
UNIVERSITY OF RIJEKA
FACULTY OF PHYSICS

Željko Rapljenović
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Collective dynamics and correlation effects in
M-type hexaferrites

Abstract

This dissertation investigates the collective dynamics and correlation effects in
single-crystalline M-type hexaferrites BaxPb1�xFe12�yAlyO19, by combining
macroscopic probes like AC susceptibility, dielectric spectroscopy, and DC

transport with local spectroscopies like X-ray absorption (XAS) and resonant
inelastic X-ray scattering (RIXS). The central finding is a robust correlation
between the activation energies that govern magnetic relaxation, dielectric

relaxation, and electrical transport across a controlled series of Al substitutions,
revealing a shared underlying mechanism that links spin and charge dynamics.
Building on these nonlocal responses, RIXS detects Fe2+ related low-energy loss
features that are not resolvable in XAS. This motivated a unified hypothesis of

charged magnetic domain walls that pin to charged impurities and are
progressively screened by thermally activated carriers. The hypothesis naturally
explains the common activation scales and their evolution with disorder (Al).

Overall, the work establishes a macroscopic correlation effect in M-type
hexaferrites that spans radio-frequency relaxations to soft X-ray excitations.

Keywords: M-type hexaferrites, AC susceptibility, Dielectric spectroscopy, DC
transport, XAS, RIXS, Charged domain walls, Activation energy.
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Kolektivna dinamika i korelacijski efekti u
heksaferitima M-tipa

Sažetak

Ova disertacija istražuje kolektivnu dinamiku i korelacijske efekte u heksaferritima
M-tipa BaxPb1�xFe12�yAlyO19, kombinirajući makroskopske eksperimentalne

tehnike poput AC susceptibilnosti, dielektrične spektroskopije i DC transporta s
lokalnim spektroskopijama poput rendgenske apsorpcijske spektroskopije (XAS) i

rezonantnog neelastičnog rendgenskog raspršenja (RIXS). Glavni doprinos
disertacije je robusna korelacija između aktivacijskih energija koje upravljaju

magnetskom relaksacijom, dielektričnom relaksacijom i električnim transportom
kroz seriju Al-supstitucija, što otkriva zajednički temeljni mehanizam koji povezuje
dinamiku spina i naboja. Nadovezujući se na te nelokalne odazive, RIXS detektira
niskoenergijska raspršenja povezana s Fe2+ koje se u XAS-u ne mogu razlučiti.

Navedena fenomenologija motivira hipotezu o nabijenim magnetskim domenskim
zidovima koji zapinju na nabijene nečistoće i postupno se zasjenjuju termički
aktiviranim nosiocima. Hipoteza objašnjava zajedničke aktivacijske energije i

njihov razvoj s unosom nereda (Al). Ovaj rad predstavlja makroskopske
korelacijske efekte u heksaferritima M-tipa, čiji zapis je vidljiv u

radiofrekvencijskim relaksacijama i pobudama u spektru rendgenskih zraka.

Ključne riječi: Heksaferiti M-tipa, AC susceptibilnost, Dielektrična spektroskopija,
DC transport, XAS, RIXS, Nabijeni domenski zidovi, Aktivacijska energija.
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Introduction

Magnetism has been a fascinating natural phenomenon for centuries, attracting the
attention of scientists and laypeople alike. It is not uncommon for theses or articles
on magnetism to begin with a historical note on the discovery of lodestone and its
use as a compass by ancient mariners. This thesis is no di�erent, as it is important to
appreciate the historical context of magnetism and the role it played in early human
exploration and navigation. It could be said that the scienti�c study of magnetism
began in the 19th century with the discovery of the relationship between electricity
and magnetism, leading to the development of electromagnetism and the creation
of many modern technological devices that rely on this phenomenon. Nonetheless,
even today, the use of magnets continues to fascinate and inspire us in various ways,
from the simple magnetic toys that entertain children to the complex magnetic �elds
that power our machines and devices. Among magnetic materials, hexaferrites are
special. They exhibit a rich spectrum of magnetic structures and are indispensable
in industrial applications ranging from permanent magnets to microwave devices [1].

In parallel with the study of magnetism, ferroelectricity has emerged as another
fundamental phenomenon in condensed matter physics. Ferroelectric materials ex-
hibit a spontaneous electric polarization that can be reversed by an external electric
�eld, a property that underlies their importance in modern technologies such as non-
volatile memories, sensors, actuators, capacitors, and energy-harvesting devices. Of
particular interest are systems in which electric and magnetic degrees of freedom
are coupled. This magnetoelectric coupling enables the mutual control of magnetic
and electric properties and is therefore not only of fundamental scienti�c relevance
but also of technological interest for future multifunctional and low-power electronic
devices. In materials where magnetic and ferroelectric order coexist, commonly re-
ferred to as multiferroics, such coupling can give rise to particularly rich physical
behaviour [2�6].

To understand the scope and contribution of this thesis, it is important to de-
�ne the central research question: Can magnetoelectric coupling be observed in
hexaferrite single crystals? This initial question of the thesis evolved in response
to experimental data that suggest a previously unreported macroscopic e�ect. It
means that the original contribution of this thesis lies in the experimental obser-
vation of a macroscopic e�ect in hexaferrites that, to our knowledge, has not been
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previously reported. This e�ect, which emerged unexpectedly during the investi-
gation of magnetoelectric coupling, opens new directions for the study of complex
magnetic interactions in hexaferrites and similar systems.

For this thesis, samples of BaxPb1� xFe12� yAl yO19 were selected. The primary
motivation for this choice is the isovalent substitution of Al, which, being non-
magnetic, progressively disrupts the magnetic order of the system. Furthermore,
several studies suggest that the presence of Al may induce a ferroelectric state in
this material. In addition, Pb may act as a source of Fe2+ ions, which will be
important for the later discussion [7, 8].

Structure of the Thesis :

ˆ Chapter 1 � Theoretical background
Fundamental concepts needed to grasp both the intrinsic behaviour of mag-
netic materials and the experimental techniques employed throughout the the-
sis.

ˆ Chapter 2 � Hexagonal ferrites
A description of crystal chemistry, magnetic properties and prior research on
hexaferrites, followed by details of the synthesis and characterization of the
crystals investigated.

ˆ Chapter 3 � Experimental techniques
Description of the instrumentation and measurement protocols, with emphasis
on the speci�c physical phenomena each technique probes.

ˆ Chapter 4 � Results
Presentation of the experimental data.

ˆ Chapter 5 � Discussion
Analysis of the results that introduces a new macroscopic e�ect in hexaferrites
and an assessment of its broader implications.

ˆ Chapter A � Additional measurement
Additional measurements that, while are not directly connected to the central
hypothesis, may guide future investigations.

