaction caused by the higher concentration or phase
separation) can be switched on or off. This can be realized by using particles with the
same effective diameter but different core and silica shell thicknesses.

In the second part of this chapter the scale-dependent particle-matrix is studied in the
nanoregime and compared to macroscopic observations. These provide deep insight into
the structure of the investigated polymer solution and confirms the predictions made
by de Gennes und Rubinstein. By using magnetic nanoprobes, dynamic and structural
properties are investigated over a large frequency regime, which was not done before in
such a comprehensive manner. By employing our ACS setup for low frequencies combined
with the high-frequency susceptometer from the University of Cologne, we are able to
probe particle dynamics on a large frequency range of more than eight orders of magni-
tude, providing insight into the structure of the investigated polymers and the resulting
particle-matrix interaction. This chapter promotes the understanding of the structural and
dynamic properties of magnetic hybrid materials. Our results show a good agreement with
theoretical expectations for particles diffusion as predicted by Rubinstein et al., meaning
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that the solution at which the tracer particles are smaller than the radius of gyration meet
the predictions of large, intermediate-sized and small polymer solutions, while partial de-
viations from macroscopic results are observed. For polymer size smaller than the tracer
particles, the nanoscopic results are closer to the expectations from macroviscosity.
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6 Introduction to Multiferroic Materials

Ferroic functional materials are in the focus of recent research regarding their magne-
toelectric coupling mechanisms and the industrial demand of integrating multifunctional
materials, which are simultaneously used in miniaturized devices. In this part of the thesis
preparation steps yielding two-phase multiferroics and their experimental characterization
are performed from the macro- down to the nanoscale. This work is part of a project in the
research unit FOR 1509 dealing with “Ferroic Functional Materials - Multiscale Modelling
and Experimental Characterisation”.

Multiferroic materials exhibit at least more than two primary order parameters such
as ferromagnetism, ferroelectricity, ferroelasticity or ferrotoroidicity. Those multiferroic
properties are linked to the materials’ symmetry, which is explained in detail in section
6.2. For example, combinations of ferromagnetic and ferroelectric properties in a single
material are rarely found due to the competing electronic requirements for both properties
[122]. Since a spontaneous electric polarization occurs in the absence of the inversion
symmetry of the crystal, e.g. empty d orbitals and ferromagnetism is caused by a partially
filled d shell.

In this thesis, ferroelectric and ferrimagnetic (or antiferromagnetic, respectively) mate-
rials are combined to a multiferroic composite, exhibiting magnetoelectric coupling via
stress-strain mediation. For that purpose, the property of piezoelectric and ferroelectric
materials are introduced first, with barium titanate (BTO) and bismuth ferrite (BFO) as
an example. Then, a short introduction to intrinsic and extrinsic multiferroics, including
history and magnetoelectric coupling effect, is given. Before starting the characterization
of multiferroic composite with different connectivities, one preparation technique of such
composites is explained. By using the Pulsed Laser Deposition (PLD), different nanos-
tructured multiferroic composites are prepared and the properties of the constituents as
well as the composition are investigated.

6.1 Piezoelectricity and Ferroelectricity

Materials, in which mechanical energy is directly transformed into electrical energy and
vice versa, are known as piezoelectrics. First piezoelectric effects were found in quartz
but from the technological perspective mixed oxide compounds, such as Barium Ti-
tanate (BTO), have become more interesting in applications, exhibiting different fer-
roelectric phases and resulting in a much stronger piezoelectric effect. Ferroelectricity
possesses some principal analogies to ferromagnetism, e.g. below a certain temperature,
a spontaneous polarization occurs and above that Curie temperature, the temperature
dependence of the dielectric permittivity follows the Curie-Weiss law. Above the Curie
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temperature, randomly oriented dipole-like structures are formed, whereas below it, or-
dered dipoles exist, resulting in spontaneous polarization, which is caused by the relative
displacement of sublattices formed by ions and their electron clouds [123]. The difference
between ferromagnetism and ferroelectricity is caused by the non-existing counterpart
to the atomic spin. Electric dipoles require a displacement of ions, which influences the
lattice structure through distortion [124]. The dependence of dielectric displacement on
electric field strength E is highly nonlinear and shows a characteristic hysteresis loop.
On the left side of Figure 6.1 a ferroelectric hysteresis loop is depicted. By analogy to
ferromagnetic materials, ferroelectrics exhibit a remanent polarization PR and a coercive
field EC. In addition to the electric field dependent polarization curve P (E), polarization
switching by an electric field leads to electric field dependent strain hysteresis, also called
butterfly loop. On the right side of Figure 6.1 the electric field induced strain in an ideal
ferroelectric material with 180◦ domain walls is depicted. The material is simplified as
a cuboid, which elongates with increasing applied electric field. By changing the electric
field direction, the strain also changes from positive to negative values or vice versa. At a
certain electric field value EC, the polarization direction switches.

Figure 6.1: An electric field dependent polarization loop showing the switching behavior
under electric fields (left), and an electric field dependent strain curve (right), which is a
butterfly curve for an ideal ferroelectric with only 180◦ domain walls. The cuboid elongation
/ contraction is schematically depicted under different applied electric fields.

6.1.1 Barium Titanate (BTO)

Perovskites are the most representative materials among the ferroelectrics, of which bar-
ium titanate (BTO) with the empirical formula BaTiO3 is a prototype. One big advantage
of using BTO in technology is the lead free chemical composition, making the material
more environmentally friendly. The structure of barium titanate is based on the cubic
lattice cell with an oxygen octahedron and four-valent titanium ion Ti4+ in the center
and divalent barium ions Ba2+ at the corners of the unit cell (see Figure 6.2). That octa-
hedron represented by TiO6 mainly influences the ferroelectric and piezoelectric property
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of barium titanate due to the displacement of the centered Ti4+ ion. The structure un-
dergoes several phase transitions: Above the Curie temperature of 120 ◦C, the lattice is
an undistorted cubic phase being the paraelectric phase. Below the critical temperature,
BTO becomes ferroelectric and in the range from 120 ◦C to 5 ◦C it is in the tetragonal
phase. The Ti ion shifts along the (001) direction and yields a dipole moment inside the
unit cell. In total, the displacement of the Ti ion can be along six possible (001) directions.
The lattice changes from tetragonal to orthorhombic at 5 ◦C and finally to the rhombo-
hedral phase at -90 ◦C. Corresponding to the polarization, the lattice distortion results in
a spontaneous polarization at first in (100) direction, then turns into a (110) direction at
5 ◦C and finally into (111) direction at -90 ◦C as depicted in Figure 6.3.

Figure 6.2: The perovskite structure of BaTiO3 shown in (001) direction: Barium ions are
depicted in blue, titanium ions in green and oxygen in red.

Figure 6.3: Phase transition of BTO schematically illustrating the polarization direction
(green arrows) based on the Ti ion (green) shift in the octahedron represented by O6 (red).

6.1.2 Bismuth Ferrite (BFO)

Another perovskite material has received a great deal of attention in the last decades.
Bismuth Ferrite (BFO) with the empirical formula BiFeO3 is the only known single-phase
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material exhibiting multiferroic properties at room temperature. Its crystal structure at
room temperature consists of two rhombohedrally distorted perovskites (R3c space group)
cells, which are connected along their main diagonal (see Figure 6.4). The ferroelectric
character results from Bi3+ ions with 6s electron pairs being isolated and shifted off center,
resulting in a spontaneous polarization along the hexagonal [001]-axis in this direction
depicted by the blue arrow [125]. The magnetic character arises from partially filled d
orbitals of Fe3+ ions (green arrow). BFO undergoes a transition from ferroelectric to
paraelectric phase at TC=1100K and from antiferromagnetic to paramagnetic phase at
TN=640K. Beside the antiferromagnetic property, a long range modulation of the cycloidal
spin structure with a period of 62 nm restricts a proper magnetoelectric effect in bulk BFO
samples [126].

Figure 6.4: Simplification of the perovskite structure of BiFeO3 depicting its intrinsic
multiferroic characteristic: Bismuth ions are depicted in blue, iron ions in green and oxygen
in red. The blue arrow represents the polarization direction along the main diagonal and
the green arrows indicate the antiferromagnetic structure.

6.2 Intrinsic and Extrinsic Multiferroics

The term multiferroic is used for materials exhibiting more than one ferroic order [127].
In general, ferroic materials, including ferroelectricity, ferromagnetism and ferroelasticity,
exhibit hysteretic behavior between physical parameters with their conjugate external
stimuli: magnetization ~M and magnetic field ~H, polarization ~P and electric field ~E, strain
~ε and external stress ~σ [128]. For the sake of simplicity, the vector notation will not be
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used in the following. In Figure 6.5, the Heckmann diagram visualizes the multiferroic
parameters [129, 130]. One of the most appealing properties of multiferroic materials is the
magnetoelectric coupling, resulting in magnetoelectricity, which is a product property of
piezoelectricity with an elastic coupling, generating electric charges and magnetoelasticity
with a magnetic-field-induced strain, which is depicted by orange arrows in Figure 6.5.
This means that a variation in electric polarization can be indirectly obtained under an
external magnetic field via stress-strain transfer or vice versa, a change in magnetization
can be obtained by applying an external electric field.

Figure 6.5: Heckmann diagram illustrating ferroic properties (magnetization M , polar-
ization P and strain ε) with their conjugate external stimuli (magnetic field H, polariza-
tion P and external stress σ and their physical parameters: Magnetoelasticity (S=strain,
χM=Magnetic Susceptibility), Piezoelectricity (d=displacement, χE=Electric Susceptibil-
ity), Magnetoelectricity (α=Magnetoelectric coefficient).

The term Magnetoelectricity was first introduced by Debye in 1926 [131], followed by
Van Vleck’s theory of electric and magnetic susceptibility [132], in which he clarified the
role of external magnetic fields on the appearance of the magnetoelectric effect. In the
following years, Landau developed a theory of phase transitions from the thermodynamical
point of view [133]. Dzyaloshinskii theoretically predicted the magnetoelectric effect in
antiferromagnetic Cr2O3 in 1959 [134], which was experimentally confirmed by Astrov
[135] one year later in electric-field induced magnetization measurements. Rado and Folen
also confirmed the magnetically induced electric signal in the following year [136]. After
that, the magnetoelectric effect is observed in several other materials, such as Ti2O3

[137] or GaFeO3 [138]. However, between the mid 1970 and 1990s, this kind of research
practically stagnated due to the weak magnetoelectric effect in single-phase materials and
the requirement of low temperatures. Single-phase materials exhibiting ferroelectric and
ferromagnetic ordering simultaneously are known as intrinsic multiferroics. They are rarely
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found in nature due to the origin of the ferroic characteristics. Intrinsic multiferroics rely
on atomistic coupling mechanisms or coupled crystallographic order parameters, typically
showing a proper magnetoelectric effect only at low temperatures, limiting the practical
application of multiferroics. The most common example of a single-phase multiferroic
material is bismuth ferrite shortly introduced in the paragraph before 6.1.2, which exhibits
a magnetoelectric coefficient of 5.2 · 10−13 s/m at 18K [139].

To circumvent the limitation of intrinsic multiferroics operating at low temperature, mul-
tiferroic composites, which incorporate both ferroelectric and ferromagnetic phases, are
investigated to enhance the magnetoelectric effect and to shift the operating temperature
to room temperature. New promising routes for designing potential magnetoelectric ma-
terials were first given by Hill [122] and Spaldin and Fiebig [140]. During the last years
of the past century tremendous impulses were given by Catalan [141], Fiebig [142, 143],
Ramesh [144] and many more. It was found that the magnetoelectric effect in composite
materials is an extrinsic property that does not exist in the separated component phases.
It originates from the strain-mediated coupling between a piezoelectric phase and a mag-
netostrictive phase. An applied electric field induces strain in the ferroelectric part of
the multiferroic material due to the converse piezoelectric effect. If the ferroelectric and
ferromagnetic phase are in direct contact, the strain can be transferred to the magnetic
phase causing a change of magnetization via magnetostriction. These composites can be
a combination of perovskites with ferrites such as nanostructured composites and thin
films. It is worth to pay special attention to the concept of connectivity in magnetoelec-
tric components, since the magnetoelectric effect depends on the type of connectivity of
each component phase. The concept of connectivity has been established by Mazur [145]
and Newnham et al. [146]. For the general case of n phases, the number of connectivity
patterns is equal to (n + 3)!3!n!. Three connectivity schemes are shown exemplarily in
Figure 6.6 for the case of two-phase composites.

Figure 6.6: Two-phase multiferroic composites with three different connectivity schemes:
Nanoparticle-matrix (0-3), layered (2-2) and nanopillar-matrix (1-3) geometry.

Two-phase multiferroics can be classified due to the concept of phase connectivity with
numbers indicating the number of dimensions in which the material has continuous con-
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nections. A connectivity scheme of (0-3) describes particulate composites consisting of
particles of one phase (denoted with 0) embedded in a matrix of another phase (denoted
by 3). Laminate ceramic composites consisting of magnetic and piezoelectric layers are
denoted by (2-2). By the pioneering work of R. Ramesh et al. [147], it is shown that under
certain ablation conditions nanopillars can be self-assembled in a matrix, resulting in a
(1-3) connectivity.

Besides the connectivity scheme of a two-phase multiferroic, the composition variation is a
crucial factor for the resulting magnetoelectric coupling coefficient. The highest magneto-
electric coefficients can be found for a certain chemical system, morphology (microstruc-
ture) and volume ratio. Generally, the largest output is expected for composites in which
the volumina of the respective phases are approximately equal, e.g. in 50/50 compos-
ites. This is only true when the piezoelectric phase and the magnetostrictive phase have
similar elastic moduli. For different moduli, the material with the lower elastic modu-
lus must increase in its volume to effectively transfer the mechanical strain to the other
phase. However, this is only valid in a limited case. For very soft materials, e.g. PVDF
(polyvinylidene fluoride), no coupling is expected when PVDF is combined with a stiffer
material, e.g. PZT (lead zirconate titanate). The effective strain transfer between PVDF
and PZT is negligible because the tension field dramatically decreases at the interface
and quasi no mechanical stress is transferred. Considering all these factors, the magneto-
electric coupling coefficient can be mathematical described as shown in the following for
two-phase multiferroic materials.

6.3 Magnetoelectric Effect in Two-Phase Multiferroic
Materials

In general, the magnetoelectric effect enables the control of the magnetization M by
applying an external electric field E (converse ME effect) and inducing an electric polar-
ization P upon applying an external magnetic field H (direct ME effect), respectively. The
response of ME systems can be linear or non-linear with respect to the external field and
generally depends on the temperature. The ME effect in composites can be described by
the product tensor property resulting from cross interaction between different orderings
of two phases:

MEE = electrical

mechanical
× mechanical

magnetic
(6.1)

and
MEH = magnetic

mechanical
× mechanical

electrical
(6.2)

describing the converse magnetoelectric effect MEE and the direct effect MEH. The vi-
sualization of the product property is shown by the Heckmann diagram in Figure 6.5,
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yielding the effective magnetoelectric coupling coefficient αE→M
ij , in which we define by

E→ M the sense in which the action (E) yields a response (M). This coupling coefficient
relates the electric field to the magnetization and depends on the magnetostrictive tensor
qimn, the piezoelectric tensor djkl and an effective stiffness c∗mnkl = dσmn

dεkl
with the uniaxial

stress tensor σmn and the dielectric permittivity tensor εkl and can be described by :

αE→M
ij = αM

ij (H) = µ0
dMi(H)
dEj

= µ0
dMi(H)
dσmn

· dσmn

dεkl
· dεkl
dEj

= qimn · c∗mnkl · djkl. (6.3)

Equation 6.3 describes the coupling arising through stress or strain. The dependence of
the magnetoelectric coefficient on the field-dependent (Hdc) magnetostrictive coefficient,
which couples thermodynamically to the magnetic stress coefficient, is described by:

qimn(H) = dλmn(H)
dHi

= µ0dMi(H)
dσmn

, (6.4)

with the magnetoelectrically induced strain λmn of the magnetic phase. The second equal-
ity in Equation 6.4 is provided by Maxwell’s relations. From the experimental point of
view, we measure in our ME measurement setup the converse magnetoelectric effect
αc = µ0dM/dE = αE→M

ij , at which a electric field is applied to the sample and the
induced magnetization is measured (see also section 3.2.4). It is worth noting that a re-
duced magnetoelectric coupling for nanocomposites is expected due to partial clamping
of the films by the substrate, which suppresses the strain transfer at the interface. The
clamping effects greatly depend on film thicknesses [148] and other parameters like lattice
mismatch [149], which will be described in detail in the respective chapter. Multiferroic
materials of two-phases can be prepared by pulsed laser deposition, which is discussed in
the following chapter.

6.4 Pulsed Laser Deposition (PLD)

A field of functional oxides, in which nanosized structures are important, concerns the
ferrite film technology. Thin film multiferroics begin to reveal a range of fascinating phe-
nomena and stimulate the exploration of new heterostructures, which have potential ap-
plications in microdevices and integrated units such as microsensors [150]. A number of
physical deposition techniques can be used to prepare thin films, however, the structure
and properties of these films strongly depend on the applied technique, the substrates
on which the films are deposited and the processing parameters. An important process-
ing parameter is the substrate temperature, influencing the crystallinity of such films.
The deposition of high-quality, well-defined thin films is an essential tool in many recent
research fields and high-technology. In this thesis PLD is used for depositing materials
like functional oxide films or other stochiometric complex materials, which is explained
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Figure 6.7: Pulsed Laser Deposition (PLD) setup for preparation of multiferroic composite
materials and an illustration how the laser pulse illuminates the target surface and a plasma
plume is excited.

below. The PLD technique is based on the laser induced ablation process (see Figure 6.7).
For that an excimer6 laser is utilized, in which optical amplification occurs in a plasma
containing excited dimers (or other molecules), operating in the ultraviolet spectral re-
gion and generating nanosecond laser pulses. The excimer gain medium is typically a gas
mixture, containing a noble gas, a halogen and a buffer gas, e.g. helium or neon. Here, a
krypton fluoride KrF excimer laser (COMPex 110 by Lambda Physik) provides ultravio-
let radiation with a wavelength of 248 nm. The short wavelength of the laser is associated
with a high photon energy, which makes a number of applications possible, e.g. material
processing with laser ablation, exploiting the very short absorption lengths of the order of
a few micrometers, so that a moderate pulse fluence of few joules per square centimeter
is sufficient for ablation [151]. The ablation process takes place in a high-vacuum cham-
ber with a base pressure of approximately 10−5 mbar. During the growth mechanism the
target is rotating to avoid local heating and to increase the homogenous ablation of the
target material [152]. To enhance the diffusion process of ablated atoms, the substrate
holder can be heated up to 1000 ◦C even in an oxygen atmosphere, which can be regu-
lated over a capillary valve. Under certain conditions the growth of epitaxial7 thin films
is possible [153]. The detailed ablation process of PLD is very complex including the cre-

6The term excimer is the abbreviation for excited dimer, being a molecule of two equal atoms. For
complex and asymmetric molecules the correct term would be excited complex, known as exciplex,
which is seldom used.

