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Abstract

This thesis focuses on the detailed characterization of multiferroic phenomena in single-phase
and composite materials, which have become a key aspect of research interest due to their
numerous possible uses for application purposes. The main topic deals with the interplay of
electric and magnetic material properties, linked either intrinsically in single-phase materials
or via a mediator such as strain coupling in purposefully engineered biphasic composites. The
influence of different material compositions, synthesis techniques and resulting morphologies
was analyzed in order to obtain a detailed overview of the physical phenomena that govern
the strength of magnetoelectric (ME) coupling. The main methods used for this purpose
include Mössbauer spectroscopy, a non-destructive nuclear physical method utilizing resonant
absorption of γ-radiation, as well as a magnetoelectric measurement setup. Latter is based on
a modified SQUID AC susceptometer, making it possible to record the magnetic response of
ceramic samples exposed to electric fields with high precision.
One section of this thesis is devoted to the single-phase material bismuth ferrite (BiFeO3),
which is antiferromagnetic and ferroelectric. This multiferroic property was never utilized for
applications, as its antiferromagnetic nature leads to zero net magnetic moment. It was discov-
ered that BiFeO3 contains a long range modulation of magnetic moments (spin cycloid), which
is incommensurable with the crystal lattice. Furthermore, weak ferromagnetism was observed
in nanoparticles, which was the main motivation for our measurements. Using Mössbauer spec-
troscopy, we examined the behavior of this spin cycloid in great detail while recording spectra in
a large temperature range (4K - 800K), for different particle sizes (54 nm - 1µm). This allowed
us to assess the temperature dependence of the spin cycloid, which was distorted towards an
anharmonic state at lower temperatures, while no significant influence of the particle size was
witnessed. This work represents the first instance of the anharmonic cycloid being characterized
in detail for nanoparticle samples in a wide temperature range.
The second section deals with a number of composite ceramics that combine magnetostrictive
and piezoelectric materials with different constituents and connectivity schemes. These were
characterized with our converse ME measurement setup at different temperatures (4K - 350K)
and applied magnetic fields (± 5T), in order to ascertain their behavior, and to optimize the
measurement parameters. This was followed by the recording of the electric field dependence of
sample magnetization, providing direct access to the converse ME coupling coefficient, which
provides a measure for the strength of ME coupling in our samples. Through the course of
our work, we were able to significantly increase the coupling coefficient by modifications of the
sample composition, preparation and constituents. Our studies also provide information about
the underlying physical driving forces that affect the strength of the ME coupling, while also
uncovering possible pitfalls of the measurement setup. The knowledge of these factors made it
possible to effectively optimize our samples, allowing us to increase coupling coefficients nearly
fourfold relative to our initial work.





Kurzfassung

Diese Arbeit beschäftigt sich mit der detaillierten Charakterisierung multiferroischer Phänomene
in einphasigen Materialien und Verbundmaterialien, die wegen ihrer möglichen Anwendungen in
den Fokus der Wissenschaft gerückt sind. Das Hauptaugenmerk liegt auf dem Zusammenspiel
elektrischer und magnetischer Eigenschaften, welche entweder intrinsisch oder über Vermittler,
wie die mechanische Spannung, miteinander gekoppelt sind. Der Einfluss verschiedener Ma-
terialzusammensetzungen, Synthesemethoden und daraus resultierender Morphologien wurde
analysiert, um eine Übersicht der physikalischen Phänomene zu erhalten, welche die Stärke der
magnetoelektrischen (ME) Kopplung bestimmen. Bei den hauptsächlich verwendeten Meth-
oden handelt es sich um Mössbauerspektroskopie, einer zerstörungsfreien kernphysikalischen
Messmethode, die auf der resonanten Absorption von γ-Strahlung beruht, und um einen Auf-
bau für ME Messungen. Letzterer basiert auf einem modifizierten SQUID AC Suszeptometer,
was die Messung der magnetischen Reaktion auf elektrische Felder erlaubt.
Ein Abschnitt der Arbeit ist dem einphasigen Material Bismutferrit (BiFeO3) gewidmet, welches
gleichzeitig antiferromagnetisch und ferroelektrisch ist. Diese multiferroische Eigenschaft wurde
nie genutzt, da das antiferromagnetische Material keine Nettomagnetisierung besitzt. Es ist
bekannt, dass BiFeO3 eine langreichweitige, mit dem Kristallgitter inkommensurable Modula-
tion der magnetischen Momente aufweist (Spin-Zykloide). Weiterhin wurde schwach ferromag-
netisches Verhalten in BiFeO3-Nanopartikeln beobachtet, was die Hauptmotivation für unsere
Messungen war. Mittels Mössbauerspektroskopie konnten wir das Verhalten dieser Spinzykloide
im Detail beobachten, während Spektren in einem sehr weiten Temperaturbereich (4K - 800K)
für verschieden große (54 nm - 1µm) Partikel aufgenommen wurden. Dies erlaubte uns die
Observierung der Temperaturabhängigkeit der Spinzykloide, welche bei tiefen Temperaturen
zunehmend verzerrt und anharmonisch wurde, während kein nennenswerter Einfluss der Par-
tikelgröße zu sehen war. Im Zuge dieser Arbeit wurde erstmalig die anharmonische Zykloide in
Nanopartikeln im Detail temperaturabhängig charakterisiert.
Im zweiten Abschnitt beschäftigen wir uns mit Kompositen, welche aus einer magnetostrik-
tiven und piezoelektrischen Phase mit verschiedenen Bestandteilen und Konnektivitäten beste-
hen. Diese wurden bei verschiedenen Temperaturen (4K - 350K) und angelegten Magnetfeldern
(± 5T) charakterisiert, sodass ihr Verhalten beobachtet und die Messparameter optimiert wer-
den konnten. Es folgte die Aufnahme des magnetischen Signals in Abhängigkeit von angelegten
elektrischen Feldern, was die Berechnung des konversen ME Koeffizienten erlaubt, der ein Maß
für die Stärke der ME Kopplung darstellt. Somit konnten wir den Kopplungskoeffizienten durch
Modifikation der Probenbestandteile, Präparation und Zusammensetzung stark erhöhen. Wir
erhielten so Informationen über die zugrundeliegenden physikalischen Phänomene des ME Ef-
fekts, während auch potentielle Probleme des Messaufbaus erkannt wurden. Das Wissen über
diese Faktoren ermöglichte die Optimierung der Probeneigenschaften, sodass der Kopplungsko-
effizient verglichen mit unseren ersten Arbeiten um etwa den Faktor 4 erhöht werden konnte.
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1 Introduction
The topic of multiferroic materials is not a new one, but after a decade or two of relative
inactivity, this field has become incredibly popular over the last ten years, with a large and
continuously increasing number of publications being put forward. In fact, some of the compre-
hensive reviews often talk of a "Revival of the magnetoelectric effect"1 or of "The renaissance
of magnetoelectric multiferroics".2 With this, it’s already clear where the topic of this thesis
will be heading. Multiferroics as such are a rather wide ranging subject that deals with a great
number of material systems. This makes it necessary to, at first, define what a multiferroic
material is in the context of this work, and to observe the history of how this effect was dis-
covered and characterized.

The generally accepted modern-day definition of a multiferroic is that it exhibits two or more
of the primary ferroic properties, which are ferromagnetism, ferroelectriciy, ferroelasticity and
ferrotoroidicity. Naturally, one of the most sought after combination is that of magnetoelectric
multiferroics, which are simultaneously ferromagnetic and ferroelectric. In this work, we will
be dealing with materials that are ferroelectric, as well as ferri- and antiferromagnetic, with
the above definition having been expanded to include these other types of magnetic ordering,
in addition to ferromagnetism.

If we stick to only magnetoelectric (ME) materials, we can define them as materials that show
a coupling between electric and magnetic properties, with an applied electric field leading to
induced magnetization, while an applied magnetic field leads to induced polarization. The
contributions to this effect can be observed in detail by the expansion of the free energy with
regard to the electric or magnetic field, which will be dealt with in detail in section 2.3.

When observing how the ME effect was discovered, we come across some rather famous scientists
who all partially contributed to the overall level of knowledge. The first theoretical prediction
of the effect is attributed to Pierre Curie, who, in 1894, was the first to describe symmetry
considerations necessary for the effect to occur in crystals.3 Even earlier, in 1888, Wilhelm
Conrad Röntgen discovered that a dielectric material became magnetized when placed in an
electric field,4 while also becoming polarized when moved into a magnetic field. Despite this be-
ing a very interesting experimental observation, the fundamental principles behind these effects
were not understood at the time. In the 1920s, several attempts were made to demonstrate
the effect experimentally, and it was also at this time that Peter Debye introduced the term
’magnetoelectric’ in 1926.5 It was only much later that a greater understanding of symmetry
was obtained, with several publications noting that time-asymmetry is a necessary prerequisite
for the ME effect to occur, either induced through the application of external fields6 or by
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Chapter 1. Introduction 2

physically moving a sample into a field, as it was done by Röntgen. Arriving in 1959, we come
to perhaps the most well-known two studies on magnetoelectric materials, namely the publi-
cation by Igor Dzyaloshinskii, who was able to show, theoretically, a violation of time-reversal
symmetry for antiferromagnetic chromium oxide (III) (Cr2O3).7 The reason for it being popu-
larly known within the community is the fact that less than a year thereafter, an experimental
proof was brought forward by D. N. Astrov, who was able to measure the electric-field induced
magnetization on a sample of this material.8,9 In fact, it is with Cr2O3 that our own converse
ME measurement setup was first tested,10 being a well-known model system that has been ex-
tensively characterized, including the reverse effect of inducing polarization via magnetic field
application.11,12

After a peak in the number of publications per year around 1973, the interest in this topic
declined, as the coupling coefficient for intrinsic magnetoelectrics was estimated to only reach
a maximum of 0.1 ps/m after the microscopic mechanisms behind the coupling were uncov-
ered.13,14 Apart from the overall low effect, single-phase multiferroics had other drawbacks. As
the number of compounds that showed ME effects was rather small and required a specific,
discrete composition, there was almost no room for improvement via doping or variations in
composition. Often, the physical properties of the materials, their stability, or cost were further
obstacles that stalled the initial excitement for this topic. Indeed, one of the materials we will
be characterizing in detail, bismuth ferrite, is a classic case in point: While it is ferroelectric, the
intrinsic magnetic ordering is of an antiferromagnetic type, leaving no effective net magnetic
moment, making this material unsuitable for technical applications, at least at first glance.
Furthermore, the ordering temperatures of many single-phase magnetoelectrics were often well
below room temperature, which is not problematic for experiments, but makes the respective
materials unsuitable from an applications point of view. Because of these factors, the number
of publications waned, with the late 70s and 80s leaving the topic of magnetoelectrics mostly
dormant.

The often cited renaissance, heralding a renewed interest in magnetoelectric materials, was
brought about by the possibility of using synergy effects to overcome the difficulties described
above. Ironically, this idea was not new, in fact, it had been proposed by Bernhard Tellegen
of the Philips Research Laboratories15 in 1948, more than a decade before the ME effect in a
single-phase material was first measured by Astrov. However, it needs to be mentioned that
it’s only the principle as such that was valid, while the route proposed by Tellegen, comprised
of a suspension of macroscopic particles that carry both electric and magnetic dipole moments,
was not feasible. In essence, the main idea revolves around the combination of two or more
compounds, with the resulting composite showing effects that would not be possible to attain
with the single constituents. As described by M. Fiebig,1 there are three classes of effects that
can be distinguished: The sum property, resulting from the weighted sum of the contributions
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from all constituent phases, with well-known examples being density and resistivity. The scal-
ing property, representing effects that occur in higher strength in a composite compared to the
effect seen in the individual constituents, and finally the product property, denoting effects that
are only present in the composite but not in any of the constituents.

It is this last effect that we want to concentrate on. In our case, we will be combining ferro-
electric and ferrimagnetic materials, which, in their pure form, don’t show any magnetoelectric
coupling. However, when combined appropriately, a coupling mechanism via strain enables the
composite to show magnetic response to electric fields and electric response to magnetic fields.
Generally speaking, the use of composite materials offers several advantages, as outlined by J.
van den Boomgard and R. A. J. Born,16 such as the free choice of the mole ratio of the con-
stituent phases, the independent choice of grain size of the respective phases, and also the free
choice of the sintering temperature during sample formation. The most generally understand-
able advantage is of course the ability to individually tune the properties of the magnetic and
electric constituent, which was not possible with single phase magnetoelectrics. It was observed
early on that the sample preparation methodology has a major influence on the quality of the
samples16 and the resulting ME effect, which is why the preparation steps of the samples used
in this thesis are also outlined in their own chapter 5.

Pioneering work that made use of the product property was performed by J. van Suchtelen17

and J. van den Boomgard et al.18 on composites of CoFe2O4 − BaTiO3 (CFO-BTO) that be-
came a well-known model system for a biphasic magnetoelectric composite. Further works on
this system followed, in addition to various modifications thereof.19,20 Due to the well charac-
terized nature of this material system, we will also start off with attempts of optimization and
improvement of the ME coupling coefficient in CFO-BTO before moving on to other materials.

The main motivation behind this thesis was the desire to obtain a greater understanding of
both intrinsic and composite sample systems with regards to their multiferroic properties, and
how one could potentially improve them. As a result, this work is subdivided into two main
parts. In the first half, we will be dealing extensively with bismuth ferrite, BiFeO3 (BFO), a
single-phase, intrinsic multiferroic, which has not seen any widespread use due to its inherent
antiferromagnetic ordering. In the course of the work outlined in the following, we will per-
form a detailed characterization of the magnetic properties intrinsic to this material, observing
the effects of a long range magnetic ordering, and discuss how these results may be utilized
to improve the properties of BFO through different constraints of sample dimensions, from
nanoparticles to thin films.

The second half will deal with a number of strain-coupled ME composites on which a large
number of measurements have been performed, starting out with the classic CFO-BTO sys-
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tem. This is a continuation of a preceding work,21 with the measurements shown in this thesis
being performed with the aim of improving the converse magnetoelectric coupling coefficients
by modifications of the sample synsthesis and ceramic forming techniques. Through the course
of our cooperations, we will see the replacement of both magnetic and electric constituents,
with the overall aim always being the improvement of the magnetoelectric coupling coefficient.
We will see how our converse ME measurement setup performs during this large array of mea-
surements, learn about the possible pitfalls, and observe numerous nuances and clues in our
measurement results that will help us to place them in a proper context when making compar-
isons to literature values. In the end, our understanding of the ME effect will be significantly
augmented as we gather more and more knowledge about the behavior of the systems at hand.

This thesis is structured in a way to allow each chapter to logically follow the previous ones,
starting off with the theoretical physical principles we need to adequately explain our methods
and results in chapter 2, followed by a description of the sample systems, their properties, prior
results in literature, and of course the reasoning behind their usage for our purposes in chapter
3. Next, the utilized scientific instrumentation is reviewed in chapter 4, with our own special-
ized methods being discussed in greater detail, while cooperative or conventional methods are
described briefly. The short chapter 5 is devoted to the synthesis and sintering techniques with
which our samples were produced. While not the main topic of this work, this provides cru-
cial information that is necessary for understanding the behavior of samples that were formed
through different synthesis routes. Finally, the results are presented in chapter 6, followed by
the conclusion and outlook in chapters 7 and 8, respectively. The aim is to present a concise
picture of all results on magnetoelectric multiferroics that have been obtained in the past four
years.



2 Theoretical foundations
This chapter summarizes the theoretical background necessary for the understanding and later
evaluation of the effects and sample systems we are dealing with.

2.1 Magnetism

A general understanding of the underlying magnetism in the samples that will be measured
is of utmost importance for proper interpretation of the experimental data. The major types
of magnetic interaction and ordering present in our samples will be discussed individually in
order to achieve a solid overview of the possible ways of magnetic interaction.

As a rule of thumb, all materials are magnetic, but not all types of magnetism are of interest
for experimental purposes, technical applications and indeed the ME effect. To discuss this,
materials are classified according to their response to an external magnetic field, described by
the magnetic susceptibility. It comes from latin susceptibilis, "receptive", and in case of the
volume susceptibility, is described by

M = χH. (2.1)

M is the magnetization of the material, usually given in emu/g or Am2/kg in case of mass
or A/m in case of volume normalization, while H is the magnetic field strength. The sus-
ceptibility χ is a dimensionless quantity, with a positive susceptibility denoting para-, ferro-
and ferrimagnetic materials (strengthening of the magnetic field in the material due to in-
duced magnetization) and a negative susceptibility denoting diamagnetic materials (magnetic
field weakened by the induced magnetization). Materials that are described as non-magnetic
in layman’s terms are usually para- or diamagnetic, as they don’t possess any spontaneous
magnetization without an external magnetic field present.

2.1.1 Ferromagnetism

Conversely, the materials most interesting for our purpose are those that still show magnetic
properties even after an external magnetic field has been reduced to zero, referred to as re-
manence or remanent magnetization. Beginning with ferromagnets, the most well-known class
of magnetic materials, it becomes clear that their properties cannot be described by a solely
classical approach, as they were determined to be a quantum mechanical effect. The basis
lies in the magnetic dipole moment of the electron, caused by its quantum mechanical spin,
which in turn can only exist in one of two states, "up" and "down". If an atom has partially
filled electron shells, it leads to the existence of unpaired spins, which allows the occurrence of
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Chapter 2. Theoretical foundations 6

spontaneous magnetization without an applied magnetic field. There is a complex interplay of
different interactions that are responsible for the parallel orientation of spins, with the main
driving force being provided by the exchange interaction. The temperature is also an important
factor, as thermal energy can overcome the parallel orientation of spins when the material is
heated above its Curie temperature.

Figure 2.1: Field dependent magnetization curve showing typical ferromagnetic hysteresis (red),
starting with the initial curve from a demagnetized state (blue).

As a macroscopic ferromagnet would create a large magnetic stray field that would extend
into the surrounding space, it would lead to an unfavorably high magnetostatic energy, with
the system striving to reduce this. The formation of magnetic domains directly follows, with
regions of parallel spins forming in the macroscopic ferromagnet, separated by domain walls.
For a ferromagnet that is heated above its Curie temperature and then cooled down again, the
random orientation of these domains leads to zero net magnetic moment when measured from
the outside, even though the parallel orientation of the spins is still present within the domains.
The behavior that is regarded as typical for a ferromagnet can be observed when starting from
such a demagnetized material, through the recording ofM(H) hysteresis curves. By exposing the
ferromagnet to an increasing external field while recording the magnetization, one can witness
the strong increase and saturation of the magnetization, followed by the irreversible change
brought on by the exposure to the external field when latter is ramped back to zero. In this
case, the magnetization does not return to zero, but retains a so called remanent magnetization,
requiring a certain field strength, referred to as coercive field, in order to and reduce it to zero
(see Fig. 2.1). It is this behavior that is most directly associated with ferromagnetism: High
saturation magnetization, a significant remanence and coercive field.22



7 2.1. Magnetism

2.1.2 Ferrimagnetism

A ferrimagnet, while showing spontaneous magnetization and similar behavior as shown in
Fig. 2.1, is not equivalent to the parallel orientation of all spins as it is the case for a fer-
romagnet at 0K. This phenomenon can be best described by a popular example, magnetite,
Fe3O4, which is in many ways rather similar to the Co and Ni ferrites that will be described
later on. One formula unit of magnetite contains three Fe ions, in the form of Fe2+Fe3+

2 O2−
4 ,

with electron configurations of [Ar]3d5 for Fe3+ leading to a magnetic moment of 5µB, while
Fe2+ has a configuration of [Ar]3d6 and a resulting magnetic moment of 4µB. Oxygen with
its filled p-orbital does not show any magnetic moment. One would normally assume that the
net magnetic moment for a formula unit would result from the addition of all ion magnetic
moments, which, when considering only spin moments as first approximation, would give us
14µB. In reality however, the theoretical value is only 4µB, which closely matches the experi-
mentally determined value of 4.1µB.23 This can be explained by the moments of the Fe3+ ions
being aligned antiparallel to each other, with this arrangement being caused by the superex-
change interaction between Fe3+ and O2− ions. This is shown schematically in Fig. 2.2, with
the Fe3+ magnetic moments canceling each other out. The residual net magnetic moment is
provided solely by the remaining Fe2+ ions, which have their moments oriented in parallel to
the neighboring Fe3+ due to double-exchange interaction. These findings were brought forward
by L. Néel24,25 and are of significant importance for the AB2O4 system of ferrites26 used in this
work with divalent metal cations (A) such as Co2+ or Ni2+ being combined with Fe3+ (B) that
we will discuss in detail in the following chapter. Indeed, the term ferrimagnetism was coined
because it was originally used to describe the spin arrangement of such ferrites.

Figure 2.2: Schematic representation of the sublattice magnetization in magnetite, which con-
tains 8 Fe2+ and 16 Fe3+ ions per unit cell.
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2.1.3 Antiferromagnetism

Antiferromagnetism is conceptually similar to ferromagnetism and can be regarded as a special
case of it, with sublattices of spins that are aligned antiparallel to each other. In this case
though, the two sublattices have equal saturation magnetization, which means that the spins
cancel each other out completely, so that the material as such has no net magnetization. This
is problematic for magnetometry measurements, making characterizations much harder. It is
however not a problem for one of our chiefly used methods, Mössbauer spectroscopy, which will
be explained in detail in section 4.2. With this method, the magnetic order in antiferromagnets
leads to the typical sextet spectrum that is also seen for ferromagnets, thus making a detailed
characterization possible. Furthermore, thermal agitation can also neutralize this ordering if
the material is heated above a specific temperature, referred to as the Néel temperature in
case of antiferromagnets. An interesting example for such a material is bismuth ferrite, BiFeO3

(BFO). It was considered as a candidate for magnetoelectric applications as it’s one of the few
materials that can be regarded as a single-phase intrinsic multiferroic, with a magnetoelectric
coupling of its antiferromagnetically ordered spins to its polarization. However, due to the fact
that it’s an antiferromagnet, there was never a large scale usage of BFO for ME applications
such as sensors or electrically written and magnetically read memory, for example. This might
change in the near future though: During the course of this work, we will see that this material,
once its magnetic characteristics have been unraveled, may yet be of some practical use when
certain size constraints are applied.

2.1.4 Magnetostriction

An important attribute for our ME applications is the phenomenon of magnetostriction, a
material property caused by small anisotropic changes of interatomic distance as a result of a
change of the material’s magnetization. The underlying mechanism is the spin-orbit coupling,
leading to a slight change in the electron cloud in the presence of a magnetic field, with this
small change in orbital motion causing the mentioned change in interatomic distance via orbit-
lattice coupling. This leads to a macroscopic change of shape or dimension of a solid body
due to elastic strain, which can be brought on by externally induced magnetization, e.g. by
application of magnetic fields to the sample. Characterized by J. P. Joule27 in 1847, one of
its most well-known effects in everyday life is the characteristic hum of electrical transformers,
caused by magnetostriction of their iron core due to the sinusoidal AC field produced by mains
electricity flowing through the solenoid. To quantify this phenomenon, it is regarded as a strain
that leads to a fractional change in length ∆l, such that

λ = ∆l
l
, (2.2)

with the special symbol λ being used to set it apart from strain produced by applied mechanical
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stress. Generally speaking, it is an elastic strain, with the material returning to its original state
when the external field is switched off. However, there are still hysteresis effects that are brought
on by the magnetic characteristics of the material itself, such as remanence. The strain can
reach a maximum value at magnetic saturation, thus referred to as saturation magnetostriction
λS. While occurring in most substances, the effect of magnetostriction is unfortunately rather
small, roughly of the order of 10−5 even in otherwise strongly magnetic substances. A fitting
comparison was made by B. D. Cullity and C. D. Graham,23 who compared the magnitude
of the strain induced by magnetostriction to that induced by thermal expansion of alloys and
metals. Using typical expansion coefficients for such materials, a strain of 10−5 would result
from a temperature change of only 0.5K, aptly showing that we are dealing with very small
effects here.

Figure 2.3: Schematic representation of the mechanism of magnetostriction, adapted from
Ref. 23, reprinted with permission.

For most cases, when talking about magnetostriction, one usually refers to the saturation value
λs, which can be positive, negative and also zero under certain circumstances. This value is
also strongly dependent on the magnetization of the material, and thus on the applied exter-
nal field. For the purpose of our experiments, this property is of high importance, as we will
later on tune the ME effect in our composites using an external static magnetic field HDC .
When taking into account the phenomena that take place during the process of magnetization,
the major part of the length change is caused by the alignment of magnetic domains in the
material. This is shown schematically in Fig. 2.3 by a row of atoms within a crystal, with us
regarding only one dimension for simplicity. The black dots represent atomic nuclei, the arrows
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show their net magnetic moment, while the oval lines around both represent the nonspherically
distributed electrons. We use an idealized case of a paramagnet, starting off above the Curie
temperature TC , assuming an extremely strong spin-orbit coupling. We can observe two effects:
The spontaneous magnetostriction ∆L’ resulting from magnetocrystalline anisotropy, caused
by the alignment of the electron clouds along the easy axis, forcing the nuclei further apart, as
well as the forced magnetostriction ∆L. This is achieved by applying a strong magnetic field
H, in this case perpendicular to the easy axis, leading to field induced magnetostriction. As
mentioned, this is an extremely exaggerated schematic depiction, with electron clouds of real
materials only being reoriented to a much smaller extent.

For a more realistic approach, one would also need to consider that magnetic domains are
aligned such that the stray field of a crystal is minimized. This leads to a structure that is
schematically shown in Fig. 2.4, which depicts a material with positive magnetostriction under
the influence of tensile stress, leading to domain wall motion.

Figure 2.4: Schematic representation of the magnetic domain structure of a material with posi-
tive magnetostriction (a) under tensile stress σ (b). Adapted from Ref. 23, reprinted
with permission.

After discussing the general character of magnetostriction, we can have a closer look at its
dependence not only on external stress, but also on an applied magnetic field. It will be an
applied mechanical stress that will induce the magnetization in our samples, while an applied
external magnetic field HDC will be used to tune the ME coupling. When coming from a fully
demagnetized state, such as a material that has been heated above its Curie temperature, to a
fully saturated state, there is hardly any change in the volume of a material sample. It is in this
region that the magnetostriction undergoes its most dramatic rise, up to magnetic saturation.
If the field is ramped even higher, one enters the region of forced magnetostriction, in which
a further field increase causes an increasing but small amount of further strain, as depicted in
Fig. 2.5. The underlying cause is the degree of spin order induced by high magnetic fields. A
small volume change of the material occurs when going beyond saturation, which leads to the
designation of this effect as volume magnetostriction, being responsible for an equal expansion
(or contraction, depending on the sign of the coefficient) in all directions. For technical applica-
tions, this region is usually not of interest. On the one hand, the effect is very small compared
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to λs, while on the other hand, high magnetic fields are not practical, as these usually require
superconducting magnets. However, since the measurement setup described later on is capable
of providing fields of up to 5T, which have been used during our experiments, we want to keep
this effect in mind for later evaluation.

Figure 2.5: Magnetic field dependence of magnetostriction (schematic), adapted from Ref. 23,
reprinted with permission.

When applying theoretical calculations to the samples that will be used in this study, one
must take into account their crystalline properties first. There are a number of expressions
for different types of single crystals, however, our samples are mixtures of two constituents
that were sintered, rather than grown, thus having an unordered polycrystalline structure. In
general, the saturation magnetostriction of a polycrystalline sample, measured parallel to the
magnetization as is the case for our setup, can be characterized by a single constant λP . The
value is dependent on the magnetostrictive properties and arrangement of individual crystals,
for which we assume no preferred domain or grain orientation. For such a random arrange-
ment, the overall saturation magnetostriction of the polycrystalline sample can be defined as
an average over all crystallographic orientations. There is some debate on how to perform this
averaging, with the two alternatives consisting of uniform stress but varying strain throughout
the sample from grain to grain, or uniform strain and varying stress.

If we look at the saturation magnetostriction in a cubic crystal in a bit more detail, it quickly
becomes apparent that we always want to know the strain relative to the direction of the mag-
netization. In our case, this is defined by the orientation of the sample in the magnetometer.
For polycrystalline samples, an example of field dependent magnetostriction is given in Fig. 2.6,
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but it was noted that the shape of such curves can vary quite widely, depending on the inves-
tigator who performed the experiment.23 It is therefore difficult to precisely characterize or
model the magnetostriction in the systems we are going to discuss, and indeed, measurements
of magnetostriction usually don’t contain information about the type and degree of preferred
orientation. Most works usually show only the strain plotted against the field, although it
would also be appropriate to plot it against the magnetization, as that is the parameter on
which it depends directly. Nevertheless, we can clearly see the saturation behavior in Fig. 2.6,
as well as the strong increase of magnetostriction in the small field range around to 100Oe.

Figure 2.6: Magnetic field dependence of magnetostriction at room temperature in a polycrys-
talline sample of FeCo with 2% V doping, adpated from Ref. 23, data taken from
Ref. 28, reprinted with permission.

If we want to obtain a rough understanding of the general shape of the magnetostriction curve,
we can start off with the definition of saturation magnetostriction λs in a cubic crystal as
explained in Ref. 23, when measured in the directions <100> and <111>, thus referred to as
λ100 and λ111, respectively, with the equation
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λs = 2
3λ100(α2

1β
2
1 + α2

2β
2
2 + α2

3β
2
3 −

1
3) + 3λ111(α1α2β1β2 + α2α3β2β3 + α3α1β3β1) (2.3)

being valid for crystals having either <100> or <111> as easy directions. In it, the saturation
magnetostriction is given in a direction defined by the direction cosines βi relative to the crystal
axes when the crystal goes from a demagnetized state to a saturated state, in a direction defined
by the direction cosines αi. This equation is obviously rather unwieldy, and as it will also be seen
during the derivation of the magnetoelectric coupling coefficient, our polycrystalline composites
allow for some simplification. At first, the general relation
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2 + α2
3)2 = (α4

1 + α4
2 + α4

3) + 2(α2
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2
2 + α2

2α
2
3 + α2
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1) = 1 (2.4)

can be used to reduce Eq. 2.3 to the form

λs = λ100 + 3(λ111 − λ100)(α2
1α

2
2 + α2

2α
2
3 + α2

3α
2
1) (2.5)

referred to as the "two-constant" equation for magnetostriction. Cullity and Graham do warn
that this equation gives the field-induced strain when a crystal is brought from a demagnetized
to a fully saturated state, which would of course mean that the entire sample needs to consist
of one domain, which is never the case for our own samples. Furthermore, the demagnetized
state is not properly defined, as it only requires the sum of the domain magnetizations to be
zero, which can be reached through a large number of different domain orientations. Therefore,
we will only use these equations to qualitatively discuss the behavior of our samples, not to
numerically evaluate any results.

Figure 2.7: Definition of the angles θ and φ.

Returning to our initially introduced method of using λP to denote the magnetostrictive prop-
erties of a polycrystalline specimen, it should be noted that the saturation magnetization of
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said specimen should be given as an average over all crystalline orientations in the sample,
although it is not entirely clear how this is best performed.

Figure 2.8: Magnetic field dependence of magnetization (a) and magnetostriction (b) in poly-
crystalline Ni, with initial magnetization shown in blue. Adapted from Ref. 23,
data taken from Ref. 29, reprinted with permission.

Generally speaking, when applying a strong field to a polycrystal, the grains will strain in
the direction of the field due to magnetostriction, but each grain produces a different value
depending on its orientation relative to the applied field. Looking back to page 11, it is generally
considered as more realistic to consider the strain to be uniform throughout the sample, while
the stress varies. We therefore need to average the magnetostriction in field direction over all
crystal orientations, for which we use Eq. 2.5 and express the α terms through the angles as
shown in Fig. 2.7 allowing us to write

α1 = sin (φ) cos (θ), α2 = sin (φ) sin (θ), α3 = cos (φ). (2.6)

so the surface of a sphere can be utilized, with the area dA = sin (φ) dφ dθ. Averaging over the
upper hemisphere provides an average value for λs:

λs = 1
2π

∫ θ/2

θ=0

∫ φ/2

φ=0
λs sin (φ) dφ dθ (2.7)
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If we then go ahead and substitute Eq. 2.5 for λs, integration results in the form

λs = 2λ100 + 3λ111

5 (2.8)

that gives us a rough idea of the behavior of the magnetostriction in dependence of the two
crystal orientations. There are other ways to present this,30 but for our purposes, we were
mainly looking for a general depiction. We now have an understanding of the mechanism
and forms in which magnetostriction occurs, and could also see in Fig. 2.8 that just as the
magnetization itself, the magnetostriction shows hysteresis behavior, with the value depending
on the previous history of field exposure of the sample. As we will see in chapter 6, such
effects become visible in our samples, with slight deviations in peak positions and amplitudes
depending on the prior field exposure.

2.2 Electric material properties

The electric properties of our samples represent the equivalent of the magnetic properties, in
terms of both effects needing to be present in order to achieve proper ME coupling. Due to
the fact that many electrical properties are more easily measured and characterized than the
magnetic properties, this section delves somewhat deeper into theoretical calculations than the
previous section.

2.2.1 Polarization and dielectric permittivity

Our main goal in the topic of ferroelectric properties is to understand the interaction between
an external electric field with the interior of a crystal we expose to this field, as will be done in
the converse ME measurements. When starting off from the Maxwell equations, we arrive at
the definition of polarization p, defined as the dipole moment per volume unit, averaged across
the volume of a unit cell.

~p =
∑

qi~ri (2.9)

Basically, it’s the sum of all point charges q at the respective positions r. Of interest for us
is the reaction of this system to the application of an external electric field. However, the
polarization as such, depending on the material in question, can itself be the sum of different
types of effects altogether. For a better overview, the different types of polarization processes
shall be discussed separately, as it was described in Ref. 31. The electronic polarization (Fig.2.9
(a)) can arise in materials that are electronically neutral if no electric field is present. Upon
application of such a field, the electric charge of the atomic shell is shifted relative to the nucleus,
with this displacement of the charges leading to an induced polarization. This is possible due
to the comparatively small mass of electrons relative to the nucleus, enabling them to follow
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even high frequency stimuli. For slower processes, like the frequencies used in our converse ME
measurements, this effect can be considered as instantaneous. It remains in effect to frequencies
up to 1015 Hz, with a polarization occurring during every cycle of the applied field, making this
effect interesting for applications that require high frequencies. This type of polarization is not
temperature dependent, while being proportional to the applied electric field strength. For this
and the other polarization mechanisms described in the following, the frequency dependence is
displayed in Fig 2.10.

Figure 2.9: Different polarization processes without (left) and with (right) applied electric field:
(a) electronic polarization, (b) ionic polarization, (c) orientational polarization, (d)
space charge polarization, adapted from Ref. 31, reprinted with permission.

In case of an ionic crystal (Fig. 2.9 (b)), the applied electric field has an effect on both positive
and negative ions, moving them out of their equilibrium positions. Positive ions are moved
in field direction, while negative ions are moved in the opposite direction, with the resulting
displacement leading to the so called ionic polarization. Its strength mainly depends on the
binding energies involved and is independent of temperature. As we will see later on, this type
of polarization will be of great importance, as the BaTiO3 used here is generally viewed as a
model system not only for ionic polarization but also with regards to strain and piezoelectricity.

If a molecule is composed of different atoms (Fig. 2.9 (c)), this can also lead to an asymmetric
charge distribution, with water being the most well-known example. Under an applied electric
field, these dipoles, if they are free to move, will rotate and align themselves in field direction
and thus contribute to the overall polarization. This is referred to as orientational polarization.
Similarly to magnetic moments, thermal agitation plays a role in this type of ordering, causing
it to be temperature dependent.
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In heterogeneous materials (Fig. 2.9 (d)), there is also the possibility of space charge polar-
ization, caused by free charges in a more complex crystal system that contains boundaries or
defects that stop these charges from freely moving through the material. This clustering of the
charges at certain positions can lead to a dipole moment that contributes to the polarization
of the material, in addition to other possible effects that can occur at the same time. Similarly
to orientational polarization, the space charge polarization shows temperature dependence.

Figure 2.10: Frequency dependence of polarizability, represented by the real (ε’) and imaginary
part (ε”) of permittivity, adapted from Ref. 31, reprinted with permission.

Under the assumption that these effects do not have a direct influence on each other, they
can be regarded as independent and thus allow a simple description as a sum. However, when
wanting to make a distinction between the spontaneous polarization that is already present in
some materials, such as in the case of dipolar bonds, the total polarization can be split between
these two. The spontaneous polarization Psp can be defined as the overall polarization present
in a volume V of material

Psp = p

V
. (2.10)

If we want to observe the two types of polarization separately, we can simply write the total
polarization as a sum of the induced polarization PE and the spontaneous polarization PS,
ending up with

Pi = PEi + PSi. (2.11)

We can further specify that the induced polarization, assuming that the electric field is not too
strong so that the linear relationship holds true, can be written as

PEi = ε0χijEj (2.12)
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with χij representing the dielectric susceptibility tensor and ε0 the free space (vacuum) permit-
tivity. If we then introduce the electric flux density D, which we write as

Di = ε0Ei + Pi (2.13)

then we can combine this with Eq. 2.12 to form

Di = ε0(δij + χij)Ej + PSi ≡ εijEj + PSi. (2.14)

Here we introduce the dielectric permittivity tensor εij, the first of many terms that appear in
tensor notation in our theoretical derivations. With χij and the Kronecker delta function δij

forming the dielectric permittivity tensor εij together with the vacuum permittivity ε0 we can
write it as

εij = ε0(δij + χij). (2.15)

As done in Ref. 32, due to the fact that ε0 is a scalar constant, we can introduce the dimen-
sionless tensor

εij = εij
ε0

(2.16)

which can be referred to as the relative-dielectric-permittivity tensor, or more simply, as the
dielectric constant tensor. Combining Eq. 2.12 and 2.15 gives us the relationship between
polarization, electric field and dielectric constant, which we can write as

ε0(εij − δij) = PEi
Ej

(2.17)

or in scalar form for isotropic media:

PE = ε0(ε− 1)E. (2.18)

Having established a definition of the electric polarization in dependence of applied electric
field through usage of the dielectric permittivity, we have to look at one more factor, namely
the frequency dependence of the polarization. Alternating electric fields will often be used in
complementary measurements in order to probe the real and imaginary part of the dielectric
permittivity, so their mathematical derivation shall be explained here.

We start off with a time-varying field E(t) that is applied to a dielectric material, which
invokes a delayed response due to the fact that, like many physical properties, the response of
the polarization is subject to a certain inertia. Generalizing Eq. 2.13 for the electric flux, we
can write it in a time dependent form as
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D(t) = ε0E + P (t). (2.19)

The susceptibility we have introduced earlier becomes the dielectric response function χ(t) that
we use to define a relation between it and P (t) for a delta-function type of perturbation so that

P (t) = ε0(E∆t)χ(t) (2.20)

with E∆t approaching a constant value if ∆t approaches zero. We further assume the applica-
bility of linear response theory, which gives us the time dependence of the polarization:

P (t) = ε0

∫ t

−∞
dt′χ(t′)E(t− t′). (2.21)

If we then write the electric field as a general function of time using the Fourier integral

E(t) = 1
2π

∫ ∞
−∞

E(ω)eiωtdω (2.22)

and then Fourier-invert it, we end up with

E(ω) =
∫ ∞
−∞

E(t)e−iωtdt. (2.23)

The same procedure can be performed for P (t) that can be inverted to P (ω)

P (ω) =
∫ ∞
−∞

P (t)e−iωtdt. (2.24)

In order to obtain the Fourier transform of Eq. 2.21, we can substitute it into Eq. 2.24 and use
2.22 in order to arrive at

P (ω) = ε0χ(ω)E(ω). (2.25)

We then also perform the Fourier transform of the response function χ(t) to express it as the
frequency dependent susceptibility χ(ω):

χ(ω) =
∫ ∞
−∞

χ(t)eiωtdt ≡ χ′(ω) + iχ′′(ω) (2.26)

This function, as shown by the right side, follows the real and imaginary part of the dielectric
susceptibility, χ′ and χ′′, respectively, which are defined as follows:

χ′(ω) =
∫ ∞

0
χ(t) cos(ωt)dt (2.27)

χ′′(ω) =
∫ ∞

0
χ(t) sin(ωt)dt. (2.28)

From these, we can use the Kramers-Kronig dispersion relation to arrive at expressions for the
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respective real and imaginary part of the dielectric permittivity that is also responsible for the
frequency dependence of the polarizability we saw in Fig. 2.10. Going one step further, we
can also take into account any dielectric losses that occur during the application of alternating
fields, with the two main mechanisms being non-zero resistivity and non-zero inertia. Especially
the former will play a role in our experiments, as it leads to problems for samples that have
excessive conductivity and thus do not allow full polarization. If we again assume a linear
response behavior, we can use time dependent terms for polarization and electric field, namely

E = E0e
iωt (2.29)

and

P = P0e
iωt+ψ. (2.30)

We can again use Eq. 2.12 in order to write the dielectric susceptibility as

χ = P0/(ε0E0)eiψ = (P0/(ε0E0))(cos(ψ) + i sin(ψ)) (2.31)

and then, after a comparison with Eq. 2.26, we arrive at

tan(ψ) = χ′′

χ′
. (2.32)

Returning to the flux density or electric displacement, we can take into account a shift of the
displacement vector by an angle δ relative to the applied electric field, which means that D can
be written as

D = Dei(ωt+δ). (2.33)

If we now go ahead and Fourier invert Eq. 2.14, we can use Eq. 2.26 to obtain

D(ω) = ε0(1 + χ′(ω) + iχ′′(ω))E(ω) = ε(ω)E(ω). (2.34)

Then, assuming that the overall susceptibility is the result of a contribution from several mech-
anisms, we can generalize this equation to:

D(ω) = ε0(1 +
∑
m

χ′m(ω) + i
∑
m

χ′′(ω))E(ω) = ε(ω)E(ω) (2.35)

From this, we can thus deduce that the dielectric function itself, akin to the susceptibility, is a
complex quantity with a real and imaginary part.

ε(ω) ≡ ε′(ω) + iε′′(ω) (2.36)
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ε′(ω) = ε0(1 +
∑
m

χ′(ω)) (2.37)

ε′′(ω) = ε0
∑
m

χ′′(ω) (2.38)

These are the two quantities that we will often encounter when discussing the results from
permittivity measurements that were performed on the samples that were also later utilized
for magnetoelectric measurements. To avoid any confusion, I have kept the scalar and tensor
notation of ε and ε, respectively, to keep these derivations in line with their source.32 For the
discussion of the real and imaginary components obtained via measurements, the regular ε will
be utilized in future sections.

2.2.2 Piezoelectric properties

The phenomenon of piezoelectricity can be observed in all crystals that are also ferroelectric.
As described in Ref. 33, if we apply a mechanical strain Z to a crystal, it results in the change
of electric polarization, while the application of an external electric field, which induces addi-
tional polarization, will also induce mechanical strain and deformation. The most well-known
everyday item that makes use of this phenomenon is the piezo ignition element found in lighters
or gas stoves, which use a spring loaded hammer to strike a piezoelectric crystal, often lead
zirconate titanate (PZT) or quartz. The sudden and forceful deformation of these crystals
produces a high voltage, which, through appropriate contacting, is used to generate the spark
needed for ignition.

Using the schematic one dimensional notation found in Ref. 33, we can write the piezoelectric
equations as:

P = Zd+ Eε0χ (2.39)

e = Zs+ Ed (2.40)

Here, P is the polarization, Z the mechanical strain, d the piezoelectric coefficient, E the
electric field, χ the dielectric suceptibility we have talked about above, e the elastic expansion
and s the elasticity coefficient. If we go to the tensor notation of the piezoelectric coefficient as
used in Ref. 32, we can write

eij = dkijEk (2.41)

to obtain a relation between elastic elongation eij and piezoelectric tensor dkij with the electric
field E. Similar to the notation we will see for magnetoelectric effects, this equation represents
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the converse piezoelectric effect, with mechanical strain being generated by the application
of an electric field. The direct piezoelectric effect, the generation of polarization through the
application of strain, can be more clearly shown by the following equation

Di = dijkσjk (2.42)

containing the uniaxial stress σ. The piezoelectric effect as such is a linear effect, but there can
also be quadratic effects, referred to as electrostriction, which is present in all crystals. The
single time we saw signs of only electrostriction and not just the much larger ME coupling was
during problems that were encountered during our converse ME measurement, as mentioned in
section 4.8.3.

2.2.3 Ferroelectrics and poling

Now that we know the principles behind polarization and piezoelectricity, there is one last
important material property that we must look at, namely the phenomenon of ferroelectricity.
In layman’s terms, it describes materials that display spontaneous polarization, but also allow
a reversal or switching of this polarization by the application of external electric fields, similar
to the concept of ferromagnetism that was described earlier. As explained in Ref. 32, of the 32
possible crystal classes, ferroelectricity can only occur in 10 of them, namely the polar classes
from the subset 21 noncentrosymmetric classes, of which all but one show piezoelectricity, but
not ferroelectricity. Conveniently, all (non-semiconductor) ferroelectrics are also insulators; they
are often referred to as ceramic ferroelectrics, rather than polycrystalline ferroelectrics. These
are the materials that will be utilized to form the ferroelectric phase in our magnetoelectric
composites. One important property that will be talked about in the sample preparation and
the results section is the ability to pole the samples. This is usually not explained in depth in
publications, so it shall be mentioned here in order to have a clear understanding of it when
it comes to its use for our ceramics. When a piezoelectric ceramic is formed, as will be done
from precursor powders in the synthesis section, we end up with randomly oriented grains as
far as their electric properties are concerned. Therefore, an untreated, freshly sintered material
is effectively a centrosymmetric material that cannot exhibit a piezoelectric effect, as explained
previously. In order to overcome this problem, the ceramic needs to be poled. This is achieved
by heating it above its ferroelectric Curie temperature, applying a strong external field, and then
cooling the sample down in the applied field. This leads to a switching of the electric domains
into directions that are more closely aligned to an external poling field. Obviously, a material
needs to be ferroelectric in order to be poled, so nonferroic piezoelectrics for example cannot be
poled. In our work, the poling is always performed in the same direction in which the electric
field will be applied (or the polarization measured) during the magnetoelectric characterization,
so that the majority of domain switching occurs in the direction the measurement setups are
most sensitive in.
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2.2.4 Landau-theory of phase transitions

In this thesis, we will often be dealing with phase transitions of ferroelectric constituents. In or-
der to understand their character, as to why we see ’smooth’ peaks and transitions rather than
abrupt ones, we must consider the different types of phase transitions that can be encountered.
The following explanations are based on Charles Kittel’s well-known textbook "Introduction to
Solid State Physics".33

To obtain a consistent thermodynamic theory for the behavior of such crystals, we will utilize
the free energy, as it will also be seen in the description of the magnetoelectric effect itself.
More precisely, we expand the Landau free energy with regard to the polarization P in one
dimension. We can write

F (P, T,E) = −EP + g0 + 1
2g2P

2 + 1
4g4P

4 + 1
6g6P

6 + ... (2.43)

with the temperature dependent coefficients gn, assuming that we’re not dealing with materials
that have non-analytical ranks in the vicinity of the phase transition, or singularities etc. As the
value of P is given by the minimum of F (P ) in thermal equilibrium, we can set the differential
to zero and write

∂F

∂P
= 0 = −E + g2P + g4P

3 + g6P
5 + ... (2.44)

to obtain the equilibrium polarization in an applied electric field E. As described by Cullity
and Graham,23 we assume the sample to be a long bar in this case, with the electric field being
applied parallel to the longitudinal side. In order to attain a ferroelectric state, we need to
assume that the coefficient g2 from Eq. 2.43 goes through zero at a specific temperature, which
we will here refer to as T0 in order to avoid confusion with the Curie temperature TC used
elsewhere in this thesis. We can therefore write

g2 = γ(T − T0) (2.45)

with the positive constant γ. As previously mentioned, coefficients like g2 are temperature
dependent, which can be traced back to thermal expansion and other anharmonic lattice in-
teractions. In this case, a small value of g2 indicates a softer lattice that is easily destabilized,
while a negative value points towards the unpolarized lattice becoming unstable.

Second order phase transitions
With the groundwork having been established, we can now observe the two different types
of phase transitions. For the second order phase transition, we assume g4 in Eq. 2.43 to be
positive, in which case g6 has no influence and can be neglected. Further assuming no external
applied field, Eq. 2.44 gives us the following relation
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γ(T − T0)PS + g4P
3
S = 0 (2.46)

such that the two cases

PS = 0 (2.47)

and

P 2
S = γ

g4
(T0 − T ) (2.48)

exist to solve this equation. In the case of T ≤ T0 there is only one real solution to Eq. 2.46
which lies at PS = 0 due to the fact that γ and g4 are both positive. In this case, it means that
T0 is in fact the Curie temperature and we have T0 = TC . In case of lower temperatures when
T ≥ T0 is valid, the minimum of the free energy is given by:

|PS| =
γ

g4

1
2 (T0 − T ) 1

2 (2.49)

This is generally referred to as a second order phase transition, characterized by a discontinuous
jump upon reaching TC .

First order phase transitions
If g4 in Eq. 2.43 becomes negative, then g6 can no longer be neglected, as otherwise, F would
tend towards negative infinity. Using Eq. 2.44 with E = 0, we arrive at

γ(T − T0)PS − |g4|P 3
S + g6P

5
S = 0 (2.50)

and again have two possibilities to solve it, either by setting PS to zero like in 2.47 or by the
relation

γ(T − T0)− |g4|P 2
S + g6P

4
S = 0. (2.51)

For our phase transition, this means that the free energy F for the paraelectric phase above
TC and the ferroelectric phase below it must become equal at TC . Effectively, the value for
F at the point PS = 0 must be equal to the value we obtain at the minimum of Eq. 2.51.
This is characterized by an abrupt change upon reaching the transition temperature. One well-
known example is the Curie temperature of BTO, as shown in Ref. 33, which is logical when we
consider that the cubic phase above TC has no inherent polarization. It is this phase transition
that causes the sharp peaks to appear in electric permittivity measurements on our composite
samples, for example in Fig. 6.43.
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2.3 Magnetoelectric coupling coefficient

We have now obtained a general overview of basic magnetic and electric sample properties,
some of which we will directly measure, and many of which have a direct influence on the ME
coupling. The next step is the development of a model for the coupling itself, which we can
then use to analyze our data. For this purpose, we will now derive the necessary mathematical
correlation that is going to be used to evaluate the results from our converse magnetoelectric
measurements, which are described in detail in chapter 6. The main body of the following
explanations is based on the compact but comprehensive review by Eerenstein et al.,34 which
is a highly recommended read for all those wishing to obtain a general overview of the devel-
opments of magnetoelectrics in the past decades.