In summary, this thesis aims not only to elucidate an intriguing magnetic phe-
nomenon but also to serve as a guide for forthcoming experimental work on complex
ferrite systems.
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Chapter 1

Theoretical background

This chapter aims to provide an overview of magnetic interactions, with an empha-
sis on their fundamental mechanisms, manifestations, and the physical models that
describe them. The primary focus is on the theoretical aspects behind these in-
teractions, such as the nature of magnetic ordering, exchange mechanisms, domain
dynamics, and the associated e�ects. Starting with foundations, including di�er-
ent types of magnetic order (ferromagnetic, antiferromagnetic, and ferrimagnetic),
the chapter discusses the quantum mechanical origin of magnetism, emphasizing
the Heisenberg exchange interaction and its extensions, such as superexchange and
other exchange mechanisms. Weiss model of antiferromagnetic order is added due
to it's speci�city in the explanation of particular set of results.

The chapter also delves into magnetic domains and domain walls. A dedicated
section addresses domain wall motion and phenomena like the Barkhausen e�ect.
Furthermore, concepts related to spin-lattice interactions and relaxation mechanisms
are explored, laying the groundwork for understanding material responses to external
�elds.

Complementing the discussion of magnetic phenomena, the chapter introduces
ferroelectricity as a related topic, focusing on the coupling between electric and
magnetic orders, which leads to the magnetoelectric e�ect. Di�erent theoretical
models, including phenomenological relaxation frameworks and crystal �eld theory,
are presented for the basis of experimental data discussion.

While this chapter establishes the theoretical framework, it should be noted that
additional theoretical considerations speci�c to the experiments conducted will be
incorporated in the corresponding experimental sections.
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Figure 1.1: Schematic illustration of three elementary types of magnetic ordering.
Ferromagnetic: all magnetic moments align in the same direction. Antiferromag-
netic: magnetic moments alternate between up and down directions. Ferrimagnetic:
opposing magnetic moments are unequal, resulting in a net magnetic moment.

1.1 Magnetic order and underlying interaction

Magnetism is intrinsically a quantum mechanical property. The phenomenon of
magnetism is rooted in the spin degree of freedom of electrons (also orbital degrees of
freedom without which there would be no diamagnetism), which can be considered
as discrete and indivisible magnetic dipoles. Macroscopic magnetization emerges
from the alignment and ordering of these microscopic magnetic moments.

There exist many magnetically ordered states. The most common are ferromag-
netic, antiferromagnetic and ferrimagnetic. The ferromagnetic state is characterized
by parallel alignment of neighboring magnetic moments. Antiferromagnetic state on
the other hand is characterized by net zero macroscopic magnetic moment i.e. in a
simple case that would mean that the neighboring magnetic moments are oriented
antiparallel. The ferrimagnetic state is a state where neighboring magnetic moments
do not cancel completely or there exist multiple sites where some magnetic moments
are parallel and some are antiparallel so that there exists macroscopic magnetization.
These types of elementary orders are displayed in Figure 1.1.

The order and alignment in a magnetic material must appear due to an inter-
action. Let us consider two magnetic moments in space. These magnetic moments
interact via the dipolar interaction,

E =
� 0

4�r 3

�
� 1 � � 2 �

3
r 2

(� 1 � r ) ( � 2 � r )
�

(1.1)

where E is the interaction energy, � 1 and � 2 are magnetic dipoles andr is the
separation vector. When considering only the �rst term (E / 1

r 3 , minimum of the
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energy is achieved when the magnetic moments are antiparallel and maximum when
magnetic moments are parallel. If we were to evaluate Equation 1.1 with common
experimental values (e.g.� = 1� B , r = 1Å), we can assess the energy of interaction,
which turn out to be on the order of1 Kelvin. In this thesis, the materials investi-
gated exhibit magnetic ordering at temperatures far above 1 Kelvin (approximately
1000 Kelvin). Thus, we can deduce that thermal energy at these higher tempera-
tures would disrupt any magnetic order based only on dipolar interactions. It should
be noted that dipolar interaction is relevant in magnets that order at temperatures
comparable to the interaction strength [9]. This interaction is also one of the inter-
actions that determine the magnetic domain formation[10], but it is not responsible
for magnetic order in hexaferrites.

The foundation for establishing magnetic long-range order lies in the exchange
interaction, a fundamental mechanism governing inter-particle behavior. This quan-
tum mechanical interaction can be described by the Heisenberg Hamiltonian, a
model that is central to understanding magnetic ordering:

Ĥ spin = �
X

i;j

Jij Si � Sj ; (1.2)

whereSi and Sj are the spin operators at sitesi and j , and Jij is the exchange in-
tegral, de�ning the interaction strength between these spins. The exchange integral
Jij can be represented by:

Jij =
Z

 �
a(r 1) �

b(r 2)Ĥ  a(r 2) b(r 1) dr 1 dr 2; (1.3)

where  a and  b are the single-particle wave functions of statesa and b, and Ĥ
represents the Hamiltonian of the system. The Hamiltonian contains the kinetic
energy of the electrons, their attraction to the nucleus, and most importantly for
this discussion, the Coulomb interaction between the two electrons [11]. The sym-
metry of the wave function under particle exchange implies that for two identical
particles, the spatial part of the wave function must re�ect the exchange symmetry
(the requirement that the total wavefunction changes sign when two fermions are
swapped), a result of Pauli's exclusion principle [9].

The summation
P

i;j in Equation 1.2 is taken over all spin pairs twice, capturing
the interaction of every spin pair in the lattice. This interaction is a consequence
of the quantum mechanical principle that requires the overall wave function to be
either symmetric or antisymmetric under particle exchange, which ultimately leads
to magnetic ordering e�ects like ferromagnetism and antiferromagnetism, depending
on the sign ofJij .

The Equation 1.2 de�nes the relative orientations of the spin pairs. In a solid,
the sum must be done over all pairs of spins, meaning that the answer is not easily
obtainable and it is computationally very expensive for almost all but the simplest
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Figure 1.2: Schematic illustration of magnetic interactions via orbital overlap. (Top)
Direct exchange, where magnetic coupling occurs through direct overlap of adjacent
d-orbitals. (Bottom) Superexchange, an indirect interaction mediated by an interme-
diary atom (p-orbital), facilitating magnetic coupling through overlappingd-orbitals
across the intermediary atom.

cases. The exchange interaction can be realized in multiple ways. The straightfor-
ward way is, if two neighboring magnetic atoms interact via exchange interaction
directly, so called direct exchange (See Figure 1.2). Although conceptually the sim-
plest, this is rarely the case due to strong localization of atomic orbitals. This
exchange occurs in metals, however delocalized electrons introduce complications
like spin polarized bands and non-discrete values of magnetic moment.[9].

The more common realization of magnetic interaction is the so called superex-
change. In superexchange electrons of the magnetic ions interact via the orbitals
of the non-magnetic ion which is placed between the atoms as shown in �gure 1.2.
In the �gure we show d and p orbitals for magnetic and non-magnetic ions respec-
tively as these are the orbitals responsible for superexchange between Fe ions in
hexaferrites. Superexchange is in�uenced by the overlap and orientation of the M-
L-M bonds (Metal-Ligand-Metal) within a crystal lattice. Superexchange delocalizes
electrons through the non-magnetic ions. It is enabled through mixing of ground
and excited states and Pauli exclusion principle, favoring an antiferromagnetic align-
ment[9, 12].

