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Abstract

Rare-earth ABO3 compounds are known to show a multitude of intriguing phenomena
ranging from colossal magnetoresistance [1] over metal-to-insulator transitions [2]| to
multiferroicity [3]. The rare-earth elements in such compounds can influence the prop-
erties of the material in various ways, which is the focus of the investigation in this
thesis. Three different influence pathways of the rare-earth ion are discussed here: via
the rare-earth ionic radius, by the rare-earth magnetic moment, and by the rare-earth

electronic structure.

At first, the focus is laid on the tendency of the rare-earth ionic radius to affect
the magnetic order in the compound series of hexagonal manganites h-RMnO3 with
R = Sc, Y, In, Dy—Lu. In this family of materials, while the literature agrees on
the magnetic order of the Mn®* ions in compounds with smaller ionic radii to be
By (P645¢'m), in h-YMnOs, which has a large ionic radius, there is a debate between
B (P64em’) and Be @ By (P64) order [4, 5|. With this work, it is shown by the
use of optical second-harmonic generation (SHG) that h-YMnOs orders into the B;
arrangement. Thereby this work shows the tendency that hexagonal manganites with

larger rare-earth ionic radii order into the B; configuration.

In a second project, the effect of the rare-earth magnetic order on the magnetic
phase diagram of h-ErMnOj is investigated, especially with regards to the coupling
between the Er* and Mn3* order. This work finds that under increasing magnetic
fields, both the Er3*t and Mn3* magnetic orders undergo a phase transition simulta-
neously. However, under decreasing fields, the Mn3* order does not instantaneously
follow the changes in the Er®t order, but it shows a two-step phase transition. With
lower temperatures, the full completion of both steps in this phase transition can re-
quire magnetic fields in the reverse direction or can no longer be completed. This
unusual phase transition is caused by the intricate interplay between the Er®t and the
Mn3* magnetic moments which effectively delays the phase transition of the Mn?*
order. This underlines the role of the rare-earth magnetic moments on the overall

magnetic order in rare-earth ABOgs compounds.

The third effect of the rare-earth ion on the properties of ABQOj3 structures dis-

cussed here is the influence of the rare-earth electronic levels on the properties of
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NdGaOs;. For this compound, several anomalies in structural, electronic, and mag-
netic properties or even a structural phase transition have previously been reported to
appear around 150-200 K [6-12|. The results presented in this thesis do not show any
indication of a structural phase transition occurring. However, due to temperature-
dependent changes in the SHG response, these low-temperature anomalies can be
correlated to changes in the population of the rare-earth electronic levels. This em-
phasizes the importance of the consideration of the rare-earth electronic levels when

investigating the properties of rare-earth compounds.

Overall, this work emphasizes the importance of the role of rare-earth elements
in ABOgs compounds, which can have different pathways to influence the material
behavior. Due to their ionic sizes, magnetic and electronic properties, rare-earth ele-
ments can enrichen the physics of these materials and lead to new complex phenomena.
Therefore, this work can serve as a foundation for further exploration and design of

complex rare-earth compounds.



Zusammenfassung

Seltenerd- A BOs-Verbindungen sind dafiir bekannt, eine Vielzahl faszinierender Eigen-
schaften aufzuweisen, die vom kolossalen magnetoresistiven Effekt [1] iiber Metall-Iso-
lator-Ubergiinge [2] bis hin zu Multiferroizitit [3] reichen. Die Eigenschaften dieser Ma-
terialien konnen durch die Seltenen Erden auf verschiedenste Weise beeinflusst werden,
was im Mittelpunkt dieser Arbeit steht. Dabei werden drei verschiedene Mechanis-
men diskutiert, wie die Seltenerdionen die Materialeigenschaften beeinflussen kénnen:
der Tonenradius, das magnetische Moment und die elektronische Struktur der Seltenen
Erden.

Zunichst wird die Beeinflussung der magnetischen Ordnung durch den Seltener-
dionenradius in der Materialklasse der hexagonalen Manganate h-RMnOs mit R =
Sc, Y, In, Dy-Lu untersucht. Wihrend in der Literatur in dieser Materialfamilie
die magnetische Ordnung der Mn3*-Ionen in Verbindungen mit kleineren Ionenra-
dien tibereinstimmend mit By (P65¢'m) angegeben wird, gibt es fiir h-YMnOg, das
einen grossen Ionenradius hat, eine Debatte zwischen der By (P65¢m’) und der By &
B; (P6%5) Ordnung [4, 5|. In dieser Arbeit wird mittels der Erzeugung der optischen
zweiten Harmonischen (engl. second-harmonic generation, SHG) eindeutig gezeigt, dass
h-YMnOs in der Bi-Konfiguration ordnet. Damit bestétigt diese Arbeit, dass hexag-
onale Manganate mit grosseren Seltenerdionenradien sich tendenziell geméss der Bi-

Konfiguration ordnen.