As always with theoretical derivations, we will start out with well-defined model systems in
order to build up the main body of mathematical relations, and then adapt it to our samples.
These are of course complex and polycrystalline, enabling certain simplifications, allowing us
to end up with the straightforward model of calculating the converse coefficient that will be
described in section 6.2.1. Starting off with the ME effect in single-phase crystals, we again
describe it in terms of Landau theory, as it is often done in literature,35,36 using the free energy
F in dependence of the applied magnetic and electric field H and E, respectively, with their
i-th components being given by Hi and Ei. We further assume that the material is non-ferroic,
and that in the absence of applied electric or magnetic fields, both the temperature dependent
electrical polarization Pi(T ) as well as the magnetization Mi(T ) are zero, with no hysteresis
effects being considered. Furthermore, we assume a stress free medium that is infinite and
homogeneous, thus being able to write the free energy as

−F (E,H) = 1
2ε0εijEiEj + 1

2µ0µijHiHj + αijEiHj + 1
2βijkEiHjHk + 1

2γijkHiEjEk + ... (2.52)

using the Einstein summation convention in S.I. units. In essence, it is the first three terms
that are of importance to us, with the third one being the decisive factor we are after. All of
these factors, as visible by the ij notation, are second rank tensors, with the following third
rank tensors βijk and γijk representing higher-order magnetoelectric coefficients. Going through
them, we start with the first term, which describes the overall contribution that stems from the
electrical response of the system to an electric field, with the well-known dielectric permittivity
of free space ε0 and the relative permittivity εij(T ) that we will also directly measure later on.
In non-ferroic materials, it can be assumed to be independent of Ei. The second term gives us
the magnetic response to an applied magnetic field, basically representing the magnetic equiv-
alent to the first term, with the permeability of free space µ0 also being a well-known physical
constant, while the relative permeability is given by µij. The part we are most interested in is
αij in the third term, representing the linear magnetoelectric coupling, which is exactly what
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we will measure on our composite samples.

When we look ahead at how the ME effect is measured, namely by the application of electric
or magnetic fields in order to observe the resulting magnetic and electric response, it is obvious
that we want to obtain our above relation in the form of either Pi(Hj) for the direct or Mi(Ej)
for the converse ME effect. We will mainly deal with the latter, so we differentiate F with
respect to Hi and then set Hi = 0, arriving at the more familiar form

µ0Mi = αijEj + 1
2γijkEjEk + .... (2.53)

The complementary relation for polarization can be written in the same manner:

Pi = αijHj + 1
2βijkHjHk + .... (2.54)

We can now include some valid assumptions regarding the systems we are going to measure,
which are ferroic materials, in which εij as well as µij display field hysteresis, while it also has to
be observed that such materials can be better parameterized in terms of resultant rather than
applied fields.34,37 The cause behind this, which will also be discussed in the results section,
is the significant demagnetizing field that is present in finite media, being strongly dependent
on their shape. We can therefore use an approximation38 in which we represent the resultant
electric and magnetic field by the polarization and magnetization in our samples, which are
obtainable through established measurement methods.

We already know that the materials, on which we will perform quantitative magnetoelectric
measurements, are ferrimagnetic as well as ferroelectric, which often means that these materials
have a large permittivity ε and permeability µ. It results in a boundary condition for αij through
the diagonalized tensors εij and µij, which can thus be written as39

α2
ij ≤ ε0µ0εijµij. (2.55)

This equation can be obtained directly from Eq. 2.52 by ignoring the higher-order coupling
terms and thereby forcing the sum of the first three terms to be greater than zero.

There is of course the possibility of non-linear coupling, which would necessitate the use of
higher order coupling terms. In some materials, like in certain piezeoelectric paramagnets,40

βijk can indeed be of greater magnitude than αij and play a dominant role in the overall ef-
fect. In our case however, we shall only deal with materials in which the linear effect is clearly
dominant. As mentioned in Ref. 1, the great majority of the measurements concern only the
linear ME effect, and it has become acceptable to omit the ’linear’ prefix when referring to
the ME effect in general, as it’s clear that it’s almost always the linear one that is of interest.
While it is theoretically possible to also characterize higher order effects, it would require some
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experimental effort10 that negates the practicality of our setup, so no such attempts were un-
dertaken this far. Also, it was suggested in Ref. 34 that the proper investigation of such effects
should be performed with magnetic materials of reduced dimensionality, which would make our
composites with their complex 3D structures less suitable.

Another factor we need to look out for is the type of coupling present in our samples. As it
was mentioned in the introduction, our composites make use of strain coupling between the
piezoelectric and piezomagnetic constituents, which is an indirect type of coupling. If we want
to take this into consideration, we would need to add cross terms in Eq. 2.52 to account for mag-
netostriction, and the modification of strain by the applied magnetic field, for which theoretical
calculations predicted further mixed terms.41 However, the boundary conditions set by Eq. 2.55
do not restrict the strength of such indirect coupling, and indeed, much greater effects have
been measured when compared to single-phase systems.42 It is for this reason, among others,
that we will only evaluate results from these indirectly coupled composite materials numerically.

We now want to arrive at a simple formula that we can use to determine the coupling coefficient
in our materials. As correctly noted by Eerenstein et al.,34 in order to perform experimental
magnetoelectric measurements, a number of challenges need to be addressed, the most impor-
tant issue being the conductivity of the sample leading to leakage currents, which has to be
overcome by the use of sufficiently insulating samples. Even in the preliminary measurements
we will present later on in chapter 6, excessive conductivity poses a problem for the recording
of ferroelectric P(E) loops, as it was already discovered in earlier works.37,43 We will discuss
this problem extensively in section 4.8.1, and explain how it may influence the outcome of
our measurements, while also showing ways on how to detect any stray signals from conduc-
tivity effects. For indirect measurement methods, Eerenstein et al.34 also warned of effects
when measuring dielectric constants near magnetic transition temperatures, as any results may
come from magnetoresistance effects alone, rather than magnetoelectric coupling, which was
described in an article by Catalan et al. that is aptly titled "Magnetocapacitance without mag-
netoelectric coupling".44 We, however, are going to measure the effect as a magnetic response
to an applied electric field, referred to as the converse ME effect, while some measurements
of the direct effect, the electric response to applied magnetic fields, were performed in the
group of Prof. Doru C. Lupascu (University of Duisburg-Essen). In such measurements, the
time-integrated current per unit area from Eq. 2.54 directly represents the magnetically induced
change of polarization, which would give us dP/dH when referring to the change of polarization
or dE/dH when referring to the change of electric field. The latter results in the expression for
the direct ME coupling coefficient αD, also known as the magnetoelectric voltage coefficient,
written as

αD = dE

dH
. (2.56)
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The same is also true for the complementary Eq. 2.53, so that we end up with the simple
equation

αC = µ0
dM

dE
, (2.57)

in which we henceforth use αC to denote the converse ME coupling coefficient, in order to set it
apart from the direct coefficient that results from the magnetic field induced polarization. In a
simple linear approximation, the direct and converse coefficients are identical due to Maxwell’s
relations, as explained in Ref. 45, with purely piezoelectric cases being shown in Ref. 37 while
the magnetoelectric coefficients were also discussed in Ref. 36.

Figure 2.11: Heckmann diagrams showing magnetoelectric coupling coefficients and their in-
verse (a) and the product properties (b). The dashed green line represents the
relation given by Eq. 2.57 while the red lines show the indirect path of strain cou-
pling as utilized in the composites discussed here, via the piezoelectric coefficient
d, the stiffness c∗, and the piezomagnetic coefficient q. Adapted from Ref. 45.

To obtain a clearer picture of our indirect path via strain coupling, one can take a look at
Fig. 2.11 that showcases the relation between electric, mechanical and magnetic properties,
as well as the interrelation between the thermodynamic material fields. It is based on the
original textbook-based Heckmann-diagram46 using the form that was implemented by Spaldin
and Fiebig2 with added parameters as used in Fig. 12 of our joint GAMM-Mitteilungen.45 In
this publication, all eight possible coefficients are differentiated, which, in the linear case, are
pairwise identical. To make it clear, the coefficients were written in a slightly different A→B
notation in order to showcase which action A yields the response B,

αH→Pij = αPij (2.58)
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and in the same manner

αE→Mji = αMji (2.59)

while we can state that the two coefficients are equivalent such that

αH→Pij ≡ αE→Mji . (2.60)

This was included just to clearly show the relation between the two coefficients in the case of our
system. In the literature, there are works that clearly state that the direct and converse coupling
coefficients are equivlanet,47,48 while others state the opposite.49,50 Works that state the latter
are often performed on laminate systems at high frequencies to make use of resonance effects,
while we will be using low frequencies in our work. Even so, despite considerable numerical
differences between the two coefficients being reported, the magnetic and frequency dependent
curves show equivalent shapes (see Fig. 5 and 6 in Ref. 49) and are often described to be very
similar to each other.51 We can therefore state that our assumption of equivalence of αC and
αD holds true and we’ll be able to compare their qualitative dependence on external parameters.

In terms of being able to convert the direct to the converse coefficient and vice versa, we refer
to the work of Wu et al.52 who compared the direct and converse ME effect in laminated
composites. As also explained in Ref. 21, they determined that for the direct effect, the ME
voltage coefficient can be expressed through αD as

αD = dE

dH
= α

ε0ε
(2.61)

while the converse coefficient is given by

αC = dB

dE
= α. (2.62)

This leads to the conversion formula

αD = αC
ε0ε

. (2.63)

As we can see, this conversion strongly depends on the permittivity ε, which provides the main
factor between αD and αC , while introducing a strong frequency dependence. This also ex-
plains the striking difference that some authors49,50 saw in their results, especially when high
frequency measurements of laminate samples in resonance are concerned. We will therefore
only make a qualitative comparison between direct and converse ME results in this work, as
only one sample has the full set of results from both measurement methods, while the majority
of the results is based only on the converse ME coupling coefficient. Furthermore, instead of
using the more cumbersome notation of αE→Mij , we will instead keep using αC as an indicator
that the converse coefficient is being given for experimental results, determined from the mag-
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netization that was induced by the application of an electric field. Going further, we need to
consider the orientation of our sample relative to the electric and magnetic fields, which also
includes the direction of polarization and magnetization. As explained above, we moved away
from the tensor notation due to the complexity of our ceramics, but that makes it necessary
to somehow define the orientations through our experimental procedure. In the case of a poly-
crystalline or multidomain material, as explained in Ref. 45, the orientation of polarization (or
magnetization) is not defined by the crystal orientation, but becomes a function of the effective
polarization state. We thus use the notation α33 and α31 to denote orientations of the sample
with respect to the polarization direction and the applied magnetic field, with latter being
turned from its out of plane direction (3) into the in plane direction (1) during the course of
our experiments. This is also referred to as the longitudinal and transverse magnetoelectric
measurement, with the former being performed with all fields parallel to each other and per-
pendicular to the sample surface, while the latter uses a perpendicular magnetic field parallel
to the sample surface. As we will only discuss this for one sample set in the results section,
we will not use any extra notation for the other sample sets we will characterize in the following.

Eerenstein et al.34 also mentioned that the strategy we use here of purposefully engineering
composites that show high ME coupling through indirect strain transfer offers several advan-
tages. Apart from the coupling limit of Eq. 2.55 being lifted, it allows one to individually
optimize each phase separately, which is not possible with single phase materials. They go on
to explain that epitaxial thin films offer the potential for precise ME studies due to their well
defined nature thanks to precise control of thickness, interfacial quality and crystallographic
orientation. However, measurements of α in such systems have not been forthcoming, often
due to the effect of clamping from the underlying epitaxial structure as well as the substrate.
Still, we should keep the potential of thin films in mind for our final discussion in chapter 8.

If we consider our chances of properly modeling the behavior of our complex composite systems,
it quickly becomes apparent that this is an extremely difficult task,53–56 although it has been
attempted for one of our sample systems.57 We will therefore use our experimental definitions
for sample orientation and resulting converse coupling coefficient without detailed calculations.

Finally, we must also take note of remanent polarization and magnetization effects that can
alter the response of the system, which, for example, cause the coupling coefficient to become
a function of the orientation of the poling state.

αPij = αPij(Prem,Mrem) (2.64)

The same is true for any remanent magnetization that may be present in the system. This is
mainly valid for composite samples, as the crystal orientation itself determines the orientation
and value of the coupling tensor in intrinsic multiferroics. However, experimentally, we will not
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have any problems with these remanences, as both the electric and magnetic field are externally
applied to the sample, with their magnitudes overpowering any potential remanent fields, at
least in the field ranges we will be using for our studies. Some effects through remanence and
self-biasing will be discussed in the results section, but these effects are usually not of interest
for potential technical applications, and are often superimposed by other effects such as the
trapped flux in the superconducting magnet of our setup.

Generally speaking, we now know that we can determine αC with the simple Eq. 2.57 for our
system of magnetoelectric composites. Although thin films would be much more adequate for
precise ME studies, their low ME effect and the more complicated fabrication methods make
our composites a more suitable candidate for studies that may not have the highest mathemat-
ical precision, but are based on robust and reliable measurement methods, as we will see in
chapter 4.

One last factor we need to take into consideration is the dependence of the magnetoelectric
coefficient on the magnetostriction. Although we have introduced the effect of magnetostriction
in section 2.1.4, we need some additional knowledge to interpret the field dependent curves of
the induced ME magnetization, referred to as ME(H) in the following. If we briefly return to
the tensor notation, we can write Eq. 2.59 as follows, using the external stress σ:

αE→Mij = αMij (H) = µ0dMi(H)
dEj

= µ0dMi(H)
dσmn

· dσmn
dεkl

· dεkl
dEj

= qimn · c∗mnkl · djkl. (2.65)

This is equal to the effective magnetoelectric coefficient αE→M that is shown in Fig. 2.11.
We are thus able to see that the ME response tracks the magnetic field dependence of the
magnetostrictive strain coefficient, which, thanks to Maxwell’s relations, can be written as

qikl(H) = dλkl(H)
dHi

= µ0dMi(H)
dσkl

, (2.66)

with λkl being the magnetostrictive strain coefficient58 that we introduced in section 2.1.4 while
djkl represents the piezoelectric tensor. Normally, one can assume that λkl and εkl are equivalent,
which certainly holds true at phase boundaries between magnetostrictive and piezoelectric
phases. However, as we will see in microscopy images in the results section, the vast majority
of the material is not at the interface but in a volume around it, while still experiencing an
effective stress upon electric or magnetic field applications. Therefore, as it was included in the
previous Eq. 2.65, we need an effective stiffness c∗mnkl = dσmn/dεkl that provides the transfer of
interface constraint to the material volume, thus giving us the overall response of our sample
system to external field applications. Regarding the question of how to include this into our
evaluation, we again face the problem of our composites being rather difficult to properly model.
This also has to do with the connectivity scheme, which will be dealt with in the next section,
followed by the final explanation of its effects on our modeling.
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2.3.1 Connectivity schemes for magnetoelectric ceramics

Connectivity is a very critical parameter for magnetoelectrics, basically giving us a rough
representation of the dimensionality of connectivity patterns within the sample. The notation
we use here is valid for biphasic solids,59 which represent the magnetoelectric composites that
we are going to be dealing with in this thesis. In total, there are ten important connectivity
patterns, but we will concentrate on the ones that are of significance to our experimental work.
Denoted in the form of (x-y), the first digit gives us the magnetostrictive constituent, while the
second digit represents the ferroelectric one, with the possible numbers 0, 1, 2, and 3 displaying
what can be described as the number of dimensions in which the material has continuous
connections.

Figure 2.12: Examples of connectivity schemes in biphasic composites, with the first digit rep-
resenting the dimensionality of the magnetostrictive (red), and the second digit of
the piezoelectric phase (blue).

A digit 0 therefore represents no significant spreading in any direction, valid for nanoparticles
or comparatively small grains, while the digit 3 points towards a material that shows significant
expansion in all directions (matrix material). Similarly, a digit 1 would indicate an expansion
in only one direction, such as thin bars that were also the subject of previous cooperations,60

while a digit 2 stands for a spread in two dimensions, such as a thin film layer. Therefore, a
(0-3) connectivity would consist of magnetostrictive nanoparticles embedded in a ferroelectric
matrix, while the (3-3) connectivity stands for a completely mixed phase system in which both
constituents extend in all dimensions. A schematic representation of these examples is given in
Fig. 2.12. The decision on the use of different schemes rests in the question of which aspects one
wants to look at, either maximizing the interface, or making use of certain shape anisotropies
for specialized applications. Each scheme has its own advantages and drawbacks, the decisive
factor always being the specific properties of the two constituents. In our case, for example
with the CFO-BTO system, the (0-3) scheme was highly advantageous, as the high electric
resistance of the BTO phase allowed effective electrical poling, while upon reversal to (3-0), it
was observed that a CFO matrix had excessive conductivity, rendering certain measurements
impossible. Nevertheless, due to the fact that applications exist for such a system,61,62 attempts
were made to obtain ME results for (3-0) samples as well.
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With the different connectivity schemes established, we can return to the topic of the previous
section and formulate our final remark on the possibility of modeling the response of our com-
posite ceramics to applied external fields, as it was performed in Ref. 45. The main question
revolved around the effective stiffness c∗mnkl and how one might take it into account. Looking
through the literature, we find analytical expressions for the overall coupling coefficient α33 in
longitudinal direction,58 as the volume fractions and numerous elastic constants were attainable
due to the well defined nature of the samples used. There were also theoretical predictions for
(1-3) connectivities53 that represent magnetostrictive pillars in a ferroelectric matrix, which
were also successfully measured60 in the course of a previous cooperation of our group.

However, when we arrive at (0-3) or (3-3) connectivities, it becomes extremely difficult to
properly determine c∗mnkl. There are possibilities through finite element structures57 and by
embedding the respective materials in an insulating matrix in order to achieve converging mod-
els,53,54 but this would certainly go beyond the scope of both this work, and our main goal to
measure and improve the magnetoelectric coupling in our sample sets via macroscopic mea-
surement methods.

Instead, we can make assumptions based on our experimental work, in which we will deal with
only two sample orientations, longitudinal and transverse, as previously discussed. If we apply
these limitations to Eq. 2.65, it breaks down to a scalar equation. Using only the longitudinal
case as an example, we arrive at

αL33 = c∗l,effective · ql · dl (2.67)

in which an applied electric AC field EAC leads to the magnetoelectrically induced magnetic
moment MME,AC . In strain coupled multiferroics, we can thus write

MME,AC = c∗l,effective · ql · dl · EAC (2.68)

where dl is the longitudinal piezeoelctric coefficient of the ferroelectric phase while ql is the
equivalent piezomagnetic coefficient of the magnetostrictive phase.52 As before, due to the
effective stiffness not being readily obtainable, it is common in experiments to use a simple
proportionality between electric field an magnetic moment, such that

MME,AC ∝ qldlEAC = αCEAC . (2.69)

Indeed, our determination of the converse ME effect is based on the straightforward proportion-
ality that is offered by Eq. 2.57, summing up the proportionality from the respective coefficients
into one overall parameter αC that is used to judge the quality of the respective ME compos-
ite ceramic. As previously mentioned, we will not delve into higher order effects, as they are
strongly overpowered by the linear effects in our samples. We can thus conclude that although
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we may lack the detailed theoretical possibilities that other connectivity types would allow to
be used, our composites, albeit complex and not straightforward to model, provide a simple
and robust method of obtaining a good overall idea of the strength of magnetoelectric coupling.



3 Physical properties of the constituents
This chapter contains information on the basic crystalline, electric and magnetic properties of
the sample systems that were examined in this thesis, providing insight as to why these systems
were chosen for our studies to begin with. It will also provide references to the most important
publications and gives a general overview of the current knowledge base for these systems and
their advantages as well as the inherent problems associated with their use.

3.1 Bismuth ferrite

Bismuth ferrite, BiFeO3 (BFO) has been a material of great interest for a long time, but until
now, still has not seen any widespread use in applications. For the best overview from a single
publication, I can recommend the extensive review by G. Catalan and J. F. Scott on the physics
and applications of bismuth ferrite,63 while Park et al.64 provide the most detailed information
on the influence of nanoparticle sizes on the properties of BFO. It is a G-type antiferromagnet
up to a Néel temperature of 653K,65 often misquoted to be 640K,66 and is ferroelectric up to
1100K,67 placing its ordering temperatures high above room temperature. For application pur-
poses, this means that we won’t see any significant temperature dependent variation in electric
and magnetic properties in the range around room temperature. It crystallizes in a rhombo-
hedrally distorted perovskite crystal structure (space group R3c), which is generally regarded
as the underlying structure behind its ferroelectricity. The Bi3+ and Fe3+ cations are displaced
along the hexagonal [001] axis, which leads to a spontaneous polarization in this direction. An
overview of this crystal structure is given in Fig. 3.1.

The Fe3+ cations in BFO are characterized by a canted antiferromagnetic ordering, with a
magnetoelectric coupling to the polarization having been identified as the cause for the small
canting angle by Kadomtseva et al.,68 who were the first to refer to the potential for BFO to
become the "single phase, room temperature magnetoelectric ’holy grail’". One of the decisive
Mössbauer works by Blaauw et al.69 had already discussed that there must be some kind of
inherent magnetic structure in addition to antiferromagnetism as such, discovered by nuclear
magnetic resonance (NMR) and Mössbauer spectroscopy, which will be discussed in the results
section. However, no complete characterization was possible at that time, and it was only much
later that a long range ordering in the form of a cycloidal spin structure of the Fe3+ magnetic
moments had been discovered by Sosnowska et al.,70,71 who characterized it in detail for the
first time via neutron diffraction studies. It was thus known that this spin cycloid, which has
a length of about 62 nm and is incommensurate with the crystal structure, propagates along
the hexagonal [110] direction, with the magnetic moments being located in a plane defined by
the propagation direction and the polarization vector. This is shown schematically in Fig. 3.1,
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with the magnetic moments being represented by arrows, revealing their rotation in the plane
defined by the hexagonal [110] axis (propagation direction) and the polarization axis [001]. This
rotation is strongly exaggerated to more easily visualize this behavior. It is this spin structure
and its magnetoelectric origin that our own Mössbauer studies will focus on.

Figure 3.1: Crystal structure of BFO with arrows depicting the magnetic moments of individual
Fe3+ ions and the (exaggerated) rotation of these while moving along the [110]
direction. O2− ions have been omitted for clarity. Adapted from Ref. 72, reprinted
with permission.

The main motivation for our use of nanoparticles was a number of recent publications that
showed the magnetic properties of BFO to be significantly altered when in the form of thin
films or nanoparticle samples, or in other words, when the dimensions are constrained so much
that they approach the length of the cycloid.73–78 A number of explanations have been put
forward, as we have summarized in our own publication,72 such as oxygen vacancy effects,79

modified spin canting by lattice strain76,78,79 and uncompensated magnetic moments.64 It was
especially the latter publication by Park et al.64 that discussed higher than expected saturation
magnetizations of ca. 1.5Am2/kg for nanoparticles with diameters smaller than 62 nm that
seemed extremely promising. Spurred by these results, we were aiming to find the key to
BFO with not just spontaneous polarization, but also magnetization, with the additional hope
for the ability to use ferroelectric switching to influence the magnetic properties. Due to the
fact that one of our samples had a mean diameter of 54 nm, we wanted to obtain a thorough
understanding of the influence of the small particle size on the spin cycloid, which was to be
achieved through a detailed Mössbauer study.
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3.2 Cobalt ferrite

In order to understand the coupling phenomena of magnetoelectric composites, it’s necessary to
familiarize oneself with the basic properties of the main materials used. Cobalt ferrite, CoFe2O4

(CFO) is a very popular constituent in magnetic applications and thus also in magnetoelectric
composites due to its high saturation magnetization, high coercive field and large magnetostric-
tion. In the following, some light will be shed on its magnetic and structural characteristics.

Figure 3.2: Crystal structure of CFO showing a Co2+ ion on an A- and a Fe3+ ion on a B-site, be-
ing tetragonally and octahedrally (blue lines) surrounded by O2− ions, respectively.

CFO crystallizes as an inverse spinel (space group Fd3m), corresponding to a cubic crystal struc-
ture with oxide anions arranged in a cubic close packed lattice (lattice parameter 8.392Å). As
shown in Fig. 3.2, Fe3+ cations of the standard AB2O4 unit cell are placed on sites where
they are either tetragonally (A-site) or octahedrally (B-site) surrounded by oxygen, with the
distribution of the ions across these sites defining the degree of inversion. In a normal spinel,
the Fe3+ ions are found only on B-sites, while an inverse spinel is characterized by Fe3+ ions
being distributed equally across A- and B-sites. As the ferrimagnetic properties are dependent
on the distribution of magnetic moments of the Fe ions across these two sites, it’s obvious
that the magnetic properties of a spinel system are strongly influenced by the degree of in-
version.80,81 Below its relatively high Curie Temperature of 860K, bulk-CFO is known to
possess a long-range collinear order due to antiferromagnetic superexchange interactions. As
described in detail by Kim et al.,82 there are several different types of exchange interaction
in CFO that were characterized in detail via Mössbauer spectroscopy. For samples that were
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cooled slowly during synthesis, giving them enough time to achieve thermal equilibrium for
good crystalline ordering, the main interactions were represented by the intersublattice A-B
superexchange interaction, as well as the intrasublattice A-A superexchange interaction, with
respective strengths of JAB = −25 kB and JAA = −19.8 kB. Generally speaking, Mössbauer
spectroscopy is a valuable tool to determine not only exchange interactions in spinels but also
to precisely determine their degree of spin canting and the inversion parameter. For bulk-
CFO, these properties provide a positive first-order magnetocrystalline anisotropy constant K1

of 2 · 106 ergs/cm3, greater than that of other spinel ferrites by about an order of magnitude.
Furthermore, it has a high saturation magnetization83 of 80Am2/kg, in addition to a coercive
field as high as 0.58T.84

If we want to look at the magnetic structure of CFO in detail, we can refer to the extensive
Mössbauer studies of Kim et al.,82 who applied the Néel theory of ferrimagnetism to more
closely understand the superexchange interactions intrinsic to this material. For a more gen-
eral overview, there are a number of well-known publications that deal with superexchange
interactions in ferrites.85,86

Further interesting properties of CFO include hardness, resistance against mechanical wear,
and quite critically, electrical insulation, making it suitable for application as constituent for a
magnetoelectric composite. However, as we will see later on, the conductivity of this material
is still sufficient to cause problems during our measurements. Going further down this route
to usability, it has long been known that CFO has a relatively large saturation magnetostric-
tion λ100 of 800·10−6 as determined by Bozorth et al.87 in their well-known 1955 review of
anisotropy and magnetostriction in ferrites, allowing its use in strain-coupled systems, in which
magnetically induced deformation of CFO is used to exert a force on another constituent at
the respective interfaces. Conversely, a piezoelectric constituent can be used to apply forces to
the CFO phase, inducing a net magnetization.

Furthermore, when dealing with CFO nanoparticles, size effects also come into play, with
decreasing particle sizes leading to a lower high field magnetization due to strong surface spin
frustration, as well as to a more complex size dependence of the coercive field.88–90 While this
seems to go against our goals at first, nanoparticles also offer the advantage of providing a very
large surface area per volume, with the goal being the maximization of the overall interface
between CFO and a piezoelectric phase. However, as we will see in the synthesis chapter,
particles are subject to agglomeration, which often hinders such efforts. The overall aim is
therefore to make use of the advantageous properties of CFO for the formation of multiferroic
composites, attempting to utilize nanosized particles to maximize the interface, while avoiding
the shortcomings such as reduced magnetization and potential agglomeration.
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3.3 Nickel ferrite

Used at the very end of our experimental history, nickel ferrite, NiFe2O4 (NFO), is rather
similar to cobalt ferrite, with the obvious difference that the respective lattice positions are
occupied by Ni2+ rather than Co2+ ions. It also crystallizes as an inverse spinel, with a similarly
high Curie temperature of 858K.83 It’s a soft magnetic material that shows some advantageous
properties for ME applications, such as a high magnetomechanical coupling factor91 and a large
change of field dependent magnetostriction. Latter is caused by the lower anisotropy constant
for nickel ferrites (Keff = 1 · 104 J/m3)92 compared to cobalt ferrite (Keff = 1− 4 · 105 J/m3),92

leading to fast magnetic alignment (low coercive field). Furthermore, the importance of the
magnetomechanical coupling factor was only uncovered at a later stage of our research, which
explains why NFO was only used in the last sample set that was evaluated.

3.4 Barium titanate

Figure 3.3: Variation of cell parameters with temperature in BaTiO3 crystals, data taken from
Ref. 93, reprinted with permission.

Barium titanate, BaTiO3 (BTO), is a piezoelectric material with ferroelectric character, making
it highly suitable for our use in magnetoelectric composites. It crystallizes in a perovskite struc-
ture, depicted in Fig. 3.4, with unit cell parameters consisting of a=b=3.992Å, c= 4.036Å
and a tetragonality value of c/a=1.1011, and undergoes a number of phase transitions in its
bulk form, as shown in Fig 3.3. It is rhombohedral at temperatures below -90 ◦C, orthorhombic
from -90 ◦C up to 5 ◦C, tetragonal between 5 ◦C and 120 ◦C, and cubic above 120 ◦C, as sum-
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marized in Ref. 93. The high temperature cubic phase is of no interest for our purposes, as no
spontaneous polarization exists in this phase, and although an external electric field can induce
a polarization in the same direction, it reverts to zero when the field is removed. However,
the tetragonal phase causes the Ti4+ ions to move in the [001] direction, inducing a dipole
moment in the unit cell. We can explain this microscopically by regarding the ionic radii of
Ti4+ and O2−: The sum of both radii is roughly 0.196 nm while the distance between the nuclei
is 0.2005 nm, which means that there is a residual space between the ions of 4.5 · 10−3 nm that
allows for movement of the Ti4+. It is this movement that allows for polarization along six
possible [001] directions, which means that the most interesting phase for ME applications is
the tetragonal one. It furthermore covers the area near room temperature, which is of course
highly practical from an application point of view. It is in this temperature range where most
of our measurements on composite systems took take place.

Figure 3.4: Crystal structure of BTO.

3.5 Barium calcium zirconate titanate
Used at a later stage in the experimental history behind this thesis, the barium calcium zir-
conate titanate (Ba,Ca)(Ti,Zr)O3 or BCZT system was the result of BTO being doped with
Ca and Zr ions, with the aim of modifying the phase boundaries described in the previous
section (3.4). The main motivation behind its usage was the desire to obtain higher ME effects
using different constituents, after the possible improvements to the classic CFO-BTO system
through connectivity and morphology modifications seemed to have been exhausted. Another
reason were the restrictions imposed on the usage of Pb-based piezoelectric constituents through
the Restriction of Hazardous Substances Directive (RoHS) and European Union (EU) regula-
tions, as explained in Ref. 94. This means that the well-known and excellent piezoelectrics
Pb(Zr1−xTix)O3 (PZT) and (1− x)Pb(Mg1/3Nb2/3)O3 − xPbTiO3 (PMN-PT) as described in
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Ref. 95 and 96, respectively, could not be utilized. While not of large concern for experiments,
the Pb content would prohibit any use for application purposes. In a large number of rather
recent publications,97–103 it was reported that a very high piezoelectric effect had been observed
in the system

(1− x)Ba(Zr0.2Ti0.8)O3 − (x)(Ba0.7Ca0.3)TiO3 or (1-x)BZT-xBCT,

making it a very promising candidate for the replacement of pure BTO and an alternative to
Pb-based systems as a piezoelectric constituent in ME composite ceramics. Its longitudinal
piezoelectric coefficient d33 has been reported97 to be over 600 pC/N, which is even higher than
that of the Pb-based PZT97,104 and also higher than the 191 pC/N of BTO.105

Like with BTO, we are also interested in the structural phase transitions that are intrinsic to
this material, and its possible modifications. The phase transitions and their characteristic
impact on converse ME measurements are a valuable tool not only to optimize the ME effect,
as will be shown in section 4.7.1, but also allow us to check for any stray signals produced by
conductivity effects that might lead to an ’apparent’ ME coupling, as explained in 4.8.1.

Figure 3.5: Temperature and composition dependent phase transitions of BCZT with poly-
morphic (red line) and morphotropic (blue line) phase boundaries, adapted from
Ref. 106, reprinted with permission.

When regarding the influence of the dopants, it was found, with regards to the parent phase
BTO, that the addition of Zr shifts the tetragonal-orthorhombic as well as the orthorhombic-
octahedral phase boundaries towards higher temperatures. However, in case of solid solution
that contains both dopants, these relations become more complex.104,107 We can visualize this
by looking at the phase diagram shown in Fig. 3.5, which contains both polymorphic (red line)
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and morphotropic (blue line) phase boundaries (MPB), with studies having been performed on
the piezoelectric properties and energy barriers of ceramics with compositions near the MBP.98

In literature, a polymorphic boundary is known to be driven by thermodynamic variables,108

while a morphotropic boundary is driven mainly by the material’s composition.

Figure 3.6: Temperature dependence of the elastic compliance of 0.5BZT-0.5BCT, taken from
Ref. 109, reprinted with permission.

At this point, we refer to the work of Cordero et al.109 who recorded the elastic response
of BCZT with different compositions. They observed that the MPBs separate phases with
different orientations of polarization, expecting to see exceptionally high piezoelectric activity
near such boundaries. They remarked that the flattening of the free energy with respect to
the polarization direction is responsible for the enhancement of the piezoelectric coefficient, as
it was discussed in other works,110,111 while the precise mechanism is not not quite clear yet.
Two explanations were proposed: The existence of an intermediate monoclinic phase, allowing a
continuous transition between the tetragonal and rhombohedral phase via a continuous rotation
of the polarization,112,113 which was also elucidated in preceding works by Cordero et al.114,115

The other possibility is based on the notion that the monoclinic phase is adaptive, with mobile
walls between rhombohedral and tetragonal domains that have extremely high density and
mobility. While the previous explanation is based on an intrinsic property of the material,
this explanation describes the increased piezeoelectric coefficient via the extrinsic effect of
easy wall motion.116 As such, this is a very wide ranging topic on its own, with a complete
commentary not being possible within the scope of this thesis. Indeed, many reports have
been published in the past few years, due to the importance of replacement materials for Pb-
based piezoelectrics, with initial publications reporting on a rhombohedral-tetragonal border,
attributing the crossing of this border to the high piezoelectric coupling at x=0.5, which
corresponds to the composition we are going to use.97,117 This is at odds with the tetragonal-
orthorhombic border that we know from BTO, which has been reported to be causing a more
limited enhancement of piezoelectric coupling.118
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In order to more closely monitor these phase transitions, which are also of interest for our work,
Cordero et al. measured the elastic compliance of samples with different composition from
x=0.45 - 0.55, also including a sample with x=0.5 that we will utilize. The elastic compliance
is basically the mechanical analogue of the dielectric suceptibility, with the added advantage
that it’s not directly coupled to the polarization, thus not being dominated by the ferroelectric
transition, thereby allowing a clearer insight into the nature of other underlying phase transi-
tions. If we observe the results for the real part of the compliance obtained on BCZT(x=0.5)
from Ref. 109, the tetragonal-orthorombic phase transitions is clearly visible, with a small ther-
mal hysteresis, caused by the direction in which the measurement was performed.

We can thus keep in mind that BCZT, while showing promising results in terms of its usability
for our piezoelectric constituent, also displays a highly complex nature in terms of its structural
phase transitions, with their immediate effect on the piezoresponse near said phase transitions
not always being completely clear. Attention must be paid to the precise control of the com-
position, as any deviation will easily shift the phase transition temperatures. Fortunately, all
of them are located within the close vicinity of room temperature, easily accessible by our
converse ME setup and of good practical use for any future application purposes.
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This section will deal with the devices and setups that were utilized in order to obtain the
data, used for both the precharacterization of the precursor materials in the synthesis chapter
5, as well as for the characterization of the final ceramic samples and their structural, elec-
tronic, magnetic and finally multiferroic properties in chapter 6. This work is predominantly
experimental in nature, and as such, a great emphasis is placed on the measurement methods
that are exclusive to our group, such as Mössbauer spectroscopy and the converse ME mea-
surement setup. Because of this, we need to make a distinction between the importance of
certain measurement methods, and their role in this work, which is the result of long running
cooperations that culminated in a number of publications.72,94,119–126 The majority of these
are directly based on the results and measurements that will be presented here. As one would
expect, a rather large number of methods and devices were used in our pursuit of fabricating
and characterizing multiferroics. Describing all of them in detail would go beyond the scope of
this thesis, wherefore the measurement methods exclusive to our own group are described in
greater detail in section 4.2, as these were obviously the main scope of our work.

However, one method cannot be used purely on its own; it has to be complemented by other
techniques for characterization of both precursor and finished sample materials, as well as for
the purpose of crosschecking results. With this in mind, the main focus of this work will
be on magnetometry, including the specialized setup for converse ME measurements, and on
Mössbauer spectroscopy, which was used extensively in the initial part of our work on BFO
nanoparticles, as well as for the characterization of some of the precursors for magnetoelectric
composites. The remainder of the utilized characterization methods, most of them having been
performed in the group of Prof. Lupascu, will be discussed and summarized briefly in the first
section 4.1 of cooperative measurement techniques, to give sufficient insight into their workings,
and to help properly understand the data that was obtained. The results of these methods will
be outlined in the results section 6 alongside the Mössbauer and magnetometry data. At times,
not all of the obtained measurement data is shown for certain sample sets, as some samples
received more complementary measurements than others, with some results also being of higher
significance than others.

Throughout this thesis, I will usually use the plural "we" when talking about the performance
of experiments and the observation and evaluation of results. This is due to the fact that
scientific research is never done alone, and to claim otherwise would be unfair for all those who
contributed to this work. To briefly sum up the individual competences: The chemical synthe-
sis of the used ferrites, as well as the formation of ceramic composites and their structural and
electric characterization was performed in the group of Prof. Lupascu at the Essen campus. My
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main points of contact were Dr. Marianela Escobar Castillo for the BFO sample set (section
6.1), Dr. Morad Etier for the CFO-BTO ceramics (sections 6.2.3 and 6.2.4) and Dr. Muham-
mad Naveed-Ul-Haq for the BCZT-based composites (sections 6.2.5 to 6.2.7). Our group of
Prof. Wende at the Duisburg campus was mainly responsible for all magnetic characterizations
that were performed during these cooperations. My main experimental contribution consisted
of performing the numerous high and low temperature Mössbauer spectroscopy measurements
(section 6.1), with support and guidance from Dr. Joachim Landers, while also undertaking
standard magnetometry measurements. My most important contribution by far was the im-
provement and supervision of the converse ME setup (section 4.6), the execution of all of the
converse ME measurements that are shown in section 6.2, their evaluation, and the continuous
adjustment of the measurement methodology.
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4.1 Cooperative measurement techniques

We start off with measurement techniques that were mainly utilized by or performed in con-
junction with the group of Prof. Lupascu, with short descriptions to give sufficient insight into
the basic workings of these methods.

4.1.1 X-ray diffraction

XRD is a standard method that was used in all of our collaborative works to check the struc-
ture and phase purity of both powder and ceramic samples, performed by both the groups of
Prof. Lupascu and Wende, using a Siemens D5000 and Philips PW1730, respectively. In gen-
eral, an XRD device contains a cathode ray tube to produce X-rays, with filters and collimators
being utilized to produce a fine and monochromatic beam that can be used for experiments.
For this purpose, both devices use Cu as the target material of the cathode ray tube, produc-
ing Cu-Kα radiation with a wavelength of 1.5406Å. This beam is aimed at the sample, with
powder samples generally being affixed to a suitable substrate or pressed into disks for such
measurements. As our samples are (poly)crystalline, containing regular arrays of atoms, the
incoming X-rays are scattered by these, producing secondary waves from the interaction of the
X-rays with the electrons, which is known as elastic scattering. If we assume a regular array
of atoms, they will also produce a regular array of waves, which cancel each other out in most
directions. To still be able to observe and characterize them, Bragg’s law is utilized:

2d sin (θ) = nλ (4.1)

It forms a relationship between the spacing of the diffracting planes d, the incident angle θ,
and the wavelength λ, with n being an integer. This makes it necessary to modify θ, which is
achieved by rotating the sample relative to the X-ray source, while the detector is also moved
along by 2θ. The detector records the count rate at each angle, usually between 5◦ and 90◦, as
that’s where most materials have all of their interesting X-ray peaks that are necessary for their
evaluation. The evaluation of the spectra is often performed by comparing them to reference
diffractograms found in literature, which of course always assumes a rough knowledge of the
general chemical composition of the sample. With the constituents known, fitting procedures
can be employed to clarify whether all peaks are accounted for by the constituents that the
sample is supposed to contain, or whether there are ones that can’t be fitted and point towards
a parasitic phase.

Generally speaking, the diffraction pattern one obtains from XRD is determined partly by the
crystal structure, with the makeup of the unit cell providing the positions of the diffraction
lines at certain angles, while the arrangement of the different atoms within the crystal structure
determine the relative intensity of the diffraction lines. This allows the simultaneous determina-
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tion of structure and chemical composition, providing that the lines can be properly evaluated.
This must not always be the case for very small crystallites, which lead to a broadening of the
diffraction lines. In this case, the Scherrer equation can be used, which provides information
on the size of crystallites or particles in the powder.

4.1.2 Microscopy methods

Microscopy is generally used in almost all of the publications that are the foundation of this
thesis, as it allows a wide range of characterization methods and modes that provide a very
comprehensive overview of local sample properties. With the range of microscopy methods used
here, it was possible to characterize the sample morphology, crystalline ordering, as well as the
electric and magnetic response to external fields. A short overview shall be given for each of the
methods used in the following, with the two overall main types being divided between electron
(SEM, TEM) and atomic force microscopy (AFM), with the latter containing subdivisions for
electric (PFM) and magnetic field dependence (MFM). The main idea of these methods is to
be able to resolve the microscopic structures, down to the nanometer range, which would not
be possible with optical microscopy methods, as well as to probe the response to external fields.

SEM
Scanning electron microscopy relies on the interaction of the sample material with a focused
electron beam, which is scanned over the surface of a sample in order to produce an image from
the recorded signals.

Figure 4.1: Schematic image of a standard SEM measurement setup.
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These are made up of secondary as well as backscattered and transmitted electrons, and also
characteristic X-ray lines and light emission. Depending on the type of emission that is to be
detected, one can record and characterize different aspects of the sample. For example, elasti-
cally scattered electrons are usually utilized to profile the sample surface, while back-scattered
electrons emerge from deeper within the sample, allowing one to determine the makeup of the
sample up to a certain depth in terms of the distribution of different elements. A schematic
image of a standard SEM setup is shown in Fig. 4.1.

Thanks to the highly focused beam, SEM has a large depth of field, similar in principle to a pho-
tographic lens being used with a very small aperture. The distinct 3-dimensional micrographs
are very useful for the determination of nanoparticle shape and size distribution, as it will be
shown for BFO samples in Fig. 6.2. SEM microgrpahs have also been recorded for CFO-BTO
composite samples, as shown in Fig. 6.25, allowing the observation of the distribution of the
CFO grains within the BTO matrix. The images shown in this work were recorded with a FEI
Quanta 400 FEG, which has a maximum specified resolution of 2 nm.

TEM
Transmission electron microscopy, as the name suggests, is also based on the interaction of
an electron beam with the sample matter, but is performed in transmission geometry. This
technique was mainly used for the characterization of the BFO nanoparticles used in the first
half of this thesis. For this purpose, the nanoparticles of the BFO study were deposited onto
a TEM support mesh (grid) in order to be measured, which constitutes the standard method
of sample preparation for this method. In addition to nanoparticle size and its distribution,
TEM can also provide valuable data on the underlying crystal structure. With the correct set-
tings, diffraction patterns can be produced, with a pattern of dots indicating a single crystal,
while polycrystals produce a series of circles. TEM is therefore not only able to provide infor-
mation about the size of our BFO nanoparticles, but also allowed us to check their crystallinity.

The TEM micrographs in the BFO section 6.1 were recorded with a Philips Tecnai F20 by
Dr. Anna Elsukova from the group of Prof. Michael Farle.

AFM
Atomic force microscopy was used in three different modes during the course of this thesis,
both in its standard form, as well as in conjunction with applied electric and magnetic fields.
The standard form is utilized to characterize the topography of a sample using a nanometer
sized probing tip attached to a flexible cantilever that acts like a spring, the deflection of which
is measured using a laser and photodiode setup, as shown in Fig. 4.2. The interaction between
the tip and the sample produces a deformation of the cantilever, which can be recorded and
combined into a 3-dimensional image if the entire surface has been scanned.
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There are several modes of operation, such as contact mode, lateral force mode or wave mode,
differing mainly in how the height of the tip is regulated, which doesn’t change the basic
working principle. For our purposes, the main focus lies with the measurement of electric and
magnetic field responses from the sample. Because of this, all samples were polished before these
measurements, so that any influence from the topography could be ruled out. The basic mode
of AFM was mainly used to search for certain grains, in order to later on check their response
to applied electric and magnetic fields. In the case of measurements on BFO nanoparticles,
they were embedded in epoxy resin which was then polished, so that individual particles could
be selected and characterized (see Ref. 119).

Figure 4.2: Schematic representation of a standard atomic force microscope setup.

PFM
Being a subgroup of AFM techniques, piezoresponse force microscopy allows the imaging of
ferroelectric domains, representing a mixture between topographic and electric measurements.
It’s based on the converse piezoelectric effect present in a sample, using an AC bias voltage
applied to a conductive probe tip to produce a deformation of the samples via the piezoelectric
effect. Just as in the regular AFM, the tip height can be adjusted, allowing the measurement
of both topography and piezoresponse at the same time. As a way to improve resolution,
since the changes in terms of absolute length are in the range of tens of picometers per volt,
a lock-in amplifier is used. The applied AC signal is modulated with a certain frequency,
with the lock-in amplifier being sensitive to this frequency alone, thus being able to reject any
environmental noise that may be present. Thanks to the ability to detect phase shifts between
the driving voltage and the measured piezoresponse, it’s possible to determine the direction of
the piezoresponse und thus of the orientation of polarization.
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MFM
The last of the microscopy methods is magnetic force microscopy, which is similar to PFM in
terms of using the standard AFM setup as its base, while recording the influence of an applied
magnetic field. This is achieved by the use of a sharp, magnetized tip being scanned over
the surface of the sample, with the interaction between the magnetic moment of the tip and
the magnetic stray field from the sample surface exerting a force on the tip and thus on the
cantilever. For this purpose, the probe tips are usually coated with high coercivity materials
such as Ni or Co, which are of course the same materials that are utilized in the ME composites
studied here. The typical resolution is around 30 nm,127 though one has to be careful regarding
magnetic interactions between the sample stray field and the tip, and vice versa. In extreme
cases, it can happen that the magnetic field of the tip undesirably influences the properties of
a soft magnetic sample.128 Furthermore, AFM methods in general are rather sensitive to the
shape of the probe tip, requiring it to be of the correct geometry to be able to properly evaluate
results. This is especially true for MFM, which is strongly affected by deformed or worn tips.
In order to minimize these stray effects, it’s good practice to keep the magnetization of the tip
small, so that the disturbance of sample magnetization is kept to a minimum. Due to the fact
that similar results can be obtained for different magnetic patterns, results from MFM must
always be evaluated with caution. It’s because of this that we consider our macroscopic ME
data via the converse ME measurement setup to be so crucial.

4.1.3 Electrical characterization methods

This section deals with devices and setups that are used exclusively for macroscopic electrical
characterization of the ceramic samples. This distinction is made due to the fact that cer-
tain microscopy methods such as PFM are used to probe microscopic electric properties, so
the boundaries between structural and electrical characterization became a bit blurred in this
case. Two main methods were utilized here, both of them being performed in the group of
Prof. Lupascu: The recording of P(E) loops, as well as dielectric measurements to determine
the sample’s permittivity.

P(E) loops by Sawyer-Tower method
A standard method for recording P(E) loops is a Sawyer-Tower circuit, conceived by C. Sawyer
and C. Tower in 1930.129 There are other methods that can be used for this purpose, such
as pulse-switching130 or constant current polarization measurements,131 but in this work, only
results from the Sawyer-Tower method are used.

The setup is technically straightforward, with the device used here being self-built by the group
of Prof. Lupascu, shown schematically in Fig. 4.3. It is based on two capacitors being connected
in series, with one of them having a known capacitance Cref and being used as a reference (blue).
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The other capacitor is represented by the sample (red), prepared in the same manner as for ME
measurements, with silver paste electrodes attached to the top and bottom surface. A waveform
generator is used to apply a triangular AC voltage in the frequency range of 5 - 100Hz through
an amplifier, with both the input voltage and the measured voltage across the capacitors being
recorded by a two channel oscilloscope. According to basic rules of electricity, while the voltage
and capacitance need to be added as inverse values, the charge stored in the two capacitors
must always be equal. One can therefore determine the charge Q in the unknown capacitor, in
this case the sample, by using the voltage Vref and capacitance Cref of the reference capacitor,
using the equation

Vref · Cref = Q = Vsample · Csample (4.2)

and thereby obtaining an expression for the polarization P

P = (Vref · Cref )
A

(4.3)

with A being the surface area of the sample that needs to be determined before or after the
measurement. The P(E) loops shown in the results section of the respective sample sets were
recorded by plotting the applied electric field against the polarization. The only requirements
to the setup are that one must keep the reference capacitance larger than that of the sample,
in order to minimize the voltage drop at the sample.

Figure 4.3: Schematic representation of the Sawyer-Tower setup used for the measurement of
P(E) loops, with reference capacitance (blue) and sample (red).
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Dielectric measurements
In the same manner as it was done for the Sawyer-Tower method, we again use the capacitance
of our contacted ceramic sample, though in this case, we need to observe that the capacitance
can be expressed as a complex number in the form of C∗ = C ′− iC ′′ with C ′ being the real and
C ′′ the imaginary part. We can then use the standard formula for the dielectric permittivity ε

ε = C · d
A

(4.4)

with d being the thickness of the sample, representing the distance between the two electrodes
that represent capacitor plates, just like in ME measurements (see section 4.7), while A again
gives the surface area of the sample and its electrodes. Keeping in mind that the dielectric
permittivity can also be written as a complex number, we can express it as

ε∗ = ε′ − iε′′. (4.5)

The capacitance described above cannot be measured directly, but is determined through the
value of the complex AC resistance, known as the impedance Z∗:

C∗ = 1
jωZ∗

(4.6)

In the same way as for DC resistance, we can write Z∗ = u/i with u and i being the complex
valued alternating voltage and current, respectively. The ability to measure these parameters
provides direct access to the real and imaginary part of the electric permittivity, which in
turn enables the calculation of the low field electric permittivity εr = ε′/ε0 as well as the loss
tangent tan(δ) = ε′′/ε′ = C ′′/C ′, two parameters that are routinely measured and compared
for dielectric samples. It’s a generally known rule in electrics that a capacitance shows a phase
difference of 90 ◦ between current and voltage, with δ giving us the deviation from this rule,
indicative of power loss or energy dissipation in the sample, hence the term loss tangent. Such
measurements were mostly performed in the early stage of our studies, with the last sample set
results concentrating more on the converse magnetoelectric effect in combination with PFM and
MFM. Generally speaking, such studies are very commonly found in publications dealing with
magnetoelectrics. In our case, a commercially available Solartron Impedance Analyzer with
temperature control capabilities was utilized, with measurements being performed between 300
and 440K at an electric frequency range of 1Hz - 1MHz.

4.1.4 Time of flight secondary ion mass spectroscopy

Although it was only used in one of our cooperative works,126 TOF-SIMS produced very inter-
esting results in terms of visualizing the 3D structure of samples with different compositions,
enabling a very clear view of the changes in morphology and modification of connectivity. The
contributions from Ba2+ and Fe3+ ions can be deconvoluted, making it possible to clearly dis-
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tinguish between the two phases of the biphasic composite.

This method utilizes primary ions such as Au+ that are accelerated towards the surface of a
sample, usually at energies of several keV. These ions enter the sample and transfer their energy
through collisions with the sample atoms, which then also collide among each other, leading to
a cascade that carries a small part of the energy back to the surface, which in turn leads to the
emission of electrons, neutral particles and secondary ions. It’s these secondary ions that are
relevant for our measurement, as they can be analyzed in terms of mass and charge using for
example a time of flight mass spectrometer, but other methods such as quadrupole mass filters
and sector mass spectrometers can also be utilized.