7Epitaxial means the growth of a crystalline film on top of a crystalline substrate adapting the crystalline
orientation of the substrate.
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Figure 6.8: Picture taken during the ablation process: Plasma plume strikes the heated
substrate surface.

ation of a plasma, the dynamics of the plasma, the deposition of the ablation material
on a substrate and the nucleation and growth of the film on the substrate surface. In the
following the different steps of the ablation process and resputtering effects are shortly
described. Starting with laser irradiation, the removal of atoms from the target material
is caused by vaporization of the bulk surface into a non-equilibrium state: The ultraviolet
laser pulse of around 10Hz and 100mJ penetrates into the surface within the penetration
depth, depending on the laser wavelength and index of refraction of the target material at
the specific wavelength, commonly several nanometers. The laser light generates a strong
electrical field removing the electrons from the target surface. The free electrons oscil-
late within the electromagnetic field of the laser light and collide with the atoms of the
bulk material, thus, transferring some of their energy to the lattice of the target material
within the surface region. The target surface is heated up and the material is vaporized.
The vaporized material expands in a plasma parallel to the normal vector of the target
surface towards the substrate due to Coulomb repulsion and recoil from the target sur-
face. The spatial distribution of the plume depends on the background pressure inside
the vacuum chamber and its shape is similar to a Gaussian curve. In Figure 6.8 a plasma
plume generated by the laser hitting a CFO-BFO target is exemplary depicted. Without
a background gas, no scattering of atoms occurs resulting in a very narrow and forward
directed plume. Naturally the scattering is dependent on the mass of the background gas
and influences the stoichiometry of the deposited film. The background pressure can be
used to adjust the expanding plasma plume in such a way that high energetic species are
slowed down. The kinetic energy of the ablated particles is crucial, since highly energetic
particles can resputter the film on the substrate and thus affect the stoichiometry of the
film and lower the deposition rate. In the last step the ablated particles nucleate on the
substrate. Depending on several ablation parameters different growth kinetics are present,
which are described in the following section.
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6.4.1 Film Growth Mechanism

The growth mechanism of complex materials depends on structural, thermodynamic and
kinetic conditions. For this, laser parameters, such as the laser fluence, laser energy, sur-
face temperature of the substrate and the background pressure have to be optimized.
In general, three different growth mechanisms exist: The Frank-van-der-Merwe mecha-
nism describes a layer-by-layer growth, the Volmer-Weber mechanism represents a three
dimensional island growth and a combination of both mechanisms is called the Stranski-
Krastanov mechanism: Initially, a layered growth occurs, which is replaced after a few
layers by an island growth. The layer-by-layer growth is an epitaxial growth of thin films
at a crystal surface or interface and requires an almost perfect lattice match between the
substrate and ablated material. Therefore, the deposited atoms should be more attracted
to the substrate than to each other, producing smooth films. The intermediate growth
process is characterized by a two dimensional and three dimensional island growth. At
a critical layer thickness, the transition from a layer-by-layer growth to island growth
occurs, depending on the chemical and physical properties, e.g. surface energy and lattice
mismatch. If the interaction between the ablated material is stronger than the atoms on
the surface, three dimensional islands and clusters are formed on a substrate surface.

Besides the different growth mechanism, the used substrate is crucial for film deposition.
Depending on the orientation and structure of the substrate, complex ablated materials
can grow in various kinds of composition, like it is described by the various connectivities
shown in Figure 6.3. In this thesis magneto-electric composite materials of CFO-BTO,
CFO-BFO and Terfenol-D-BTO, prepared by PLD and chemical synthesis, are character-
ized with regard to their structural and magnetic properties to obtain composites of high
magneto-electric coefficients. Van den Boomgaard [154] showed that the magnetoelectric
coefficient of CFO-BTO is enhanced from 0.31 · 10−10 s/m [155] to 7.33 · 10−10 s/m by
optimizing the synthesis route. In the following chapters, the preparation, the character-
ization of the multiferroic composites are depicted. Starting with bi-layered systems of
(2-2) connectivity, (1-3) nanopillar structures in a matrix are depicted, and at the end
nanoparticles in a matrix of (0-3) connectivity are discussed.
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and Barium Titanate

Among the magnetoelectric composites, layered ferroic functional materials have the ad-
vantage of simple fabrication routes, strong ME coupling, and simulations can be done
using simple and well defined boundary conditions [156]. Though many studies were de-
voted to the magnetoelectric coupling in laminates [157], only a few works are focused on
the magnetoelectric coupling itself [122]. For laminates, the effects of annealing and oxygen
background pressure on the films resulting in magnetoelectric coupling must be taken into
consideration, the latter will be discussed here. Those results are important for the basic
understanding and the technological applications for laminated system. Crystallinity has
a significant effect on the ferroelectric or ferromagnetic responses. A reduction in crys-
tallite size, or an increase in the volume fraction of crystallites/amorphous interlayers,
would change the materials’ properties, e.g. the saturation magnetization can decrease for
a size-reduced particle due to spin canting effects. Ferrimagnetic CFO with ferroelectric
BTO is an example for two-phase magnetoelectrically coupled multiferroics, operating
at room temperature. They are free of any resource-critical rare earth elements making
them interesting for potential applications in actuators, transducers or storage devices.
Prior studies succeeded in showing strain-mediated coupling between the piezoelectric and
magnetostrictive phase [158, 159].

Here, we start with multiferroic composites of (2-2) connectivity to access the coupling
behavior within the material in detail. In this chapter, our aim is not to achieve the highest
magnetoelectric effect, but to understand the coupling mechanism itself. Therefore, the
analysis will be done on (2-2) composites of layered CFO/BTO with two orientations to
probe the coupling mechanism across the interfaces on a local scale. Those results can
be compared to numerical simulation as it is illustrated in the publication [160] with one
of our cooperation partners within the research unit FOR 1509. This chapter presents
a thorough experimental study of the ME effect in CFO/BTO thin films consisting of
structural information (XRD, TEM), magnetometry and local measurements of magnetic-
field induced strain by PFM. This section is based on reference [161] [M. Ul-haq, S. Webers
et al., (2018)]. This publication is a cooperative work with shared content for M. Ul-haq’s
and this thesis. If the material has been reproduced or adapted from the original Royal
Society of Chemistry (RSC) publication, the correct acknowledgment will be given in the
respective figure caption.
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7.1 Preparation by Pulsed Laser Deposition

Bi-layered CFO and BTO films are deposited on 0.5m% niobium doped strontium titanate
(Nb:STO with the chemical formula SrTiO3) substrates with orientations (100) and (111)
by using a custom-built PLD setup with commercial ceramic targets of CFO and BTO
purchased from MaTeck Material-Technologie & Kristalle GmbH. The substrates have
initial dimensions of 10mm x 10mm x 0.5mm and are cut by a diamond cutter into two or
four pieces depending on the used experimental technique afterwards. The substrates are
cleaned in acetone under ultrasonic treatment for 5 minutes. The targets and substrates
are inserted into the PLD chamber, having a base pressure of 10−5 mbar. During the
ablation process, the substrate is heated up to the desired temperature, for CFO it is
650 ◦C and for BTO 750 ◦C. The ablation process of metallic oxides requires a background
pressure of oxygen to guarantee a correct stoichiometric composition. Here, we use an
oxygen pressure of approximately 0.1mbar in constant flow mode.

Figure 7.1: Schematic illustration of the bi-layered system of CFO/BTO. The CFO layer
is thicker to avoid clamping effects to the niobium doped strontium titanate substrate.

The film directly on top of the substrate is grown thicker to minimize clamping effects
to the substrate that substantially reduces the possible structural deformation [162]. In
Figure 7.1 the bi-layered system of CFO/BTO is schematically depicted. The substrates
with (100)- and (111)-orientation are placed into the chamber and the films are simultane-
ously deposited to achieve similar deposition conditions. Laser parameters of 100mJ pulse
energy and 10Hz repetition rate are used to ablate the CFO target for 20minutes and
the BTO target for 10minutes. After deposition, the samples are annealed at 850 ◦C in an
oxygen pressure of 103 mbar for half an hour and characterized ex-situ. The high-quality
growth of epitaxial films is crucial for the proper analysis of the ME coupling. The film
thicknesses are evaluated by cross-section TEM. Structural characterization, especially at
the interface, is done by XRD, HR-TEM and SEM. Macroscopic properties are measured
with regard to magnetic and dielectric properties of the samples. The magnetoelectric
coupling is investigated by imaging the topography and studying the PFM response of
the sample surfaces under different magnetic fields.
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7.2 Structure and Interface

X-ray diffraction is performed to investigate the structural properties of the films at
room temperature. The θ-2θ X-ray diffractogram is depicted for both samples in Figure
7.2. The peaks can be identified originating from cubic spinel CFO, perovskite BTO and
perovskite STO lattices. The lattice parameters correspond to the bulk parameters known
from literature [24, 163, 164] and are listed in Table 7.1. The cobalt ferrite films on top
of the substrate are grown with the same orientation. The texture of the CFO film is
represented by (x00) and (xxx) peaks, respectively. The second film of BTO on top of the
CFO film shows no preferred orientation, many peaks related to the perovskite structure
of BTO are found related to (110), (111), (211) and (300) planes.

Figure 7.2: X-ray diffractogram of the bi-layered CFO/BTO films deposited on the niobium
doped strontium titanate substrate with (100) and (111) orientation indicating textured
growth of CFO film and polycrystalline BTO film. The respective peaks are colored in
yellow for the substrate, in green for the cubic spinel CFO and in blue for the perovskite
BTO. The figure is adapted from Ref. [161] with permission from the RSC.

Nb:STO(100)/CFO/BTO Nb:STO(111)/CFO/BTO
STOexp a=3.9059(1) Å a=3.9067(2) Å
STOlit a=3.9053 Å
CFOexp a=8.3926(2) Å a=8.3932(2) Å
CFOlit a=8.38 Å
BTOexp a=4.0197(1) Å, c=4.0432(1) Å a=4.0146(3) Å, c=4.0381(2) Å
BTOlit a=3.9988 Å, c=4.0222 Å

Table 7.1: The lattice parameters extracted from X-ray diffractograms of bi-layered
CFO/BTO films compared to literature values (STO [163], CFO [24] and BTO [164]).
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Figure 7.3: TEM images measured in dark field mode showing the interface between the
STO substrate and the CFO film. Inset shows a zoom-in depicting the arrangement of Sr
and Ti atoms. The figure is adapted from Ref. [161] with permission from the RSC.

Figure 7.4: HR-TEM image measured in dark field mode of the CFO/BTO interface. The
planes are calculated by inverse fast Fourier transformation and line-scans (shown at the
bottom) using ImageJ software. The planes of the cubic spinel CFO are oriented in (200)
and (111) direction, respectively, while the BTO film exhibits several regions of different
orientations for both samples. The interfacial region for (111) is sharper than for (100).

For studying the film thickness and the interface cross-section TEM is performed. For
this, the samples are cut by a diamond cutter, pre-thinned with a dimple grinder and
fine-thinned by an ion slicer. High-resolution TEM images are acquired at both inter-
faces, the STO/CFO and the CFO/BTO for each film. In Figure 7.3 the interface of the
substrate (100) with the CFO film is depicted measured in dark field mode. A sharp
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interface with planes is shown corresponding to different phases. In the TEM images
bright contrasts are connected to high atomic number elements, here mainly Sr, Ti and
Co, Fe, respectively, whereas elements with low atomic numbers result in dark contrasts.
The analysis of the planes is achieved by inverse fast Fourier transformation (IFFT) of
the selected area as depicted in green, using the program ImageJ. The interplanar dis-
tances are calculated by line-scans and the corresponding oscillating gray scales. Shown
in Figure 7.3 the interplanar distance of the substrate corresponds to the STO(100) plane
(d100 = 3.76Å), as expected, and the first layer to CFO(200) (d200 = 2.93Å). In the right
image the CFO(111) plane (d111 = 4.69Å) is found, matching the XRD results of the
oriented CFO film on top of the substrate. In Figure 7.4 the interface between the first
and second layer is depicted, as well as the IFFT-analysis and the gray scale line-scan.
The results show the same interplanar distance like it is found in Figure 7.3 and BTO
(101) planes with d101 = 2.67Åare found for the (100) sample. Directly at the interface
BTO is partially oriented along the (100) direction. However, BTO shows regions of dif-
ferent plane orientations, underlining the non-textured structure of the second film. A
similar analysis is performed for the Nb:STO(111)/CFO/BTO sample on the right side
of Figure 7.4: The BTO film exhibits an orientation along (101) with d101 = 2.67Å and
(111) d111 = 2.24Å. The interface between the first film and the substrate is sharper
than the interface between the first and second layer, since the deposition via a directed
plasma plume to the substrate surface results in irregular film thicknesses along the sam-
ple surface. However, for the (111) sample the CFO film is highly crystalline and a sharp
interface forms to the second layer. This could possibly result in a better coupling between
the magnetostrictive and piezoelectric phases, which will be studied later on.

Figure 7.5: SEM images of the BTO surface of the bi-layered CFO/BTO film on STO(100)
and STO(111).

In Figure 7.5 the surfaces of the samples are shown for both orientations. The BTO surface
on the left has a smoother morphology without any voids and cracks. The right surface
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shows some pore structures in black contrast, and an uneven surface in brighter contrast.
The (111) film exhibits irregular structures with large cracks inside with sizes of several
hundreds of nanometers. Further a large particle is seen on the upper left side, showing a
spherical island type structure that is somehow isolated from the remaining matrix, which
might result from non-optimal ablation parameters.

7.3 Magnetic and Piezoelectric Properties

The macroscopic magnetic properties of the CFO/BTO film are analyzed by standard
magnetometry measurements. In Figure 7.6 the magnetic curves measured at 5K and
300K are depicted. The magnetization of the overall sample shows hysteretic behavior as
a function of an applied magnetic field for both temperatures. At 5K the coercive field
is approximately 1T and decreases with increasing temperature to ca. 0.4T. Comparing
the results for the two film orientations, it is found that the (100) sample exhibits slightly
larger coercive fields than the (111) film.

Figure 7.6: Magnetic hysteresis of bi-layered thin films of CFO/BTO on doped strontium
titanate substrate with (100) and (111) orientation measured at 5K (green) and 300K
(black). The figure is adapted from Ref. [161] with permission from the RSC.

The temperature dependent magnetization curves measured by the ZFC-FC protocol with
a magnetic field of 10mT are shown in Figure 7.7. The magnetic signal has its origin in
the CFO layer. Both samples exhibit a splitting between the ZFC- and FC curves. The
ZFC curve of the (100) sample shows a maximum at 250K, corresponding to a blocking
temperature in nanoparticles, indicating particle-like properties of the CFO layer. The
FC magnetization of the (100) sample exhibits an increase in magnetization around 100K
and decreases afterwards, while the ZFC- and FC magnetization branches approach each
other, indicating starting superparamagnetic behavior. The FC magnetization of the (111)
sample is lower and decreases monotonically with increasing temperature. The ZFC and
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FC curves do not coincide, however, one observes no maximum in the ZFC curve, but
an increasing signal, indicating a blocking temperature above 300K. This suggests that
the (111) sample exhibits larger particles than the (100) sample, which underlines the
finding by cross-section TEM, where the CFO region for (111) exhibits higher ordering
over a wider region, being consistent with the higher observed blocking temperature in
the ZFC curve. In general, the blocking temperature is related to a superparamagnetic
state of particles. The superparamagnetic state is not common in thin films, and is rarely
mentioned in literature, except for ultrathin films of ferrite [165] and iron oxide [166] and
seldom discussed in detail. In the case of ZFC curves, the samples are cooled without
an external magnetic field, and the magnetic domains remain in their positions while
cooling down. When the magnetic field is applied at the low temperature, it has almost
no influence on the magnetic orientation. However, at a certain temperature threshold,
the magnetic domains are able to be influenced by the magnetic field and the measured
magnetic moment increases. Once the magnetic domains are aligned, they are not easy
to misalign. By cooling the samples within a magnetic field, the orientation of magnetic
domains remains in the same direction, indicated by almost temperature independent FC
magnetization.

Figure 7.7: Temperature dependent magnetization curves of the bi-layered CFO/BTO film
measured at 10mT using the ZFC-FC protocol. Both samples show curve shapes known only
for particulate samples, with the (100) sample having smaller blocking temperatures than
the (111) sample as seen at a maximum in ZFC magnetization. The figure is reproduced
from Ref. [161] with permission from the RSC.

Ferroelectric and dielectric measurements are carried out using a Solartron 1260 impedance
analyzer. The doped substrate is used as the bottom electrode and a sputtered gold layer
on top of the samples is used as the top electrode, which is contacted by needles. The
dielectric response is a collective response of both layers. Polarization loops are measured
for both films at room temperature and at AC voltage frequencies of 50, 100 and 150Hz,
which are shown in Figure 7.8. The polarization results mainly from the BTO layer. Due
to the contribution of the non-ferroelectric CFO material, the hysteresis loops do not
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Figure 7.8: Voltage dependent polarization curves showing open hysteresis loops at three
different frequencies (50-150Hz) for both bi-layered samples.

saturate and the shape displays some round features at higher voltages. Both loops are
unsaturated, so that no saturation polarization can be determined. This curve shape is
common in two-phase composites [167]. No clear difference can be found between the (100)
and the (111) samples, meaning that the polycrystalline BTO film has nearly identical
electric properties in both films.

