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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 Mn3+ ions in compounds with smaller ionic radii to be
B2 (P6′3c

′m), in h-YMnO3, which has a large ionic radius, there is a debate between
B1 (P6′3cm

′) and B2 ⊕ B1 (P6′3) order [4, 5]. With this work, it is shown by the
use of optical second-harmonic generation (SHG) that h-YMnO3 orders into the B1

arrangement. Thereby this work shows the tendency that hexagonal manganites with
larger rare-earth ionic radii order into the B1 configuration.

In a second project, the effect of the rare-earth magnetic order on the magnetic
phase diagram of h-ErMnO3 is investigated, especially with regards to the coupling
between the Er3+ and Mn3+ order. This work finds that under increasing magnetic
fields, both the Er3+ 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 Er3+ 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 Er3+ and the
Mn3+ magnetic moments which effectively delays the phase transition of the Mn3+

order. This underlines the role of the rare-earth magnetic moments on the overall
magnetic order in rare-earth ABO3 compounds.

The third effect of the rare-earth ion on the properties of ABO3 structures dis-
cussed here is the influence of the rare-earth electronic levels on the properties of
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NdGaO3. 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 ABO3 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.
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Zusammenfassung

Seltenerd-ABO3-Verbindungen sind dafür bekannt, eine Vielzahl faszinierender Eigen-
schaften aufzuweisen, die vom kolossalen magnetoresistiven Effekt [1] über Metall-Iso-
lator-Übergänge [2] bis hin zu Multiferroizität [3] reichen. Die Eigenschaften dieser Ma-
terialien können 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 können:
der Ionenradius, das magnetische Moment und die elektronische Struktur der Seltenen
Erden.

Zunächst wird die Beeinflussung der magnetischen Ordnung durch den Seltener-
dionenradius in der Materialklasse der hexagonalen Manganate h-RMnO3 mit R =
Sc, Y, In, Dy–Lu untersucht. Während in der Literatur in dieser Materialfamilie
die magnetische Ordnung der Mn3+-Ionen in Verbindungen mit kleineren Ionenra-
dien übereinstimmend mit B2 (P6′3c

′m) angegeben wird, gibt es für h-YMnO3, das
einen grossen Ionenradius hat, eine Debatte zwischen der B1 (P6′3cm

′) und der B2 ⊕
B1 (P6′3) Ordnung [4, 5]. In dieser Arbeit wird mittels der Erzeugung der optischen
zweiten Harmonischen (engl. second-harmonic generation, SHG) eindeutig gezeigt, dass
h-YMnO3 in der B1-Konfiguration ordnet. Damit bestätigt diese Arbeit, dass hexag-
onale Manganate mit grösseren Seltenerdionenradien sich tendenziell gemäss der B1-
Konfiguration ordnen.

In einem zweiten Projekt wird der Einfluss der magnetischen Ordnung der Selte-
nen Erden auf das magnetische Phasendiagramm von h-ErMnO3 untersucht, insbeson-
dere im Hinblick auf die Kopplung zwischen den magnetischen Ordnungen der Er3+-
und Mn3+-Ionen. Diese Arbeit zeigt, dass bei zunehmenden Magnetfeldern beide mag-
netische Ordnungen gleichzeitig einen Phasenübergang durchlaufen. Bei abnehmenden
Feldern folgt die Ordnung der Mn3+-Ionen jedoch nur verzögert den Änderungen in der
Ordnung der Er3+-Ionen und zeigt einen zweistufigen Phasenübergang. Bei niedrigeren
Temperaturen kann der vollständige Phasenübergang der Mn3+-Ionen Magnetfelder in
umgekehrter Richtung erfordern. Bei zu tiefen Temperaturen kann der vollständige
Übergang nicht mehr vollzogen werden und die Ordnung der Mn3+-Ionen verharrt in
einem Zwischenzustand. Dieser ungewöhnliche Phasenübergang wird durch das kom-
plizierte Zusammenspiel zwischen den magnetischen Momenten von Er3+ und Mn3+
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verursacht, das den Phasenübergang der Mn3+-Ionen effektiv verzögert. Dies unterstre-
icht die Rolle der Seltenerd-Magnetmomente für die gesamte magnetische Ordnung in
Seltenerd-ABO3-Verbindungen.

Die dritte hier diskutierte Auswirkung des Seltenerdions auf die Eigenschaften von
ABO3-Strukturen ist der Einfluss der elektronischen Niveaus der Seltenen Erden auf
die Materialeigenschaften, hier gezeigt am Beispiel von NdGaO3. Für diese Verbindung
wurden bereits das Auftreten mehrerer Anomalien in den strukturellen, elektronischen
und magnetischen Eigenschaften und sogar ein struktureller Phasenübergang im Bere-
ich von 150–200 K berichtet [6–12]. Die in dieser Arbeit vorgestellten Ergebnisse zeigen
jedoch keinen Hinweis auf einen strukturellen Phasenübergang. Allerdings können
diese Anomalien bei niedrigen Temperaturen mit Veränderungen in der Besetzung der
elektronischen Niveaus der Seltenen Erden korreliert werden, die sich als temperature-
abhängige Änderungen des spektralen SHG-Signals manifestieren. Dies unterstreicht,
wie wichtig die Berücksichtigung 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 ABO3-Verbindungen, die auf verschiedenen Wegen das Materialverhalten beein-
flussen können. Aufgrund ihrer Ionengrössen, magnetischen und elektronischen Eigen-
schaften können Seltene Erden die physikalischen Eigenschaften dieser Materialien
bereichern und zu neuen komplexen Phänomenen führen. Daher kann diese Arbeit als
Grundlage für die weitere Erforschung und das Design komplexer Selteneerdverbindun-
gen dienen.
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CHAPTER 1
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 ABO3 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 ABO3 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 RMnO3 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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1. Introduction

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 ABO3

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
RTiO3 and hexagonal manganites h-RMnO3 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 PrAlO3, 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 ABO3 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 Mn3+ 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-YMnO3 exhibits contrasting reports for the magnetic space group
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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-ErMnO3. 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 ABO3 compounds. For this study, NdGaO3 is investigated. NdGaO3

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.
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CHAPTER 2
Scientific background

This chapter summarizes important aspects of structural, magnetic, and electronic
properties of rare-earth ABO3 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 ABO3 compounds

For the ABO3 stoichiometry, one of the most well-known structures is the cubic per-
ovskite which consists of corner-sharing BO6 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

t =
rA + rO√
2(rB + rO)

, (2.1)

with rA, rB, and rO as the ionic radii of A, B, and oxygen. To achieve the cubic per-
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]. ABO3
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2. Scientific background

Figure 2.1: Different structures for the ABO3 stoichiometry with (a) the cubic perovskite struc-

ture of SrTiO3, (b) the orthorhombic perovskite structure of NdGaO3, and (c) the hexagonal

structure of YMnO3. In all three structures, the O2− 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
ABO3 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 BO6 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 ABO3 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 HoMnO3 or
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2.1. Rare-earth elements in ABO3 compounds

YbMnO3 [43]. Therefore, the expected structure of ABO3 compounds cannot solely
be predicted on the basis of the tolerance factor.

2.1.2 Magnetic order of rare-earth ABO3 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 ABO3 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 TTM 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 TRE 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, TTM

and TRE. However, these two magnetic orders can couple to each other, meaning the
order of the transition-metal ion at TTM 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 ABO3 compounds

The ions within the rare-earth ABO3 compounds have different types of electron con-
figurations. The O2− anion has the configuration 1s22s22p6, 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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2. Scientific background

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 x = 0–9. The electron
configurations of transition-metal ions of higher periods are similar, but not discussed
here as they are rarely used in ABO3 structures. The rare-earth ions have an electron
configuration of [NG]4fy 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 ABO3 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 5s 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 4fn 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 PrAlO3 [36, 48],
or changes in the magnetic order, as was seen in TmFeO3 [49]. However, an in-depth
understanding of such phenomena in ABO3 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
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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 ϵ and the conjugate field is a magnetic field H, an electric field E, or stress σ.

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 Nferroic [53]:

nO =
Nprototype

Nferroic
. (2.2)

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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M
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Saturation
Remanence

Coercive field
Virgin curve

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]

Hexchange = −2J
X
i,j

Si · Sj , (2.3)

with the exchange integral J and the spins of neighboring atoms Si, 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
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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 ℓ.

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

13



2. Scientific background

a b

Figure 2.4: Schematic of domain configuration of multiferroics of (a) type I and (b) type II

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 NdGaO3 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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a b c

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 1µm to 10 nm for
magnetic domain walls, around 1 nm for ferroelectric domains walls, and 1–10 nm for
ferroelastic domain walls [54, 61].
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CHAPTER 3
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 ω is absorbed and
light at frequency 2ω 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 P ind which can be described
by

Pind = ϵ0(χ
(1)E + χ(2)E2| {z }

P (2)

+χ(3)E3 + ...), (3.1)

with the vacuum permittivity ϵ0 and the susceptibility tensor of n-th order χ(n). 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 (2) 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(2ω) = ϵ0
X
j,k

χED
ijk (2ω)Ej(ω)Ek(ω). (3.2)

Thereby the process of SHG is described by light of frequency ω inducing a polariza-
tion oscillation at 2ω which generates light with a frequency of 2ω. 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]

Mi(2ω) =
c

ϵ0n(ω)

X
j,k

χMD
ijk (2ω)Ej(ω)Ek(ω), (3.3)

Qij(2ω) =
ϵ0c

2iωn(ω)

X
k,l

χEQ
ijkl(2ω)Ek(ω)El(ω), (3.4)

with Mi and Qij being the magnetic dipole and electric quadrupole, c the speed of
light in vacuum, and n(ω) as the refractive index at frequency ω. 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]:

S(2ω) = µ0
∂2P

∂t2
+ µ0

�
∇× ∂M

∂t

�
−

�
∇∂2Q

∂t2

�
, (3.5)

with µ0 as the vacuum permeability. The resulting SHG intensity ISHG can, thereafter,
be expressed as a function of this source term:

ISHG(2ω) ∝ |S⊥(2ω)|2, (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 ℏω simulta-
neously exciting an electron into an elevated energetic state and the emission of one
photon with twice the energy 2ℏω 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 χ(2), 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 χ(2) 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
associated tensor components of χED

ijk are zero in materials with inversion symmetry.
Therefore, centrosymmetric crystals can only produce SHG light from MD, EQ, and
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 χ(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 Tc. The resulting changes in the χ(2) tensor can be
described within the Ginzburg-Landau theory by [66]:

χ(2)(T < Tc) = χ(2)(T > Tc)O. (3.7)

This implies a linear dependence of the non-linear susceptibility tensor χ(2)(T < Tc)

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

SHG spectroscopy can track how χ(2) 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 χ(2) 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
+O and −O the resulting SHG intensity ISHG ∝ |χ(2)(T < Tc)|2 ∝ |O|2 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 theoretically limited to
the wavelength of light, but practically for far-field optics, only about 1µm resolution
can be achieved.
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Figure 3.1: Schematic depicting the generation of SHG domain-imaging contrast when using

linearly polarized light. The SHG light generated from two domains with opposite order parame-

ter O is phase-shifted. This leads to destructive interference in the image plane at the location

of domain walls.