Other realization of exchange interactions is solids are: RKKY - where electron
spins are mediated by conduction electrons, double exchange - essentially a mixed
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valency superexchange interaction and Dzyaloshinsky-Moriya interaction - exchange
interaction involving an excited state of a one ion and the ground state of another
ion leading to an antisymmetric exchange term in the spin Hamiltonian (D � ij �
(Si � Sj )). Among the listed exchange interactions superexchange is predominant
mechanism for magnetic interaction in this thesis (hexaferrite materials), with a
small contribution of direct exchange[13].

In this thesis a wide range of magnetic phenomenology and experiments was
investigated. Usually when describing magnetic e�ects, we use parameters such
as the Bohr magneton, Curie temperature, Néel temperature, Curie constant, and
magnetic susceptibility.

The Bohr magneton (� B) is the unit of magnetic moment, commonly used to
quantify the magnetic moments of electrons. The Curie temperature (TC) is the
critical temperature above which a ferromagnetic material loses its magnetic order
and becomes paramagnetic. The Néel temperature (TN) marks the transition of
an antiferromagnetic or ferrimagnetic state to a paramagnetic state of a material.
The Curie constant (C) appears in the Curie-Weiss law (� = C

T � TC
) and describes

the material's magnetic susceptibility and re�ects the e�ective magnetic moment
of its magnetic ions. Magnetic susceptibility (� ) measures how much a material
becomes magnetized in response to an applied magnetic �eld, providing insights into
the magnetic interactions present. These parameters, together with the exchange
interaction previously described are used in describing the magnetic states and the
details about them can be found in most magnetic textbooks [9, 14, 15]. In future
sections we will go into detail regarding some of these parameters.

1.1.1 Weiss model of uniaxial antiferromagnetism

Mean �eld theory is a theory that provides the framework to describe magnetically
ordered states1 by averaging the interactions of spins on a lattice, creating a mean
or molecular �eld. In this thesis materials known as M-type hexaferrites have been
investigated. These materials exhibit a ferrimagnetic ordered state. Although anal-
ogous mean-�eld calculations for ferrimagnets do exist (e.g., two-sublattice models
with unequal moments [19]), for clarity and simplicity we adopt here the Weiss
model formulated for antiferromagnets. We do this because qualitative conclusions
remain applicable [9, 19, 20].

The derivation of this model for ferrimagnets is complicated due to non-
compensation of the sublattices, but the results hold still qualitatively due to
the presence of distinct magnetic sublattices with unequal magnetic moments.
This non-compensation leads to a net magnetization in the ordered state, which

1Historically it was �rst used as tool in condensed matter physics [16]. In recent years it has
found use beyond materials and into �elds such as game theory[17] and epidemiology [18].
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distinguishes ferrimagnets from antiferromagnets. Despite these di�erences, the
qualitative insights provided by the Weiss model for antiferromagnets remain ap-
plicable, as they capture essential features of the temperature-dependent magnetic
behavior and the transition to a ferrimagnetic state. We will use this model to
interpret the obtained experimental data [9, 20].

The Weiss model starts with a statement that we have two distinct magnetization
sublattices. Those two sublattices create molecular �elds of the form,

B a = H � q2M a � q1M b

B b = H � q2M b � q1M a

(1.4)

whereH is the external magnetic �eld, q1;2 is the Weiss constant, which quanti�es
the proportional relationship between the molecular �eld and the magnetization,
B a;b are molecular �elds, andM a;b are the magnetization of the sublatticesa and b.
The molecular �elds produce magnetization on each sublattice of the form,

M a;b =
1
2

ng� BSBS (g� BSBa;b=kT) (1.5)

where BS denotes Brillouin's function, n represents the concentration of magnetic
moments,g signi�es the electronic g-factor,� B stands for the Bohr magneton,S de-
notes spin,kB represents Boltzmann's constant andT stands for temperature. The
equation (1.5) describes the magnetizationM , arising solely from the contribution
of a magnetic ion with spinS in a magnetic �eld B . Condition for antiferromagnetic
coupling is expressed asM a = � M b which translates into q1 > q2 after a derivation
shown in references [20, 21]. The expressionq1 > q2 indicates that the spins experi-
ence a stronger interaction with the molecular �eld of the neighboring antiparallel
sublattice than with the molecular �eld of their own sublattice.

The focus of thesis are the results connected to susceptibility. In this model the
susceptibility depends on the orientation or direction of the applied �eld [9, 20]. At
and below the ordering temperatureTN , so called Néel temperature, we can sepa-
rate three important cases regarding to antiferromagnets response to magnetic �eld.
Magnetic �eld oriented perpendicular to the spontaneous magnetization produces
susceptibility � ? independent of temperature with value

� ? =
1
q1

: (1.6)

Figure 1.3 shows how the magnetic �eld in�uences the magnetization. It should be
noted that this is valid only if small magnetic �elds are applied i.e. no reorientation
e�ects are observed[9, 20].

When the magnetic �eld is aligned parallel to the spontaneous magnetization
susceptibility � k exhibits two distinct behaviors described by two limits. The �rst
limit demonstrates the e�ects at temperatures well below the transition temperature,
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Figure 1.3: Representation of magnetization induced in antiferromagnet when �eld
is applied perpendicular to spontaneous magnetization. Adapted from reference[20].

� 0K. In this limit the susceptibility vanishes and further rise of magnetic �eld
induces no magnetization. On the other hand, the second limit emerges as the
temperature approaches the Néel temperature, where susceptibility reaches a de�ned
value, speci�cally equal to

� k (T = TN ) =
1
q1

: (1.7)

Above Néel temperature, there is no spontaneous magnetization and susceptibility
takes the form of the Curie-Weiss law

� =
C

T + �
(1.8)

whereC and � are Curie constant and Weiss temperature respectively. The temper-
ature dependence of susceptibility of antiferromagnet is summarized in the Figure
1.4. This behaviour is characteristic for uniaxial antiferromagnets, and is readily
observed experimentally in di�erent systems [9, 20, 22]. The full derivation of the
model can be found in included references [20, 21].

1.1.2 Magnetic domains

Magnetically ordered states (ferro- and ferrimagnets) are characterized by regions of
uniform magnetization called magnetic domains. Magnetic domains form as a result
of the competition between the various energy contributions in a magnetically or-
dered state. The formation of domains allows for a balance between these competing
e�ects, with domain walls serving as regions of transition between di�erent magne-
tization directions. The existence of domains is due to the minimization of the total
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Figure 1.4: Temperature dependence of susceptibility for antiferromagnets. Adapted
from reference[20].

energy of the system by reducing stray �eld energy, while allowing regions of uniform
magnetization dictated by exchange interactions[23]. The total phenomenological
energy of the magnetically ordered system is given by

E tot =
Z h

A(r m)2 + Fan(m) � H ex � M +
1
2

H d � M

� � ex � " 0 +
1
2

(pe � " 0) � c � (pe � " 0)
i

dV (1.9)

The �rst term in the Equation 1.9 the exchange energy, whereA is the exchange
constant andm = M =Ms is the normalized vector �eld of magnetization directions
so called reduced magnetization. The exchange energy promotes a uniform align-
ment of neighboring spins. It arises from quantum mechanical exchange interactions,
ensuring that magnetization vectors prefer parallel alignment. When neighboring
spins deviate from perfect alignment, the system receives an energy penalty[23].