In einem zweiten Projekt wird der Einfluss der magnetischen Ordnung der Selte-
nen Erden auf das magnetische Phasendiagramm von h-ErMnQOj untersucht, insbeson-
dere im Hinblick auf die Kopplung zwischen den magnetischen Ordnungen der Er3*-
und Mn3T-Tonen. Diese Arbeit zeigt, dass bei zunehmenden Magnetfeldern beide mag-
netische Ordnungen gleichzeitig einen Phaseniibergang durchlaufen. Bei abnehmenden
Feldern folgt die Ordnung der Mn3*-Ionen jedoch nur verzégert den Anderungen in der
Ordnung der Er3*-Ionen und zeigt einen zweistufigen Phaseniibergang. Bei niedrigeren
Temperaturen kann der vollstandige Phaseniibergang der Mn?*-Ionen Magnetfelder in
umgekehrter Richtung erfordern. Bei zu tiefen Temperaturen kann der vollsténdige
Ubergang nicht mehr vollzogen werden und die Ordnung der Mn3*-Ionen verharrt in
einem Zwischenzustand. Dieser ungewohnliche Phaseniibergang wird durch das kom-

plizierte Zusammenspiel zwischen den magnetischen Momenten von Er3t und Mn3+

vii
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verursacht, das den Phaseniibergang der Mn?*-Ionen effektiv verzogert. Dies unterstre-
icht die Rolle der Seltenerd-Magnetmomente fiir die gesamte magnetische Ordnung in
Seltenerd- A BOs-Verbindungen.

Die dritte hier diskutierte Auswirkung des Seltenerdions auf die Eigenschaften von
ABOgs-Strukturen ist der Einfluss der elektronischen Niveaus der Seltenen Erden auf
die Materialeigenschaften, hier gezeigt am Beispiel von NdGaQOs. Fiir diese Verbindung
wurden bereits das Auftreten mehrerer Anomalien in den strukturellen, elektronischen
und magnetischen Eigenschaften und sogar ein struktureller Phaseniibergang im Bere-
ich von 150-200 K berichtet [6-12]. Die in dieser Arbeit vorgestellten Ergebnisse zeigen
jedoch keinen Hinweis auf einen strukturellen Phaseniibergang. Allerdings kénnen
diese Anomalien bei niedrigen Temperaturen mit Verdnderungen in der Besetzung der
elektronischen Niveaus der Seltenen Erden Kkorreliert werden, die sich als temperature-
abhingige Anderungen des spektralen SHG-Signals manifestieren. Dies unterstreicht,
wie wichtig die Beriicksichtigung der elektronischen Niveaus der Seltenen Erden bei

der Untersuchung der Eigenschaften von Seltenenerdverbindungen ist.

Insgesamt unterstreicht diese Arbeit die Bedeutung der Rolle der Seltenen Erden
in ABOgs-Verbindungen, die auf verschiedenen Wegen das Materialverhalten beein-
flussen kénnen. Aufgrund ihrer Ionengrossen, magnetischen und elektronischen Eigen-
schaften konnen Seltene Erden die physikalischen Eigenschaften dieser Materialien
bereichern und zu neuen komplexen Phénomenen fithren. Daher kann diese Arbeit als
Grundlage fiir die weitere Erforschung und das Design komplexer Selteneerdverbindun-

gen dienen.
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CHAPTER

Introduction

Rare-earth elements are a group of atoms consisting of Sc, Y, and the lanthanides (La—
Lu) [13-15|. Historically, this group of elements was defined due to their occurrence
within the same ore deposits, which is caused by their similar chemical properties [15].
The term "rare earth" originates from the time of the discovery of the elements since
they initially were only found in a few mines and, therefore, believed to be rare [14].
This assumption is, however, from today’s perspective not accurate anymore since
the abundance of rare-earth compounds within the earth’s crust is similar to major
industrial metals such as Ni, Cu, and Zn [14]|. Rare-earth elements are chemically elec-
tropositive, preferentially in an oxidation state of +3, and often form ionic compounds,
like in rare-earth-based oxides [14]. While rare-earth elements are chemically similar,
it is to be noted that in the lanthanides, the 4f electron shell is gradually filled, which

is not the case for the elements of Sc and Y.

Among rare-earth-based oxide crystals, the ABOgs stoichiometry is one of the
most frequently studied ones. In this composition, rare-earth ions usually occupy the
A site and the transition-metal ions are on the B site. In such structures, the rare-
earth ions can impact the material properties in several ways, which can occur via the
crystal structure, the magnetic order, or the electronic structure. These three aspects

will be discussed in more detail in the following.

Rare-earth ions in ABOg compounds affect the crystal structure due to their
large ionic radii [16, 17]. The rare-earth ionic size can cause various changes in struc-
tural properties, ranging from variations of lattice parameters to altering the structural
symmetry as a whole [18-21]. For example, rare-earth manganites RMnOj3 form an
orthorhombic perovskite structure when the R site is occupied by La—Tb and a hexag-
onal structure for the rare-earth elements of Sc, Y, and Ho—Lu, while Dy marks the
boundary between these two polymorphs [22, 23|. Such changes of structure due to

the rare-earth ionic size, can further affect the properties of ABO3 compounds. In
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rare-earth nickelates, for example, the influence of the rare-earth ionic radius on the
structure changes the temperature of the metal-to-insulator transition exhibited by

the system [2].

Regarding the influence of the rare-earth ions on the magnetic order in ABOg
compounds, it is necessary to distinguish three cases where a magnetic moment is
present (1) only on the transition-metal ion, (2) only on the rare-earth ion, or (3) on
both the transition-metal and the rare-earth ions. In the first case, the rare-earth ion
only affects the magnetic order of the transition-metal ions via the structure, similar to
the aspects discussed in the previous paragraph. For example, both rare-earth titanates
RTiOs and hexagonal manganites h-RMnOgs show a tendency that the spontaneous
order of the transition-metal magnetic moments changes its symmetry depending on
the rare-earth ionic size [18, 24]. In the second case, only rare-earth magnetic moments
order which typically occurs at temperatures in the range of 5 K or lower [25-27]. The
magnetic order can become more complex for the third case since the magnetic orders
of the rare-earth and the transition-metal ions couple to each other. While both ions
typically have separate magnetic ordering temperatures, any change in the magnetic
order of one ion can trigger a change in the magnetic order of the other ion. Such an
effect has, for example, been observed in orthochromites, orthoferrites, and hexagonal

manganites [4, 28-33].