As made obvious by the large number of particles being ejected from the sample, this is a
destructive method, essentially sputtering away sample material while measuring. Nevertheless,
it’s a highly sensitive method to profile the elemental composition of the sample surface, with
the added benefit of depth selective measurements.132 These are achieved by the use of higher
ion energies that led to an increased sputtering rate, so that the sample surface is removed in
a controlled manner while continuing to record mass and energy data. In our measurements,
the depth was profiled down to 200 nm into the sample, with the recorded 2D sweeps being
combined into a 3D image of the sample’s interior.

4.1.5 Measurement of the direct ME effect

The most interesting cooperative method in terms of comparability is the measurement of the
direct magnetoelectric effect, which is the counterpart of the converse effect. This allows one
group to crosscheck the results of the other, in case the samples are suitable for both methods.
However, this setup is unfortunately limited to room temperature, and can thus not always be
used at the temperature dependent maximum of the ME effect.

As depicted in the schematic diagram in Fig. 4.4, the sample is contacted on both sides, in the
same way as for converse ME measurements, and placed in a small magnetic AC field coil that
is located between the pole shoes of a large electromagnet. The former is used to apply a DC
bias field in order to check the magnetic field dependence of the ME effect, while the small field
coil is used to generate the measurement signal. The polarization of the contacted sample is
recorded through a lock-in amplifier and evaluated by the computer used to control the setup.
As we will see later on, this is akin to the converse ME setup, which uses the same principle,
but applies an electric field while recording the magnetization with a lock-in amplifier. In both
cases, any stray signals that do not match the frequency of the original AC field are ignored,
leading to a strong reduction in noise.
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The two basic measurement modes of this setup consist of the recording of ME(HDC) curves
to observe the behavior of the sample in large DC magnetic fields, while the dependence on the
amplitude of the applied AC magnetic field ME(HAC) allows the recording of polarization vs.
field amplitude. In the case of the linear ME effect, this should result in a linear function, the
slope of which provides direct access to the magnetoelectric coupling coefficient.

Figure 4.4: Schematic diagram of the direct ME measurement setup, with the sample being
represented by its capacitance C and resistance R, taken from Ref. 45, reprinted
with permission.

One drawback of this setup, apart from the lack of temperature control, lies in the necessity
of the sample to have a high resistance, as it otherwise becomes impossible to measure the
polarization. This is the reason for most of our works to rely on the converse setup, as some
samples, like the ones prepared by spark plasma sintering, were rather leaky due to their low
resistance. While the converse setup was able to cope with these, albeit with difficulties, no
successful measurements of the direct ME effect were performed.

This concludes our short description of the cooperative measurement methods. The next section
deals with the techniques that were used only by our group, namely Mössbauer spectroscopy
and magnetometry, as well as the converse ME measurement setup. These will be described in
greater depth, as they represent the core of our expertise. We will delve into the basic physical
principles behind each measurement method in order to understand their principle of operation,
and how the data has to be evaluated in order to arrive at the results presented in chapter 6.
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4.2 Mössbauer spectroscopy: Theoretical framework

One of the principal methods used in this thesis is Mössbauer spectroscopy, an element-specific,
non-destructive measurement method that utilizes the resonant emission and absorption of γ-
rays to probe extremely small nuclear energy changes in the range of a few neV. It is named
after Rudolf L. Mössbauer, who discovered this effect while working on his dissertation, titled
"Kernresonanzfluoreszenz von Gammastrahlen in Ir191".133 After his first observation of this
effect, an experimental proof was obtained in 1958, for which he received the Nobel Prize in
physics in 1961, together with Robert Hofstaedter. Following its discovery, the Mössbauer effect
was used extensively in solid state physics, but also in material sciences, metallurgy, chemistry,
geology and even archeology. One of the most prominent and well-known applications was in
astronomy, with the inclusion of miniaturized Mössbauer spectrometers in the scientific pay-
loads of the Mars exploration rovers Spirit and Opportunity, providing data that foreshadowed
the discovery of water on the surface of Mars. Clearly, this is a very powerful method to probe
deep into local properties, able to record fine structures resulting from the alignment and dis-
tribution of spins, which makes it highly suitable for the experiments that were performed in
the course of this thesis.

The Mössbauer effect as such describes that there is a certain probability for γ-quanta to be
emitted and absorbed by atomic nuclei without the associated loss of energy due to the con-
servation of momentum. This mechanism shall be explained in further detail in the following.
In this work, we only deal with 57Fe Mössbauer spectroscopy, and while the general descrip-
tions are valid for all isotopes, the transitions and energy values mentioned here refer only to
this widely used isotope. As a matter of fact, there are more than 100 isotopes in which the
Mössbauer effect has been observed, but only a small number of these are realistically suitable
for use in spectroscopy, partly due to some of the parent isotopes having very short half-lives,
which poses logistical/financial problem of the source material activity decaying too rapidly for
efficient usage. When regarding the excited state, I= 3/2 in the case of 57Fe, an overly short
half-life would lead to excessive line broadening. Conversely, undesirably long half-lives lead to
lines that are too sharp and cannot overlap sufficiently, requiring much greater effort in terms
of instrumentation in order to be recorded or evaluated.134 The isotopes that are utilized by
our lab are 57Fe and 119Sn, while 121Sb and 125Te are also common, in addition to a number of
lanthanides. However, the overwhelming majority of publications usually deals with 57Fe. This
is due to the highly suitable half-life, sharp lines, long usage period, and due to the abundance
of Fe in minerals with interesting magnetic properties such as ferrites, which themselves see
very widespread technological and scientific applications.

The source material consists of 57Co embedded in Rh, with the according nuclear transitions
shown in Fig. 4.5. 57Co, which has a half-life of 270 days, decays into an excited I=5/2 state
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of 136 keV via electron capture, and can further decay to the I= 1/2 ground state after an
8.7 ns half-life via two routes. One of those routes goes through an intermediate I= 3/2 state
of 14.41 keV with a 97.8 ns half-life.134 This transition leads to the emission of the 14.41 keV
γ-photons that we are interested in, with the mentioned half-life leading to a natural line width
of ca. 5 neV, as it follows from the time-energy uncertainty equation:

∆E∆t ≥ ~
2 (4.7)

This half-life can be considered as the sweet spot for our purposes, being neither too short,
which would lead to excessive line broadening, nor too long, as this would prove difficult to
measure with standard instrumentation, as mentioned previously.

Figure 4.5: Decay scheme of 57Co via electron capture (EC) to 57Fe and associated emission of
the 14.41 keV γ-photon used for Mössbauer spectroscopy.

For easier understanding, the quantum mechanical Mössbauer effect can be described through
classical mechanics, assuming atoms that can freely move: During the emission of a γ-photon
from the nucleus, the conservation of momentum stipulates that any momentum of the emitted
photon must also be transferred to the nucleus. This is comparable to the recoil of a gun, which
moves in the opposite direction upon being fired, albeit to a much lesser extent than the bullet,
due to the greater mass of the gun. The same happens to the nucleus, it moves in a direction
opposite to the emitted photon due to the recoil. Because of this, the energy of the photon is
lowered by the amount of energy that was transferred to the nucleus. This poses a problem:
In order to perform actual spectroscopy measurements, the photon has to be absorbed by a
nucleus of the same element as the one it was emitted from. But if the energy of the photon has
been reduced by the recoil energy, the total energy carried by the photon will not be sufficient
to be absorbed by the other nucleus. This is shown schematically in Fig. 4.6.

If we want to quantify this problem, a few simple equations can be used to put these energies
in relation to each other. We define ER as the recoil energy received by the nucleus, causing
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the original emitted γ-photon energy E0 to be reduced by ER, giving the actual energy of the
emitted photon Eγe. In the same manner, the energy of an incoming photon, if it is to be
absorbed by a nucleus, must contain the energy ER in addition to its original energy E0 in
order to be absorbed despite the transfer of momentum to the nucleus.

Figure 4.6: Schematic representation of the transfer of momentum during the emission (left)
and absorption (right) of a γ-quantum by a nucleus. Adapted from Ref. 135.

To deduce this relation, we define the initial energy Ei prior to emission using the energy of
the excited nucleus Ee, its impulse p and mass M :

Ei = Ee + p2

2M (4.8)

Accordingly, the final energy Ef after emission with the nucleus in the ground state Eg can be
written as

Ef = Eg + (p− ~k)2

2M . (4.9)

The impulse of the γ-photon is given by ~k, with the energy difference being

Ei − Ef = ~ω = ~ω0 + ~(k · v)− ~2k2

2M . (4.10)

Here, ~(k · v) is the velocity dependent Doppler-effect, which takes on values in the range of
0 - 10−2 eV. When inserting the mass of a 57Fe nucleus for M into the recoil term ~k2

2M = E2
0

2Mc2 ,
the problem becomes apparent: The recoil term takes on the value of 2·10−3 eV, which is 6
orders of magnitude higher than the natural line width of the γ-photon energy (Eq. 4.7). As a
result, almost no absorption can be expected. Another way to display this problem is by usage
of the emission and absorption line, calculated by usage of the Breit-Wigner-equation, taking
into account the mentioned natural line width caused by the underlying energy uncertainty.
Absorption can only occur when there is an overlap between the two lines, but when we con-
sider our result of the energies being pushed apart by 6 orders of magnitude relative to their
line width, it’s obvious that the probability for absorption processes is rather low.

Now we arrive at the quantum mechanical phenomenon that allowed Mössbauer to overcome
this problem. During his experiments, he tried to heat up his samples, thinking that the
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additional, thermally induced motion of the nuclei would help to reintroduce the energy to
the system that was lost to recoil, thus increasing the rate at which absorption takes place.
However, the results contradicted his findings. It was in fact when he cooled his sample down
that the absorption rate went up. As it later turned out, this is due to quantized lattice
vibrations, phonons, which can only take on discrete energy values. In the case of a recoil
energy that has no matching phonon energy, no transfer of momentum takes place, and the
photon is emitted with no energy loss, the same being valid for the absorption process. This
is thus referred to as resonant absorption, or recoilless nuclear resonance, with the probability
for this process taking place being given by the Debye-Waller factor, also used to define the
ratio of elastic diffraction in X-ray studies. In Mössbauer spectroscopy, the analogous factor is
often referred to as the Lamb-Mössbauer factor, or simply f-factor. Described by Eq. 4.11, it
denotes the fraction of γ-emissions or absorptions occurring without recoil, also known as the
recoil free fraction,134 with the wave number k of the γ-photons and the mean square atomic
displacement < x2 > giving us

f = e−k
2<x2>. (4.11)

Now that the basics of the Mössbauer effect have been elucidated, we can turn to the actual,
practical application, which is not concerned with the observation of the Mössbauer effect
as such, but with the effects caused by the interaction of the sample’s internal electric and
magnetic fields with the energy of the nuclear states. Due to the extremely small energies in
the neV range that define these effects, they are commonly known as hyperfine interactions.
These enable us to observe and evaluate the variation of nuclear energies, which in turn makes
it possible to characterize these in dependence of factors such as temperature, particle size and
composition etc. The three main types of interaction will be described here, using theoretical
spectra that only possess one type of interaction, to clearly show the kind of effect each of these
interactions has on the spectral shape. In reality, it is of course common that these effects
appear superimposed, often requiring the use of several subspectra for evaluation. Hence, the
spectra shown here, with fixed, idealized parameters, are used only for clarity, not to represent
actual samples.

4.2.1 Isomer shift

As the name suggests, this effect causes the entire spectrum to be shifted along the velocity
(energy) axis, the designation of which will be explained in the description of the experimental
measurement technique. The basic cause of this phenomenon is the different local surroundings
of 57Fe nuclei in the source and absorber material. One usually refers to the isomer shift as the
energy difference between two identical nuclei that have the same charge and mass, but are in
different nuclear (excitation) states.
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Figure 4.7: Schematic representation of the effect of hyperfine interactions on Mössbauer spec-
tra (strongly exaggerated for clarity), showing no interaction (a), electric monopole
interaction (b), electric quadrupole (splitting) interaction (c), magnetic dipole inter-
action (d) and magnetic dipole interaction under the influence of electric quadrupole
(shift) interaction (e). Adapted from Ref. 135.
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This is mainly due to the fact that nuclei in excited and ground states have different radii,
which in turn influences the interaction with the local potential of the electrons. To obtain a
mathematical relation, one has to first consider the basic electric interaction and the interaction
energy that follows from it. Using the route described by Barb,135 we regard the charge of the
nucleus ρ(r), which is inside an electric field, described by the potential V (r), with the origin
of the coordinate system being inside the nuclear charge distribution. The classical formula for
the interaction energy between this charge distribution and potential can be written as

E =
∫
ρ(r)V (r)dτ (4.12)

with τ being the volume element while integration is performed over the entire space in which
ρ(r) is defined. If we assume that the electric field produced by the potential V(r) weakly varies
within the distribution defined by ρ(r), we can perform an expansion of V (r) in a Taylor series
around the coordinate origin of r, giving us

V (r) = V (0) +
∑
α

Xα( ∂V
∂Xα

) + 1
2!
∑
α,β

XαXβ( ∂2V

∂Xα∂Xβ
) + ... (4.13)

with Xα with α = 1, 2, 3 being the Cartesian coordinates x, y and z. Utilizing the approach of
substituting

Vα = ( ∂V
∂Xα

)0, Vαβ = ( ∂2V

∂Xα∂Xβ
)0 (4.14)

we arrive at the interaction energy in the form of

E = V (0)
∫
ρ(r)dτ +

∑
α

Vα

∫
Xαρ(r)dτ + 1

2!
∑
α,β

Vαβ

∫
XαXβρ(r)dτ + .... (4.15)

This term can now be further simplified by the following assumptions: The first member
represents the electrostatic energy of the point-shaped charge of the nucleus, which is of no
interest here, as it doesn’t have any effect on the splitting or shift of different nuclear levels.
The second member contains the electric dipole moment of the nucleus, but the integral becomes
zero due to symmetry, under the condition that ρ(r) is an even function, which is logical when
starting at the origin of a charge density of a point charge. The third, most interesting member,
consists of the electric quadrupole term:

E = 1
2
∑
α,β

Vαβ

∫
XαXβρ(r)dτ (4.16)

By the addition and subtraction of 1
3δαβr

2ρ(r), which is independent of the orientation of the
nucleus, we arrive at the energy term

E = 1
6
∑
α,β

[∫
(3XαXβ − δαβr2)ρ(r) + δαβVαβ

∫
r2ρ(r)dτ

]
. (4.17)
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Following these deductions, we can now regard the groundwork for the isomer shift. For this,
we again regard a potential V (r) caused by electric charges such as electrons, which permeate
the nucleus, and can be described by the Poisson equation

∑
α

Vαα = −4πq|Ψ(0)|2. (4.18)

Here, q is the inner charge and |Ψ(0)|2 the probability density of the charges q near the nucleus.
Using this relation, the second member of 4.17 can be simplified down to

ED = −2π
3 Zqe|Ψ(0)|2〈R2〉 (4.19)

with

〈R2〉 = 1
Z

∫
r2ρ′dτ, ρ′ = ρ

e
(4.20)

giving us the mean square nuclear radius, Z the nuclear charge and ρ′ the number of electric
charges per volume unit. A further obvious assumption that can be made here is that q is of
course e, the charge of an electron, enabling us to write its interaction with a spherical and
homogeneously nuclear charge distribution through the equation

ED = −2π
3 Ze2|Ψ(0)|2〈R2〉 (4.21)

We arrive at an important and decisive conclusion: The interaction we have now described
leads to a shift of the nuclear energy level, which takes on different values for nuclei that
have the same total charge, but are subjected to different distributions of electric charges that
permeate the nucleus. The same is also true for two nuclei that have the same charge but
different masses, or are equal in all terms except for being in different nuclear states, as can be
witnessed in isomers. Using s to represent the source and a the absorber material, and e and
g to denote excited and ground state, respectively, the isomer shift

δ = Es − Ea (4.22)

can be written as

δ = [(ED)e − (Ed)g]s − [(ED)e − (ED)g]a. (4.23)

One can further assume that 〈R2〉 is not dependent on the surrounding of the nucleus, while
|Ψ(0)|2 is independent of its excited state, the equation can be written in its well-known text-
book form

δ = 2π
3 Ze2S(Z)[〈R2〉e − 〈R2〉g][|Ψ(0)|2a − |Ψ(0)|2s]. (4.24)
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Here, S(Z) is a relativistic factor, which can be obtained from tables for the respective isotopes,
with S(26) = 1.32 for Fe.135,136 It’s important to note that, as is visible by the derivations
above, we never measure the isomer shift of a single material, as δ is always a difference value
of the interaction energies from the emitting and absorbing nucleus. In order to be able to
make comparisons to literature values, some kind of standard needs to be established for the
isomer shift to be referenced against. This is achieved by calibration of the spectrometers using
an α-Fe sample, which enables the scaling of other spectra to this value. This allows one to
normalize them to zero, as also described in the experimental section 4.3.

Even more important is what we can obtain from the observation of the isomer shift: The direct
dependence of δ on the electron density |Ψ(0)|2 is mostly carried by s-electron interactions, as
these are closest to the nucleus. Nevertheless, due to electron screening effects from p- and
d-shells still significantly influencing the s-electrons, one can obtain information on the valence
state and chemical bonding, among others. A popular application is the differentiation between
Fe3+ and Fe2+, with the different valence states leading to different isomer shifts, enabling, for
example, the separation of spectral contributions from magnetite and maghemite. Generally
speaking, a decreasing isomer shift is indicative of an increase of the s-electron density in the
sample being observed, which points towards an increase in electronegativity in the direct sur-
rounding. An obvious example would be the task to decide which of two samples is made up
of pure iron and which one contains iron bound to electronegative elements such as chlorine.

In general, we can use the isomer shift to observe any changes in the binding, valence state and
surrounding of the Fe-atoms in our sample, in addition to the less commonly studied difference
in nuclear radii due to different nuclear states in emitter and absorber. In this work, the isomer
shift will only play a minor role, being used mainly to observe any unwanted changes of the
sample’s chemical composition during the progression of high temperature measurements. The
choice to include the entirety of the derivation was made due to the fact that it is also necessary
for the explanation of the quadrupole interaction, as shown in the next section.

An additional modification of the isomer shift, or rather, the shift of the centroid of the Möss-
bauer spectrum we need to keep in mind that isn’t caused by the change of the chemical
surrounding of the sample, but by the thermally induced motion of the nuclei in the sample
material (thermal redshift), called the second order Doppler shift.134

4.2.2 Quadrupole interaction

To establish the groundwork for the electric quadrupole interaction, we can use the first part
of our previous derivations and take Eq. 4.17 as a starting point. First, we assume that the
Laplace equation is valid for the case of a potential V outside of the charge distribution ρ(r),
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so that we can write

∑
α

Vαα = 0. (4.25)

This cancels the second term of Eq. 4.17 so that we are left with the interaction energy of a
nucleus with the potential of an external charge distribution:

EQ = 1
6
∑
α,β

Vαβ

∫
(3XαXβ − δαβr2)ρ(r)dτ (4.26)

Using the quantum mechanical route, we need to replace the classic density function ρ(r) with
the quantum mechanical operator, so that

p(r)→ ρ̂ =
∑
p

δ(r − rp) (4.27)

with a summation over all nucleons p = 1, ..., n while ep can take on the value e for protons
and zero for neutrons. With this, we can define our Hamilton operator, which is simplified to

Ĥhf
Q = e

6
∑
αβ

Vαβ
∑
p

(3Xα
pX

β
p − δαβr2

p) (4.28)

if we take into account the properties of the delta function. A number of assumptions need to
be made from here onwards, but the full derivation would take up considerable space. Instead,
we refer to page 113 in Ref. 135 for the simplifications made to Eq. 4.28 by the usage of the
Wigner-Eckart theorem to express the matrix elements of the tensor operators. In the end, we
arrive at the term

Ĥhf
Q = eQ

4I(2I − 1)

[
Vzz(3I2

z − I2) + 1
2(Vxx − Vyy)(I2

− + I2
+)
]

(4.29)

using the tensor of the electric field gradient Vαβ, which, with the appropriate coordinate system
(x,y,z), can be written in diagonal form, using only the non-zero components Vxx, Vyy and Vzz.
I is the nuclear spin quantum number, while I± are shift operators, with Iz being the operator
of the nuclear spin projection onto one of the principal axes. Using the asymmetry parameter

η = Vxx − Vyy
Vzz

(4.30)

the operator can be further simplified to

Ĥhf
Q = eQVzz

4I(2I − 1)

[
3I2
z + I(I + 1) + η

2(I2
+ + I2

−)
]

(4.31)

with Q denoting the nuclear quadrupole moment and Vzz representing the z component of
the electric field gradient, with the entire term eQVzz often being referred to as the nuclear
quadrupole coupling constant. In its general form, Q is an irreducible second rank tensor,
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however, the nuclear charge distribution has cylindrical symmetry, allowing its use in scalar
form. Furthermore, in our case, the excited state of 57Fe has a nuclear spin of I =3/2, allowing
us to write our equation as

∆EQ(I = 3/2,mI) = eQVzz
4I(2I + 1)

[
3m2

I − I(I + 1)
]√

1 + η2

3 (4.32)

with the magnetic quantum number mI . If we assume the simplest case of an axial electric
field gradient, it brings the asymmetry parameter to zero and we end up with

∆EQ(mI) = eQVzz
4I(2I + 1)

[
3m2

I − I(I + 1)
]
. (4.33)

So in essence, for experimental purposes, this derivation and the final equation describe the
following: If a nucleus has a nuclear quadrupole moment Q, which is the case if the nuclear
spin is greater than 1/2, and if there is an inhomogenous electric field at the nucleus (electric
field gradient is non-zero), then we will see a precession of the quadrupole moment around the
axis of the electric field gradient. This causes a splitting of the I =3/2 level into two sublevels
with the magnetic quantum numbers mI = ±3/2 and ±1/2. It is the energy difference between
these two states that is given by ∆EQ from the equation above, which, in the absence of nuclear
Zeeman splitting, is characterized by the splitting of a single absorption line into a doublet,
with the energetic distance between the two lines given be ∆EQ. In general, the quadrupole
splitting is of great importance for chemical applications of the Mössbauer effect, providing
information on bond properties and local symmetry of the iron site. This is easily understood
when considering that for example the electric field gradient as such is being generated by
valence electrons not conforming to cubic symmetry.

However, for our purposes, the main objective of the detailed measurement of quadrupole inter-
action lies in the connection between this electronic property and the magnetic characteristics
of our sample system. To gain more understanding on this, we need to look at the third form
of hyperfine interaction found in Mössbauer spectroscopy, explained in the following.

4.2.3 Magnetic interaction

There are several names by which this interaction is known, such as magnetic dipole interaction,
magnetic splitting, nuclear Zeeman splitting and so forth. It’s arguably the most important
of the three when considering that it’s the only one directly providing us with information
regarding the magnetic state of the sample, with magnetically ordered ferro-, ferri- and anti-
ferromagnets producing a characteristic sextet structure in their absorption lines, while para-
and diamagnetic materials produce doublets or singlets, depending on presence or absence of
quadrupole interaction.
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The derivation of the appropriate notation is a bit shorter than for the electronic interactions.
We can use the Hamiltonian134 that describes the interaction of a nucleus with a spin quantum
number I > 0 interacting with a magnetic field via its magnetic dipole moment µ:

Ĥhf
m = −µ̂ · B̂ = −gNµN Î · B̂. (4.34)

Here, B represents the magnetic induction, gN the nuclear Landé factor and µN = e~/2Mpc as
the nuclear magneton using the proton mass Mp. If we diagonalize the Hamilton matrix, we
end up with the eigenvalues:

Ehf
M = −µBmI/I = −gNµNBmI (4.35)

This interaction is present as soon as the nuclear spin quantum number I is at last 1/2, which
is valid for both the ground state I =1/2 as well as the excited state I =3/2 for 57Fe. The
effect of the interaction is the splitting of the nuclear state I into 2I + 1 equally spaced, non-
degenerate substates, characterized by the sign and magnitude of the nuclear magnetic spin
quantum number mI .134 If we observe the schematic Mössbauer spectrum in Fig. 4.7 (d), we
can see that the ground state is split into two magnetic substates, while the excited state is
split into four. Due to the dipole selection rule |mI | ≤ 1, we end up with a total of six allowed
transitions from eight possible ones, with their energy differences being directly responsible for
the line positions in the Mössbauer spectra.

What we can also see from Eq. 4.35 is that the magnitude of the splitting and thus the "width"
of the entire sextet depends directly on the magnetic field B that we need to look at in more
detail. It is generally referred to as the effective magnetic field, which can be the superposition
of an applied field Bext and internal field Bint induced by the valence electrons. There are
a number of causes for the latter, as described in Ref. 134, with the total field often being
described as a superposition of the isotropic Fermi contact field, arising from spin polarization
of s-electrons by unpaired valence electrons,137 the anisotropic contribution from the orbital
motion of valence electrons, as well as the anisotropic spin-dipolar contribution from nonspher-
ical distribution of the electron spin density. Generally speaking, the Fermi contact field is the
dominant of the three, with values as high as 50T clearly showing that the majority of the hy-
perfine field contribution comes from this source. Indeed, we can see that measurements in our
high field cryostat using up to 5T produce comparatively small fields when directly compared
to the magnitude of the nuclear hyperfine fields. We have thus derived and explained the three
major hyperfine interactions that are commonly observed in Mössbauer spectroscopy.

Foreshadowing our evaluation, we need to consider the effect when several types of interaction
take place simultaneously, as this will be the main tool for our theoretical model. As a matter
of fact, it is rather rare for these effects to occur only individually, so the general perturbation
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of the nuclear state can be described by the Hamiltonian

Ĥ = δE + ĤQ + ĤM (4.36)

with the interaction terms in the order of their introduction. The isomer shift δE is not
of concern here, as it simply shifts the entire spectrum, regardless of what other types of
interactions are present. Its influence is therefore additive, not interfering with any other
hyperfine parameters. With quadrupole and magnetic dipole interaction though, things become
somewhat complex, as both of them act upon the magnetic quantum numbers of nuclear spin,
making their combined Hamiltonian rather difficult to evaluate.134 In our case, we make the
valid assumption that ∆EQ is much smaller than EM , enabling us to use a superposition of
the two contributions. In this case, we no longer refer to the quadrupole splitting ∆EQ, but to
the quadrupole level shift 2ε, as it leads to a shift of the inner four absorption lines relative to
the outer two, as displayed in Fig. 4.7 (e). It is this effect that, together with the underlying
hyperfine field distribution, gives rise to the characteristic asymmetric (non-Lorentzian) peaks
in Mössbauer spectra of BFO, if an anisotropic magnetic hyperfine field Bhf is present. We can
obtain a relation between shift and splitting if we observe the angle θ between the principal
axis of the electric field gradient and the spin direction, arriving at the equation

2ε = ∆EQ
3 cos2(θ)− 1

2 . (4.37)

It is this equation that will be the basis of our Mössbauer evaluation, with the detailed eluci-
dation of our theoretical model being described in the results section.

4.3 Mössbauer spectroscopy: Experimental details

There are several different methods that can be utilized to obtain Mössbauer spectra. The by far
most common one is referred to as transmission geometry, with a sample being placed between
the γ-ray source and the detector, enabling the measurement of transmission spectra that
show characteristic negative peaks at energies where resonant absorption takes place. Other
methods include backscattering, as was used in the famous MIMOS 2 spectrometers aboard
the Mars exploration rovers, as well as conversion electron Mössbauer spectroscopy (CEMS)
and depth selective conversion electron Mössbauer spectroscopy (DCEMS), all of which have
been performed in our group in the past. As the name of the latter two suggests, the secondary
process of internal conversion is utilized, requiring a different detection setup. In this thesis,
we only deal with transmission geometry, so only this type of measurement setup is explained
here, schematically represented in Fig. 4.8. In order to observe the spectra that were shown
exemplarily in the previous section, it’s obvious that the photon energy needs to be modulated.
This is accomplished by making use of the Doppler shift: The radioactive 57Co source is mounted
on a Mössbauer drive, an electromechanical linear motor that can move the source back and
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forth in different modes. During the early days of Mössbauer spectroscopy, these were often
home built from low frequency speakers (woofers), while most contemporary laboratories use
specially built units that are commercially available, for example from WissEl, referred to as
Mössbauer Velocity Transducers.138 It is because of this type of modulation that the energy
axis in Mössbauer spectroscopy is always labeled in terms of velocity rather than energy. An
important factor is the mode of motion that is used, as a physical oscillator would normally
be expected to move in a sinusoidal fashion. But, as one realizes when looking at the velocity
scale of the previously shown spectra, this would lead to a high number of data points to be
recorded near the two outer regions of the spectrum, which consists of background noise, while
much fewer points are recorded in the region that contains the absorption peaks, leading to a
much longer data acquisition time.

Figure 4.8: Schematic depiction of a standard setup for Mössbauer spectroscopy measurements
in transmission geometry, with the sample placed in furnace or cryostat for high or
low temperature measurements, respectively.

To overcome this problem, Mössbauer drives are usually always operated in constant acceler-
ation mode, resulting in a triangular velocity function as shown schematically on the left in
Fig. 4.8. This mode also results in the same number of data points for each section along the
velocity curve, allowing easier analysis of the data. There is, however, a problem that may arise
from this: Operation in constant acceleration mode leads to very abrupt changes of direction at
the point of highest velocity, in contrast to the naturally occurring sinusoidal motion. In order
to ensure that no errors result from potential deviations from the desired velocity, Mössbauer
drive units always incorporate a pickup coil in order to check the actual motion of the source
against the velocity signal being fed to the drive coil. The difference signal between the drive
and the pickup coil signal is output as an error function, allowing the operator to ensure that
no considerable deviations take place. In the spectra that are shown in this thesis, the error
of the Mössbauer drive was always checked before measurements and remained in the range
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of 0.5% or smaller. It can thus be considered as insignificant, not contributing to the overall
errors that are given for hyperfine parameters.

The next component of our measurement setup is the proportional counter, consisting of a
conductive tube filled with krypton, the outer shell representing the cathode and a coaxial wire
inside the cylinder representing the anode. A beryllium entrance window provides an airtight
seal while allowing γ-photons to enter with minimal losses. This geometry is identical to a
standard Geiger-Müller counter, with the main difference being the applied voltage. When in-
creasing the voltage of a counter tube, one moves through different regions that have different
characteristics and uses. Generally speaking, incoming radiation leads to ionization of the gas
atoms, producing free electrons that move towards the anode. The charge that is generated is
proportional to the energy of the incident photon, which is what we are mainly interested in.
With voltages being too low, many electrons recombine on their way to the anode, making it
necessary to increase the voltage. Starting at 100V, all electrons reach the anode, marking the
ionization chamber region. Further increasing the voltage now causes an acceleration of the
electrons towards the anode to be so high that these electrons ionize further atoms on their way,
referred to as avalanche effect. This only takes place in a volume very close to the anode, which
means that the height of the measured electric pulse is independent from the point of initial
ionization while still being proportional to the photon energy. This means that a much higher
sensitivity can be obtained by keeping the voltage in the proportional region. This section of
the curve is very steep, making it necessary to use specialized power supplies that keep the
voltage highly constant and free of fluctuations.

Another task at the beginning of a Mössbauer measurement series is the correct setup of the
counter tube voltage, which is performed manually. The correct setting can be found by per-
forming a pulse height analysis to determine the position of the 14.4 keV peak. Additional Kα

lines from secondary processes are also visible, such as from Fe and Co (6.4 - 6.9 keV)139 and Rh
(20.2 keV)139 into which the 57Co source material is embedded. With these numbers known, it’s
easy to find the correct peak once the voltage has been adjusted until the three peaks appear
side by side. Then it’s just a question of using the discriminator of the multichannel analyzer to
block all peaks except for the "Mössbauer peak" at 14.4 keV. Finally, in order to achieve a valid
calibration for all recorded spectra, the energy scale, in this case the velocity scale, needs to be
fixed relative to a reference sample. For 57Fe Mössbauer spectroscopy, α-Fe is used, in our case
in the shape of a very thin foil, with the measurement being performed at room temperature.
Using the known hyperfine parameters of this reference sample,134 the velocity scale can be pre-
cisely set for all measurements that are performed with that spectrometer. A calibration via
laser interferometer is also possible, and often used for higher velocities. It’s important to keep
this in mind, as a change of the velocity scale also requires this calibration measurement to be
performed again. Although one can also use factors between two velocity settings to adjust the



69 4.3. Mössbauer spectroscopy: Experimental details

potentiometer of the drive unit, this is not regarded as a sufficiently reliable method for proper
evaluation of Mössbauer spectra. Because of this, in virtually all publications that utilize 57Fe
Mössbauer spectroscopy, it should ideally always be stated in the experimental section that all
spectra were normalized against a reference sample.

This methodology is valid for all setups used here, be it a simple room temperature spec-
trometer, or one involving a cryostat for low temperature or an oven for high temperature
measurements. The sample preparation, in the case of the BFO powder samples, must take
into account the high amount of nonresonant absorption caused by Bi, which is a high-Z ele-
ment like the Pb used for radiation shielding. In order to have sufficient sample volume without
absorbing too much radiation nonresonantly, the sample material was mixed with chemically
inert boron nitride (BN), with the optimum ratio having been determined experimentally be-
fore the series of measurements were performed. For the CFO-BTO samples, this was not an
issue, and the pure powder was used. For high temperature measurements, a Mössbauer oven
was utilized, with the sample powder, mixed with BN, being pressed into a disk shaped pellet,
held in place between two beryllium plates, which themselves were attached to a ring-shaped
heater within the vacuum oven. This permits sufficient transmission while allowing the desired
temperatures to be reached, while the oven itself consists of a metal tube with aluminized
Mylar windows, providing sufficient transmittance to the γ-photons while being able to hold a
vacuum against ambient air. Low temperature measurements were performed using the same
sample holder and transmission geometry, utilizing bath cryostats with liquid nitrogen or liq-
uid helium. Field-dependent measurements on BFO were performed with a magnet cryostat,
which contains a superconducting magnet in split-pair geometry, able to apply a homogenous
magnetic field of 5T at the sample position, with the field direction being parallel to the γ-ray
propagation direction.

4.3.1 Evaluation of Mössbauer data

The recorded Mössbauer spectra were evaluated with the "Pi" program package by Dipl.-Ing.
Ulrich von Hörsten, which is publicly accessible.140 It traces its roots back to the NORMOS
program that was originally developed for MS-DOS by P. D. Richard A. Brand, commercially
available for Windows operating systems through WissEl.138 The evaluation is performed by
fitting the raw experimental data with the appropriate theoretical subspectra, using a least-
squares procedure to minimize the error between theoretical function and experimental spec-
trum. A large number of parameters can be directly manipulated, such as the well-known
hyperfine interactions consisting of isomer shift, quadrupole shift or splitting, as well as the
magnetic hyperfine field. In addition, the line ratios and line widths can be taken into account,
allowing the specification of certain maximum and minimum values to keep the fit physically
sensible. For example, it would not make sense to use a sextet with extremely broad lines to fit
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a spectrum that contains hyperfine field distributions. By setting a certain maximum value for
the line width, one can clearly observe that no satisfactory fit can be achieved with this type
of theoretical spectrum, and thus utilize a different solution. Furthermore, due to the fact that
the software has a completely open environment, it’s possible to implement custom functions
of any kind for the fitting procedure. This was done in our case for the functions described in
the results section, so that we were able to model the cycloidal spin structure in detail.

Figure 4.9: Exemplary Mössbauer spectrum showing the typical output after the finished fit
routine. Experimental data is represented by black dots (error bars omitted for
clarity) while theoretical subspectra, after optimization through a fitting process,
are given by lines. The red line shows the overall fit, while the green sextet and the
blue, cyan and magenta doublets represent the subspectra that, in superposition,
form the overall fit. Adapted from Ref. 141, reprinted with permission.

An exemplary spectrum is shown in Fig. 4.9 of a BFO sample at room temperature. It con-
tains the experimental data (black dots) as well as the overall fit function (red line), which is
itself a superposition of several subspectra. In this case, the sample contains both magnetically
ordered (sextet) as well as (super)paramagnetic (doublet) phases. The selection of appropriate
subspectra and fitting routines ensures a physically vested approximation of the experimental
data, which in turn makes it possible to extract the desired hyperfine parameters from the op-
timized fits. All spectra in this thesis are represented in this manner, by a superposition of one
or more suspectra onto the experimentally obtained Mössbauer spectrum, with the fit routine
providing the associated hyperfine parameters and their respective errors and deviations. This
of course requires prior knowledge of sample properties, such as chemical composition (obtain-
able by XRD) or particle size distribution (via microscopy methods) for nanoparticle samples.
Otherwise, it would, for example, not be clear whether we are dealing with a paramagnetic
phase, or superparamagnetic Néel relaxation of an otherwise magnetically ordered material.
Due to this, a sufficient amount of precharacterization results were included in chapter 6 in
order to properly evaluate the obtained Mössbauer data.



71 4.4. SQUID magnetometry: Theoretical basics

4.4 SQUID magnetometry: Theoretical basics

As already mentioned at the beginning of section 4.1.3, there is a certain overlap between
methods such as MFM and magnetometry. It was therefore elected to keep the microscopy
methods separate from the pure magnetic characterization, even though one is able to mea-
sure microscopic magnetic properties via microscopy methods. In the same fashion, Mössbauer
spectroscopy is also sensitive to magnetic properties, and even though it measures in terms of
local nuclear effects, the results are always superimposed, and can only be given for the overall
sample or certain identical ion types like Fe2+ and Fe3+. The chapter we start here will therefore
deal with conventional magnetometry, which is concerned with the macroscopic measurement
of the magnetic moment over the entirety of powder or ceramic samples.

Figure 4.10: Schematic representation of a double junction SQUID (left) with the output volt-
age as a response to a change of flux (right).

The superconducting quantum interference device (SQUID) has been a mainstay of magnetic
characterization since becoming commercially available from the 1980s onwards in the shape
of standalone magnetometers from different manufacturers. These devices allow basic and
advanced magnetic characterization of small amounts of sample material, from standard field
dependent magnetization curves all the way to the measurement of the magnetoelectric coupling
coefficient, as we will see later on. Since this device is among the most important instruments
that were used here, the physical principles behind it are discussed in greater detail. To sum it
up very shortly, a SQUID is a flux to voltage converter, as represented in Fig. 4.10, allowing a
highly precise measurement of the change of magnetic flux through a superconducting loop.

The device used in the course of this thesis is a magnetic property measurement system from
Quantum Design, designated as MPMS-5S, manufactured in 1996. Representing a typical
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configuration that is also used by other suppliers, it features a large liquid helium Dewar to
enable the cooling of the SQUID sensor below its critical temperature. At the same time, the
liquid helium bath is also used to cool the superconducting solenoid in order to apply high
magnetic fields, while a small capillary tube enables the sample chamber to be cooled to low
temperatures in a controlled manner. In combination with a gas heater, this setup allows
temperatures between 2.3K and 400K to be set, while static and homogenous magnetic fields
of up to ± 5T can be applied at the sample position. At the heart of every magnetometer
lies the actual SQUID sensor, a superconducting ring with one or two Josephson junctions,
depending on the type of SQUID used, which combines the quantum mechanical phenomena
of flux quantization as well as tunneling. It’s based on the discovery made by R. Doll and
M. Näbauer, who found that the flux contained in a closed superconducting loop is quantized
in units of the flux quantum.142 Regarding the wave function of the electrons circling such a
superconducting loop, in the form of Cooper pairs, the integral around the closed path of the
ring can be written as

∮
dθ = n2π, (4.38)

showing that the function must be an integral number, which in turn means that the phase
cannot vary by a fraction of n2π. Furthermore, the Cooper pairs in the loop have the same
angular momentum, only being able to take on a discrete set of states, according to the Bohr
quantization rule. As a result, the total flux treading the loop can be expressed as

φ = h/2e (4.39)

with h = 2π~ being the Planck constant and 2e the electron charge, accounting for electrons
traveling in Cooper pairs. If such a simple superconducting ring, cooled below its critical
temperature, is exposed to an external magnetic flux, a persistent supercurrent is induced in
the loop, to keep the inside of the loop free of flux. This is due to the Meißner-Ochsenfeld-effect,
which describes how superconductors behave like ideal diamagnets, expulsing all magnetic flux
from their interior. This so called Meißner state persists even when the external flux is varied,
as the supercurrent will vary accordingly. However, this state breaks down if the applied field is
too large. The supercurrent can’t become infinitely large, as all materials have a critical current
that cannot be exceeded without the material returning to its normal conductive state. If we
imagine an external flux that is constantly increased, upon the point of the critical current
being reached, the supercurrent collapses, and one flux quantum can enter the ring. This
process repeats itself periodically, every time the critical current is reached, one flux quantum
can enter the ring. Fig. 4.11 aptly shows this behavior with the critical current being reached at
0.75Φ0 in this example. One can see the steadily increasing external flux (a) and the increasing
supercurrent (b), showing a sudden drop every time a flux quantum enters the ring, which is
also shown in (d).
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What we can gather from this is the fact that a superconducting ring is sufficient to observe
the effects of flux quantization. However, for application purposes, the required critical fields
are too large to build sensitive magnetometers, and the size of the loop is further constrained
by thermal energy considerations, also lowering its sensitivity. The solution lies in the usage
of Josephson junctions, very thin sections of insulating or normal conducting material that
interrupt the ring. When made thin enough (in the range of nanometers), the Cooper pairs
can tunnel through these junctions, which can be described by their wave function needing
to be single valued when going around a superconducting loop. In case of a sufficiently thin
junction within the loop, the wave functions on either side can overlap, making it possible for
Cooper pairs to tunnel. This setup allows much lower critical currents, which means that the
flux switching explained earlier will occur at much smaller applied fields, making the device
much more sensitive.

Figure 4.11: Behavior of a superconducting loop when exposed to a steadily increasing external
flux Φexternal (a), which generates a supercurrent (b) inducing an equal and opposite
flux Φcurrent (c), with the critical current IC of this ring being reached at Φ=0.75Φ0,
the resulting total flux Φtotal in the loop being shown in (d). Adapted from Ref. 143.

The current flowing across the Josephson junction is dependent on the critical current IC and
also on the phase difference δ between the wave functions of the electrons in the superconductors
on either side:

I = IC sin(δ). (4.40)

Known as the DC Josephson effect, this phenomenon can be described by Eq. 4.40 from Ref. 143.
Furthermore, the phase around the closed loop must be an integral number, according to
Eq. 4.38 we saw earlier, which is still valid after a Josephson junction is inserted into the loop.
It therefore follows that the total phase difference can be described using Eq. 4.41 with the
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total flux ΦT and with 2πΦT/Φ0 representing the phase difference.

δ + 2πΦT

Φ0
= 2π (4.41)

We arrive at the conclusion that with the addition a Josephson junction to our superconducting
loop, the basic principles of flux quantization are still valid, however, the phase difference across
the junction allows for the fact that the flux is no longer precisely quantized.144

With everything assembled that is needed for the basics of a magnetometer, we can now observe
the two underlying methods of building one as far as the actual SQUID is concerned. Gener-
ally speaking, there are two varieties of SQUID sensors, the DC SQUID, which features two
Josephson junctions in its superconducting ring, and the radio frequency (RF) or AC SQUID,
which has only one. This naming also takes into account whether the SQUID sensor is biased
with a DC or AC current. Curiously, the RF SQUID does not feature interference between two
wave functions, as there is only one, so if we’re picky, it doesn’t deserve the name Quantum
Interference Device. However, with the appropriate external circuitry, it can be made to behave
similar to a DC SQUID, as we will see in the following.

Figure 4.12: Schematic representation of a DC SQUID, adapted from Ref. 145, reprinted with
permission.

We first look at the DC SQUID, represented in Fig. 4.12, which, for application as a mag-
netometer, is subjected to an external bias current IB. Each of the two Josephson junctions
has its own critical current, and with no external flux present, half of the bias current flows
through either of the two junctions, assuming that the bias current itself does not exceed the
critical currents of the junctions. When this ring is exposed to an external flux, a circulating
supercurrent forms in the ring to counter the applied flux, keeping the inside of the ring flux-
free according to the Meißner-Ochsenfeld-effect. Due to the applied bias current, one junction
will now experience the supercurrent added to the already flowing bias current, while the other
junction will experience a bias current lowered by the supercurrent. As a result of this constel-
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lation, the left junction will reach its critical current before the right one does. When this takes
place, the ring will momentarily become normal conducting, absorb a flux quantum, and the
circulating current reverses, as shown in Fig. 4.13. The critical current for the entire setup is
therefore IC = 2I0 + 2IΦ and shows a periodic variation when the external flux is continuously
ramped up, caused by the interference of the two junctions with each other.

Figure 4.13: Induced circulating current IΦ in a a DC SQUID as a function of applied flux ΦE
(a) and variation of the critical current IC (b) caused by interference between the
two junctions, adapted from Ref. 146, reprinted with permission.

This is what gave the SQUID its name, and is often compared to the double slit experiment.
The SQUID itself is regarded as the double slit in this case; splitting a single wave function and
having the two resulting waves interfere with each other, modulating the critical current of the
device. In practice, the measurement is performed by recording the voltage across the entire
2-junction setup with a constant bias current, the selection of which is based on the behavior of
the SQUID shown in Fig. 4.14 (a). Such devices are usually operated at bias currents that are
greater than IC, which is shown by point A in Fig. 4.14 (a). In this mode, the measured voltage
is a function of both the bias current as well as the external flux, reaching a maximum when
IC is minimized at (n + 1

2)Φ0 and a minimum where IC is maximized at nΦ0. Due to the fact
that IC varies with flux, as shown in Fig. 4.13 (b), the output voltage also varies periodically,
depicted in Fig. 4.14 (b).

This characteristic periodic voltage output can be evaluated to determine the amount of flux
quanta that have entered the ring. Already, we can see that a SQUID isn’t capable of measuring
the absolute value of a sample’s magnetization. It can only measure changes in flux, which
requires any magnetometer setup to, in some way, introduce sample and thus its magnetic flux
into the sensor, with the total magnetic moment being determined by calculating it from the
change in flux the sample caused.
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Figure 4.14: Voltage as a function of bias current IB for a DC SQUID (a) and voltage as a func-
tion of sample flux Φsample (b), adapted from Ref. 145, reprinted with permission.

We now come to the single junction RF SQUID that was the first of the two that saw widespread
use, mostly due to the ease and lower cost of manufacturing. As mentioned previously, it’s
not actually a SQUID, as there is only one junction, and no interference between two wave
functions. Instead, the RF SQUID is inductively coupled to a resonant tank circuit (Fig. 4.15)
that is driven near its resonant frequency, with the device output being provided by measuring
the voltage across the resonant circuit (voltmeter not shown in figure).

Figure 4.15: Schematic representation of an RF SQUID (voltmeter not shown), adapted from
Ref. 145, reprinted with permission.

Users of Quantum Design MPMS devices will remember the necessity of tuning the SQUID
amplifier after performing the initial cooldown of the device, which is akin to the tuning of the
resonant tank circuit. To describe the current flowing across the junction, we can again use
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Eq. 4.40 and 4.41 and receive

IΦ = −IC sin(2πΦT

Φ0
). (4.42)

As before, we can plot the relation between the externally applied flux ΦE and the flux within
the ring ΦT, as displayed in Fig. 4.16. If we regard only the influence of the flux from the RF-
field (ΦE = ΦRF) and disregard any flux from a sample, we can examine the somewhat more
complex behavior of the RF SQUID in more detail: The behavior of the device is depicted as a
dashed green line, with only the positively sloping segments being stable,143 as flux will enter or
exit the ring if the alternating external flux is sufficiently large for the induced supercurrent to
exceed the critical current (IΦ > IC). This behavior is shown by the thick red lines in Fig. 4.16,
with the resulting peak output voltage (VRF,max) measured across the tank circuit against the
drive current being shown by the red line in Fig. 4.17 (a).

Figure 4.16: Behavior of the total flux ΦT in an RF SQUID when exposed to an external flux
ΦE (dotted green line), with influence of different drive currents (see Fig. 4.17)
being shown by red and blue lines. Adapted from Refs. 143, 145, reprinted with
permission.

If we continue with our assumption of there being no sample flux, we can observe the behavior
to depend solely on the current IRF that we can use to modify the response of the device. If
the current is sufficiently small, not enough flux is induced to exceed the critical current of the
loop, with the SQUID remaining in the "zero" quantum state, moving back and forth along the
ae line. In this region, the increase of IRF causes a linear rise of the measured voltage VRF,max
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as denoted by point A in Fig. 4.17 (a). When the drive current is sufficiently high to exceed
the critical current (B), one flux quantum is temporarily admitted into the loop, which now
follows the paths abcd or efgh, which in turn causes energy to dissipate in the resonant circuit.
Due to this energy loss, the device isn’t able to reach the ab or ef transition any more, despite
IRF still being at B, instead staying in the initial state on path ae, building up energy over the
course of many RF cycles, until ΦRF again becomes sufficient to reach the ab or ef transition.
This process occurs more frequently if we increase IRF past A, and if we increase it all the way
to D, every RF cycle causes a complete double hysteresis loop abcdefgh. Increasing IRF to E
causes IC to be exceeded twice, with two flux quanta being admitted to the loop, which can
be continued onwards for higher currents. If we now consider the sample flux, it becomes clear
that the response of the device can be adjusted by varying IRF.

Figure 4.17: Peak voltage achieved across the resonant circuit as a function of RF drive current
(a) and voltage as a function of applied flux (b) using constant drive current C,
adapted from Ref. 145, reprinted with permission.

At the same time, the strength of the sample flux Φsample relative to Φ0 also plays a role. For
Φsample = nΦ0, the red line is obtained in Figs. 4.16 and 4.17, while the blue line represents the
relationship for Φsample = n + 1

2Φ0, causing a shift of the transitions in Fig. 4.17 so that a higher
flux state can occur at a lower drive current A. We can conclude that the RF bias current IRF

is adjusted so that the voltage change caused by a change of Φsample is maximized in order to
obtain a high sensitivity. In most cases, these devices are operated with a constant RF bias
current, in this example set to C, which leads to the output voltage depicted in Fig. 4.17 (b).



79 4.4. SQUID magnetometry: Theoretical basics

We can therefore utilize the SQUID to generate a voltage signal that oscillates with increasing
flux quanta being admitted into the ring, allowing an evaluation of this signal in order to ac-
tually measure the sample flux Φsample.

To sum up these findings, we can conclude that a SQUID is a comparatively simple yet highly
sensitive flux to voltage converter that allows high precision measurements, although only of a
change of flux, with the absolute value having to be determined from this change.

After this short review of the physical principles upon which SQUID magnetometers are based,
let’s now take a short look at the actual measurement geometry used in practical devices. As we
have seen earlier, the size and shape of the superconducting ring has to be carefully controlled,
which severely restricts its usage to directly measure a change of flux by the common method
of moving a sample through the SQUID itself. Instead, a set of detection coils are used to
achieve a separation between the SQUID and the sample positioning, in order to allow for the
standard measurement method as described below. The schematic sensing circuitry for our
device clearly shows this separation between sensing coils and the actual SQUID, as depicted
in Fig. 4.18, also including the RF tank circuit on the right side.

Figure 4.18: Longitudinal SQUID system schematic, based on Fig. 8-1 from Ref. 147.