Figure 7.9: Frequency dependent dielectric permittivity (black) and dielectric loss tangent
(green) for both bi-layered samples measured at 300K, showing similar response as a function
of applied frequencies. The figure is reproduced from Ref. [161] with permission from the
RSC.

Frequency dependent dielectric measurements, namely the permittivity and the loss tan-
gent, are shown in Figure 7.9 for room temperature. The two differently oriented films
show almost the same behavior. The real part of dielectric permittivity, depicted in black,
is larger at low frequencies and starts to decrease above 103 Hz. Between 104 and 105 Hz
the dielectric permittivity exhibits a small shoulder, afterward the total value is still de-
creasing with higher frequencies. The green curve represents the loss tangent, starting at
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0.1 and decreasing monotonically with increasing frequencies. This effect can be correlated
to interfacial charges and higher conductivity of CFO. The dielectric behavior shows a
typical two-phase bulk composite, having different dielectric and electric contributions,
which is in accordance with the observed P(E) loops. On the macroscopic scale, both
samples show similar behavior in electric properties.

7.4 Imaging ME coupling

At the local scale, the magnetoelectric coupling can potentially be studied by piezore-
sponse force microscopy under an in-plane applied magnetic field. PFM measurements are
carried out using a commercial scanning probe microscope (MFP-3D, Asylum Research).
The PFM amplitude images are collected in a dual amplitude resonance tracking mode
(DART-PFM) using freshly uncoated doped silicon cantilevers. For magnetic field depen-
dent PFM measurements an additional magnetic field module (VFM2, Asylum Research)
is used to apply an in-plane magnetic field between 600Oe and -600Oe. The magnetic
field induced PFM images are characterized using the principal component analysis (PCA)
[168].

Figure 7.10: Topography, vertical and lateral PFM images of the bi-layered samples are
shown on the upper row for the (100) and the lower one for the (111) sample. Piezoactive
regions exhibit dark and bright contrasts corresponding to domains with polarization up and
down, respectively. Vertical PFM images show good piezoresponse, whereas for the lateral
mode only the (111) sample exhibits good results.
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First, the topography of the bi-layered samples, as well as the piezoresponse in the vertical
and lateral mode are studied in Figure 7.10. The piezoactive region in the PFM image
corresponds to ferroelectric BTO grains. Here, dark and bright contrasts correspond to
domains with polarization up and down perpendicular to the figure plane, respectively.
While brownish contrast depicts areas with a negligible piezoresponse and is linked to
pure noise (see lateral PFM image of the (100) sample in Figure 7.10). Unfortunately,
the topography image can only be qualitatively evaluated, since the triangular shapes
observed in the topography images are pseudo-signals resulting from a blunt tip. Artifacts
in topography are probably due to the fact that the domain structures are smaller than the
tip size of approximately 15-30 nm. However, in the vertical PFM mode both samples show
a nice piezoresponse, exhibiting grain-like structures, evenly distributed over the surface.
In the lateral mode, only sample (111) has good PFM response. The PFM images show
a rather weak lateral but strong vertical response. Consequently, in the following the ME
coupling will be investigated by PFM using the vertical mode.

Figure 7.11: Topography and vertical PFM images of the STO(111)/CFO/BTO sample
and the magnetic field dependent score-map for the first component of PCA analysis, repre-
senting the eigenvectors, here correlated to the piezoresponse, distributed over the measured
surface under the variation of magnetic fields. The figure is adapted from Ref. [161] with
permission from the RSC.

Starting with the (111) sample, the topography and the vertical PFM response are imaged
under applied magnetic fields (see Figure 7.11). A sequence of images is recorded, start-
ing with an in-plane applied magnetic field of 600Oe. The magnetic field is sequentially
decreased to -600Oe in 60Oe steps. After stabilization the field at each value, 21 images
are acquired by vertical PFM for studying the magnetic field dependent piezoresponse.
Special care is taken to adjust the images to any shift of the measuring spot. These images
are corrected for random drifts during the scans and are centered to a reference point. For
qualitative results of the ME coupling, the changes in the vertical piezoresponse under
magnetic field variations are analyzed using the Principal Component Analysis (PCA),
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which is a statistical method used in a variety of applications, i.e. in chemistry, physics and
related fields. In the case of spectroscopy and microscopy, the principal component anal-
ysis involves the reconstruction of physically meaningful spectra by geometric rotation of
eigenvectors. It is a suitable methodology for data with low information output. Here, the
PCA is used to produce linear combinations of the PFM data, that are high in variance,
i.e. different applied magnetic fields, and uncorrelated. Sequential images are acquired and
PCA identifies a statistically significant pattern in the measured piezoresponse as a func-
tion of magnetic fields, decouples such effects and establishes a clear relationship between
the variation of piezoresponse and the change of magnetic field. Among the various PCA
components obtained after the analysis, differences in the observed pattern are analyzed
concerning the two different orientations of the substrates. Under the assumption that
an induced strain due to the applied magnetic field in the magnetic layer will be linearly
translated into a change in local piezoelectric coupling, key elements of the PCA results
are extracted by patterns in the piezoresponse (eigenvectors) and their corresponding dis-
tribution on the measured surface (score-map), showing areas being affected the most by
magnetic fields. The PFM images and the PCA are done by Dr. Harsh Trivedi.

In Figure 7.11 the topography, the vertical PFM image and the corresponding score-map
of the first component of PCA analysis are given for the STO(111)/CFO/BTO sample. By
comparing the topography and the PFM amplitude, it is clear, that the PFM signal results
from the piezoreponse and is not related to topographic defects on the surface. If this would
be the case, the topography and the PFM image would exhibit correlated patterns. The
middle image shows a notable PFM signal for the (111) film, confirming the ferroelectric
nature of our BTO layer. In the right figure, the score-map of the first component of
PCA is displayed (the second and third components are shown in the supplement A.4 in
Figure A.6). High response is found only in those regions where the grains are distinct
from each other. The first component comprises almost 90% of the total variance in the
data, whereas the subsequent components correspond to a very negligible variance. This
indicates that the effect of the magnetic field on the local piezoresponse is fully represented
by the first component of PCA analysis. The second and third components do not give
any reasonable information. It can be speculated that the second component might give
a correlation between environmental noise and some drift that might still be present even
after removing it manually before the analysis, without any relation to the ME coupling.

In Figure 7.12 the magnetic field dependent piezoresponse images are shown for the (100)
sample: The middle image is taken at zero field, showing an appreciable local piezoelectric
character of the sample. To the left and to the right the PFM images at ± 300Oe and
± 600Oe, respectively, are shown, resulting from the magnetic field induced changes in the
piezoresponse, which is a clear indication for magnetoelectric coupling between the electric
and magnetic phase. The PCA analysis for the (100) sample with eigenvectors and score-
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Figure 7.12: Magnetic field dependent PFM images of the STO(100)/CFO/BTO sample
from -600Oe to 600Oe. measured in vertical PFM mode

maps can be found in the supplement A.4 in Figure A.7. The first and second components
are strange in shape, providing almost zero information about any physical phenomenon.
The score-map of the first component shows hot spots, possibly corresponding to individ-
ual grains, where the principal trend undergoes a minimal change. The score-map of the
second component shows hot spots everywhere, indicating the continuous variation in the
principal trend. Since the score-maps are somehow questionable, they are not depicted
here. The score-map of the first component in the (111) sample represents the PFM re-
sponse and shows a stronger ME coupling than the (100) sample. This is also seen in the
better vertical and lateral piezoresponse of the (111) sample.

The stronger ME coupling might be explained by the surface energy between the per-
ovskite and spinel structure. Zheng et al. established in their publication [169] by com-
paring the surface and interface energy between the different phases and using the Win-
terbottom construction [170] that the lowest energy in a perovskite lattice is the {100}
plane, whereas in spinel lattices the {111} plane are of lower surface energy. Along {111},
spinel cubes are forming a cube-by-cube geometry with (100)-oriented facets on the top
surface. The orientation of the facets matches the lowest energy orientation of the BTO
perovskite, resulting in better growth conditions for BTO on CFO. This fact can already
be seen in the cross-section HR-TEM images depicting the interfaces between the CFO
and BTO films. The (100) film shows a non-smooth interface with regions of different
lattice orientations, whereas the interface of the (111) sample looks smoother and linear,
possibly resulting in a more efficient stress-strain transfer between those films and as a
result also a greater ME coupling coefficient.
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7.5 Conclusion

In this chapter the influence of the substrate orientation on structural and magnetoelec-
tric properties is investigated for bi-layered CFO/BTO samples prepared by PLD. The
prospect is that of strain-mediated magnetoelectric coupling in CFO/BTO bi-layers as
a function of different interfacial boundary conditions. They are characterized in terms
of their structure-property relationship and the influence of crystallographic defects. The
(100) sample exhibits more crystallographic defects and a less sharp interface, wherefore
the magnetoelectric coupling observed by PFM is small. In comparison, the (111) sample
has a nice interface between the substrate, the magnetic phase and the electric phase,
presumably due to the lower surface energy. This fact probably results in the greater
magnetoelectric coupling as investigated by lateral and vertical PFM. In conclusion, the
substrate orientation highly influences the texture of the CFO film and the interface
structure and, thus, the magnetoelectric coupling. However, magnetic and ferroelectric
properties are almost independent from the substrate orientation. Furthermore, the qual-
ity of the deposited films and the contact between the phases are crucial factors for ME
coupling. In our study we found out that using STO(111) is a better match when it
comes to device fabrication. A higher quality interface as in the case of STO(111) pro-
vides higher magnetic field modulated strain distribution, resulting in an enhanced ME
coupling, making it a more promising candidate for applications.

The experimental procedure explained in this chapter can now be extended to the more
complex nanostructured samples with (1-3) connectivity and enlarged interfacial area, as
it is done in the next chapter.
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8 Cobalt Ferrite Nanopillars in Bismuth
Ferrite Matrix

Multiferroic materials of (1-3) connectivity exhibit a greater interface ratio than layered
structures as discussed in the previous chapter. Here, we use one of the most promising
materials for various applications, such as spintronics and photovoltaics, as a constituent
of the multiferroic composite due to its room-temperature piezoelectric effect, opening
up a novel field of magnetomechanics. By combining magnetostrictive CFO with BFO,
the nanocomposite can be manipulated by applying external magnetic and electric fields,
respectively. In addition, it has been recently shown that magnetic moments of ferro-
or ferrimagnetic materials couple directly to the canted spin structure of BFO [171]. By
strain-mediation the G-type antiferromagnetic order of BFO, which is superimposed with
a long-wavelength cycloidal modulation, drives a transition toward homogenous, weakly
ferromagnetic order, resulting in a suppression of the cycloid [172]. In this chapter, we
want to investigate the magnetoelectric coupling between CFO nanopillars embedded in
a BFO matrix and extend the analysis by element-specific X-ray absorption spectroscopy
in applied magnetic and electric fields.

For (1-3) CFO-BFO samples, a phase-separated growth is needed, therefore, the ablation
process has to be optimized. Crucial parameters are the substrate orientation and the
oxygen background pressure. The samples are successfully prepared by pulsed laser depo-
sition with self-organized CFO nanopillar structures in a BFO matrix by using niobium
doped STO substrates, as reported in the literature for CFO in a BTO matrix [147, 173].
The nanopillar structure is verified by SEM. Here, we take the analysis of the coupling
between the magnetostrictive and piezoelectric phase to a new level utilizing soft X-ray
absorption spectroscopy and its associated linear and circular dichroism. The possibility
of tuning the electric polarization of the BFO matrix hosting CFO nanopillars by an ex-
ternal magnetic field can be evidenced on a microscopic scale by correlating the charge
anisotropies of Bi ions (measured by XLD) with the spin anisotropies of Co ions (mea-
sured by XMCD). In addition, the piezoresponse is probed on the local scale by PFM and
MFM.

8.1 Preparation by Pulsed Laser Deposition

Nanostructures of CFO-BFO with a volume fraction of 1:1 are deposited on STO sub-
strates by using PLD. Ultraviolet radiation is provided by a 248 nm KrF excimer laser
(Lambda Physik) with a laser fluence of about 1 J per cm2 and a pulse repetition rate of
10Hz. Around 300 nm thick films are grown on single-crystal STO substrates at 750 ◦C
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in an oxygen atmosphere of 1.1 · 10−1 mbar. CFO-BFO self-assembles into nanostructures
with CFO nanopillars heteroepitaxially embedded in a BFO matrix on the STO(100) sub-
strates having significant magnetoelectric coupling. This is schematically shown in Figure
8.1 or in literature by Zheng et al. [169]. In general, most perovskites have the lowest
energy surface for (100) planes, whereas CFO with the cubic spinel lattice has its low-
est surface energy for (111) planes. This difference in surface energy anisotropy results
in different growth modes. Theoretically, BFO wets the substrate completely on a (100)
substrate and CFO only partially wets the substrate resulting in the formation of islands.
On a (111) substrate, the growth mechanism is reversed, here, the CFO wets the substrate
completely forming a matrix in which the partially wetting BFO forms islands. By a sub-
sequent growth of BFO, pillars are formed in the CFO matrix. The high-quality growth
is crucial for the proper analysis in X-ray absorption spectroscopy. The self-assembling
process occurs only under optimized conditions, which will be focused on next.

Figure 8.1: Schematic illustration of the CFO-BFO system with (1-3) connectivity: The
CFO nanopillars in green are distributed in the BFO matrix in yellow shown in side view
and top view.

8.1.1 Influence of Oxygen Background Pressure

One important factor for the deposition of nanostructured oxidic materials is the oxygen
background pressure. Here, the influence of different oxygen atmospheres is discussed.
In Figure 8.2 the SEM images of CFO-BFO samples on STO(100) and STO(111) are
shown for different background pressures during the deposition process. To achieve the
same ablation conditions, both substrates are mounted on the same sample holder for
the growth process. If one compares the SEM images of the (100) samples grown in an
oxygen atmosphere 1.8·10−1 mbar with the sample in 7.2·10−1 mbar, the increased oxygen
pressure results in a closed almost pore free surface with nanopillar structures in a matrix
material, whereas the lower oxygen pressure results in a grain-like structured surface.
The SEM images of the (111) sample show a highly porous sample surface. The oxygen
pressure of 1.8·10−1 mbar results in a surface with dendrite-like structures shown in bright
contrast. The same structures are found for the (111) sample deposited at 7.2 ·10−1 mbar.
The surface porosity is again relatively high, but the dendrites also have cubic-like grains
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randomly distributed on the surface, indicating a small phase separation between the
CFO and BFO materials.

Figure 8.2: SEM images of CFO-BFO composites deposited on differently oriented STO
substrates under two different oxygen background pressures.

Figure 8.3: SEM images of NFO-BFO composites deposited under two different oxygen
atmospheres. For 1.3 · 10−1 mbar, a macroscopic phase separation is observed, enlarged
images show porosity between macroscopic structures.

The oxygen background pressure is not only important for the ablation of CFO-BFO com-
posites, but also for the ablation of bismuth ferrite-nickel ferrite (BFO-NFO) composite
as it is exemplarily shown in Figure 8.3, indicating the influence of the oxygen atmo-
sphere on the surface porosity. The two left images show the SEM results of a BFO-NFO

114



8.2 Structural Properties

on STO(100) with macroscopic dendrite structures in bright contrast, comparable to ice
crystals forming at low temperatures. These macroscopic structures indicate a phase sep-
aration already seen with the naked eye. By zooming in between the dendrites, presented
in the middle SEM image, a microstructured sample surface of closely packed grains is
depicted. On the right side of Figure 8.3 a sample prepared under a lower oxygen atmo-
sphere is shown, resulting in a more densely packed grain-like surface with hills consisting
of several hundreds of grains. However, macroscopic structures as observed for the sample
prepared at a higher oxygen atmosphere are not found.

8.2 Structural Properties

The structural characterization of CFO-BFO composites is done by scanning electron
microscopy and by X-ray diffraction shown in Figure 8.4 and 8.5, respectively, revealing
pure phases of cobalt ferrite and bismuth ferrite.

Figure 8.4: Scanning electron microscopy images showing the surface of CFO-BFO compos-
ites: On STO(100) a nanopillar structured surface and on STO(111) cubic-like geometries
are found. The dark contrast represents CFO-rich regions and the bright ones BFO-rich
regions.

In the SEM images, a well defined granular structure of two different types of grains
is depicted, probably showing the separation between the magnetic and electric phase.
The different contrast is caused by the electronic work functions of the two constituents
resulting in different reflectivities for the electrons. The dark contrast represents cobalt
ferrite regions and the bright contrast due to by the bismuth ferrite. The cobalt ferrite
regions show nanopillar-like structures, randomly distributed over the sample surface,
with a rectangular shape of approximately 90 nm x 160 nm. Additionally, small grains
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with a diameter of 50 nm to 120 nm can be observed. On the (111) substrate, cubic-like
structures are grown, however, no clear phase separation can be distinguished due to
limited contrast.

Figure 8.5: θ-2θ X-ray diffractograms of CFO-BFO composites on STO(100) and
STO(111). The peaks are identified to originate from the the spinel lattice of CFO (lime-
green), as well as the perovskite lattice of BFO (blue).

The θ-2θ X-ray diffractograms are shown in Figure 8.5. They can be fitted using the
perovskite structure of STO and BFO (space group R3c:h) [174], as well as the spinel
lattice for CFO concurrently. The fitting parameters are listed in Table 8.1.

CFO-BFO Nb:STO(100) Nb:STO(111)
Substrateexp a=3.9059(1) Å a=3.9067(2) Å
Substratelit a=3.9053 Å
CFOexp a=8.3784(2) Å a=8.3823(3) Å
CFOlit a=8.38 Å
BFOexp a=5.6094(1) Å a=5.5423(2) Å
BFOexp c=13.956(3) Å c=13.79(1) Å
BFOlit a=5.5883 Å, c=13.904 Å

Table 8.1: The lattice parameters extracted from X-ray diffractograms for CFO-BFO com-
posites compared to literature values (STO[163], CFO[24] and BFO [174]).