In addition to the aspects of crystal structure and magnetic order discussed above,
the rare-earth electronic structure can also affect the material properties of rare-earth
ABO3 compounds. This is especially the case for rare-earth ions with partially filled 4f
levels since they exhibit multiple energetically sharp 4f electron levels which are absent
for transition-metal ions [34]. An example of how this kind of electronic structure
affects the material behavior can be found in PrAlOj;, where a coupling between 4f
electronic transitions and phonon modes causes structural phase transitions below

room temperature [35, 36].

These examples are a demonstration of the intricate correlations of rare-earth
elements, which have already sparked many investigations. This thesis aims to dive
deeper into this complex physics of the rare-earth ions in ABOj3 materials. Three
exemplary subprojects demonstrate the various influences of the rare-earth ions due
to the three aspects discussed above; their size, magnetic moment, and electronic

structure.

Chapter 4 investigates the impact of the rare-earth ion size on the magnetic
order of the transition-metal ion by the example of the hexagonal manganites series. As
previously indicated, upon spontaneous ordering of the Mn?* ion, different magnetic
space group symmetries are observed with a tendency to depend on the rare-earth
ionic radii [4]. While these symmetries are known for most compounds and agreed

upon in literature, h-YMnOj3 exhibits contrasting reports for the magnetic space group



symmetry |5, 37|. Therefore, further investigations on the magnetic symmetry of this

compound are needed.

In Chapter 5, the effects of the magnetic moments of the rare-earth ions and
their coupling to the transition-metal magnetic moments will be discussed for the
same family of hexagonal manganites on the example of h-ErMnOj3. To achieve this, a
magnetic-field-dependent phase diagram for both the Er3* and Mn3* order is measured
in this work, which even includes a reversal of the magnetic field. Due to the overlay
of the phase transitions of the two magnetic ions, it is possible to better understand

their coupling behavior under the influence of magnetic fields.

Chapter 6 scrutinizes the influence of the electronic structure of the rare-earth
elements in ABOg compounds. For this study, NdGaOsg is investigated. NdGaOs
has a low-temperature anomalous behavior in its structural, electronic, and magnetic
properties [7]. While the origin of this low-temperature property change is suspected
to be correlated to the 4f electronic structure of the rare-earth ion, there is still an
open debate about the cause of this behavior [8, 12|. Therefore, further investigations

are needed to shed more light on this phenomenon.






CHAPTER

Scientific background

This chapter summarizes important aspects of structural, magnetic, and electronic
properties of rare-earth ABOg materials relevant for this work. Furthermore, as many
of these compounds exhibit ferroic order, the most important definitions and charac-
teristics of ferroic order are introduced. This includes the discussion of different types

of ferroic order and their immediate consequences.

2.1 Rare-earth elements in ABO3; compounds

2.1.1 Crystal structure of rare-earth ABO; compounds

For the ABOs3 stoichiometry, one of the most well-known structures is the cubic per-
ovskite which consists of corner-sharing BOg octahedra that surround the A cations as
shown in Fig. 2.1a. The stability of this structure is limited by the ionic radii [16, 17]
of the A and B cations. A helpful tool to assess how well the different combinations
of cations fit into the perovskite structure was defined by Goldschmidt [38] with the

so-called tolerance factor
ra + 70

N V2(rg +70)’

with ra, rg, and ro as the ionic radii of A, B, and oxygen. To achieve the cubic per-

(2.1)

ovskite structure, this tolerance factor is ideally 1, but can still vary within the range of
approximately 0.9-1 [39]. However, when the tolerance factor is outside of this range,
other crystal structures are forming which can be either distorted perovskite struc-
tures or non-perovskite structures. In the case of distorted perovskites, the structure
is distorted away from the ideal cubic structure which results in orthorhombic, rhom-
bohedral, monoclinic, or tetragonal symmetry [40]. This structural distortion occurs
in different ways, where the most prominent ones are cation displacement, tilts of the
corner-connected octahedra, and Jahn-Teller distortion of the octahedra [41]. ABOs3
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Figure 2.1: Different structures for the ABOs3 stoichiometry with (a) the cubic perovskite struc-
ture of SrTiOs, (b) the orthorhombic perovskite structure of NdGaOs, and (c) the hexagonal
structure of YMnOs. In all three structures, the O? ions are red, the B ions are within the

octahedra or bipyramids, and the A ions are between these polyhedra.

compounds can, however, also form non-perovskite structures such as the hexagonal,

the corundum, or the ilmenite structure [39, 40].

The two polymorphs that are most commonly discussed in the case of rare-earth
ABOj3 compounds are the orthorhombic perovskite and the hexagonal structure, which
are also the structures of the compounds discussed in this thesis. An example of an
orthorhombic perovskite is shown in Fig. 2.1b, where the BOg octahedra are tilted
compared to the cubic perovskite structure. Among the different ABO3 structures,
the orthorhombic perovskite is among the most widely discussed ones due to its ability
to incorporate many different ion combinations of A and B cations [40, 42]. The other
common polymorph for rare-earth ABQOg crystals, the hexagonal structure as shown in
Fig. 2.1c, consists of layers of corner-connected trigonal BO5 bipyramids that alternate
with layers of A ions. Compared to the perovskites, the hexagonal structure appears
to be much more limited for the possible A and B site cations that lead to stable
crystal growth. According to the current literature [39], the hexagonal structure can
be found for the B cations of Mn, Fe, Al, Ga, In, and Sc, and the A cations of Sm-Lu,
Y, Sc, and In.