In modern day devices, the desired change in magnetization is brought about by physically
moving the sample through a set of detection coils, which themselves are also superconducting
to minimize noise and current losses. The geometry of our device is shown in Fig. 4.19 consisting
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of three coils, one at the top and bottom, wound once anticlockwise, and a central coil, with
two clockwise windings (or vice-versa). This unit forms an axial second order gradiometer, able
to detect a change in magnetization, while also making it possible to obtain a centering position
for the sample within the coilset. The measurement is performed by moving the sample through
the coilset while recording the output voltage, determined from the amount of detected flux
quanta, on which the device software performs a fitting procedure to determine the amplitude
and thus the magnetization of the sample.

Figure 4.19: Schematic representation of the measurement geometry utilized by our SQUID
magnetometer, with the sample being moved through a second order gradiometer,
resulting in a characteristic W-shaped curve, the amplitude of which is proportional
to the sample magnetic moment.

The characteristic W-shaped curve shown in Fig. 4.19 allows the device to detect the position
of the sample relative to the coils by simply locating the position of the large, central peak,
while the symmetric nature of the gradiometer rejects any linear background drifts of the mag-
netic field. This is especially important for magnetic field dependent measurements, with the
associated creep of the magnetic field in the superconducting solenoid after large field sweeps
being a commonly known source for errors. Thanks to the gradiometer geometry, such field
creeps, and any unwanted external magnetic fields, can be reliably filtered out, as any linear
background to the W-curve is disregarded by the fitting algorithm. The entire procedure is
automated and doesn’t require any further inputs from the user. The device automatically sets
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the appropriate sensitivity in the SQUID amplifier to make use of the most optimal settings
that are suitable for the respective sample signal.

With the described setup, using the integrated temperature controller of the cryostat, standard
measurements such as M(H) and M(T) curves can be recorded using automated sequences that
the user can combine as appropriate. Such measurements have been performed for a large
number of the publications that deal with the overall sample system of this thesis, including
the characterization of precursor materials and finished composites, representing an important
reference to obtain an understanding of the magnetic properties. However, the largest role of
SQUID magnetometry was played by its usage to directly determine the converse magnetoelec-
tric effect using a modified sample holder and the integrated AC susceptibility measurement
option. The reason for the use of this option rather than the preexisting capabilities of the
SQUID lay in the problem of measuring the very small influence of the ME effect while it’s
superimposed onto the static magnetic moment of the sample. One would normally expect it
to be possible to simply contact a ceramic sample on either side, and then apply a voltage
while measuring the magnetic moment. In theory, after normalization, one should then be able
to plot the increase of magnetization caused by increased electric field amplitudes, with the
fitting of the electric field vs. magnetization curve giving direct access to the magnetoelectric
coupling coefficient. However, when putting this idea into practice, one quickly realizes that
very little can be seen in the magnetization data. As we saw in the theory of the ME effect,
it’s strongly dependent on the magnetostriction of the magnetically active constituent of the
composite. This necessitates the application of different magnetic fields so that the optimum
field for the highest magnetostriction can be determined. When doing this, even at small fields,
it becomes painfully obvious that the static magnetic moment of the ceramic sample is simply
huge compared to the induced magnetic moment from the ME effect. In the last few sample
sets that were measured, with ceramic samples weighing about 200mg, the static moment was
in the range of several emu while the ME effect at optimum parameters usually went as high
as several 10−5 emu, being five orders of magnitude smaller than the static sample magnetic
moment. The device automatically adjusts the settings of the SQUID amplifier to account for
the magnitude of the signal, doing so to avoid a saturation of the sensor that would distort the
measurement value. As a result, a sample with a large signal directly leads to the least sensitive
amplifier settings, with any potential additional signal arising from ME coupling disappearing
completely in background noise. This problem is further exacerbated when the magnetic field
dependence of the ME effect is to be characterized by ME(H) sweeps at higher fields. To over-
come these issues, a different methodology was utilized, which shall be explained in section 4.6.
To obtain a general understanding of this methodology, the well-established AC susceptibility
measurement method shall be described beforehand, as it is on the basis of this method that
our specialized converse ME measurement setup was built.
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4.5 Principle of AC susceptometry measurements
As we learned from the previous section, a SQUID can only measure a change in magneti-
zation, with absolute values being calculated against a reference calibration. While regular
measurements, usually referred to as static or DC measurements, make use of a mechanical lin-
ear movement of the sample through the gradiometer to achieve this change in magnetization,
there are also other methods to obtain the same effect.

Referred to as AC or dynamic magnetometry, this method utilizes a magnetic AC field of
comparatively small amplitude to modify the magnetization of the sample. In the case of our
device, this is achieved with an additional non-superconducting solenoid that surrounds the
sample space at the position of the second order gradiometer, able to apply a homogenous field
of up to 0.52mT148 in a usable frequency range of ca. 0.01 - 1500Hz. As a result, we not only
utilize this type of measurement method to determine temperature dependent phase transi-
tions,149 but also to observe the relaxation behavior of nanoparticles in fluids and gels,150,151 as
it provides direct information on the dynamics of a sample. The measurement output consists
of the real and imaginary part of the measured magnetic moment, while it can also be displayed
as an amplitude signal with accompanying phase shift relative to the original input signal. The
name stems from the fact that this method can be used to directly obtain the magnetic suscep-
tibility of a material at a set temperature and applied static field, with latter being supplied by
the large superconducting solenoid. While the susceptibility can be calculated from the mea-
surement data by normalizing it with the applied field value, we will utilize the direct output
of the machine, which provides the measured magnetic moment of the sample, from which we
can determine the magnetization by normalizing to sample volume or mass.

The major advantage of this setup lies in its high sensitivity (10−8 emu) and low noise, which
is achieved by a number of proprietary steps that are performed during a standard two point
measurement. The line and drive nulling procedure ensures that all stray signals are eradicated
before performing the actual measurement, which itself is based on the use of a lock-in amplifier
in conjunction with the SQUID sensor. The former is only sensitive to signals that match the
frequency of the applied AC magnetic field, and is thus able to reject any stray signals that
do not correspond to the measurement frequency. The only disadvantage of this system is the
considerable time it takes, up to 10 minutes per data point, depending on device settings and
the strength of the sample signal.
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4.6 Converse ME measurement setup

Now that we have dealt with the functionality of the standard SQUID magnetometer, as well
as the AC susceptometry fundamentals, it is time to delve into the custom built setup that
will be used in the following to measure the converse magnetoelectric effect of ceramic samples.
This method was devised by Dr. Pavel Borisov in 2007 while he was working on his PhD in the
group of Prof. W. Kleemann, with the general description having been published in the Review
of Scientific Instruments.10 Since then, several other groups have copied this method, as it can
be applied to all "classic" Quantum Design MPMS and MPMS-XL systems that predate the
current MPMS3 (formerly known as SQUID-VSM). The biggest advantage of this system is
the ease of implementation, with just minor modifications being needed to transform a regular
SQUID magnetometer into one that can be used for magnetoelectric measurements. The only
requirement is for the SQUID to be equipped with the AC susceptibility measurement hard-
ware, which can be added to existing machines in case it was not selected as an option when
the system was ordered.

To sum it up very briefly: The signal that would normally be sent to the magnetic AC field
solenoid is diverted and instead used to apply an electric field to the sample, with the SQUID
recording the resultant change of magnetization through a lock-in amplifier.

For this purpose, one of the main leads that connects the SQUID probe to the J-C5 socket
of the electronics cabinet is used. Instead of connecting it to the cabinet, is it plugged into a
junction box, as shown in Fig. 4.20, which simply splices out pin no. 17 and 18 while letting
all other wires pass through without interference. These would normally be connected to the
AC magnetic field solenoid. The main lead that emerges from this box can be connected to
J-C5 again to allow all other functions of the SQUID to work normally, while the two spliced
out pins are now available for their alternative use. One could directly use the output signal
at these pins to apply a voltage to the sample, but in order to protect the AC electronics from
short circuits, and to more freely set higher applied voltages, we instead connect them to the
input side of a wide band amplifier (Krohn-Hite Model 7602) shown in Fig. 4.22 (h). Latter
has two inputs, A and B, with us using the mode A-B that generates an output signal from the
difference of the two input signals. With the grounding switch of the amplifier set to floating
instead of chassis, we can rule out any possibility of current flow to ground from the AC pins,
thereby making sure that measurements can be performed without any harm to the device in
case of short circuits or leaky samples.

The wide band amplifier will be our main power source for measurements, able to supply AC
voltages up to ± 200V, with the same voltage also being available as DC offset that is added to
the AC signal. The combined voltage cannot exceed the specified 200V, so lower AC amplitudes
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need to be used when a DC offset is applied. The continuously variable gain setting of the AC
signal makes it possible to calibrate the setup to a specific maximum voltage. A coaxial cable
(Fig. 4.22 (f)) with BNC (Bayonet Neill - Concelman) connectors is used on the output side of
the amplifier, which is connected to an oscilloscope (i) via a voltage switch (g). Latter only
serves to protect the oscilloscope from high voltages, with 1/10 of the voltage applied to the
sample being used to check the signal for proper calibration. This is carried out by setting
a certain AC magnetic field amplitude via the SQUID software, for example 4Oe. Then, the
gain of the amplifier is set so that this magnetic field amplitude setting now corresponds to
200V in AC amplitude, with 2Oe then being equal to 100V and so forth. With this simple
method, one can easily calculate the applied voltage from the magnetic AC field strength in
Oersteds that the SQUID records in its data files during measurements. It goes without saying
that care must be taken to correctly note the applied voltages to avoid any errors during the
evaluation of the data. At the other end of the BNC connector (e) we find the sample rod (c)
with attached sample holder (a), as also shown schematically in Fig. 4.20.

Figure 4.20: Schematic representation of the converse ME SQUID setup, with electrical connec-
tions shown in blue and the sample shown in red. The dotted line represents the
direct connection of the SQUID controller in regular operation, while the modified
setup uses a junction box to splice out the AC leads from the J-C5 cable.
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It is a standard MPMS sample rod that had its top seal removed so that a pair of 0.2mm
manganin wires could be run through its length, as all sample rods are hollow. Manganin was
chosen as it minimizes thermal conductance throughout the sample rod. The top was sealed
with wax, as this part remains at room temperature and doesn’t undergo any significant ther-
mocycling, and a BNC connector with a small metal tube was added, affixed to the silver knurl
at the very top of the sample holder. This is normally intended to slide off the rod in case latter
becomes mechanically jammed for some reason. In our case, it was tightened with pliers in
order to stop that from happening. Otherwise, in case the sample rod jams, the fixture would
pull out the wires and with them the wax plug, opening the sample space to ambient air. Since
the device would attempt to maintain a low pressure atmosphere, a lot of air would be pumped
through this opening, which could freeze out if the sample chamber were at low temperature
at that time. If this happens, even if the leak is small and not readily noticeable, the resulting
ice formation can easily damage the sample holder, which is rather brittle at low temperatures.
Because of this, the low temperature region was often avoided in the later parts of this work,
as described in section 6.2.5.

It has to be mentioned that Quantum Design offers their own sample rod with electrical con-
tacts, designated as "Manual Insertion Utility Probe", but the hardware at the bottom end
doesn’t make it ideally suitable for sensitive magnetic measurements. We therefore elected to
keep using this home-built sample rod, despite the seal at the top being a clear weak point.

Figure 4.21: Schematic representation of the converse ME SQUID sample holder before (top)
and after assembly (bottom). The ends of the small diameter straws facing the
sample are blocked by small pieces of adhesive tape, which locate the sample.

Following the sample rod down to the sample holder, we arrive at the final part of the mea-
surement setup, displayed in Fig. 4.21. Regular SQUID users will recognize the clear, plastic
drinking straws that are used for standard sample mounting on these older systems. We de-



Chapter 4. Scientific instrumentation 86

cided to use the same method, mostly due to the fact that it allows standard DC magnetometry
measurements to be performed in addition to the intended ME measurements.

Figure 4.22: Overview of the converse ME measurement components, with the sample holder
(a) and an installed sample (b), as shown in detail in Fig. 4.21. This is attached to
the bottom end of the 1.5m sample rod (c), which has an attachment at the top
end (d) to the linear motion of the SQUID magnetometer. A BNC connector (e)
allows the sample to be directly wired (f) via a voltage switch (g) to the output
side of the wide band amplifier (h). The yellow and green wires are pins 17 and 18
from J-C5, as shown in Fig. 4.20. The oscilloscope (i) is used to check the shape
and amplitude of the applied voltage so that the setup can be calibrated.

Therefore, the main goal is the mounting of the sample with a minimal amount of magnetic
background signal from the sample holder. To achieve this, the sample holder is built in a way
that no or only minimal inhomogeneities are present, apart from those that cannot be avoided
at the sample position. The sample itself is held in place by the two small diameter straw
segments visible in Fig. 4.21 that had their ends closed by small sections of adhesive tape,
with the straws and the sample being slid into a slightly larger straw with an inner diameter
of 8mm. Their diameters are similar enough to allow the entire stack to be relatively stable
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by friction alone, with almost nonexistent play between them. The attachment to the sample
rod is provided by a roll of adhesive tape that has the correct thickness to allow the outer
straw to be pushed onto it, with friction being sufficient to hold it in place. This measurement
geometry, with magnetic and electric fields both being perpendicular to the sample surface,
is the standard way of mounting samples for the measurement of the longitudinal ME effect.
Unless otherwise stated, the sample is always oriented in this manner.

The 0.2mm wires running along the length of the sample rod terminate just below the at-
tachment point of the sample holder, being soldered to much thinner 0.08mm copper wires for
the last few centimeters to the sample, to minimize the mass of non-sample material at this
stage. To achieve symmetry in the sample holder, one of the wires runs directly from one of the
terminals to the sample, while the other one runs down the entire length of the sample holder,
in the small space between inner and outer straws, then makes a 180◦ turn at the bottom of
the assembly to connect to the sample from below. This way, as far as magnetic signals are
concerned, the wires represent a homogenous background along the entire scan region, with the
only inhomogeneity being the ends of the inner straws and the sample with the electrodes. Care
must be taken when assembling the entire stack, making sure that there are no loops near the
top where a small but unavoidable length of excess wire is bunched up when sliding the straws
into each other. As the wires are lacquered, no short circuits should occur, but if the wire bunch
takes on a certain geometry, one or several small solenoids can be formed inadvertently. These
would introduce a small magnetic field to the sample environment that the lock-in amplifier
wouldn’t be able to filter out, as the resulting field would have the exact same frequency as
the applied signal and thus also the sample signal. These problems are discussed in detail in
section 4.8.1.

This description represents the current iteration of the sample holder and rod assembly. The
previous iteration was burdened with excessive lengths of unshielded wires connecting the sam-
ple rod to the amplifier, as well as sections of badly insulated wires within the sample rod,
causing numerous problems that had a detrimental impact on the reliability of the measure-
ment. After a lot of trial & error, the wiring in its entirety was completely replaced, enabling
the performance of reliable and reproducible measurements. Other small improvements were
made, following the advice of Dr. Pavel Borisov, such as the removal of the load resistor that
is shown in Ref. 10, which proved to be unnecessary.

The final contacting of the sample to the wires was achieved by the simple application of sil-
ver paste onto the sample faces, making sure to evenly coat the entire surface, while placing
the wire on the still wet silver paste. When dried, this results in an electrode that acts as a
capacitor plate with no air gap between electrode and sample, while also affixing the wire at
the same time. Care must be taken to remove the lacquer coating of the wire prior to electrode
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application, with a standard multimeter being utilized to test the continuity between the BNC
connector and the electrode on the sample surface. Measurements of P(E) loops or the direct
ME effect use the same electrode configuration, allowing its re-use in the converse ME setup.

When all is satisfactory, a high sensitivity electrometer (Keithley Model 617) is connected to
the assembled setup to determine the resistivity of the sample. This serves a dual purpose:
On the one hand, the resistance of each sample in a set can be used for later explanations of
trends seen in the following measurements. On the other hand, a very low resistance (in the low
MΩ range) is indicative of a leaky sample that has excessive conductivity. With such samples,
a current flow can occur through the ceramic, which is a rather complex material with grain
boundaries and discontinuities. As a result, current loops can form, leading to a parasitic signal
that is caused only by conductivity and not by the ME effect. This will be discussed in the
pitfalls (4.8.1) and evaluation section (6.2.3) later on. Another, more straightforward problem
is the resistive heating of the sample, which can quickly become excessive. Depending on the
properties of the material, porosity or general stability, it can happen that the sample bursts,
contaminating the sample chamber and damaging the sample holder, also explained in detail
in the section 4.8.1. As a result, samples with questionably low resistivity are subjected to the
maximum voltage before the sample holder is assembled, to mitigate any damage or contami-
nation. This also avoids the risk of one of the unlaquered wire ends touching the inside of the
sample chamber, as it has been observed that in case of badly insulated wiring, the voltage takes
the path of least resistance, in this case via the wiring of the temperature sensor that is built into
the sample chamber walls. This can lead to wildly fluctuating temperature readings, with the
temperature controller attempting to work against it, despite the actual chamber temperature
not having changed, usually causing an automatic shutdown of the controller to mitigate any
damage. In the worst case, the wiring between the control cabinet and the SQUID probe can
be damaged, which must be avoided at all costs, hence the pre-measurement high voltage check.

This concludes the detailed description of the measurement setup that will be used in the
following to obtain the entirety of the converse ME data.
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4.7 Description of the converse ME measurement
methodology

In this chapter, the methodology of the converse ME measurement setup is described, to make
it clear how the data shown in the upcoming chapters has been obtained. This section only
describes the methodology itself, to provide the reader with a general idea of the course of
such measurements, while the evaluation and interpretation of the data takes place afterwards.
After going through the sample mounting steps outlined in the previous chapter, we end up
with the sample rod installed in the magnetometer, the BNC connector linked to the output
side of the amplifier, which in turn was previously calibrated, so that the desired voltage can
be set by using predetermined field values.

At this point, one usually performs a test measurement with parameters known from previ-
ously used sample sets. In our case, the transition temperatures for BTO are close to room
temperature, so that no variation of the temperature needs to take place for a first test. The
magnetic field is usually set in the range of 0.1 to 0.15mT, and if the sample has shown sufficient
resistance, the largest possible voltage of 200V can be used, with the resulting electric field
depending on the sample thickness, usually being in the range of 1-2 kV/cm. The frequency
is normally kept slightly below 10Hz, a value that was also learned from numerous previous
measurements. After making sure that all these parameters are correct, a single measurement
is performed, usually with two scans per measurement, so that the software can produce an
error bar based on the deviation of two points relative to each other. Once the measurement is
completed, which can take up to ten minutes depending on signal strength and device settings,
a single data point is produced. It can be analyzed in terms of the signal amplitude relative
to the error bar, which is a quick indicator of whether or not there is any ME effect present in
the sample, or rather, whether we are currently able to measure it.

If the data point is of the same magnitude as the error, in the range of 10−7 to 10−8 emu, there
is usually a problem with either the sample or its contacting. If we do have a sufficiently large
signal, one has to take a look at the raw data that is always saved for the last recorded data
point. It shows the relative voltages that are recorded in the course of the pre-programmed
two-point measurement, which are subtracted from each other to form the final measurement
signal. If everything performs as expected, and as the ME effect in our samples is expected
to be linear, we should end up with a sinusoidal wave that would ideally be a close match to
the applied signal, with a slightly deviating phase and an amplitude dependent on the sample
properties. An example of such a raw data plot is depicted in Fig. 4.25 of section 4.8.1, while this
output from the SQUID is also available via a BNC connector at the back panel of the device.
If needed, it can be connected to the second channel of the oscilloscope shown in Fig. 4.22 to
directly observe the input and output signals simultaneously, while the measurement is being
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performed. One must be cautious if the signal shows strong signs of distortion or spurious
artifacts. The device performs a fit routine using a sinusoidal wave to produce a data point
from the raw data output, with the Regression Fit value being the indicator of the fit’s goodness.
This is also an important factor when considering the validity of obtained data. Once all the
prerequisites are met, we may commence with the first type of measurement that is usually
performed on the sample sets we have investigated, although these steps may be different for
other magnetoelectric systems.

4.7.1 Temperature dependence

This stage of the measurement serves to obtain the maximum of the ME effect in dependence of
sample temperature, with the change in the effect usually being associated with the structural
phase transitions of the BTO phase. This would be equally interesting for other constituents
that have phase transitions within the range of measured temperatures, or other parameters of
importance that show temperature dependence. The behavior of BTO is well-known in its bulk
form, but can shift depending on the crystallite size present in the composites. As the recording
of one point takes considerable time compared to a standard DC magnetometry measurement,
this sequence can only be performed in "settle" mode, with the temperature being stopped and
stabilized at each set point before the measurement commences. Faster measurement types
usually utilize the "sweep" routine whereby the temperature is ramped at a constant small rate
such as 2K/min while measurements are performed at predetermined points that the sample
temperature passes through. In addition to using the "settle" mode, it has to be ensured that
the sample remains centered in the sensing coils of the gradiometer. While DC measurements
can account for a shift of the W-curve with every measurement, this is not the case for our
ME measurements, as the change in magnetic flux is not brought along by moving the sample
through the entire coilset. To avoid an unwanted drop in the signal amplitude due to the
thermal expansion or contraction of the 1.5m long sample rod, a centering scan is performed
at every temperature point. These consist of a single movement of the sample through the
coilset, using the static magnetization to determine and re-adjust the sample position. This
ensures that for every temperature dependent ME measurement, the sample always remains
perfectly centered in the coilset, avoiding an unwanted drop in the magnitude of our values due
to thermal expansion of the sample rod.

4.7.2 Magnetic field dependence

After establishing the temperature for the highest ME effect, the next step consists of doing
the same for the applied static magnetic field. The easiest way to accomplish this is by using
a standard M(H) magnetometry sequence, but in addition to recording the static magnetic
moment, the ME measurement is also performed at each field step. This allows the recording of
two curves, M(H) and ME(H), using just one field sweep. In the case of the samples discussed
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in this thesis, we are looking at the properties of the ferrimagnetic constituent, namely the
field dependence of its magnetostriction, which influences the strength of ME coupling, while
also recording the standard parameters of magnetometry such as saturation magnetization,
coercive field and remanence. Due to effects of remanence, slightly different maxima are visible,
depending on the previous history of the sample (arriving from high positive or high negative
fields). We usually elected the maximum with the higher amplitude as our optimum magnetic
field for subsequent measurements.

4.7.3 Electric field dependence

The last measurement type can be considered as the most important one, as it provides the
data from which we obtain our quantitative analysis of the coupling. Once the temperature
and magnetic field dependence have been determined, it’s rather straightforward: Using the
optimum temperature and optimum magnetic field, provided they make physical sense (such
as not using high temperatures in the case of suspected leakage currents generating the signal),
we simply ramp down the electric field amplitude from the maximum value to almost zero,
recording 10-40 data points in between. These data points, once analyzed via linear fitting,
provide the slope, which can be directly translated into the converse ME coupling coefficient.
Further information on this is provided in the upcoming section 6.2.1 while section 6.2.2 provides
insight into our error estimation for this procedure.
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4.8 Pitfalls of the converse ME setup

When using this setup, it’s very important to consider the validity of the data, in terms of
determining whether the values we measure are really based on the magnetoelectric coupling
we want to characterize, or are the result of any stray or parasitic effects. Due to the fact
that the setup is self-built, no manual exists to tell the user what to look out for, so the
following explanations are based on experience and a lot of trial & error that went on during
the characterization of these samples, especially at the beginning of our cooperations.

4.8.1 Apparent ME signal from conductivity

The process of the temperature dependent measurement has been explained in section 4.7.1,
its purpose being the characterization of the ME effect with regards to structural phase transi-
tions, so that the optimum temperature for later measurements can be determined. This step,
however, is even more important than it seems at first: The knowledge of the phase transitions,
in this case of BTO, as shown in Fig. 3.3, allows us to make sure that the ME effect we can see
in the raw data and also the measurement data, is in fact a signal caused by strain coupling
between the piezoelectric and magnetostrictive constituents. It can occur that a stray signal
also plays a part in these measurements, which can happen for two reasons. The most obvious
one is the presence of a wire loop in the vicinity of the sample, which acts as a small solenoid.
Any magnetic field generated by it will have the exact same frequency of the input signal, and
thus also of the signal from actual ME effects, if those are present in the sample. This poses a
significant problem: The main method of noise rejection utilized by the measurement process
inherent to the MPMS relies on a lock-in amplifier. With the stray signal having the exact same
frequency as the input and measurement signal, it can completely bypass the lock-in filtering
and distort our measurement data. Thankfully, there is a simple solution to this problem, as
contained in the general description of the setup (4.6): One has to make sure that no loops are
present in the wiring when assembling the sample holder. If loops keep appearing, the wires
have excessive length and need to be shortened. This of course decreases the margin for error
when performing the assembly of the sample holder, since the thin wires are easily severed.
Still, it’s an important and straightforward precaution.

The second large source of signal from conductivity is of a more complex nature: It’s caused
by excessive leakage currents through the ceramic sample, which was most apparent in some
of the spark plasma sintered (SPS) samples (see section 6.2.3), due to the (3-0) connectivity
scheme giving rise to an interconnected network of CFO structures that propagate through
the sample. The complex structure of the ME ceramics used in this work is nicely illustrated
in the TOF-SIMS images of the BCZT-NFO sample shown in Fig. 6.58 from Ref. 126. We
can see that there is a very complex, and irregular pattern of the phases, which in the case
of that sample set was not a problem, as it mostly crystallized in the (0-3) pattern, with the
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more conductive NFO grains being surrounded by the BCZT matrix. If this were the other
way around, as in the case for the SPS samples, we have a large number of paths that offer
higher conductivity, so that a small current will flow through the sample when a voltage is
applied during the converse ME measurement. If we assume a perfect sample that simply
consists of a homogenous material of a certain conductivity, the current would flow directly
from one electrode to the other, in z - direction relative to our second order gradiometer, and
thus not induce any magnetic flux that the SQUID would pick up. However, in reality, the
samples are not ideal, and it can easily happen, through grain boundaries, defects, or the gen-
eral shape and morphology of the two constituents, that small current loops are present in the
sample. The superposition of a multitude of these is sufficient for the SQUID to see a signal
of significant strength, which is itself superimposed onto any signal stemming from actual ME
effects. Even if the sample is not magnetoelectric, we would be able to see these effects from
conductivity. And just as it was the case for the small wire loops, the lock-in amplifier is un-
able to reject this kind of stray signal, as it has the exact same frequency as the applied voltage.

Figure 4.23: Apparent ME signal from leakage currents in a temperature dependent converse
ME measurement for a CFO-BTO 50-50 sample produced by SPS (a) compared
to a ceramic of the same composition with higher resistivity from conventional
sintering (b), adapted from Ref. 45, reprinted with permission.

This pitfall was discussed briefly in Ref. 45, from which Fig. 4.23 is taken. It shows a com-
parison between two samples of equal 50-50 CFO-BTO wt% composition, with the curve in
(a) representing an early attempt at the SPS fabrication technique, while the curve in (b)
was recorded on a sample that was conventionally sintered. There are two telltale signs of
the signal we see in (a) not being generated by a magnetoelectric coupling in the sample: At
low temperatures, the signal is very low and noisy, being indicative of the non-poled state of
the sample, caused by its conductive nature preventing effective poling. More importantly, at
high temperatures, the signal shows a very strong and monotonous increase, with no sign of
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the BTO phase transition near 285K being visible. Meanwhile, the sample in (b) shows the
expected peak at this temperature, with the data points being characterized by low noise and
variance. These observations are strong indicators for a stray signal caused by current flow
through a leaky sample in (a), with the increase at high temperatures being caused by the
increasing number of charge carriers that become available due to thermal excitation. Because
of this, the temperature dependence of the magnetoelectric effect, even when it’s not shown in
publications, was always recorded for every sample that is discussed in the results section.

Additionally, the magnetic field dependence, ME(H), is also an important indicator, as the
lack of a characteristic peak, caused by the magnetic field dependence of the magnetostriction
λ in the sample, can also be an indicator for the signal being caused solely by conductivity
effects. In this case, a more or less constant signal is observed, which, in theory, would still
allow one to observe ME signals, as the effects from magnetoelectric coupling and conductivity
are superimposed. However, it’s often the case that very leaky samples also make it impossible
to perform proper poling, with the residual ME effect therefore being rather small. One very
recent example of a sample with strong leakage current is a composite made from Terfenol-D
and BTO in 40-60 wt% composition, as mentioned in the outlook, for which the electric and
magnetic field dependence of the induced magnetic moment is shown in Fig. 4.24. This sample
represents a textbook case of strong conductivity effects, with an exponential increase of the
apparent ME signal with rising temperature (a), and with no discernible reaction to magnetic
field application (b).

Figure 4.24: Apparent ME signal from leakage currents in temperature (a) and magnetic field
dependent (b) measurements of a Terfenol-D -BTO 40 - 60 composite sample.

As described in the results chapter, we will encounter a sample that shows temperature depen-
dent results that are highly indicative of leakage currents, but were still able to see the typical
magnetic field dependence of the magnetostrictive phase in section 6.2.3. This clearly shows
that the underlying ME coupling can sometimes still be characterized due to the superposition
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with stray signals from current flow, unless the latter is so large that it completely overshadows
the ME coupling.

4.8.2 Excessive Joule heating

Furthermore, not being a pitfall as such but a very obvious problem: If a sample has such a low
resistance that the current flow through it becomes substantial, it can happen that the sample
is subjected to significant resistive heating, since the amplifier is able to output 34W in total.
This can lead to two outcomes: Either the sample simply becomes hot and melts the sample
holder around it until the electrodes or wires become detached, or it heats up so quickly that
it disintegrates explosively. We assume that the latter is caused by the inherent porosity of
sintered ceramics, with the sudden heating and the expansion of gas within the pores forcing
the sample apart from inside. Both of these cases can lead to a destruction of the sample holder
assembly and a contamination of the SQUID sample chamber, both of which are time consuming
to rectify. This shows how important it is to check the sample resistance before measurements
are performed. Due to the complex crystalline nature of our samples, we cannot give a certain
resistance value down to which ME measurements are safely possible, as it always depends on
the applied voltage. As a rough ballpark figure, if a sample has a resistivity of 100MΩ or lower,
we usually test it by contacting the sample but not yet inserting it into the sample holder or
the SQUID. By connecting the sample holder to the output side of the amplifier and starting
a dummy measurement, we can easily test whether the sample can deal with the maximum
voltage that will be applied during the course of the measurements, additionally checking its
temperature with an infrared thermometer. If the sample does explosively shatter, it does so on
the workbench, without causing contamination or damage to our experimental setup. If leaky
samples need to be measured, this problem can also be avoided by using very low voltages and
thus making sure that only minimal heating occurs.

4.8.3 Lack of ME signal due to frequency doubling

This effect was discovered during the measurements of the CFO-BTO composites from the
first two publications on magnetoelectric ceramics123,124 that concern this thesis. We observed
no satisfactory ME signal on a sample that had been previously characterized by the direct
measurement of the ME effect in the group of Prof. Lupascu, while the converse ME setup
produced only data points that were on the same level as the background noise. After extensive
searches for errors in the wiring and sample contacting, the problem was discovered in the raw
data: The frequency of the raw signal showed twice as many peaks as expected, as if the
frequency of the ME response was doubled relative to the frequency of the applied electric
field, which of course meant that the lock-in amplifier was hardly able to see any signal at the
frequency it was set to.
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At the time, we explained this behavior by samples that weren’t fully poled, so not all domains
were aligned fully in the electric field direction. This can cause the piezoelectric strain of
different grains to have opposing signs, effectively canceling out the linear ME response. The
electrostrictive strain would still be present, being proportional to the square of the electric field,
and as the response through coupling to the magnetostrictive phase would be present for both
positive and negative applied fields, it would effectively double the resulting signal frequency.
Following an idea from Dr. Joachim Landers, the problem was solved by using an offset DC
electric field, which can be manually set with the standard controls of the amplifier. This was
tested on a CFO-BTO 40-60 sample that showed complete frequency doubling, depicted in
Fig. 4.25 (a). Some samples only show a certain degree of a phase shifted signal, while this
sample had an almost perfectly frequency doubled signal. Testing the offset led to a stepwise
reduction of the doubled fraction until it disappeared at roughly equal DC and AC voltages.
For peace of mind, the DC voltage was increased to 150V, with no further changes being visible
(Fig. 4.25 (b)).

Figure 4.25: Frequency doubling in the raw data of a CFO-BTO 40-60 sample with 200V AC
and no DC offset (a) and with a 150V DC offset and an AC voltage of 50V (b).
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We assume that the DC electric field also helps to at least partially pole the sample. In case
of an imperfectly poled sample, or one that cannot be poled due to high conductivity, this
enables the measurement of ME coupling, although not under optimum conditions of course.
After these initial tests, the usage of an offset was established as standard procedure in order
to rule out any errors like this in the future: For all subsequent samples, the standard settings
consisted of a DC offset of 100V in conjunction with a 100V amplitude of the applied AC
electric signal. We thus turned a bipolar signal into a unipolar one, which oscillates between
200V and 0V around the 100V DC offset. To make sure that this doesn’t change the magnitude
of the recorded measurements, it was tested with several samples. Whenever the samples did
not suffer from frequency doubling, the application of the DC offset did not change the strength
of the induced magnetization, which we deemed satisfactory to assume that this is valid for all
samples. In fact, it was discovered that while some samples didn’t display frequency doubling
as such, a degree of distortion of the raw signal was sometimes visible, an effect that was also
cured by the DC offset, which avoided any distortion and produced near perfect sinusoidal
signals for samples that showed ample ME coupling. It therefore became the regular method
for sample characterization from that point onward. For peace of mind, we can also refer to the
P(E) measurement results that will be described in chapter 6, which are usually measured with
electric fields up to tens of kV/cm, with the 1-2 kV/cm maximum fields used for these converse
ME measurements being within the linear parts of the polarization response. We therefore
do not expect any issues to arise from our offset procedure, or from the general magnitude of
electric fields used here.

4.8.4 Effects of measurement frequency

It was discovered fairly early in our work that the frequency at which the AC electric field is ap-
plied plays some role in terms of measurement signal stability. Throughout our measurements,
the AC frequency was kept between 1Hz and 11Hz, as experience dictated that this frequency
range was the most optimal for our purposes. However, being experimenters, we wanted to
know what would happen if we went to higher (or lower) frequencies, if there is any obvious
change in the measured parameters, why these might occur, and why certain frequencies should
be avoided. Generally speaking, a check of the frequency dependence was usually performed
for at least one sample per set. In some cases, depending on complementary measurements,
the frequency was chosen based on the requirements of other experiments, so that for example
the same frequency could be used for the measurement of the direct and converse ME effect.
In such cases, we sacrifice some signal strength for comparability, as is also done during the
selection of measurement temperatures for certain samples.

One comprehensive frequency survey is shown as an example in Fig. 4.26, recorded on a sample
from the last set, namely BCZT-NFO 60-40 at 310K, 0.04T and 100V AC amplitude with a
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100V DC offset, for reasons described in the previous section 4.8.3. The AC and DC designation
in Fig. 4.26 refers to the setting of the amplifier, with one mode obviously intended for AC
and the other for DC signal amplification. We can see that on the AC setting, the amplifier
seems to have problems with very low frequencies, which show a stark decrease of the signal,
correlated with a similar decrease in voltage that’s visible on the oscilloscope. It is therefore a
machine property, easily avoided by using only DC mode for our low frequency regime.

Figure 4.26: Frequency dependence of measurement signal recorded on a BCZT-NFO 60-40
ceramic sample with AC and DC amplifier settings with indicated commonly used
measurement frequency.

However, when using the DC setting, an increase of the signal at very low frequencies can
be observed. We attribute this to influence from interfacial and space charge (see Fig. 2.10),
such as the Maxwell-Wagner effect.152 It describes a charge buildup in dielectrics with layered
or inhomogeneous interfaces, for which sintered composites are a good example. This effect
is caused by different permittivities and conductivities of the two constituents at interfaces,
leading to a charge accumulation. Generally speaking, the dielectric losses observed in our
samples, for example in Fig. 6.44, show a strong increase at low frequencies, which is usually
indicative of effects from conductivity. We can thus assume that our samples, especially with
higher ferrite content, are susceptible to stray signals from conductiviy, which is what we see
here at low frequencies. For this sample, which contains 40wt% NFO, the effect is fairly
moderate. However, an increase of this content by 10wt% has led to an increase of the ME
signal by a factor of nearly 3.4 from a frequency of 8Hz down to 1.7Hz. It is because of
such behavior that the measurement frequency needs to be carefully controlled. We therefore
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utilized AC frequencies between 8Hz and 9Hz for the majority of the measurements shown
here. This way, we could avoid any potential influences from the amplifier or conductivity
effects, while also steering clear of the artefact above 10Hz, which is intrinsic to our device.
Going towards higher frequencies, there isn’t much observable change in the magnitude of the
signal at first, while frequencies above 100Hz (not shown here) lead to a drop of the measured
signal. We attribute this to the fact that this is a self-built setup, with the long, unshielded
wires going down the sample rod potentially acting as antennae, with the associated energy
loss. Indeed, one could argue that we are susceptible to picking up all kinds of stray signals
from the environment. However, this is completely mitigated by the lock-in technique that was
described in section 4.6. We also need to keep in mind that our low frequencies are sufficiently
far away from known stray signal sources such as 50Hz from mains electricity, or 16.7Hz from
railway overhead lines, both of course depending on the locally used voltage systems, and the
proximity of the device to stray signal sources. This leaves only conductivity effects as a main
source for stray measurement signals.



5 Sample synthesis methods and
precursor characterization

The focus of this work clearly lies in the experimental characterization of samples for the de-
termination of the converse magnetoelectric effect. Before these experiments can even begin,
the samples need to be synthesized first. It is without question that this first step carries with
it a lot of significance, as the consistency and quality of the samples decide on the successful
outcome of the experiment. As such, a short overview shall be given for each of the techniques
that were used to produce the samples used for this thesis. The synthesis was performed in
the group of Prof. Lupascu in Essen, and was thus not the main topic in this work, but its
importance dictates its inclusion, so that a comprehensive overview can be formed of this topic.

Here, we run into the problem of the boundaries between synthesis and characterization be-
coming somewhat blurred, as a number of measurements have been performed on the precursor
materials after their initial synthesis but before the formation of ceramics via sintering. It was
on these ceramics that the most important measurements were performed, but the precharac-
terization results are still vital to the understanding of the peculiarities of these sample sets.
A decision had to be made on how to divide these closely intertwined topics, whether to keep
a pure synthesis chapter completely separate from initial measurements or whether to include
a number of measurement results in this chapter. I decided to opt for the latter, enabling the
reader to more clearly understand the progress and decisions that were made with regards to
the synthesis methods following some of the initial precharacterization results. This way, the
results chapter can be devoted mainly to the data obtained from magnetoelectric measure-
ments and Mössbauer spectroscopy. This is also done to differentiate between the extensive
preliminary characterization that was performed in the group of Prof. Lupascu, allowing us to
concentrate only on our specialty topics in greater detail.

5.1 Wet chemical synthesis and characterization of BFO
nanoparticles

There are a number of possible methods that can be used to synthesize BFO, each with their
own advantages and also problems. These include solid state reaction,153 rapid liquid phase
sintering,154 simple carbonate precipitation,155 chemical solution deposition,156 high energy ball
milling,157 sol-gel,158 coprecipitation159 and pulsed laser deposition.160,161 While many of these
share some common features, one can divide them into two general groups, one consisting of
solid state reactions that involve mixing stoichiometric amounts of precursors, followed by dif-
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ferent mixing or milling steps as well as subsequent calcination. The other routes are chemical
or soft chemical in nature, with latter denoting the comparatively low temperature required
for the reaction to take place. We will concentrate on these, as the particles described in the
following were synthesized by a chemical route. Pulsed laser deposition, while a very interesting
technique for multiferroics overall, is in a league of its own, as it’s strictly speaking not a syn-
thesis technique. The production of samples with this method, while promising good quality
and possible applications,78 requires a target material of pure BFO to begin with. As such, it’s
a method that is useful for the production of thin films, but less so for material synthesis and
nanoparticle formation.

It becomes obvious when researching BFO synthesis that the goodness or suitability of synthesis
routes depend strongly on the individual application. One example is Pechini’s autocombustion
method, which was originally patented in 1967 to produce lead and alkaline earth titanates and
niobates.162 The method was successfully applied to the production of BFO, with some groups
claiming that it fails to produce phase pure BFO in order to promote their own methodology,163

while others were able to use this method with good results.164 We must therefore always re-
member that the method is only as good as the skill of the experimenter who is applying it,
while also depending strongly on the quality and shelf-life of the precursor materials that are
used. One has to keep in mind that the method described in the following is one of many, and
not without alternatives.

With that said, the sample set we are concerned about was produced by a low temperature and
thus soft chemical route that was proposed by Ghosh et al.163 This choice was made due to the
fact that this preceding work119 had the main purpose of investigating the effect of particle size
on the magnetic and ferroelectric properties of BFO. As such, small, monodisperse particles
were required, which are not easily obtainable by other, more common methods. Conventional
solid state synthesis is performed by mixing Bi2O3 and Fe2O3 and then heating them to 800 ◦C-
830 ◦C, which often leads to varying amounts of unwanted or unreacted phases such as Bi2O3

or Bi2Fe4O9. While these can be removed by washing with nitric acid (HNO3), this leaching of
unwanted phases with an acid leads to coarser powder and poor reproducibility.163 In contrast,
chemical processes have the advantage that the homogeneity of an aqueous solution of salts is
preserved, although care has to be taken since such solutions tend to be hygroscopic, which can
lead to an unwanted off-stoichiometry.164

In total, two different wet chemical methods were employed. In the first one, stoichiometric
amounts of the Bi and Fe precursors were mixed. In this case, they were dissolved in the
form of nitrates Bi(NO3)3 · 5H2O and Fe(NO3)3 · 9H2O in 2N HNO3 under constant magnetic
stirring.119 In the first approach, tartaric acid was added to the solution (molar ratio 1:1
with respect to the cations), which was then heated to 80 ◦C until evaporation lead to a viscous
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mixture that was then further dried at 150 ◦C. When all liquid has evaporated, the dry material
was ground to a powder and calcinated at either 500 ◦C or 600 ◦C for 2 h. In the second
approach, the same procedure was performed, but with citric acid in place of tartaric acid, and
subsequent calcination at 600 ◦C as well as 825 ◦C. As no optimization of the synthesis method
based on the characterization of the samples took place, all measurement results recorded on
these powders are located in chapter 6, section 6.1.1.

5.2 Synthesis and characterization of CFO-BTO core-shell
nanoparticles

The synthesis of precursor materials as well as the manufacturing of ceramic composites from
these precursors also took place in the laboratories of the group of Prof. Lupascu in Essen, which
shall be briefly described here. This includes some of the measurement methods described in the
previous chapter, such as magnetometry and Mössbauer spectroscopy, which have been applied
to the precursor materials. This chapter here is intended to show the groundwork behind the
finished ceramics, and how the final synthesis and calcination routes were developed according
to the results of previous studies.

Preliminary works
An important factor is of course the rather obvious question: Why even bother going through
the complex chemical synthesis to form core-shell nanoparticles? To answer this question, we
have to look back at previous works that had the same goal of obtaining CFO-BTO ceramics,
but noticed quality issues with the samples that were formed. These experiments were per-
formed by V. V. Shvartsman et al.21 in 2011, serving as our guide for the described approach
to sample preparation and subsequent characterization. The main goal of that work was the
synthesis of CFO-BTO ceramic composites and the measurement of the converse ME effect on
said composites, with the latter being performed by Dr. Pavel Borisov (University of Liverpool
at that time).

The synthesis route used in the approach by Shvartsman et al.21 was the sol-gel technique, in
which a sol was formed by mixing barium acetate with titanium (IV) isopropoxide at 90 ◦C.
A commercially available CFO powder was acquired by Pi-KEM LTD with a nominal particle
diameter of ca. 40 nm, which was then added at a molar ratio of 1:1 of CFO and BTO. The
gel formation was initiated by the addition of ethylene glycol to the mixture. After drying and
grinding steps, the material was pressed into small discs of 5-7mm diameter that are of an
appropriate size for the ME sample holder setup of the SQUID magnetometer, which has an
inner diameter of 8mm. Further preparation steps included sintering at 1200 ◦C for 12 h as well
as the application of silver paste to the sample faces in order to form the electrodes for ME and
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other measurements. The samples formed by this method were analyzed by a number of differ-
ent measurement methods such as XRD, PFM and MFM, while the electric field dependence
of polarization was also measured with a self-built Sawyer-Tower circuit. We will concentrate
on the two results that indicated some issues with these samples: MFM results showed "sizes
of a few microns indicating strong agglomeration of the initial CoFe2O4 nanoparticles."21 while
polarization hysteresis loops measured at room temperature showed no saturation of the po-
larization and small remanence compared to bulk BTO, a result considered typical for leaky
ferroelectrics. This was a telltale indication of an ineffective coverage of the CFO clusters with
BTO, which means that some amount of percolation between the clusters had taken place,
providing paths for electrical conductance through the ceramic. There are two problems this
causes: It’s difficult to pole the sample, which reduces the measured ME effect, and it also
leads to erroneous signals during ME measurements. Such phenomena have been discussed in
detail in section 4.8.1. Due to the complex nature of such samples, small current loops can
easily form, and the small fields these cause have the same frequency as the applied electric
field. As a result, the noise-reducing automation and lock-in amplifier of the setup is unable
to differentiate this stray signal from an actual ME induced magnetization. Nevertheless, suc-
cessful measurements have been performed on this sample, with the temperature dependence
indicating that the signal does indeed stem from ME coupling rather than from current flow (see
Fig. 4 in Ref. 21 and section 4.7.1 for explanation), with the recorded converse magnetoelectric
coefficient αC of 20 ps/m being rather high, surpassing previously reported values for similar
structures at the time. Still, the problem of strong particle agglomeration was acknowledged,
as the SEM and MFM measurements also showed that the formerly 40 nm particles have grown
to micron sized clusters during the sample fabrication process. It was proposed that a more
efficient poling process and thus a higher ME effect could be obtained by reducing the degree of
agglomeration, which necessitated other synthesis routes than the sol-gel method. This leads
us directly to the next step.

In order to try and curb the issues caused by particle agglomeration, it was decided to follow a
different routine: Instead of using ready-made CFO particles for subsequent coating, the aim
was shifted to the synthesis of core-shell particles. It was hoped that a reduction of agglomera-
tion effects was achievable by this method, ending up with core-shell particles that, come time
for sintering, will not be able to agglomerate to such a high degree due to the separation of the
CFO grains provided by the BTO shell. The main goal is the utilization of these particles to
form a composite consisting of CFO clusters in a BTO matrix, which will be achieved by the
fusing of the shells during sintering.

The first step in the overall process was the synthesis of CFO nanoparticles and the avoidance
of particle agglomeration, as described in Ref. 121. This was achieved by a synthesis route
similar to the co-precipitation method described by Zhang et al.165 using precursor solutions
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containing both Fe and Co, namely Fe(NO3)3 · H2O and Co(NO3)2 · 6H2O that were dissolved
in distilled water and heated to 90 ◦C under stirring. Particle formation was initiated by the
dropwise adding of NaOH until black precipitate appears, indicating that particle formation
is taking place. Four different samples were produced using different amounts of NaOH from
0.1mol up to 2.5mol. What followed was sonification and drying of the resulting particle pre-
cipitate, with repeated grinding and washing steps making sure that no contaminants of the
synthesis such as NaOH remained, as well as avoiding particle agglomeration.

In summary, as shown in Ref. 121, analysis of the obtained CFO particles via XRD confirmed
the presence of a pure CFO phase, with a crystallite size of 20 nm being determined via the
Scherrer equation. Energy dispersive spectroscopy showed that the particle powder contained
only the desired elements with nominal ratios, while SEM provided the sample sizes that re-
sulted from different NaOH concentrations. A trend was visible, with the lowest concentration
of 0.1mol providing a mean particle diameter of 38(6) nm while the highest concentration of
2.5mol resulted in 24(4) nm particles. The magnetic properties were evaluated through M(H)
curves, revealing that all samples had coercive fields below 25mT, lower than the literature
value for bulk CFO and agreeing well with reports for similar sized particles.166 The magneti-
zation at an applied field of 1T was in the range of 30-50Am2/kg, significantly lower than the
literature value of 80Am2/kg,23 a behavior that is typical for nanoparticles of this size range.90

These results were deemed as satisfactory in order to continue towards the overall goal, namely
the formation of multiferroic ceramics. The most important step in the CFO particle synthesis
was the repeated grinding and sonification in order to prevent particle agglomeration, which
was identified as the main cuplprit behind excessive conductivity of earlier attempts at particle
formation.21 What then followed was the utilization of the synthesized CFO particles for the
formation of CFO-BTO core-shell particles, which shall be described next.

Precursor synthesis
Arriving at the synthesis of the precursor materials used for the CFO-BTO composites dis-
cussed in the results section, we will take a short look at the first effort that was successful in
the synthesis of CFO-BTO core-shell nanoparticles. The first preceding work to achieve this
goal and to establish a new fabrication and improved fabrication methodology was completed in
2012 with the synthesis of CFO-BTO core-shell nanoparticles.121 This publication follows what
has become the standard route of synthesis, microscopy and electric property evaluation being
performed in the group of Prof. Lupascu, while magnetometry and Mössbauer spectroscopy
was contributed by the group of Prof. Wende. This route of sample preparation via core-shell
nanoparticles was chosen due to the importance of a well-defined interface between magnetic
and electric constituents for the strain coupling and resulting ME effect. The underlying idea
was that if the precursor material is composed of ready-made core-shell particles, there will no
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longer be a problem regarding the complete coverage of the CFO clusters by the BTO matrix
in the ceramic, and no need for the difficult de-agglomeration of hard agglomerates. With the
CFO nanoparticle being enclosed by a BTO shell, it was just a question of successfully sintering
the material to produce ceramics with low amounts of percolation, in contrast to the previously
described sample.

A short description of the synthesis methodology shall be given here, with the fully detailed
description being contained in the respective publications.120,121 This section is intended to
provide a general overview of the manner in which the core-shell nanoparticles were formed,
which were then sintered to ceramics in subsequent steps described in section 5.4.

The coating of the CFO particles with BTO shells was accomplished by a two-step process, with
the first step being the dispersion of CFO particles in a solution. For this purpose, the particles
synthesized in the previous section were added to toluene, heated to 80 ◦C under stirring and
mixed with 30wt% of oleic acid and oleylamine. This was followed by rotation milling for 12
hours, in order to de-agglomerate the particles, and finally centrifugation and washing steps.
In the end, the de-agglomerated particles were suspended in toluene so that a stable ferrofluid
could be obtained.

The actual core-shell synthesis takes place through the formation of an organosol by mixing
Ba(C2H3O2)2 with titanium (IV) n-isopropoxide, oleic acid and toluene. This was then mixed
with the adequate amount of ferrofluid from the previous step, followed by the addition of
anhydrous tetramethlyammonium hydroxide (TMAH) while the solution was kept at 90 ◦C.
This agent initiates the gelation and subsequent particle formation, so that the next step only
consists of the evaporation of the solvent in order to obtain dried powders. The addition of
toluene and TMAH is vital for the formation of the core-shell particles, as an omission of these
substances leads to the formation of separate CFO and BTO particles.