The CFO lattice parameter is almost two times larger than the unit cell of BFO. The
similarities between the structures of both phases (both cubic with small lattice mismatch
of approximately 5%) and similar oxygen coordination, present the possibility of epitaxial
growth of CFO-BFO nanostructures on the single-crystal substrate. The peaks originating
from the substrate have the highest intensity and planes corresponding to the substrate
orientation are observed. For CFO, peaks of a spinel with Miller indices of (400), (440)
and (444) are found. The full width at half maximum appears broader than for the bulk
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material, indicating small grains or structures of CFO in the samples. For BFO peaks
corresponding to the perovskite structure are observed, which is expected since the ma-
trix material consists of BFO being polycrystalline with regions of different orientations.
However, no impurity phases are observed.

8.3 Magnetic Properties

Standard magnetometry measurements are performed for magnetic characterization at
different temperatures (see Figure 8.6) showing open hysteresis curves. At low temper-
atures, interesting features in the magnetic curves, suggesting two-phase behavior, are
clearly visible, indicated by green arrows. The hysteresis curves show the features be-
tween 5-175K. Neither the hysteresis of pure CFO nor the pure BFO show such a curve
shape. It is suggested that the shape results from two-phases, presumably by a CFO phase
showing bulk properties and a second phase of CFO in the vicinity of BFO with a reduced
coercive field.

Figure 8.6: Magnetic hysteresis loops of CFO-BFO composites on STO(100) and STO(111)
at temperatures from 5K (violet curve) to 300K (red curve). Arrows are pointing at features,
indicating two-phase behavior.

To reveal the origin of these features and to gain insight into the pillar-matrix interaction,
element-specific magnetic characterization needs to be done. In this regard, soft X-ray
spectroscopy and its associated dichroism offer a unique possibility to directly evaluate
element-specifically spin and charge anisotropies. By applying magnetic fields, one can
measure the magnetic response and monitor changes in the electronic structure of the
BFO matrix, simultaneously. For this, we use XMCD and XLD under applied fields to
detect changes at the Bi X-ray absorption edge, which are induced by the magnetostrictive
CFO in the piezoelectric BFO matrix by stress mediation. XLD can detect changes in
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the shape and energy level of orbitals connected to the displacement of Bi3+ ions in
hexagonal [100] direction, leading to an electric polarization in BFO. In addition, its
magnetic counterpart, X-ray magnetic linear dichroism (XMLD) is a measure for a possible
rotation of the antiferromagnetic axis. XMCD offers the possibility to directly prove a
strain-driven ferromagnetic contribution. Since Bi is an element with a large spin-orbit
coupling, special attention shall be paid to the role of the orbital magnetic moments (see
section 8.3.1.2).

8.3.1 Element-specific Magnetic Characterization of CFO
Nanopillars in BFO Matrix

By analysis of the X-ray absorption near edge structure (XANES) and magnetic circular
dichroism (XMCD) the element-specific magnetic and structural properties are examined.
For the magnetic state of CFO the Co L3,2 absorption edges are probed, whereas the Fe
L3,2 and O K edges contain contributions from both CFO and BFO. X-ray absorption
spectra at the L3,2 absorption edges of highly correlated systems, like the 3d transition
metal oxides, are influenced by so-called multiplet effects [175, 176], which describe the
overlap of the radial wave functions of the 2p core hole created by the absorption process
and the 3d holes. This overlap creates additional final states and together with ligand
field effects, exchange and spin-orbit interactions, it manifests in a rich fine structure of
the XANES, which is sensitive to the local surrounding. Atomic multiplet calculations
can be performed to analyze the spectral shape of experimental data.

The CTM4XAS program package [177] has been used by Dr. Carolin Schmitz-Antoniak
[178], which is based on a semi-empirical approach including crystal field theory, core-
hole effects, spin-orbit coupling, multiplet effects as well as charge transfer. For the case
of Fe3+ ions at the octahedral Oh sites, a crystal field splitting of 10Dq = +1.8 eV has been
used. For Fe3+ ions at the tetragonal Td sites a negative crystal field splitting of 10Dq =
-0.8 eV has been used to account for the reversed energetic order of t2g and eg orbitals with
respect to the octahedral case. The reduced absolute value reflects the different spatial
distributions of orbitals with respect to the positions of negatively charged oxygen anions
creating the crystal field. For the case of Co2+ ions, the crystal fields are smaller because
of the lower charge of the cation. Here, we use 10Dq = +1.1 eV and 10Dq = -0.6 eV for
the Oh and Td symmetry, respectively. The Slater integrals are further reduced for Fe
and Co to 80% and 90% of the atomic value, respectively. For all other quantities, atomic
values have been used. Lorentzian life-time broadening of 0.2 eV and 0.5 eV for the L3

and L2 absorption edge, respectively, are included. An additional Gaussian broadening
of 0.1 eV takes into account the instrumental broadening. Figure 8.7 shows calculated
XANES, XMCD, and XMLD spectra for high-spin Fe3+ (left) and high-spin Co2+ (right)
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ions for different degrees of inversion s, which is a measure of the cation disorder in CFO
according to (

Co2+
s-1Fe3+

s

)
Td

(
Co2+

s Fe3+
2-s

)
Oh

O4 (8.1)

A perfect inverse spinel is characterized by s = 1. In this case, all Td sites are occupied
by Fe3+ ions, while the Oh sites are occupied by Co2+ and Fe3+ with a ratio of 1 : 1.

Figure 8.7: Simulated XANES (top), XMCD (center), and XMLD (bottom) spectra at the
Fe (left) and Co (right) L3,2 absorption edges in CFO with different degrees of inversion s.
s = 1 shows spectra for an inverse spinel structure of CFO. Figure is printed with permission
from [178].

For the case of Fe3+ (left side of Figure 8.7), XANES (top) and XMLD (bottom) show
only subtle changes in the fine structure for different degrees of inversion. This is because
Fe3+ has a half-filled d shell and in the high-spin state, each of the five d orbitals are
filled with one electron independent of the coordination symmetry. As a consequence, the
different energy positions of t2g and eg states for Td and Oh symmetry lead only to small
changes in the spectral shape. In contrast, the XMCD exhibits a strong dependence on
the degree of inversion, because of the antiferromagnetic superexchange coupling between
Fe3+ at Td and Oh lattice sites. For s = 1 the number of Fe3+ ions at Td sites is the same
as at Oh sites and the net magnetic moment cancels out. An XMCD can only be observed
because the ions at different lattice sites contribute at slightly different photon energies
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to the spectrum. With decreasing degree of inversion, the number of Fe3+ ions at Oh sites
is increasing, while the number of Fe3+ ions at Td sites is decreasing. This leads to an
increasing net magnetic moment. In the XMCD spectra, this can be seen by the growing
negative peak at the Fe L3 absorption peak, while the intensity of the positive peak is
decreasing.

For the case of Co2+ (right side of Figure 8.7), the relative intensities of the fine structure
peaks change visibly with the degree of inversion. Because of the 3d7 electron configu-
ration, the high-spin state in Td symmetry is characterized by fully occupied eg orbitals
and three holes in the minority-spin t2g orbitals, while in Oh symmetry, there is one hole
in the minority-spin t2g and two holes in the eg orbitals. In this simple one-electron pic-
ture, the different symmetries of the unoccupied final orbitals yield already differences in
the XANES and XMLD. The intensity of the XMCD spectra is again determined by the
antiferromagnetic superexchange between ions at Td and Oh lattice sites. In the perfect
inverse spinel with s = 1, all Co2+ ions are locates at Oh lattice sites. The net magnetic
moment is therefore largest and is accompanied by a sizeable XMCD. With decreasing
degree of inversion, the net magnetic moment and the XMCD intensity decrease.

Figure 8.8: XANES (black) and XMCD (green) spectrum at the Fe L3,2 absorption edges
measured at ambient temperature and 5T: The XANES signal shows a typical double-peak
structure at each absorption edge and a large XMCD signal of a w-shape is observed.
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The experimental data are shown in Figure 8.8 and 8.9, depicting the soft XANES and
its associated XMCD at the Fe L3,2 edges and Co L3,2 edges measured at 300K and 5T,
respectively. A detailed description of the analysis of XANES and XMCD spectra is given
in the attachment A.5. To define the step function, the first derivative of the XANES
signal is used to find the relative Fermi energy which is related to the inflection point of
the XANES, i.e. the energy at which the first derivative of the XANES is maximum. Here,
we present the measured TEY normalized to the incoming photon intensity. Due to the
spin-orbit coupling, one expects a splitting of the L3 and L2 edges for Fe of about 13 eV. In
Figure 8.8 the XANES signal depicted in black shows a double-peak structure at both Fe
L3 and L2 absorption edges and in green the XMCD signal is shown. The intensities of the
three main peaks in the XMCD signal at the L3 edge result primarily from two different
Fe components Fe3+ Td and Fe3+ Oh. The spectral shape is very similar to the simulated
spectra for a cation disorder described by a degree of inversion of s = 0.8, which is a
typical value for CFO that ranges between 0.6 and 0.8 in the literature [179, 180, 181].

Figure 8.9: XANES (black) and XMCD (green) spectrum at the Co L3,2 edges measured
at ambient temperature and 5T with fine structures at the L3 absorption edge showing a
typical Co2+ spectrum.

In Figure 8.9 the XANES (black) and XMCD (green) spectrum is shown at the Co L3,2

edges. For the Co step function, we use the step values of 778.20 eV and 793.28 eV. The
site occupancy and oxidation state of the Co can be directly assessed by examining the
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Co absorption spectra. The XANES spectrum consists of spectral features indicating a
d7 high spin state of Co, which can be resolved due to the high energy resolution at the
beamline UE46 PGM-1. At the L3 edge four peaks are observed indicating Co2+ cations
on the octahedral site Oh, which is characteristic for ferrite spinels. In the Oh symmetry,
the atomic 3d levels are split into three t2g and two eg orbitals in a simple one-electron
picture so that two holes reside in the minority-spin eg orbitals and one hole in one of
the minority-spin t2g in the high-spin state. Again, the spectral shapes are similar to the
simulated spectra for s = 0.8.

Furthermore, the linear dichroism has been measured at both Fe and Co L3,2 absorption
edges. A sketch and detailed description of the experimental geometry is presented later
(see Figure 8.19 for the discussion at the Bi absorption edge). For Fe and Co ions with their
sizeable magnetic moments, the linear dichroism consists of both natural linear dichroism
caused by the charge anisotropy related to the crystal structure itself and the magnetic
linear dichroism that is caused by a non-spherical distortion of the charge distribution by
the alignment of atomic spins via spin-orbit interaction. The latter scales with 〈M2〉.

Figure 8.10: XANES (black) and XLD (green) spectra at 20mT, 2T and 5T measured
at the Fe L3,2 edges at ambient temperature. A zoomed-in graph shows the horizontal (red)
and vertical (blue) spectrum at the L3 edge.

In Figure 8.10 the XANES and its associated XLD at the Fe L3,2 absorption edges are
shown. A zoomed-in graph of the L3 edge is displayed in the upper left corner, where the
horizontal (red) and vertical (blue) spectrum is depicted. A double-peak originating from
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the final-state multiplets of Fe3+ under the influence of a crystal field is observed. At the
low-energy peak at 708.3 eV the red curve displays a higher intensity but a lower intensity
at 709.9 eV as compared with the blue curve. The XLD spectra show two positive peaks
and three negative ones at the L3 edge, which increase in its intensity with higher magnetic
fields. However, the observed fine structures do not change under applied magnetic fields.
This indicates that the linear dichroism is dominated by the XMLD of Fe in CFO and no
magnetic-field induced transition of BFO can be monitored at the Fe sites. For obtaining
the dichroic signal, the maximum at the Fe L3 edge of the difference curve ∆IMAX =
(IH − IV)MAX and the maximum of the summed spectra (IH + IV)MAX are determined
and the normalized linear dichroic signal ∆IMAX/(IH + IV)MAX is calculated. At 20mT
the linear dichroic signal is 5% and increases with increasing magnetic field up to 13% at
5T.

Figure 8.11: XANES (black) and XLD (green) spectra at 20mT, 2T and 5T measured at
the Co L3,2 edges at ambient temperature. A zoomed-in graph shows the horizontal (red)
and vertical (blue) spectrum at the L3.

In Figure 8.11 the XANES and its associated XLD at the Co L3,2 absorption edges are
shown at three different field values. The XLD spectra exhibit two negative peaks in the
lower energy region. Two negative peaks are observed at 777.3 eV and at 778.6 eV, in
between the XLD signal is almost zero [182]. However, with increasing magnetic field a
positive double-peak arises at 778 eV. The inflection between the first two peaks could be
due to a shift of the first negative peak to lower and the positive peak to higher energies.
Such shifts are expected from contraction (expansion) of the distance of the Co2+ ion
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and its surrounding O2− ions along the a (c) axis [183]. In addition, two positive peaks
at 779.2 eV and 780 eV are present. Similar to the XLD spectra the Fe edge, the dichroic
signal increases with higher applied magnetic fields from 10% at 20mT to 26% at 5T.

The experimental XLD spectra are in reasonable agreement with the simulated ones
(Fig. 8.7). Having a closer look at the fine structures, one may conclude that the degree
of inversion is around s = 1 for Co while it is s = 0.6 for Fe, whereas from XANES
and XMCD the experimental spectra are close to the ones simulated for s = 0.8 for
both Co and Fe. The differences in the XLD are caused by (i) the small misalignment
of 13◦ with respect to the z axis in the measurement geometry, (ii) a certain in-plane
structural mosaicity, and (iii) for the case of Fe, the additional contribution of Fe in
BFO. The contribution of Fe in BFO to the XMCD is negligible because the XMCD
intensity is proportional to the expectation value of the atomic magnetic moment 〈M〉,
which is very small for Fe in antiferromagnetic BFO, but large in ferrimagnetic CFO.
Thus, the spectral shape of XMCD at the Fe L3,2 edges can be related to the Fe ions in
CFO. In contrast, the XMLD is proportional to 〈M2〉 as mentioned above, which can be
sizeable for antiferromagnets depending on the direction. Furthermore, the natural linear
dichroism contributes for single-crystalline samples. Since Fe in BFO occupies octahedrally
coordinated (Oh) lattice sites, the averaged number of Fe at Oh sites compared to Fe at Td

sites is higher compared to Fe in CFO only. Consequently, the degree of inversion appears
smaller.

In Figure 8.12 the oxygen K edge spectrum is shown. The normalized XANES is shown
without subtracting a step function and comes mainly from the excitation of the 1s state.
The signal is less intense when compared to the L3,2 absorption spectrum of Fe or Co. The
spectral features are labeled by A-E and approximately reflect the p-projected density of
unoccupied states in oxygen. The pre-edge region of the spectrum consists of spectral
features A and B at 530 eV and 532.4 eV, respectively, that originate from a hybridization
of O 2p states with Fe 3d and Co 3d states as well as Bi 6sp states. The latter contributes
at slightly higher energy [184]. The post-edge region is indicated by the peaks C-E with
spectral features attributed to hybridization of the oxygen states. The ratio of the pre-
edge region to the post-edge region represents the change in the extent of hybridization.
The XMCD signal is very small and is enhanced by a factor of 10 in Figure 8.12. The
signal at the pre-edge going up and down could indicate an induced magnetic moment
typical for the antiferromagnetically aligned contributions of oxygen surrounding 3d metal
ions on either Oh or Td sites. However, the broader feature around 540 eV is an artifact.
The exchange and the spin-orbital splitting of the final 2p state might be responsible
for the observed dichroism at the K edge. First indication is that only O 2pz orbitals are
polarized, which hybridize with the Co 3d/Fe 3d band. This is because the sharp structure
located exactly at 530 eV originates from these hybridized 2pz3d states [185]. The second
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Figure 8.12: XANES (black) and XMCD (green) spectrum at the O K edge measured at
ambient temperature and 5T. The XANES signal has two features at the pre-edge labeled
as A and B, respectively, and three additional features at the post-edge (C-E). The XMCD
signal is enhanced by a factor of 10.

structure at 537.5 eV originates from transition to the hybridized O 2pxy-orbital-3d metal
4sp band [186]. The broad peak at 546 eV stems from the scattering of the photoelectron
at the nearest-neighbor 3d-metal atoms. Hence, this feature can be assigned to the σ∗

shape resonance, which is interpreted as the first enhanced EXAFS wiggle [187].

Magnetic field-dependent element-specific magnetization curves are measured by detecting
the sample drain current at the photon energy of maximum X-ray magnetic circular
dichroism at the Fe and Co L3 absorption edges while sweeping the magnetic field (see
Figure 8.13 and 8.14). After a full sweep of the magnetic field, the X-ray helicity is
reversed. For the case of Fe, the maximum XMCD effect at the L3 edge is obtained at
the third peak of the w-shaped XMCD which is mainly related to Fe on Oh sites. By
element-specific hysteresis measurements, we want to determine the origin of the two-
phase behavior of the hysteresis, which might result from two different origins: Either
the CFO in the vicinity of the BFO matrix changes its magnetic properties, which would
result in a two-phase hysteresis loop at the Co edge and less pronounced at the Fe edge
or the BFO itself provides the feature, which should be seen in hysteresis curves at the Bi
edge and Fe edge, but not at the Co edge. The hysteresis is measured at 4.9K at which
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temperature the two-phase behavior observed in standard magnetometry occurs. However,
in both hysteresis curves no clear indication for a two-phase behavior is observed. The
curve shapes of Fe and Co are similar with the same coercive field. The sign of XMCD
at Fe is equal to that at Co, meaning that coupling between Fe on octahedral sites and
Co is fundamentally ferromagnetic. The small absorption cross section at the accessible
Bi edges made a field-dependent XMCD measurement in limited beamtime impossible.

Figure 8.13: Field-dependent normalized soft X-ray magnetic circular dichroism measured
at the Fe L3 edge between -5T and 5T (710 eV, 4.9K).