The second term of the Equation 1.9 is the anisotropy energy term whereFan

describes all contributions from crystal and structural magnetic anisotropies2. The
anisotropy energy arises from the material's crystal structure, a�ecting how mag-
netization aligns relative to the crystallographic axes. This energy results from
spin-orbit interaction. Intrinsic crystal anisotropies and those induced by devia-
tions like lattice defects or atomic ordering are di�erentiated. Shape e�ects are not
included in this term. It is crucial in determination the 'easy' and 'hard' axes of
magnetization. Uniaxial anisotropy, relevant for this thesis, dictates that magneti-
zation aligns along a single axis, with substantial energy cost for the case when the
magnetization deviates from this axis[23].

2Here we di�erentiate anisotropy from unperturbed crystal structure and induced anisotropy
i.e. deviations from ideal symmetry for example lattice defects [23]
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Figure 1.5: Representation of magnetic domains, magnetic moment spatial distribu-
tion and domain walls. On the left, a schematic representation of magnetic domains
is displayed, adapted from references [24] and [23]. On the right, visualizations il-
lustrate two primary types of magnetic domain walls: the Néel wall (top) and the
Bloch wall (bottom).

The third term of the Equation 1.9 is the external �eld energy whereH ex is
the external �eld and M is the magnetization. When an external magnetic �eld
is applied to a ferromagnet, the system's energy changes according to the Zeeman
energy term. The system minimizes this energy when the magnetization aligns with
the external �eld, which can lead to domain realignment or recon�guration[23].

The fourth term of the Equation 1.9 is the stray �eld energy term, whereH d is
the stray �eld de�ned as the �eld generated as the divergence of the magnetization
r � H d = � 1

� 0
(r � M ). Stray �eld energy arises from the stray magnetic �elds

generated by the ferromagnet itself, particularly in regions where the magnetization
has a nonzero divergence, such as at surfaces and domain walls. This energy is
always positive, meaning it tends to oppose the formation of stray �elds by favoring
internal domain con�gurations that minimize these �elds. The calculation of stray
�eld energy involves complex integrals over the volume and surface of the magnetic
body, making it a key factor in domain structure formation[23].

Fifth and the sixth term are external stress energy and magnetostricitve energy,
where � ex is the symmetric tensor that collects all stresses of non-magnetic origin,
" 0(m) is the free magneto-elastic deformation,c is the elastic constant tensor and
pe is the actual distortion, the compatible deviation from the initial state [23].

1.1.3 Domain walls and domain wall dynamics

Magnetic domains can be arranged in numerous con�gurations, varying signi�cantly
in size due to the complexity of the total energy Equation 1.9 that governs their
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behavior. Within a material, the orientation of magnetization transitions gradually
between domains. These transitional regions, where the magnetization shifts ori-
entation progressively, are known as domain walls. Two primary types of domain
walls in ferromagnetic materials are Bloch walls and Néel walls, each with distinct
structures and behaviors[23]. Illustration of Bloch and Néel wall is shown on Figure
1.5.

In a Bloch wall, the magnetization rotates within the plane of the wall meaning
that the direction of the magnetization gradually changes from one domain to the
next, maintaining the magnetization parallel to the plane of the domain wall. This
structure is e�ective at reducing the exchange energy, as it minimizes abrupt changes
in the magnetization direction. Bloch walls are especially prevalent in thick magnetic
samples, where the energy associated with the magnetic stray �eld is less critical
due to the large volume of a material[23].

Néel walls, on the other hand, are more common in thin �lms and near the
surface of ferromagnetic materials. In a Néel wall, the magnetization rotates in a
plane perpendicular to the wall. This type of wall minimizes the stray �eld energy,
making it more favorable in situations where the surface area of the material is large
compared to its volume. Because stray �eld energy plays a more signi�cant role
in thin �lms, Néel walls help to reduce this energy contribution by con�ning the
magnetic �eld lines within the material, rather than allowing them to extend into
the surrounding space[23].

In this thesis, we investigated the dynamics of magnetic domain walls across
various regimes. Several models describe magnetic domain wall motion, including
one that characterizes the theoretical velocity variation of a one-dimensional (1D)
interface, or domain wall, in a two-dimensional (2D) weakly disordered medium
under low-force conditions, referred to as the creep model [25]. The domain wall
motion regimes include creep, depinning, and �ow. The creep regime is character-
ized by thermally activated motion, typically occurring at low magnetic �elds, with
velocity increasing exponentially as the �eld increases. As the �eld reaches a critical
depinning threshold, domain walls enter the depinning regime, facing less resistance
from disorder. At higher �elds, the system transitions into the �ow regime, where
disorder becomes less relevant, allowing for more �uid, viscous motion. Addition-
ally, in an ideal ferromagnetic �lm without pinning e�ects, the �ow regime may
involve both steady and precessional linear motions. The transition from steady to
precessional �ow occurs beyond the Walker �eld � the critical magnetic �eld that
separates these two regimes of domain wall motion � indicating distinct changes in
the internal wall dynamics [25].

In the part of the thesis, magnetic measurements were conducted at low magnetic
�elds, corresponding to steady or creep motion within the context of the models
discussed. Since the primary focus of this thesis is not on the speci�c types of domain
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walls or their motion, further analysis of this aspect will not be pursued. This choice
is in�uenced by the selection of experimental techniques employed. Instead, the
relevant focus for this study is on the dynamic response of the system�speci�cally,
how the system behaves after the driving �eld is turned o�. This dynamic response
will be examined in detail in the following subsection.

1.1.4 Spin-lattice relaxation

Magnetic relaxation is a common name for phenomena where after a change in
magnetic �eld � H the magnetizationM reaches a new equilibrium state after some
characteristic time � . In ferro- and ferrimagnets domain wall motion is a signi�cant
contributor to magnetic relaxation, as spins within the walls can easily follow an
oscillating magnetic �eld.

The Casimir�du Pré theory[26] of relaxation is a phenomenological theory that
describes the behavior of magnetic susceptibility under a varying magnetic �eld.
According to this model, energy exchange between spins and the lattice occurs
through the spin-lattice interaction, characterized by distinct time scales for spin-
spin and spin-lattice relaxation. The complex susceptibility� (! ) is expressed as:

� (! ) = � S +
� T � � S

1 + i!�
; (1.10)

where � T and � S represent the isothermal and adiabatic susceptibilities, respec-
tively, and � is the relaxation time. The real part of the susceptibility, � 0(! ), is
associated with reversible processes, while the imaginary part,� 00(! ), corresponds
to energy dissipation due to irreversible processes. Equation 1.10 has the Debye re-
laxation form and describes a response governed by a single characteristic time. In
magnetically ordered systems, this approximation is most appropriate for the linear
regime of damped oscillations about an equilibrium con�guration, as discussed in
section 1.4.