3.1.4 SHG setup

In this thesis, two different laser systems are used, one with fs pulses and another one
with ns pulses. While the fs laser allows for the detection of weaker SHG singals as
used in chapters 4 and 5, the ns laser permits a better spectral resolution due to its
narrower bandwidth as shown in chapter 6. The fs laser system (Legend Elite Duo,
Coherent) uses a Ti:Sapphire crystal and emits 120 fs pulses at 800 nm and 1 kHz
repetition rate with a power of 8 W. This laser pumps an optical parametric amplifier
(OPA, OperA Solo, Coherent) that can produce wavelengths of 600–2700 nm. The
ns laser is a Nd:YAG system (Quanta-Ray Pro-230-50H , Spectra-Physics) with 8 ns
pulses at 355 nm and 50 Hz repetition rate with 7.5 W power. This laser pumps
an optical parametric oscillator (OPO, versaScan/MB, GWU) that can modify the
wavelength from 410–2630 nm. The beam produced by the OPO is divergent and
has an oval beam profile. Therefore, lenses are selected in a way to image the initial
Gaussian beam profile of the laser onto the location of the sample.

An illustration of the SHG setup used in this work is shown in Fig. 3.2. The laser
beam provided by the laser system is linearly polarized and its power is adjusted by
neutral density filters. The incident laser beam will be denoted as the fundamental in
the following. In the optical setup, the laser light first passes through a Glan-Taylor
prism to eliminate any parasitic polarization directions. In the following, the light
polarization is rotated by a half-wave plate, referred to as a polarizer. Then, a lens
focuses the beam onto the sample to the desired spot size. To eliminate any SHG
light generated before the sample, a long pass filter glass (Schott) is placed before the
sample. This is followed by the sample within a controlled environment, which will
be described in section 3.1.5. The sample is polished on two sides and thinned down
to a thickness that allows enough transmission to perform the experiments. After the
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Polarizer

Lens

Sample

Figure 3.2: Schematic of the used SHG setup. The red line represents the fundamental beam,

while the blue is the SHG light. The detection unit used was either a CCD camera or a PMT

tube combined with a monochromator. The long-pass and short-pass filters refer to transmitting

long and short wavelength ranges, respectively.

sample, the fundamental beam is blocked by a short-pass filter (Schott) that allows
the SHG light to transmit. Subsequently, a lens or an objective collects the SHG light
and projects it towards the detection unit. The SHG light further passes through
a motorized Glan-Taylor prism, here called the analyzer, which only allows one light
polarization direction to transmit. Finally, the SHG light is detected either by a liquid-
nitrogen-cooled CCD camera (Symphony-Solo-Fast, Horiba or CH270, Photometrics)
or a photomultiplier tube (PMT, R943-02, Hamamatsu). When using the PMT, it was
preceded either by a narrow band-pass filter or a monochromator (Triax 190, Horiba)
to prevent wavelengths other than the SHG from being detected. Different areas of
the optical setup are separated by black cardboard with only small openings to let the
beam pass. This can significantly help to avoid any reflections or stray light at the
detection unit.

Since the experiments in this thesis need good symmetry analysis capabilities
(see chapter 4), the alignment of the light polarization directions and the crystal axis
directions are of great importance. Therefore, both the polarizer and the analyzer were
calibrated to ensure 360◦ periodicity and no angle offset between these two elements.
The terminology used in this work for measurements as a function of light-polarization
angle is: anisotropy for a simultaneous rotation of polarizer and analyzer, polarizer
for a rotation of only the polarizer while keeping the analyzer fixed, and analyzer
for a rotation of the analyzer combined with a fixed polarizer angle. Furthermore, the
samples were aligned with normal incidence to ensure that the out-of-plane crystal axis
was along the beam direction. For the hexagonal manganite samples, whose results
are shown in chapters 4 and 5, it is possible to ensure alignment along the z axis of the
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crystal by minimizing SHG light from certain χ(2) components. With this approach,
the remaining background signal was reduced to below 1% of the signal.

3.1.5 Control of temperature and magnetic field environment

Materials possess different symmetries and properties under different conditions, ac-
cording to their phase diagram. Therefore, control over the environment around a
material is essential. In this work, the two external control parameters are the sample
temperature down to the cryogenic regime and external magnetic fields.

For the experiments without magnetic fields, a variable-temperature cryostat
(SVT-400, Janis) or a continuous-flow cryostat (ST-500-UC, Janis) was used. In the
first one, the sample is within a cold gaseous helium environment and temperatures in
the range of 1.5–300 K can be reached. For the continuous-flow cryostat, the sample
is in vacuum and the temperature is controlled via contact-cooling. The experiments
with applied magnetic fields were performed in a magnetcryostat (SM4000, Oxford)
with a temperature range of 2.2–300 K. The magnetic field is produced by a supercon-
ducting magnet which produces fields in the range of 0–8 T. Since in this work, the
magnetic field was applied along the direction of the light path, the light-polarization
angles had to be corrected for Faraday rotation as a function of the magnetic field. All
cryostats have fused silica windows which are transparent for visible and infrared light,
which includes the wavelength range used in this work.

For the data presented in chapter 5, it was necessary to correct the temperature
values due to significant laser heating effects. This could be achieved upon comparison
with previous measurements on the same sample which was measured at laser powers
where significant laser heating effects could be excluded [67]. For the correction of the
SHG data measured in this work, it was analyzed at which critical magnetic field the
field-induced phase transition appears, which was then corrected to the temperature
value that was reported in Ref. [37, 67] for the same critical field.

3.2 Complementary techniques

3.2.1 Sample preparation

The samples are from different crystal growers, both commercial and non-commercial
ones, where the sample growers are specified in the Contributions section at the end
of this thesis. While some samples were oriented by the crystal grower, others had to
be oriented by single crystal x-ray diffraction. For the orientation of those crystals, an
x-ray diffractometer (Xcalibur PX Ultra, Oxford) is used combined with a three-angle
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goniometer head. The oriented crystal on the goniometer head is then transferred to
the polishing machine to obtain a flat surface in the desired orientation.

For optical experiments, like SHG, it is important to have smooth surfaces to
minimize light scattering. Therefore, all samples ideally are double-side polished as the
experiments in this work are in transmission. The samples are lapped and polished with
a polishing machine (1PM52-1, Logitech). With lapping, a flat surface is created and
the samples are thinned down to a thickness with sufficiently high optical transmission.
The abrasive used for lapping is a slurry of 9 µm Al2O3 particles in water. For good
surface quality, the samples are then polished using a commercial alkalic slurry (Ultra-
Sol® 2EX, Pureon).

3.2.2 Linear spectroscopy

For a better understanding of the behavior of SHG spectroscopy, like in the case of the
results discussed in chapter 6, it is important to know the linear optical spectrum. In
this work, linear optical spectra are measured by a UV/VIS/NIR-microspectrometer
(MSV-370, Jasco) which has a wavelength range of 250–2000 nm. With this device, it
is possible to measure the spectrum of specific areas using an adjustable aperture. For
linear optical measurements at lower temperatures, it is possible to fit a continuous-flow
cryostat (see section 3.1.5) into the device.

3.2.3 Raman spectroscopy

Raman scattering describes a process of inelastic light scattering in matter [68]. During
this scattering process, the incident light loses or gains in energy through the excitation
or deexcitation of material intrinsic levels. Those excitations can be phonons, magnons,
electronic excitations etc. [41, 69]. The energy difference between the incident light
and the scattered light allows the inference of the precise energy state of these quasi-
particles. Tracing their energy states under changing conditions like temperature,
external fields, etc. provides an insight into the material properties and can detect even
subtle material changes. In this work, Raman spectroscopy is used to map the shifts
in phonon modes and the appearance of 4f electronic excitations in chapter 6. This
helps to differentiate potential structural phase transitions from other changes in the
material. The Raman experiments were executed by Katrin Fürsich and Eva Benckiser
at MPI Stuttgart. The laser wavelength was 632.8 nm and the light polarization
of both the incident and reflected light could be changed. To record the Raman
spectrum, a spectrometer was used which could cover a range from 30—1200 cm−1.
The temperature of the samples in these experiments was tuned from 15—300 K.
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3. Methods

3.2.4 Superconducting quantum interference device

A SQUID consists of a superconducting loop that is interrupted by two Josephson junc-
tions [70]. With this device, any change in the magnetic flux induces a change in the
voltage that is measured across this superconducting loop [71]. This makes a SQUID
sensitive to small changes in the magnetization of a material placed in the center of the
loop. In chapter 5, the results from SHG experiments are supplemented with SQUID
measurements as a function of temperature and applied magnetic field. The experi-
ments were executed by Ipek Efe and Morgan Trassin using a SQUID magnetometer
(MPMS3, Quantum Design).
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CHAPTER 4
Magnetic structure analysis of h-YMnO3

Parts of this chapter will be published as:

• L. Forster, T. Lottermoser, J.-R. Soh, M. C. Weber, and M. Fiebig, The magnetic
structure of multiferroic hexagonal YMnO3, in preparation.

A first example showing the impact of the rare-earth ions onto the behavior of
ABO3 compounds, is given by the magnetic structures of the hexagonal manganite
series. This material family shows a lowering of the Néel temperature with increasing
rare-earth ionic size with the ionic radius increase in the sequence Sc3+, Lu3+, Yb3+,
Tm3+, Er3+, Ho3+, Y3+, and Dy3+ [18, 72]. Moreover, the magnetic order of hexagonal
manganite compounds exhibits a tendency to order into different magnetic space group
symmetries depending on the size of the rare-earth ion [4, 72, 73]. Hexagonal manganite
compounds with smaller rare-earth ionic radius tend to arrange within the magnetic
B2 order giving rise to the P6′3c

′m space group symmetry. In comparison, compounds
with a larger rare-earth ionic radius tend to arrange in a magnetic B1 order with
P6′3cm

′ symmetry. H-YMnO3 was initially found to follow this trend by exhibiting
the B1 order in accordance with its larger Y3+ ionic radius [4, 72]. However, later
results using neutron scattering [5, 74] indicated a lower symmetry for the magnetic
order, namely a mixed B2 ⊕ B1 order with the magnetic space group symmetry P6′3.
This work aims to investigate the magnetic symmetry of h-YMnO3 with high precision
to gain a deeper insight into this discrepancy in the literature.