Figure 8.14: Field-dependent normalized soft X-ray magnetic circular dichroism measured
at the Co L3 edge between -5T and 5T (779 eV, 4.9K).
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8.3.1.1 Electric field dependent X-ray Magnetic Circular Dichroism

Electric field dependent XMCD measurements are performed at the beamline PM2 and
the VEKMAG endstation. For technical reasons at that beamline the circular dichroism
is obtained by changing the direction of the magnetization with respect to ~k of incoming
X-rays instead of changing the helicity of the X-rays, as it was done for the XMCD spectra
measured at the beamline UE46 PGM-1. We measure the influence of in-plane applied
electric fields on the magnetostrictive material by recording XMCD spectra at the Fe and
Co L3,2 absorption edges. For the application of an in-plane electric field, two electrodes
are attached on top of the sample, as shown in Figure 8.15. An out-of-plane electric field
is not possible to apply due to the sample holder geometry. Here, a beam with a size of
0.8mm x 0.8mm is used to measure in between the electrodes. The electric field is applied
by a Keithley Picoammeter, which includes a voltage source generating voltages in the
range of ± 200V.

Figure 8.15: Sample holder for electric field measurements at the VEKMAG endstation:
Two wires are connected to the sample surface via silver paste, the direction of the applied
electric field is depicted by a green arrow.

With the electric field dependent XMCD measurements, we expect to monitor induced
changes of the magnetic properties of the magnetoelectrically coupled CFO nanopillars. In
Figure 8.16 and 8.17 an overview of the measured voltage dependent XANES and XMCD
spectra at the Fe and Co L3,2 edges are depicted. For voltage dependent measurements,
we use TEY and FY detectors. In the upper part the spectra recorded in TEY mode
are shown and in the lower part in FY mode. The total electron yield is surface-sensitive
and is obviously disturbed by attached wires, resulting in a change of spectral features of
the XANES. With increasing voltages, the TEY signal gets smaller and more noisy. The
voltage dependent spectra are normalized by using the step function and normalization
process without an applied voltage. Interestingly, the shape of the XMCD spectra is less
influenced by the voltage applied and look more reasonable. However, due to the spectral
changes in the XANES, an appropriate interpretation is difficult. The FY spectra do
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not suffer from such artifacts. However, an appropriate analysis of the spin and orbital
moments from XMCD spectra measured in FY mode is not recommended due to the fact
that the attenuation length of the X-rays is comparable to the fluorescence escape depth.
This causes saturation effects, which need to be considered in the area and height of the
absorption edges L3 and L2.

Figure 8.16: Voltage dependent XANES (left) and XMCD (right) spectra at Fe L3,2 edges.
On the upper part the TEY recorded spectra and on the lower part FY recorded spectra
are shown. The spectra are shifted vertically for more clarity.

Starting with the description of Figure 8.16 showing the Fe absorption spectra, one ob-
serves changes in the TEY recorded spectra upon applied voltages, whereas the FY spectra
remain unaffected. This might be expected since the voltage applied to the sample is at
the surface and TEY is a surface-sensitive detection method. In the following, we will
focus on the discussion of the TEY spectra. The XANES spectrum shown in pink is
recorded without an applied voltage, however, the wires are connected to the sample.
This is why the spectrum differs from spectra recorded in the previous section. With an
applied voltage of 5V (red curve) the XANES signal exhibits two clearly distinguishable
peaks at the L3 edge followed by a negative peak. At the L2 edge the double-structured
curve shape is also more visible than for 0V. The overall XANES signal increases with
increasing applied voltages up to 50V, for which the negative peak behind the L3 edge
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gets smaller and finally disappears. At 100V the XANES signal gets smaller and for 200V
the absorption peaks are also broader. By looking only at the XANES signal at the peak
maximum of the L3 edge one observes an oscillating-like intensity with an applied voltage.
This can also be observed for the XMCD signal recorded in TEY. From 0V to 5V the
XMCD signal decreases and beside the w-shaped XMCD signal a fourth peak evolves.
Between 5V and 100V the XMCD intensity increases and the fourth peak decreases. At
200V (green curve) the XMCD signal is very small, however, the w-shaped curve at the
L3 edge is still visible.

Figure 8.17: Voltage dependent XANES (left) and XMCD (right) spectra at Co L3,2 edges.
On the upper part the TEY recorded spectra and on the lower part FY recorded spectra
are shown. The spectra are shifted vertically for more clarity.

The XANES and XMCD data at the Co L3,2 edges are shown in Figure 8.17 at different
applied voltages. The structure of this figure is identical to that of Figure 8.16 in the
upper part TEY and the lower one FY data are shown. On the left side the XANES and
on the right side the XMCD signal is depicted. First of all one observes no change in
the FY recorded spectra upon applied voltages, whereas spectra measured by TEY are
strongly affected again due to its high surface-sensitivity. At 0V the XANES spectrum
exhibits a spectral shape similar to the one of a Co2+ in octahedral environment, however,
the fine structures are less pronounced which is due to the lower energy resolution at the
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beamline. With increasing applied voltages the XANES intensity at the Co edge also
shows an oscillating behavior. The signal first increases up to 25V and then decreases.
In addition the peaks at the L3 become clearly distinguishable, because the minima in
between are more pronounced. The spectra at 100V and 200V, respectively are broadened
and the XANES signal between the L3 and L2 edge is not zero. By looking at the upper
right part of Figure 8.17 the oscillating signal upon applied voltages is also observed.
Between 0V and 5V the XMCD signal drastically decreases and up to 200V it increases,
however at 100V and 200V the background becomes very noisy.

In Figure 8.18 the dichroic signal divided by the white line intensity ∆Imax/(I+ + I−) is
depicted as a function of applied voltages, summarizing the observed effects of Figure 8.16
and 8.17. The advantage of the dichroism divided by the white line intensity is that it is
independent of the data normalization procedure as less sensitive to artifacts caused by
the applied voltage. The dichroic signal recorded by FY (empty symbols) is unaffected
by the applied voltage. For Fe it stays at almost 1% and for Co at about 20%. The
TEY results on the other hand are strongly influenced. Here, the dichroic signal for Fe
and Co increases dramatically at 5V, showing almost the doubled effect, and decreases
afterwards with further increasing voltage. At 200V the dichroic signal decreases even
below the value observed at 0V, however, the error bars for values at 100V and 200V
are larger. The dichroic signal upon applied voltages reflects in principle the oscillating
signal behavior observed for XANES and XMCD recorded by TEY, but is more reliable
as mentioned above.

Figure 8.18: The normalized dichroic signal ∆Imax/(I+ + I−) as a function of applied
voltage for Fe and Co in TEY and FY mode. Upon applied voltages the FY spectra are
almost unaffected, whereas the TEY spectra show oscillating intensity. The solid lines are
guides to the eyes.
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8.3.1.2 X-ray Linear Dichroism at the Bi absorption edges

In the following, the linear dichroism of Bi in BFO is presented. In contrast to Fe and
Co in CFO, any obtained linear dichroism at the Bi absorption edges is mainly related
to the natural linear dichroism, because the atomic magnetic moment of Bi3+, that has a
closed shell electron configuration as a free ion, is very small and, thus, also 〈M2〉 is tiny.
The X-ray linear dichroism gives information on the charge anisotropy and is therefore
sensitive to ion shifts. Here, the spontaneous polarization of BFO is caused by a shift
of Bi ions, which changes its hybridization. The magnetic field direction is applied 13◦

off the sample surface normal with its main component being parallel to the nanopillar
geometry as illustrated in Figure 8.19. For a quantitative analysis of XLD, the sample
has to be measured under grazing incidence, so the main component of the electric field
vector of the X-ray is either perpendicular or parallel to the z axis. To prove that there
is a direct coupling between BFO and CFO, the XLD signal at the Bi ions has been
measured as a function of an external magnetic field in two different geometries. As the
XLD is a measure of the anisotropy of electronic states, it indicates on a microscopic scale
the modification of the electric polarization of BFO by a magnetic field. Measurements
are performed under grazing incidence and TEY is recorded providing surface-sensitive
information. The electric field vector for horizontally polarized X-rays is parallel to the
nanopillar structure and main magnetic field component, whereas the electric field vector
for vertically polarized X-rays lays in the sample plane. As a consequence, the X-ray
absorption with horizontal (H) polarization is expected to concern predominantly orbitals
with pz orbitals, whereas vertical (V) polarization probes pxy orbitals.

Figure 8.19: Measurement geometry for XANES and its associated XLD: The magnetic
field’s main component Hz is applied along the nanopillar structure in z direction and the
incoming X-ray is depicted under grazing incidence with the electric field vector in horizontal
and vertical direction, respectively. The respective p orbitals are shown for the discussion
of Bi absorption spectra.
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8 Cobalt Ferrite Nanopillars in Bismuth Ferrite Matrix

In the following the influence of an applied magnetic field to the XANES and XLD spec-
trum is studied to observe the structural changes upon magnetic fields causing deforma-
tions of the crystal structures via magnetostriction. For magnetic fields parallel to the
sample surface normal, the CFO nanopillars have the tendency to shrink in field direction
z, and to expand in directions perpendicular to the magnetic field, thus, compressing the
BFO matrix in x and y directions. The field induced magnetostriction in CFO and there-
fore, the stress-mediated deformation of the BFO matrix should be visible in changes of
the XLD spectrum at different magnetic fields.

Figure 8.20: XANES and XLD spectra at 20mT, 1T, 2T and 5T measured at the Bi N5,4
edges for horizontally and vertically polarized X-rays.

In literature [173], it has been shown that XLD at the Ti L3,2 edges is a valuable tool to
study the magnetic field dependent electric polarization. However, in this (1-3) composite
we have to investigate the electric polarization at the Bi edge, which is rarely discussed in
literature. In the soft X-ray regime possible Bi edges to measure are the N1 edge (930 eV),
N3,2 edges (805-678 eV) and N5,4 edges (480-425 eV), respectively. For linearly polarized
light, the electric field vector of the X-rays acts like a searchlight for the unoccupied density
of states. Furthermore, the additional energy splitting due to the Bi ion displacement is
too small to be directly visible in the absorption spectrum. However, it can be analyzed
by measuring the dichroism between two different directions of linear polarization. We
were able to measure a small XANES signal of ca. 1% at the N5,4 absorption edges. For
better statistics several spectra are measured and averaged. For horizontally and vertically
polarized X-rays, which is depicted in Figure 8.20, in all four XANES curves the Bi N5
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and N4 edge is visible at 444.4 eV and 466.5 eV, respectively. The N5,4 absorption edges
originate from the excitation of 4d3/2 and 4d5/2 states into the 6p states. The edges are
split by 20 eV, as expected from literature [188] and the edge shape is broad as it is known
for N absorption edges [189]. We observe no dichroic signal, only at the Bi N4 edges at
1T a difference signal is observable. However, the polarization of the X-rays to 45◦ is
changed and compared the H,V polarization with 45◦ linear polarization, which probes
the p orbitals off-symmetry as compared to H(V) polarization. In Figure 8.21 the XANES
and its associated XLD is depicted at the Bi N5,4 edges for four magnetic field values.
The presented X-ray linear dichroism is the difference of IH,V − I45◦ . At 20mT two small
dips are observed at 445 eV and 462 eV presumably being artifacts since the shape of the
difference signal and the splitting is unexpected. For 1T and 2T the dichroic signal is
measured at 444.4 eV and 466.5 eV, which disappears at 5T. Even after measuring tens
of spectra, the signal to noise ratio is in the range of the dip size.

Figure 8.21: XANES and XLD spectra at 20mT, 1T, 2T and 5T measured at the Bi
N5,4 edges for horizontally/vertically and linearly 45◦ polarized X-rays. The green arrows
are pointing on the observed effect, the peaks are filled for more clearity.

It is questionable whether the linear dichroic effect is caused by the Bi polarization or
an energy shift related change results in the observed XLD signal since the XLD does
not show an effect at 20mT and 5T. This has to be further investigated in the future.
However, assuming that the change in the XLD IH,V − I45◦ is a real effect while there is
a much smaller change for IH − IV, three hypotheses are developed that can explain our
results in the following.
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It is already known that the CFO contracts under applied magnetic fields. Here, the
contraction is along the z direction, while in x and y direction the CFO expands. Therefore,
the BFO is compressed in both x and y direction. As sketched in Figure 8.19, the z and
y direction is probed with the horizontal and vertical linear polarization, respectively.

Hypothesis I (strong coupling): A strong coupling of the BFO to the CFO nanopillars
will result in a compression along the z direction. This can explain that there is no clear
change obtained as a function of magnetic field for the XLD between horizontal and
vertical polarization. A magnetic field induced change of the Bi XLD, when comparing
horizontal and vertical linear polarization with 45◦ polarization, can be explained in two
ways. Hypothesis II (geometry effect): Due to the compression of the BFO, the p orbitals
change their shape, i.e. the electron wave function is modified. This change is similar for
pz and px, py orbitals (hypothesis I) and opposite for the 45◦ direction between the orbital
lobes. Therefore, the XLD IH,V − I45◦ exhibits a magnetic field dependence following the
magnetostriction curve of CFO. Hypothesis III (hybridization effect): The compression
of the BFO yields also changes in the 6sp-2p hybridization with the surrounding oxygen
anions, which is connected to a change in the effective charge and density of unoccupied
states. Again, this affects the orbital lobes along x, y and z directions while the 45◦ direc-
tion is less influenced leading a magnetic field dependence following the magnetostriction
curve of CFO.

Whether the higher coupling results in a decreased dichroism or the influenced 45◦ po-
larization upon higher magnetic fields results in a decreased dichroism or both can be
investigated by additional XAS experiments. For example, an orbital mapping by rotat-
ing the electric field vector of the incoming X-rays to more angles than 0 (horizontal), 45◦

and 90◦ (vertical) should reveal which hypothesis is true. However, this would go beyond
the scope of this thesis and will be investigated further in the future.

8.4 Imaging ME coupling

On a local scale the magnetoelectric coupling between the CFO nanopillars and the BFO
matrix is studied by piezoresponse and magnetic force microscopy. The topography, the
vertical and the lateral piezoresponse are imaged in Figure 8.22 at two length scales, giv-
ing information on the out-of-plane and in-plane polarization components, respectively.
The topography mirrors the rectangular shapes of the nanopillars surrounded by the BFO
matrix. The PFM signal is rather strong for both modes and is found in regions, where
the BFO matrix is located. Dark and bright regions are ferroelectric domains with oppo-
site polarization directions, whereas brownish contrast corresponds to zero piezoresponse.
Piezoelectrically non-active CFO regions are isolated and distributed in the BFO matrix.
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Figure 8.22: Topography, vertical and lateral PFM images of CFO nanopillars embedded
in BFO matrix measured on two different scales. Dark and bright regions represent fer-
roelectric active regions with opposite polarization directions. Brownish regions show zero
piezorepsonse, which are linked to piezoelectrically non-active CFO regions.

MFM measurements are done using two tips, one coated with CoPt/FePt and one coated
with a Co-based alloy. In this approach both tips provide similar results. In order to
minimize any parasitic signal, i.e. due to electrical charging of the sample surface, MFM
images are obtained with a delta height of approximately 100 nm. In Figure 8.23 the
topography, the MFM amplitude and the MFM phase are depicted at three length scales.
The topography in the first row shows bright regions distributed over the whole surface
area. In the second and third row the topography is shown on a smaller length scale,
mirroring the rectangular shaped nanopillars in the matrix, which are already observed in
SEM images. The most prominent MFM signal is found in regions, in which the contrast
is bright in MFM amplitude and dark in MFM phase. An attractive force between tip
and sample will give a negative phase shift, showing dark contrast of the MFM phase
shift and bright contrast for positive phase shifts. However, one can see that the quality
of the images decreases at smaller length scales, which is dramatically observed for the
middle image in the third row. Unfortunately, we did not manage to find the same place
for PFM and MFM scans, to correlate both signals. This is probably due to the small
size of the nanopillars, and the limited spatial resolution of the microscope. However,
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8 Cobalt Ferrite Nanopillars in Bismuth Ferrite Matrix

Figure 8.23: Topography, MFM amplitude and MFM phase of CFO nanopillars embedded
in BFO matrix at three different length scales showing a wide section of the surface, as well
as a zoom-in of the nanopillar structures.

the piezoresponse and magnetic response are nicely seen in the recorded images. The
ferroelectric regions found in PFM stem from the BFO matrix. In MFM images the
response results from both constituents, although the CFO nanopillars seem to show
a larger MFM signal. This confirms the coexistence of two phases, hence, it has been
verified that our composites are multiferroic with simultaneous piezoelectric and magnetic
response by local probe microscopy.
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8.5 Summary and Conclusion

Ferrimagnetic CFO nanopillars embedded in a ferroelectric BFO matrix are an example
for two-phase magnetoelectrically coupled multiferroics with (1-3) connectivity. In this
thesis, self-assembled CFO pillars in a BFO matrix are successfully prepared by PLD.
It has been shown that the electric properties can be tuned by magnetic fields and the
magnetic properties by electric fields. The coupling is analyzed by soft X-ray absorption
spectroscopy and its associated circular and linear dichroisms, as well as local piezore-
sponse and magnetic force microscopy. In the framework of this thesis, a systematic study
of the XMCD at the Fe and Co L3,2 absorption edges under various in-plane electric
fields applied at the sample surface is performed showing different results for the surface-
sensitive TEY mode compared to the FY mode. The dichroic signal measured in TEY
increases for both Fe and Co with increasing applied electric fields indicating the con-
verse ME effect. The XANES and its associated XLD signals at the Bi N5,4 edges that are
rarely investigated are successfully measured and three hypotheses are developed that can
explain a possible observation of the direct ME effect, which is still under investigation.
Furthermore, the XMCD technique is used to reveal the origin of features in magnetic
hysteresis loops. For that purpose, the element-specific character of XMCD is utilized to
record the signal at the maximum XMCD effect of the Fe and Co L3 absorption edge
as a function of applied magnetic fields. The resulting magnetic field XMCD hysteresis,
however, did not give a clear indication for the observed features by standard magne-
tometry. The experimental techniques combined to study the structural, magnetic and
electronic properties of the magnetoelectric composite provide information on the macro-
scopic coupling itself and differentiate their properties to element-specific properties on a
microscopic scale in this work. In summary, CFO nanopillars being magnetoelectrically
coupled to the BFO matrix are successfully grown and characterized by macroscopic and
atomic measurement techniques.
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9 Multiferroic Nanocomposites of
Terfenol-D and Barium Titanate

In this chapter multiferroic composites with (0-3) connectivity and later on with (2-2) are
investigated. In recent study [190], CFO particles were dispersed in a BTO matrix and
the magnetoelectric coupling mechanism was investigated, showing a linear trend in the
electrically induced magnetization measurements via SQUID magnetometry, as shown in
Figure 9.1.