The temperature dependence of relaxation time� (T) is crucial for understanding
magnetic systems. One common form is the Arrhenius law:

� (T) = � 0 exp
�

� E
kBT

�
; (1.11)

where � E is the activation energy,kB is Boltzmann's constant, and� 0 is the char-
acteristic time.

In ferro- and ferrimagnets, the response to a varying magnetic �eld may remain
�nite even in the absence of a dc magnetic �eld because the multidomain state
contains domain walls whose displacement changes the net magnetization. In weak
AC �elds, the high-frequency response can arise from reversible damped oscillations
of domain walls around their equilibrium positions, which may be approximated by
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a Debye-like relaxation. This contribution should be distinguished from irreversible
domain-wall displacement and creep, which become important at lower frequencies
or under larger driving �elds and generally lead to non-Debye behavior. The domain
wall susceptibility, � w , is given by:

� w =
2M 2

s dw

KL
; (1.12)

where M s is the saturation magnetization,dw is the domain wall width, K is the
anisotropy constant, andL is the distance between two domains. The domain wall
relaxation plays a key role in ferromagnets (ferri-), with irreversible wall displace-
ments contributing to energy loss and relaxation time� [26�29]. This result will be
discussed in more detail in the subsection 3.1.3.

1.1.5 Barkhausen e�ect

The motion of domain walls in ferromagnetic (ferri-) materials can be in�uenced
by the material's metallurgical properties. Domain walls can be pinned by imper-
fections like strains, surfaces, and impurities due to magnetoelastic coupling, which
increases coercivity. As domain boundaries shift, the magnetization of the mate-
rial changes discontinuously, a phenomenon known as the Barkhausen e�ect, �rst
discovered by Heinrich Barkhausen in 1919. This e�ect which is closely tied to do-
main wall observation, provides valuable insights into the magnetization process,
with each discontinuous step corresponding to domain wall movement. Addition-
ally, these abrupt shifts sometimes produce magnetoacoustic emissions due to their
coupling with the material's elastic modes [9, 30]. The e�ect is depicted in Figure
1.6.

The experimental results presented in this thesis do not include direct magnetiza-
tion measurements; instead, the focus was on AC susceptibility measurements. The
Barkhausen e�ect, typically characterized by discrete jumps in magnetization due
to domain wall movements, is expected to introduce noise in the frequency regime of
these measurements. The frequency of Barkhausen emissions typically spans from
a few kilohertz to a few hundred kilohertz, although there are no strict upper or
lower frequency limits[31], which is a domain of AC susceptibility measurements.
Barkhausen noise produces a signal that is several orders of magnitude stronger
than the inherent noise of the measurement apparatus. Measurements containing
Barkhausen noise will be discussed in Appendix section.

1.2 Ferroelectricity

Ferroelectricity, the electrical dipole analogue to ferromagnetism, gives rise to ma-
terials that exhibit phenomena resembling those found in ferromagnetic materials.
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Figure 1.6: Illustration of the Barkhausen E�ect. Top Panel: Relationship between
the applied magnetic �eld H (black line) and magnetizationM (red line) over time
t. Bottom Panels (from left to right): Panel at t0: Magnetic domain wall moves from
left to right unencumbered. The triangular marker indicates a pinning center. Panel
at t1: At time t1, the applied magnetic �eld H reaches a pinning center, and further
increase of the �eld induces domain wall "jump" over the pinning center. Panel at
t2: By t2, further increase inH has caused additional domain wall movement, with
no in�uence from the pinning center.

An electric dipole consists of two equal and opposite charges separated by a �nite
distance, creating a dipole moment, which is a vector quantity describing the sepa-
ration of charges within a system. In ferroelectric materials, the alignment of these
dipole moments generates spontaneous polarization, even in the absence of an ex-
ternal electric �eld. This polarization can be reversed by applying an external �eld,
a characteristic that leads to hysteresis similar to that seen in ferromagnets.

Symmetry plays a pivotal role in the existence of electric dipoles and, by ex-
tension, ferroelectricity. For a crystal to exhibit ferroelectricity, it must possess a
non-centrosymmetric structure. A structure is centrosymmetric if it has an inversion
center: a point O such that for every atom at positionr relative to O, there is an
equivalent atom at � r . In centrosymmetric crystals, dipoles cannot exist because
any dipole moment formed in one direction is cancelled by an equivalent dipole mo-
ment in the opposite direction. Therefore, a necessary condition for ferroelectricity
is that the crystal structure be polar, meaning it lacks a center of inversion. How-
ever, non-centrosymmetry alone is not su�cient for ferroelectricity; the crystal must
also have spontaneous polarization that can be reversed under an external electric
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Figure 1.7: Two di�erent types of ferroelectric transition. (I) Displacive type where
a non-polar structure upon cooling enters a polar ordered structure. (II) Order-
disorder type where a disordered polar phase orders. Adapted from [2].

�eld, distinguishing ferroelectric materials from other polar materials, for example
pyroelectrics.

Two primary types of ferroelectric transitions exist: displacive and order-disorder
transitions. In a displacive transition, ferroelectricity arises when certain ions in
the crystal lattice shift from their equilibrium positions, leading to spontaneous
polarization. This is typically described by the "soft mode theory," where a speci�c
vibrational mode (phonon) of the crystal lattice becomes unstable as the material
approaches the Curie temperature, causing the transition to a ferroelectric phase.
This vibrational mode, known as the soft mode, is characterized by a frequency that
decreases to zero at the phase transition, thereby driving the structural change.

In contrast, order-disorder transitions involve the reorientation of existing
dipoles. Above the Curie temperature, the dipoles are randomly oriented due
to thermal agitation, but as the temperature decreases, they align in a coherent
direction, producing macroscopic polarization. The order-disorder model can be
described using a pseudo-spin framework, where the dipole moments behave analo-
gously to spins in a ferromagnetic system, ordering as the material cools. In Figure
1.7 displacive and order-disorder ferroelectrics are shown.

16



The exploration of ferroelectricity is not only signi�cant for understanding the
electric dipole behavior but also crucial when considering the potential coupling be-
tween electric and magnetic orders in materials, especially in the context of magne-
toelectrics. Such materials, exhibiting both electric and magnetic order parameters,
are promising candidates for novel functionalities in spintronics and memory de-
vices, where electric �elds can control magnetization, or vice versa. Understanding
the fundamental physics of these transitions and couplings can o�er new avenues for
designing materials with enhanced magnetoelectric responses.