The prediction of which of these two polymorphs is more favorable depends on
the tolerance factor but also on many other aspects like the electronic stability or even
growth conditions [39, 43]. For example, in the series of the rare-earth manganites,
larger rare-earth ions like La—Tb favor the orthorhombic perovskite structure, while
smaller rare-earth ions such as Ho—Yb prefer the hexagonal structure [39, 43]. Since
the ionic radii of Ho-Yb are smaller than those of La—Tb [16, 17], there appears to
be a preference for the hexagonal structure for smaller tolerance factors. Nevertheless,
depending on the growth conditions, it is also possible to stabilize the orthorhom-

bic perovskite structure even if the rare-earth ions are small such as for HoMnOg3 or
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YbMnOg [43|. Therefore, the expected structure of ABO3s compounds cannot solely

be predicted on the basis of the tolerance factor.

2.1.2 Magnetic order of rare-earth ABO; compounds

While a more general description of magnetic order can be found in section 2.2.2, this
paragraph aims to briefly focus on the case of the rare-earth ABOj3 system. Both
the A and the B ions in these compounds can have a magnetic moment that orders
at a critical ordering temperature. As mentioned in chapter 1, three cases can be
differentiated depending on the rare-earth A and transition-metal B ion combinations:
First, when only the transition-metal ion has a magnetic moment; second, when a
magnetic moment is only present on the rare-earth ion; and third, where both ions
have a magnetic moment. In the first case, the magnetic moment on the transition-
metal ion orders magnetically at a critical temperature TT™ that lies typically within
the range of 40-700 K [18, 28, 44, 45|. In this case, the rare-earth ion does not
directly contribute to the magnetic order and only indirectly affects the magnetic
order of the transition-metal ion via the structure, as will be discussed further in
chapter 4. For the second case, a long-range magnetic order of the rare-earth magnetic
moment usually emerges at a critical temperature TR¥ around 5 K or lower, which
is considerably lower than for the previous case of the transition-metal ordering [25-
27]. In the third case, both the transition-metal and the rare-earth magnetic moments
order while typically still exhibiting separate spontaneous ordering temperatures, 7TM
and TRE. However, these two magnetic orders can couple to each other, meaning the

TTM

order of the transition-metal ion at can also induce a magnetic order of the

rare-earth ion and, vice versa, the ordering of the rare-earth ion at TRE

can change
the magnetic order of the transition-metal ion, as becomes evident from the results
presented in chapter 5. When comparing the different compounds within a family
of materials, such as ortho-ferrites, ortho-chromites, and hexagonal manganites, it
becomes evident that the coupling between two magnetic ions can significantly change
the phase diagram as compared to the compounds where the rare-earth ions have no
magnetic moment [4, 28-30|. There are, however, other material families, such as the
ortho-manganites, where the magnetic order does not appear to change significantly

irrespective of the rare-earth ions carrying a magnetic moment or not [44].

2.1.3 Electronic energy levels of rare-earth ions in ABO; compounds

The ions within the rare-earth ABOg compounds have different types of electron con-
figurations. The O?~ anion has the configuration 1s?2s?2p%, whereof the 2p electrons
are involved in the bonding in the structure. Since the rare-earth ion typically has a

valency of 3+, as mentioned in chapter 1, the transition-metal ion in these compounds
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appears with the same valency of 3+. For transition-metal ions of the 4th period,
the B3 ion has the electron configuration of [Ar]3dX with z = 0-9. The electron
configurations of transition-metal ions of higher periods are similar, but not discussed
here as they are rarely used in ABOsg structures. The rare-earth ions have an electron
configuration of [NGJ4fY with NG as the electron configuration of the corresponding
noble gas and y ranging from 0-14.

What sets rare-earth-based ABO3 compounds apart from other ABOg3 materials,
is the 4f electronic levels of the rare-earth ion, which becomes especially relevant in
chapter 6. Within an ion, the 4f orbitals lie closer to the core than other fully-filled
orbitals of higher quantum numbers such as the bs orbital. Therefore, the electrons
of the outer shells screen the 4f electrons which causes the 4f electron levels to be
energetically much sharper than s, p, or d orbitals [34]. Since there are seven 4f
orbitals, there are several occupation possibilities for the electrons which leads to
a large number of 4f energy levels [46]. When rare-earth ions are within a crystal
structure, as is the case for ABO3 compounds, the number of electronic levels further
increases due to a crystal-field splitting [34]. It is possible to access these energy
levels by investigating the electronic transitions with spectroscopic techniques. In that
regard, it is important to know what type of transitions are allowed by parity selection
rules and which are not [47]. Electric-dipole transitions within the 4f" configuration are
forbidden, making only magnetic-dipole, electric-quadrupole, and other higher-order
transitions possible [47]. However, in the presence of odd-parity interactions with the
crystal, such as the crystal field, electric-dipole transitions can become allowed [34, 47].
In spectroscopic measurements, these 4f-4f electronic transitions appear as sharp, line-
like features in accordance with the underlying energy levels [34]. In ABO3 compounds,
the electronic structure of rare-earth ions is believed to trigger different effects such as
structural phase transitions, which has been observed, for example, in PrAlOs [36, 48|,
or changes in the magnetic order, as was seen in TmFeOgs [49]. However, an in-depth

understanding of such phenomena in ABQOg compounds is often still lacking.