4.1 State of the art

4.1.1 Crystal structure and ferroelectricity of hexagonal manganites

Hexagonal manganites h-RMnO3 with R = Sc, Y, In, Dy–Lu form a multiferroic mate-
rial family that exhibits both ferroelectricity and antiferromagnetic order. At ambient
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4. Magnetic structure analysis of h-YMnO3

Figure 4.1: (a) Schematic of the hexagonal manganite structure in the P63cm symmetry by the

example of the h-YMnO3 compound. (b) Illustration of the K3 mode with P indicating the sign

of the ferroelectric order parameter and Ψ as the azimuthal angle when the bipyramidal tilt is

projected onto the ab plane. Figure (b) is redrawn according to Ref. [76].

conditions, their structure forms in the space group P63cm with layers of trigonal
MnO5 bipyramids alternating with layers of R3+ ions as shown in Fig. 4.1a [73]. The
ferroelectricity of the hexagonal manganites arises through a structural distortion from
the high-temperature symmetry P63/mmc to the P63cm space group [73]. The struc-
tural distortion arises from the K3 mode in which three neighboring MnO5 bipyramids
tilt toward or away from a central R3+ ion, which causes an upward or downward shift
of the R3+ ions along the c axis [75–78], as indicated in Fig. 4.1b. This K3 mode
is accompanied by a collective polar displacement mode Γ−

2 of the layer of R3+ ions
resulting in a ferroelectric polarization along the c axis [75, 77, 78]. Due to the na-
ture of the K3 mode, there are three possible choices of R3+ ions towards which the
bipyramids can tilt [76, 79]. Therefore, this structural distortion causes a tripling of
the unit cell when transitioning from P63/mmc to P63cm. Consequentially, this struc-
tural change is usually named trimerization with the trimerization center describing
the location within the ab plane towards which the bipyramids tilt [76, 79]. Since the
ferroelectricity only indirectly arises from this structural distortion, hexagonal man-
ganites are classified as improper ferroelectrics [76, 79]. The Curie temperature TC of
this phase transition is within the range of 1250–1650 K for different sizes of the R3+

ion [53]. It is to note that, depending on growth conditions, h-InMnO3 deviates from
this behavior as the bipyramids tilt in different directions leading to a non-ferroelectric
P 3̄c1 symmetry [80, 81].
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A1 (P63cm)

B1 (P63'cm')B2 

Figure 4.2: Representation of the possible antiferromagnetic structures of the Mn3+ ion in the

hexagonal manganites. While B1, B2, A1, and A2 represent the main four symmetries discussed

in hexagonal manganites, the B2 ⊕ B1 order shows a spin configuration in between the B1 and

B2 order. The other subgroup symmetries, B2 ⊕ A2, B1 ⊕ A1, and A2 ⊕ A1, can be sketched

analogously (see Ref. [4]) but are not shown here for simplicity. The sketches of the magnetic

order only focus on the six Mn3+ ions around the trimerization center, while the structure of the

full unit cell is shown in chapter 5.

4.1.2 Magnetic order of hexagonal manganites

In hexagonal manganites, the Mn3+ ions are in a 3d4 high-spin state, which means they
have a net magnetic moment [82]. Furthermore, when the R3+ ion is paramagnetic like
for Dy–Yb, these rare-earth magnetic moments can also order spontaneously. However,
this chapter focuses on the magnetic order of the Mn3+ ions, while the magnetism of
R3+ ions and their coupling to the Mn3+ ions are discussed in chapter 5. The Mn3+

magnetic moments order antiferromagnetically below TN, Mn within a range of 70–90 K,
with the transition temperature being lower for an increasing ionic radius of the R3+

ion [18, 72]. There are mainly two exchange interactions present, one is the in-plane
interaction of neighboring Mn3+ spins within the same ab plane and the other is the
inter-plane exchange interaction between Mn3+ spins of neighboring ab planes [4, 77].
These exchange interactions, in combination with the hexagonal lattice, lead to a non-
collinear triangular ordering of the Mn3+ magnetic moments within the ab plane. The
four magnetic symmetries that are found in hexagonal manganites are labeled as B1, B2,
A1, and A2, as shown in Fig. 4.2 [4, 83]. While the Mn3+ spins order predominantly in
the ab plane, two of those spin arrangements allow an out-of-plane canting of the spins
along the c axis being antiferromagnetic for the B1 order and weakly ferromagnetic for
the A2 order [84]. In addition to these four symmetries, discussions of the magnetic
order often include the symmetries that are subgroups of two of these four structures,
for example, a B2 ⊕ B1 order, as shown in Fig. 4.2 [4, 53]. In this symmetry, the spins
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4. Magnetic structure analysis of h-YMnO3

Figure 4.3: Phase diagram for magnetic order of hexagonal manganites with different R3+

ions, adapted with permission by the authors from Ref. [4] with the addition of h-DyMnO3 from

Ref. [23, 73]. The hatched area indicates a hysteretic region where after magnetic field ap-

plication the magnetic order at 0 T is within a different symmetry as discussed in more detail

in chapter 5. It is to note that, while the overall magnetic order of h-DyMnO3 is B2 ⊕ B1, the

Mn3+ magnetic moments arrange with the B2 order and the Dy3+ magnetic moments with the

B1 order [23].

have a spin angle φspin with respect to the a axis while retaining the symmetry elements
that are in common for the B2 and B1 order. Similarly, it is possible to define also B2

⊕ A2 (P3c′), B1 ⊕ A1 (P3c), and A2 ⊕ A1 (P63) [4, 53]. These subgroup symmetries
become especially important at spin reorientations between the four primary magnetic
orders (B1, B2, A1, and A2), within domain walls where the spins need to rotate, or for
the bulk magnetic order in some compounds, such as h-ScMnO3 and h-LuMnO3 [4].

The onset of this magnetic order is accompanied by a magneto-elastic coupling
that involves shifts in the Mn3+ ions positions according to the K1 mode [85–88]. This
crystallographic mode comes on top of the K3 and Γ−

2 mode discussed in section 4.1.1
and is a collective movement of three neighboring Mn3+ ions either toward or away
from the trimerization center [77, 87]. A recent study [77] found, that this K1 appears
to influence which of the magnetic symmetries shown in Fig. 4.2 is the most stable
arrangement. The authors further observed that the impact of the K1 mode is stronger
for smaller R3+ ionic radii, indicating the importance of the rare-earth ionic size with
regards to the magnetic order.

Fiebig et al. [4] showed how different hexagonal manganite compounds order into
different magnetic space group symmetries which is shown in Fig. 4.3. The phase
diagrams of some compounds can be quite complex due to the coupling between the
Mn3+ magnetic moments and the R3+ magnetic moments that is especially prominent
with applied magnetic fields or below 5 K as discussed in more detail in chapter 5.
Here the focus is laid onto the spontaneous order of the Mn3+ spins at zero magnetic
field and at temperatures above 5 K. Under these conditions, hexagonal manganites

28



4.1. State of the art

having rare-earth ions of smaller size, like Yb3+, Tm3+, and Er3+, arrange within the
B2 order [4]. Among the compounds having smaller rare-earth ionic sizes are also h-
ScMnO3 and h-LuMnO3 which initially order in the B2 order below TN, Mn. However,
as shown in Fig. 4.3, these two compounds reorder into the B2 ⊕ B1 arrangement
towards lower temperatures [89, 90]. A compound with larger ionic radii, h-HoMnO3,
first orders into the B2 configuration as well, but it reorders into the B1 configuration
below 40 K [72].

For a compound with an even larger rare-earth ionic radius in the series, h-YMnO3,
the magnetic order was initially reported as B1 configuration via SHG [72]. However,
later reports with polarized neutron scattering [5] found the B2 ⊕ B1 order with a
φspin of 10◦–11◦. This sparked a debate between these two symmetries within liter-
ature. On the one hand, there are reports using SHG [4, 72] and density functional
theory (DFT) [77] that find a magnetic order of B1. However, the B2 ⊕ B1 order was
concluded from neutron scattering, magnetization measurements, and also other DFT
calculations [5, 74, 91–93]. It remains puzzling what the magnetic order of h-YMnO3

is, especially since different DFT reports contradict each other [77, 92]. Furthermore,
a net magnetization was detected along the c axis of h-YMnO3 which was interpreted
as an indication of the B2 ⊕ B1 order [93]. However, this symmetry only allows for an
antiferromagnetic canting along the c axis and not for a weak-ferromagnetic one [84].
Therefore, this ferromagnetic moment could originate from Mn3O4 impurities which
is a known issue upon the growth of these crystals [94]. Therefore, these discrepancies
in the literature demand a reinvestigation of the symmetry of the magnetic order in
h-YMnO3.

4.1.3 Domains in hexagonal manganites

As hexagonal manganites count as an improper ferroelectric, the ferroelectric domains
arise as a secondary effect from the structural distortion described in section 4.1.1.
Since the MnO5 bipyramids can either tilt toward or away from a trimerization center
and since there are three choices of trimerization centers, a total of six domain states
exist in the ferroelectric phase. The resulting ferroelectric polarization points upward
or downward along the c axis for two sets of three domain states [76, 95]. The typical
pattern of these ferroelectric domains in hexagonal manganites exhibits the presence of
vortex points where six different domains meet [95, 96], as indicated in Fig. 4.4a. These
six different domain states are differentiated via a 60◦ rotation of the azimuthal angle Ψ,
shown in Fig. 4.1b, which projects the tilt direction of the MnO5 bipyramids onto the
ab plane [76, 95]. As depicted in Fig. 4.4d, the resulting domain sizes are typically
in the range of few µm, which can be further influenced by factors like temperature
treatment [97, 98] or chemical doping [99]. Due to the structural constraint that
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4. Magnetic structure analysis of h-YMnO3

a

Figure 4.4: Domain structure of hexagagonal manganites. (a) Schematic of a ferroelectric

vortex structure with Ψ changing by 60◦ across the domain walls. (b, c) Domain pattern upon

the emergence of the antiferromagnetic order with (b) having only one Pℓ domain and (c)

having two Pℓ domains of opposite sign. The colored lines in (a–c) represent different changes

in both the Ψ and the φspin angle. (d) Ferroelectric domain pattern in h-YMnO3 as measured by

piezoresponse microscopy. (e) Antiferromagnetic domain pattern of Pℓ domains in h-YMnO3

as measured by SHG imaging at 20 K with domains separated by dark lines. The assignment of

the + or − sign of the Pℓ domains in (e) is arbitrary and only serves to indicate a sign change.

Figures (d, e) are reprinted from [99].

induces the ferroelectricity, the vortex points in this domain pattern are topologically
protected and cannot be eliminated by applying an electric field [95, 96].

The emergence of antiferromagnetic domains below TN, Mn leads to an emergence
of a second order parameter ℓ in addition to the order parameter of the ferroelectric
order P. The antiferromagnetic order has to adhere to the structural symmetry, leading
to a rotation of the magnetic moments with the changing trimerization center across
the six different ferroelectric domain states [76], as indicated in Fig. 4.4b. Furthermore,
the antiferromagnetic order by itself can change from +ℓ to −ℓ, leading to a reversal of
the magnetic moments of the Mn3+ ion within a single ferroelectric domain [76]. This
reversal can be described by a 180◦ change of the spin angle φspin that is defined in
Fig. 4.2. Therefore, since the antiferromagnetic order changes both for the six different
ferroelectric domain states and for +ℓ and −ℓ, this results in 6 × 2 = 12 different
antiferromagnetic domain states (see Fig. 4.4c). A more detailed schematic of the
magnetic order of these 12 domain states can be found in Appendix A. Despite this
large number of domain states, only some of the associated domains can be neighboring
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Symmetry Type of order SHG tensor components

P63cm FE χzzz, χzxx = χzyy, χxzx = χxxz = χyzy = χyyz

P63cm A1 χzzz, χzxx = χzyy, χxzx = χxxz = χyzy = χyyz

P63c
′m′ A2 χxyz = χxzy = −χyxz = −χyzx

P6′3cm
′ B1 χyyy = −χyxx = −χxxy = −χxyx

P6′3c
′m B2 χxxx = −χxyy = −χyyx = −χyxy

P6′3 B2 ⊕ B1
χyyy = −χyxx = −χxxy = −χxyx,
χxxx = −χxyy = −χyyx = −χyxy

Table 4.1: Symmetry-allowed non-linear susceptibility components for ED-SHG for different

types of order which includes the ferroelectric (FE) order and the antiferromagnetic types of

order A1, A2, B1, B2, and B2 ⊕ B1. Notably, the tensor components of the ferroelectric order

are invariant (i-type) with time inversion while the ones from the antiferromagnetic order are

changing (c-type) with time inversion. Therefore, it is still necessary to separate the tensor

components for the FE and the A1 antiferromagnetic order.

to each other, which is imposed by the vortex structure of the ferroelectric domains.
As can be seen in Fig. 4.4c, this leads to three different types of domain walls that are
characterized by a rotation of the spins by φspin of either 60◦, 120◦, or 180◦ [76]. In
the case of the ∆φspin = 60◦ domain walls, both the P and ℓ order parameter change,
leaving the product Pℓ the same. For the ∆φspin = 120◦ domain walls, only the P
order parameter changes while the ℓ order parameter remains the same. Analogously,
for the ∆φspin = 180◦ domain walls only ℓ changes while P keeps its state. For both
the ∆φspin = 120◦ and ∆φspin = 180◦ domain walls the Pℓ product changes its value
since only one of the two order parameters reverses its sign. In this work, the areas
with constant Pℓ value are referred to as Pℓ domains. The domain walls that separate
different Pℓ domains are the combination of the ∆φspin = 120◦ and ∆φspin = 180◦

domain walls. The size of those Pℓ domains is much larger than the ferroelectric ones
with a typical range in 10s of µm as can be seen in Fig. 4.4e.