Figure 9.1: a) SEM image of a CFO-BTO composite with a (0-3) connectivity showing
the CFO particle in dark contrast surrounded by the BTO matrix in bright contrast. b)
Macroscopic ME coupling measured the electric field induced magnetization change by a
SQUID magnetometer showing in black an annealed sample and in red a normally sintered
sample (reproduced from ref. [191]).

A further increase of the magnetoelectric coefficient may be achieved by using materi-
als that have a higher magnetostriction coefficient. In 1970, a milestone was reached: A
giant magnetostrictive rare-earth iron alloy Tb1−xDyxFe2 (Terfenol-D) was developed at
the Naval Ordnance Laboratory (United States of America), with a magnetostriction 100
times larger than traditional magnetostrictive materials and 5 times larger than piezo-
ceramics. But this material cannot be concurrently sintered with ceramic piezoelectric
perovskites due to the oxidation of the metallic Terfenol-D and a reduction of the ce-
ramic at high temperature [192]. To circumvent these problems, particulate composites,
i.e. Terfenol-D particles embedded in piezoelectric polymer materials or a piezoelectric
ceramic matrices were prepared and studied. In 2003, Terfenol-D/PZT and Terfenol-
D/PVDF was determined to have a giant magnetoelectric effect of about 1V/(cm·Oe)
[193]. Nevertheless, these composites have problems with brittleness, which can be over-
come by a three-phase composite with additional polymers or laminate composites [194].
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Another idea is the synthesis of Terfenol-D nanoparticles covered by a BTO shell to
gain core-shell particles, which can then be sintered. A similar approach was followed in
[195] and [196] for CFO/BTO core-shell composites. In this chapter, Terfenol-D particles
in a BTO matrix shall be investigated regarding their magnetic and magnetoelectric
properties. Due to the high conductivity of Terfenol-D the composition is crucial for
investigations in our converse ME setup. Further problems will be the process combining
Terfenol-D and BTO, since sintering cannot be utilized due to oxidation of the metallic
alloy.

Figure 9.2: SEM image of a Terfenol-D-BTO composite of (0-3) connectivity. The hexago-
nal Terfenol-D particle and the BTO matrix indicate a rough interface presumably resulting
in reduced ME coupling (private communication from Prof. Dr. D.C. Lupascu).

We tried to synthesize Terfenol-D via several routes using Fe-, Dy- and Tb-acetates.
However, up to now this has not been successful. A micrometer sized Terfenol-D particle
powder is ordered from a commercial supplier and use this for synthesizing composite
materials. In Figure 9.2 an SEM image shows a Terfenol-D particle in dark contrast
in a BTO matrix. It is obvious that the interface between the micrometer particle and
the surrounding material exhibits holes and cracks. These reduce the magnetoelectric
coupling due to low adhesion between both phases and, therefore, quasi no mechanical
strain transfer between both phases occurs. To circumvent this problem, nanometer sized
particles instead of micrometer particles shall be used. The synthesis of BTO nanoparticles
and the preparation steps of nanometer sized Terfenol-D particles is outlined, followed by
a structural and magnetic characterization. However, the magnetoelectric coupling could
not be observed. This is why at the end of this chapter, Terfenol-D/BTO is also prepared
in (2-2) connectivity to at least qualitatively show the magnetoelectric coupling between
these constituents by PFM and MFM.
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9.1 Synthesis of Terfenol-D - Barium Titanate (0-3)
Composites

9.1.1 Synthesis of Barium Titanate and Terfenol-D

Barium Titanate: Here, the organosol route is used as an appropriate synthesis method
for nanosized particles with high yield, precise control of the size at low-temperature,
short reaction time and low cost of reagents. The synthesis of hydrophobic BTO with
well-defined grains in size of approximately 15 nm and well-defined morphology can be
prepared by organosol crystallization [197], which is described in the following: Barium
acetate (Ba(OAc)2) is dissolved in oleic acid (RCOOH/OA). Under magnetic stirring
and nitrogen atmosphere the mixture is homogenized in the experimental setup shown in
Figure 9.3. The homogenous mixture is heated near to the boiling point, when it starts to
vaporize, the temperature is set to 40◦C. This temperature point is crucial, since higher
temperatures result in a red solution (see Figure 9.3), which does not result in BTO.

Figure 9.3: Experimental setup for the organosol precipitation synthesis of BTO and a
picture of the setup with the end-solutions in red and yellow.

Titanium (IV) isopropoxide (Ti(OiPr)4) and barium acetate with a molar ratio of 1:1
are mixed with toluene in an ultrasonic bath at ambient temperature. This solution is
slowly poured into the barium acetate-oleic acid mixture and is dissolved for half an hour
under magnetic stirring at 40◦C and nitrogen atmosphere, resulting in the barium tita-
nium oleate complex precursor. This complex precursor is mixed with sodium hydroxide
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(NaOH) and should form a yellow slurry (see Figure 9.3). In the next steps, the barium
titanate is filtrated and separated from the surfactant and organic solvent. The toluene is
removed by vacuum drying and oleic acid in an oven at 750◦C. Afterwards, the powder is
finely ground and residual carbon is removed in a second heating process at 800◦C for half
an hour in the oven. To remove the oleates, the dried powder is washed with methanol
and acetone several times and treated in an ultrasonic bath and centrifuged to collect
as-prepared BTO particles. The chemical steps are summarized in the following yielding
barium titanate with the chemical formula BaTiO3 [197]:

Ba(OAc)2 + 2OA = Ba(OA)2 + 2HOAc
Ti(OiPr)4 + xRCOOH = Ti(OiPr)4 − x(RCOO)x + xPrOH

Ti(OiPr)4−x(RCOO)x → [Ti(OH)6]2−

RCOO− +Na+ = NaO2CR

[Ti(OH)6]2− +Ba2+ → BaTiO3

(9.1)

Terfenol-D: This metallic alloy of terbium, dysprosium and iron exhibits the highest
known magnetostrictive coefficient. The name is derived from the letters of included el-
ements and the Naval Ordnance Laboratory, where the material was first synthesized.
The crystal structure is the cubic Laves phase consisting of Fe atoms on a diamond
sublattice and rare-earth elements forming tetragonal structures around the Fe atoms
[198]. Terfenol-D has a Curie temperature of TC=380◦C [199] and below TC Terfenol-D
is rhombohedrally ferrimagnetic with the spins aligned in 〈111〉 direction. Due to the
strong antiferromagnetic coupling between iron and rare-earth elements, the spins can
not align perfectly [200]. A phase transition from rhombohedral to tetragonal is achieved
upon cooling, where the spin alignment changes from 〈111〉 to 〈100〉 at TR→T ≈35◦C
[201]. Terfenol-D is purchased as a powder from Etrema with the following stochiometry
Tb0.3Dy0.7Fe2 and a particle size below 38 microns8. In Figure 9.4 the as-purchased pow-
der is imaged in a scanning electron microscope. The particles have different shapes and
the sizes range from a few nanometers up to several micrometers. The particle surface is
polygonal and exhibits many edges and steps. As it was introduced at the beginning of
the chapter, the micrometer sized powder in a multiferroic composite results in a bad in-
terfacial composite with cracks and high porosity. Therefore, the as-purchased Terfenol-D
powder is mechanically treated by a milling machine to reduce the particle size. The pow-
der is filled into a container with zirconia balls as milling balls. The container is put into a
Retsch PM100 and milled for 48 h with 250 revolutions per minute. The resulting particle

8Manufacturer information
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sizes and size distribution are imaged and evaluated by SEM and depicted in Figure 9.5
with the observed particle diameters being reduced to 107±35 nm.

Figure 9.4: SEM images of the purchased micrometer sized Terfenol-D powder showing
particles with different grain sizes and shapes.

Figure 9.5: The Terfenol-D particle powder after milling and the corresponding particle
size distribution fitted by a lognormal-distribution with a diameter of 107 nm ± 35 nm.

In a second step, the milled Terfenol-D powder is put into a planetary mill to further
reduce the particle size. The resulting particle powder is shown in Figure 9.6. The par-
ticles are approximately 60±35 nm in diameter and of spherical shape. In the last step
the size-reduced particle powder of Terfenol-D and the calcined BTO powder are mixed
with the intended molar ratio in the Retsch planetary ball mill under the treatment of
zirconia balls, until the composite powder is homogeneously distributed. Since the com-
posite cannot be calcined like traditional multiferroic composites, the powder is pressed in
a manual hydraulic press by Graseby Specac using four tons for ten minutes. To enhance
the coupling between the constituents, further pressing is performed by a cold isostatic

142



9.1 Synthesis of Terfenol-D - Barium Titanate (0-3) Composites

press. For that purpose, the pre-pressed composite is sealed in a plastic bag and put into a
pressure vessel filled with oil. A hydrostatic pressure of approximately 12 kbar is applied,
until the powder particles inside are sufficiently bound, which takes around 15minutes.

Figure 9.6: The Terfenol-D particle powder after two milling treatments and the corre-
sponding particle size distribution fitted by a lognormal-distribution with a diameter of
60 nm ± 35 nm.

The final composite is schematically depicted in Figure 9.7. The final multiferroic sample
consists of Terfenol-D nanoparticles distributed in a BTO matrix. The sample is a pellet
with the dimension of a cylinder with 2mm height and a diameter of 6mm, which will be
analyzed in the following.

Figure 9.7: Schematic illustration of the synthesized multiferroic pellet with (0-3) con-
nectivity: Terfenol-D particles (green) are homogeneously distributed in the BTO matrix
(yellow).

9.1.2 Structural and Magnetic Properties

The structural properties of the Terfenol-D/BTO composites are characterized by X-ray
diffraction. First, the X-ray diffraction pattern of the size-reduced Terfenol-D powder is
shown in Figure 9.8. On the left hand side, the milled powder pattern is depicted and on
the right hand side the powder after a two-step treatment in the planetary ball mill and
rotor mill. Both patterns exhibit peaks corresponding to the cubic Laves phase of Terfenol-
D. No additional peaks of impurities or other phases are found. The peak intensities do not

143



9 Multiferroic Nanocomposites of Terfenol-D and Barium Titanate

change between the single and two step milling procedure, indicating that the mechanical
reduction of the powder particle size does not influence the crystallinity.

Figure 9.8: X-ray diffractograms of the milled (left) and the milled, rotated Terfenol-D
powder (right) showing no structural changes after downscaling treatments. The peaks are
labeled with the respective Miller indices of the cubic Laves phase of Terfenol-D.

Figure 9.9: X-ray diffractograms of the Terfenol-D/BTO composites with 1/99 and 50/50
ratio. The peak position of the literature values are given by squares in blue for Terfenol-D
and in green for BTO, respectively.

Figure 9.9 illustrates the XRD pattern of Terfenol-D/BTO composites with the ratio of
1/99 and 50/50. The patterns confirm that the BTO nanoparticles exhibit the perovskite
structure and the milled Terfenol-D powder can be indexed to the cubic Laves phase.
The calculated lattice constants are aBTO=3.9852(1)Å, cBTO=4.0085(3)Å for BTO and
aTerfD=7.3082(4)Å for Terfenol-D. The crystallite size d, is estimated from the width of
the diffraction peaks using the Scherrer equation:

∆(2θ) = Kλ

d · cosθ
, (9.2)
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where 2θ is the full width at half maximum, λ = 1.54056 Å is the wavelength of Cu Kα

radiation and K the Scherrer constant. The crystallite size of Terfenol-D is approximately
13 nm and BTO around 18 nm.

The macroscopic magnetic characterization is performed by SQUID magnetometry. The
temperature dependent magnetization of Terfenol-D/BTO composites with the ratio of
1/99 and 50/50 are shown in Figure 9.10, respectively. The ZFC- and FC curve exhibit a
splitting over the whole temperature range, meaning that the blocking temperature and
the corresponding relaxation time of the largest particles are not yet reached. The shape
of both curves is similar, being independent of the composite ratio. The ZFC curve starts
at around zero magnetization and increases up to 170K, where a broad peak can be found
indicating the blocking temperature of the mean sized particles. A high amount of the
particles have a blocking temperature of approximately 170K, however, larger particles
with higher blocking temperatures are expected due to the non-coinciding ZFC- and FC
curves. Upon further heating, the ZFC magnetization stays almost constant with a small
turning point around 300K, which corresponds to the expected phase transition from
tetragonal to rhombohedral. The magnetic moments change their orientation from 〈100〉
to 〈111〉 at 300K [201].

Figure 9.10: Temperature dependent magnetization curves of the Terfenol-D/BTO com-
posites with the ratio of 1/99 and 50/50.

The magnetic hysteresis curves measured at different temperatures from 5K to 350K and
300K, respectively, are shown in Figure 9.11. Upon heating, the total magnetic moment
decreases, corresponding to the expected Brillouin-like behavior. The Terfenol-D/BTO
sample of 1/99 composition has the lower magnetic moment per gram and with increasing
amount of Terfenol-D, the magnetic moment increases, like it is observed in the 50/50
composite, as expected. The coercive field at 5K is 0.6T and decreases to 0.2T at room
temperature. At all temperature points, the hysteresis curve is open and around the
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coordinate system origin the curve is characterized by a wasp-waisted shape. The latter
might be caused by a combination of two or more magnetic phases within the composite
exhibiting different coercivities [202] or a combination of superparamagnetic and single-
domain behavior of particles [203]. The pure BTO powder is measured as a reference,
showing no magnetic hysteresis, meaning that the presumably second phase must result
from a second phase within the Terfenol-D or at the interface of Terfenol-D to BTO.
If Terfenol-D particles are surrounded solely by BTO particles, this might result in a
reduction of coercivity within the surrounded Terfenol-D particle, explaining the second
phase visible in the hysteresis loop. This origin can be characterized by element-specific
magnetic measurements as explained in section 8.3. However, no beamtime solely related
to the measurements of Terfenol-D/BTO composites took place, so this investigation
needs to be done in the future.

Figure 9.11: Magnetic field dependent magnetization curves of the Terfenol-D/BTO com-
posites with ratio of 1/99 and 50/50 at temperatures from 5K (violet curve) to 350K (rose
curve) and 300K (pink curve), respectively. The wasp-waisted shape of hysteresis curve is
indicated by the green arrows.

9.1.3 Element-specific Characterization

The magnetoelectric coupling can be element-specifically characterized by X-ray absorp-
tion spectroscopy. To classify the origin of the coupling mechanism and study the magnetic
field induced changes of the magnetic Terfenol-D cores in the ferroelectric BTO matrix or
the electric field induced changes of the matrix, X-ray linear dichroism at the Ti L3,2 edges
and X-ray circular dichroism at the Fe L3,2 edges could be studied in principle. Due to
the required synchrotron radiation source, those experiments will be performed after the
submission of this thesis. However, in a prior beamtime, we were able to test the quality of
our composite Terfenol-D/BTO with the ratio of 50/50 as a proof of concept. The X-ray
absorption at the Tb M5 edge, Dy M5 edge, Ti L3,2 edges and Fe L3,2 edges at 300K and
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at 5T are shown in Figure 9.12. The total electron yield is shown as a function of photon
energy at specific energies. Starting with the Terfenol-D containing elements, the Tb and

Figure 9.12: X-ray absorption spectra at absorption edges of different elements measured
at 300K and an applied magnetic field of 5T.

Dy M5 edges are displayed in the upper part of Figure 9.12, representing the transition
of electrons from 3d states to 4f ones [204]. At the Tb M5 edge two peaks are found at
1237 eV and 1238.3 eV, corresponding to the X-ray absorption spectrum of a trivalent Tb
atom [205]. For Dy, three absorption peaks are observed at 1293 eV, 1291 eV and 1289 eV,
whereas the two latter ones display multiplet states indicating Dy3+ ions [206]. The XAS
spectrum at the Fe L3,2 edges at 300K, is depicted in Figure 9.12 on the lower right part,
showing four peaks. Two peaks at 708.4 eV and 710 eV correspond to the L3 edge (2p3/2

→ 3d transition). The higher peak energies at 721 eV and 723 eV represent the transition
from 2p1/2 → 3d transition, which is the L2 edge. This spectrum is comparable to the Fe
L3,2 absorption spectrum observed for the CFO/BTO nanopillar-matrix sample in chap-
ter 8.3.1. The ferroelectric part of the multiferroic composite is represented by the XAS
spectrum recorded at the Ti L3,2 edges at 300K and 5T. The spectrum shows the typical
structure for BTO with two small pre-edge features at 456.4 eV and 457 eV and a distinct
splitting of the L3 and L2 component into two doublets, namely the eg and t2g level. At
the L3 edge two lines can be identified to be the Ti 3d states with t2g symmetry at 458 eV
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and eg symmetry at 460 eV, represented by a broader peak. In the L2 region, two broad
peaks at 463.5 eV and 465.5 eV are observed. The intensity ratio of L3 to L2 is close to
1:1, which is expected for perovskite-like BTO.

9.1.4 Macroscopic Magnetoelectric Measurements

Converse magnetoelectric measurements are performed by our custom-built SQUID mag-
netometer to measure the magnetoelectric coupling mechanism of the Terfenol-D/BTO
composite, pressed to a pellet, coated on both sides with silver lacquer and placed into
the SQUID magnetometer. Electric voltage induced magnetization curves are recorded
at 280K with an AC field frequency of 8Hz (see Figure 9.13 for 1/99 composition). The
frequency is kept slightly below 10Hz, a value that is learned from previous ME mea-
surements by Dr. Soma Salamon to be the most appropriate. In both curves no hysteresis
behavior can be found, meaning that neither the AC field of 25V nor the 12.5V AC field
and superimposed 12.5V DC offset result in a field induced magnetization.

Figure 9.13: The magnetic field dependent magnetoelectric magnetization curves measured
at a frequency of 8Hz and 280K. For the measurement of the green curve an AC field of
25V and for the black one a 12.5V AC field and a superimposed 12.5V DC offset is used.