2.2 Ferroic order

Since many rare-earth ABO3 compounds exhibit ferroic order, as discussed for mag-
netic order in the previous sections, it is necessary to discuss the definitions and prop-

erties of ferroic materials.

2.2.1 Definition of ferroic order

Ferroic materials are characterized by the long-range ordering of a macroscopic prop-

erty with two or more stable states [50]. It is possible to switch between these states



2.2. Ferroic order

by applying an external conjugate field. In the case of ferromagnetism, ferroelectricity,
or ferroelasticity this macroscopic property is magnetization M, polarization P, or

strain € and the conjugate field is a magnetic field H, an electric field E, or stress o.

For ferroic materials, the phase transition from a non-ferroic to a ferroic state is
defining for the understanding of the ferroic state. A ferroic phase transition is non-
disruptive and involves a loss of point-group symmetry elements from the so-called
prototype phase to the ferroic phase [50]. This phase-transition behavior can be de-
scribed by an order parameter O which is zero in the prototype phase and takes two or
more values in the ferroic phase, indicating the presence of two or more states [51, 52].
As a consequence, a material within a ferroic phase can choose to order within one
or more of these order-parameter states. If the material orders into several of these
order-parameter states, then it forms so-called domains in which the order parameter
takes only one of these states. This type of ordering behavior is called a multidomain
state. On the other hand, if the material orders into one order-parameter state, it only
exhibits one domain which is called a single-domain state. This formation of domains
separated by domain walls is one of the key characteristics of ferroic materials |[50].
The number of possible order-parameter states, also called domain states, no can be
calculated by dividing the number of symmetry elements in the prototypical phase

Nprototype With the number of symmetry elements in the ferroic phase Neerroic [53]:

_ Nprototype (2 2)

no
Nferroic
The symmetry operations that are lost from the prototypical to the ferroic phase

transfer the order-parameter states among one another.

Order parameters are correlated to the macroscopic properties of the ferroic ma-
terial. For example, when a ferromagnet orders within a single-domain state, meaning
exhibiting only one order parameter value, the magnetization direction of the material
is characteristic of that order parameter value. Therefore, order parameters are often
named after the macroscopic order that they entail, such as M in ferromagnets or P

in ferroelectric materials.

Another key characteristic of ferroic materials is that the order parameter can be
switched into a single-domain state by the conjugate field that is associated with the
type of ferroic order [50|. This switching behavior is hysteretic and will be explained
in the following by the example of a ferromagnet, as depicted in Fig. 2.2. In its virgin
state, a ferromagnet is typically in a multidomain state with an approximately equal
population of the different domain states. Therefore, in that state the ferromagnet
exhibits little to no net magnetization, as the local magnetization of the different
domain states cancels each other out. Under an increasing magnetic field, the domains
whose order parameter aligns with the field direction expand until a saturation point

where a single-domain state is reached. This change in the domain-state population
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Figure 2.2: Schematic depiction of a hysteresis loop for a ferromagnet with two different domain
states as a function of an applied magnetic field. The negative magnetic field and magnetization
axes correspond to the direction changing to the opposite orientation. A schematic of the
domain pattern indicates the expected fraction of the domain states that is present at different
points within the hysteresis loop.

causes an increase in the magnetization until it levels off at the point of saturation.
When the magnetic field is removed and reaches zero, the domain population does
not return to the virgin state since it is still dominated by the domain state that was
present at the saturation point. This behavior is called remanence since there is still
a remanent magnetization present. To return to a state with no net magnetization,
an opposite magnetic field is necessary which is called the coercive field. At that
point, the local magnetization of the different domain states cancels out, similar to
the virgin state. Upon further reversal of the magnetic field, a point of saturation
is reached again but there with a magnetization in the opposite direction compared
to the previous saturation point. Upon cycling the magnetic field back in the other
direction, the points of remanence and coercive field are reached again, only this time
with opposite directions, until the saturation point is reached, closing the hysteresis

loop (see Fig. 2.2).

2.2.2 Magnetic order

The atoms present in crystals can have magnetic moments either due to the spins of
the electrons, orbital motion, or nuclear magnetic moments [50]. When focusing on
the spins of the electrons, some atoms naturally have a net magnetic moment due to
unpaired electrons. This magnetic moment is strongly affected by chemical bonding
as the orbital degeneracy changes and the electrons are shared or transferred among
the involved atoms. In a material, neighboring magnetic moments interact, which can
lead to long-range magnetic order. These ordered structures form to minimize the free

energy of the system, where the contribution that is relevant for the interaction of
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spins is the Heisenberg exchange interaction [50, 54]

x
Hexchange =-2J Si : Sj, (23)

i
with the exchange integral J and the spins of neighboring atoms Sj, Sj. When J > 0
the parallel arrangement of neighboring spins is favored while conversely for J < 0 an

antiparallel one is expected.

This exchange energy, however, only determines the parallel or antiparallel ar-
rangement that is favored between nearest neighbors and not the directionality within
the crystal lattice. The energy term that favors the arrangement of magnetic moments
along certain crystal directions is called the anisotropy energy [55]. Both the exchange
and the anisotropy energies highly depend on orbital overlap and, therefore, also on
the structure, the ions, and the ligands within a crystal. The combination of these two
energy contributions can form a magnetically ordered lattice with magnetic moments

preferentially pointing along the so-called easy axis.