4.1.4 SHG components for different symmetries in hexagonal manganites

In this work, the symmetry of hexagonal manganites is differentiated by SHG. In the
hexagonal manganites, the a, b, c coordinate system has a 120◦ angle between the a

and b axis, which is impractical for the analysis of SHG data. Therefore, the non-linear
susceptibility components responsible for the SHG response of certain symmetries are
expressed in Cartesian coordinates x, y, z. While x ≡ a and z ≡ c, the main difference
between the two coordinate systems is the definition of the b and y axis since the y

axis is perpendicular to both the x and z axes. The different tensor components that
allow an SHG response for the relevant symmetries of hexagonal manganites are listed
in Tab. 4.1 according to Ref. [100]. In this table, only SHG components of electric
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dipole (ED) contributions are considered, as possible higher orders from the multipole
expansion would be significantly weaker.

4.2 Distinguishing symmetries in hexagonal manganites by

SHG spectroscopy

4.2.1 Expected SHG response for magnetic order in question

As previously mentioned, the literature on h-YMnO3 does not agree on the symmetry
of the magnetic order, with SHG measurements finding B1 order [72, 101] and neutron
scattering detecting B2 ⊕ B1 [5, 74]. Other neutron powder scattering experiments [91]
report the A2 order, however, this structure is nearly homometric with the B1 order
which is why it might have been misidentified [5, 84]. This chapter aims to reinvestigate
the magnetic order of h-YMnO3 using SHG. To achieve this, it is necessary to discuss
how the SHG response would change in case of a B2 ⊕ B1 order as compared to the
B1 order found in previous SHG results [72, 101]. Upon comparison with Tab. 4.1, it
becomes evident that the B2 ⊕ B1 order allows the presence of the χxxx component
in addition to the χyyy components that are present for the B1 order. A consequence
thereof is that there would be an additional SHG signal with the light polarization
along the x axis which was previously not seen as only a signal along the y axis was
detected [101]. It is, however, possible to make an argument that the absence of
any χxxx signature in previous studies is not sufficient proof for the B1 order as the
contribution from that component could have been too faint to be detected. Therefore,
it is necessary to estimate the expected magnitude of the SHG contribution from the
χxxx components compared to the one from the χyyy component.

Within the B2 ⊕ B1 order, the magnitude of χyyy and χxxx depends on the spin
angle φspin, which is defined as a rotation away from the a axis or the equivalent x axis
in the Cartesian coordinate system [89]. A φspin of 0◦ or 90◦ corresponds to the B1

or B2 order with either the χyyy or χxxx component being allowed, respectively. The
effect of a spin angle on the magnitude of the tensor components in between 0◦ and
90◦ can be described by χyyy = χ0

yyy cos(φspin) and χxxx = χ0
xxx sin(φspin) with χ0

yyy

and χ0
xxx being the magnitude in case of the B1 or B2 order [89]. For the B2 ⊕ B1

order these considerations lead to an SHG intensity ratio of

ISHG
x

ISHG
y

= tan2(φspin)
|χ0

xxx|2

|χ0
yyy|2

(4.1)

with ISHG
i ∝ |χiii|2. The determination of the χ0

xxx to χ0
yyy ratio is not straightforward

since these components depend both on the used photon energies and also on the tem-
perature. In h-HoMnO3, which has a slightly smaller rare-earth ion than h-YMnO3,
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Figure 4.5: Characteristic spectral dependence of the χyyy and χxxx tensor components in

hexagonal manganites by the example of h-HoMnO3. (a) Spectrum of the χyyy component

measured at 6 K where h-HoMnO3 orders with B1. (b) The spectrum of the χxxx component

measured at 50 K which is representative of a B2 order. The SHG intensity in (a) and (b) is

normalized by the maximum χyyy value at 6 K, with the SHG intensity of the χxxx being extrap-

olated to 6 K using the temperature dependence shown in Ref. [72]. This normalization allows

an estimate of the relative SHG intensity produced by the two different tensor components. The

data for this figure was measured previously and is republished here with permission from the

authors in Ref. [72].

the spectral dependence of both components can be measured since it reorders from
B2 to B1 at 40 K which causes the disappearance of the χxxx component and the
emergence of the χyyy component in the SHG signal [72]. The spectral dependence of
these two components as shown in Fig. 4.5 is characteristic of these tensor components
and is consistent throughout different compounds in the hexagonal manganite fam-
ily [72, 102, 103]. From these spectral dependencies combined with an extrapolation
of the temperature dependencies measured in previous studies [72, 89], it is possible
to estimate the relation between the two components in the maximum values of their
spectra as χ0,max

yyy ≈ 1.4χ0,max
xxx . It is important to note, that these spectral maxima

do not appear at the same photon energy which is 2.45 eV for the χyyy component
and at 2.54 eV for the χxxx component as shown in Fig. 4.5. Therefore, any intensity
ratio calculated from this estimation is with respect to the spectral maxima and not at
a single photon energy. With these considerations, the resulting SHG intensity ratio
between the x and y axis allows the estimation of different spin angles φspin.

4.2.2 Symmetry of the magnetic order in h-YMnO3 and h-YMn0.95Zn0.05O3

To verify whether the symmetry of h-YMnO3 is B1 or B2 ⊕ B1, it is necessary to
closely inspect the SHG spectra, especially with regards to the presence or absence of
a χxxx component. Figure 4.6 shows the SHG spectra for the measurement configu-

33



4. Magnetic structure analysis of h-YMnO3

SHG photon energy (eV) SHG photon energy (eV)

SH
G

 in
te

ns
ity

, n
or

m
. (

-)

2.2 2.4 2.62.3 2.5 2.2 2.4 2.62.3 2.5

0.0

0.5

1.0

0.00

0.02

0.01

Figure 4.6: SHG spectra of the χyyy and χxxx components measured for h-YMnO3 at 20 K with

the intensity normalized by the maximum value. The magnification of the lowest intensities

shows that the χxxx at first contains a background from both a χyyy and a ferroelectric contribu-

tion, which can be subtracted (see Appendix A for further details).

rations to detect either the χyyy or χxxx component. The χyyy component is present
with the expected spectral dependence, similar to the one shown in Fig. 4.5a, which
agrees with the previous literature [102, 103]. The signal for the χxxx component, on
the other hand, is much weaker, less than 1% of the intensity from the χyyy compo-
nent. Upon magnification of the SHG intensity measured in the χxxx configuration,
it becomes evident that a weak SHG signal is present. But its spectral dependence
disagrees with the typical spectrum expected for this component shown in Fig. 4.5b.
Therefore, these contributions can be attributed to a background that originates from
the χyyy component and the ferroelectric components, which, despite being forbidden
in the applied measurement geometry, may be present due to unavoidable experimen-
tal factors such as a slight misorientation or a small imprecision of optical components.
Even though the fundamental beam is aligned to propagate along the z axis with the
light polarization of the incident beam and the generated SHG aligned along the x

axis, these two contributions could not be suppressed completely. The non-suppressed
χyyy component can be easily identified due to the signal maximum at 2.47 eV as indi-
cated by dashed lines. To obtain the SHG signal only from the χxxx component, the
background contributions can be subtracted. In the first step, the spectral contribu-
tion of the ferroelectric background is corrected by subtraction of the SHG spectrum
measured in the same geometry but above TN, Mn. Then, in the second step, the SHG
signal of the χyyy component, which is measured with both the analyzer and polarizer
along the y axis of the crystal, is subtracted as well from the SHG signal obtained with
the analyzer and polarizer aligned along the x axis. A more detailed illustration of this
background subtraction process can be found in Appendix A. The SHG signal from
the χxxx component after this correction is approximately zero within the measured
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SHG photon energy range.

When comparing this results with the SHG signal that would be expected for
the B2 ⊕ B1 order, it is possible to calculate ISHG

x /ISHG
y for different φspin values via

equation 4.1. For a φspin of 11◦ as found by Brown and Chatterji [5], the expected SHG
intensity for ISHG

x would be close to 2% of ISHG
y as indicated in Fig. 4.6 whereas the

SHG signal measured is much weaker than that. While the background signal could still
accommodate 5.4◦ spin angle, the spectral maximum should be at 2.54 eV to match
the expected χxxx spectrum. Therefore, even the SHG signal from the background
contributions does not support any non-zero spin angle φspin. Furthermore, since there
is no structured spectral signature of the SHG signal present for the χxxx component
after the background subtraction, it is possible to conclude that there is no sign of any
spin angle in the SHG data, meaning the magnetic order of h-YMnO3 is B1.

While the results presented here for h-YMnO3 show no indication of a spin rota-
tion away from the B1 order, it is interesting that Park et al. [74] find an increase in
the spin angle upon doping with different elements on the Mn3+ site. When doping
with 10 at.% of either Al3+, Ru3+, or Zn2+ on the Mn3+ site, a φspin value of either
14.2◦, 25.3◦, or 44.5◦ was observed by neutron powder diffraction [74]. Such large
spin angles are expected to exhibit considerably larger SHG contribution from the
χxxx component than discussed for the undoped case. Therefore, SHG measurements
should exhibit a clear signature of the χxxx component caused by the large value of
φspin. As the largest φspin value is reported for Zn2+ doped h-YMnO3, the symmetry
of such a crystal is measured by SHG to verify the presence of any non-zero spin an-
gle. In this work, a crystal with 5 at.% Zn2+ doping is used since for higher doping
rates only powder samples were available which are unsuitable for an SHG symmetry
analysis. It appears plausible that even for a doping rate of 5 at.%, φspin would be
increased compared to the undoped h-YMnO3, although probably not as high as 44.5◦

as is reported for the 10 at.% doped one [74].