In Figure 9.14 the temperature dependence of induced magnetization is shown for Terfenol-
D/BTO pellets with compositions of 1/99 and 50/50. The curves are recorded with a
constant magnetic field of 0.06T, at 8Hz and an applied electric field of 12.5V in AC
and 12.5V in DC mode. For the 50/50-composite the induced magnetization increases
exponentially as a function of temperature in the temperature range of 240-350K. No
maximum of the ME effect is found, which would be associated with a structural phase
transition of BTO or Terfenol-D. Both test measurements (shown in Figure 9.13 and
9.14) indicate that the Terfenol-D-BTO pellet cannot successfully studied by our ME
setup. This is possibly due to the excessive conductivity of the Terfenol-D. During the
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ME measurements, a current will flow through the sample upon applied voltages and an
exponential increase in temperature induced magnetization is observed. The Terfenol-D
fraction of the sample was reduced significantly, in an attempt to curb the excessive con-
ductivity observed here. However, one observes only a stray field signal caused by currents
flowing through the leaky sample (see on the right side of Figure 9.14). Upon heating, the
number of charge carriers increases due to the thermal excitation resulting in an increased
signal.

Figure 9.14: Temperature dependent electrically induced magnetization curves of the
Terfenol-D/BTO composites with a ratio of 1/99 and 50/50, respectively. On the right
side the 50/50 sample shows an exponential increase due to excessive conductivity.

In general, one optimizes parameters for ME measurements by recording the temperature
and magnetic field dependent magnetization for using them in the measurement of the
electric field induced ME effect. However, no reaction of magnetization to magnetic fields
and no maximum in temperature dependent curves are found, making it impossible to
perform ME(E) sweeps with appropriate parameters. Another crucial point is that the
pellets cannot be poled. After the BTO synthesis, we presumably end up with randomly
oriented grains, exhibiting no piezoelectric effect. In general, the pellet is heated above its
ferroelectric Curie temperature, exposed to an external strong poling field and then cooled
down. However, by using Terfenol-D as a constituent in our pellet, the sample cannot be
poled, since the heating would lead to oxidation. Further, the high conductivity makes it
impossible to apply strong electric fields.

9.1.4.1 Imaging ME coupling

To investigate the Terfenol-D/BTO pellet regarding the magnetoelectric coupling on the
local scale, we use PFM to probe the ME response. In Figure 9.15 the topography and
the vertical piezoresponse is imaged. The topographic image on the left side represents
the pellet surface consisting of irregular shaped structures with a size ranging from a few
hundreds of nanometer to several micrometers. On the right side the vertical response
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is shown with dark and bright regions, resulting from ferroelectric BTO domains with
opposite polarization directions. The brownish spots in between the piezoactive regions
are areas of zero piezoresponse, presumably showing the Terfenol-D-rich regions.

Figure 9.15: Topography and vertical PFM image of the Terfenol-D/BTO pellet showing
the out-of-plane piezoresponse with piezoactive regions in bright and dark contrast.

9.2 Barium Titanate Thin Film on Terfenol-D
Substrate

Multiferroic composites of Terfenol-D and barium titanate can be also realized with a (2-2)
connectivity. Since the synthesis and preparation of stoichiometrically correct Terfenol-D
is crucial, commercially available Terfenol-D substrates from Etrema are used and a BTO
film is deposited by PLD to at least show the possible magnetoelectric coupling between
the two constituents. A barium titanate film of approximately 200 nm on top of the as-
purchased Terfenol-D substrate with 5 x 5mm2 is grown by pulsed laser deposition using a
KrF excimer laser providing 248 nm ultraviolet radiation. A pure BTO target by MaTeck
is used. The base pressure of the chamber is 3.2·10−5 mbar. During the ablation process,
the substrate temperature is kept at room temperature and in a constant oxygen flow
of 1.2 · 10−1 mbar. The laser parameters are fixed at 10Hz and 100mJ and the ablation
process is conducted for half an hour.

9.2.1 Structural Properties

In Figure 9.16 the X-ray diffraction peaks of the Terfenol-D/BTO film are depicted and
compared to literature values. Main peaks result from the Terfenol-D substrate, which are
comparable to literature bulk values [207]. Almost no peaks of the BTO film can be ob-
served, indicating an amorphous film due to the highly non-matching lattice parameters of
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9.2 Barium Titanate Thin Film on Terfenol-D Substrate

the Terfenol-D cubic Laves phase and the perovskite BTO structure. The XRD peaks for
Terfenol-D are checked before and after the ablation process of the BTO film, indicating
no structural change of the substrate under the oxygen atmosphere at room tempera-
ture. However, we avoid here the annealing process to prevent oxidation of the substrate
material and, therefore, changing the magnetic characteristics of the Terfenol-D.

Figure 9.16: X-ray diffractogram of the BTO film (green) on Terfenol-D (red) substrate
recorded at ambient temperature, compared to literature values [207] represented by colored
Miller indices.

9.2.2 Magnetic Properties

The macroscopic magnetic properties of the Terfenol-D/BTO film are shown in Figure
9.17. On the left side the temperature dependent and on the right side the magnetic field
dependent magnetization are depicted.

Figure 9.17: Magnetic properties of the layered BTO/Terfenol-D sample: Temperature
dependent magnetization curves at 10mT and magnetic hysteresis loops at 5K and 300K.
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The ZFC curve starts with negligible (almost zero) magnetization and is constant up
to approximately 80K. With increasing temperature the ZFC magnetization increases,
changes its sign from negative to positive at 100K and sharply increases. The curves
show a splitting up to 200K after which the ZFC- and FC curve coincide and the magne-
tization is relatively independent upon further heating. Below 200K, the FC curve slightly
increases to 50K and is stable between 50K and 5K. The temperature curves show typical
properties as it is found for particles, with a broad distribution of blocking temperatures,
presumably resulting from the granular-like Terfenol-D substrate. On the right side, the
magnetic hysteresis curves at 5K and 300K are depicted, showing an open hysteresis
at low temperature, indicating the ferrimagnetic nature of the Terfenol-D substrate. At
300K the curve is comparable to a paramagnet, which is in accordance to the temperature
dependent curves on the left hand side, probably resulting from the superparamagnetic
relaxation of the small Terfenol-D regions.

9.2.3 Imaging ME coupling

To investigate the Terfenol-D/BTO (2-2) sample regarding the magnetoelectric coupling,
our converse ME measurement setup is not appropriate. Instead, we use PFM and MFM
to locally study the ME response.

Figure 9.18: Topography and vertical PFM image of the layered Terfenol-D/BTO sample
showing the out-of-plane piezoresponse with piezoactive regions in bright and dark contrast.

In Figure 9.18 the topography and the vertical piezoresponse is imaged of the BTO film
on the Terfenol-D substrate. The topographic image shows a rough surface, with no crys-
talline ordering, being consistent with X-ray diffraction results, where no BTO peaks are
observed. However, the PFM contrast is reliable under local switching loops, indicated by
the piezoresponse at varying DC electric bias fields.
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Figure 9.19: PFM contrast shows local switching loops under the variation of the DC bias
to the BTO surface.

Figure 9.19 shows the initial curve and a hysteresis behavior of the PFM phase with an
applied DC electrical field between ± 20V. At high bias fields, the phase saturates at
180◦, but the signal is superimposed by a background noise, which is due to the small
conductivity of the BTO film. However, the change of the PFM phase by 180◦ confirms
polarization switching at 20V.

Figure 9.20: Topography and MFM image of the layered Terfenol-D/BTO sample.

In addition, the topography and the magnetic response is imaged by MFM to check the
magnetic field induced changes in the BTO film on top of the magnetostrictive Terfenol-D
in Figure 9.20. The topographic image of the BTO surface is, as it is also observed in the
topographic image in PFM, rough. The piezoelectric regions found by PFM correspond
to the microstructure found in MFM, at which no MFM signal is observed. By applying
a magnetic field, the MFM image shows bright regions with a size of a few micrometers
corresponding to active magnetic areas.
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9.3 Conclusion

Multiferroic composites of Terfenol-D and BTO forming systems with (1-3) connectivity
as well as (2-2) are studied to enhance the magnetoelectric coupling coefficient in compar-
ison to CFO/BTO-based samples. Due to the pure iron in the alloy, previously utilized
synthesis and preparation techniques can not be adopted. (1-3) pellets are characterized
regarding their magnetic and magnetoelectric properties. Due to the high conductivity
of the Terfenol-D, ME measurements could not be used to observe the magnetoelectric
coupling between the constituents. First results of XAS experiments are performed offer-
ing the opportunity to measure the pellets in the future by synchrotron radiation. For
this purpose, electric fields can be applied to induce changes in the XMCD signal and
magnetic fields are used to induce a change in the XLD signal. In the second approach, a
Terfenol-D substrate is used to deposit BTO films by PLD to at least show the possibility
to magnetoelectrically couple Terfenol-D and BTO. For that purpose, qualitatively PFM
and MFM images are recorded. It is successfully shown that ferroelectric BTO magne-
toelectrically couples to the magnetostrictive Terfenol-D. However, in the future more
efforts need to be done to study the magnetoelectric coupling.
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In this thesis, a systematic and comprehensive investigation of CFO in various matrices is
provided with special emphasis on the impact of external stimuli. For that, CFO nanopar-
ticles in polymer solutions and as a component in two-phase multiferroic materials are
studied under the influence of different temperatures and applied magnetic and electric
fields. Therefore, complex interaction mechanisms between CFO and the other compos-
ite phase have been investigated. A portfolio of different hybrid materials with CFO as
one constituent has been studied in detail. The interaction between CFO with matrices in
magnetic hybrid materials are not understood in detail. For the basic understanding on the
nanoscale, several methods ranging from structural analysis to magnetometry and X-ray
absorption spectroscopy are applied to investigate scale-dependently and element specific
properties. By the analysis of magnetic or electric field induced changes, the interfacial
properties between CFO and the surrounding are characterized. In addition, tempera-
ture dependent phenomena are studied to gain information on magnetic relaxation effects
or magnetoelectric dependent properties. The knowledge accessed in this thesis shall be
used in the future to achieve new functionalities in hybrid materials and generate new
applications in magnetomechanical approaches.

In the following, the conclusions made at the end of each chapter are summarized here
and are listed into the respective parts. Starting with part I of magnetically blocked CFO
nanoparticles used in a first approach, the liquid-solid phase transitions and the corre-
sponding characteristic temperatures are studied by thermomagnetometry and compared
those to results to DSC results. A distinct increase of the magnetic in-field alignment is
found during heating of a binary mixture and the influence of particle content as well
as magnetic field strength is investigated. At the same time, a distinct decrease in mag-
netic in-field alignment is found upon crystallization, which is afterward studied in more
detail to gain information on the crystallization process in eutectic solutions. In this the-
sis, the melting and crystallization behavior of water, glycerol and polymer solutions are
studied showing only a reduction in in-field alignment of particles’ magnetic moment for
crystallizing solutions. By systematic investigation of four polymer solutions of different
mass fractions, we conclude that not only phase transitions of pure solutions can be ob-
served in ZFC-FC curves but also for complex solutions: For glass forming solutions, the
ZFC-FC methodology can be applied to study the glass transition temperature by tracing
the magnetic response of embedded nanoparticles under various fields. By studying CFO
magnetization curves upon cooling and heating in water and glycerol solution, we con-
clude that the FC jump is a consequence of the crystallization process. By comparing the
ZFC-FC curves with DSC results, the investigated polymer solutions can be categorized
regarding Guo et al. zones: The glycerol and PEG1k sample are examples for solutions
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of zone I, in which almost all water molecules are bound and a glass forming tendency
is observed. In zone II, a eutectic and water phase is observed, like the here investigated
PEG4k and PEG35k solutions. The PEG300k solution is categorized to zone III, in which
a dominating water-rich phase is prominent. In addition, the dynamic intrinsic fluctuation
of the particle moment and the response of the particles to an external magnetic field are
used to analyze magnetic relaxation phenomena at the nanoscale by ACS and standard
magnetometry. It is shown, that information on complex temperature dependent phase
behavior in polymer materials can be accessed and further applied to more complex so-
lutions in the future. This knowledge is crucial for the development of new elaborate and
innovative applications concerning nanostructured hybrid materials and hydrogels, which
are inaccessible by conventional thermal methods. In addition, during the production of
magnetically orientated materials, it has to be considered that a decrease in magnetic
in-field alignment upon crystallization or solidification occurs, resulting in a decreased
overall magnetization of the material, reducing the performance of hybrid materials. By
using a nanorheological approach based on magnetic nanoparticle rheology and employing
tracer particles in variously sized polymer solutions, we investigated the size-dependent
rotational diffusivity of the particles in a model system of aqueous poly(ethylene gly-
col) solutions of varying molar mass and weight fraction. Here, the relation between the
particle size and characteristic length scales of the polymer is significant for the frequency-
dependent nanorheological results, which are compared to macrorheology. This work pro-
motes the understanding of dynamic and structural properties of hybrid materials under
the influence of magnetic nanoparticles. The experimental findings are consistent and
show good agreement with theoretical expectations as predicted by Rubinstein et al. The
detailed study on the size-dependent rheological properties of polymer solutions form the
basis for the advancement of the present rheological descriptions, which can be trans-
ferred to more complex polymeric systems. The addressed particle-matrix interaction can
be used to determine mesh sizes in less known biological and chemical systems.

In part II many investigations regarding multifunctional materials have been carried out
on ferrimagnetic CFO (later on Terfenol-D) and piezoelectric phases, however, some cou-
pling mechanisms still need to be investigated. The preparation of multiferroic composites
by coupling two phases of magnetostrictive and piezoelectric constituents with different
connectivity may be a faster and more efficient direction than looking for single-phase ma-
terials with the same magnetoelectric coefficient and operating at ambient temperature.
The multifunctionalities manipulated by electric or magnetic fields are studied first in the
layered composite (2-2) followed by the self-assembled nanocomposite (1-3). To enhance
the ME effect, CFO is replaced in the last step by Terfenol-D and (0-3) connectivity as
well as (2-2) samples are prepared. Multiferroic spinel-perovskite nanocomposites are suc-
cessfully grown by pulsed laser deposition on single crystal STO substrates. For specific
deposition conditions, self-assembled nanopillar structures of CFO in a BFO matrix are
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successfully prepared by PLD. This work demonstrates that spinel-perovskite nanocom-
posites can be grown, which would be suitable for multiferroic memory devices based
on magnetic nanopillars in a ferroelectric template. The (2-2) CFO/BTO composites are
studied regarding their structural and magnetoelectric properties under the influence of
the substrate orientation. It is found that using a strontium titanate (111) substrate re-
sults in a greater magnetoelectric coupling observed by PFM. This is presumably due to
a higher quality of the interface between the CFO and BTO film. Using the (111) sub-
strate leads to a textured growth of CFO(111), which matches with the perovskite surface
better than the CFO(100). In general, the structural properties of the (111) sample are
of higher quality. Although the magnetic and electric properties of both samples are al-
most identical, the magnetoelectrically induced response observed by PFM is greater for
(111), leading to the conclusion that the quality of interfacial coupling is solely responsible
for the higher magnetoelectric effect. This is somehow expected but now it is approved
and the results can be used as an input parameter in modeling and simulations to in-
vestigate interfacial boundary conditions of even more complex materials and material
compositions. In the second chapter of part II, CFO nanopillars embedded in BFO ma-
trix are exemplarily studied for (1-3) multiferroics. A two-phase behavior of the magnetic
hysteresis is found by standard magnetometry. However, the origin of this could not be
determined by element-specific studies. The magnetoelectric coupling is investigated by
X-ray absorption spectroscopy. The converse ME effect is studied by applying voltages to
the sample and measuring the XMCD at the Co and Fe L3,2 edges. We found evidence of
ME coupling in surface-sensitive TEY spectra at both edges, being visible by an oscillat-
ing XAS and XMCD intensity upon increasing applied voltages. The converse ME effect
is investigated by XAS and XLD as a function of applied magnetic fields. With increasing
magnetic fields the XLD signal at the Co and Fe L3,2 edges is increased. In addition,
the XAS at the Bi N5,4 edges are measured. At these edges, a dichroic signal is presum-
ably observed by comparing spectra recorded by horizontally (vertically) polarized light
with linear 45◦ polarization. This dichroism, however, decreases with increasing magnetic
fields. The origin of this effect is still under investigation but three hypotheses are de-
veloped considering (i) strong coupling, (ii) geometry effects or (iii) hybridization effects.
In the future, this will be studied by mapping the XAS and XLD under different angles
to reveal the orbitals. The magnetoelectric coupling between CFO and BFO is not only
studied by XAS but also by microscopy using PFM and MFM. However, the results are
more of a qualitative nature and for a quantitative analysis more experimental time and
comparison to theory will be needed. In a first approach, Terfenol-D/BTO composites of
(0-3) and (2-2) connectivity are prepared and studied upon their structural and magnetic
properties. Due to the high conductivity of Terfenol-D, converse ME effect could not be
studied, but using XAS with applied magnetic fields and recording XLD at the Ti L3,2

edge is a promising method to reveal the magnetoelectric coupling. With the here inves-
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tigated properties, we can apply for the next beamtime using synchrotron radiation. For
that purpose, pellets of (0-3) and films with (2-2) can be used to investigate the coupling
mechanism in dependence of the connectivity. The here presented chapter functions as a
pre-characterization of the samples to study the magnetoelectric coupling in the future
by synchrotron radiation.

In part II the presented results show the variety and the potential of multiferroic compos-
ites, whose properties can be tailored by different connectivity schemes. It is possible to
engineer the desired composition by selecting the proper substrate orientation and oxygen
background pressure during the laser ablation process. The systematic studies in this the-
sis from (2-2), (1-3) to (0-3) two-phase composites revealed the coupling mechanisms. This
is an important contribution to the global understanding of the magnetoelectric coupling
in two-phase multiferroics.