After calcination and washing steps, the resulting powders were analyzed by an array of mea-
surement methods, the most important ones of which shall be mentioned here. XRD and SEM
were again utilized for a structural characterization, showing no impurities in the CFO and
BTO phases, while the overall diameter of the composite particles was found to be 110(18) nm,
with a BTO shell thickness of 40-50 nm, determined via TEM.121 To probe the magnetic prop-
erties, Mössbauer spectroscopy was employed, with a spectrum recorded at 4.3K in an applied
magnetic field of 5T parallel to the γ-ray direction being shown in Fig. 5.1. We can observe
magnetically ordered behavior, as shown by sextet subspectra, with no signs of any parasitic
phases. In addition to the determination of the standard hyperfine parameters, which showed
agreement to literature,121 we were able to differentiate between the subspectra from the tetra-
hedral A- and octahedral B-sites, which allows the calculation of the degree of inversion (see
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section 3.2). This is done by using the relative spectra area of the A- and B-site subspectra
AA and AB to calculate the ratio RAB = AA/AB, which can then be used to determine the
inversion parameter S as follows:

S = 2 ·RAB

1 +RAB

(5.1)

The physical origin of this spectral shape is easier to understand if we look back at Fig. 2.2, and
observe how the sublattice magnetizations, depending on their orientation, have the external
field added to or subtracted from them, leading to the two subspectra being moved in opposite
directions, resulting in the spectra we see in Fig. 5.1.

Figure 5.1: Mössbauer spectra of the CFO-BTO core-shell nanoparticles, recorded at 4.3K in
a magnetic field of 5T applied in parallel to the γ-ray direction. The short-dashed
line denotes the tetrahedral A-site while the dashed line represents the octahedral
B-site. Adapted from Ref. 121, reprinted with permission.

For this sample, the inversion parameter was determined to be be 0.7(2), which is in good
agreement with literature values for pure CFO,80 as it crystalizes in a predominantly inverse
spinel structure (0 would represent a pure spinel and 1 a completely inverse spinel structure).
Furthermore, the ratio between lines 2 and 5 relative to the central lines 3 and 4 provides us
with the A23 ratio, providing information about the spin canting angle, the angle between the
applied field and the magnetic moment of the particles. In this case, values of 20 ◦ for the A-site
and 31 ◦ for the B-site were obtained,121 in excellent agreement with Ref. 167.

It was thus concluded that the combination of organosol and co-precipitation methods enabled
the fabrication of core-shell CFO-BTO nanoparticles with the desired nanostructure, with a
particle size of ca. 110 nm and a shell thickness of 40-50 nm. Thanks to the Mössbauer measure-
ment being in agreement with literature values, one can assume that the magnetic properties
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of the particles were not disturbed by the synthesis or the presence of the BTO shell. Although
the ferroelectricity of the BTO shell was still to be proven at that point in time, it was deemed
that these particles were suitable for the preparation of ceramic composite samples with a (0-3)
structure. Therefore, all of the CFO-BTO composites discussed in chapter 6.2 were formed from
these nanoparticle powder samples. The explanation of the steps necessary to form ceramics
is in its own section 5.4, explaining the basics of these methods, as well as their strengths and
weaknesses.

5.3 Solid state fabrication route for BCZT-based ceramics

In the later stage of the two groups’ publication and cooperation history, after the results from
the above described synthesis methods didn’t lead to the desired improvements, the decision was
made to return to a conventional solid state reaction method, but with different constituents.
This is valid for all publications that deal with the BCZT system,94,125,126 in which an improve-
ment of the ME effect was sought through the usage of a different ferroelectric material in lieu of
pure BTO. It’s important to note that this concerns only the formation of the precursor materi-
als, not replacing the pressing and subsequent sintering of the finished magnetoelectric ceramics!

Adhering to the description from Ref. 94, which was the first occasion of this method being
used for our ME ceramics, the two-step solid state reaction was performed with reagent grade
carbonates CaCO3, BaCO3, and oxides TiO2 and ZrO2 obtained from commercial suppliers.
These are then mixed according to the stoichiometry of the final product, in this case:

0.5Ba(Zr0.2Ti0.8)O3 − 0.5(Ba0.7Ca0.3Ti)O3

The reason for this lies in the phase diagram of (1-x)BZT-xBCT98,100 as explained in Ref. 94,
with the emphasis being placed on the high piezoelectric constant of this composition. The
powders were mixed with ethanol, ball-milled for 12 h, then dried at room temperature for 24 h.
This was followed by calcination at 1400 ◦C for 6 h, and ball milling for 10 h using the same
parameters as before. The last step consisted of another calcination step, 1500 ◦C for 6 h, and
a last milling step of 10 h with the previously used parameters.

For the BCZT-NFO sample set we will deal with towards the very end of this thesis, this
fabrication method is virtually unchanged and doesn’t need further explanation. However,
during the preparation of the Al3+ doped BCZT-CFO, there were some peculiarities during the
synthesis that need to be resolved to avoid any ambiguity later on. For this sample set, we
again used the mixed oxide route, with the oxides of iron, cobalt and aluminum being mixed
in stoichiometric ratios before the established mixing, milling and calcination took place.
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Two samples were formed, a regular BCZT-CFO sample with 50-50 weight distribution, and
an Al3+ doped sample, in which the magnetostrictive phase was made up of Co(Fe1.5Al0.5)O4

rather than CoFe2O4. What’s interesting is the striking difference that was observed in the
magnetization curves for these precursor powders, shown in Fig. 5.2, which at first seemed
to contradict the magnetometry results of the finished ceramics that we will see in Fig. 6.53
in the results section, showing almost equal magnetization at high fields. The sample with
the pure CFO phase had a saturation magnetization of 469.3(1) kA/m, which is in line with
values from literature,168 while the Al3+ doped sample shows only 211.2(1) kA/m, significantly
lower. Furthermore, the coercive field also displayed a considerable decrease, from 458(1)mT
at 4.3K for the undoped sample, down to 28(1)mT for the Al3+ doped sample. This needs to
be addressed before the main data evaluation in section 6.2.6 can be performed.

Figure 5.2: M(H) curves of the precursor powders with pure (red, blue) and Al3+ doped CFO
phase (green, cyan) recorded at 4.3K and 300K. Adapted from Ref. 125, reprinted
with permission.

Mössbauer spectra have also been recorded on the same samples at a temperature of 4.3K
under an applied magnetic field of 5T, parallel to the γ-ray direction, with the resulting spectra
being shown in Fig. 5.3. The fitting procedure was performed with the established method of
using a superposition of a set number of subspectra, based on a free distribution of magnetic
hyperfine fields. Both samples show clearly resolved sextets, with the individual subspectra
of the tetrahedral A and octahedral B sites being visible. We can conclude that the samples
are both in a magnetically ordered phase, with no (super)paramagnetic spectral components
or other signs of any parasitic iron-bearing phases being visible.
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Figure 5.3: Mössbauer spectra of precursor powders with Al3+ doped CFO (a) and pure CFO
(b), recorded at 4.3K at an applied magnetic field of µ0HDC =5T parallel to the
γ-ray propagation direction. Adapted from Ref. 125, reprinted with permission.

The A23 ratio was used again to obtain information on the alignment of magnetic moments
relative to the applied magnetic field. Calculating the mean canting angles for the two Fe-ion
sites, we arrive at canting angles of 28 ◦ (B-site) and 25 ◦ (A-site) for the sample with the pure
CFO constituent, while the Al3+ sample produced 20 ◦ (B-site) and 18 ◦ (A-site). Combining
these results with XRD characterization that was also performed on these samples, we can
further conclude that the Fe ions have a clear preference for the octahedral lattice positions,
as both samples show a 60:40 relation between B and A site spectral area, which would point
towards an inversion parameter S of 0.8, in good agreement with the value obtained for the
CFO-BTO nanoparticles (see Fig. 5.1). With this information, we can begin to explain the
sudden drop in magnetization for the Al3+ doped sample: From the lower canting angles for
the Al3+ doped sample obtained by Mössbauer spectroscopy, we can deduce a decrease of
magnetic anisotropy, which is directly correlated with the striking decrease of coercive field
that could be observed for this sample.
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Figure 5.4: X-ray diffractograms of the Al3+ doped (top) and pure CFO (bottom) precursor
powders, with red line representing the Rietveld refinement. Taken from Ref. 125,
reprinted with permission.

This still leaves the saturation magnetization decrease that needs to be explained. For this,
we consider the atomic magnetic moments that contribute to the overall magnetization of the
sample, namely 5µB for Fe3+, 3µB for Co2+, with no significant contribution from Al3+. For
clarity, we refer to the typical structure of sublattice magnetizations in ferrites, previously
shown in Fig. 2.2. We can therefore conclude that in the precursor powder we are looking at
here, almost all of the Al3+ ions ended up on B-sites, which has only negligible contribution
to the dominant B-site sublattice magnetization, as we also explained in Ref. 125. This strong
preference of the Al3+ to occupy the B-site was also shown in literature,169 and is consistent
with the cation distribution that was obtained from XRD spectra, displayed in Fig. 5.4, showing
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that 88% of Al3+ is located on the B-site, with no discernible change visible in the distribution
of Co2+ ions. As a result, the Fe3+ ions displaced from the B-site now move to the A-site,
increasing the A-site magnetization. As CFO is ferrimagnetic, with the net magnetic moment
being the result of the difference value between the two sublattices, we now witness the case of
the two sublattice magnetizations being more equalized than in pure, undoped CFO. This is
the underlying reason for the striking difference in magnetic properties between pure and Al3+

doped CFO, a result we will refer to when dealing with the evaluation of the ceramic sample
data in section 6.2.6.
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5.4 Fabrication techniques for ceramics

As mentioned in the previous section, the sintering process plays a critical role, influencing the
quality of the final sample that will be subject to the main body of measurements in the results
section. While the synthesis chapter dealt with the methodology, quality and properties of
the precursor materials, this chapter deals with the transition from precursor to final ceramic.
Even when we start out with good quality precursor materials, as it was the case at the stage
of 2013 publications,122 it’s the final pressing and sintering process that ultimately decides on
the macroscopic magnetoelectric properties.

5.4.1 Conventional sintering procedure

The procedure described here shall be known as the standard or conventional sintering method,
mainly to set it apart from the other methods that were attempted during the course of the
cooperation. The first step comprises the calcination of the nanoparticle powder obtained from
synthesis, performed by heating the powder to 750 ◦C in a conventional chamber furnace at
ambient atmosphere for 15 minutes.123 In order to prevent agglomeration, which was identified
as a major quality issue in the final ME ceramics,21 repeated ball milling was performed in
order to break down any agglomerates that may have formed. After that, the obtained powder
was pressed into a pellet with a hydraulic press, applying 2500MPa of uniaxial pressure. De-
pending on the size of the used press punch, the samples were usually made with a diameter of
5-6mm and a thickness of roughly 1mm, the latter of course being dependent on the amount
of sample material, provided that the same pressure is used. In the course of this work, sample
thickness ranged from 0.6mm to 1.4mm, which has to be taken into account when calculating
the effective applied electric field.

The final step, namely the actual sintering process, follows directly after the pressed powder
pellets have been formed. They are inserted into a chamber furnace at ambient atmosphere,
with the temperature being raised at 6K/min from room temperature up to 1200 ◦C, a tem-
perature that was held constant for two hours. Following these steps, the oven was switched
off, allowing the sample to cool naturally.

5.4.2 Spark plasma sintering method

This method was used in an attempt to improve the magnetoelectric properties by obtaining
dense ceramics with nanometer grain size, which were expected to have a high specific interface
area per volume compared to conventionally sintered ceramics. It’s generally known that ferro-
electric and magnetic properties are strongly size dependent,90,170 so it was planned to observe
the effect of reduced particle size on the ME coupling coefficient. The main idea is based on
the application of a high voltage electric pulse during the usual application of pressure to the



113 5.4. Fabrication techniques for ceramics

sample powder. Instead of first pressing a powder into a pellet and then sintering it into a
ceramic, both steps are combined into one.

The precise methodology is described in section 2 of Ref. 123. In short, the sample powder
is inserted into a specialized spark plasma sintering system (FCT HP D5), with steps being
taken to insulate it from the sidewalls of the die so that the current only flows through the
sample faces between the two press punches. A uniaxial pressure of 35MPa was applied to the
sample, with a pulsed electric current being used to heat it to 1000 ◦C at a rate of 100 ◦C per
minute. After being held at high temperature for 5 minutes, the sample was cooled to 500 ◦C,
again with 100 ◦C per minute, and then onwards to room temperature by natural cooling and
no temperature control, with the pressure being released during this phase as well.

The motivation for the usage of this method lies in the very high heating rates that can be
achieved by the described electric pulse heating. As mentioned in Ref. 123, it’s expected
for this process to significantly decrease the densification time, to mere minutes compared
to the two hours of the conventional method. More importantly, it’s supposed to suppress
grain growth and reduce diffusion at grain boundaries. One would expect a system with less
agglomeration, smaller magnetic clusters in the ferroelectric matrix, and clearly defined grain
boundaries, maximizing the interface between the two phases. This method was previously
used for the densification of BTO171,172 while Ghosh et al. were also successful in the formation
of multiferroic nanocomposite CFO-BTO ceramic samples via SPS.173

5.4.3 Poling procedure

One crucial step that is often neglected consists of the poling of the samples, which decides
between the ability, or lack thereof, to observe magnetoelectric coupling. This was explicitly
characterized and tested in Ref. 124 by comparing results for a poled and de-poled sample,
which will be explained in detail in 6.2.4. The physical principles behind the procedure have
been explained in section 2.2.3, while modeling and simulation of its effectiveness has been
performed by Ma et al.174 The technical procedure123 consists of contacting the sample, akin
to how it’s done for the ME measurements, placing it into insulating silicon oil and applying a
high electric field, in our case 12 kV/cm, while heating the sample to 415K (see Fig. 3.3). This
was followed by passive cooling (without control) to room temperature while the electric field
remained switched on. Unless stated otherwise, this procedure was performed on all samples,
as it was quite clear from the outset that the ME effect would be severely diminished without
it.175



6 Results
6.1 BFO nanoparticles

We now arrive at the results chapter, starting off with the intrinsic single-phase multiferroic,
BFO. After the formation of nanoparticles via the synthesis route described in section 5.1, a
number of measurement methods were utilized to obtain a concise picture of their overall prop-
erties, enabling a precise and proper evaluation. As previously mentioned, this work contains a
very large amount of experimental procedures, making it necessary to prioritize some of them.
Because of this, not all of the methods and results from Ref. 119 are shown here. Instead,
we mainly concentrate on the ones that are most important to our subsequent evaluation of
the Mössbauer data, which is in its separate chapter, while the other measurement results are
summarized in the precharacterization chapter below.

6.1.1 Precharacterization

Characterization performed on these samples included SEM measurements (ESEM Quanta 400
FEG), the obtained micrographs being displayed in Fig. 6.2, taken from Ref. 72, with (a) and
(b) showing powders calcinated at 500 ◦C and 600 ◦C, respectively. The according size distri-
bution from Ref. 119 is shown in Fig. 6.1, with the particles having mean diameters of 54 nm
(500 ◦C) and 150 nm (600 ◦C), while particles from the citric acid route heated at 825 ◦C grew
to a much larger size of 1-2µm. These samples shall be referred to by their size from here
onward, while the sample with 1-2µm particles will be referred to as the 1µm sample due to
its bulk-like properties negating the need for a precise size indication.

Figure 6.1: Particle size distribution of the 54 nm (a) and 150 nm sample (b), adapted from
Ref. 119, reprinted with permission.

Additional analysis was performed via TEM (Philips Tecnai F20): Fig. 6.2 (a) and (c) show
micrographs of the 54 nm powder calcinated at 500 ◦C. HRTEM measurements were performed
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to gain deeper insight into the crystal structure, with distinctive line patterns and higher
order diffractions in the Fourier transformed image inset in (d) clearly pointing towards a
monocrystalline character. Structural characterization was further accomplished via XRD spec-
tra (Siemens D-5000, Cu K-α radiation) recorded at room temperature, the results being shown
in Fig. 6.3.

Figure 6.2: SEM images of the 54 nm (a) and 150 nm (b) sample; TEM image of a single particle
from the 54 nm sample (c) and a magnification of the marked region (d) with the
corresponding fast Fourier transformation (FFT). Taken from Ref. 72, reprinted
with permission.

The BFO phase is clearly observable and in good agreement with reference data (PDF 71-2494).
The 54 nm sample shows slight line broadening due to the small particle size, while the 1µm
sample contained minor amounts of a parasitic phase Bi25FeO40. A slight increase of the unit
cell volume was also observed, which was deemed as typical behavior for partly covalent oxides,
having been determined to take place in other systems below a certain size threshold. For
BFO, it was reported by Selbach et al.73 that such an increase only commences at 30 nm and
below,73 which deviates slightly from our results. However, there are always small variations in
the properties of particles from different synthesis methods, with Selbach et al. having utilized
the Pechini method discussed previously in section 5.1.



Chapter 6. Results 116

Following these precharacterization steps, we move towards the field of magnetism and ferro-
electricity. As BFO is an antiferromagnet, standard magnetometry is usually not fully suitable
to resolve the transition temperatures. Furthermore, in order to measure the Néel temperature
with this method, one would have to use a high temperature oven insert in the case of our
magnetometer, with the low pressure helium atmosphere and high temperatures promoting the
decomposition of BFO, often leading to irreversible changes to the sample during the measure-
ment. As a result of these observations, no high temperature magnetometry data will be shown
here.

Figure 6.3: X-ray diffractograms for BFO nanopowders with different particle sizes, with the
reference data shown in (d). Adapted from Ref. 119, reprinted with permission.

Nevertheless, it was possible to perform regular zero-field-cooled (ZFC) and field-cooled (FC)
measurements of the 54 nm and 150 nm particles between 5K and 300K in an applied field of
0.1T. This is carried out by cooling the sample down to 5K at zero applied field, then ramping
the magnetic field to 0.1T and recording the magnetization while heating the sample to 300K,
representing the ZFC branch of the curve. The FC branch is recorded while cooling the sample
down again from 300K to 5K in the applied magnetic field. This allows us to analyze the
temperature dependent macroscopic properties of the particles via their net magnetization.
The results are shown in Fig. 6.4, with the 150 nm sample showing a clear splitting between the
ZFC and FC curves at temperatures below 200K. Although such effects have been observed in
thin film176 and bulk samples63 as reported in Ref. 119, the reason for this behavior is still a
matter of debate. Possible explanations could be a spin-reorientation transition,177 spin-glass
transition176 or surface phase transition.178 Generally speaking, our studies related to a possible
coupling between electric and magnetic properties revolve around the Néel temperature, and as
such, the described transitions are not the main focus with regards to the intrinsic properties
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of BFO. In contrast, the 54 nm sample shows a clear peak in the ZFC curve at approximately
40K, a behavior that has also been described by Park et al.,64 although the peaks in their work
appeared at higher temperatures (95K) for similar particle sizes (51 nm) while being strongly
broadened. As we are well below the Néel temperature, such peaks are usually indicators for
the superparamagnetic blocking temperature, with the occurring broadening in the data of
Park et al. pointing towards a wider size distribution of their particles.

Figure 6.4: Temperature dependence of sample magnetization recorded in zero-field-cooled (red
line) and field-cooled mode (blue line) on the 150 nm (a) and 54 nm (b) samples in
an applied field of µ0H = 0.1 T. Adapted from Ref. 119, reprinted with permission.

Other possible explanations for this feature include magnetic phase transitions, with the intrin-
sic link of magnetic and electric properties in this multiferroic material also leading to anomalies
in dielectric measurements near 50K, as reported by Redfern et al.179 Further suggestions in-
clude a spin-glass-like freezing temperature,180 while Park et al.64 also proposed a superspin
glass state. They claim that the main drive behind the transition into this superspin glass state
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lies in the interparticle interactions influenced by finite size effects and the random distribution
of anisotrophy axes in the nanoparticle assembly, as described in Ref. 119. However, Singh et
al.177 also observed a sharp cusp in ZFC curves of BFO single crystals at 50K, which would
rule out superspin glass states as the underlying cause for this behavior. Instead, the mag-
netization data was regarded as typical for superparamagnetic blocking behavior, comparable
to the cusp of γ − Fe2O3 at 72K.181 The general statement made by Singh et al.177 referred
to this temperature being defined by typical blocking processes of an assembly of superpara-
magnetic spins, which they qualitatively relate to the presence of small particles, domains or
domain walls. We can thus assume that superparamagnetic behavior of the smallest particles
in the 54 nm sample is the most likely explanation for the behavior we are seeing here. We can
furthermore assume that the particles used in our work, with their narrower size distribution
and sharper ZFC peak, offer a more precise overview of the general characteristics of BFO than
the particles with broader size distributions from the previous works64 mentioned here.

Figure 6.5: Magnetic field dependence of sample magnetization for 154 nm (a) and 50 nm (b)
particles, recorded at 300K. Adapted from Ref. 119, reprinted with permission.
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Continuing with field dependent magnetometry measurements performed at room temperature,
the results of which are displayed in Fig. 6.5, two main results can be stated. On the one hand,
for the 54 nm sample, parameters such as the remanent and maximum (5T) magnetization
values of 0.051Am2/kg and 0.474Am2/kg were in agreement with the data reported by Park
et al.64 On the other hand, a clear difference could be observed between the 54 nm and 150 nm
sample. While the larger 150 nm particles showed a completely closed hysteresis loop, consisting
of a mostly linear, weak ’paramagnetic’ curve typical for antiferromagnetic systems, the smaller
54 nm particles produced a clearly open hysteresis, as visible in Fig. 6.5. This is an important
indication, as it shows that sufficiently small BFO nanoparticles have a detectable (macroscopic)
net magnetic moment and a magnetic remanence rather than being purely antiferromagnetic,
which was previously explained in section 3.1.

Figure 6.6: Differential scanning calorimetry curves of the 150 nm (a) and 54 nm (b) samples,
measured upon heating (10 ◦C/min), with phase transitions indicated by arrows.
Adapted from Ref. 119, reprinted with permission.

As magnetometry was not the most suitable method to determine the Néel temperature for this
material, as there is almost negligible net magnetic moment, differential scanning calorimetry
(DSC) was utilized for this purpose, with the results for samples with 54 and 154 nm displayed
in Fig. 6.6. Both curves feature an endothermic peak, corresponding to the first-order phase
transition from the antiferromagnetic (AF) to the paramagnetic (PM) state when crossing the
Néel temperature. The transition temperature for the 154 nm particles was determined to be
373 ◦C, only slightly below the bulk Néel temperature of 380 ◦C,65 while the smaller 54 nm
particles showed 362 ◦C. In addition to a lower transition temperature, the peak itself was also
broadened when compared to the larger sized particles. These are noteworthy observations for
the main body of Mössbauer measurements that will be described in detail later on, and can
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also be confirmed by reports in literature (see table 6.1). A decrease of the particle size leads
to a decrease of the Néel temperature, which can be attributed to finite size effects. Another
important factor is the possible relation of the observed decrease in TN to the behavior of the
spontaneous polarization, which shall be analyzed next.

Figure 6.7: Topography (a, d, g), as well as vertical (b, e, h) and lateral (c, f, i) PFM images of
BFO samples with mean particle diameters of 54 nm, 150 nm and 1µm, respectively.
Taken from Ref. 119, reprinted with permission.

In order to probe local effects of polarization in dependence of grain size, piezoresponse force
microscopy (PFM) was employed, allowing an analysis of both topography and polarization.
For this purpose, the particles were embedded in epoxy resin that was finely polished before the
measurements. This makes it possible to select specific grains so that their size can be correlated
to their piezoresponse, which allows the size dependence of this effect to be analyzed in detail.
Fig. 6.7 displays typical PFM results for all three samples, with the left column showing the
topography, the middle column the vertical, and the right column the lateral piezoresponse. We
can clearly see differences between the latter two columns, with bright and dark areas showing
the respective grains that are responsive to the vertical and lateral electric field application,
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while the brownish background noise indicates the non-responsive epoxy matrix. It was also
observed that a single-domain state becomes favorable below a particle diameter of roughtly
80 - 100 nm and that the larger particles of the 1µm sample display complex domain patterns,
resembling those also found in bulk BFO,182 which leads to a flattening of the curve towards
higher particle sizes (Fig. 6.8).

Figure 6.8: Particle size dependence of local piezoresponse (measured inside individual do-
mains), taken from Ref. 119, reprinted with permission.

A problem one runs into during a quantitative analysis is the arbitrary crystallographic orien-
tation of the individual particles, as their random orientation makes it impossible to take all
of them into account individually, which would normally only allow an averaged description
of the entire sample. Instead, individual particles with large vertical piezoresponse were se-
lected, making sure that a change in piezoresponse depended only on the particle size and not
on the orientation. The former could be determined directly by recording the topology of the
sample area that is to be used for the PFM measurements. Using this methodology, a number
of particles were measured in terms of piezoresponse, the results being displayed in Fig. 6.8.
Clearly, there is a dependence of piezoresponse on the particle size, with an increase by one
order of magnitude for an increase of particle size from ca. 40 nm to 2µm. Using a power law
approximation < D >∼ Sn for this dataset gives us n = 0.5− 0.6, a square root dependence.
When we then take into account the proportional relation between the longitudinal piezoelec-
tric coefficient dzz and the spontaneous polarization Ps, we arrive at dzz ∼ εPS with the factor
ε being the intrinsic dielectric permittivity. We can deduct that the spontaneous polarization
shows a clear size dependence, decreasing when the particle size is reduced.

Again, a comparison was made to Selbach et al.73 and their detailed study of size dependent
properties of BFO nanoparticles. In this study, a large number of particles were synthesized
at different temperatures and analyzed via XRD for their average size, while DSC was used
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to determine the Néel temperatures. As shown in Table 6.1, the clear trend that is visible
in Ref. 119 is also observable for our samples: The Néel temperature drops from 378 ◦C for a
bulk reference sample down to 355 ◦C for a sample with 13 nm particle size. Some differences
can be observed, such as the Néel temperature for a 51 nm sample that was determined to be
375 ◦C, higher than for the particles used here.73 Again, a possible explanation could lie in
the different synthesis methods, which is also why the wet chemical method was used for the
particles discussed in this thesis, rather than the Pechini route.73

T (◦C) size d (nm) ahex chex TN (◦C)
410 13.0± 1 5.585(55) 13.83(88) 355± 7
425 13.3± 1 5.587(87) 13.84(17) 360.7± 5.5
450 15.3± 1 5.585(66) 13.84(60) 363.3± 4
500 20.4± 2 5.580(67) 13.852(42) 371.1± 3
550 34.4± 6 5.578(26) 13.859(46) 375.4± 2.5
600 72.1± 18 5.5775(23) 13.863(14) 379.7± 2
bulk 5.5772(04) 13.865(75) 378.0± 2

Table 6.1: Dependence of particle size d, unit cell parameters ahex and chex as well as Néel
temperature TN on the calcination temperature during synthesis. Data taken from
Ref. 73, reprinted with permission.

Furthermore, Selbach et al.73 made a very important suggestion, namely that the polarization
might exert an influence on TN , in addition to finite size effects, steering us onto the path of
magnetoelectric phenomena. At first, they purposefully ignored any potential ME influence
and concentrated only on size effects, being able to conclude that TN scales linearly with the
inverse volume V −1 in the size range where size dependent changes of TN become observable.
It was assumed that this inverse volume dependence of TN "indicates that the ordering tem-
perature is proportional to the number of antiferromagnetic exchange interactions in a certain
size region larger than the magnetic correlation volume".73 However, when observing the cor-
relation between TN and (s-t), the displacements of Bi3+ (s) and Fe3+ (t) ions, it can be seen
that (s-t) scales linearly with the Néel temperature. Selbach concluded that the AF ordering
might not only be influenced by the polarization, but that the former may even be stabilized
by it. He proposed that the observed decrease in TN "could be associated with the decrease
in spontaneous polarization quantified by (s-t)"73 in addition to the previously mentioned de-
crease in the number of antiferromagnetic interactions. This gives an important clue towards
the coupling between polarization and antiferromagnetic ordering, which is further substanti-
ated by observations of dielectric183 and phonon anomalies near TN .184 The latter are rather
interesting, as they were determined to be larger by an order of magnitude than on a reference
system, EuFeO3. This material, while also antiferromagnetic, lacks ferroelectric ordering, again
pointing towards an interplay between the two ferroic orders in BFO. It is this intrinsic mul-
tiferroic property that we want to deconvolute and observe in detail during our data evaluation.
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Our main goal was therefore the characterization of local magnetic properties to uncover the
reason for this interplay, and to find a link between magnetic and electric order that was
anticipated after the detailed analysis of the Néel temperature’s size dependence. The initial
expectation was to uncover a way of increasing the weak ferromagnetism found in this material,
so that it may become usable with the link to the intrinsic ferroelectric behavior. Clearly, the
only way to more closely probe the magnetic properties in detail is by not only using macroscopic
measurement methods such as DSC and magnetometry, but to also utilize techniques from
nuclear physics, such as Mössbauer spectroscopy. The results of this approach are discussed
in depth in the next section, which concludes the precharacterization chapter for this sample
system.

6.1.2 Mössbauer spectroscopy results

Before we look at the detailed description of our spectra, it’s important to keep in mind that
all of the following results have one thing in common: We are dealing with an element spe-
cific measurement method, sensitive only to 57Fe, which is contained in naturally occurring
Fe with an abundance of about 2.1%.134 All of the spectra that have been recorded in the
course of this thesis, both for BFO and the upcoming CFO-based samples, are the result of
resonant absorption by this small percentage of 57Fe in our samples. There is the possibility of
enriching samples with 57Fe in order to significantly increase the rate of resonant absorption,
thus reducing measurement time and increasing the signal to noise ratio. This is commonly
done for samples with very low iron content, thin film samples with limited thickness, sam-
ples with extremely high non-resonant absorption, or due to time constraints when performing
measurement at synchrotron radiation facilities. Due to the high price of the 57Fe isotope, this
approach is rather costly and not always feasible. In the case of our samples, we are faced
with the problem of bismuth being a high-Z element, thus causing a significant amount of non-
resonant electronic absorption, strongly increasing the time required to record each spectrum.
To improve the quality of our spectra while cutting down on the time needed to record them,
an attempt was made to synthesize BFO nanoparticles with a certain amount of natural Fe
being replaced by 57Fe. However, due to the fact that the commercial grade Fe-containing
precursors such as Fe(NO3)3 · 9H2O would need to be synthesized separately before the BFO
particle synthesis can commence, it would add further steps to the overall process. Most 57Fe
is produced as thin metal foil rather than fine powder, leading to additional quality issues.
Because of this, the properties of an enriched test sample, such as morphology and particle size
distribution, were deemed inferior when compared to the original nanoparticle powders. There-
fore, all samples that are discussed in the upcoming chapters remained non-enriched. Because
of this, some results, such as the in-field spectra from Fig. 6.9, show a somewhat diminished
signal to noise ratio, caused by the comparatively small resonant absorption in combination
with technical factors of the measurement geometry that are specific to this cryostat. Due to
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the high liquid helium consumption of such measurements, it was not feasible to perform them
over an extended period of time, leading to the less than optimal quality of the spectra.

A large number of Mössbauer spectra were recorded on the three samples with 54 and 150 nm
as well as 1µm particle size. The main parameter that was varied apart from the particle size
was the temperature at which the measurements took place, ranging from measurements down
to Helium temperature (4.3K) and up to nearly 800K using the oven setup described in the
experimental section 4.3. To find a starting point, we look at the chronology in which the
measurements were performed to showcase the development of the theoretical model we use to
unravel the magnetic fine structure intrinsic to BFO.

Figure 6.9: Mössbauer spectra of BFO nanoparticles of 54 nm (left) and 150 nm size (right)
recorded at room temperature (a,b), 4.2K (c,d) and 4.2K in an applied field of
5T parallel to the γ-ray direction (e,f). The dashed lines are a guide to the eye,
representing the asymmetry of spectral lines explained in the text. Taken from
Ref. 119, reprinted with permission.

The initial work was performed in the course of the previously mentioned cooperation with
Dr. Marianela Escobar Castillo, with further evaluations and Mössbauer measurements being
performed during the course of my master thesis. It was after the completion of the latter that



125 6.1. BFO nanoparticles

the main topic of this section came to be, namely the development of our modeling approach
that would disentangle the cycloidal spin structure.

The first Mössbauer measurements performed on this system, shown in Fig. 6.9 from Ref. 119,
consisted of spectra of the 54 nm and 150 nm sized particles, recorded at room temperature,
4.2K, as well as at 4.2K in an applied field of 5T parallel to the γ-ray direction. Using a
least-squares data fitting procedure, the individual spectral components could be evaluated by
overlaying the experimental data with theoretical subspectra, which are then adjusted by the
used software package "Pi"140 (see section 4.3.1) to minimize the error between the data and the
theoretical spectrum. This way, as can be seen for the RT measurements, a sextet subspectrum
was utilized, representing the magnetically blocked (ordered) phase, along with a very small
doublet contribution, representing a phase that shows (super)paramagnetic behavior. In our
case, knowing from XRD spectra that there are no unwanted parasitic phases, we can assume
this to be caused by the smallest portion of the particle size distribution, showing superpara-
magnetic relaxation. This phase disappears upon cooling the sample to 4.3K, without the
appearance of additional magnetically blocked phases. This clearly shows that we are dealing
with a size dependent property of BFO rather than a parasitic paramagnetic phase. Still, this
is already an indicator for properties of the underlying spin structure, as the 54 nm particles
are relatively large to show superparamagnetism. Instead, one could interpret it as a sign of a
low magnetic anisotropy constant Keff , indicating a weak coupling between magnetic moments
and the crystal lattice69 due to the incommensurate spin structure.

In terms of a qualitative evaluation, we can start with the more complex spectra that only play
a minor role in this work. These were recorded at 4.3K in an applied magnetic field of 5T par-
allel to the γ-ray direction, in order to observe any change in A23, the ratio between the spectral
areas of lines 2 and 3, which would indicate a change in the orientation of magnetic moments
relative to the field. A distribution of hyperfine magnetic fields was utilized to account for the
deformation of the spectrum by the external field, as shown by the 18 individual, equidistant
subspectra in Fig. 6.9 (e) and (f). No significant modification of the A23 ratio or was observed,
proving that we are dealing with pinned moments that retain their ordering even in high mag-
netic fields. Furthermore, the external magnetic field didn’t lead to any modification of the
magnetic hyperfine field that we could obtain from the data fits. This is in excellent agreement
with results from Pankhurst and Pollard,185 who performed Mössbauer spectroscopy on anti-
ferromagnetic polycrystalline samples, evaluating them with a different theoretical model, but
obtaining the same typical spectra with deformed lines 1 and 6. This means that the magnetic
moments do not align to the field direction, with the superposition of the magnetic hyperfine
field Bhf with the external field Bext resulting in the broad, characteristic distribution we ob-
serve in the spectra. This is consistent with the M(H) results that were shown previously.
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Moving on to the evaluation from the fitting of the spectra recorded in zero field, no significant
difference was observed in the isomer shift of the two samples, while the magnetic hyperfine
fields Bhf showed the expected behavior, in terms of the 150 nm sample having a slightly higher
value of 54.8(1)T in contrast to the 54.6(1)T of the 54 nm sample, which can be explained by
the larger particles suffering much less from size effects that lead to a decrease of magnetization
due to e.g. spin canting. An important spectral property, as indicated by the dashed lines, is
the asymmetry visible between spectral lines, characteristic of local angular correlation between
the directions of the magnetic hyperfine field and the principal axis of the electric field gradient
(EFG).119,186 It is this feature that we want to evaluate in greater detail. The most important
hyperfine parameter for that purpose is the quadrupole shift 2ε seen in the sextet spectrum,
which is connected to the quadrupole splitting of the high temperature doublet phase via Eq.
6.1 from Ref. 69. This was introduced as Eq. 4.37 in the Mössbauer theory section, but for
clarity, we will show it again here:

2ε = ∆EQ
3 cos2(θ − 1)

2 (6.1)

This gives us a relation between 2ε and ∆EQ through the angle θ between the magnetic hyper-
fine field and the principal axis of the EFG, which is parallel to the hexagonal [001] direction.

Figure 6.10: Quadrupole splitting 2ε and shift ∆EQ of the 54 nm, 150 nm and 1µm particles
recorded at 4-800K, adapted from Ref. 187.

The values of θ=47 - 49 ◦ in Ref. 119 were extrapolated from low temperature data points, and
while already showing a clear difference compared to a random 3D spin orientation (54.7 ◦),
they lacked the necessary precision. It was because of this that a large number of spectra were
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recorded up to high temperatures, which was performed during the course of my master the-
sis.187 The final figure of that work, depicted in Fig. 6.10, shows the extrapolation of ∆EQ from
high to low temperatures (red and green lines). These values, used to represent ∆EQ at low
temperatures, allowed the calculation of θ via Eq. 6.1. The angles determined here, ca. 46.9 ◦

for the 54 nm particles and 43.0 ◦ for the 150 nm particles clearly showed a large deviation from
the 54.7 ◦ value that one would expect for completely random 3D orientation.

When my master thesis concluded, this extrapolation of ∆EQ had provided an important clue
on the relationship between electric and magnetic properties of BFO in general, but we had no
way of quantifying it in detail. This was pursued through a model that sought to explain what
kind of ordering takes place in BFO intrinsically, and how this is influenced by temperature,
particle size, and most importantly, whether there any possibilities of harnessing this interaction
on our route to possible single phase magnetoelectric materials.

6.1.3 Modeling of the cycloidal spin structure

The model chosen for this task is based on the theoretical groundwork of Zalesskĭı et al.188,189

and Pokatilov et al.,190 and was originally used to evaluate NMR spectra. It was with this
spectroscopy method that the spin structure of BFO was initially discovered, however, the
measurements were mostly performed on bulk samples and almost never on nanosized par-
ticles. While BFO in its bulk form is completely antiferromagnetic, the small ferromagnetic
moment we saw in M(H) measurements (see Fig. 6.5) gave us the motivation to go down this
route, in the hope of finding out whether the influence of size effects on the spin structure would
perhaps make it possible to harness the multiferroic properties.

It was previously reported70,188,189,191 that the long range modulation can be modeled using
an anharmonic cycloidal structure of Fe3+ magnetic moments, with this structure propagating
along the [110]hex direction. The magnetic moments lie in the two dimensional plane that is de-
fined by this propagation vector and the polarization vector, which agrees well with the angles
we had obtained from Fig. 6.10. The superposition of randomly distributed magnetic moments
in a 2D plane would result in an average angle of 45 ◦, a value very close to the results we had
obtained through 2ε.

With this knowledge at hand, we can begin the detailed theoretical evaluation of the main
body of measurements, consisting of the mentioned large number of spectra that were recorded
between 4.3K and 800K for all three different particle sizes. Typical spectra and their data
fits in the vicinity of the phase transition are shown in Fig. 6.11. It is from these spectra that
we want to produce our overall evaluations and conclusions that result from the application of
our new model. We start by an overview of the spectral contributions in dependence of sample
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temperature, measured through the AF-PM phase transition at TN . Fig. 6.12 shows the rel-
ative doublet area, with values near 0% corresponding to almost complete magnetic ordering,
while values near 100% indicate a completely paramagnetic sample. The small percentage of
doublet contribution at low temperatures, especially in the 54 nm sample, is caused by the
small superparamagnetic phase that was discussed in the description of Fig. 6.8. The stability
of the samples was monitored while approaching the temperature region above 650K by XRD
measurements before and after high temperature data points to make sure that no decomposi-
tion of the samples took place, as it was observed in high temperature M(T) measurements. It
was only at temperatures above 750K that we witnessed the formation of parasitic phases that
indicated a decomposition of the material, usually through the loss of oxygen to the vacuum in
the oven. XRD results revealed the presence of sphaerobismoite (a tetragonal form of Bi2O3)
while subsequent Mössbauer spectra showed traces of hematite (Fe2O3), clearly proving the
partial breakup of BFO into the precursors often used during solid state synthesis methods.

Figure 6.11: Selection of spectra recorded at temperatures above and below the phase transition
for the 1µm (left), 150 nm (middle) and 54 nm sample (right). Taken from Ref. 72,
reprinted with permission.

The evaluation of the isomer shift in this temperature range showed a temperature dependent
decrease due to the second order Doppler shift, with no deviations being visible from this trend.
The magnetic hyperfine fields also showed the expected trend, following the Brillouin function
until reaching the Néel temperature. These two parameters have been discussed in detail in
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Ref. 187, along with the effects of sample decomposition, so we will only concentrate on the
modeling of the anharmonicity parameter here. The most interesting feature visible in Fig. 6.12
is the distinct broadening of the phase transition, which stems from a distribution of Néel tem-
peratures, caused by the size distribution of the nanoparticles we saw in Fig. 6.1. This leads to
a distribution of hyperfine fields at each given temperature, for which we can define a width of
∆BNéel. The distribution is superimposed onto the spectral fine structure of the spin cycloid
that we want to unravel, thus limiting the scope of our study by making certain portions of
our dataset unsuitable for evaluation. To estimate up to which point we can apply our model,
a maximum temperature Tmax was defined72 so that we were able to use ∆BNéel < 0.1∆Bhf in
order to determine the highest temperature at which our model is still valid. Here, ∆Bhf is the
width of the hyperfine field distribution p(Bhf ) corresponding to the cycloidal spin structure
(ca. 0.6T). Consequently, as long as T < Tmax is valid, the hyperfine field distribution remains
mostly unaffected by the additional line broadening. Applying this rule allowed us to deter-
mine that Tmax is ca. 200K for the 54 nm and 150 nm particles and 450K for the 1µm particles.

Figure 6.12: Temperature dependence of the relative doublet area, measured for the 54 nm,
150 nm and 1µm sample, adapted from Ref. 72, reprinted with permission.

With this limitation now clear, we can derive the basis of our evaluation model. Previously, in
Ref. 119, we already noted the distinct spectral asymmetry (dashed lines in Fig. 6.9) and the
relation between 2ε and ∆EQ, but were not yet able to quantitatively evaluate this feature. It
is at this point that we want to utilize the relation between magnetic and electric properties
to fully understand the magnetic ordering in this system: Using the NMR evaluation approach
by Zalesskii et al.,188 we observe that the atomic displacement along the polarization axis ~P
(in [001]hex direction) leads to a correlation of the hyperfine field Bhf with the angle θ relative
to ~P , which can be described by
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Bhf (θ) = Bper + ∆Bhf cos2(θ) (6.2)

with Bper representing the hyperfine magnetic fields perpendicular to ~P while ∆Bhf gives us the
difference value to parallel orientation. The similar dependence, valid for the quadrupole shift
2ε, was shown previously in Eq. 6.1, for which we can assume two extreme cases: As described
in Ref. 72, in the case of parallel spin orientation, the quadrupole shift 2ε becomes identical
to ∆EQ, while for perpendicular orientation relative to [001]hex, the relation 2ε = −0.5∆EQ is
valid. The spectral asymmetry from Fig. 6.9 can therefore be modeled by a superposition of the
quadrupole and the magnetic hyperfine field distributions corresponding to angles θ between
0 ◦ and 90 ◦.

Applying this model to our spectra revealed that while the basic calculations are sound, they are
still not able to fully describe the experimental data. This was most obvious when comparing
different temperatures and particle sizes: At high temperatures around 400K, the 1µm particles
showed an almost completely harmonic structure, with a linear correlation between the angle θ
and the coordinate x along the propagation direction. However, at lower temperatures, a clear
anharmonicity was present in the spin structure, which needed to be taken into account. For
a clearer understanding, schematic examples of completely harmonic and strongly anharmonic
spin structures are shown in Fig. 6.14 (a). At this point, we again utilize calculations that were
originally conceived for NMR188–190 and arrive at the equation

cos(θ(x)) = sn

(
±4K(m)x

λ
,m

)
(6.3)

that was successfully used in the past to reproduce not only NMR, but also Mössbauer data
for bulk BiFeO3 samples. In it, x provides the distance we travel along the cycloid propagation
direction parallel to [110]hex, sn(x) is the elliptic Jacobi function, K(m) the elliptic integral of
the first kind, λ the period of the cycloidal structure (62 nm) and, most importantly, m is a
parameter that represents the degree of cycloidal anharmonicity. It can take on values from
m = 0 for an almost completely harmonic cycloid and m → 1 for an anharmonic cycloid that
begins to evolve into a domain-like state (see Fig. 6.14 (a) for m = 0.95). This would correspond
to large fractions of the spins being either parallel or antiparallel relative to the polarization
~P , with the perpendicular fraction diminishing.68

To more clearly show the effect of this model on Mössbauer spectra, we used simulated, ide-
alized spectra, foregoing any effects that would cause additional line broadening, as shown in
Fig. 6.13. The calculated hyperfine field distributions are shown in the center of the image, for
three different values of anharmonicity, the overall shape of the distribution agreeing well with
Fig. 1 in Ref. 192. The increasing preference for parallel orientation relative to the [001]hex

polarization axis is clearly evident with increasing anharmonicity. If we then use this model to
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simulate theoretical spectra for different values of m, we can clearly show how the hyperfine
field distribution causes the typical asymmetry of the sextet, well visible when comparing lines
1 and 6. This model is not only able to generate theoretical spectra, but allows us to apply
it in form of an evaluation procedure to obtain values for the anharmonicity and the hyper-
fine parameter. This was accomplished by a fit routine using 180 subspectra with equidistant
spacing along the propagation direction x. For each position along the x - axis, the angle θ
from Eq. 6.3 was calculated, followed by the derivation of Bhf and 2ε from Eq. 6.2. The fitting
procedure, using the least-squares approach, varied the parameters Bper, ∆Bhf , ∆EQ and the
anharmonicity parameter m until the deviation between experimental and theoretical spectrum
was minimized. This is shown exemplarily in Fig. 6.14 using a spectrum of the 150 nm sample
measured at 120K.

Figure 6.13: Simulated spectra for different anharmonicities, with the corresponding hyperfine
field distribution being shown in the center. Spectra are offset on the y-axis for
clarity.

We can observe the effects of the parallel and perpendicular spin orientations relative to ~P , aptly
showing how the larger hyperfine field Bpar = Bper + ∆Bhf displays increased line intensity,
while the intensity of Bper is visibly reduced. Due to the manner in which the quadrupole shift
influences the spectrum, explained in section 4.2.3, with the inner four lines being moved in
opposite direction to the outer two lines, it causes a clearly visible broadening of line 6 while
the intensity of line 1 increases. In essence, the coupling of 2ε to Bhf causes the asymmetry
of the absorption lines relative to each other, while the anharmonicity m is responsible for the
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fine structure of the individual lines, leading to non-Lorentzian line shapes. It needs to be
mentioned at this point that there is an equally valid method, using the sine instead of the
cosine function to achieve the same goal,78,193 which results in the inversion of Bper and Bpar

values. Both models produce the same hyperfine field distribution, but we chose to use the
cosine function as this negates the otherwise necessary addition of a correction term.

Figure 6.14: Schematic representation of the spin cycloid (a) for different anharmonicities m.
The effects of the different orientations of magnetic moments on the spectral shape
are shown on an example spectrum of the 154 nm sample at 120K in (b) with
green and red arrows showing perpendicular and parallel orientation, respectively,
of the magnetic moments relative to the polarization axis. Adapted from Ref. 72,
reprinted with permission.

We felt that this approach was also vindicated by the publication of a comprehensive work by
Rusakov et al.192 very shortly after the publication of our paper. In it, the same model is used
on a bulk BFO sample, with a very detailed theoretical circumscription and similar results for
the temperature dependence of the anharmonicity.
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Figure 6.15: Magnification of lines 2 (top) and 6 (bottom) of the Mössbauer spectra of the 1µm
particles at 160K, 295K and 420K (a). The size and temperature dependence of
the anharmonicity for all three samples is shown in (b), with the green line being
a guide to the eye. Green arrows indicate the temperatures at which the lines in
(a) have been obtained. Adapted from Ref. 72, reprinted with permission.

However, only one bulk sample was used, while we apply the theoretical modeling to several
nanoparticle samples, which we will now discuss. The most interesting result from our mea-
surement is the change of the anharmonicity parameter m that we obtained from our fitting
model, all while taking care to steer clear of areas in which the superimposed hyperfine field
distribution, stemming from the particle size distribution, would disturb our evaluation.
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The main results are plotted in Fig. 6.15, showing the temperature and particle size dependence
of m from the entirety of the recorded data for this sample set (b) in addition to a graphic
display of the influence of the change in anharmonicity on the shapes of lines 2 and 6 of the
1µm sample (a). Starting at low temperatures, we observed rather poor agreement between
our experimental and calculated spectra, leading to a stronger variation of m for the different
sample sizes. We attribute this to potential spin-glass behavior that has been reported for BFO
below 50K,64,176 of which we also saw evidence in the M(T) magnetization curve of the 54 nm
sample in Fig. 6.5. Accordingly, we used dotted lines to separate the different sections that
show different temperature behavior. Going to higher temperatures, we see rather constant
values of anharmonicity, with m ranging between 0.4 and 0.6 with no discernible temperature
dependence. The value was higher for the 150 nm sample than for the other two, but due to
the overall fluctuations in m, there was no clear trend to be seen that would point towards a
clear dependence on the particle size.

Going towards higher temperatures, the limitation imposed by the particle size distribution
induced hyperfine field distribution made it impossible to use the results from the 54 and 150 nm
sample, but the 1µm sample continued producing usable results. We observe a continuous
decrease of the anharmonicity, until the system reaches the completely harmonic state near
400K. This is also made evident by the detailed depiction of lines 2 and 6 from the spectra
of this sample, recorded at different temperatures, giving us clear indications of the influence
from the decreasing anharmonicity and the appropriate increase in the perpendicular fraction
of Bhf , as was shown in Fig. 6.15 (a). Literature data suggests the onset of spin reorientation
processes, which could possibly explain why the decrease of m begins in the region of 150-
200K.176,194 Generally speaking, the observed transition from an anharmonic cycloid at low
temperatures to a harmonic state towards higher temperatures is in agreement with previous
studies on polycrystalline bulk materials193 and single crystals,195 making our study the first
ever to observe the anharmonicity in BFO nanoparticles. No clear trend could be observed
for the influence of the particle size on the anharmonicity, due to the width of the magnetic
hyperfine field distribution stemming from the particle size distribution. This would require
particle samples with a narrower size distribution to increase Tmax, or the use of thin film
samples, which is described in the outlook (chapter 8).
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6.2 Magnetoelectric ceramics

As the results of the previous section indicate, intrinsic multiferroics are sometimes fraught
with significant challenges that are not always easy to overcome. This next section therefore
deals with results from magnetoelectric composites that were purposefully engineered to take
advantage of so called product properties, combining the piezoelectric and magnetostrictive
systems that were described in chapter 3. Before we look at the detailed results, it’s important
to consider the history of the long running cooperations that are the main subject of this thesis,
as they provide the overall framework by which we arrived at the point where we are now. As
previously mentioned in the synthesis section, there have been previous attempts at measuring
the ME effect in a CFO-BTO ceramic formed by covering commercial CFO nanoparticles with
a BTO shell, as described by Shvartsman et al.21 in 2011. Using the same setup that was de-
scribed in section 4.7, a converse magnetoelectric coefficient of 22 ps/m was obtained. However,
it was noted that PFM images revealed a strong agglomeration of the initial CFO nanoparticles,
leading to a percolation of CFO clusters in the BTO matrix, degrading the overall ME perfor-
mance by hindering effective poling through increased conductivity. Additionally, the observed
agglomeration also negated advantageous size effects such as the higher surface to volume ra-
tio in nanoparticles, providing an higher interface area per volume between the two constituents.