1.3 Magnetoelectric e�ect

In its most general form, the magnetoelectric e�ect denotes any coupling between the
magnetic and electric properties of a material. This phenomenon encompasses a wide
range of interactions where the magnetic state of a material can in�uence its electric
properties, and vice versa. Typically, the magnetoelectric e�ect is presented in the
context of the linear magnetoelectric e�ect3. The relationship between the electric
and magnetic properties of a material can be described by a response function.
Mathematically, this e�ect is characterized by a tensor quantity, which relates the
induced polarizationPi in a material to an applied magnetic �eldHk by

Pi = � ik Hk (1.13)

where � is the linear magnetoelectric tensor andi; k are respective directions of
the induced polarization and magnetic �eld, with summation over repeated indices
implied (Einstein summation convention).

The origin of the magnetoelectric e�ect is rooted in the interplay between electric
and magnetic orders within a material. This e�ect arises from the coupling mecha-
nisms that allow the magnetic �eld to induce electric polarization and the electric
�eld to induce magnetization. For example in materials like Cr2O3, the magneto-
electric e�ect can be attributed to the shifts in electronic states caused by external
electric �elds, a�ecting the magnetic exchange interactions between ions[32, 33].
This is an example of a coupling mechanism that resides on a molecular level. On
the other hand the coupling mechanism in magnetoelectric composites is achieved
through the interaction between piezoelectric and magnetostrictive phases. The
magnetostrictive component deforms in response to a magnetic �eld, inducing a
strain that is transferred to the piezoelectric phase, which in turn generates an elec-
tric polarization, thus linking magnetic and electric properties through mechanical
deformation[5].

3Beyond the linear magnetoelectric e�ect, higher-order e�ects also exist. The next signi�cant
term is the bilinear magnetoelectric e�ect, often referred to as the induced magnetoelectric e�ect.
This phenomenon provides an intuitive explanation: a magnetoelectric e�ect that arises in the
presence of a bias �eld [5].
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Magnetoelectric e�ect in hexaferrites has mostly been found in complex hexa-
ferrites like Y-type [4]. There are some proposed substitutions that could produce
magnetoelectric e�ect in simpler M-type hexaferrites [8]. In this thesis, evidence
will be presented on the coupling between magnetic and electric properties of the
studied materials. The proposed origin of this coupling is complex, and it is not
immediately evident whether the standard linear magnetoelectric e�ect is present.
Although the linear magnetoelectric tensor was not measured, several attempts were
made to investigate its properties and potential manifestations.

1.4 Phenomenological models of relaxation

The exploration of materials under the in�uence of external electric or magnetic
�elds enables us to investigate their response. The response in itself reveals the un-
derlying dynamics and interactions that give rise to macroscopic phenomena. Within
the response we can distinguish two distinct behaviors: resonance and relaxation.
The resonating response is an under-damped solution modeled by damped harmonic
oscillator, while the relaxation response mirrors an over-damped solution within the
same model. The focus of the thesis lies predominantly on the exploration and
analysis of a few phenomenological relaxation models, as they hold more relevance
and o�er an insight into the nature of material behavior under external �eld.The
resonance models are implicitly connected to X-ray spectroscopies, in which reso-
nances arise when the incident photon energy coincides with the energy di�erence
between core and unoccupied electronic states, leading to a pronounced enhance-
ment in absorption or scattering. However, our focus there is on the conditions
under which those resonances appear as in Section 1.6, rather than on the resonance
models themselves.

1.4.1 Debye relaxation model

The Debye relaxation model is an elementary model which is used in studying the
response of a material to an applied electric or magnetic �eld [34]. It was formulated
by Peter Debye in the early 20th century. The model describes the delay between
the material's polarization (general polarization electric or magnetic, usually called
magnetization) as a response to the external �eld. The property that is generally
common to relaxation models is the distribution of relaxation times, which for the
Debye relaxation is single valued. This means that there is no underlying distribution
of intrinsic physical property that causes relaxation such as size or interaction of the
particles.

Mathematically the model is represented by the following equation for complex
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susceptibility

� � (! ) = � 1 +
� 0 � � 1

1 + i!�
(1.14)

where � 1 is susceptibility at high frequencies,� 0 is the at low frequency,i is the
imaginary unit, ! is the angular frequency and� is the relaxation time. At low
frequencies (! ! 0), susceptibility has value� 0 while at the opposing limit (! ! 1 )
it has value of� 1 . Between those limiting values a sigmoidal change in susceptibility
is occurring, where its shape is de�ned by relaxation time� and the numerator which
can be rede�ned as the strength of relaxation� � to support an interpretation.

1.4.2 Cole-Cole model of relaxation

When describing AC susceptibility and dielectric spectroscopy results, the Cole-Cole
model is a conventional framework following almost the same physical meaning as
the Debye Model. Historically, the Cole-Cole model was used in the description
of charge density wave relaxation [35, 36] and glassy dynamics [34]. The Cole-
Cole model distinguishes itself from the Debye model through the introduction of a
broadening parameter� , which introduces an exponent1 � � in its equation:

� (! ) = � 1 +
� 0 � � 1

1 + ( i!� )1� �
(1.15)

This modi�cation assumes a distribution of relaxation times for a given process
compared to the single relaxation time of the Debye model.

To visualize the distribution of relaxation times a following approach can be
employed. Let us consider a scenario where multiple discrete Debye relaxation pro-
cesses coexist with similar-valued relaxation times. Total susceptibility is the sum
of all relaxation process and it equates to

� (! ) = � 1 + ( � 0 � � 1 )
X

n

� n

1 + i!� n
(1.16)

where � n is the statistical weight of relaxation processn with relaxation time � n ,
with

P
� n = 1. If the number of relaxation processes is large enough weights can

be represented by a distribution and sum can be replaced by an integral. This way
Equation 1.16 is transformed into

� (! ) = � 1 + ( � 0 � � 1 )
Z � max

� min

g(� )
1 + i!�

d� (1.17)

where g(� ) is the distribution of relaxation times. Equation 1.17 enables us in
principle to construct a susceptibility response for a distribution of relaxation times
with arbitrary shape.
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Cole-Cole model is enough to describe all of the relaxational phenomena relevant
for this thesis4. In that model the distribution has shape

g(� ) =
1

2��
sin��

cosh
h
(1 � � ) ln

�
�
� c

�i
� cos��

: (1.18)

The function g(� ) has a pronounced peak at� = � c, that is equal to � (� � � c)
when � = 0, producing a Debye relaxational model as a check of validity. Figure
1.8 shows the real and imaginary part of the susceptibility obtained from Cole Cole
model as well as the distribution of relaxation times for few values of broadening
parameter � .

For this thesis measurements of both AC susceptibility and dielectric spec-
troscopy are modeled through Cole-Cole model. The speci�cs of the experimental
techniques will be discussed in chapters 3.1 and 3.3.