To check if a non-zero spin angle is present in h-YMn0.95Zn0.05O3, SHG spec-
troscopy of the χyyy and χxxx components is used as shown in Fig. 4.7. Similar to the
undoped sample, the SHG spectrum of the χyyy component in the Zn2+ doped sam-
ple shows the characteristic spectral dependence of that component for the hexagonal
manganite family. For the determination of any possible value of φspin ̸= 0, however,
the more relevant tensor component again is the χxxx component, whose signal is much
weaker. Analogously to the measurement in undoped h-YMnO3, the SHG signal that
is measured for the χxxx configuration has an additional background from the χyyy

component which can be identified due to the intensity maximum at 2.47 eV. What
is, however, different compared to the undoped case is that the χyyy contribution ap-
pears to be the only background contribution, which speaks for efficient suppression
of the ferroelectric components. The background from the χyyy contribution can be
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Figure 4.7: SHG spectra of the χyyy and χxxx components measured for h-YMn0.95Zn0.05O3

at 20 K with the intensity normalized by the maximum value. Upon magnification of the χxxx

components, there is an indication of a χyyy background component, which is subtracted as

shown in Appendix A.

subtracted analogously as discussed above in the case of the undoped h-YMnO3, which
is illustrated in Appendix A.

After the background subtraction, the SHG intensity of the χxxx components
is close to zero. Only a weak SHG signal remains with 0.2% intensity compared to
the maximum χyyy intensity, at a SHG photon energy of around 2.55 eV. This SHG
signal intensity would be expected for a φspin value of 4◦ at most. However, since the
characteristic spectral dependence that is expected for a χxxx component (see Fig. 4.5b)
is not observed, the true value of φspin must be lower, resulting in φspin < 4◦. This is
far from the expected spin angle that should be even larger than 11◦ [74]. Therefore,
it is possible to conclude that even with Zn2+ doping the magnetic moments are likely
to arrange with a B1 order. For the chance that the magnetic order is the B2 ⊕ B1

configuration, an upper limit of the φspin angle of 4◦ can be derived from the SHG
spectra presented here, which is far from what would be expected according to previous
reports [74].

The results presented here for h-YMnO3 and h-YMn0.95Zn0.05O3 show the charac-
teristics expected for the B1 order rather than the B2 ⊕ B1 order reported by neutron
scattering [5, 74]. The study from Park et al. [74] employs neutron scattering on pow-
der samples which often exhibits more difficulty in the determination of small spin
cantings as compared to single-crystal neutron scattering. However, the study using
polarized neutron scattering from Brown and Chatterji [5] uses single crystals, which
should arrive at the same conclusion of the magnetic order as the SHG results presented
here. This is not the case since the authors find a φspin angle of 11◦ while the SHG
results here show no indication for a non-zero value of φspin. This discrepancy could
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originate from the distribution of the ferroelectric and antiferromagnetic domains that
might have affected the symmetry analysis from the neutron scattering results, espe-
cially due to the vortex-type structure imposed by the structural distortion [96]. While
Brown and Chatterji [5] included considerations for the 4 different domain states that
are distinguishable in neutron scattering, the presence of in total of 12 domain states
and the existence of topologically protected vortex cores was not known at the time.
In the B2 ⊕ B1 order, distinguishable domain states in neutron scattering increase to
even 8 states, and a total of 24 different domain states due to the lower symmetry. In
the case of an equal population of the distinguishable domain states, the calculated
polarized-neutron scattering patterns for the B1 and B2 ⊕ B1 order become barely
distinguishable1. Therefore, ideally, polarized neutron scattering experiments should
be executed within a single domain by having a sample with large domains and a
focused neutron beam. On the other hand, the SHG symmetry analysis can also be
affected by the presence of domains, for example, in the presence of nanodomains [104].
However, for the domain pattern present in bulk hexagonal manganite samples (see
section 4.1.3), the SHG symmetry analysis remains largely unaffected by the presence
of domains.

An additional factor is the domain-wall width of the antiferromagnetic domains,
which is predicted to be rather narrow with 40–90 Å [95]. This could potentially cause
additional neutron scattering features and might be misinterpreted as an indication of a
lower symmetry. Similar considerations apply for the doped case of h-YMn0.95Zn0.05O3.
It has been shown that in doped hexagonal manganites, lattice parameters and domain
sizes are expected to change compared to the undoped case [74, 99, 105]. These changes
in the structure and domain distribution could potentially be misinterpreted as an
increasing spin angle by neutron scattering experiments.

4.3 Summary and Outlook

The results presented in this chapter show that h-YMnO3 orders in the B1 magnetic
point group symmetry with no spin rotation towards the B2 ⊕ B1 order. Within the
series of hexagonal manganites, this exposes a tendency for compounds with larger rare-
earth ionic radii, like h-YMnO3, to order with the B1 arrangement, while compounds
with smaller rare-earth ionic radii, like h-ErMnO3, h-TmMnO3, and h-YbMnO3, pre-
fer the B2 order. In this material series, h-HoMnO3 marks the boundary for this
tendency since it orders either into B2 configuration or B1 configuration depending on
the temperature. There are, however, exceptions to this trend in the magnetic order
which can be found in the magnetic order of h-ScMnO3, h-LuMnO3, and h-DyMnO3.

1According to recent, unpublished calculations from J.-R. Soh.
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Nevertheless, this tendency indicates that the rare-earth ionic size is contributing to
which antiferromagnetic order of the Mn3+ ions is the most favorable.

The B1 order for h-YMnO3 found by the SHG experiments presented in this work
stands in contrast to neutron scattering studies that report a B2 ⊕ B1 order [5, 74].
A possible factor that could cause this discrepancy is the presence of domains with
12 different domain states and relatively sharp domain walls [76, 95]. This might
have led to misinterpretations of the neutron scattering data since these factors were
unknown at the time. In light of the results presented here, polarized neutron scattering
within a single domain portion of the sample could help to resolve these discrepancies.
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CHAPTER 5
Coupling of rare-earth and

transition-metal magnetism in h-ErMnO3

Parts of this chapter will be published as:

• L. Forster, I. Efe, M. Trassin, M. Fiebig, T. Lottermoser, and M. C. Weber,
Asymmetric magnetic-field-induced phase transition in hexagonal ErMnO3, in
preparation.

Rare-earth ions in ABO3 structures not only influence the magnetic ordering of
paramagnetic transition-metal ions B via their size, as discussed in chapter 4, but they
can also have a magnetic moment themselves which couples to the magnetic moment
of the transition-metal ion. Such interactions are often difficult to investigate since it
is challenging to independently observe the changes in the rare-earth and transition-
metal magnetic order. In hexagonal manganites, however, it is possible to disentangle
them since the rare-earth magnetic order is ferromagnetic or antiferromagnetic along
the c axis, while the Mn3+ order is antiferromagnetic with the magnetic moments or-
dering within the ab plane. Therefore, the rare-earth order can be measured via mag-
netization measurements that can be achieved via magnetometry or Faraday-rotation
experiments [31, 37]. The Mn3+ magnetic order, on the other hand, can be seen using
SHG due to its symmetry-sensitivity and the possibility to selectively excite Mn3+ 3d

electron transitions [37].

Despite these different access possibilities to the rare-earth and transition-metal
sublattices, their coupling is poorly understood, especially during phase transitions.
An example of this is the magnetic-field-induced spin-reorientation phase transition
in h-ErMnO3. In this compound, an increasing magnetic field along the hexagonal
axis induces a ferromagnetic order in the Er3+ order which causes a simultaneous
spin-reorientation in the Mn3+ lattice [37]. With decreasing magnetic fields, however,
after the Er3+ magnetic moments have lost their ferromagnetic order, the Mn3+ spins
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5. Coupling of rare-earth and transition-metal magnetism in h-ErMnO3

remain much longer within the applied-field phase before they transition back to the
original zero-field state [37]. This difference in the behavior of the two magnetic
sublattices for increasing and decreasing fields is quite puzzling and calls for further
investigation. Therefore, this chapter aims to scrutinize the magnetic-field-induced
phase transition and its impact on both the Er3+ and Mn3+ magnetic orders and the
coupling among these two magnetic species. The separation is achieved by using two
different techniques, SQUID magnetometry and optical SHG.

5.1 State of the art

5.1.1 Rare-earth magnetism in hexagonal manganites

As described in detail in chapter 4, hexagonal manganites are ferroelectric with the
P63cm symmetry at room temperature and Mn3+ orders antiferromagnetically below
the Néel temperature TN, Mn in the arrangements of A1, A2, B1, and B2 as shown
in Fig. 5.1a–d. However, not only Mn3+ ions have a magnetic moment, but also the
R3+ ions are paramagnetic for the elements Dy–Yb [73]. Typically, the magnetic R3+

ions order spontaneously at temperatures TC, R below about 5 K [73]. However, the
onset of the Mn3+ magnetic order triggers an out-of-plane R3+ order as shown by
Meier et al. [31]. This coupling also applies the other way around, meaning that the
ordering of the R3+ ions at TC, R can trigger a spin-reorientation transition of the
Mn3+ order [31, 37, 73]. This cross-coupling between the magnetic moments of Mn3+

and R3+ ions leads to complex phase diagrams with the B1, B2, A1, and A2 orders
appearing at different temperatures or applied magnetic fields [4].

5.1.2 Magnetic phase diagram of h-ErMnO3

This investigation focuses on h-ErMnO3, which can be regarded as a prototypical case
as its magnetic-field-dependent phase diagram shows great similarity to h-TmMnO3

and h-YbMnO3 [4]. When cooling h-ErMnO3 down from the paramagnetic phase,
the Mn3+ moments order within the B2 configuration (see Fig. 5.1a) upon reaching
TN, Mn [4, 73]. As mentioned in the previous section, this ordering of the Mn3+ spins
couples to the magnetic order of the Er3+ ion. Therefore, the onset of the B2 order in
the Mn3+ sublattice triggers also an ordering of the Er3+ magnetic moments into the
B2 order as shown in Fig. 5.1b [31]. For this space group symmetry, only the magnetic
moment on the 4b Er3+ positions are allowed to order antiferromagnetically, while the
magnetic moments on the 2a Er3+ positions remain paramagnetic.

When the temperature is lowered further, the Er3+ spins order spontaneously at
TC, Er within the A2 order [4, 73]. In this symmetry, the Er3+ magnetic moments on
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Figure 5.1: Schematic of the magnetic order of the Mn3+ ions (a, c) and Er3+ ions (b, d) for both

the B2 and A2 magnetic orders. While the B2 order confines the Mn3+ magnetic moments in the

ab plane, the A2 order allows a weak ferromagnetic canting of the Mn3+ spins along the c axis

(not shown here). (e) Schematic of the magnetic-field-dependent phase diagram of the Mn3+

and Er3+ order, adapted with permission by the authors from the data presented in Ref. [31, 37],

with the light grey area indicating a hysteresis, and the hatched area representing a region

where some reports [31, 73] indicate a phase transition from FIM to FM order within the A2 Er3+

order which, however, varies due to a sample dependence.
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both the 2a and 4b Wykoff positions order ferromagnetically, which either leads to an
overall ferromagnetic (FM) or ferrimagnetic (FIM) order, depending on whether the
spins on these two positions are parallel or antiparallel (see Fig. 5.1d). Furthermore,
it has been found that this phase transition is initiated by the 2a Er3+ ions before the
magnetic moments on the 4b position follow this symmetry change [31]. Due to the
coupling of the Mn3+ and Er3+ order, the A2 ordering of the Er3+ spins triggers a
spin reorientation in the Mn3+ magnetic moments away from the B2 order into the A2

order depicted in Fig. 5.1c [4, 31]. Whether the Er3+ magnetic moments order into the
FM or FIM configuration is still under debate due to conflicting literature reports on
the magnetic-field-dependent hysteresis behavior which is caused by a sample depen-
dence [31, 37, 106, 107]. Therefore, the phase diagram of the Er3+ order sketched in
Fig. 5.1e indicates this uncertainty between the FM or FIM order by a hatched area.