As a logical consequence, attempts were made to rectify this problem by moving away from
commercial particles that were subsequently coated and instead employing a synthesis tech-
nique, described in section 5.2, that produces core-shell particles. This way, it was hoped that
agglomeration effects can be reduced, thus arriving at composites that can be poled more ef-
fectively in order to achieve a higher magnetoelectric coefficient. This was the main motivation
behind the initial experiments, with the subsequent measurements and publications being a re-
sult of further improvements and changes made to the composite, always striving for improved
ME effects.

It was decided to describe and analyze the data in the chronology of the publications that
resulted from our cooperation, which is a rather didactic approach. However, this way, it’s
completely logical that the first measurements weren’t performed with the same range of pa-
rameters as the later ones, as our experience and abilities grew over time. Indeed, while the
first few papers usually only contained a smaller section dedicated to the converse ME measure-
ments, the latest publication126 has several pages of figures and text dedicated to the results
from this method. It therefore made sense to use the chronology of our cooperations as a
leitmotif in this work, performing more expansive measurements with each sample set that was
collectively worked on, and going into more and more detail with regards to evaluations and
comparisons to literature as our knowledge increased. It would of course have been possible to
summarize the results in a shorter, more compact way, but that would have required numerous
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explanations in between to show the reader why certain sample sets were measured differently.
Instead, if we stick to the chronology of the measurements as they have been performed over
time, it should be easier to guide the reader through our results in the most logical fashion.

6.2.1 Analysis of measurement data

Before we deal with the detailed analysis of the data obtained from the converse setup described
in section 4.7, we will first observe how the data was calculated to begin with. Conveniently, it’s
only the final ME(E) measurement that requires a purely quantitative evaluation in order to
obtain the converse magnetoelectric coupling coefficient. The temperature and field dependent
measurements mostly serve to find the optimum temperature and field for the final measure-
ment, while also providing information on general sample characteristics, which means that
further unit conversions can be foregone. For the ME(E) data, we start off with the calcula-
tion of the electric field that was applied to the sample: The device outputs values in Oersted
due to the fact that the measurement setup is built upon the AC susceptibility option, which
would normally put out an alternating magnetic field. As described in section 4.6, we use the
known calibration of the wide band amplifier that was measured via oscilloscope to determine
the applied AC voltage, and then divide it by the thickness of the sample in order to arrive at
the electric field via the standard E = U/d capacitor equation. As the real part of the mea-
surement signal is directly output in magnetic units, in this case emu, we can easily convert
it to either mass magnetization via weighting the sample, or volume magnetization through
determination of the sample volume. For the magnetoelectric measurements, we always used
the volume magnetization, as the samples are generally homogeneous, round disks. One can
simply calculate the volume from thickness and diameter of the ceramic, which can in turn be
measured by high precision calipers or micrometer screws.

With this information at hand, the magnetization can be plotted against the applied electric
AC field amplitude. As we are only recording the magnetization that was induced from the
alternating electric field, no further deconvolution must take place, as the (comparatively very
high) static magnetic moment of the sample is rejected by the lock-in amplifier. Instead, we
can immediately utilize a linear fit, and then use the slope to determine the converse coupling
coefficient αC .

In most publications, the unit for the converse coupling coefficient is seconds per meter, which
isn’t immediately obvious from the plot of A/m against kV/m, with no effort being usually
made to explain how the final unit arises. Because of this, we will shortly derive it here.
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Starting with the basic definition of αC

αC = µ0
dM

dE
(6.4)

we can write out the units for the magnetic terms to receive

µ0M
[
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· A
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]
. (6.5)

Completing the formula with the electric field then yields

αC = µ0dM
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V

]
, (6.6)

which quickly shows how we end up with s/m as the unit for αC . Now we can continue with
the error estimation for this measurement type, to obtain an overview of the quality of the data
that can be delivered by the converse ME measurement setup.

6.2.2 Error estimation

An important consideration is the correct estimation of the error for the converse magnetoelec-
tric coefficient αC . As we can see, for example in Fig. 6.48, the data points have been plotted
with the standard deviation error that is output by the SQUID, which uses the difference value
between at least two data points do determine this error. In our case, we average four measure-
ments for one data point in order to minimize statistical errors. The linear fitting procedure
takes these deviations into account, and in this case, puts out an error that is often less than
0.01% of the total value. However, as we will see, this error is too small and needs to be
estimated more conservatively. As it’s generally known from magnetometry, the largest error
is not introduced by the high precision magnetometers themselves, but by the mass or volume
normalization, which uses scales or micrometer screws that introduce a much higher error into
our calculation. Because of this, we take into account the error of a standard micrometer screw
used to measure the ceramics, in the range of 0.01mm, and determine the largest deviation it
can cause for the final coefficient. Two measurements go into our calculations, the thickness of
the ceramic, as well as its diameter, which have influence on both the calculated electric field
the sample is subjected to, as well as the volume magnetization. For a conservative estimate,
we vary the thickness and diameter in the range of the mentioned error of the micrometer
screw and perform the linear fitting procedure for each possible combination. The difference
value between the two farthest outlying values is then used as the error margin, which is often
one order of magnitude larger than the simple statistical uncertainty of the fitting procedure
and the magnetic measurement itself, usually around ± 0.01ps/m, proving the necessity of this
estimation. However, even with this conservative estimation resulting in a higher error, it is
usually still well below 1% relative to the final value, proving the high precision of our setup.
For fractured or irregularly shaped samples, the proper determination of the overall surface
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area becomes tricky. In this case, the ceramic piece can be photographed on millimeter paper,
with the software package "Pi"140 being used to determine the surface area, along with the
appropriate error bars.

What now follows is the evaluation of the individual sample sets, which are subdivided by the
material system used, as well as the overall publication that was composed from the respective
data.

6.2.3 CFO-BTO composites with different connectivity schemes

As with the BFO section, we now arrive at the very core of this work, namely the first ME
evaluation of a set of CFO-BTO 50-50 ceramic samples that were characterized cooperatively
by the groups of Prof. Lupascu and Prof. Wende. This is actually the second publication of
this nature, dealing with the ME effect in ceramics and not only with the properties of the
precursor materials. The previous one,122 published in 2013, uses the synthesis method that
was discussed in detail in section 5.2 in order to obtain core-shell particles that were then sin-
tered into ceramics. With very promising results from SEM that clearly show the CFO clusters
within the BTO matrix, PFM and MFM imaging revealed magnetic and electronic response
on the local scale, while XRD and magnetometry data revealed that the samples were phase-
pure and showed results that were comparable to literature data. The converse ME effect was
successfully measured, and determined to be in the range of αC = 4.4 ps/m, which was also in
agreement for literature values reported for this composition.

One of the main problems was often the unreliability of the converse ME setup, with the dif-
ficulties in obtaining good quality data also being visible in the large error bars and general
spread of the data points in Fig. 7 of Ref. 122. This was rectified by a complete rebuilding of
the wiring between the wide band amplifier, replacing excessive lengths of simple unshielded
electrical connections with coaxial cables, while also modifying certain minor aspects of the
circuitry following advice from Dr. Pavel Borisov. The rebuilt setup is in the state as it was
described in section 4.6. As we will see in the quality and low noise of the converse ME data,
this modification greatly improved performance and reliability of our setup.

Now we can observe and discuss the data collected on the CFO-BTO 50-50 samples. Due to the
large number of measurement methods involved, only those that saw repeated use in following
publications were discussed in greater detail in section 4. In total, four samples were produced
for this series of measurements. A powder sample S1 as a reference, foregoing the sintering step
after synthesis of core-shell particles. Sample S2 was a ceramic that was sintered via the SPS
method described in 5.4.2 while sample S3 was annealed at 900 ◦C for 2 h at ambient atmo-
sphere in a regular chamber furnace following the SPS ceramic formation. Meanwhile, sample
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S4 was produced from the same initially synthesized core-shell particles, but the ceramic was
formed by the conventional sintering method described in section 5.4.1. It is on these four sam-
ples that the characterization was performed, while only sample S3 and S4 were characterized
with the converse ME setup. S1 is of course a powder and thus not suitable for this type of
measurement, while S2 was found to be in a paraelectric phase, as described below. Still, the
precharacterization results for the other sample will also be mentioned in the following, as they
provide important information on the problems and issues that were encountered following the
use of the SPS method.

S1 S2 S3 S4
Description powder SP sintered SP sintered and annealed conventionally sintered
Connectivity (3-0) (3-0) (0-3)
BTO structure cubic cubic tetragonal tetragonal
BTO grain size (nm) 40 (shell) - 120 160±30 650±50 1000-2500
CFO grain size (nm) 40 (core) 70±10 210±25 1000-2500

Table 6.2: Description of samples S1-S4, including morphologies and structural properties.
Data taken from Ref. 123, reprinted with permission.

Structural characterization
Crystal structure and phase content were analyzed by XRD (Siemens D5000), with only BTO
and CFO phases being detectable, as shown in Fig. 6.16.

Figure 6.16: X-ray diffractograms for samples S1 (a), S2 (b) and S3 (c), with the righthand
panel (d) showing enlarged views of the diffraction peaks corresponding to the
(112) and (211) planes of BTO. Taken from Ref. 123, reprinted with permission.

Sample S4 is not included here, as it was fabricated according to the previously used method122

that reliably produces phase pure samples. No impurities or traces thereof were observed in
any of the samples, with the powder S1 showing broadened Bragg peaks due to the small par-
ticle size compared to the sintered samples, as sintering always leads to a growth and partial
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agglomeration of crystallites. When looking at the splitting of the Bragg peaks corresponding
to the crystallographic planes indicated in the figure, one notices that the powder S1 and the
initially produced SPS sample S2 show no splitting, indicating BTO to be in a cubic state.
It’s only for the annealed SPS sample that a splitting can be observed, indicating that BTO
is in its tetragonal phase, thus being ferroelectric.196 It was further observed that the (112)
peak shows higher intensity than the (211) one (see Fig. 6.16), being a sign of texturing in the
sample, and thereby also of a preferential c-axis alignment that’s perpendicular to the sample
surface.123 This is an advantage for us, as it is the only direction in which electric fields can
be applied during converse ME measurements, while also being the principal direction of the
magnetic field measurement.

Continuing with SEM imaging (Quanta 400 FEG), the morphology of the ceramics was recorded,
with the corresponding SEM images for samples S1-S3 being shown in Fig. 6.17, taken from
Ref. 123. Going by the data summarized for these measurements in table 6.2, we can see that
the initial powder contains core-shell particles with a mean size around 120 nm (including the
BTO shell), but also a number of bare 40 nm CFO particles without a shell. The general struc-
ture was in agreement with previous works.121 Upon the formation of a ceramic via SPS, in
stark contrast to the conventional sintering method, a reversal of the connectivity was observed,
with BTO particles in the range of 150 nm being surrounded by a CFO matrix formed from
agglomerated CFO grains, which increased in size from 40 to 70 nm. Further annealing of the
sample also lead to a further growth of the BTO grains, now being in the range of 0.6− 0.7µm.
Obviously, the high temperature and longer time of the annealing process compared to the orig-
inal SPS method caused this strong additional growth. However, two goals were reached: The
BTO was now in the tetragonal ferroelectric phase, while the grains were still a great deal
smaller than those from the conventionally sintered sample (not shown here), which showed
BTO grain sizes of up to 1− 2.5µm.123

Figure 6.17: SEM micrographs recorded via backscattered electron mode of samples S1 (a), S2
(b) and S3 (c), with the insets showing the BTO particle size distribution. Taken
from Ref. 123, reprinted with permission.
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Electrical characterization
Although PFM is strictly speaking also a microscopy method, it will be included in this part due
to the fact that it mainly observes the piezoresponse of the samples and thus counts as electrical
characterization method, more so than as a purely structural one. Performed with an Asylum
Research MFP-3D, the recorded images on the polished samples S2-S4 show both topography
(Fig. 6.18 top) and PFM response (bottom), being a useful crosscheck for the SEM images
discussed previously. It was at this point that the cubic, rather than tetragonal structure of the
BTO phase in S2 became an apparent problem: The sample showed no piezoresponse (b), while
the annealed sample S3 (d) and conventionally sintered sample S4 (f) displayed clearly visible
contrast changes, indicative of piezoactive regions, corresponding to ferroelectric BTO grains.
These are apparently distributed in a CFO matrix, as seen in SEM, which would mean that
a (3-0) sample was formed, in contrast to the (0-3) sample from conventional sintering (e,f),
although some regions appear to be near the (3-3) connectivity type as well (see Fig. 2.12).

Figure 6.18: PFM micrographs of the CFO-BTO composites, showing topography (top) and
vertical PFM response (bottom) for samples S2, S3 and S4. Taken from Ref. 123,
reprinted with permission.

The BTO grains were estimated to have sizes around 700 nm, in agreement with SEM data.
Microscopically, we therefore have a sample that has potential for ME measurements, namely
sample S3 with its piezoactive regions, while sample S4, showing isolated CFO grains in a BTO
matrix, is a good model system for regular (0-3) ceramics, as also obtained in previous works.122

After elucidating the microscopic properties, we must also take into account the more impor-
tant parameters of macroscopic measurements. This importance stems from the fact that there
have been samples in the past, albeit from a completely different system, that showed promising
microscopic ME response, but could not produce any macroscopic effect. Such a sample, while
interesting from a physical standpoint, is of course not suitable from an applications point of
view, which should always be a goal to strive for when working with magnetoelectrics.



Chapter 6. Results 142

The macroscopic properties were characterized by P(E) loops, recorded with a home-built
Sawyer-Tower circuit, using the appropriate method described by Sawyer et al.129 Sample S2
not only showed no piezoresponse, but suffered from leakage currents so large that no polar-
ization switching was observed. It was suggested in Ref. 123 that this may be caused by some
amount of graphite remaining in the sample after the SPS procedure. This seems to be a logi-
cal explanation, as one would expect S3 to have equally high or even higher leakage currents,
due to the general growth of the grains and the subsequently larger volume of uninterrupted
CFO in the sample providing conductivity. We are thus only left with samples S3 and S4 in
order to compare SPS and conventionally sintered samples. An immediately obvious problem,
as shown in Fig. 6.19, was a strong leakage effect in S3, caused by the higher conductivity
of the CFO matrix, being 4 - 5 orders of magnitude larger than that of BTO.197 Additionally,
the dielectric characteristics of all ceramic samples S2-S4 were recorded with a Solartron 1260
impedance analyzer, using the dielectric interface 1296. The results for the real part of electric
permittivity ε′ and the dielectric loss tangent tan(δ) are also shown in table 6.3. The two SPS
samples S2 and S3 display larger values of permittivity than the conventionally sintered sample
S4, despite the comparatively small BTO grain size in S2. This was attributed to a significant
contribution from AC conductivity from the CFO matrix, which is further supported by the
higher dielectric losses that we can also observe for these samples.

Figure 6.19: P(E) hysteresis loops recorded at room temperature for S3 (a) and S4 (b) at
100Hz. Curve corrected for static leakage contribution is shown in red. Taken
from Ref. 123, reprinted with permission.

Magnetic characterization
The magnetic properties were characterized by SQUID magnetometry (see section 4.4), with the
results for powder and ceramic samples being shown in Fig. 6.20, plotted as mass magnetization
against the applied magnetic field. All results discussed here are summarized in table 6.3. As
described in Ref. 123, it was necessary to secure the powder sample S1 in the sample holder
in order to avoid a macroscopic rotation of the particles, which diminished the coercive field
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and remanent magnetization. We only discuss the results for the properly secured powder here.
If we consider that the atomic mass of a formula unit of BTO and CFO can be calculated
to 233.2 g/mol and 234.5 g/mol, respectively, it’s prudent to assume them to be equal as an
approximation. This means that the 20Am2/kg for S1 in table 6.3 must be corrected for
the mass of the non-ferrimagnetic BTO to obtain the saturation magnetization of the CFO
phase. We end up with ca. 40Am2/kg, significantly lower than the 80Am2/kg usually given in
literature.23

Sample ε’ at 100 kHz tan δ at 100 kHz MS (Am2/kg) Mr (Am2/kg) µ0Hc (mT)
S1 - - 20 9 75
S2 175 0.25 32.5 15.5 47
S3 208 0.47 32 15 45
S4 73 0.033 27 10 45

Table 6.3: Dielectric and magnetic properties of samples S1-S4 at room temperature. Data
taken from Ref. 123.

When comparing all samples, we see that S2, formed by SPS, shows a reduced coercive field
and remanent magnetization compared to the powder S1, while the saturation magnetization
increased, presumably due to the larger CFO grains. We therefore have to assume that the
untreated nanoparticle sample is affected by size effects such as surface spin canting, leading to
a reduction of saturation magnetization. The grain growth taking place during the formation of
ceramics partially negates this effect, which explains why samples S2-S4 show a higher overall
saturation magnetization. Comparing the untreated S2 with the annealed S3, only a very
minor difference is visible, indicating that the annealing procedure did not significantly alter
the magnetic properties of the sample.

Figure 6.20: M(H) hysteresis loops of all samples, recorded at room temperature, with only the
small field region up to 0.8T being shown. Taken from Ref. 123, reprinted with
permission.

Obviously, the grains in S2 are already sufficiently large to avoid any size effects, with further
growth in S3 thus not having any additional influence. When looking at the magnetization
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curve for S4, there’s a clearly visible decrease of the saturation magnetization when compared
to the other samples, while remanence and coercivity do not change, as visible in table 6.3. It
was suggested in Ref. 123 that the increased density of the SPS samples may be responsible
for this effect, but as the M(H) curves are normalized to weight, not volume, this should not
be the case. We must therefore assume that the behavior we see here is related not only to
grain size120,198 but also to possible cationic disorder199–201 and anti-phase boundaries.199,202

Generally speaking, one would expect a decrease of the saturation magnetization with decreas-
ing particle size198 due to spin frustration at the surface of the particles. It is generally not
adequate to refer to such a decreased high field magnetization as saturation magnetization,
despite it being commonly done in literature, as such a decrease is only the result of much
higher fields being needed to realign the spins near the particle surfaces. Here, we also refer
to the possible reduction of the magnetic permittivity in composites, which was discussed in
detail for the next sample set in section 6.2.4 via equations 6.7 and 6.8.

Converse magnetoelectric measurements
With the electrical and magnetic characteristics having been carefully studied, it is now time
to analyze the results of the converse magnetoelectric measurements. In a look ahead to the
upcoming chapters, it has to be mentioned here that normally, a converse measurement is
accompanied by a direct measurement of the ME effect through the application of magnetic
fields while simultaneously measuring the induced polarization. This will be performed in de-
tail for the upcoming sample set. However, in this case, due to the strong leakage currents
found in S3, this was not possible. We were only able to obtain converse ME data for this
sample because the amplifier of our setup (described in section 4.6 in detail) is able to supply
sufficient power in order to compensate the Ohmic losses in the sample, thus also being able
to apply electric fields high enough in order to obtain a magnetic signal. One must be careful
with this approach though, as excessive Joule heating of the sample can occur if the leakage
current through the sample is too high, as described in section 4.8.1. The first measurement we
performed concerned the temperature dependence of the induced ME magnetization. For the
sake of easier understanding, we will start with the conventionally sintered sample S4. As this
is the first of several characterization steps, we use parameters that are known from previous
measurements122 to be in the right range for an induced ME effect, in this case an applied
DC magnetic field of µ0H = 0.15 T and a frequency of the electric AC field of 3Hz, as low
frequencies between 1 and 10Hz are usually the least problematic for the setup. Our initial
sweep was carried out from 350K down to 200K, steering well clear of any regions that might
be a problem for the sample holder. The resulting curve, shown in Fig. 6.21, is composed of
data points with very small error bars (calculated by the standard deviation of at least two
averaged measurements per data point) and overall low scattering of data points relative to
each other, proving that the setup is capable of performing reliable and precise measurements.
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This is especially true when directly compared to previously performed measurements such as
Fig. 6 from Ref. 122, recorded prior to the rebuilding and rewiring of the sample holder, with
the data not having received a proper evaluation at that time. From standard M(T) reference
measurements, no anomalies were observed that would correspond to the features we see in the
ME(T) curve, with the correct prediction having been made that the data is not representing
any transformation of magnetic structure. Instead, as we will see, it is caused by the tempera-
ture evolution of the piezoelectric response of BTO.

Figure 6.21: Temperature dependence of the induced magnetic moment ME(T) for composite
S3 and S4, recorded at EAC =3.35 kV/cm, fAC =3Hz, µ0HDC =0.15T.

The location of the maximum for S4 (red curve) at roughly 283± 2K agrees very well with
the phase transitions known from literature, such as from Merz et al.,203 who determined the
upper limit of the phase transition to 280K. Furthermore, we see a marked decrease of the
effect to both sides of the maximum, with the decrease towards high temperatures indicating
that we are dealing with an actual ME effect rather than stray signals from conductivity. We
thus used this temperature to perform our other measurements at. While there is much more
to the temperature dependence when correlated with the structural phase transitions, we will
discuss that in more detail in the next subsection, as more detailed ME(T) curves have also
been recorded on upcoming samples. At this early stage, we were mainly interested in obtaining
the temperature at which the effect is at its largest. The next sample set will also deal with
the temperature dependence of the dielectric permittivity, thus allowing a better insight into
the temperature dependence of the induced ME magnetization. However, we are already able
to conclude that it’s possible to obtain very high quality data with the rebuilt setup, allowing
a much clearer display of temperature dependent effects than in preceding publications.
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Moving on to the SPS sample S3 (blue curve), we see the obvious problem that no clear peak is
visible that would correspond to any of the phase transitions in BTO. Instead, the signal just
shows a very strong increase towards higher temperatures, while the overall amplitude of the
signal is significantly lower than for the conventionally sintered sample S4. We are therefore
dealing with a signal that is mostly caused by conductivity effects and not by magnetoelec-
tric strain coupling alone, as it was explained in the pitfalls section 4.8.1. This measurement
is therefore not suitable to determine a maximum in temperature dependence, and generally
speaking, results from this sample need to be viewed with a great deal of caution as far as their
evaluation goes. Fortunately, the strong increase only commences above 280K, which means
that the number of available charge carriers is sufficiently low to allow the partial observation of
magnetoelectric coupling in the sample that is not strongly superimposed by apparent signals
from conductivity. The measurement was not continued to higher temperatures as the increase
in conductivity often bears the danger of excessive Joule heating, also explained in section 4.8.1.

Figure 6.22: Magnetic field dependence (a) of the induced magnetization ME(H) for compos-
ite S3 and S4, measured at T=285K, EAC =3.35 kV/cm, fAC =3Hz. Electric
field dependence (b) of the induced magnetization ME(E) measured at T=285K,
fAC =3Hz, µ0HDC =0.15T. Adapted from Ref. 123, reprinted with permission.

The next parameter that was checked for maxima is the applied DC magnetic field. While it
was measured over a wide field range in future measurements to obtain a greater understanding
of the relation to magnetostriction, we only used a small range from zero to 1T here. Even
from this small section, a clear trend is visible in the results of S4, as shown in Fig. 6.22:
A broad peak is reached after a strong signal increase in the low field range, followed by a
decrease towards zero when going to higher fields. This measurement was only performed for
increasing fields, as this was the first sample set that was evaluated, so no discussion of hysteretic
behavior takes place yet. This will be dealt with during the evaluation of the next sample set.
In order to explain the shape of such ME(H) curves, we have to look at the behavior of the
magnetic phase, as it’s only on this that the applied DC magnetic field will exert a noticeable
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influence. One work dealing with the magnetoelastic properties of CFO is Ref. 204, in which
the dependence of these properties on the processing parameters is elucidated. In Fig. 6 of this
work, CFO ceramic samples with different processing parameters are characterized by strain
gauges, to directly measure the effect of magnetostriction vs. applied magnetic field. Just like
in our experiments, the magnetic field was applied perpendicular to the sample surface, with
the magnetostriction being measured parallel to this direction. As we are looking for a general
explanation rather than detailed numerical results, a schematic representation, based on this
figure, was created, as shown in Fig. 6.23.

Figure 6.23: Schematic representation of the relation between the magnetic field dependent
magnetostriction λ (a) and its field derivative dλ/dH (b) representing the typical
shape of a ME(H) curve, adapted from Ref. 204.

First of all, the magnetostriction value can be both positive and negative, which can be ex-
plained by the fact that a negative magnetostriction value is indicative of contraction (compres-
sive stress), while positive magnetostriction represents an elongation of the material (expansive
stress), with the former being quite typical for ferrite systems.205 As far as the correlation
between magnetostriction and induced ME magnetization is concerned, we can look at certain
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segments of the curves in detail in order to explain the origin of the shape of our ME magneti-
zation curve. Starting off at zero magnetic field, the magnetostriction is effectively nonexistent,
while our measurements show a small ME magnetization. This can be explained in part by the
high field superconducting solenoid of the SQUID magnetometer not having been degaussed
prior to this measurement, with the magnetic field from a small amount of trapped flux causing
a signal that is larger than zero. However, the remanent magnetization of the sample is assumed
to contribute the largest part to the nonzero ME magnetization at zero applied field, which was
clearly seen in the results obtained by Agarwal et al.206 using similar composites. Moving on,
the magnetostriction curve shows a very steep increase, corresponding directly to the maximum
of our magnetization curve. In this sense, the induced magnetization can be regarded to be
tracking the derivative of the magnetostriction curve dλ/dH, with the maximum of the induced
ME effect being located at the maximum slope of the magnetostriction. Moving further along
the curve, λ(H) reaches its maximum, with the slope decreasing to zero, corresponding to the
derivative, and thus also the ME magnetization signal dropping to zero. For this first sample
set, we thus had a satisfactory explanation as far as the source of the ME magnetization curve
shape goes. Following these measurements, the question was raised about possible hysteresis
effects and minor loops having an influence on the results, with such low-field measurements
potentially not being properly representative of the sample properties. Because of this, a more
detailed characterization of the magnetic field dependence of the ME effect will be performed
in the next section. As mentioned, it was decided early on during the writing of this thesis that
the ME results are to be shown chronologically, as otherwise, such measurements with seem-
ingly incomplete parameters wouldn’t make sense when evaluated alongside our more elaborate
results. This chapter is therefore a proof of concept for our general approach to these measure-
ments, which will be further refined in the following.

The final set of measurements for this sample set consists of the determination of the magne-
toelectric coupling coefficient, performed by recording the induced ME signal in dependence of
the applied electric AC field. For the publication that was composed from this data,123 a direct
comparison was planned between the SPS sample S3 and the conventionally annealed sample
S4. However, due to the excessive conductivity, and resulting low poling state, the SPS sample
was generally not suitable for the determination of the optimum temperature, and showed a
very low field value of 0.1T for its maximum. To offer a more direct comparison, the identical
parameters were to be used for this final measurement, which resulted in an applied DC mag-
netic field of 0.15T, located just between the two maxima of the respective samples, while the
temperature could only be based on the successful measurement on sample S3, namely 285K,
agreeing well with the BTO phase transition between its tetragonal and orthorhombic phase
(see Fig. 3.3). The resulting measurement is also displayed in Fig. 6.22, with the convention-
ally sintered sample showing a linear response with very low noise and no visible scattering of
the data points, while the SPS sample produces a much lower signal amplitude and somewhat
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erratic behavior. Linear fitting of the respective curves produced a converse magnetoelectric
coefficient αC of only around 1 ps/m, which was within the error bar of ± 1 ps/m (see section
6.2.2), while the conventionally sintered sample gave 25 ps/m.

Summary
From this first sample set that was characterized by the converse ME setup, we could draw
a number of basic, but important conclusions. First of all, the setup, especially after the
wiring was rebuilt, showed its ability to produce data of very high quality compared to pre-
vious measurements,122 especially in terms of determining the temperature and magnetic field
dependence. This capability will thus be expanded for the next sample set, so that a much
greater range of temperatures and magnetic fields, as well as different sample orientations can
be utilized.

In terms of physical phenomena, we were able to observe, measure and quantitatively evaluate
the converse magnetoelectric effect in a composite sample produced from core-shell particles
that were synthesized for this purpose. Unfortunately, one of the main objectives, namely the
usage of the SPS method to suppress grain growth and potentially give us a higher ME effect,
was not met. To the contrary, the SPS method produced a sample that was only usable after
additional annealing, which induced further grain growth, as the initially produced, untreated
sample was not usable due to BTO crystallizing in a cubic phase and thus not being in its
ferroelectric state. The annealed SPS sample showed high conductivity, making poling and
polarization measurements difficult and almost impossible, while the temperature dependence
of the induced ME magnetization indicated only effects from conductivity, rather than ME
coupling. Nevertheless, thanks to the converse ME setup, it was still possible to record the
magnetic and electric field dependence, but both showed very low and noisy signals, with the
overall converse ME coefficient being in the range of the error bar. We must therefore conclude
that the SPS method, as utilized here, is not suitable to produce ceramics with higher ME
effect. Meanwhile, the conventionally sintered sample provided good quality data in all ME
measurements, with the recorded effect of 25 ps/m being slightly higher than the 22 ps/m given
in Ref. 21, which was the overall goal. However, this increase is rather small, which is why the
next section will deal with the further optimization of the effect through the modification of
the sample composition, while retaining the well-proven conventional sintering method.
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6.2.4 Direct and converse effect in CFO-BTO (0-3) composites

Following the experience gained from the previous set of measurements, it was decided to return
to the conventional sintering method in order to produce (0-3) ceramics using the same CFO-
BTO system, and also using the same synthesis procedure for the core-shell particles. However,
in this work, the ratio of CFO and BTO was altered systematically, in order to determine which
composition gave the highest ME coupling coefficient. Additionally, as the conventional sinter-
ing method does not suffer from excessive conductivity that results from a (3-0) connectivity,
it was also possible to perform measurements of the direct ME coefficient rather than only the
converse one. Furthermore, a number of additional steps were taken that significantly increased
our knowledge on this multiferroic system: It was mentioned in the experimental section 2.2.3
that the electrical poling of the ceramics after sintering is an important step that strongly
increases the recorded ME effect. In this study, a direct comparison was made between poled
and depoled samples to quantify the effect of this process. Furthermore, in order to observe the
equivalence47,48 of the direct and the converse magnetoelectric coefficient, the results of both
methods will be directly compared for this sample set, while the measurement of the dielectric
permittivity was linked to the ME results. Latter were also obtained for two different sample
orientations, with the magnetic field being perpendicular (longitudinal ME effect) and parallel
(transverse ME effect) to the sample surface. These results therefore represent our most com-
prehensive series of measurements and subsequent analysis of precharacterization and ME data
at the time.

The synthesis procedure was identical to the one of the previous sample set, as also described
in section 5.2. The only important difference lay in the modification of the amounts of CFO
and BTO precursor solutions in order to achieve the desired weight ratios between the two
phases. The subsequent milling, calcination, pressing and sintering steps were also identical
to the previous sample set. In total, four samples were produced, with the wt% composition
(1− x)CoFe2O4 − xBaTiO3 and x = 0.5, 0.6, 0.7 and 0.8.

Structural characterization
Phase content and composition of the samples were analyzed by XRD (Siemens D-5000), with
the corresponding diffractograms (Fig. 6.24) showing only peaks from the CFO and BTO phase;
no other phases could be detected. In contrast to the SPS sample from the previous set, all
of the samples produced here display a splitting of some BTO diffraction peaks, such as the
(112/211) peaks that were also displayed separately in Fig. 6.16. This indicates the presence
of a tetragonal cell, so that we can expect BTO to be in its ferroelectric phase. As such, XRD
provides evidence that all samples are usable for ME measurements as far as the basic electric
properties of the piezoelectric constituent are concerned.
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Figure 6.24: X-ray diffractograms of the (1-x)CFO-xBTO composite samples, with the two
bottom panels showing the spectra of the respective pure constituents (JCPDS
database), with the main peak positions superimposed onto the diffractograms by
dashed lines. Adapted from Ref. 124, reprinted with permission.

SEM measurements (Quanta 400 FEG) were performed after polishing and etching the sample
surfaces, with the results shown in Fig. 6.25 providing a great insight into the intricate structures
of the different samples, with all of them showing the desired (0-3) connectivity, containing CFO
grains embedded in a BTO matrix. As detailed in Ref. 124, the grains are clearly separated and
homogeneously distributed, with a clear interface between CFO and BTO, devoid of any cracks
or faults, providing good contact between the two constituents, promising good mechanical
coupling and thus a high magnetoelectric coefficient.207 Only sample x=0.5 deviates slightly
from this trend, with white regions in the interface area pointing towards defects and undesirable
crystal growth. In terms of size, the grains have grown to diameters of about 1-2µm, being
comparable to the conventionally sintered (0-3) sample from the previous sample set.123 For
x=0.8, a small area of the sample surface (Fig. 6.26 (a)) is shown in magnification (b), giving
us a very clear view of a CFO grain and the well-defined interface, showing no defects or signs
of interdiffusion.
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Figure 6.25: SEM micrographs of the polished surfaces of the (1-x)CFO-xBTO composite sam-
ples. Taken from Ref. 124, reprinted with permission.

Figure 6.26: SEM micrograph of sample x=0.8 showing a magnified view of a CFO grain within
the BTO matrix (a), as well as the interface between them (b), with corresponding
EDX spectra for the CFO (c) and BTO (d) region. Further SEM images are shown
in (e) to compare the connectivity on the sample surface and side. Adapted from
Ref. 124, reprinted with permission.



153 6.2. Magnetoelectric ceramics

Going into detail even further, the top and side surfaces of sample x=0.8 were analyzed sep-
arately (Fig. 6.26 (e)), in order to check for homogeneous distribution of the CFO grains. It’s
clearly visible that the grains are well separated in both locations, not forming percolating clus-
ters. This means that there should be no issues regarding excessive conductivity that caused
trouble during the ME measurement of the SPS sample. For these samples, no visible inter-
connected grains exist that might provide paths for the current to flow through the sample
at lower resistance than that offered by the BTO matrix. We can therefore assume that 1.)
these samples can be properly poled for a high ME effect and 2.) that not only the converse
but also the direct effect should be measurable. Furthermore, energy dispersive X-ray spec-
troscopy (EDX) was performed on different local areas of the sample, with spectra being shown
in Fig. 6.26 (c) and (d) of a BTO and CFO-rich section, respectively. The clear shifts in line
intensity further underlined the clear separation of the two phases. The small BTO peaks in
(d) can be attributed to the electron beam hitting not only the grain but also some of the
surrounding matrix, while (c) shows almost no contribution from CFO, owing to the greater
ease of targeting only the surrounding matrix without hitting any of the grains.

Electrical characterization
Here, the microscopic characterization was foregone and instead, the macroscopic electrical
properties were evaluated right away. First shown is the temperature dependence of dielectric
permittivity, measured at different frequencies, summarized in Fig. 6.27.

Figure 6.27: Temperature dependence of the real part ε′ of dielectric permittivity of the
(1-x)CFO-xBTO composite samples, taken from Ref. 124, reprinted with
permission.
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The ferroelectric Curie temperature is visible as a peak between 370 and 380K, which is slightly
below the literature value for bulk BTO,207 with samples x=0.6 - 0.8 showing substantial broad-
ening of these transition peaks. One would normally associate the latter with size effects due
to the small grain size, but as this is an effect of the ferroelectric phase, namely the BTO
matrix, that probably doesn’t apply here. Apart from the potential incorporation of Fe or Co
in the BTO phase during the high temperature processing, one valid explanation may very well
be the strain exerted on the BTO matrix by the CFO grains. Another important aspect is
a decrease of the dielectric permittivity, associated with an increase of dielectric losses, upon
increasing CFO content. It was discussed before that samples with a high percentage of CFO
tend to have increased conductance and leakage currents as a result. This is visible here for
samples x=0.5 - 0.6, the samples with the highest CFO content, showing stronger frequency
dispersion towards decreasing frequencies, with it being noted in Ref. 124 that Maxwell-Wagner
relaxation152 became substantial at this point. As explained in section 4.8.4, this effect occurs
in dielectrics that are not homogeneous, such as grained composites208 and layer systems, lead-
ing to a strongly frequency dependent charge buildup at the interfaces between constituents of
different permittivity and conductivity. In our case, this would of course be the BTO and CFO
phases. The strong frequency dispersion at low frequencies is usually associated with dielectric
losses stemming from conductivity.

Figure 6.28: Summarized results from P(E) loops recorded on the (1-x)CFO-xBTO composite
samples, showing spontaneous polarization Ps (black), coercive field EC (red) and
resistance ρ (blue). Taken from Ref. 124, reprinted with permission.

P(E) loops were recorded at room temperature at 250Hz using a home-built Sawyer-Tower
circuit, with the obtained results such as coercive field and spontaneous polarization being
displayed in Fig. 6.28 along with the resistivity of each sample. Plotted against the BTO con-
tent, we can see striking characteristic changes that we should keep in mind not just for these
samples but also for the other studies that will be described in the following. The resistivity
clearly increases with higher BTO content, which is logical when keeping in mind that CFO
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has much higher conductivity (as mentioned in section 6.2.4 and Ref. 197.). The spontaneous
polarization Ps shows a similar increase, going along with the finding of SPS samples not being
suitable for poling due to their excessive conductivity and leakage currents. We can therefore
assume that samples with high BTO content have good prerequisites for high ME coefficients,
as far as the electrical properties are concerned. When looking at the coercive field, a decrease
can be observed upon increasing BTO content. This was explained in Ref. 124 by conductive
CFO grains impeding polarization switching in BTO through screening effects by free charge
carriers, lowering the effective electric field that is acting on the BTO phase. We can thus keep
in mind: For advantageous electrical properties, high BTO content seems to be the favorable
route to take.

Magnetic characterization
Similarly to the electrical characterization, the magnetic properties were checked by measuring
M(H) hysteresis loops up to 2T at room temperature, in order to record saturation magne-
tization and coercive field for all samples. The low field region of these measurements, up to
0.4T, is shown in Fig. 6.29. A pure CFO ceramic was used as a reference, showing a satu-
ration magnetization of 84.4(5)Am2/kg, which is in agreement with literature values of bulk
CFO23 that is usually around 80Am2/kg. The composite samples show a significant decrease
in saturation magnetization due to the lower mass fraction of CFO, while coercivity also de-
creases from 25(2)mT for the pure CFO sample down to 5(1)mT for the composites. These
observations are in excellent agreement with a similar study conducted by Agarwal et al.,206

who used bulk powders for their samples, observing a saturation magnetization of 80Am2/kg
while obtaining 36.2Am2/kg for x=0.5 and 11.8Am2/kg for x=0.8, comparable to our results
of 30.0(4)Am2/kg for x=0.5 and 14.9(6)Am2/kg for x=0.8. These findings have been sum-
marized in Fig. 6.30 (red circles), plotted against the weight percentage of CFO instead of the
x-notation used for most of the figures, to more clearly show the dependence on the ferrite
content.

Furthermore, we can see that the decrease in magnetization does not take place completely
linearly with the change in composition, as the magnetization for x=0.5 drops by more than
50%, from 85Am2/kg down to 28Am2/kg instead of the expected value of ca. 33Am2/kg. This
effect becomes clearer when we correct the magnetization values by disregarding the mass of the
non-magnetic BTO, shown in Fig. 6.30 (blue squares). The magnetization of the composites is
consistently lower than of the pure CFO sample, even after mass correction. This phenomenon
was observed in some preceding works, such as Fig. 5 in Ref. 122, while also being described in
several other publications,206,209 usually attributed to size effects in nanoscale materials, such as
surface spin canting in small crystallites. As we saw in the SEM images, the CFO grains in our
composites grew substantially, but the complex nature of such sintered composites still allows
for some smaller grains to be present, as seen in Fig. 6.26 (e). Additionally, in case of such high
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temperature sintered materials that show considerable growth of the magnetostrictive grains,
additional influence may arise from a change of inversion,121 as well as a cation redistribution
in the spinel lattice. Furthermore, the decreasing ratio of the ferrimagnetic constituent leads
to a decrease of the effective permeability of the composite,210 which in turn contributes to the
decrease of magnetization.

Figure 6.29: Field dependent magnetization M(H) curves for the (1-x)CFO-xBTO composite
samples recorded at room temperature up to µ0H = 2 T, with only the small field
region being shown. Adapted from Ref. 124, reprinted with permission.

Figure 6.30: Total magnetization for the (1-x)CFO-xBTO composites (red) and the CFO mag-
netization (blue), corrected for the non-magnetic mass content of the samples.
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This can be described by an effective medium approximation,211 for example Bruggeman’s
model, as described by Qi et al.212 When dealing with a composite formed of two individual
components with the respective magnetic permeabilities given by µ1 and µ2, and under the
assumption of a uniform distribution of the constituent elements, the following equation can
be utilized to describe the relation of the two permeabilities relative to each other:

3(1− f)
2 + µ2

µeff

+ 3f
2 + µ1

µeff

= 1 (6.7)

Here, f is the volume fraction, which is given by the respective composition of the sample at
hand, while µeff represents the effective permeability of the composites.213 In our case, we will
define µ1 and µ2 to represent the permeability of BTO and CFO, respectively. Due to the fact
that BTO can be considered as non-magnetic, its permeability will be approximated by unity,
so that the equation is simplified to

3(1− f)
2 + µ2

µeff

+ 3f
2 = 1. (6.8)

From this, we can qualitatively deduce that the increase of the BTO phase, and the associated
change in the volume ratio f , also leads to a decrease of the effective permeability µeff of the
composite. This in turn contributes to the decrease of the magnetization that we have observed
for our samples. As mentioned in the previous section, referring to the 2T magnetization for
these samples as saturation magnetization is technically not fully adequate, although it is being
done throughout the literature. We previously discussed how spin frustration simply leads to
higher applied fields being necessary to bring the sample to saturation. Similarly, following
Bruggeman’s model explained above, the effect of the lower permeability would be much less
noticeable if higher magnetic fields would be utilized, so the lower magnetization for these sam-
ples is also caused by the comparatively low 2T maximum field.

Converse magnetoelectric measurements
Now we again arrive at the main topic of this thesis, the macroscopic measurement of the con-
verse ME effect. Unlike in the first sample set, some additional measurement steps have been
included here, which makes this sample set the most comprehensively characterized one until
now. The temperature dependence of the ME effect, recorded as in the previous section, was
now performed in a much larger temperature range, from 330K all the way down to 5K, in
order to observe the general trend in the signal, and to see whether additional phase transitions
of BTO would be visible.

It needs to be considered that one such measurement needs a substantial amount of time to be
completed, with the temperature dependence shown here alone requiring over 24 hours, due to
the extensive noise reduction and nulling procedures performed at each data point. It is for this
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reason that our initial sweep in Fig. 6.21 was only performed in a much narrower temperature
range around the most important phase transition. For the same reason, only one of the samples
from the current set was subjected to this extended temperature range, which is also the same
sample that was used for a similarly extensive DC magnetic field survey. This sample, with
the composition x=0.6, will serve as our model system for the other samples used in this study.

In anticipation for the ME(H) measurement, with which we intended to check both the longi-
tudinal and transverse coefficient, this sample was measured in two ways. The first one was
the regular geometry with electric field and magnetic field both being applied out of plane,
perpendicular to the sample surface. The second one saw the sample rotated by 90 ◦ so that
the magnetic field was parallel to the sample surface, while the electric field orientation relative
to the sample surface remained unchanged, as shown in Fig. 6.31.

Figure 6.31: Schematic representation of the different sample orientations used here, with the
sample displayed in red and the electrode in blue. (a) shows the normally used
longitudinal geometry in which H and E are out of plane while (b) shows the
transverse geometry with H in plane and E out of plane.

Figure 6.32: Temperature dependence of the induced ME magnetization for sample x=0.6 in
longitudinal and transverse geometry, recorded at EAC =3.3 kV/cm, fAC =3Hz,
µ0HDC =0.15T. The transverse curve was inverted for easier comparison.
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This was achieved by adding a small additional section of straw to the construction previously
introduced in Fig. 4.21, which held the sample in place vertically. This caused an inversion
of the signal for the rotated sample, which will be explained when we observe the ME(H) re-
sults. Here, for ease of comparison, both curves were given a positive prefix at the main peak
position when shown in Fig. 6.32. For both orientations, we observe a similar behavior, albeit
with a strongly reduced effect for the rotated sample. Again, we can see that the data is very
clear and devoid of any excessive noise or other artifacts that would indicate problems with
the validity of the data, with no jumps or sudden changes in the phase shift being detected. A
broad but clear peak is observed at 254± 2K for both orientations, with the signal dropping
to both sides of it. Going towards lower temperatures, the signals also becomes negative near
175K, coinciding with the orthorhombic to rhombohedral phase transition, with its absolute
value further decreasing at even lower temperatures. There is a rather broad plateau around
123K at which the absolute value for the negative signal becomes the highest. Towards high
temperatures, the curve for the rotated samples shows signs of leveling off, while the sample in
regular geometry continues its strong decline, becoming negative at 320K.

When we insert the temperature regions of the phase transitions, taken from Fig. 1 of Ref. 203
and our Fig. 3.3 adapted from Ref. 93, we can see that there is a noticeable difference between
the position of the maximum near 254K and the lower edge of the phase transition from the
tetragonal to the orthorhombic phase, which is reported to be at 263K.93 When regarding
the original data from the two references, it was shown that the phase transition has a certain
width, reported to be around 12K in Ref. 203, depending strongly on the direction in which the
measurement is performed, which is also well visible in Fig. 3.3. In our case, we also performed
the measurement going from high to low temperatures, and should thus be located on the low
end of transition temperatures, but this difference is still not sufficient to explain the peak shift
visible in the data. At the time, no clear evaluation was performed for this deviation from
expected literature values. However, after performing some of our later experiments, a more
detailed observation showed that the temperature dependence does not come solely from the
phase transitions of the ferroelectric phase. This shall be elucidated in detail in section 6.2.6
when we discuss effects from the magnetomechanical and electromechanical coupling, as well
as the elastic compliance that results from the stiffness of the sample.

With the temperature dependence having been reviewed, the magnetic field dependence was
characterized, using the same modified sample holder. This allowed us to record the sample
response in both regular geometry and with the sample rotated by 90 ◦, so that the magnetic
field was applied parallel to the sample surface. Using otherwise standard settings, the magnetic
field was now ramped in both directions, up to a maximum field of ± 2T, so that hysteresis
effects could also be observed. The result of this approach is shown in Fig. 6.33, which contains
the signal from both sample orientations, as presented in Fig. 6.31. It becomes immediately
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obvious that the signal for the rotated sample is inverted, reduced by roughly 50%, and that
the maximum of the ME effect occurs at a much lower magnetic field of 0.02T in contrast to the
0.15T of the regular geometry. Two obvious conclusions would be that the regular geometry
is more suitable if one wants to achieve a high ME effect, and that the most optimal field
for this would be around 0.15T. However, with the more detailed data at hand compared to
Fig. 6.22, we also need to determine the underlying cause for the overall shape of the curve.
Three characteristics must thus be elucidated: The lower amplitude, the sign change, and the
lower magnetic field at which the maximum of the ME(H) signal occurs. While the overall
shape is already known from the relation to magnetostriction (see Fig. 6.23), we now want to
relate our results to more detailed studies found in the literature. For this, we will now use the
nomenclature from Ref. 206 to account for the magnetic and electric field directions, namely
α33 for regular and α31 for our rotated geometry (see Fig. 6.31).

Figure 6.33: Magnetic field dependence of the induced ME magnetization for sample x=0.6
in longitudinal and transverse geometry, recorded at EAC =3.3 kV/cm, fAC =3Hz,
µ0HDC =0.15T and 285K.

To account for the change in the position of the field dependent maximum in parallel and
perpendicular orientation, the demagnetizing factor comes into play. A similar study was
performed on a CFO-BTO composite by Duong et al.,214 who developed a magnetic pulse
field method to determine the ME effect, which is in essence a method to measure the direct
ME effect, which will also be done on our samples (Fig. 6.38). The main difference is the
ability of Duong’s setup to use pulsed magnetic fields, thus being able to observe dynamic
properties as well, in addition to the quasi-static ones. They also performed a regular M(H)
sweep on the sample using both orientations, which we have also completed, as is shown in
Fig. 6.34, showing very good correspondence with results from Duong et al., enabling us to
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attempt a direct comparison between the two datasets. One characteristic we can see with the
naked eye, also important for the rest of the evaluation, is the somewhat quicker saturation
of the rotated sample compared to the sample in regular geometry, while the coercive field of
650(4)Oe is comparable for both. Just like in our sample set, Duong observed a higher effect
for α33, which occurred at higher fields than for α31, in the very same field range as for our
samples, between 1 kOe and 2 kOe, shown clearly in Fig. 4 of their work.214 An explanation
that was offered for this circumstance is the demagnetizing field, which leads to a decrease of
the magnetic field within the sample, thus shifting the field dependent position of maximum
ME effect in the ME(H) curves. If we refer to this field as the effective field, then CFO grains
within the longitudinal sample are subjected to a lower magnetic field amplitude and thus
require a higher applied field to reach their maximum of induced ME magnetization. It has to
be mentioned that there is also the electric counterpart, the depolarizing field. However, as the
electric field application cannot be changed due to the sample contacting, we will only regard
the demagnetizing field here.

Figure 6.34: M(H) curves of sample x=0.6 recorded at 255K (left) directly compared to M(H)
curves of a CFO-BTO 50-50 composite (right) recorded by Duong et al. (Ref. 214)
at room temperature, reprinted with permission.

Going into more detail, we refer to the work of Chen et al.,215 who have performed a com-
prehensive survey on demagnetization factors for cylinders by magnetometry techniques. It’s
a convenient coincidence that our sample is also cylindrical, allowing a direct relation to the
data from Chen. When observing the effect of the demagnetizing field Hmid,vol, they utilized
the equation

Hmid,vol = Ha +Hd,mid,vol = Ha −Nf,mMmid,vol (6.9)

with the applied field Ha, assumed to be uniform, with the calculation averaged over the entire
midplane (mid) and volume (vol) of the sample. Eq. 6.9 thus gives us the proportionality
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between the demagnetizing field Hd and the magnetization M . The demagnetizing factor Nf,m

for both fluxmetry (f) and magnetometry (m) applications, which is given as

Nf,m = −Hd,mid,vol

Mmid,vol

(6.10)

in Ref. 215. Furthermore, the aspect ratio of the cylindrical sample plays a major role, defined
as the relation between length 2l and radius a, given as

γ = l

a
(6.11)

in order to account for the shape of the sample material that the magnetic field has to pen-
etrate. In all cases, we assume a material of homogeneous susceptibility, which seems valid,
considering the microscopy measurement that were described earlier. However, as the tables in
Ref. 215 do not take composite samples into account, we used a pure Co cylinder as a rough
approximation, in order to obtain an overall idea of the scale of the demagnetizing factor. Simi-
larly, the inversion of the aspect ratio for transverse orientation does not fully take into account
the shape of the sample, so these results can only be regarded as qualitative. In the end, it
was determined that the applied magnetic field of the sample in longitudinal geometry must be
corrected by a factor of 0.2, while the transverse sample needed a field correction by a factor of
0.9. This would clearly shift the maximum of the transversely oriented sample closer to the lon-
gitudinally oriented one, almost completely negating the different field positions of the maxima.