In oxide crystals, the coupling between magnetic moments can also occur for next-
nearest neighbors via superexchange. This type of exchange interaction is mediated
by an anion, typically oxygen, that is situated in between the two magnetic ions [54].
Depending on the bond angles, orbital overlaps, and electron configuration of the ions
and anions involved in the superexchange, an antiparallel or parallel arrangement is

favored, following the Goodenough-Kanamori rule [56].

With the above-discussed magnetic interactions, different arrangements of long-
range magnetic order can form. Due to the properties of the magnetic moment, the
onset of magnetic order is associated with the breaking of time-reversal symmetry.
Typically, three main categories of magnetic order are defined, which are ferromag-
netism, ferrimagnetism, and antiferromagnetism. A ferromagnet is characterized by a
parallel arrangement of magnetic moments which add up to a net magnetization. In
the simplest case of a ferrimagnet, two magnetic sublattices order where their respec-
tive magnetic moments partially compensate each other, but since this compensation
is not complete, there still results a net magnetic moment. An antiparallel magnetic

order with no net magnetization is, thereby, called an antiferromagnet.

2.2.2.1 Antiferromagnetism

While ferromagnets follow the general properties of a ferroic order as discussed in sec-
tion 2.2.1, antiferromagnets lack one main characteristic of ferroic materials. Although
antiferromagnets show a long-range order of magnetic moments, due to the absence
of a net magnetization, there is no obvious choice of a macroscopic property that can
be switched by a conjugate field. Despite this difference from other ferroic orders, an-

tiferromagnets can still follow the criteria of ferroic phase transition, where an order

11
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Figure 2.3: Typical examples of domain patterns that occur in ferroic materials with (a) flux-
closure domains, (b) stripe domains, and (c) bubble domains.

parameter arises and allows for different domain states. This antiferromagnetic order

parameter is typically labeled by /.

2.2.2.2 Ferromagnetic and antiferromagnetic domains

For the case of ferromagnets, the above-discussed energy terms of the exchange and
anisotropy energy favor the alignment of all magnetic moments and therefore a single-
domain state. However, such a single-domain configuration costs magnetostatic energy
since it produces magnetic stray fields leaving the edges of a material. Ferromagnets
tend to find a compromise between minimizing the stray field and the exchange energy
via the formation of domains [57]. Within individual domains, the exchange and
anisotropy energy are still minimized. However, at the domain wall, these two energy
terms are no longer minimal, meaning there is an energy cost for the formation of
multiple domains. This cost for domain-wall formation is usually still lower than the
energy gained due to the reduction of magnetic stray fields. The typical textbook
example of a domain configuration that minimizes the magnetostatic energy is so-
called flux-closure domains [55], as illustrated in Fig. 2.3a. Since this balance of the
energy terms depends not only on the material structure and properties but also on
the exposure to various external parameters, such as temperature and magnetic field,
a multitude of different domain morphologies can be found [57], for example, bubble

domains as shown in Fig. 2.3c.

Antiferromagnets, on the other hand, do not produce magnetic stray fields as they
do not show a net magnetization. As the main driving force for domain formation is
absent in antiferromagnets, there is a preference for a single-domain state in thermody-
namic equilibrium. However, due to factors like the kinetics during phase transitions
and crystalline imperfections, antiferromagnets are still observed to form domains [58].
Furthermore, antiferromagnetic domains can also form when the antiferromagnetic or-
der is coupled to other ferroic order parameters that are present simultaneously, as

will be discussed further in chapters 4 and 5.
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2.2.3 Ferroelectricity

Ferroelectric materials exhibit a long-range order of local polarization [59]. As opposed
to magnetic order, this local polarization is not associated to specific electrons or ions
but rather results from the respective displacement of the charged entities within a
material. Therefore, a ferroelectric phase transition involves a displacement of the
ions with respect to each other that leads to a non-zero electric polarization. From
a symmetry point-of-view, this displacement of ions is only possible for polar symme-
tries which all break the inversion symmetry, similar to how magnetic order breaks
time-reversal symmetry. Ferroelectricity can also arise as a secondary effect, for exam-
ple, from a structural distortion or magnetic phase transition, which is referred to as
improper ferroelectricity [53]. Improper ferroelectricity can, for example, be found in

the hexagonal manganites which are investigated in chapters 4 and 5.

2.2.3.1 Ferroelectric domains

In analogy to ferromagnets, the single-domain state of a ferroelectric produces electric
stray fields with a large electrostatic energy cost. Therefore, ferroelectrics also typi-
cally form multidomain states. However, the underlying energy terms that need to be
minimized in ferroelectric materials are different from those for ferromagnets, as dis-
cussed in the following. The two main energy terms that need to be considered for the
domain formation are the electrostatic and the elastic energy [50]. The minimization
of both electrostatic and elastic energy affects the domain patterns that can be found
in ferroelectrics. The elastic energy can be reduced when the domain wall is along
a favored structural direction [60]. On the other hand, the minimization of the elec-
trostatic energy leads to a tendency to avoid charged domain walls. This means that
domains with antiparallel P avoid domain walls in directions where the polarization
vectors are facing head-to-head or tail-to-tail [60]. In a typical ferroelectric material,
charged domain walls are avoided by stripe-like or flux-closure-like domain patterns
[60], as shown in Fig. 2.3a,b. However, the structure, imperfections, and thermal his-
tory of the sample can largely influence the domain pattern [60, 61]. This is especially
the case for improper ferroelectric materials where the primary order parameter that
causes the ferroelectricity can impose a domain configuration with charged domain
walls [62].