The spontaneous B2-to-A2 phase transition at TC, Er can be shifted to higher
temperatures by the application of a magnetic field along the c axis of the crystal [37].
While several studies observed this phase transition, the magnetic field amplitudes
necessary to initiate the phase transition vary by several Tesla [31, 37, 107]. This
discrepancy in the magnetic field values originates from a sample dependence that
might be caused by defects, lattice strain, or oxygen deficiency [53, 107]. Despite
these inconsistencies in the literature, the shape of the phase diagram as a function of
temperature and magnetic field is similar and depicted in Fig. 5.1e [37, 73, 107]. The
field-induced phase transition has some interesting characteristics when the changes
in the Mn3+ and Er3+ sublattices are separately investigated. As shown by Fiebig et
al. [37], the B2-to-A2 phase transition with increasing field happens simultaneously for
both the Mn3+ and Er3+ magnetic order as shown in Fig. 5.1e. When the magnetic
field is decreased again, the Er3+ spins reorder back to B2 with a narrow, 0.2-T-wide
hysteresis or no hysteresis, depending on the sample [37, 106, 107]. In contrast, the
Mn3+ magnetic moments remain longer within the A2 phase before they rearrange
into the B2 state, which means they show a broader hysteresis, compared to the Er3+

order [37]. Unfortunately, the previous literature is difficult to compare since, on the
one hand, not all reports can distinguish changes in Mn3+ and Er3+ order, and, on
the other hand, different hysteretic and non-hysteretic behaviors are reported due to a
dependence on the samples used [37, 73, 106, 107]. Therefore, further measurements are
necessary for a better understanding of the magnetic-field-dependent phase diagram
and the coupling between the Mn3+ and Er3+ magnetic order.

5.2 Phase diagram of the Er3+ magnetic order

Since previous reports indicate that phase transitions of Mn3+ and Er3+ order do
not necessarily coincide, it is insightful to investigate them separately, starting here
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Figure 5.2: (a) The temperature dependence of the magnetic moment along the c axis and (b)

the second derivative of the magnetic moment are shown for different applied magnetic fields

as measured by SQUID magnetometry. The dashed lines in subfigure (c) labeled with Hc1 and

HcA2 indicate the evolution of two transition points and are used to draw the phase diagram of

the Er3+ magnetic order (b). That phase diagram indicates the areas of B2 order and ferri- or

ferromagnetic arrangement of the A2 Er3+ order.

with the Er3+ phase diagram. The changes in the Er3+ magnetic order can be in-
vestigated via magnetization measurements, such as SQUID magnetometry, since the
Er3+ spin-lattice in the B2 order is antiferromagnetic, while in the A2 order it is fer-
ri-/ferromagnetic along c (see Fig. 5.1b,d). Technically, the Mn3+ spins in the A2

order can show a spin canting along the c axis and contribute to a net magnetic mo-
ment. However, this ferromagnetic canting of the Mn3+ moments can be expected to
be significantly weaker than the magnetization produced by the Er3+ moments and is,
therefore, neglected. In Fig. 5.2a, the measured magnetic moment along the c axis of
h-ErMnO3 is shown as a function of temperature for different applied magnetic fields.
The phase transition of the Er3+ moments to the A2 phase becomes evident as a steeper
increase of the net magnetic moment towards lower temperatures. However, the phase
transition points become much more evident when plotting the second derivative of the
magnetic moment as in Fig. 5.2c. Within that graph, the points of phase transitions
appear as two series of peaks that increase in temperature with higher applied magnetic
fields. Via fitting of the peaks to determine the transition temperatures, the critical
points for the phase diagram are extracted to yield Fig. 5.2b. One of the extracted
lines in this phase diagram represents the critical field Hc1 at which the B2-to-A2 phase
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0

Figure 5.3: (a) The SHG signal evolution that is measured across the magnetic-field-induced

B2 to A2 transition of the Mn3+ magnetic order at 28 K at a SHG photon energy of 2.48 eV. The

magnetic field is first applied in one direction of the c axis, then ramped to the opposite direction,

and finally back to 0 T, as shown by the arrows. The critical field for the phase transition, Hc1, is

indicated by dashed lines. (b) Magnification of SHG signal that emerges when decreasing the

magnetic field below Hc1.

transition occurs. These field values match the data previously measured by Faraday
rotation on this sample, published in Ref. [37]. The second transition line bears some
resemblance to the ferri-to-ferromagnetic transition within the A2 order observed by
Meier et al. [31] and is therefore labeled as HcA2. The presence of this second phase
transition supports the notion that the qualitative phase diagram is similar to other
reports aside from the known sample dependence.

5.3 Phase diagram of Mn3+ magnetic order

Having seen the phase diagram of the Er3+ magnetic order, the next step is to investi-
gate the Mn3+ magnetic order and to expand the phase diagram to magnetic fields to
both directions along the c axis. As seen for h-YMnO3 in chapter 4, SHG is sensitive
to the Mn3+ magnetic order, which is why it is used here to track the Mn3+ order in
h-ErMnO3. The phase transition of the Mn3+ magnetic order from B2 to A2 appears,
as expected, via an SHG signal disappearing and reappearing at different applied mag-
netic fields along the c axis, as presented in Fig. 5.3a. This is because only the B2 order
has a non-zero tensor component of χxxx that can be measured if laser light is incident
along the c axis, as was the case in the experiments presented here. Upon first glance,
the phase transition exhibits the same hysteretic behavior as previously reported [37]
with a steep decrease in SHG signal at a critical magnetic field Hc1 upon initial field
application and a rapid increase of SHG signal at a field lower than Hc1 when ramping
the magnetic field down again. Subsequent to this forward and backward transition,
the signature of the B2 order is recovered, however, with a lower intensity than before.
This lower intensity might be caused by smaller domains after the field application
which leads to more destructive interference, as discussed in more detail in section 5.5.
When the magnetic field is further decreased, meaning, it is applied in the opposite
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until the A2 phase is reached and then the magnetic field is decreased below −Hc1 to the A2/B2

phase. In the panel at 13 K of Fig. 5.5, the conditions where this SHG anisotropy is recorded

are indicated by a dashed line.

direction, the SHG intensity is leveling off, indicating that the phase transition from
A2 back to B2 is completed. Upon increasing the reversed magnetic field further, the
phase transition to A2 magnetic order occurs again at −Hc1, indicated by a drop of the
SHG signal. When lowering the magnetic field back to 0 T, the same sequence of the
A2-to-B2 phase transition is observed. This demonstrates how this phase transition is
repeatable upon magnetic field cycling in both c directions of the crystal. However,
when the low-signal area is magnified as in Fig. 5.3b, it becomes apparent that this
phase transition is not truly hysteretic but also has some second-order phase transition
character. This second-order nature is visible in the form of a weak signal increase di-
rectly upon reaching Hc1 during the decrease of the magnetic field. This contribution
was presumably too weak to be detected previously. This weak signal slowly increases
until some second critical field Hc2 is reached, where a steeper SHG signal increase
initiates until the B2 phase is recovered. This intermediate region of the weak signal
demonstrates that already at Hc1 the magnetic order of the Mn3+ ions is changing
away from the A2 order.

An SHG anisotropy measurement in this intermediate phase (Fig. 5.4) proves
that the reappearing signal corresponds to a χxxx tensor component that is allowed
for the B2 order. While the signal is not fully recovered, the magnetic order of the
Mn3+ spins can be interpreted in two ways: 1) This intermediate region might exhibit
a phase coexistence of areas with B2 and A2 symmetries or even nanodomains that
are already fully ordered in the B2 configuration; 2) It is possible that the Mn3+ spins
are continuously rotating from A2 to B2 order, which means they effectively have the
B2 ⊕ A2 (P3c′) order which was proposed by Fiebig et al. [108] and Geng et al. [109].
Since it remains unclear which of these scenarios is preferred, this intermediate phase
will be referred to as A2/B2 in the following.

For a complete picture of the magnetic-field-dependent phase diagram, it is nec-
essary to look at the temperature dependence of this phase transition of the Mn3+

sublattice. Therefore, the phase transition from A2 to B2 with decreasing magnetic
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Figure 5.5: Field-dependent A2-to-B2 phase transition measured by SHG at different temper-

atures, including a magnification of the signal in the A2/B2 phase. For each temperature, the

sample is cooled down from above T N, Mn, followed by an initial field application to reach the A2

phase. After this, the presented SHG signal is measured under a decreasing magnetic field, as

indicated by the arrow. Three characteristic fields where the symmetry appears to change are

indicated as Hc1, Hc2, and −Hc1. These critical fields allow the assignment of different phase

regions as shown by the differently shaded areas for the A2, B2, and A2/B2 orders. The SHG

intensities at the different temperatures are rescaled to depict the full range of the SHG signal

measured at each temperature with the maximum SHG signal labeled as a percentage of the

initial zero-field intensity. In the 13 K panel, a dashed line indicates the condition in which the

SHG anisotropy shown in Fig. 5.4 is measured. The SHG photon energy used here was either

2.48 eV or 2.41 eV.

fields was measured at different temperatures as presented in Fig. 5.5. Due to signif-
icant laser heating effects, the temperature values had to be corrected as described
in section 3.1.5. Between the different temperature measurements, the sample was
always heated above TN, Mn and cooled with no applied magnetic field to avoid any
influence of previously applied magnetic fields. The appearance of the different phases
can be tracked via three critical fields that are explained in the following. When the
magnetic field is ramped down, the Mn3+ magnetic order changes from the A2 order
to the A2/B2 phase at Hc1 which causes a gradual SHG signal increase (see Fig. 5.5).
Upon further decrease of the magnetic field, the transition to the B2 phase initiates
at Hc2, which causes a steep SHG signal increase. When the magnetic field is lowered
further until it is applied in the opposite direction to −Hc1, the Mn3+ order changes
back to the A2 phase where the SHG signal disappears again. When the different tem-
peratures are compared, it becomes apparent that Hc1 and −Hc1 shift to lower fields
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the magnetic field is cycled in both directions of the c axis. The empty symbols represent
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depending on the magnetic field direction. The other areas are only labeled with the symmetry

that applies to both the Mn3+ and Er3+ order. The hatched area indicates the expected hystere-

sis of the Er3+ order according to the data presented in Ref. [37].

with lower temperatures. Also, Hc2 decreases with lower temperatures, reaching even
negative values. This means that a reverse field is necessary to initiate the transition
back to the B2 phase, as is the case for a temperature of 18 K as shown in Fig. 5.5.
Since Hc2 and −Hc1 are relatively close at 18 K, the SHG signal in the B2 phase is
not leveling off before the signal decreases again into the A2 phase. This indicates that
the transition to the B2 phase could not be completed before the transition to the A2

order occurs. At a temperature of 13 K, the Mn3+ order changes only between the A2

and the A2/B2 phase, while no transition to the B2 phase can be detected as there is
no longer any steep SHG signal increase as was the case at higher temperatures.