1.5 Maxwell/Wagner and Electrode Polarization

In dielectric materials, polarization phenomena can occur at various internal and
external boundaries, leading to signi�cant contributions to the dielectric response.
Two primary types of polarization that arise in such systems are Maxwell/Wagner
interfacial polarization and electrode polarization. These phenomena can be mod-
eled using a series of RC circuits, as shown in Figure 1.9, and are described using
similar mathematical frameworks despite their di�erent origins [34, 38]. In the con-
text of this thesis, both phenomena are considered undesirable as they can obscure
the response under investigation.

Figure 1.9: Equivalent circuit representation of Maxwell/Wagner and electrode po-
larization using a series of RC circuits. Each RC pair corresponds to a region with
distinct permittivity and conductivity.

Maxwell/Wagner polarization is an interfacial phenomenon that occurs due to
charge carrier blocking at boundaries between regions with di�erent permittivity or

4There is no need for further complications of the model, for example Havriliak�Negami relax-
ation, see papers [28, 37] for other models and their properties [28, 37]. Other models introduce
spectral features not visible in our experiments.
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conductivity within a material. This is typically observed in heterogeneous systems,
including colloids, suspensions, phase-separated polymers, and liquid crystals. In
such systems, polarization arises from the accumulation of charges at the phase
boundaries due to di�erences in electrical properties across the interfaces. This
results in frequency-dependent changes in both the real ("0) and imaginary ("00)
components of the dielectric function. The characteristic relaxation behavior of
Maxwell/Wagner polarization can be described by the Debye model:

" � (! ) = "1 +
� "

1 + i!� MW
; (1.19)

where "1 is the permittivity at high frequencies, � " represents the change in per-
mittivity, and � MW is the relaxation time, given by:

� MW = "0
"1 + "2

� r 1 + � r 2
; (1.20)

with "0 being the permittivity of free space,"1 and "2 the permittivity of the indi-
vidual layers, and� r 1 and � r 2 their relative conductivities [34, 38].

Electrode polarization, on the other hand, arises at the interface between the
sample and the measurement electrodes. This occurs due to the formation of inter-
facial layers of reduced conductivity, such as depletion layers or Schottky barriers,
which contribute to the dielectric response. The dielectric e�ects of these interfacial
layers are also frequency-dependent and can obscure the intrinsic dielectric behavior
of the material. Such e�ects have been observed in materials, such as doped semi-
conductors, where it contributes (and is also partially identi�ed by it) to apparent
colossal dielectric constants [39]. These e�ects emphasize the importance of care-
ful experimental design and interpretation, for example considerations of contact
materials[34, 38].

Both Maxwell/Wagner and electrode polarization display dielectric dispersion,
characterized by a step in� 0 and a peak in � 00. However, they di�er in their de-
pendence on material parameters. Maxwell/Wagner polarization is governed by the
heterogeneity of the sample, while electrode polarization depends on the contact
material and the interface geometry. The presence of contacts can induce dielectric
relaxation in a sample that would otherwise exhibit no relaxation,5 and, as shown
by Equation 1.20, the mean relaxation time depends on the sum of the conductiv-
ities of the sample and the contact. In addition, the sample's conductivity may
vary with temperature, which can generate processes that mimic slowing down phe-
nomena and complicate interpretation of the dielectric response. This interaction
between sample and electrode requires distinguishing relaxation in the sample from
that arising at the contacts when analyzing experimental data. The procedures for
separation are discussed and illustrated in references [34] and [40].

5A single RC circuit (sample only) shows no relaxation, but introducing another RC circuit in
series (sample + contact) produces dispersion in the dielectric function.
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The relevance of electrode polarization in this thesis lies in its potential to obscure
(or create arti�cial) the dielectric behavior of hexaferrite crystals, a phenomenon
that has also been reported in similar materials [38, 39]. Accurate identi�cation
and mitigation of electrode polarization e�ects are therefore essential for the correct
interpretation of dielectric spectra [34, 38, 40].

1.6 Crystal �eld theory

The role of this section is to present crystal �eld theory. In this thesis, two experi-
mental techniques performed, X-ray Absorption Spectroscopy (XAS) and Resonant
Inelastic X-ray Scattering (RIXS), rely on an understanding of crystal �eld e�ects.
While crystal �eld splitting is directly observable in XAS and RIXS spectra, it also
indirectly in�uences material properties such as electrical transport and magnetic
behavior. Thus understanding crystal �eld theory is essential for connecting these
measurements to the broader physical phenomena under investigation [41, 42].

The behavior of an isolated atom can be described using the atomic Hamiltonian,
which accounts for several fundamental interactions. In the absence of a crystal �eld,
the initial, intermediate, and �nal states (ji i , jni , and jf i , respectively) of an electron
are each described by the atomic HamiltonianHatomic :

Hatomic = Hkin + He=N + He=e + HSO: (1.21)

whereHkin =
P N

i =1
p2

i
2m represents the kinetic energy of the electrons, with momen-

tum pi and massm. He=N =
P N

i =1
� Ze2

r i
is the electrostatic interaction between

electron i (with charge e at radius r i ) and the nucleus (with chargeZe). He=e =
P

pairs
e2

r ij
denotes the electron-electron Coulomb interaction, determined by both di-

rect Coulomb repulsion and Coulomb exchange interaction.HSO =
P N

i =1 � (r i )l i � si

is the spin-orbit interaction for each electron in an open shell wherel i is orbital
angular momentum quantum number,si spin angular momentum quantum number
and � (r i ) is a constant. These four terms of the atomic HamiltonianHatomic , along
with a given ground statej	 i , describe the isolated atom in each state.

The crystal �eld multiplet Hamiltonian HCF enhances the atomic Hamiltonian
Hatomic by incorporating the electrostatic in�uence exerted by adjacent atoms within
a solid:

H = Hatomic + HCF : (1.22)

The crystal �eld Hamiltonian HCF = � e� (r ) integrates the electronic chargee
with the potential � (r ) surrounding it. This potential � (r ) can be depicted as an
expansion series involving spherical harmonicsYLM :
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� (r ) =
1X

L =0

LX

M = � L

r L ALM YLM (�; � ) (1.23)

In summary, the crystal �eld perturbs the atomic Hamiltonian and is expressed
through a sum of spherical harmonicsYLM with coe�cients ALM , which are derived
from the matrix elementsh3dj � (r ) j3di . Here, the3d orbitals are simply the atomic
3d eigenfunctions of the isolated ion, which we use as a basis to project the crystal-
�eld potential.

Given the frequent occurrence of transition metal ions surrounded by six atoms
forming an octahedral arrangement, we concentrate on the cubic crystal �eld case.
These neighbors create an octahedral �eld, associated with theOh point group. In
this thesis, within the unit cell, 18 out of 24 sites adopt an octahedral coordination
environment. The remaining sites consist of 4 tetrahedral and 2 trigonal bipyramidal
coordination environments. The tetrahedral and trigonal bipyramidal environments
can be derived using the same procedure applied to the octahedral environment.
More on the crystal structure will be discussed in the next chapter.