Figure 10.1: A comprehensive illustration depicting the studied systems: Cobalt ferrite
(CFO) in solutions and in multiferroic composites. In the future both parts can be combined
to a new field of applications, i.e. in biology or medicine: Multiferroic nanoparticles in
solution.
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In summary, the investigations done in part I and part II by studying CFO in solutions
and multiferroic composites lead to a better understanding of the interaction and coupling
mechanism between used constituents and the resulting hybrid materials’ properties as
schematically illustrated in Figure 10.1. It is shown that CFO can be used in a broad field
of applications, from nanoparticles in solutions to probe phase transitions and nanorhe-
ological properties to magnetoelectrically coupled multiferroics in different connectivity
schemes. In addition, the hybrid materials’ response to external stimuli is studied at
different length scales: From macroscopic point of view by standard magnetometry and
X-ray diffraction down to the nanoscale by AC susceptometry, X-ray spectroscopy and
microscopy.

In the future, the here investigated materials can be combined to multiferroic nanopar-
ticles in solutions opening up a new field of applications, e.g. in biomedical applications
[208], cancer cell detection [209, 210] or liquid crystals [211], in which the nanoparticles
can be controlled by magnetic and electric fields, simultaneously. In a recent study, the
possible application field of magnetoelectric nanoparticles in solutions was already shown
for a bioelectric medical approach, in which a voltage-gate ion channel across cellular
membranes is controlled by electric fields [212]: For example, multiferroic nanoparticles
dispersed in a carrier liquid are placed in an extracellular medium. When an external
magnetic field is applied, the particles respond to the field and convert the energy via the
magnetoelectric coupling to localized electric fields and the ion channel is in-vivo remote
controlled. The advantage, here, is that only selected cells are targeted and the electric
stimulation is in the order of mV instead of hundreds of volts if external electric fields
would be applied. This creates an opportunity to remotely stimulate functions of neural
cells for pain treatment or for enhancing response of damaged cells.
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A.1 Theory of the Characteristic Sizes in Polymer
Solutions

In chapter 5 magnetic hybrid materials are discussed regarding their phase transitions
by tracing the response of magnetic nanoparticles at various temperatures and magnetic
fields. The dynamic property of the polymer component itself is one crucial point for the
understanding of the complex interaction mechanism between particles and the matrix
material. De Gennes [91] introduced a scaling concept for polymers in 1979 and later on
Rubinstein [90] and Liu [92] extended his model. Hereby, the first and foremost challenge
is the quantification of the concepts of entanglements and confining tube. For an entangled
polymer, three key ideas are sufficient to describe the properties of such polymers: The
reptation of entangled linear polymers, the constraint release due to the motion of neigh-
boring chains and the arm retraction of entangled branched polymers. In the following, the
scale-dependent characteristic length scales of a polymer solution are established, which
is used to gain information on the particle mobility in structured polymer solutions.

The dimensions of a polymer chain, especially in dilute dispersions, can be described
by the radius of gyration Rg. Rg of a polymer is defined as the average square distance
between monomers in a conformation expressed by a positive vector ~Ri and the polymer’s
center of mass ~Rc:

Rg =

√√√√ 1
N

N∑
i=1

(
~Ri − ~Rc

)2
, (A.1)

with the number of Kuhn monomers N , which is the ratio of the number-averaged molar
mass of the polymer Mn to the molar mass of a Kuhn monomer MK. The mean square of
Rg of an ideal chain can be described by

〈
R2

g

〉
= 〈R

2〉
6 = b2N

6 , (A.2)

in which b is the effective bond length and R2 the mean-square end-to-end distance of an
ideal chain, which depends further on the polymer volume fraction Φ

R ≈ bN0.5Φ−0.12. (A.3)

In general, the exponent in Equation A.3 depends on the Flory-Huggins parameter. In
the case of using a defined polymer in water solution, the parameter is fixed to a specific
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value. By using a specific Flory-Huggins parameter, the relation between the radius of
gyration and the volume fraction Φ is, then, approximately

Rg ≈ b
(
N

6

)0.5
Φ−0.12. (A.4)

The concept of Rg is often used to describe polymer networks in the dilute or semi-dilute
regime. For permanent entanglements in polymer networks and matrices, S.F. Edwards
[213] established a tube model, which is a simplification of polymer chains to a single-
chain-problem with a confining tube. Each entangled chain in this network can fluctuate
around the axis of its confining tube, called primitive path. The tube diameter a is defined
as the width of the confining tube, in which the strand excursions have free energy kBT
above the minimum at the primitive path. The tube diameter depends on the polymer
volume fraction in the following way:

a(Φ) ≈ a(1)Φ−0.76, (A.5)

with a(1) being the tube diameter in the polymer melt, which is the polymer liquid
above its glass transition and/or crystallization temperature. The correlation length ζ of
a polymer is the average distance from a monomer of one chain to the nearest monomer
of the neighboring chain and depends on the volume fraction:

ζ(Φ) ≈ bΦ−0.76. (A.6)

In general, polymer solutions can be classified into different regimes regarding their over-
lap volume fraction Φ∗ and entanglement concentration Φe, which depends on the con-
centration and molar mass. The overlap volume fraction is the volume fraction of a single
molecule inside its pervaded volume and is approximately:

Φ∗ ≈ Nb3

R3 ≈ N−0.76. (A.7)

The entanglement concentration depends on the rigidity of the polymer chain and can
therefore be expressed by the number of Kuhn monomers in an entanglement strand Ne(1)
in the melt and is calculated using the following equation

Φe ≈
(
Ne(1)
N

)0.76

. (A.8)

The molar mass M between two adjacent entanglements is known as the entanglement
molar mass Me. For the formation of entanglements, the molar mass must at least reach
the critical molar mass Mc=5870 g/mol [214].
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A.1 Theory of the Characteristic Sizes in Polymer Solutions

The equations above are used to classify the studied polymers regarding their character-
istic length and in Table A.1 the calculated parameters can be found.

PEG1k PEG4k PEG35k PEG300k
MW [g/mol] 1000 4000 35000 300000
MK [g/mol] 137 137 137 137
N 29.20 255.47 2189.78
b [nm] 1.1 1.1 1.1 1.1
a(1) [nm] 3.73 3.73 3.73 3.73
Ne(1) 11.50 11.50 11.50 11.50
Rg [nm] 1.09 2.71 9.59 33.54
Φ∗ [v%] 7.59 1.45 0.28
Φe [v%] - - 9.36 1.81
Me [g/mol] 2000 2000 2000 2000
Mc [g/mol] - - 5870 5870

Table A.1: Overview on characteristic parameters of studied PEG solutions. MW is the
weight-average molar mass, MK the molar mass of the Kuhn monomer, N the number of
Kuhn monomers, b the Kuhn length [90], a(1) the tube diameter of the polymer melt [214],
Rg the resulting radius of gyration calculated by equations explained in the text, Φ∗ and Φe
the overlap and entanglement volume fraction andMe the entanglement and theMc critical
molar mass, respectively.
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A.2 Supplementary Information on Phase
Transitions

A.2.1 ZFC-FC Magnetization Curves in Comparison to DSC
Results

Figure A.1: Comparison of ZFC-FC magnetization curves (green) and DSC results (black)
for 0.038m% and 1m% CFO particles in water.

By analyzing the water reference sample with 0.038m% and 1m% cobalt ferrite particle
concentration (shown in Figure A.1), we observe that the melting temperature and en-
thalpy is not influenced by the particle content, whereas the crystallization temperature
(258K to 262K) increases for higher particle content, indicating that the particles pre-
sumably serve as heterogeneous nucleation points. DSC data confirm the results of ZFC
and FC curves and exhibit the same systematics as found for different magnetic fields
and particle concentrations. Here, we want to emphasize the fact that the nanoparticles
provide information on the phase transitions, which are utilized in chapter 5.3 for the
more complex PEG solutions.

A.2.2 PEG Solutions and their Phase Transitions

The phase transition temperatures of four poly(ethylene glycol) solutions with identical
macroviscosity (60m% PEG1k, 40m% PEG4k, 15m% PEG35k and 2.4m% PEG300k) are
examined by ZFC-FC magnetization measurements and differential scanning calorimetry
(DSC). The results are graphically depicted in Figure A.2. For comparison in Figure
A.3 the DSC cooling and heating curves are shown without magnetic nanoparticles. The
position of the crystallization and freezing peaks are shifted to lower temperatures due
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Figure A.2: Phase transition temperatures of poly(ethylene glycol) solutions with identical
macroviscosity (60m% PEG1k(violet), 40m% PEG4k (red), 15m% PEG35k (green) and
2.4m% PEG300k (blue)) observed in DSC and ZFC-FC measurements.

to a greater supercooling. In the case of nanoparticle doped solutions, nanoparticles serve
as nucleation points, shifting the freezing process to lower temperatures. The melting
and freezing temperatures of the DSC curves are examined by the peak beginning and
the glassy temperature by the peak inflection point. Two melting and freezing peaks are
observed linked to the eutectic and water phase in the polymeric solutions.

Figure A.3: DSC cooling (right) and heating (right) curves of poly(ethylene glycol) solu-
tions revealing different phase transitions and temperatures: PEG1k and PEG4k solutions
show glass transition, and for PEG35k and PEG300k solutions a two phase melting and
freezing process is observed.
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A.3 Pre-Characterization of Single CFO film

In Figure A.4 the X-ray diffractograms of single cobalt ferrite layers on top of niobium
doped strontium titanate (STO) substrates with two different orientations are depicted.
The spectrum consists of peaks resulting from the perovskite lattice STO and the spinel
lattice CFO without any foreign phases. The peaks related to the substrate only show
(x00) for the STO(100) and (xxx) peaks for the STO(111) sample, respectively. In addi-
tion, the XRD spectra also show peaks resulting from Kβ rays, since the monochromator
does not completely restrict all other lines emitted by the X-ray tube.

Figure A.4: X-ray diffractogram of a cobalt ferrite (CFO) film on doped strontium titanate
substrate Nb:STO(100) and Nb:STO(111), respectively. The respective peaks are labeled
regarding the literature values for perovskite STO and spinel CFO.

In both samples, one can nicely see only CFO peaks with the same texture as the substrate,
i.e. the CFO(400) peak at 2Θ = 43.18◦ on STO(100) and the CFO(444) peak at 2Θ =
79.19◦ on STO(111), respectively. The CFO film thickness is checked by cross-section TEM
images, shown in Figure A.5 a) and A.5 b). It is found that under the ablation conditions
mentioned above, 10 minutes of deposition time is approximately equivalent to 100 nm. In
Figure A.5 c) the interface between the substrate and the CFO film is depicted, showing
a sharp interface without any CFO atoms diffused into the STO substrate. However,
the CFO film exhibits areas of different contrasts. This might result from the thinning
procedure in the preparation steps for cross-section imaging or indicates different stress
and strain levels. The atomic structure of the CFO spinel lattice is shown in the high
resolution-TEM in Figure A.5 d). The green line superimposed to the image represents
Co or Fe atoms in an ordered structure, however, the atoms are not completely straight
aligned, but some shift is observed. In the bottom right corner, two green lines indicate
the existence of regions with the same oriented planes, but with slightly different lattice
parameters, which might be due to different A and B site occupancies in the spinel lattice
(AB2O4).
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Figure A.5: (HR-)TEM images of the cobalt ferrite film on niobium doped strontium
titanate substrates with (100) and (111) orientation. The green line in c) represent the
interface region between STO and CFO. In d) the green line is a reference line showing
small mismatches in CFO alignment.
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A.4 Principal Component Analysis (PCA) of
Bi-Layered CFO/BTO

Piezoresponse force microscopy under various applied magnetic fields is done to probe
the stress-mediated magnetoelectric effect in the CFO/BTO bi-layer system showing the
field-dependent change in the locally measured piezoelectric coupling. No quantitative
analysis is possible from these PFM images, wherefore the Principal Component Analysis
(PCA) is used to compare sequences of images under applied magnetic fields and find
linear combinations, which are uncorrelated but high in variance. PCA is a statistical
analysis method, searching for differences in principal components of the 21 sequentially
recorded PFM images between 600Oe and -600Oe.

Figure A.6: PCA components and their corresponding score maps of (111)/CFO/BTO
layers as a function of applied magnetic fields from -600Oe and 600Oe. The figure is repro-
duced from Ref. [161] with permission from the RSC.

In Figure A.6 the first three components of PCA and their corresponding score maps are
shown for sample (111). The first principal component shows a small inflection around
zero magnetic field and sharply drops at ± 400Oe and symmetric. The second and third
components do not give any physical information. It is speculative that they represent
here background noise and some drift, even after correction. The score maps of respective
principal components visualize the areas being the most affected by the external field. By
comparing the topography and the score maps it becomes obvious that a high response
present in the score maps is found in those regions where grains are distinct.
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On the other hand, the results for the (100) sample, shown in Figure A.7, exhibit dif-
ferent features. Here, the third component of PCA shows a similar shape as observed
for the first component of the sample (111). An inflection is found at zero value and the
signal decreases with increasing field. In contrast, the first and second components of the
(100) sample are strange in shape and provide no valuable information. The variation
found for sample (111) is much higher than for sample (100) being indicative for a higher
magnetoelectric coupling present in the (111) sample.

Figure A.7: PCA components and their corresponding score maps of (100)/CFO/BTO
layers. The figure is reproduced from Ref. [161] with permission from the RSC.

A.5 Analysis of X-ray Absorption Spectra

The analysis of the experimental XANES data and its associated magnetic and/or linear
dichroism (XMCD, X(M)LD) is done in the following way: The XANES spectrum must
be recorded by the use of left and right circularly polarized X-rays. In the first step, the
absorption spectra with right µ+ and left helicity µ− are normalized in a way that after a
remaining linear background was subtracted, the pre-edge region of the resulting XANES
signal is on zero value and the post-edge region is at one, known as (0-1) normalization.
Subsequently, the respective normalized difference spectrum corresponding to the XMCD
signal (∆µ = µ+ − µ−) is obtained. Even though, after the background correction, the
XMCD signal is expected to be zero in the pre- and post-edge region. However, the
resulting XMCD spectrum may reveal an artificial magnetic offset above the L2 edge due
to the detection system of stray fields. In addition, the XMCD signal is normalized by a
step function, in which the step height is determined by the number of core electrons of
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the 2p3/2 and 2p1/2 levels, which is 2:1. In general, spectra have to be corrected for the
degree of circular polarization provided by the beamline especially when the polarization
depends on the photon energy. For the application of the sum rules, the contribution of
the photoelectron excitation into continuum states has to be removed by a step function.
Ideally, the integration range is just below the L3 edge to approximately 40 eV above the
L2 edge. For the sum rule analysis, the number of d holes (Nh) is taken from literature.
Keep in mind that the proportionality between TEY and absorption coefficient is violated
if the attenuation length of the X-rays is comparable to the electron escape depth λe.
This has to be considered by saturation effects, only after that a sum rule analysis is
appropriate. In Figure A.8 the spectra used for the stepwise analysis of XANES and
XMCD spectra are depicted. The example is done at the Fe L3,2 absorption spectrum
measured at ambient temperature and 5T. The curves in blue and red represent the
experimental data measured with circularly left and right polarized X-rays, respectively.
The gray curve is the XANES signal, the corresponding normalized XANES signal is
depicted in black. The normalization of the XANES signal is done by setting the signal
before the L3 edge approximately at 700 eV to zero and behind the L2 edge at 730 eV to
1. For that purpose, a step function is used with two steps at the position of maximum
gradient of the XANES signal, which is here at 709.34 eV and 722.65 eV. Any background
correction and normalization done for the XANES signal is also applied to the XMCD
signal. The resulting XMCD signal is shown in green, which should in an ideal case be at
zero before and after the absorption edges.

Figure A.8: Stepwise analysis of XANES and XMCD data as an example at the Fe L3,2
edges measured at ambient temperature and 5T.

In the following, the results of chapter 8 concerning the CFO nanopillars in BFO matrix
are compared to simulated Fe and Co spectra at the L3,2 absorption edges. By using the
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program Crispy [215] developed by Marius Retegan at the European Synchrotron Ra-
diation Facility, we are able to calculate core-level spectra based on the semi-empirical
multiplet approach implemented in Quanty. This program provides a set of tools to gen-
erate and plot X-ray absorption spectra and we can compare theoretical spectra to our
experimental data. To simulate metal ions in oxidic environment following input param-
eters known from literature are used. All simulations are done at 300K and 5T and the
peaks are Gaussian broadened by 0.1 eV to mimic a real peak width. In addition for the
Fe XMCD spectra, a Lorentzian broadening of 0.36 eV and an energy shift of -1.1 eV is
applied to coincide with experimental data. In Figure A.9 the simulated XMCD spec-
tra of Fe2+ and Fe3+ ions in the tetrahedral and octahedral environment are depicted.
For Fe2+ ions on the tetragonal site the crystal field parameter is set to 10Dq=-1.8 eV
and for Fe3+ on the octahedral site a crystal field parameter of 10Dq=1.5 eV is used.
By comparison of the experimental data with the simulated ones, it is found, that the
data exhibit contributions from both Fe ions on the tetragonal and octahedral site. In
addition, the positive XMCD peak found in the experiment cannot be reproduced by the
here shown simulations. Further improvements regarding fitting parameters will be done
in the future.

Figure A.9: Simulated XMCD of Fe2+ in tetrahedral Td and Fe3+ in octahedral Oh envi-
ronment at 300K and 5T. The peaks are broadened by 0.1 eV and an additional Lorentzian
broadening by 0.36 eV.

In Figure A.10 simulated XMCD spectra of Co2+ and Co3+ ions in the octahedral en-
vironment are compared to experimental data. Here, the simulated peaks are broadened
by 0.1 eV. An additional Lorentzian broadening of 0.43 eV and an energy shift of -0.98 eV
is done for reasons of better comparability. For Co2+ ions on the octahedral site the
crystal field parameter is set to 10Dq=1.0 eV, which is known from literature [173]. The
experimental data nicely fit to the simulated Co2+ ions on the octahedral site, which is
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expected from the spinel structure of cobalt ferrite. However, the fine structures observed
in the experiment are not perfectly reproduced. A deeper investigation will be done in
the future.

Figure A.10: The experimentally obtained XMCD of Co ions in CFO (green) compared
to simulated XMCD of Co2+ and Co3+ in octahedral Oh environment.
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