5.4 Coupling between the Mn3+ and Er3+ magnetic order

Having investigated the magnetic-field-induced phase transition for both the Mn3+ and
Er3+ magnetic order, it is possible to construct an overall phase diagram in Fig. 5.6.
Even though the phase transition of these two magnetic ions has already been presented
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5. Coupling of rare-earth and transition-metal magnetism in h-ErMnO3

in the previous two sections, the different steps in this process is discussed here with
an emphasis on which changes occurs simultaneously or separately. Upon increasing
the magnetic field, the Mn3+ and Er3+ order change simultaneously from the B2 to the
A2 order. When decreasing the magnetic field, the Er3+ order changes back to the B2

configuration with a roughly 0.2-T-wide hysteresis as found in Ref. [37, 106] or with no
hysteresis as reported by Ref. [31, 107] depending on the sample. At the same time, the
Mn3+ order changes into the A2/B2 phase which is much broader than any potential
hysteresis in the Er3+ order (see Fig. 5.6). Upon further lowering of the magnetic field,
the Mn3+ magnetic moments fully reorder into the B2 configuration, which can even
require a magnetic field in the opposite direction depending on the temperature. Below
13 K, the Mn3+ order can only enter the A2/B2 phase and cannot recover the B2 phase
after an initial magnetic field application, while the Er3+ moments are arranged in the
B2 order.

This raises the question of why the Er3+-to-Mn3+ coupling favors a simultaneous
symmetry change upon increasing magnetic fields, but a step-wise symmetry change
with decreasing fields. Previous theory considerations on hexagonal manganites [77]
describe the energy surface between different magnetic ground states as rather flat
with only a low energetic preference for one symmetry over the other. This indicates
that the preferential magnetic order is prone to change. Additionally, the B2-to-A2

phase transition is reported [31] to be triggered by the Er3+ 2a magnetic order after
which the Er3+ 4b and the Mn3+ order follow the same symmetry change. Upon
increasing magnetic fields, the phase transition of the Er3+ order, therefore, creates a
strong enough energetic preference for the A2 arrangement in the Mn3+ order to cause
a simultaneous reordering of both magnetic ions. Upon decreasing the magnetic field
below Hc1, the Er3+ order no longer prefers the FIM or FM A2 configuration which
initiates the reverse phase transition. However, the initial antiferromagnetic B2 order
of the Er3+ ion was induced by the Mn3+ B2 order which at this stage still has the A2

order. Therefore, it is possible that, during the field decrease, the Er3+ order does not
return to the B2 order but rather a paramagnetic state, which is magnetized by the
presence of the magnetic field. Furthermore, since the Mn3+ in the A2/B2 phase still
has an A2 character, it might induce even the Er3+ to be partially in the ferromagnetic
A2 phase, which in turn stabilizes the Mn3+ A2 order. This indicates that there might
be a self-stabilization of the A2 phase due to the cross-coupling of the Er3+ and Mn3+

order. Only by significantly lowering the magnetic field or even application of magnetic
fields in the opposite direction is this self-stabilization unstable and the full transition
to the B2 phase occurs.

Another interesting aspect is how the FIM-to-FM transition within the A2 Er3+

order could affect the magnetic order in the Mn3+ sublattice. Meier et al. [31] already
propose that the Mn3+ magnetic order remains within the A2 arrangement during
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Figure 5.7: (a) SHG signal evolution at 13 K for decreasing magnetic field for two different

magnetic-field-ramping rates, measured at 2.48 eV SHG photon energy. The sample was

heated above T N, Mn between these two measurements. (b) SHG data as shown in (a), but

here as a function of time with time zero defined by the point where Hc1 is reached.

the magnetic-field-induced FIM-to-FM transition of the Er3+ order. Furthermore, the
authors suggest that the domains change from a multidomain to a single-domain state
as they observe a saturation in the magnetization. However, since the Mn3+ magnetic
order couples to the ferroelectric domains which are known to remain unchanged upon
magnetic field application [109], it appears likely that this single-domain state applies
mainly to the Er3+ magnetic order. This opens the question of if and how the domains
of the Mn3+ and the Er3+ magnetic order couple to each other under the influence of
applied magnetic fields.

5.5 Temporal and spatial evolution of the Mn3+ order

As seen above, the Mn3+ sublattice shows a two-step phase transition as compared
to the one-step in the Er3+ order. To gain a better understanding of the dynamics
of the A2-to-B2 phase transition and what occurs within the domain structure, both
the time dependence of this transition and the spatial evolution of the domains can
be of interest. Although, even though these two factors are interesting both for the
evolution of the Mn3+ and Er3+ order, SHG is limited to only resolving the Mn3+

order.

For the investigation of the time dependence, focus is laid on the process occurring
in the A2/B2 phase, where the SHG signal is slowly increasing. When tracking the SHG
signal evolution for different magnetic-field-ramping rates as presented in Fig. 5.7a, it
appears like the signal increases more for a slower rate. However, Fig. 5.7b shows that
when the SHG signal is plotted as a function of time, both magnetic-field-ramping
rates exhibit a similar SHG signal increase with more time. Therefore, the SHG signal
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5. Coupling of rare-earth and transition-metal magnetism in h-ErMnO3

increase within the A2/B2 phase depends on time, while the field-ramping rate mainly
determines how fast the border of this phase is reached. Therefore, the SHG signal
measured with a rate of 66 mT/min increases more since it is given more time until
the A2 phase boundary is reached compared to the faster ramping rate. The SHG
signal here shows the B2-like character of the Mn3+ symmetry within the A2/B2 phase
(see Fig. 5.4). Most notably, this B2-like SHG signal increase is rather slow and
time-dependent, as discussed above. This indicates that the transition of the Mn3+

order towards the B2 configuration takes time, which suggests that the A2/B2 phase
is metastable and continuously evolves towards the B2 order given more time. This
means that the previously suggested self-stabilization of the A2 phase is gradually
weakened given more time or low enough magnetic fields.

The dynamics in the Mn3+ sublattice also impact the domain structure which is
resolved via SHG imaging in Fig. 5.8. As discussed above, the SHG signal detected
for the selected measurement geometry originates from the χxxx tensor component
that corresponds to the B2 order. Therefore, with SHG imaging only the B2 phase is
expected to give a complete picture of the domain distribution, while in the A2/B2

phase, only the B2-like character is spatially resolved. Figure 5.8 shows a sequence of
SHG images during the magnetic-field-induced B2-to-A2 and reverse phase transition
with a subsequent heating of the crystal to higher temperatures. The first image
in Fig. 5.8a, where the crystal is cooled down to 13 K without any magnetic fields,
shows relatively large domains separated by dark domain walls that are caused due
to destructive interference (see section 3.1.3). These domains are Pℓ domains where
domain walls separate areas ordered with +Pℓ and −Pℓ, as explained in section 4.1.3
and Ref. [76]. Upon magnetic field application, the material changes into the A2

magnetic order where the SHG signal is expected to disappear. However, the SHG
image of the A2 phase in Fig. 5.8b still shows a weak homogeneous signal, which
becomes visible upon increasing the brightness by a factor of 80 as compared to the
image in Fig. 5.8a. Since this SHG signal is weak, it is likely to be a background due
to the SHG tensor components from the ferroelectricity or due to some fluorescence.
When the magnetic field is ramped back to 0 T, the sample enters the A2/B2 phase
following the phase diagram in Fig. 5.6. The detected SHG image shows that the
B2-type signal produces a diffuse, grain-like pattern that, as for the previous image, is
visible upon significant brightness increase with respect to Fig. 5.8a. This image does
not show any resolvable features that could be identified as domain walls. Therefore,
the underlying pattern is likely smaller than the resolution limit. Therefore, this SHG
image makes it impossible to determine whether the A2/B2 phase exhibits the B2 ⊕
A2 order with small domains or a phase coexistence of small B2- and A2-ordered areas.

In the subsequent images shown in Fig. 5.8d–f, the temperature was raised to
observe the evolution of these small structures when the material changes into the B2
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100  

Figure 5.8: (a–f) SHG images at different stages during the B2-to-A2 phase transition that ap-

pears with first increasing the magnetic field, then decreasing the magnetic field, and followed

by heating up to T N, Mn. The first three pictures show the spatially resolved SHG signal (a) be-

fore any field application, (b) while the field is applied above the critical field Hc1 and (c) after

the magnetic field is back at 0 T. The series of (d–f) follows how the SHG contrast evolves with

higher temperatures after the preceding field cycling at 13 K. For better visibility, some of the

images are increased in brightness by factor 80 (b, c) or 6 (e, f), as indicated in the images. The

temperature values of the SHG images above 13 K could not be corrected for laser heating by

the procedure described in section 3.1.5. However, it can be expected that this heating effect is

less severe towards higher temperatures, meaning that the measured temperatures might only

slightly underestimate the actual value. All images were collected with an SHG photon energy

of 2.41 eV and the light propagating along the c axis of the crystal.

phase. At 40 K, the sample is back in the B2 phase since it shows a similar SHG
intensity to the image recorded before any magnetic field application, as evident by
the comparable brightness of Fig. 5.8a and d. Since the image contrast in Fig. 5.8d
also shows a grain-like pattern similar to Fig. 5.8c, this leads to the conclusion that
the domains are still below the resolution limit. With higher temperatures, however,
larger domains evolve gradually which can again be resolved as shown in Fig. 5.8e,f.
Since those larger temperatures are gradually approaching TN, Mn, the overall SHG
intensity is getting lower, which is why the image brightness of these two images had
to be increased by a factor of 6 as compared to Fig. 5.8a.

This series of images clearly shows that a magnetic field-induced B2-to-A2 phase
transition followed by the reverse transition leads to the formation of small domains.
A similar observation has already been made in the B2-to-B1 phase transition that
occurs as a function of temperature or magnetic field in h-HoMnO3 [110]. As pre-
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5. Coupling of rare-earth and transition-metal magnetism in h-ErMnO3

viously mentioned, two main scenarios can occur at such a spin-reorientation phase
transition; 1) a nucleation and growth of areas with the other magnetic order or 2) a
rotation of the magnetic moments from one to the other symmetry. The observation
of small domains after the transition in h-ErMnO3 points towards the first of these
mechanisms. However, this does not exclude the second mechanism of a rotation of
the spins, as these two processes could occur simultaneously in an intermixed process
between nucleation of the other phase and spin rotation. In the case of a rotation of
the Mn3+ magnetic moments, it is important to note that the symmetry is lowered to
the B2 ⊕ A2 order which has 2×12 = 24 domain states due to the two possible rotation
directions, as already indicated in Ref. [110]. As a next step, it would be interesting to
investigate whether these small structures during the A2-to-B2 phase transition have
any correlation to the ferroelectric vortex domain pattern and the domains of the Er3+

order.

5.6 Summary and Outlook

The results presented in this chapter allow the expansion of the magnetic field-de-
pendent phase diagram of h-ErMnO3 in both field directions along the c axis while
being able to differentiate between the Er3+ order and Mn3+ order. Interestingly, the
results show that the magnetic-field-induced phase transition between the B2 and A2

order proceeds differently for an increasing or decreasing magnetic field. On the one
hand, with increasing magnetic field both the Er3+ and Mn3+ show a simultaneous
phase transition. For a decreasing magnetic field, on the other hand, the one-step
transition of the Er3+ order initiates a change in the Mn3+ order. However, the Mn3+

sublattice only fully reorders into the B2 configuration in a two-step process. While
previous literature [37] indicated that the field-dependent phase transition in the Mn3+

sublattice is a first-order transition due to its hysteresis, the observation of this two-step
transition indicates a more second-order nature. The results here show, furthermore,
that this two-step transition for decreasing magnetic fields depends on the time given
to the system and leads to the formation of small antiferromagnetic domains.