We are thus able to conclude that the shift of the maxima is caused by the change of the
demagnetizing factor, which is strongly dependent on the sample’s aspect ratio. This begs the
question whether it needs to be evaluated in detail for any further measurements that have
been performed from this point onwards. However, this is not necessarily the case. While each
sample may be different in terms of dimensions, usually through slight variations in thickness, it
is sufficient to keep this in mind when evaluating the magnetic field dependence of the induced
ME magnetization. From an application point of view, we want to know which magnetic field
we need to apply to our sample in order to maximize the ME effect, rather than what field
we actually find within the sample. The demagnetizing factor is thus of higher importance
when deciding on the shape of the sample for a certain purpose. In our measurements, the
disk shaped samples in longitudinal geometry lead to very low aspect ratios γ, which in turn
causes rather high demagnetizing factors. As a result, in order to reach the optimum field
for the highest ME coupling, higher magnetic fields need to be applied. This is presumably
the main deciding factor on the field position of the ME(H) maximum we characterize in our
samples. It is thus safe to assume the peak positions of the two sample orientations would be
very close to each other if we’d disregard the demagnetizing field and regard only the electric
and magnetic field applications relative to each other. One thought that occurred to us during
the experiments was that of using a sample with equal symmetry in both directions, which in
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this case would be a cube. This can be rotated without changing the aspect ratio, and it would
be logical to assume, save for poling directions or any preferred direction of crystalline growth,
that the effect and the ME(H) maximum would not change upon rotation.

With the reason for the shift of the maxima now being clear, we need to look at the overall
shape of the curves, which was not explained in detail in our previous work123 described in
section 6.2.3. In fact, the hysteretic behavior of the ME effect in composites like ours is rarely
discussed in literature, with one of the first publications to go into detail about this topic being a
review of CFO-BTO bulk composites by Agarwal et al.206 In this work, the field-dependent ME
effect in a series of CFO-BTO bulk composites with different constituent ratios was observed in
detail, also in transverse and longitudinal configuration, just like for our samples. The results
of their work are shown here for comparison in Fig. 6.35 as well as table 6.4.

Figure 6.35: Comparison of the magnetic field dependence of the magnetoelectric coupling co-
efficient of a CFO-BTO 60-40 sample done by Agarwal et al. in transverse (a) and
longitudinal geometry (c), along with the corresponding magnetostriction curves
(b) and (d), respectively. Taken from Ref. 206 using data from Ref. 216, reprinted
with permission.

It was found that the sign of the curve, as was mentioned before, is determined by the way in
which magnetostriction acts in the composite, a positive sign of the magnetostriction indicat-
ing compressive stress while a negative sign represents tensile stress. Just as in our samples,
Agarwal et al. obtained a positive ME magnetization for the longitudinal and a negative mag-
netization for the transverse sample orientation, with the differences in amplitude of roughly
50% showing an excellent match with our results in Fig. 6.33. Delving deeper into the pecu-
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liarities of the magnetostriction curves and its relation to the field dependence of the ME effect,
we regard the representative curves in Fig. 6.35 to observe the finer details of the magnetic field
dependence, with data taken from the works of Hrib and Caltun216 as reported by Agarwal et
al.206 Comparing these curves of λ plotted against the applied magnetic field H, we can corre-
late the individual sections of characteristic shape from the magnetostriction curve directly to
the induced ME magnetization curves. This way of representing the data was taken from Fig. 4
in Ref. 206, with the contents of their table 2 being summarized in our table 6.4, describing
in detail how the converse coupling coefficient αC follows the magnetic field derivative of the
magnetostriction, αC ∝ dλ/dH, including hysteresis effects.

Region |λ| dλ/dH α
A high very small small
A-B moderate increasing increasing
B optimum high maximum
B-C decreasing high decreasing
C finite/low decreasing low (remanent)
C-E very low decreasing low
E low zero zero (phase reversal)
E-G increasing increasing increasing
G optimum high maximum
G-H moderate decreasing decreasing
H high very small very small

Table 6.4: Description of the correlation between magnetostriction and magnetoelectric cou-
pling in a CFO-BTO 60-40 sample as done by Agarwal et al. Data taken from
Ref. 216 as shown in Ref. 206, reprinted with permission.

The two peaks of the falling and rising field sweep are located at the zero transitions in the
λ(H) curve, which seem to correspond to the coercive fields from Fig. 6.34, where a 180 ◦ phase
reversal occurs in both α33 and α31. Interestingly, this phase reversal can also be observed in
the raw data of our measurements, when, instead of using the normally utilized real part of
the induced magnetization, one uses the phase difference between the amplitude of the induced
magnetization and the original AC electric field signal. Generally speaking, we can observe
excellent agreement between our results, shown in Fig. 6.33, with the data and its description
from Agarwal et al.206 displayed in Fig. 6.35, clearly underlining the validity of our data and
its interpretation. Even peculiarities like the two peaks of the ME(H) curve (Fig. 6.35 (a)),
depending on the prior field exposure history of the sample, is reproduced in their data as
well. Finally, Agarwal et al.206 noted that the higher overall value of the signal in longitudinal
orientation clearly indicates an increased stress level, which means that it’s harder to magnetize
the composite in this direction (see also the M(H) curves in Fig. 6.34), while also leading to
a higher induced ME magnetization. We can therefore keep in mind that the longitudinal
orientation, while requiring higher applied fields to account for the demagnetizing field due to
the sample’s shape, still offers the highest effective ME magnetization. Because of this, all
future measurements will only be performed in longitudinal geometry.
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Comparison between direct and converse ME measurements
Thanks to these samples not suffering from excessive conductivity as the SPS sample, we had
the opportunity to also use the direct ME setup described in section 4.1.5. The plan was to
perform some of the same types of measurements, in order to obtain a direct comparison be-
tween the two methods.

There are of course some limitations to these comparisons, as the direct ME setup is not based
on a cryostat system and can therefore only operate at room temperature. First, we can observe
the magnetic field dependence of the direct ME effect, measured at 300K at an applied AC
magnetic field of 1.8mT to induce the signal, while a DC magnetic field was ramped from
zero to 0.4T just like in the converse ME(H) measurements. We can observe good agreement
between this type of measurement and the converse one in relation to the peak position and
overall shape (see Fig. 6.33), while the two samples of different compositions show different
signal strengths, as one would expect.

Figure 6.36: Magnetic field dependent ME induced voltage measured on samples x=0.5 and
x=0.8 with the direct ME setup at µ0HAC =1.8mT with fAC =3Hz at T=300K.
Adapted from Ref. 123, reprinted with permission.

After completing the magnetic field dependence survey, it is time for the final measurements,
in order to record the converse and direct magnetoelectric coefficient, namely the linear electric
field sweep. During the course of these, an additional test was performed, to gain some un-
derstanding on the effect of the poling process, which is considered a standard procedure that
needs to be performed before undertaking ME measurements, as described in section 2.2.3. To
observe the effects that a lack of poling would have, one CFO-BTO 50-50 sample was purpose-
fully de-poled, by keeping it heated to 140 ◦C for 30 minutes with it being short circuited, while
the other samples were cooled down to room temperature in an electric field of 15 kV/cm. The
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resulting two ME(E) curves are displayed in Fig. 6.37, taken from Ref. 124. As made obvious,
the depoled sample has a very low signal amplitude and higher amount of noise, not being
suitable for evaluation. We have thus shown that the poling process is of utmost importance
when wanting to obtain meaningful ME results, as samples that were not poled show strongly
diminished signals, which was explained in section 2.2.3.

Figure 6.37: Electric field dependent ME magnetization measured on sample x=0.5 in poled
and depoled state at fAC =3Hz, µ0HDC =0.15T and T=285K. Adapted from
Ref. 123, reprinted with permission.

The last order of business was the calculation of the converse ME coefficient from a linear
fit of the ME(E) sweeps. In this case, a direct comparison could be made to the direct ME
results. In order to achieve a somewhat closer match in parameters, ME(E) sweeps with the
converse setup were performed at a somewhat higher temperature of 285K in order to account
for the fact that the direct ME setup operates only at room temperature. Exemplary results
are shown in Fig. 6.38, taken from Ref. 124, using two samples with different composition as
representatives of the overall sample set.

We can see that both setups are able to reproduce the linear behavior, with the differences
in magnitude between the two samples also being well visible. Summarizing the coefficients
calculated from both methods for all sample compositions, we arrive at the final result for this
section and this sample set, shown in Fig. 6.39, also from Ref. 124, depicting the direct and
converse magnetoelectric coefficients plotted against the sample composition. In order to check
whether the coefficients show a drop at a higher CFO content than 50%, an additional sample
x=0.3 (70% CFO) was produced and added to this dataset after successful ME measurements.
We can also observe that the qualitative equivalence of the converse and direct ME coupling
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coefficients described in section 2.3 holds true, with both measurement methods reproducing
the same magnetic field dependence (Fig. 6.36), electric field dependence (Fig. 6.38), and finally
also composition dependence (Fig. 6.39).

Figure 6.38: Direct comparison between magnetic field induced direct ME effect (a) measured
at fAC =3Hz, HDC =0.15T and room temperature, and the electric field induced
converse ME effect (b) measured at fAC =3Hz, µ0HDC =0.15T and T=285K on
samples x=0.6 and x=0.8. Adapted from Ref. 123, reprinted with permission

Our results show that, using the same geometry, similar temperatures and the same applied
magnetic field and measurement frequency for all samples, leaving only the composition as a
varying parameter, the sample with a 50-50 ratio of CFO-BTO gives us the highest ME effect.
Some peculiarities can also be observed, such as the overall higher effect of the 50-50 sample
relative to the neighboring compositions in the converse measurement, which of course begs the
question of which results one should trust more. Generally speaking, and looking at the raw
data, the points of the converse measurements show a much smaller deviation from the linear
trend, have smaller error bars, and furthermore offer the added benefit of a freely selectable
sample temperature.

It’s thus highly likely that the direct ME measurements suffer from a reduction of the recorded
effect due to the sample being at room temperature, somewhat away from its optimum temper-
ature, especially when latter is shifted towards lower temperatures, as seen in Fig. 6.32. Still,
we can also see that the two measurement methods were able to reproduce the same behavior
in terms of showing changes to the ME coefficients αC and αD for varying sample composition.
This is in line with the discussion from section 2.3, clearly showing that the two coefficients
can be regarded as equivalent. In this case, as both measurements were performed at the same
frequency, there is a constant factor of roughly 10 between αC and αD, caused partially by
the permittivity ε at 3Hz in Eq. 2.63, as well as the temperature difference between the two
measurements.
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Figure 6.39: Direct comparison between the direct (blue) and converse (red) magnetoelectric
coupling coefficients. Data taken from Ref. 123, reprinted with permission

Summary
Arriving at the end of this study, there are a number of conclusions we can draw. The most
obvious one being of course that we were able to obtain the highest converse ME coupling
coefficient of 25 ps/m, which is equal to the result from the preceding section. However, we
have now shown that the effect has a clear dependence on sample composition, as the sample
with a CFO-BTO ratio of 50-50 had the highest αC of this set. We also gained valuable
insights into the peculiarities of this sample system: We were able to show how the samples
react to applied magnetic fields in different orientations, with the demagnetizing field playing a
major role as far as the sample geometry is concerned. The overall shape of the ME(H) curves
was explained by comparison to measurements of the magnetostriction in CFO (Fig. 6.35),
while the temperature dependence has been shown to depend mainly on the structural phase
transitions of the piezeoelectric BTO. Finally, the importance of the poling procedure prior
to the measurements was clearly demonstrated by a direct comparison between a poled and
depoled sample. When considering the overall value of the converse ME coupling coefficient,
one may have noticed that we were not able to achieve a higher value, despite using the most
optimal sintering technique, as determined in the previous section 6.2.3, and despite optimizing
the sample composition. This was due to the fact that, by chance, the sample of the previous
section already had the composition that we have now determined to be optimal for high ME
effects. The decision was therefore made to move away from the CFO-BTO system and to
replace the piezoelectric, and later on the magnetostrictive constituent. This will be the basis
of the upcoming sections.
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6.2.5 BCZT-CFO composites

After completion of the previous, rather comprehensive study on CFO-BTO composites, it
appeared as if no further optimization was possible through modification of the composition.
The conventional sintering method had been established as the most suitable one to obtain
the most advantageous (0-3) connectivity, while a constituent ratio near 50-50 was determined
as the one that gives the highest ME effect. The focus therefore turned to the objective of
achieving higher effects by the usage of different materials to take the place of both CFO and
BTO. In the progress of our cooperation, both constituents were eventually replaced entirely,
but we will first concentrate on the piezoelectric phase and its replacement. As discussed in
Ref. 94, it was decided to replace the BTO constituent with BCZT, in order to utilize its supe-
rior piezoelectric coefficient97 of 600 pC/N, which is threefold higher than that of BTO.105 The
detailed description of the physical properties and phase transitions that make this material
suitable for our purpose can be found in section 3.5, while the two-step solid state synthesis
route of the precursors was explained in section 5.3, with the conventional sintering method
from 5.4.1 being used for the formation of ceramic samples. For this first study of the new
piezoelectric constituent, only one sample produced usable results, with the mass composition
BCZT-CFO 85-15. It is on this sample that all the precharacterization and ME measurements
were performed, the results of which shall be summarized in the following.

Structural characterization
As with the previously used system, a structural characterization via XRD (Siemens D5000)
was performed first, in order to check for phase purity of the precursor powders of CFO and

Figure 6.40: X-ray diffractogram of the BCZT-CFO 85-15 composite sample recorded at room
temperature, with the peaks representing the Amm2 space group of BCTZ (black
stars), the Fd-3m space group of CFO (blue diamonds), with a fit function calcu-
lated by Rietveld refinement (red line) and the resulting difference function (green
line). Adapted from Ref. 94, reprinted with permission
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BCZT, as well as for the final ceramic sample, latter being shown in Fig. 6.40. In addition to
the raw data, a superimposed Rietveld analysis is shown in red, with the difference function
between data and theoretical calculation shown in green. The peaks do not show any noticeable
broadening, prompting the assumption that the grains of either constituent are probably not
smaller than a few hundred nanometers, thus not suffering from size effects. Diffraction peaks
can be assigned to individual constituents, namely the Amm2 space group of BCZT (black
stars) and the Fd-3m space group for CFO (blue diamonds). When regarding the difference
function (green line), no additional peaks of unwanted parasitic phases can be observed, clearly
showing that this sample is phase pure. Analysis of the Rietveld refinement (red line) gives
us the lattice parameters for BCZT of a=4.002Å, b=5.676Å and c=5.656Å, while a lattice
parameter of a=8.400Å for CFO was obtained, agreeing well with literature values.102

Electrical characterization
AFM and PFM images (MFP-3D, Asylum Research) were recorded on a polished sample,
displayed in Fig. 6.41, using the same area for both measurements to make sure that any
interference of topography on the PFM results can be ruled out.

Figure 6.41: Topography (a) and lateral PFM response (b) of BCZT-CFO 85-15 composite sam-
ple, recorded at room temperature, as well as local piezoresponse force microscopy
phase loop (c) and amplitude hysteresis loop (d) recorded inside a piezoactive
region. Taken from Ref. 94, reprinted with permission
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The contrast between the light and dark areas is indicative of piezoactive regions, in this case
the BCZT phase. In order to actively manipulate the piezoresponse, a DC bias voltage has
been applied to the sample during measurement, with Fig. 6.41 (c) showing typical switching
behavior, revealing that the piezoresponse can be directly influenced by an external voltage.
This proves that at least microscopically, we have a ferroelectric and therefore piezoresponsive
sample. We then move to macroscopic measurements, as done for the previous BTO-based
systems, such as P(E) hysteresis loops recorded at 300K using a home-built Sawyer-Tower
circuit at an applied electrical frequency of 100Hz, showing a typical ferroelectric-like behavior
(Fig. 6.42).

Figure 6.42: P(E) hysteresis loop of BCZT-CFO 85-15 composite recorded at room tempera-
ture, taken from Ref. 94, reprinted with permission

For this first sample of the new composition, a more detailed macroscopic electrical charac-
terization was performed, which was foregone for the remaining sample sets due to the BCZT
phase not being modified any further. The real part of electric permittivity, ε′, was recorded in
dependence of temperature and frequency, for the ceramic sample itself, as well as for ceram-
ics that were formed of the pure constituents BCZT and CFO, respectively, to elucidate the
contributions to the electric properties from each individual constituent. All results of these
measurements are summarized in Fig. 6.43. The pure BCZT shows a maximum at ca. 370K,
matching the ferroelectric-paraelectric phase transition, while an additional anomaly is visible
at 320K, presumed to be caused by the polymorphic phase transition between the (ferroelec-
tric) orthorhombic and the tetragonal phase,102,217 which were described in the phase diagram
in section 3.5. We can also see a frequency dispersion, with the amplitude of the peak in ε′

decreasing with increasing frequency, a behavior considered typical for a ferroelectric with a
diffuse phase transition, as is presumably the case for such sintered composites. Meanwhile,
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the ε′(T ) curves of pure CFO show no sharp peaks, while the amplitude of the permittivity is
strongly frequency dependent, being rather low at higher frequencies. Despite the majority of
the sample in terms of weight being composed of BCZT, the results are very strongly influenced
by the CFO phase, which has a lower electric permittivity at high frequencies.

Figure 6.43: Temperature dependence of the real part of the electric permittivity ε′ of the
BCZT-CFO 85-15 composite measured at different frequencies (a), temperature
dependence of ε′ for pure CFO (b) and pure BCZT (c), frequency dependence of
ε′ for all three samples (d) recorded at room temperature. Taken from Ref. 94,
reprinted with permission

The same behavior could also be observed in the imaginary part ε′′, shown in Fig. 6.44, display-
ing a strong increase of the measurement signal at low frequencies, with no sharp or discernible
peaks being visible. This overall behavior has been observed throughout literature for other
multiferroic composites218–220 and could thus be considered as a typical result. The strong
influence from CFO, affecting both ε′ and ε′′, has an impact on the overall properties of the
composite through two mechanisms. One is the higher conductivity of the ferrite phase, which
explains the increased signal at higher temperatures, and is also something we’re familiar with
from our discussion of the pitfalls of the converse ME setup, explained in section 4.8.1.
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Figure 6.44: Temperature dependence of the imaginary part of the electric permittivity ε′′ of the
BCZT-CFO 85-15 composite measured at different frequencies and temperatures,
taken from Ref. 94, reprinted with permission

The other mechanism is caused by the interface between CFO and the much less conductive
BCZT, leading to Maxwell-Wagner relaxation,152 which has been mentioned previously for sim-
ilar results of CFO-BTO composites in section 6.2.4. This type of relaxation is often seen in
grained ceramics208 due to inhomogeneities at the interfaces, and has also been proposed for
other systems than ours, such as BaTiO3 − Ni0.5Zn0.5Fe2O4, the functional properties of which
have been discussed in the literature.208,221 What we need to keep in mind here is that po-
larization can become strongly inhomogeneous in the vicinity of interfaces, with the arising
uncompensated surface/interface giving rise to inner fields, which can potentially lead to large
dielectric losses, especially at low frequencies.208 It is this effect that will play a major role in
explaining an outlier in the last BCZT-based sample set discussed in section 6.2.7, where the
effects of a low measurement frequency and higher measurement temperatures lead to a strong,
undesired increase of the measurement signal.

Magnetic characterization
The magnetic properties were recorded in conjunction with the magnetoelectric measurements
described in the next section, which is the reason for 280K being used during the recording
of the M(H) curve in Fig. 6.45. We obtain a saturation magnetization of 43.3(1)A/m and a
remanence of 8.3(2) kA/m. As these samples were normalized according to their volume, we
need to calculate the magnetization stemming from the CFO phase. As the molecular weight of
CFO (234.5 g/mol) and BCZT (222.8 g/mol) are rather similar, we use a rough approximation
by multiplying the magnetization by the factor one would need to obtain a 100% CFO sample
from the 15% one we have here, which gives us roughly 290 kA/m. This is lower than the
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424 kA/m we would expect for pure CFO when determining the volume magnetization from
the well-known23 mass magnetization of 80Am2/kg using a density of 5.3 g/cm3. There are
several possible explanation for this behavior, which is also observable in the other two BCZT-
based sample sets. As the magnetization is normalized to volume in the case of the composite
samples, a certain amount of porosity could lead to a lowering of the calculated value. One also
needs to consider the possible formation of a barium orthoferrate (BaFeO3−x) phase during the
high temperature sintering. This phase, described in detail in Ref. 222 and 223, can appear
in a tetragonal unit cell, therefore being indistinguishable from BCZT due to the very similar
lattice parameters.224 The magnetic properties of BaFeO3−x can vary quite widely depending
on oxygen content, with the tetragonal phase that may be present in our samples having been
characterized as paramagnetic.225 We can therefore assume that the reduction in magnetization
is partially being caused by the presence of this parasitic phase. We can also presume that no
size effects known from nanoparticles play a role here, as bulk precursors were utilized for
the solid state synthesis. As previously discussed for the CFO-BTO sample sets, a decrease
in magnetic permeability can occur in composite systems, which would lead to a lowering
of the magnetization.210,212 Furthermore, the overall slim hysteresis loop with a remanent
magnetization of 8.3(2) kA/m and coercive field of 0.04(2)T can be considered as typical for
a ferrimagnetic sample, comparable to the previously discussed pure CFO reference sample S1
(see Table 6.3).

Figure 6.45: M(H) curve of BCZT-CFO 85-15 recorded at 280K showing the full 5T field (a)
and low field region (b).

Converse magnetoelectric measurements
As this is the first time that we observe the behavior of this new sample system using our
converse ME setup, we will look at the results in more detail, including some data that was not
shown in the respective publication,94 to also get a better understanding of the characteristics
of the setup itself. The first step, as described in section 4.7.1, is always the test of the
temperature dependence of the induced ME magnetization. In order to avoid possible effects
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from frequency doubling, a unipolar signal was used, through the application of a 100V DC
offset, superimposed onto the 100V AC signal, as explained in section 4.8.1. Regarding Fig. 6.46
(a), we obtained a clear magnetization signal with low statistical error. The striking decrease
towards higher temperatures is a strong indicator for a signal that is the result of ME coupling
from the piezoelectric phase, enabling us to assume that we do not see any visible effects
from conductivity and leakage currents. The highest signal was recorded near 280K, so this
temperature was used in all subsequent measurements on this sample. It’s in good agreement
with the known properties of the parent phase BTO. It was also observed that the signal showed
some artefacts when approaching low temperatures, which were not seen in the previous sample
sets that used pure BTO as their piezoelectric constituent. The question was whether this is
some kind of problem stemming from the setup itself, or whether it may be related to a sample
property, namely one of the low temperature phase transitions. In the end, it was determined
that this effect is caused by the low signal causing an instability, due to the device being
unable to fit the raw signal at the correct phase position. We can see this by plotting the phase
difference between the real signal, which we generally display as the induced ME magnetization,
and the original input signal used to generate the electric field.

Figure 6.46: Temperature dependent ME magnetization (a) recorded at UAC =100V,
UDC =100V, fAC =11Hz and µ0HDC =0.16T, with the accompanying phase shift
(b) of the real part of the measurement signal relative to UAC. The ’safe’ region
for measurements is to the right of the blue dashed line.

For clarity, the phase shift is shown here in Fig. 6.46 (b). In the region of high signal strength,
from 375K down to 175K, the phase shift is very small, showing no significant deviation from
the original signal. It then takes on an erratic nature, switching between ± 180 ◦ and 0 ◦ as the
measurement progresses down to 5K. It’s easy to imagine how the fitting procedure may cause
such errors, when the signal becomes so weak that the algorithm jumps to the left or right when
it attempts to superimpose the sinusoidal fit function onto the raw measurement data. We can
therefore disregard the data below 175K, which, thankfully, is outside of the important region
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around 280K that we want to observe in detail. It’s interesting to note that 175K is also the
location of the orthorhombic to rhombohedral phase transition, at which other samples showed
a signal that went through zero, also accompanied by phase reversal. We can thus conclude
that the effect we see here is caused by an intrinsic property, namely the phase transition of
the BCZT-phase, while the erratic behavior is also based on the instability of the small signal,
with the device being unable to correctly identify the phase shift. Towards the later part of
this thesis, namely during the characterization of the upcoming two BCZT-based sample sets,
it was also decided to forego the sweep to low temperatures, due to this often seen instability
of the data, the lack of its usefulness, as well as to protect the sample holder against damage
in case of small leaks, as mentioned in section 4.6.

With no problematic differences visible in the temperature dependence, we can move on to the
magnetic field dependence and check for any deviation compared to the previous studies. At
this point in our studies, we stopped using only the low field region and performed not just
the M(H) but also the ME(H) sweeps up to the maximum field of 5T. Furthermore only the
longitudinal configuration was used, as the rotation of the sample may have been useful for
a better understanding of underlying phenomena, but not for the achievement of the highest
possible ME effect of an individual sample. The result is displayed in Fig. 6.47 (a), including
a closeup of the small field region (b).

Figure 6.47: Magnetic field dependent ME magnetization (a) recorded at UAC =100V,
UDC =100V, fAC =11Hz, T=280K, with a closeup of the small field region (b).

The same hysteretic behavior and overall shape were observed, just as for he previous con-
stituents, which is to be expected, as the magnetic phase should have remained identical (see
Fig. 6.23 and 6.35). The main peak was slightly lower than for our last CFO-BTO composites,
at 0.14T rather than 0.15T, which such minute differences being attributable to the demagne-
tizing factor varying with the sample dimensions, as any variation in thickness or radius of the
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disk shaped pellet will alter the aspect ratio γ. We can therefore conclude that the usage of
a modified piezeoelectric constituent didn’t have any negative impact on our magnetistrictive
phase, with the overall properties in terms of magnetic field response having been preserved
as we knew them. No clear correlation was visible between the coercive field of 35mT seen in
magnetometry, compared to the position of zero ME effect located at 20mT for this sample.
Since this measurement represents the first time we ramped the field to its maximum value of
5T, we can also observe that there is no discernible ME contribution at these high fields, with
the signal tending to zero. Looking back at Fig. 2.1.4 from the theory chapter, we can assume
that effects from forced magnetostriction do not play a significant role in these samples.

Figure 6.48: Electric field dependent ME magnetization recorded at UAC =100V, UDC =100V,
fAC =11Hz, µ0HDC =0.14T and T=280K, with the black line representing a lin-
ear data fit.

The last step was, as always, the determination of αC via the linear fitting of the electric field
response. As this joint work didn’t contain any direct ME measurement that needed to match
temperature or frequency, we were free to choose our parameters based on the optimum value
from the previous two measurements, using 0.14T and 280K. The resulting data, again showing
good quality with minuscule error bars, was fitted by a linear function, with the slope providing
a value of 6.03(1) ps/m, as depicted in Fig. 6.48. We can also see a very slight curvature of the
data points relative to the linear fit, indicative of higher order coupling effects, as discussed
during the theoretical derivation of the converse coupling coefficient in section 2.3. If we com-
pare this to our previous work, it’s of course a somewhat underwhelming result. However, we
have to keep in mind that this first sample, serving more as a proof of concept, does not have
the optimum composition, which may result in the less than optimum effect. If we make a
comparison to previous joint works using a sample with equally low CFO content of 20wt%,
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we arrive at a value of 4.4 ps/m from Ref. 122, which would mean that our new BCZT-based
sample has a converse ME effect that is 37% higher. There were attempts of improving the
effect, as with the previous system, by varying the BCZT to CFO ratio, but these attempts
were not successful at the time. Due to this, a new goal was the improvement of the ME
properties by doping of the magnetostrictive phase, and later on the complete replacement of
this phase, as will be elaborated on in the upcoming two sections. In these, we will also find
out why we may not have been able to initially improve the ME coupling by modifying the
BCZT-CFO ratio.

Summary
Our first attempts of creating and measuring a new composite, utilizing BCZT instead of BTO,
have proven successful for the composition used here, serving as a proof of concept that this
is a feasible route to achieve greater ME coefficients. When directly compared to a sample of
the same composition but using the parent compound BTO, we were able to increase αC by
37%, underlining the feasibility of the route taken. At this point in time, the formation of
samples with other BCZT-CFO ratios was not successful due to high conductance hindering
measurements. It was for this reason that we first sought to improve the properties by a
modification of the CFO phase, which is the topic of the next section. In the end, we were also
successful in the formation of composites with different constituent ratios for our last sample
set, described in section 6.2.7, with the TOF-SIMS results aptly showing that the rod-like
growth of the NFO phase within the BCZT matrix is presumably what gave rise to excessive
conductivity in these types of samples, leading to the problems we faced in our early efforts.
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6.2.6 Al-modification of BCZT-CFO composites

After the proof of concept for the BCZT-CFO system, the main goal became the enhancement
of the ME coupling coefficient. We already know from section 6.2.3 that the SPS method for
ceramic formation is not suitable due to excessive conductivity. As a result, we kept using
the conventional sintering method and opted for a modification of the magnetostrictive phase
through doping with Al-ions, while retaining the piezoelectric BCZT with its extremely high
longitudinal piezoelectric coefficient of 600 pC/N. The overall composition for the two samples
was BCZT-CFO 50-50, with ceramics formation being achieved by the previously described
solid state synthesis route from section 5.3 followed by the conventional sintering procedure
from section 5.4.1. Of the two samples, one retained the pure CFO phase for its magnetostric-
tive constituent, while the other one was composed of Co(Fe1.5Al0.5)O4, henceforth referred to
as BCZT-CFO(Al).

Structural characterization
The standard XRD analysis (Siemens D5000) performed on both samples (Fig. 6.49) showed
clear peaks for the tetragonal perovskite structure of BCZT (P) as well as the cubic spinel
structure of the CFO phase (S).

Figure 6.49: X-ray diffractograms for BCZT-CFO(Al) (a) and BCZT-CFO (b), recorded at
room temperature, with indicated peak positions for different phases. Taken from
Ref. 125, reprinted with permission.
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However, there is one anomaly that will play a role for the magnetic characteristics: In
both samples, a peak of a parasitic phase (green dot) is visible, identified as a hexagonal
Ba(TiCo)xFe12−xO19 phase, which was described in detail by Li et al. in Ref. 226. As we can
see by the intensity of the peak, the undoped sample contains a higher amount of this parasitic
phase, which we need to keep in mind for the magnetometry evaluation.

SEM images (Quanta FEG) were recorded on the polished surface of the ceramic samples
(Fig. 6.50), providing us with an important piece of information: With the bright regions cor-
responding to BCZT and the dark ones to CFO, we can see a complete intermixing of the
constituents. In contrast to the previous studies in which the most useful connectivity scheme
turned out to be the (0-3) one, here, we seem to have produced a (3-3) connectivity, with both
phases showing distributions in all spatial directions. This also provides us with an important
explanation with regards to the previously studied sample: Potentially, the lack of improve-
ment of the ME effect by a higher CFO content was caused by excessive conductivity due to the
(3-3) connectivity present in these samples, which makes sense, as we no longer use a core-shell
nanoparticle approach that would induce a clear separation of the more highly conductive CFO
phase into clusters that are not interconnected. Here, the effect of conductivity through the
interconnected 3D structures may again play a role, so we will have to be on the lookout for
any effects of this nature when performing our ME(T) sweeps.

Figure 6.50: SEM micrographs for BCZT-CFO(Al) (a) and BCZT-CFO (b), taken from
Ref. 125, reprinted with permission.
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Electrical characterization
The recording of P(E) loops was attempted for these two samples (Fig. 6.51), however, no
saturation could be obtained, which again points towards conductivity effects preventing full
polarization of the samples, which is a commonly known issue in the literature.212,227,228

Figure 6.51: P(E) hysteresis loops for BCZT-CFO(Al) (a) and BCZT-CFO (b), taken from
Ref. 125, reprinted with permission.

The macroscopic measurement was followed by the recording of PFM micrographs under ap-
plied magnetic fields. To be certain that no interference from any structural features is present,
the topography was also recorded (not shown here). Following this check, the measurements
were performed at zero magnetic field, followed by the application of an in-plane 50mT field,
the reduction of this field to zero, and the application of the same field strength in opposite
direction relative to the previous application. With this, not only the piezoelectric response to
the magnetic field, but also possible hysteretic effects were to be investigated, the results being
displayed in Fig. 6.52.

Indeed, upon the first 50mT field application, we were able to see the occurrence of bright
regions in the PFM image that were not visible previously, indicative of magnetic field induced
polarization. These regions were concentrated at certain specific locations, which must corre-
spond to the location of areas with high BCZT concentration that were exposed by the polishing
procedure. Upon ramping the field to zero, the areas still retained some of their brightness,
showing that they didn’t return to their previous state completely. This makes complete sense,
as we will see by the magnetic characterization in the next section, showing typical hysteresis
loops in the M(H) measurements. We cannot directly compare the magnitude of these two
measurements as the small 50mT field doesn’t saturate the samples in the same manner as the
high 5T field of the SQUID. Still, in qualitative terms, the behavior we see here corresponds to
our expectations. During application of -50mT, the bright regions increase in size once again,
being in line with the standard ME(H) response.
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Figure 6.52: Vertical PFM images of BCZT-CFO(Al) showing a variation of piezoresponse with
different in-plane magnetic field biases, adapted from Ref. 125, reprinted with
permission.

Magnetic characterization
After witnessing the change in the PFM micrographs in response to applied magnetic fields, it
was already clear that, at least on a microscopic scale, ME coupling was visible. It was thus
necessary to characterize the magnetic properties in detail, which was especially important for
this sample set, as we are directly influencing the properties of the magnetostrictive component
by the Al3+ doping. Due to the higher complexity of performing Mössbauer spectroscopy on
ceramic samples, which would require either CEMS or backscattering modes, we instead opted
for only conventional magnetometry in order to probe the magnetic properties before moving
on to the ME experiments. Here, we refer to the interesting data we have obtained during
precharacterization in the synthesis section 5.3, which showed a strongly decreased saturation
magnetization and coercive field for the Al3+ doped sample. After the formation of ceramics
through regular sintering, we again recorded M(H) loops near room temperature for both the
pure CFO-based sample, as well as the Al3+ doped one.
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The overall reduction in saturation magnetization of the pure CFO based ceramics is chiefly
caused by the inclusion of about 50 vol% of BCZT, which is not ferrimagnetic. However, if we
correct the magnetization values by this factor, we see that they are still well below the expected
value for CFO,23 which would be in the range of 400 kA/m, with the corrected value for the two
composites only reaching half of that. This means that the high temperature sintering process
must have further influence on this material system, which was previously evident in the results
for the first BCZT-CFO 85-25 sample. In fact, if we go back all the way to our first sample sets
(see Fig. 6.20), we were able to observe that the spark plasma sintered (SPS) samples showed a
higher net magnetization when compared to the conventionally sintered sample. While it was
determined that SPS samples were not suitable for ME measurements due to their excessive
conductivity, this comparison would indicate that the conventional high temperature sintering
method is potentially not the most advantageous route when it comes to the preservation of
magnetic properties. However, as far as the magnetoelectric properties go, it still provided us
with the highest coupling coefficients for the samples discussed here.

Figure 6.53: M(H) curves of ceramic samples shown in high (a) and low field range (b) with pure
(red) and Al3+ doped CFO phase (blue) recorded near room temperature. The
slightly different temperature points are due to these measurements being done
in conjunction with the ME(H) sweeps, which were performed at the respective
optimum temperatures seen in ME(T) results.

Another feature of the magnetization curves was the slightly higher saturation magnetization
for the Al3+ doped sample of 113.1(1) kA/m compared to 95.7(1) kA/m for the pure CFO
sample, while both show similar coercive fields of roughly 20(1)mT. Obviously, the striking
difference that was visible in the precursor powders has disappeared completely, which means
that the sintering process must have led to a redistribution of the Al3+ ions, negating the strong
50% drop in magnetization that was observed for the Al3+ doped precursor sample. The minor
difference that remains in the magnetization of the ceramics can be explained by the formation
of an impurity phase during the sintering process, which is marked in the X-ray diffractograms
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with a green dot, identified as having a hexagonal structure. As shown by literature data, this
phase was found to be ferrimagnetic as well as magnetically hard, with a much lower satura-
tion magnetization than CFO.229 Due to the slightly larger peak in the X-ray diffractogram of
the undoped sample, we can assume that the slightly lower saturation magnetization is being
caused by a slightly higher amount of the impurity phase in this sample. Furthermore, it is
possible that the sample contains traces of the perovskite BaFeO3−x, as observed in Ref. 222,
with this phase having a tetragonal unit cell that cannot be distinguished from BCZT due to
having very similar lattice parameters,223,224 as was elucidated in Ref. 125. Trace amounts of
this paramagnetic phase225 can thus also contribute to the overall lowering of the magnetization.

Magnetoelectric measurements
As before, we begin with the recording of ME(T) curves in order to find the temperature at
which the maximum of the ME coupling occurs, with the measurements for the two respective
samples being shown in Fig. 6.54. The peaks are rather broad compared to previous measure-
ment, which is probably also due to the (3-3) connectivity when compared to previous sample
sets. The pure CFO sample has its maximum at 290K, slightly elevated compared to the pre-
vious sample set, while the Al3+ doped sample reaches its maximum at an even higher 302K.
It has to be noted at this point that, due to the nature of this initial test measurement, the two
ME(T) curves were recorded with different parameters, especially in terms of applied magnetic
field µ0HDC.

Figure 6.54: Temperature dependent ME magnetization recorded for the sample with pure CFO
phase (red) at EAC =0.95 kV/cm, fAC =1.5Hz, µ0HDC =0.10T and the Al3+ doped
sample (blue) at EAC =0.31 kV/cm, fAC =11.0Hz, µ0HDC =0.14T.
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It is this difference that causes the curve for the non-doped sample to reach a higher amplitude.
By no means should this be interpreted in terms of the strength of the magnetoelectric cou-
pling, as this will be tested with optimized consistent parameters for both samples at the end
of this section. However, it is evident that the transition temperatures are shifted relative to
the expected phase transition of pure BTO near 280K, while also being shifted relative to each
other. With previous sample sets, no clear evaluation was performed at the time, due to intrin-
sic problems that made it impossible to record temperature dependent curves, as with the SPS
sample, or due to the extended ME(T) measurement only being performed on one sample, as
was the case for the second CFO-BTO sample set, or the previous BCZT-CFO sample, as only
one composition proved suitable for measurements. The shift of the orthorhombic-tetragonal
phase transition towards slightly elevated temperatures as such is not a problem, as it has been
previously reported for Zr-doped BTO.230

In this case though, we have two samples with identical composition, which only differ in the
doping of their magnetostrictive constituent. Normally, one would assume the temperature
dependence to be caused solely by the structural phase transitions of the ferroelectric phase.
In fact, this was touted as one of the great advantages of composite systems, as they allow the
parameters of the two constituents to be tuned independently of each other. This sample set
seems to disprove this, showing a shift of the optimum temperature between the two samples.
We must therefore find a way to explain this behavior before we can continue. During the
description of the BCZT system, we have already brought forward the publication of Cordero
et al.109 that deals with the elastic response of BCZT composites, fortunately also containing
results on a 0.5BZT-0.5BCT sample. This matches the composition of the BCZT used by
us, thereby allowing a direct comparsion to our experimental results. As previously shown in
Fig. 3.6, the elastic compliance for this sample composition had been measured and charac-
terized, showing the characteristic temperature dependence we also see in our ME(T) curves.
The elastic compliance, the complex reciprocal of the elastic (Young’s) modulus, provides us
with the mechanical analogue of the dielectric susceptibility, without the direct coupling to po-
larization, thus providing direct access to property changes brought about by structural phase
transitions. It is generally known that the stiffness and thus elasticity of materials shows some
dependence on temperature, which probably contributes to the shift in the optimum transition
temperature we see here. Indeed, in order to gain a full understanding of the temperature
dependence, we must also look at temperature dependent effects from the magnetostrictive
phase, which were not considered at the time.

To derive our explanation, we start off with Eq. 2.65 from the end of the theory section, which
we shorten to

αMij (H) = µ0dMi(H)
dEj

= qimn · c∗mnkl · djkl. (6.12)
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To reiterate, we can see that the (in this case magnetic field dependent) coupling coefficient
depends on the piezomagnetic tensor qimn, the piezoelectric tensor djkl, as well as the stiffness
c∗mnkl. The temperature dependence of the piezoelectric tensor is already known from the phase
transitions of the piezoelectric phase, while the magnetic field dependence of the magnetostric-
tion has also been discussed before. However, the temperature dependence of the effective
piezomagnetic tensor and the stiffness have not yet been regarded.

To gain some understanding of this connection, we look at a publication by Brockman et
al.205 who observed the change of the coupling coefficient in the temperature window between
0 ◦C and 20 ◦C in magnetostrictive ferrites, which happens to be the temperature window in
which the peaks in our ME(T) curves occur. They introduce the coupling coefficient k for
magnetostrictive materials, which in essence, provides a measure of the conversion of magnetic
to mechanical energy, which is also conversely valid. In the literature,231 this is defined as the
square root of the ratio between converted stored energy and the input stored energy, using an
idealized case with no losses. As written in Ref. 205, the coupling coefficient k is written in
dependence of the anisotropy energies present in ferrites:

k2 = λ2
SEs

|K1|+ |σiλS|+Kinternal−shape
(6.13)

Here, λS is the saturation magnetostriction, ES is Young’s modulus at saturation magnetiza-
tion, K1 is the first order magnetocrystalline anisotropy constant, Kinternal−shape the internal
shape anisotropy and σi the average internal stress. In our case, we are not fully saturating the
magnetostriction, as that would cause the ME effect to tend to zero. However, we should still be
able to use this equation as an approximation while we elucidate the temperature dependence
of our parameters.

Eq. 6.13 aptly shows that the electromechanical coupling coefficient, as defined in Ref. 205, can
be maximized by minimizing the sum of these anisotropy energies. In case of ceramic samples,
the internal stress anisotropy, as well as the internal shape anisotropy, are dependent on the
processing parameters such as pressure and temperature during sintering, which has strong
influence on the density of the finished samples. The internal shape anisotropy for example can
be minimized by low porosity, while internal stress can be minimized by a slow sintering cycle
with low temperature ramping rates. In our case, both samples were prepared with identical
sintering procedures, so we can assume that this is not the main culprit for the different tem-
perature dependent behavior.

Looking at the magnetocrystalline anisotropy energy K1, we do have a dependence on both
temperature and chemical composition. In this case, CFO is a special case, having a K1 value
that is positive and roughly 100 times larger than that of other ferrites (see section 3.2). While
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the chemical composition received a slight alteration, it’s clear that we are mainly interested
in the temperature dependence. Looking at other works from literature, we can also utilize a
tensor equation for the coupling coefficient k and write it as

kij = dij√
εiiSjj

(6.14)

with the component of dielectric permittivity ε and the elastic compliance S. It is the latter
that we are interested in, as it’s the value that was measured by Cordero,109 as shown in
Fig. 3.6. We therefore know that k has a degree of temperature dependence due to the strong
temperature dependence of the elastic compliance S, and a minor temperature dependence of
the magnetocrystalline anisotropy energy, meaning that we don’t just see a purely electrical,
but a general material property that is the result of a change of the elastic stiffness. Because of
this, a shift of the maximum of the ME effect at the orthorhombic to tetragonal phase transition
can occur, as visible in our experimental results. Due to the number of factors that play a role
in the mechanical coupling factor, it is not easy to purposefully tune the parameters in order
to influence the phase transition. As we will see in the result of the next sample set, a certain
variation of the transition temperature must be taken into account.

Figure 6.55: Magnetic field dependent ME magnetization shown in high (a) and low field region
(b) recorded at EAC =0.95 kV/cm, µ0HDC =0.06T, T=293K and fAC =1.5Hz for
the pure (red) and EAC =0.31 kV/cm, µ0HDC =0.072T, T=300K and fAC =2.3Hz
for the Al3+ doped (blue) sample.

With the temperature dependence now being clear, we observe the magnetic field dependence,
which is of high importance due to our modification of the ferrimagnetic phase. We can see
that the overall shape and character of the curve corresponds to our previous measurements of
ME(H) in longitudinal geometry (see Fig. 6.23 and 6.35). Two peaks are visible in Fig. 6.47,
depending on the direction in which the field was ramped before reaching that point, which
was previously explained by comparisons to hysteresis effects in magnetostriction curves. One
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minor difference between the two curves that we noticed was that the signal for the Al3+-
modified sample simply tended towards zero at higher applied fields, while the unmodified
sample showed a change of sign around 0.4T before tending to zero. However, this effect is
very small compared to previous sample sets, for which it was not discussed at the time the
results were published.

Generally speaking, the overall shape of the ME(H) curve tracks the field derivative of the
magnetostriction λ/dH, as it was explained previously. If we regard Eq. 2.8, we can further
establish that the overall behavior of the magnetostriction is the result of superimposed con-
tributions from different crystal planes, given by λ100 and λ111, the latter being the dominant
fraction during the initial curve that contains the first maximum. From this, we can gather
that the changes in the magnetic field dependent magnetoelectric effect are caused by the mod-
ification of the magnetostriction. The Al3+ doping leads to an enhancement, as well as a slight
modification of the field dependent behavior of λ, indicated by the change of sign that is not
present in the unmodified sample. The maxima were located at fields of ca. 0.06T for the
undoped sample and 0.072T for the Al3+ doped one, showing only small deviations, with these
values being used in the subsequent ME(E) measurements.

It is also sometimes noted that even at zero applied field, some ME coupling is still observable,
with the curves not going through zero. This is possibly due to a self-biasing effect, known
from literature,232,233 but is probably also caused at least partially by trapped flux in the high
field superconducting solenoid of the SQUID, leading to a residual field at the theoretical 0T
position. The major part is assumed to be caused by the remanent magnetization of the sample
itself,206 as it was discussed previously in section 6.2.3.

After confirming the optimum magnetic field and temperature for both samples, the final sweep
for the applied electric field was performed, with the results shown in Fig. 6.56. The difference
between the doped and undoped sample is immediately obvious, with the former reaching
higher magnetization values at lower electric fields. From the linear extrapolation, a converse
magnetoelectric coefficient of 10.9(1) ps/m was determined for the Al3+ doped sample, while
the undoped sample reached a value of 2.9(1) ps/m. In total, the doped sample produced an
effect 3 times larger than the undoped one. From this, we can conclude that the doping of
the magnetic CFO phase lead to a large increase of the ME coupling coefficient, which must
therefore be due to an increased sensitivity to magnetic fields, and thus a higher degree of
magnetostriction in this sample. We assume this effect to stem mainly from a modification of
the spin-orbit coupling by the Al3+ doping, which was described in section 2.1.4 as the basis of
the phenomenon of magnetostriction, causing an increased sensitivity of the magnetostriction to
external fields. As explained in Ref. 125, it has been suggested in the literature23 that the field
derivative of magnetostriction dλ/dH shows a strong dependence on the magnetic anisotropy,
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which is in turn influenced by the Al3+ doping. The magnetic anisotropy originates from the
magnetic exchange interaction, εexchange = −JAB < SA · SB > given by the spins of nearest
neighbor ions SA, SB and the Heisenberg exchange integral for two nearest neighbors JAB.
For our AB2O4 spinel system, we were able to see in the Mössbauer and XRD measurements
in section 5.3 that the preference of Al3+ to occupy B-sites leads to a displacement of Fe3+.
This causes the remaining Fe3+ ions on the B-sites to be coupled to fewer A-site Fe3+ ions via
super-exchange interaction, with this decrease in interaction also contributing to the decrease
in magnetic anisotropy.

Figure 6.56: Electric field dependent ME magnetization recorded at fAC =1.5Hz,
µ0HDC =0.06T and T=293K for the pure (red) and fAC =2.3Hz, µ0HDC =0.072T
and T=300K for the Al3+ doped (blue) sample, with the black lines representing
linear data fits.

It’s also interesting to compare this sample set to the previous one: The BCZT-CFO 85-15
sample produced around 6 ps/m, which would mean that our undoped 50-50 sample, which
has a higher CFO content relative to the one from the previous chapter, produced a lower
ME coupling coefficient. We attribute this to the increased conductivity of the CFO phase,
which shows that the compositional dependence of the ME effect is always a balance between
the ME effect itself, and opposing effects through conductivity, which reduce the efficiency of
the performed poling procedure. In the same way as the temperature dependence that was
discussed above, this relation is not dependent on a singular effect, but is a superposition of
ME coupling on the one hand and undesired conductivity effects on the other.
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Summary
This sample set aptly shows us one of the great advantages of multiferroic composits, namely
the ability to separately tune one of the components without modifying the other. We were
able to significantly improve the converse magnetoelectric coupling coefficient from 2.9 ps/m to
10.9 ps/m through Al3+ doping, with no detrimental effects on the composite being observable.
While the precursor suffered from a stark reduction in high field magnetization, this effect,
caused by the preference of Al3+ to occupy A-sites, was rectified by the sintering procedure
during ceramic formation. Nevertheless, the effect of Al3+-doping was still observable through
higher magnetoelectric coupling, presumably caused by the decrease in magnetic anisotropy
leading to a higher sensitivity of magnetostriction to external magnetic fields. However, the
long discussion of results also reveals that such sintered systems are highly complex. This is
especially true for the elucidation of the temperature dependent properties, depending not only
on the phase transition of the BCZT phase, but also on the elastic compliance resulting from the
stiffness, as well as the magnetomechanical coupling factor, with their respective dependences
on the sample temperature. The complex nature of such samples will be further reviewed in
the context of the last sample set in the next section.
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6.2.7 BCZT-NFO composites

We arrive at the final chapter of the results section, which contains the most detailed representa-
tion of experimental data from our converse ME setup. It should be noted that the importance
of these ME results grew steadily with each of our joint publications. While it often consisted of
just one or two figures at the early phase of this long running cooperation, it has now grown to
considerable size as far as the space it takes up in the respective paper (Ref. 126) is concerned.
We think that this is a testament to the reliability and practicality of our measurement setup,
enabling routine processing of samples with a large variation in temperature and magnetic field.
This represents a wide parameter space of temperature, magnetic field, electric field, frequency
and sample composition and morphology that allows us to form a very comprehensive picture
about the properties of our sample.

With the latest composite discussed in the following, our goal became the combination of the
improved piezoelectric coupling of the BCZT constituent, which was shown in the previous
two sections to give a superior converse coupling coefficient when compared to CFO-BTO com-
posites of the same composition, to a new magnetostrictive constituent. While the doping of
the CFO phase with Al3+ ions did prove to be successful in increasing the magnetostriction,
it also led to significant modifications of the magnetic phase due to the preference of Al3+

to occupy B-sites, and although this was later partly rectified by the sintering procedure, it
points towards a process that is difficult to control. One of the materials initially proposed to
replace CFO was Terfenol-D, an alloy that was originally developed for the Naval Ordnance
Laboratory in the USA, with the composition Tb0.3Dy1.7Fe2. This material has the highest
magnetostriction of any alloy, up to 2000 ppm at room temperature at saturation,234 but is
based on high cost materials such as Tb and Dy. Coupled with poor mechanical properties, it
was decided to use a different material instead. However, there is a reason for Terfenol-D to be
mentioned here, as experiments with this material have commenced while this thesis was be-
ing written. More on this can be found in section 8.2 in the outlook at the very end of this work.

Returning to the system at hand, it was ultimately decided to utilize nickel ferrite, NiFe2O4

(NFO) as a magnetostrictive constituent in the last sample set we will discuss, due to the fact
that it was reported91 to have a large magnetostriction derivative dλ/dH and a high mag-
netomechanical coupling factor, with the other general properties having been described in
section 3.3. As we saw in the discussion of the previous section, the coupling factors turned out
to be an important parameter when it comes to the selection of the optimum field and tem-
perature for the ME measurements. Four samples with different BCZT-NFO ratios have been
fabricated using the solid state reaction method described in section 5.3 to form the precur-
sor powders and the conventional sintering method from section 5.4.1 to produce the ceramics
that were used for the ME measurements. These will henceforth be referred to by their NFO
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content, with NFO20 corresponding to sample BCZT-NFO 80-20 and so forth. In total, four
samples were produced, with NFO contents of 20, 30, 40 and 50wt%. In contrast to previous
attempts at modifying the ratio of the constituents with BCZT-CFO, we were now successful
in modifying the ME effect by this method without running into dire problems resulting from
conductivity, which is probably based on the morphology and connectivity, as we will see in
the upcoming evaluation.