2.2.4 Ferroelasticity

Similar to ferroelectricity, ferroelasticity can be regarded as a long-range order of local
strain within a crystal [50]. This definition, however, suffers from a similar problem as

in the case of ferroelectric materials, which is that local strain cannot be associated with
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Figure 2.4: Schematic of domain configuration of multiferroics of (a) type | and (b) type Il
with the magnetization M and the polarization P as the two order parameters. The different
types of walls that arise are labeled ferromagnetic (FM), ferroelectric (FE), or multiferroic (MF),
depending on which order parameters change. Reproduced with permission from Springer
Nature from Ref. [3].

a specific atom. However, what can define strain locally is the change of the relative
mean positions of the atoms within a crystal [50]. A ferroelastic phase transition
involves a distortion of the lattice in a way that changes the shape of the unit cell [50].
This is achieved when the structure changes its crystal system, for example, from cubic

to orthorhombic as is the case for NdGaOg that is discussed in chapter 6.

The ferroelastic domains form as a means to minimize the strain within the struc-
ture. Therefore, domain patterns in ferroelastics strongly depend on the crystal struc-
ture [63]. As discussed already for both ferroelectrics and ferromagnets, the kinetics
during the phase transition, defects, and other structural constraints further affect the
domain distribution. This can even lead to ferroelastic domain patterns that increase

the internal strain and bending of the lattice [63].

2.2.5 Multiferroicity

The simultaneous presence of multiple ferroic orders within one material is referred to
as multiferroicity [53, 64|. The current research focuses mostly on multiferroics with
a simultaneous presence of magnetic order and ferroelectricity, which is also most rel-
evant for the discussion in this work. These types of multiferroics have the possibility
to exhibit a magnetoelectric coupling in which the polarization (or magnetization) can
be switched by a magnetic (or electric) field [53]. This is especially interesting due to
the application potential in magnetoelectric logic and storage devices [64]. It is im-
portant to differentiate this from the linear magnetoelectric effect in which a transient
polarization (or magnetization) is induced in a linear dependence by a magnetic (or
electric) field [53].

Magnetoelectric multiferroics can be separated into two types depending on how
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] B

Ising domain wall Bloch domain wall Néel domain wall

Figure 2.5: Schematic of different types of 180 domain walls with the black arrows repre-
senting the local moments and the gray planes marking the end and start of the domain wall.
Subfigures (a), (b), and (c) are showing Ising, Bloch, and Néel domain walls, respectively.

the magnetic and ferroelectric order parameters couple [53]. Multiferroics with indepen-
dent order parameters are called split-order-parameter (type I) multiferroics. In this
type, the two different orders arise separately, typically at different temperatures [53].
In the domain structure that arises, domain walls can separate regions where one or
both order parameters change, as depicted in Fig. 2.4a. In many materials of this
type, the presence of domain walls where both order parameters change indicates
that, despite the splitting of the order parameters, a magnetoelectric coupling is still
possible [53]. A stronger coupling can be found in joint-order-parameter (type II) mul-
tiferroics which have order parameters that are rigidly coupled. In those materials,
the order parameters arise at the same temperature [53]. As a consequence of the
coupling of the order parameters, the different domain states usually exhibit a change
in both order parameters, as illustrated in Fig. 2.4b. For the domain pattern, this
means that there are only domain walls that involve a change in both the magnetic
and ferroelectric order. The hexagonal manganites that are investigated in this work

(see chapters 4 and 5) are an example of a split-order-parameter multiferroic.

2.2.6 Domain walls

Depending on the type of ferroic order and the material properties, domain walls have
different structures and widths. Within the domain wall, the order parameter reorients
its direction. This change in order parameter is often tracked by following the variation
in the local moment which is exhibiting the long-range order described by the order
parameter, for example, the magnetic moment. For a wall separating 180° domains,
there are typically three types discussed: Ising, Bloch, and Néel type [53]. As shown
in Fig. 2.5a, Ising domain walls exhibit a decrease in local moment until it reaches zero
and then increases in the opposite direction. On the other hand, in Bloch and Néel
domain walls, the local moment does not change its magnitude but incorporates the
180° via a rotation. For Bloch domain walls, the rotation axis is perpendicular to the
domain wall plane, whereas in Néel walls, the rotation axis is within the wall plane
and perpendicular to the direction of the local moments within the domains as shown
in Fig. 2.5b,c. In the case of magnetically ordered systems, Ising walls are not feasible

since the magnetic moments of the atoms cannot simply shrink or disappear like, for
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example, a local electric polarization can. These three categories for 180° domain walls
only show a simplified picture of the possible domain wall structures. The situation
can become more complex for rotation angles other than 180°, for other directions of
the domain wall planes, or in systems with non-collinear ordering of local moments. In
improper ferroelectrics, for example, there is the possibility of charged domain walls, as

mentioned previously, which can put further constraints on the domain wall structure.

The formation of domain walls is associated with an energy cost since the order
is disrupted. However, multidomain structures are typically still favorable due to the
reduction of stray fields. Since the energy balance for domain formation is different
depending on the type of ferroic order and the material, domain wall widths can vary
for different compounds. Typical ranges for domain-wall widths are 1 pm to 10 nm for
magnetic domain walls, around 1 nm for ferroelectric domains walls, and 1-10 nm for

ferroelastic domain walls [54, 61].