In a single-electron model within a spherical setting (O3), the 3d orbitals (l = 3)
are �ve-fold degenerate (2l + 1 = 5 ). In an octahedral (Oh) crystal �eld �ve 3d
orbitals split into two distinct symmetry groups:

ˆ The doubly degenerateeg orbitals (z2 and x2 � y2), oriented along the metal-
ligand bonds and associated with� -bonding.

ˆ The triply degeneratet2g orbitals ( xy; xz; yz), positioned between the metal-
ligand bonds and involved in� -bonding.

This splitting between the eg and t2g orbitals, is depicted in Figure 1.10. The
Figure depicts splitting of the tetrahedral (Td) and trigonal bi-pyramidal (D3h) sites
which are relevant for this PhD thesis[42, 43].

Having provided an overview of the key theoretical concepts in this chapter, we
now able to introduce hexaferrite materials, which are the main topic of this thesis.
These materials and their properties will be the focus of the next chapter.
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Figure 1.10: Illustration of crystal �eld splitting of d-orbitals for ions in spheri-
cal, octahedral, tetrahedral, and trigonal bi-pyramidal ligand �eld geometries. The
spherical con�guration, where charge is uniformly distributed over a sphere, shows
degenerated-orbitals. In the octahedral �eld, the d-orbitals split into two sets: the
lower energyt2g set (dxy ; dxz ; dyz) and the higher energyeg set (dz2 ; dx2 � y2 ). The
tetrahedral �eld results in the opposite splitting pattern, with the lower energye set
(dz2 ; dx2 � y2 ) and the higher energyt2 set (dxy ; dxz ; dyz). The trigonal bi-pyramidal
�eld results in a unique splitting wheredxz ; dyz are lowest in energy, whiledz2 is the
orbital with highest energy, anddxy and dx2 � y2 occupy intermediate energy levels.
Each geometry is represented with a corresponding coordination structure where
the central metal ion is surrounded by ligand ions or a distribution as in the case of
spherical symmetry.
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Chapter 2

Hexagonal ferrites

This chapter provides an overview of M-type hexaferrites, focusing on their struc-
ture, physical properties, associated phenomena, and synthesis method used for this
thesis. This chapter is divided into 5 sections. The �rst section is dedicated to brief
overview of the whole class of hexaferrites. The second section describes the crys-
tal structure of the M-type hexaferrites and the relevant concepts like space group
and coordination environments. Third section is dedicated to elementary magnetic
and electric properties. Fourth section "Phenomena Concerning Hexaferrites" is the
section where unique physical phenomena and properties are reviewed which are
connected to the topic of this thesis. This section also encompasses other ongoing
research that is indirectly associated with this thesis. Finally, the last section is
dedicated to hexaferrite crystal synthesis.

Because this class of iron oxide-based materials have gathered a lot of interest
since their discovery, an abundance of di�erent topics regarding hexaferrites exist. In
this thesis we touch on general topics but most of the topic are related to this thesis.
For a more general and detailed view of these materials, reviews are recommended
[1, 4, 44].
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2.1 Types of hexaferrites

Hexaferrites, a class of iron oxide-based materials, have been extensively studied
since their discovery in the 1950s [45] for their magnetic properties and structural
characteristics. These materials can be categorized into six main types based on
the crystal structure: M-type, W-type, X-type, Y-type, Z-type, and U-type, each
with their own general formula. The hexaferrite crystal structures can be viewed
as being composed from simpler blocks, which are stacked uniquely for a particular
hexaferrite type [1, 4].

The primary structural characteristic shared by this class of materials is the
pronounced anisotropy of their crystal structure, wherein the c-axis is signi�cantly
larger than the other crystallographic directions. From a magnetic perspective, these
materials are typically ferrimagnets, �nding notable applications in the permanent
magnet industry [1, 4]. In recent years, research has increasingly focused on the
magnetoelectric properties of hexaferrites, particularly within the Y- and Z-type
varieties [4]. These complex hexaferrites exhibit promising multiferroic behavior,
positioning them as strong candidates for next-generation electronic devices. Of
particular interest, Z-type hexaferrites, such as Sr3Co2Fe24O41, have demonstrated
room-temperature magnetoelectric e�ects, representing a signi�cant breakthrough
in the practical applications of these materials [1, 4].

In this thesis, we investigate the magnetic and electric properties of M-type hex-
aferrites with chemical formula (Ba,Pb)(Fe,Al)12O19. Although this type represents
the simplest form of hexaferrites, it still features a highly complex unit cell. The fol-
lowing sections will delve into the peculiarities of their crystal structure and explore
their intriguing physical properties.

2.2 Crystal structure of M-type hexaferrites

M-type hexaferrites have a general formula unit AB12O19, where A are usually earth-
alkali metals, B are usually trivalent transition metals while O is oxygen. Crystal
structure of M-type hexaferrites is predictably hexagonal isostructural with magne-
toplumbite (the �rst discovered and naturally found mineral which is a hexagonal
ferrite). It is agreed upon that the average representative space group is P6/mmc
containing two formula units. The c-axis of this space group contains a mirror plane
located at A atom and a 6 fold rotational symmetry.

The crystal structure of hexagonal ferrites is shown on the left part of Figure
2.1. Here the red spheres represent oxygen atoms, green spheres represent earth-
alkali metals while all other spheres are iron atoms in3+ oxidation state. Di�erent
colors of polyhedra represent crystallographically non-equivalent sites. These sites
are extracted on right part of the Figure 2.1. In these �ve non-equivalent sites
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Figure 2.1: Left: Crystal structure as viewed from[1; 1; 0] direction. Right: Five
unique iron coordinations. Red spheres represent oxygen atoms, green spheres rep-
resent earth-alkali metal, while all other color spheres are iron atoms in di�erent
coordinations. Crystallographic information �le obtained from [46, 47].

there are 3 di�erent coordinations. These are octahedralOh (2a,12k and 4f1 sites),
bi-pyramidal C3v (2b) and tetrahedral Td (4f2).

2.3 Physical properties

The most common magnetic structure of M-type hexaferrites is ferrimagnetic. The
Tc of the BaFe12O19 (BaM), an elementary M-type hexaferrite, is around 720 K.
Magnetic moment per iron atom is calculated by considering Fe3+ in high-spin con-
�guration, which has a spin state S = 5=2 due to the quenching of orbital angu-
lar momentum. Equation for magnetic moment calculation of a magnetic ion isp

g2S(S + 1) where g is the spin g-factor which has value� 2. This evaluates to
5.92 � B per iron atom. Some text books use a rule of thumb 1� B per unpaired
electron [1], which will adopt for the description of the properties.

Magnetic interaction stabilizes a collinear structure where out of the 24 available
magnetic moments(iron sites), 16 are oriented in parallel con�guration while the
remaining 8 magnetic moments are in antiparallel con�guration, resulting in5 �
(16� 8)=40 � B per unit cell. Magnetic structure with crystal structure for reference
is shown in Figure 2.2. From the �gure we can determine which iron sites are parallel
(2a, 12k and 2b) and which are antiparallel (4f1, 4f2).
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