Structural characterization
XRD spectra (Philips PW1730) were recorded on all samples, with Rietveld refinement being
performed with respect to the two expected phases, the tetragonal perovskite (BCZT) and cubic
spinel (NFO), just like in the previous section, with the results being displayed in Fig. 6.57.

Figure 6.57: X-ray diffractograms for for samples NFO20-NFO50 recorded at room tempera-
ture, with Rietveld refinements, taken from Ref. 126, reprinted with permission.

In contrast to the Al-doped sample set, no parasitic phase was detected here, indicating phase
pure samples. Also, the intensities of the peaks from the tetragonal phase decrease with in-
creasing NFO content, while the opposite is true for the spinel peaks. The results thus show the
coexistence of these two phases without intermixing, representing the desired chemical makeup
of our samples.
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It is at this point that we use TOF-SIMS for the first time, with this method having been
described in section 4.1.4. The decision to include this method, despite its singular use, was
based on the value of the results obtained through it, which provide us with an intricate 3D
structure of our samples, enabling us to see the development of the connectivity in great detail.

Figure 6.58: TOF-SIMS 3D maps of samples NFO20 (a), NFO30 (b), NFO40 (c), NFO50 (d).
The blue color represents Ba ions, while red shows the presence of Fe ions. Taken
from Ref. 126, reprinted with permission.

Displayed in Fig. 6.58 taken from Ref. 126, the 3D reconstruction is shown for all four samples,
which were profiled to a depth of 200 nm beneath the surface. Due to the mass selective nature
of this measurement method, it’s possible to differentiate between phases rich in Fe and Ba ions,
representing the NFO and BCZT phase, respectively. Starting off with the sample of lowest
NFO concentration in Fig. 6.58 (a), we observe the distribution of NFO inclusions in a BCZT
matrix, which would be akin to the (0-3) connectivity of the CFO-BTO ceramics synthesized
from core-shell nanoparticles. However, we don’t observe any clusters or grains, but elongated
NFO regions of several µm length, which could be described as stripes or irregular rod shapes,
pointing at least partially towards a (1-3) structure. Upon increasing NFO content, it’s clear
that these stripes form a more and more closely knit network, with the interconnections giv-
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ing rise to a transition from the initial (0-3)/(1-3) to a (3-3) connectivity. We can offer two
conclusions for this: On the one hand, we have successfully measured the similar composite
BCZT-CFO with a (3-3) connectivity, so in principle, an ME effect should be observable. How-
ever, we now have a valid explanation for our inability to increase the ME coupling in our
initial BCZT-CFO study in section 6.2.5, and the low effect in BCZT-CFO 50-50 compared to
the 85-15 sample. It’s safe to assume that the increase of the CFO content also leads to the
formation of these networks of higher conductivity, thus negating any increase of the ME effect
through a decrease of the ability to properly pole the sample.

In any case, this result is of high importance in terms of relating the effect of the morphology
and connectivity to the magnetoelectric qualities of a sample, and despite being a destructive
method, it’s highly recommended for future measurements on magnetoelectric composites. As
only about 200 nm of material depth is removed from the sample, it shouldn’t disturb the
macroscopic properties of the ceramic piece, which can be refinished by polishing.

Figure 6.59: PFM micrographs of sample NFO30, with the topography (a) as well as vertical
(b) and lateral (c) piezoresponse, while part (d) shows the MFM response. Taken
from Ref. 126, reprinted with permission.
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Electrical characterization
For this sample set, no macroscopic P(E) curves were recorded, as the previous set revealed
an inability to fully polarize such samples, with the effects of ferroelectricity thus having to
be probed on a local level using microscopy techniques. PFM and MFM micrographs were
recorded on all samples, which of course mixes not only the structural characterization with
the electrical, but now also with the magnetic properties. However, we elected to keep the title
consistent with the previous sets of data. Due to the large number of micrographs that were
recorded, only one is shown here in Fig. 6.59 as representative of the sample set, with the oth-
ers being included in the respective publication126 in the appendix. As before, the topography
(a) was also recorded as a reference, to ensure that no effects stem from surface irregularities
and the likes. The piezoresponse was measured in vertical (b) and lateral (c) mode, while the
overall MFM response (d) was also recorded. We can clearly observe areas of strong light/dark
contrast, representing the respective areas of piezoactive and magnetostrictive grains. Fur-
thermore, we can see that the areas of high PFM contrast are always separated from those of
high MFM contrast, showing local coexistence of ferroelectrically and magnetostrictively active
grains. When regarding the entirety of the dataset (not shown here), an increase of the relative
area occupied by magnetic grains can also be observed, which matches the increasing NFO
content. We can summarize that the multiferroic properties of the samples could be clearly
witnessed in PFM and MFM micrographs, pointing towards the presence of a macroscopic ME
effect that will be measured later on. Additionally, it can clearly be seen that the contrasts are
not caused by the topography itself, as all micrographs were recorded in the same local area,
allowing direct comparisons.

Magnetic characterization
A standard M(H) characterization of all samples was performed, with the results being shown
in Fig. 6.60. The differing temperatures are due to the fact that these measurements were
run in conjunction with the ME(H) sweeps, which were performed at their respective optimum
temperatures. However, being sufficiently close to room temperature, the results are still com-
parable, since the high Curie temperature of 858K83 for NiFe2O4 negates any significance of
the temperature dependence of saturation magnetization between 270K and 335K.235 All sam-
ples show similar behavior, quickly reaching their saturation, indicative of magnetic ordering in
the form of ferrimagnetism, while the hysteresis loops were very slim, with low coercive fields
of ca. 10mT, indicative of soft magnetism from the NFO phase. The saturation magnetiza-
tion shows large variations through the sample set, which are caused by the differing amounts
of magnetically active NFO. As expected, the sample with the lowest fraction of NFO also
has the lowest corresponding saturation magnetization. We therefore know that the magnetic
properties are in line with our expectations for this material system, with the present mag-
netic ordering pointing towards the suitability of this yet untested material for magnetoelectric
ceramics. One potential problem becomes visible when we observe that the saturation mag-
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netization values are not equidistant, even though the composition was always varied by the
same amount of 10%. Due to the fact that the final ME results show some peculiarities for
this sample set, a closer look shall be taken at the saturation magnetization data. For this
purpose, the 5T magnetization values from Fig. 6.60 were plotted against the NFO content
and displayed in Fig. 6.61. Already, we can see that while the magnetization (red circles and
line) rises linearly with the increasing amount of NFO contained in the composites, NFO30
shows a slight deviation to higher values.

Figure 6.60: M(H) curves for samples NFO20 -NFO50 in full 5T (a) and low field range (b)
with the temperature at which the measurements were performed being denoted
in the legend.

Figure 6.61: 5T magnetization values obtained from Fig. 6.60 (red) corrected for the non-
magnetic mass content of the samples (blue). Lines are guides to the eye.
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If we apply a rough correction to these values by calculating the magnetization one would
have measured for a sample made up of 100% NFO, we end up with the points shown by the
blue squares and lines. Two main deductions can be made from this data: The first, as for
the previous sample sets, concerns a lowering of the saturation magnetization below what one
would expect for bulk polycrystalline NFO, just under 300 kA/m.236 We assume that the same
mechanisms are at play, such as the formation of parasitic tetragonal phases that are not visi-
ble in XRD, potential interdiffusion, effects from lower density, as well as reduced permittivity.
However, this drop is not as dramatic as for the BCZT-CFO sample sets, pointing towards an
improvement of the preservation of magnetic properties during sintering for NFO-based sam-
ples. Furthermore, we can clearly see that NFO30 has a higher saturation magnetization than
the neighboring compositions, which will become important when discussing the results of the
final converse ME measurements.

Magnetoelectric measurements
After observing the presence of microscopic coupling effects via PFM and MFM, the standard
repertoire of ME measurements were performed. The first one was the ME(T) temperature
sweep, performed only in the range from 150K up to 350K, where the phase transitions of
pure BTO are known to occur. We were interested not only in the usual check for possible
stray signals from conductivity, but also in potential shifts of the temperature of maximum
magnetoelectric coupling caused by the Ca and Zr doping of the ferroelectric phase. All of the
resulting ME(T) curves are displayed in Fig. 6.62, with this sample set showing some differences
between the different compositions. As a general trend, the maximum shifts towards slightly
lower temperatures from ca. 337K in the sample with the highest content of 50% NFO down to
around 270K for the sample with the lowest content of 20% NFO. At this point, due to having
such a large sample set compared to previous studies, an attempt was made to explain this
shift by a direct comparison to the magnetic field dependence ME(H) of the induced magnetic
moment.

When we look at theME(H) data, summarized for all samples in Fig. 6.63, we can see the by now
well-known behavior237,238 of distinct peaks at low fields, in this case at 30 - 50mT, with a small
hysteresis behavior, based on the field dependence of magnetostriction (see Fig. 6.23 and 6.35).
The magnetic field positions of maximum values (shown in the legend) are incommensurate
with the trend visible in saturation magnetization values, while the field positions of ca. 10mT
at which the ME effect goes through zero agree well with the coercive field from M(H). The
overall higher effect seen in NFO50 in this case is not indicative of a higher ME coupling per se,
as all samples were measured using the same AC voltage. The effective electric field is therefore
only dependent on the sample thickness, with thinner samples being subjected to higher fields
and thus giving a higher overall effect. For a direct comparison, only the final ME(E) curve in
Fig. 6.65 should be used, as it’s the only one that is normalized to the applied electric field.
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It must be mentioned at this point that the measurements for NFO50 have been performed
at 1.7Hz instead of the 8Hz used for the rest of the sample set, due to the fact that we had
problems with the signal stability for this sample.

Figure 6.62: Temperature dependence of induced ME magnetization for samples NFO20 -
NFO50 with the measurement parameters being denoted in the legends.

This comparatively small change in frequency turned out to be fatal for the final evaluation,
which will be elucidated later on in this section. As we discussed earlier, the ME(H) signal is
tracking the field derivative of the magnetostriction dλ/dH, with the peaks representing the
sections of highest slope in λ caused by magnetic domain switching, and the small hysteresis
also being directly caused by the hysteresis found in the field dependence of λ.237 Conversely,
the induced ME(H) moment goes to zero when the magnetostriction reaches a maximum or
minimum, as its slope of course becomes zero at these points (see Fig. 6.23 and 6.35). This
often takes place when the coercive field is reached, which agrees well with our results, with
ME(H) going through zero at roughly the same field at which the static M(H) magnetization
reaches its coercive field. This has been established with the previous sample sets, and as we
can see, also holds true for this NFO-based composite. We can further observe a shift of the
main peak from 30mT for the lowest NFO contents to around 50mT for the NFO50 sample.
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Figure 6.63: Magnetic field dependence of induced ME magnetization in high (a) and low field
range (b) for samples NFO20 -NFO50, with the temperature, as well as the field
position of the maximum signal being denoted in the legend.

What we are now interested in is the interplay between the temperature dependence and mag-
netic field dependence. Previously, we mainly observed the temperature dependence in terms
of phase transitions of the ferroelectric phase, and as a crosscheck to avoid any stray signals
from conductivity. To more clearly explain the peak form and the associated shifts, we have
performed the magnetic field dependent ME(H) measurements for one of the samples at dif-
ferent temperatures. Basically, we used different points along the ME(T) curve to measure
ME(H) and to observe whether it still holds true that the temperature and magnetic field
dependent maxima are at the location we had previously determined. Performed exemplarily
for the NFO50 sample, the results are depicted in Fig. 6.64 with the individual ME(H) curves
shown at the respective temperature they were recorded at. The field dependent maximum of
each individual curve has been marked, with the resulting projection onto the temperature axis
(dashed grey lines) corresponding well to the original ME(T) curve that was recorded for this
sample, with the ME(H) curve of the highest maximum having been recorded at 335K. For this
direct comparison, only the amplitude of the ME(T) curve was normalized to the maximum of
the ME(H) curve at 335K, with the difference between the two stemming from the different
measurement frequencies (1.7Hz for ME(T) and 8Hz for ME(H)). This caused an unwanted
signal increase of the original ME(T) curve, with this effect having been discussed in section
4.8.1. Overall, we see excellent agreement between the position of the maxima and the ME(T)
curve. The deviations in the high field range of the 200K measurement were caused by erratic
phase shifts of the signal, which were more prevalent in this sample than in the others. This
will be discussed in more detail towards the end of this section.

We can thus conclude that no shift of the magnetic field dependent maximum takes place
while moving away from the temperature dependent maximum. Early assumptions were made,
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claiming that the drop in signal towards low temperatures is caused by the shift of the coercive
field, as it takes on higher field values at lower temperatures. It was thus assumed that the
maximum of the ME(H) curve would simply shift to higher field values, which would in turn
mean that the ME(H) curves recorded at lower temperatures would have to display a shift of
the peak.

Figure 6.64: Magnetic field dependent ME magnetization curves for sample NFO50 recorded
at different temperatures between 350K and 150K, shown in comparison (grey
dashed lines) to the renormalized ME(T) curve recorded at µ0HDC =50mT for
the same sample from Fig. 6.62 (shown projected onto the µ0HDC =2T plane for
clarity).

However, the data in Fig. 6.64 clearly shows that no shift of the field dependent peaks takes
place, it’s only the signal amplitude that decreases, with the position of the maximum remain-
ing unchanged. Furthermore, this assumption would not explain the drop of the signal at higher
temperatures. Clearly, the main dependence on the temperature stems from the ferroelectric
phase and the associated phase transitions that are known from pure BTO. The properties of
the magnetic phase are not significantly altered, as we can see in the M(H) and ME(H) curves,
so we can assume, like for the previous sample, that a modification of the elastic compliance
(see Fig. 3.6) and the strength of the coupling within the two phases (as given by Eq. 2.65)
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leads to a modification of the temperature dependent maximum of the ME magnetization, as
these properties would not directly influence the static magnetization. The shift is therefore
caused by the temperature dependence of the electro- and magnetomechanical coupling factors,
which themselves are of course modified by the different composition and the modification of
the connectivity as the ratio between BCZT and NFO changes. When looking at literature
values,239 we can see that the real part of the magnetomechanical coupling factor of pure NFO
shows a nearly linear temperature dependence, which would mean that this rise would be su-
perimposed onto the peak caused by structural phase transitions in BCZT, leading to a shift of
the maximum, with the magnitude of the shift depending on the slope of the coupling factor’s
temperature dependence. It’s also evident that this temperature behavior is highly sensitive to
the phase purity of NFO, so the question remains whether any minute interdiffusion or similar
effects might alter the NFO fraction near phase boundaries and thus increase the temperature
sensitivity of magnetomechanical coupling. When regarding electromechanical coupling, we
know from Fig. 3.6 and Eq. 6.14 that it’s very closely intertwined with the elastic compliance,
which is the main temperature dependent factor. Regarding the literature data such as Ref. 109,
it makes sense to assume that the shift of the temperature dependent peaks is the result of an
interplay between magnetomechanical and electromechanical coupling factors, with the latter
showing a strong temperature dependence through the elastic compliance.

At this point, we also need to consider effects of the demagnetizing field again, which we last
discussed for the CFO-BTO sample that was measured in two different orientations.124 In that
case, it was mostly the macroscopic shape of the sample and its orientation relative to the
magnetic field that was considered, as this significantly changes the aspect ratio on which the
demagnetization field strongly depends. We saw that for a sample that was oriented so that
the magnetic field is applied in plane, the ME effect is strongly reduced, due to the reduction of
the effective magnetic field acting on the magnetic grains within the sample because of the in-
creased demagnetization field. Now though, we also want to take into account local effects that
act on the magnetic regions in our samples, as they were all measured in the same geometry
and only show marginal differences in thickness (0.9-1.3mm) with identical diameters (6mm).
We can therefore assume that any major change in the demagnetization field will be brought
about by the microstructure and connectivity. A very useful study to discuss this topic is a
publication by Mattei and Le Floc’h,240 who analyzed the demagnetizing effects in disordered
heterostructures with regards to percolation. If we think back to the initial experiments on
which our approach is based,21 it becomes obvious that we are dealing with the same problem
of percolation of the magnetic grains, which not only leads to an increase of conductivity by
providing current paths through the sample, but also has an influence on the shape of the
magnetostrictive regions and thus on the demagnetizing field. In this study, the authors of
Ref. 21 discovered that there is a specific concentration of the magnetic load C, which, when
undershot, causes a cut-off of the magnetic flux paths in the composite medium. The material
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thus switches from showing both macroscopic and microscopic demagnetization effects to only
local, microscopic ones. It is generally understood that non-uniform internal fields, as they will
occur in complex systems like ours, will lead to a broadening of certain parameters due to a
wider distribution of size and shape dependent properties.

These authors21 start off with the general statement that the shape of a body determines its
shape tensor as well as the demagnetizing tensor, with the shape dependence of the latter
being easily obtainable through classical electromagnetism for finite bodies such as ellipsoids,
elongated cylinders and thin films.240 In the simplest example of an ideal ellipsoid, the demag-
netizing field inside the particle is uniform, with the shape tensor Â being used to describe
this shape anisotropy. They further state that magnetic poles form on the surface of a body
when it’s magnetized, with the magnetostatic self-energy being defined as the interaction of
the magnetization with the demagnetizing field, latter being formed by the mentioned poles. If
we use the difference between applied and internal field as our definition for the demagnetizing
field, we can use the relation

Em = µ0

2

∫
V
M ·Hddv (6.15)

to describe the magnetostatic self-energy through the magnetization M and the demagnetizing
field Hd, with integration being performed over the volume of the body in question.
If the magnetic ellipsoid has a permeability µi and is described by the shape tensor Â, expressed
as a diagonal tensor of the components Aα with α = x, y, z, surrounded by a matrix with
permeability µ, the decrease of the external field H0 through the magnetization M can be given
by the demagnetization tensor N̂ . This leads to the expression for the internal field Hi:

Hi = H0 − N̂ ·M. (6.16)

If we use only the diagonal components of the demagnetization factor N̂ , namely Nα, we can
define it as

Nα = µi − µ
µ(µi + 1)Aα, (6.17)

which links the shape of the body described by Aα, its magnetic properties as given by µi,
and the magnetic properties of the surrounding matrix given by µ. Several simplifications can
be performed, such as setting µ = 1 for particles in an empty space, leading to Nα = Aα, or
Nα < Aα for µ > 1. It’s intuitive that the term disappears when the magnetic properties of the
particles and the matrix match. Continuing with the elucidation from Mattei and Floc’h,240

we return to the magnetic concentration load C that was mentioned earlier. For this purpose,
an experiment was performed using cylindrical rods composed of ferromagnetic particles dis-
persed in an epoxy matrix. It was observed that no demagnetization was observable until a
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certain threshold was passed, after which the demagnetizing field rose rapidly until reaching a
saturation value that corresponds to the theoretical value for a bulk cylinder.

From this, we can learn that the demagnetizing factor does play an important role with re-
spect to the percolation we can witness in such samples. Indeed, this validates the claim of
preceding works21 that identified the percolation of the magnetic phase to be a major problem
that needs to be overcome for the formation of effective ME ceramics. In short, if the particle
concentration is kept below a certain threshold, demagnetization effects can be avoided almost
completely. So in essence, our temperature and field dependent measurements represent a com-
petition between the most optimal composition for ME coupling itself, for magnetomechanical
and electromechanical coupling within the constituents, with influence from stiffness and thus
elastic compliance, as well as effects from percolation such as the increase of the demagnetizing
field and an increase of conductivity, latter leading to a reduction in poling and an increase of
stray signals from current flows through the sample. It’s clear that we have some difficulties to
adequately describe our results in this case, as this last sample set clearly shows the multitude
of effects that play a role in the characterization of multiferroic ceramics.

To add the final piece to the puzzle, the optimized parameters obtained fromME(T) andME(H)
measurements were combined into the final electric field dependent ME(E) measurements, sum-
marized in Fig. 6.65. As before, the different maximum electric fields are the result of using
the identical voltages on all samples, composed of a 100V AC superimposed onto 100V DC,
with the different values in kV/cm arising from the different sample thicknesses, since the two
outer members of the composition were somewhat thinner than the two inner ones. The final
result, summarized in Fig. 6.66, is not immediately clear for this sample set, with NFO20 giv-
ing 16.9(6) ps/m, which rises to 90.1(6) ps/m for NFO30, dropping to 34.9(2) ps/m for NFO40
and rising again to 86.2(6) ps/m for NFO50. The direct conclusion we can draw is of course
that NFO30 shows the highest ME effect, which is also supported by the highest 5T mag-
netization (Fig. 6.60), closely followed by NFO50, while the other two samples show a much
lower effect. This is an interesting result, as one would usually expect to see one composition
dependent peak, with the effect decreasing continuously in both directions in which the com-
position can be altered. That would be in line with previous results on CFO-BTO as shown in
Fig. 6.39, where the decrease towards higher ferrite content was presumably caused by lower
poling through higher conductance. In this regard, the result for NFO50 is quite surprising, as
the experience from previous experiments shows that a high ferrite content usually translates
to problems stemming from conductivity. Indeed, we saw a fall of the sample resistance from
30GΩ for NFO20 down to under 1GΩ for NFO50 in this sample set. Additionally, as it was just
discussed, this sample with its (3-3) connectivity is most susceptible to high demagnetization
fields. We therefore need to determine the cause for this peculiar behavior.
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As we discussed previously, the distribution of magnetic grains and their shape and structure
have a greater effect than expected on the results of this sample set. The longer derivation
regarding the percolation of magnetic grains starting on page 202 aptly shows how the mor-
phology and connectivity may play a role in the magnitude of the ME effect expressed through
αC , but the TOF-SIMS results do not provide a clear insight as to why NFO40 has a lower
effect than NFO50, even though latter clearly has (3-3) connectivity due to the increased NFO
concentration. One possible partial explanation for the surprisingly high effect in NFO50 is the
ability of our converse ME setup to compensate dielectric losses due to the high power output
of the amplifier, which was also what enabled the measurement of the rather leaky SPS sample
(see Fig 6.22). In this case, the behavior of the sample also depends on the orientation of the
magnetic grains of higher conductivity, as the TOF-SIMS images clearly showed their rod-like
growth. Depending on how they are oriented relative to the piezeoelectric surrounding, the elec-
tric field that is felt by the matrix can be enhanced or reduced, which directly influences the ME
response. It can thus be possible that this unwanted enhancement through certain orientations
of the magnetic regions, coupled with the ability of the amplifier to compensate for electric
losses, allows NFO50 to have a higher effect than NFO30. We would therefore regard NFO50
as an outlier. This is further supported by the fact that the ME(T) measurement could only be
performed up to 350K, and although the values clearly show a drop above 335K, it could be
possible that an underlying increase of the ME(T) curve would have been visible at higher tem-
peratures, which would have pointed towards sufficient conductivity to cause an apparent ME
signal. This superposition of actual and apparent ME signals could not be fully deconvoluted
in this case, as higher temperatures were not used, to avoid a deterioration of the sample holder.

Additionally, due to problems with the reliability of the measurement signal, a lower frequency
of 1.7Hz was utilized for this sample in order to achieve a stable output. As we saw in Fig. 4.26
in section 4.8.1, low frequencies can lead to an undesired rise of the measurement signal, which
also necessitated a renormalization of the ME(T) curve measured at 1.7Hz when we compared
it to the ME(H) curves that were recorded at a later point in time at 8Hz. The stability
problems can be seen in Fig. 6.64 for the measurement performed at 200K, showing somewhat
erratic behavior at higher fields. We need to conclude that the results of NFO50 are artificially
enhanced by a combination of conductivity and the inconsistency in terms of the measurement
frequency, the choice of which, caused by an unstable signal, was potentially also provoked by
the underlying leaky nature of this sample. The low frequency regime is often frought with
problems, as aptly shown by Fig. 4.26, recorded for NFO40. In the case of NFO50, the additional
ferrite content causes a strong increase of frequency dependence, presumably through Maxwell-
Wagner relaxation,152,208 due to the different permittivities of the two constituents. This was
further increased by the higher temperature of the magnetic field dependent maximum. So
basically, the strongest effects of conductivity through low frequencies and higher temperatures
played a major role for the unusually high apparent coupling for this sample.
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Figure 6.65: Electric field dependence of induced ME magnetization for NFO20 -NFO50, with
the temperature and applied bias field µ0HDC being denoted in the legend. The
single purple dot represents the magnetization value obtained from the extrapola-
tion using the maximum of the 335K ME(H) curve from Fig. 6.64.

While the temperature and magnetic field results are usable for a comparison to the rest of the
sample set, the converse coupling coefficient αC for this sample should be disregarded. To ob-
tain a more realistic estimation of αC , we utilized the measurements shown in Fig. 6.64, which
were performed at a frequency of 8Hz due to the fact that this data was recorded separately
from the rest of the sample set. With the strong effect from the low frequency negated we can
use the maximum magnetization value of the curve measured at 335K. This point was recorded
at the optimum field (50mT), optimum temperature (335V), using the highest electric field
that had also been used in the previous recording of the ME(E) data (1.18 kV/cm). We can
thus make a crude approximation by using this point and the point of origin, since we saw
that all linear fits of ME(E) data go approximately through zero. Using these two points,
shown in purple in Fig. 6.65, and calculating the slope of the connecting line, we can obtain
an estimate of 25.4 ps/m for the converse coupling coefficient of NFO50, shown without error
bars in Fig. 6.66. Considering the quality and consistency of the data in Fig. 6.64, we feel that
this somewhat simple extrapolation is valid in this case, just to obtain a general idea about the
magnitude of the correct coefficient for this sample.

Summary
In summary, this last sample set provides two important conclusions. On the one hand, it rep-
resents the samples with the highest ME effect that we have ever recorded, with a value as high
as the 90 ps/m for sample NFO30 never having been reached in our prior publications. In fact,
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the BCZT-NFO system as such has not received as much attention as the CFO-BTO system
until now, with some publications only characterizing the ME coupling indirectly241 through
P(E) loops after magnetic poling. Others recorded only the direct ME effect in particulate242

and thin film samples,243 with all of them using rather high frequencies (1 - 380 kHz), which
leads to a strong change in the factor given by ε between αC and αD, as defined by Eq. 2.63.
As a result, not direct comparison to literature could be made at this point. Nevertheless, this
sample set represents the peak of our endeavors of obtaining the highest magnetoelectric cou-
pling coefficients through the variation of piezoelectric and magnetostrictive constituents and
their connectivity. The last two BCZT-based sets also introduced the importance of the electro-
and magnetomechanical coupling factors as well as the elastic compliance, which had not been
considered in our early measurements. However, and this brings us to our second point, it also
showed that the complexity of these sintered ceramics is still a problem, not just due to the
inability to use simple model calculations, but also due to the fact that the morphology and
connectivity are factors that, on the one hand, have a strong influence on the quality of ME
coupling, but on the other hand, are difficult to control. The same is also true for the magnetic
properties, with pronounced drops in saturation magnetization being visible in all sample sets.
The highest effect of NFO30 is therefore supported by a somewhat higher saturation magneti-
zation that was observed for this sample. We are thus faced with the previously known problem
that sintered ceramics are robust materials in terms of measurements and mechanical stability,
but allow for a variation of certain parameters that are difficult to control compared to layered
biphasic composites.

Figure 6.66: Converse ME coupling coefficient αC plotted against NFO content. The outlier
of sample NFO50 is shown in blue, while the approximate value is shown without
error bars. Line is a guide to the eye.



7 Conclusion
It’s always difficult to sum up such a large amount of experimental data in a short and concise
fashion, as certain details and clues always go missing. Because of this, we will regard our two
data sets for single-phase BFO and our composite ceramics separately.

7.1 BFO nanoparticles

Thanks to our experiments performed on the single-phase multiferroic BFO, we were able to
deconvolute and precisely model the behavior of the inherent anharmonic spin cycloid in this
material. With this, we were the first, and until now, the only ones who have performed this
detailed evaluation on nanoparticle samples in a wide temperature range. Other publications,
even those published very shortly192 after ours, usually deal only with bulk samples, while at
the same time proving the validity of our theoretical model, which was derived from NMR
methods. The model was useful for both theoretical simulations of spectra to observe the ef-
fects of anharmonicity on the cycloid and thereby on our spectral features, while we were also
able to directly utilize our approach for the fitting of experimental spectra. Clear trends in the
temperature dependence of the anharmonicity were discovered, showing a distinct decrease to
zero between 170K and 400K, which was in line with previous studies on bulk193 and single
crystal195 BFO. As it was mentioned in Ref. 1, one of the great weaknesses that lead to a decline
in the research of multiferroics was the limited understanding of the microscopic sources of their
behavior. With our characterization being performed down to local properties, it’s clear that
this work provided significant information to the community regarding the microscopic effects
of ME coupling in BFO.

However, if we’re critical, the most interesting open question could not be answered, namely
whether the particle size, which has been shown via magnetometry (Fig. 6.5) to cause weak
ferromagnetic behavior, is an adequate instrument to actively alter the spin structure. As our
calculations are based on the inherent coupling between ferroelectric and antiferromagnetic
ordering in this material system, our hope was to potentially crack the cycloid and thereby
unlock a new single-phase material with inherent ME coupling, which is often described as the
’holy grail’ of multiferroics.68 However, it has to be said that we were not able to move forward
in that direction, as the particle size distribution, something that nanoparticle samples are
always burdened with, didn’t allow for an investigation of the anharmonicity of the smallest
and therefore most interesting particles from our sample set. However, all was not in vain, as
we have acquired important knowledge on this material that can be used for further evaluations
on other samples. This is especially true for the model we have developed, which can be applied
to either particles with a narrower size distribution, or to thin film samples, allowing universal
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access not only to the regular hyperfine parameters, but also to the degree of anharmonicity.
Thin films also have the added benefit of well-defined parameters, and thereby the ease of
mathematical modeling, as well as the possibility of using strain to further influence the cycloid.
A more comprehensive description of our plans for this material system can be found in the
outlook. Due to the overall difficulties that single-phase materials are faced with, and as
our data revealed that the cycloid would not be cracked by small particle sizes, a change to
composite systems seemed like the logical next step. This brings us to the two other systems
we have characterized, CFO-BTO as well as BCZT-based composites.

7.2 CFO-BTO ceramic composites

Looking first at the initial CFO-BTO sample systems, we clearly showed that, even though
promising from its description, the spark plasma sintering (SPS) method is not suitable for the
formation of magnetoelectric ceramics, due to the resulting (3-0) connectivity causing excessive
conductance, lack of polarization and thus poling, as well as stray signals from current flow
through the sample. Instead, the conventional sintering route was found to provide samples
with advantageous properties, while a 50-50 fraction of CFO to BTO gave the highest converse
ME effect αC of all samples studied. Furthermore, we clearly demonstrated the importance
of poling, which is often hardly described or mentioned in literature, but is vital for the mea-
surement of the ME effect in ceramics, as clearly shown in Fig. 6.37. In contrast to previous
works,21 we not only characterized the temperature dependence with regards to structural
phase transitions, but also performed a detailed analysis of the dependence of the ME effect on
applied magnetic fields. A clear correlation with the field derivative of magnetostriction was
found, while our results for linear and transverse sample orientations were directly comparable
to works found in literature, providing vital information on the effect of the demagnetizing
field, which is often not taken into consideration, even though it can significantly reduce the
effective magnetic field acting on the magnetostrictive constituent.

If we again look at our results critically, we can see that despite performing the synthesis of core-
shell particles in order to obtain a clear (0-3) connectivity with well-defined phase separation,
our results were only slightly superior to those of a directly preceding work,21 in which it was
estimated that higher effects were attainable when percolation and thus unwanted conductivity
effects are limited. However, even though the core-shell particles, once sintered into ceramics,
provided clearly separated CFO grains in a BTO matrix, the overall effect was not as high as we
had hoped. Clearly, such ceramic systems are extremely complex and sensitive to parameters
used during their formation when regarding grain growth and density, so it’s quite possible that
further optimization is required. Still, our coupling coefficients are among the highest found
in literature, and were recorded with great care and attention to detail, providing a broad
knowledge base on which further experiments can be planned.
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7.3 BCZT-based ceramic composites

After seeing only little improvement through the optimizations of the CFO-BTO system, BCZT
was utilized as a ferroelectric constituent to attain a higher converse ME coupling coefficient.
Measurements were successfully performed on BCZT-CFO 85-15 and showed reliable data. The
converse ME coupling coefficient of 6 ps/m was smaller than the maximum attained for CFO-
BTO 50-50, but, when compared to literature values of CFO-BTO with a 85-15 composition,
showed a clear improvement of 37%. However, it was not possible to obtain satisfactory re-
sults on compositions with higher CFO fraction due to excessive conductivity, as it was not
possible to directly influence the connectivity in the composite, with these samples having been
prepared by a standard solid state reaction, rather than from core-shell particles. Due to the
complexity of attempting to synthesize nanoparticles with BCZT, this approach was not used
here. Instead, a modification of the magnetostrictive phase was attempted.

The resulting Al3+ doping of the CFO phase was successfully carried out, as was the formation
of a suitable BCZT-CFO 50-50 sample without doping as a reference. The precursor materials
were also precharacterized via Mössbauer spectroscopy and magnetometry, showing striking
differences in saturation magnetization, with the doped sample displaying a saturation mag-
netization that is more than 50% lower than that of the undoped sample, while Mössbauer
spectra revealed lower canting angles for the doped sample, indicative of a decreased magnetic
anisotropy. From these results, we were able to determine that Al3+ has a strong preference to
occupy the octahedral B-sites, with the displacement of the Fe3+ ions from these sites leading to
an overall decrease in net magnetization, as the difference between the two sublattice magneti-
zations is being reduced. This effect was then mostly negated by the sintering procedure, with
the high temperatures leading to a more equal distribution of the ions across the sites. Any
residual small differences in terms of saturation magnetization were found to be caused by an
impurity phase that formed during the final sintering step. However, the effect of Al3+-doping
was still very much observable in our main results, as described below:

Magnetoelectric measurements were successfully performed, showing no significant deviations
in magnetic field dependence that may have been caused by the Al3+ doping, while the magni-
tude of the converse ME coefficient from the linear effect showed a significant improvement for
the doped sample, increasing the value from 3ps/m up to 11 ps/m. The two main conclusions
we can draw is that Al3+ doping is able to significantly improve the ME coupling by an increase
of magnetostriction, as only the magnetostrictive phase was modified, with this improvement
being caused by a decrease in magnetic anisotropy, leading to higher magnetostrictive strain.
The unmodified 50-50 sample showed a rather low effect overall, pointing towards persisting
problems regarding the sample quality. The most likely culprit is again the conductivity, which
always becomes a more significant issue when the fraction of the magnetostrictive component
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is increased. Indeed, we see that the goal of obtaining the optimum composition for the highest
ME effect is often hindered by problems stemming from increased conductivity. Furthermore,
a shift of the temperature dependent maximum was discussed in detail, uncovering that effects
from elastic compliance and also from electro- and magnetomechanical coupling factors must
be taken into account, as they are able to shift the temperature of maximum ME coupling.
This effect had not yet been discussed in detail before, and can thus also explain the shift of
the peak to lower temperatures in our second CFO-BTO sample set.124

The last sample set that was characterized represents the peak of our efforts to obtain a higher
converse ME effect, using NFO instead of CFO as the magnetostrictive phase. Thanks to
the use of TOF-SIMS, it was possible to probe the 3D structure of these samples down to a
certain depth, giving us a clear view of the connectivity and the distribution of magnetostrictive
regions in the ferroelectric matrix. The growth of rod like structures was visible, in addition to a
gradual change of the connectivity from (0-3)/(1-3) to (3-3), which added additional influences
on the ME coupling apart from the composition itself. Very high ME coupling coefficients of
up to 90 ps/m were obtained, which are the highest that we have ever measured up to that
point, nearly four times as large as the coefficients of our CFO-BTO sample sets. Questions
arose regarding the shift of the temperature dependent maximum in ME(T) as well as the lack
of a defined composition dependent peak due to the high effect of the NFO50 sample. A very
detailed discussion provided the framework to interpret these results, with the morphology of
the sample itself playing a greater role than expected, in addition to effects known from the
previous set, including the elastic compliance and magnetomechanical coupling factor, having
an influence on the temperature dependence. The high effect seen in NFO50 was determined to
be caused by a number of factors, chief among which were the conductivity, resulting from the
high ferrite content and (3-3) connecitivty, as well as the low measurement frequency. Latter
was chosen due to problems with signal stability in this sample, which was assumed to be a
side effect of the high conductivity. Using one of a series of field dependent measurements
at different temperatures, a more realistic estimate for the coupling coefficient was obtained
for this sample, so that the optimum composition for this sample set was determined to be
BCZT-NFO 70-30 (wt%).
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7.4 Converse ME measurement setup
From our numerous experiments performed on magnetoelectric ceramics with different connec-
tivitiy schemes and different magnetic and electric constituents, we can also make a somewhat
technical conclusion, which should not be overlooked in the light of the actual physical phenom-
ena: We have shown that the converse ME measurement setup, using a modified SQUID AC
suscpetometer, offers one of the most robust and reliable methods of determining the presence
and character of ME coupling. The setup for direct ME measurements is limited by conduc-
tance effects that make it impossible to measure samples with a certain amount of leakage,
but which would otherwise still show actual ME coupling. Thanks to the power provided by
our wide band amplifier, we were able to perform a basic characterization even of samples that
showed excessive conductance. Furthermore, the measurements in the direct setup can only be
performed at room temperature, while the converse setup offers a full range of temperature,
applied magnetic DC field and electric AC field values. Latter could even be increased by use
of a more powerful amplifier, in case of very thick samples requiring higher electric fields. It is
also important to measure the macroscopic and not just the microscopic effects, as there are
samples that show one, but not the other. With the Al3+ doped samples, we saw that there
was only moderate response from PFM, which doesn’t give a clear, quantifiable result, while
the converse ME setup can do just that, in dependence of external parameters like tempera-
ture and field. Furthermore, microscopic methods are strongly dependent on the connectivity,
having trouble if no clearly defined grains or domain structures are present, while the converse
setup has no such limits. In short, especially after the rewiring that was performed early on,
we clearly have a highly capable, precise and adjustable setup, which was used to its fullest
potential by making use of the entire temperature, magnetic field and even frequency range.
Thanks to the fact that the automated functions of the SQUID remain fully usable despite the
modifications, a large amount of data can be recorded with manageable experimental effort,
with the only price to pay being the significant amount of time these measurements need. While
other methods exist, such as X-ray absorption spectroscopy and other synchrotron based tech-
niques, also offering possibilities to determine ME coupling, as discussed in Ref. 123, they of
course do not possess the utility of a laboratory setup that is always available for measurements.

During the course of our experiments, we also obtained knowledge on how to deal with issues
such as excessive conductivity in leaky samples leading to apparent ME effects, unwanted
frequency doubling, as well as the frequency dependence of measurement results, allowing us
to monitor and avoid any interference, which will prove fruitful for future measurements on
composite systems. Especially the deviations we saw in the results of NFO50 clearly shows
that the effects of measurement frequency need to be more closely monitored. From now on,
we will perform a frequency dependent measurement for every prospective new sample so that
any unwanted modifications of the measurement signal can be ruled out.
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7.5 Summary

In short, we have characterized a very large number of sample sets in detail, being able to
observe the effect of different compositions, different constituents, different sintering methods,
connectivities and even chemical doping on the overall strength of the converse ME effect. Not
only were we successful in our search for progressively higher converse ME coefficients, reaching
its peak with the BCZT-NFO system, but we learned valuable lessons regarding the various pit-
falls of our ME setup, especially with regards to problems stemming from conductivity, which
needs to be carefully considered when researching new systems for potential applications. We
were also able to make accurate comparisons to literature, thanks to our very detailed tem-
perature and magnetic field dependent studies, with our final paper in this series probably
containing one of the most comprehensive converse ME datasets in a single publication.

One general statement that we have to make regarding the validity of our experiments on differ-
ent compositions of the same material, and our efforts to find the most suitable composition for
a high ME effect, is the following: It needs to be assumed that we are always seeing the interplay
of two main effects. One is of course the magnetoelectric coupling itself, its dependence on the
quality and number of the interfaces, which are highly sensitive to sample preparation and sub-
sequent heating and calcinatination steps. As we found out in our later experiments, additional
dependences in the form of elastic compliance and magnetomechanical coupling provide fur-
ther ways in which the ME effect can be influenced, with such effects being very hard to control.

The other factor is the conductivity, which is always a foe one needs to be aware of. Not
only is it responsible for parasitic signals that the noise reduction routine of the SQUID is
unable to reject due to the identical frequency, but it also hinders poling and thus reduces the
overall effectiveness of our ME measurements. The main problem lies in the higher conductivity
of the magnetostrictive phase, and even if the ME effect would indeed increase when using a
composition with a higher fraction of magnetic material, the effect can be offset by the additional
conductivity. So if we look at composition dependent depictions of the ME coupling, as was
done for the second CFO-BTO sample set in section 6.2.3, we need to be aware that the decrease
of the coupling coefficient at higher CFO fractions is most likely caused by conductivity effects,
not just by lower ME coupling. This problem was discovered early on in preceding works,21

with the only solution being the isolation of the conductive phases, as was initially attempted
through core-shell particle precursors.123 However, this is not as easy as it sounds, as we saw
in the SEM micrographs in Fig. 6.26. These samples are complex systems, with no direct way
of controlling grain sizes while leaving other parameters untouched. The sol-gel synthesis route
for core-shell particles is also burdened by the complex methodology and a difficulty to obtain
reproducible results, with the routine production of a larger amount of sample material not
being feasible.
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The most optimal sample connectivity (0-3) of magnetostrictive grains in a ferroelectric ma-
trix was not easy to attain, and the use of core-shell particle synthesis always sacrifices some
of the ease with which ceramic samples can be produced compared to other nanostructured
systems. However, despite some disadvantages, it seems that well-defined samples are the key
not just to higher ME coupling as such, but also to a more comprehensive understanding of
the ME effect and for the possibility of theoretical modeling, for which our composite samples
are often too complex and not sufficiently well-defined. We therefore have to decide what we
want: Mechanically robust samples that are easy and quick to manufacture, but which may not
always have the most optimal connectivity to suppress conductivity effects and grain growth,
or samples that are perhaps not optimal in their mechanical properties, are difficult to produce,
but allow excellent control of their parameters such as interfaces, layer thicknesses and so forth.
In this work, we obviously chose the first route, and performed a large number of successful
experiments. But in the future, it is obvious that we will also need to branch out into other
sample formation methods, as shall be outlined in the outlook.

As a final statement, the ME effect measurements always represent a superposition of a large
number of factors that influence the field and temperature dependencies, which are not al-
ways easy to deconvolute. Our measurements and the interpretation of the results represent
an important step in the understanding of such systems, as we didn’t just optimize the ME
coupling but also went into detail about why certain parameters showed certain changes. This
competition between a large number of properties will always be a problem, with the potential
of straightforward modeling and the possibility of predictions being sacrificed for the ease of
sample formation.
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This section is normally reserved for overly optimistic promises regarding improvements or
changes to either the material system or the measurement method in order to create the im-
pression that the course of research didn’t abruptly end when the thesis was handed in. In our
case, several follow-up projects have already commenced, picking up where the ones described
in this work have finished. As we will see, many of these current and future projects deal with
the return to certain systems that we initially moved away from, which, more than anything,
shows us that one should never discard systems that, at first, didn’t provide the most promising
results.

8.1 Magnetoelectric ceramics via industrial route

A large number of successful ME measurements have been performed using the well-known
CFO-BTO system, synthesized by a different route than before, promising higher effects than
their predecessors. Due to the difficulty in obtaining reproducible results through the complex
sol-gel precursor synthesis, a new route has been taken, with the preparation being performed
by Dipl.-Phys. Ahmadshah Nazrabi of the Lupascu group. These new samples were formed by
conventional sintering as used for other samples, with different sized particles (such as 50 nm
and 1µm) being utilized for the precursor materials. The goal is to obtain a higher density by
the smaller particles filling the voids between the larger ones, which is hoped to lead to a higher
mechanical stiffness of the resulting samples. The main motivation is the usage for mechanical
measurements under load, which often lead to a fracturing of the samples. While this is not
directly aimed at ME measurements, we saw that the elastic compliance has a temperature
dependent influence on the ME(T) peak, so it may very well be possible that an influence
of the added stiffness will be observed. A more straightforward reason is also the ability to
produce a larger amount of samples with this method while keeping results reproducible, hence
the designation ’industrial route’.

8.2 Magnetoelectric ceramics with Terfenol-D

After having replaced both electric and magnetic phases in our composites, it seems like a logical
step to perform further attempts at this route, with new samples having been synthesized that
utilize Terfenol-D (Tb0.3Dy1.7Fe2) instead of CFO as the magnetostrictive constituent. This
material exhibits a microstrain of up to 2000 ppm compared to 60 ppm for Co,234,244 thus being
an obvious candidate for future samples, although also burdened with the high price of rare
earth metals. Our main goal is therefore the experimental proof of this route being viable,
rather than large scale applications, so that we can gain more experience on the enhancement

214



215 8.3. Thin film ME samples via PLD

of ME properties. These samples are being prepared by M.Sc. Samira Webers with help from
the Lupascu group, with our first attempts of converse ME measurements having been thwarted
by the high conductivity Terfenol-D, leading to excessive Joule heating and the destruction of
the samples. We are faced with the same problems as with our early CFO-BTO samples,
needing to find a way to isolate the magnetostrictive from the piezoectric phase, in order to
eliminate any routes the current can take through a widespread 3D network of interconnected
regions. We therefore need to perform a detailed analysis, perhaps again using TOF-SIMS, to
obtain a clearer view of the 3D structure in this material. Due to the fact that the formation of
core-shell particles via wet chemical synthesis methods is not readily possible, we will need to
look at the necessity of increasing the BTO fraction, thereby isolating the Terfenol-D grains as
best as we can. This is comparable to the BCZT-NFO samples with the lowest NFO content, as
a higher content gradually lead to a (0-3)/(1-3) connectivity to turn into a (3-3) one, which we
assume degrades the ME qualities through increased conductivity. While this thesis was being
composed, we successfully measured one Terfenol-D -BTO 40-60 sample with our converse ME
setup, and while seeing a clear signal, the lack of response to magnetic fields and an almost
exponential signal increase towards higher temperatures clearly pointed towards the usual pitfall
caused by a leaky sample (see Fig. 4.24). Obviously, more effort is needed before we will be
able to perform our first successful measurements on this new system.

8.3 Thin film ME samples via PLD

As we saw in the BFO section, it was not directly possible to draw conclusions regarding the
influence of particle size on the anharmonic spin cycloid, or rather, whether there is an obvious
mechanism that would disturb or crack the cycloid in a way that would induce a sufficiently
high magnetic moment for application purposes. This would entail the often cited ’holy grail’,
a single-phase room temperature multiferroic, which was always something scientists strived
for with BFO. Just as in our multiferroic composites, nanoparticles always have some amount
of complexity and ill-defined parameters such as their shape and size distribution, which are
not easily controlled.

A different and promising route would be the formation of thin film samples, which have also
been shown in literature to influence the anharmonic spin cycloid, not just through size but
also through strain effects.78 One highly regarded work that was cited before is a publication in
Nature Communications by Schmitz-Antoniak et al.60 in which pulsed laser deposition (PLD)
was utilized to form a CFO-BTO composite sample. Using a premade target with the appropri-
ate composition of the constituents, the effect of self-organization was used in order to obtain
a sample of CFO pillars within a BTO matrix. While such samples suffer from the effect of
substrate clamping, they still show the possibilities that are available by thin film preparation.
Generally speaking, thin film samples often have inferior mechanical properties compared to
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the more robust ceramics, and are often more complex to produce. However, their big advan-
tage lies in their clearly defined dimensions and structures, which opens up new possibilities
for theoretical modeling. Latter has not been utilized in this thesis due to the generally com-
plex nature of sintered ceramics lacking clear definitions in terms of the distribution of phase
boundaries, as we clearly saw in the TOF-SIMS images.

Although it was used to produce the sample used in Ref. 60, the current PLD system suf-
fers from a number of technical limitations and issues. Explaining all of them in detail would
go beyond the scope of this outlook, but they all have an effect on sample quality, and with
PLD being extremely sensitive to external parameters, we sought to find new ways of sample
preparation. In a long process that took over two years, we were able to acquire a highly
advanced UHV PLD chamber from the University of Ulm, thanks to P. D. Ulf Wiedwald and
Dr. Franziska Scheibel from the group of Prof. Michael Farle. After a lot of work, we were
able to perform our first ablation in the first half of 2018. This opens up new possibilities for
sample preparation, as the new chamber, with its computer controlled target selection stage,
is able to freely switch back and forth between up to four targets during sample preparation.
This negates the use of precomposed targets and thus allows a free choice of e.g. CFO to BTO
ratios, offering greater flexibility. The resulting use of pure constituent targets also avoids some
of the typical problems, such as the inability to account for different ablation rates for different
materials, and the resulting deterioration of precomposed targets.

With this new setup, we not only plan to grow epitaxial thin film BFO samples that can
then be characterized by conversion electron Mössbauer spectroscopy (CEMS), but we have
already successfully prepared CFO-BTO thin film samples, starting with simple bi-layer and
multilayer systems, since laminated structures exhibit high ME voltage coefficients and mini-
mal leakage problems as the phases are well separated. However, their mechanical strength is
poor206 compared to composites, which has to be taken into consideration. A more difficult,
but therefore also highly interesting goal, is the synthesis of other self-organized CFO-BTO
samples,60 attempting to reduce substrate clamping via overall thicker layers. Last but not
least, the promising Terfenol-D system can also be realized in thin film form245 in order to
avoid the problems we have faced due to the higher conductivity of this material.

Additionally, a new cooperation with Dr. Andreas Herklotz (Martin-Luther-University Halle-
Wittenberg) has recently commenced, utilizing He-implantation in BFO films to achieve dif-
ferent states of strain in these. We therefore plan to perform CEMS measurements on these
samples in order to observe any potential changes to the asymmetry, line shape, and thus to
the anharmonicity paramter, so that any modification of the spin structure through strain can
be uncovered. We hope to achieve a greater theoretical understanding of our systems through
this route, thanks to the the well-defined thicknesses of thin film samples. Similar efforts of
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possibly modeling the anharmonicity and characterizing the Néel temperature in thin film BFO
samples are also underway in cooperation with Dr. Juliana Schell (CERN). Generally speaking,
thin film layers of BFO have become promising candidates for spintronic applications,78 which
adds further motivation to characterize this system in greater depth.

Our experimental efforts can therefore be summarized by several returns to systems that were
previously considered to be fully characterized from our point of view. Treading a full loop like
the current in a SQUID, we started with BFO nanoparticles, went to CFO-BTO solid state
samples, then to nanoparticles, back to solid state samples but with different constituents, and
with the PLD, we might indeed be returning to our starting point BFO. The most amateurish
conclusion we can draw from our work is that one shouldn’t discard a certain system completely
just because the first results weren’t promising, although our measurements on a large number
of systems did lead to a greater understanding of the overall topic, while aptly showing the
capabilities of our custom built converse ME setup. One thing is for certain: Many converse ME
measurements will be performed in the future, always in the hopes of optimizing and further
understanding different composite systems.
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