CHAPTER

Methods

To produce the main experimental results of this work, the use of techniques to ac-
cess long-range order present in materials is essential. The predominant technique
used in this thesis is optical second-harmonic generation (SHG) as a highly symmetry-
sensitive process. In section 3.1, SHG is first briefly explained theoretically, followed
by the experimental implementation, including a schematic of the optical setup. Any

complementary techniques used in this work are described in section 3.2.

3.1 Second-harmonic generation

3.1.1 Theoretical background

SHG is a non-linear optical process in which light of frequency w is absorbed and
light at frequency 2w is emitted. For a more in-depth understanding of this non-
linear optical process, one first needs to consider what occurs within a material upon
exposure to light, which in the following will be described as an oscillating electric field.
In dielectrics, an electric field E induces a polarization Pj,q which can be described
by

Ppa = eco(xVE + i((?in PE + ), (3.1)

p@

with the vacuum permittivity ey and the susceptibility tensor of n-th order X(”). Due
to the oscillating nature of light, the induced polarization is also oscillating and can
again produce a light wave. The first term has a linear dependence on the electric field
and, therefore, includes linear optical processes. Accordingly, the following higher-
order terms describe non-linear optical processes, which become more prominent with

high-intensity light fields.
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When rewriting only the second-order term P from equation 3.1, as this is the
relevant term for the SHG process, the following equation is obtained, wherein the

superscript ED specifies the electric-dipole nature of this process

Pi(2w) = ¢ > XﬁE(ZM)Ej (w)Ek(w). (3.2)

ik
Thereby the process of SHG is described by light of frequency w inducing a polariza-
tion oscillation at 2w which generates light with a frequency of 2w. This frequency-
doubeling process can also be mediated by a magenetic dipole (MD), electric quadrupole
(EQ), or other higher-order magnetoelectric multipoles, of which the first two follow

the equations [65]

e X
M;(2w) = Xijik (20) Bj (@) Bic(w), (33)
eon(w) jik
€oC <
Qij(20) = 50 Xijia (29) Be(w) Bi(w). (3.4)
k;l

with Mj and Qjj being the magnetic dipole and electric quadrupole, ¢ the speed of
light in vacuum, and n(w) as the refractive index at frequency w. SHG light generated
from MD or EQ contributions are typically much lower in intensity than ED ones [53].
Together, the different contributions build up the source term S [53]:
9*P oM 9?
v 9

S(Qw):uow—kuo VX — -

ot 2 (3.5)

with pg as the vacuum permeability. The resulting SHG intensity ISHC can, thereafter,

be expressed as a function of this source term:
PG (20) o S (2w)]?, (3.6)

whereby S| denotes the component of the source term that is perpendicular to the

wave vector k of the emitted light.

While the description above treated this optical process with light as an electro-
magnetic wave, light is also described as a particle, namely a photon. In the photon
picture, the SHG process can be regarded as two photons with energy ~w simulta-
neously exciting an electron into an elevated energetic state and the emission of one
photon with twice the energy 2~w upon the instantaneous relaxation of the electron
into its ground state. This process can be resonant or off-resonant with the electronic
energy levels that are present in the material. Following the description above, different
SHG excitations can be regarded as ED, MD, and EQ excitations, which is especially

relevant for the discussion in chapter 6.
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3.1.2 SHG as symmetry-sensitive technique

According to the Neumann principle, any material property must stay invariant under
all the symmetry operations contained in that material. Since SHG accesses the second-
order susceptibility tensor X(Q), which is a material property, this process strongly
depends on the symmetry of the compound. Therefore, the symmetry of a crystal
can be analyzed when addressing different ¥ tensor components by controlling the
polarization of the incident and emitted light. For example, SHG with only ED exci-
tations, so-called ED-SHG, is only possible in non-centrosymmetric materials since all
ED
ijk
Therefore, centrosymmetric crystals can only produce SHG light from MD, EQ, and

associated tensor components of xii’ are zero in materials with inversion symmetry.

other higher-order terms that are significantly weaker, as mentioned above.

Phase transitions between different types of long-range order can be tracked by
following the rise and disappearance of X(2) components. For the case of ferroic phase
transitions, which are described by the emergence of a non-zero order parameter O
below a critical temperature T;. The resulting changes in the y(?) tensor can be
described within the Ginzburg-Landau theory by [66]:

X(T < T.) = xP(T > Tp)0. (3.7)

This implies a linear dependence of the non-linear susceptibility tensor y(?) (T < T¢)

on the order parameter, which makes SHG ideal as a technique to access ferroic order.

SHG spectroscopy can track how x(?) changes as a function of frequency. However,
since this spectral dependence is material-specific it is simultaneously possible to gain
insight into the electronic excitations occurring in a material upon exposure to light.
Furthermore, when the spectral dependence of different y(?) components is known,
SHG spectroscopy can be used as a means to differentiate or even select between

different components, as demonstrated in chapter 4.

3.1.3 SHG imaging

The advantage of an optical technique, such as SHG, is that it can be spatially resolved
using an objective combined with a camera. For ferroic materials, the investigation of
the domain distributions is of great interest. For the example of two domain states
40O and —O the resulting SHG intensity ISHCG o |[x®)(T < T.)|? o |O]? is the same
for both domain states (see equations 3.6 and 3.7). However, the generated SHG light
of these two domain states waves have a phase shift of 180° as illustrated in Fig. 3.1.
Consequentially, in the vicinity of domain walls, the SHG light interferes destructively
leading to dark lines in the image. The resolution in SHG is theore