A full understanding of why the coupling of the rare-earth and Mn3+ magnetic
moments lead to these effects during the phase transition requires further experiments
and theory. However, the results presented here might serve as a basis to improve
the understanding of such coupling effects. In the case of h-ErMnO3, it would be
interesting to conduct further experiments on the dynamics of the field-induced phase
transition and the evolution of the domains for both the Mn3+ and the Er3+ magnetic
order. On top of that, such experiments could be supported by theoretical studies,
which are often not easily feasible due to the involvement of 4f orbital levels.
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CHAPTER 6
Rare-earth 4f electronic transitions in

NdGaO3

Parts of this chapter will be published as:

• L. Forster, K. Fürsich, E. Benckiser, M. Fiebig, T. Lottermoser, and M. C. We-
ber, Influence of rare-earth electronic levels on the low-temperature behavior of
NdGaO3, in preparation.

After the previous chapters showed the influence of rare-earth ions on ABO3

structures via their size (chapter 4) and their magnetic moment (chapter 5), we now
inspect how the nature of the 4f electronic structure impacts the properties in such
compounds. In this chapter, NdGaO3 is investigated, which has a non-paramagnetic
Ga3+ ion, while the Nd3+ ion carries a magnetic moment. With a magnetic moment
only on the rare-earth site and none on the transition-metal ions, as opposed to the
case of the hexagonal manganites in the previous two chapters, magnetic order in
such ABO3 structures generally only arises at very low temperatures, such as below
1 K as reported in the case of NdGaO3 [111]. Previously, several reports showed low-
temperature anomalies of different properties which occur at temperatures of around
150–200 K, way above the onset of the antiferromagnetic order [7, 8, 10]. These
anomalies include unexpected changes in lattice constants, phonon modes, and mag-
netic susceptibility [6–11]. Some of these changes are already suspected to be coupled
to crystal-field excitations in the Nd3+ ions [8]. However, the understanding of those
effects is still limited. Furthermore, it has even been proposed that a structural phase
transition with a loss of inversion-symmetry might occur in that temperature range [12].
To shed more light on this phenomenon occurring around 150–200 K, NdGaO3 is stud-
ied here with SHG spectroscopy, Raman scattering, and linear spectroscopy.
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6. Rare-earth 4f electronic transitions in NdGaO3

6.1 State of the art

6.1.1 Structure and properties

NdGaO3 is an orthorhombic perovskite compound that is especially known as a sub-
strate material for thin-film growth of different structures, ranging from high-T c su-
perconductors over colossal magnetoresistance materials to Aurivillius-type layered
ferroelectrics [112, 113]. The crystal structure of NdGaO3 was initially under de-
bate between the centrosymmetric Pbnm and the non-centrosymmetric Pbn21 space
group [7, 114]. However, with the help of x-ray diffractometry, Raman spectroscopy,
and chemical etching experiments the presence of an inversion center and, therefore, a
Pbnm symmetry was confirmed at room temperature as depicted in Fig. 6.1 [115–117].
Additionally, NdGaO3 is reported to be ferroelastic with a cubic perovskite structure
as the hypothetical prototype symmetry [118, 119]. Despite this ferroelasticity, careful
control of the growth conditions allows the growth of twin-free crystals [120]. With
no magnetic moment on the Ga3+ ion, only the Nd3+ ion carries a magnetic moment
which was found to order antiferromagnetically below 1 K [111].

Apart from the low-temperature antiferromagnetic order, NdGaO3 is known to
show little discontinuities of its structural properties in a large temperature window,
ranging from room temperature up to 1120 K [7]. This makes it ideal as a substrate
material, as thin film growth can require elevated temperatures. However, for the
temperature range around 150–200 K, there are several reports on anomalies in the
structural, electronic, and magnetic properties [6–9]. Among those, it was observed
that there is a hysteresis in the thermal expansion and a sigmoidal temperature de-
pendence of the b lattice parameter around 200 K [6, 7]. In the same temperature
range, Raman spectroscopy measurements indicate that some phonon modes couple
to crystal-field excitations of the Nd3+ ion [8]. Furthermore, the same effects seem
to lead to a deviation of the magnetic susceptibility from the Curie-Weiss law below
150–190 K, which was attributed to crystal-field effects of the Nd3+ ion that also be-
come evident in neutron scattering experiments [6, 9]. Therefore, looking more closely
at the ground state and electronic levels of the Nd3+ ion is important. The electron
configuration of Nd3+ is [Xe]4f3 which has the ground state 4I9/2. Under the influence
of the NdGaO3 crystal-field effects, this ground state splits into five Kramers doublets
of which the energy levels were measured in Ref. [9].

While most studies concluded that the low-temperature anomalies in NdGaO3

are related to rare-earth crystal-field effects, the understanding of what causes these
effects is limited. A recent Raman and infrared spectroscopy report believes that
these irregularities indicate a phase transition with the loss of inversion symmetry
from Pbnm to Pbn21 [12]. On the other hand, other x-ray diffraction and Raman
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Figure 6.1: Illustration of the orthorhombic Pbnm crystal structure of NdGaO3.

spectroscopy studies observe no phase transition away from the Pbnm symmetry but
a change in the thermal oscillations of the atomic positions and phonon modes, respec-
tively [7, 8, 10, 113]. Furthermore, semiclassical simulations were unable to explain
the unusual temperature dependence of the lattice constants, which points towards a
non-classical behavior [7, 121, 122]. Since other rare-earth ABO3 compounds can be
expected to show a similar crystal-field splitting of the rare-earth levels as NdGaO3, it
is of general importance to better understand these low-temperature anomalies. This
becomes especially apparent, as comparable observations were also made in several
other compounds of the rare-earth gallates and aluminates [7].

6.1.2 SHG tensor components

Since in this work SHG is one of the main techniques used to investigate the low-
temperature property changes of NdGaO3, it is essential to know the expected compo-
nents of the χ(2) tensor. Regarding room temperature, literature [115–117] agrees with
the centrosymmetric space group Pbnm, which, due to its inversion symmetry, does not
allow any electric-dipole SHG components. However, as listed in Tab. 6.1, magnetic-
dipole and electric-quadrupole components remain possible for this symmetry. For the
Pbn21 symmetry proposed by De et al. below 200 K, it would be expected to have ED
components which would be χzzz, χzxx, χzyy, χxzx = χxxz, and χyzy = χyyz.
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6. Rare-earth 4f electronic transitions in NdGaO3

Symmetry MD SHG EQ SHG

Pbnm

χxxxx, χyyyy, χzzzz, χxxyy, χyyxx, χxxzz, χzzyy,
χxyz = χxzy, χyxz χzzxx, χyyzz, χxyxy = χxyyx = χyxyx = χyxxy,

= χyzx, χzxy = χzyx χxzxz = χxzzx = χzxzx = χzxxz,
χyzyz = χyzzy = χzyzy = χzyyz

Table 6.1: Non-linear optical susceptibility tensor components of the Pbnm symmetry. Only the

magnetic-dipole and electric-quadrupole components are listed here since no electric-dipole

components are allowed due to inversion symmetry.

6.1.3 Samples

The samples used in this study are commercially grown crystals (CrysTec GmbH) which
are typically used as substrates for thin-film growth. In this work, measurements were
made on three samples that were either cut in (001), (110), or (101) directions. While
the manufacturer already polished one side, the opposite side was polished according
to the procedure described in section 3.2.1.

6.2 Effect of rare-earth ion on low-temperature linear optical

spectroscopy

For the investigation of the influence of the rare-earth electronic structure on the low-
temperature properties of NdGaO3, it is possible to access the 4f electron transitions
by doing linear optical spectroscopy. When the energy of the electronic transitions
can be matched by the photon energy, the transitions become apparent due to in-
creased absorption. In NdGaO3, this can be seen as spectrally rather sharp dips in the
transmission spectra in Fig. 6.2 that were measured at different temperatures. Such
sharp features are typical for rare-earth compounds and can be associated to the 4f
electronic transitions due to the localized nature of the 4f orbitals. The correlation to
excited Nd3+ electronic levels can be confirmed by comparing the photon energy of
these absorption dips with the energy values of the excited states found in aquatized
Nd3+ ions [123], as indicated by the different markers above the optical spectra in
Fig. 6.2. However, especially when comparing two of the lowest excited states, 4I13/2

and 4I15/2, with the optical spectrum it becomes evident that there is not one but
several dips in the transmission in the vicinity of the indicated energy levels. This is
a result of additional splittings of the energy levels of the Nd3+ ion within the crystal,
for example, due to the crystal field. Despite these additional energy level splittings,
the excited energy levels of the aquatized Nd3+ can still be approximately matched
with changes in the transmission.
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Figure 6.2: Linear optical spectrum of a (101) oriented NdGaO3 crystal at different tempera-

tures both as a function of wavelength and photon energy. The energies of the excited electronic

levels of the Nd3+ ion with respect to its ground state of 4I9/2 are indicated by vertical lines, as

reported from Ref. [123]. The breaks in the wavelength axis exclude regions with high transmis-

sion and only little changes.

Having identified the rare-earth electronic transitions as the cause of the absorp-
tion dips in the linear spectrum, it is possible to track the changes in these features
with temperature. In Fig. 6.2, it becomes evident that with lower temperatures the
dips in the linear spectrum become sharper and show a blue shift of their wavelength.
These shifts appear to be continuous and no distinct anomalies are visible upon com-
parison of the spectra at different temperatures. Therefore, it is possible to conclude
that, even though the electronic transitions of the rare-earth ion are visible in the
linear spectrum, there is no direct sign of a low-temperature anomaly that would bear
a similarity to the ones reported in the literature [6–12].

6.3 Effect of rare-earth ion on temperature-dependent Raman

spectroscopy in NdGaO3

Raman spectroscopy has already been shown to be sensitive to the anomalous proper-
ties of NdGaO3 towards lower temperatures [8, 10, 12]. However, as discussed above
in section 6.1, different Raman spectroscopy measurements lead to other conclusions
regarding the origin of these anomalies. On the one hand, Savytskii et al. [8] reports
that these anomalies originate from a coupling of rare-earth electronic excitations with
phonons. On the other hand, De et al. [12] propose a structural phase transition with
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Figure 6.3: (a) Raman spectra in the z(XX)z̄ measurement geometry of NdGaO3 at different

temperatures with labels of the identified Ag phonon modes and electronic transitions from the

Nd3+ ion. The smaller features that are not labeled can be identified as leakage from the B1g,

B2g, and B3g phonon modes (see Appendix B and Ref. [10, 125, 126]). (b) Fitted Raman shifts

as a function of temperature for the most prominent Ag phonon modes and electronic transitions.

(c) Energetic levels of the crystal-field-split ground state multiplet 4I9/2 of the Nd3+ ion with the

arrows indicating the transitions reported in Ref. [9]. The transitions between these energy

levels that also appear within the Raman spectra are marked by vertical lines and labeled by

the respective letters in subfigure (a).

a loss of inversion symmetry to the Pbn21 symmetry to occur around 200 K. This pro-
posed structural change is, however, not supported by x-ray diffraction experiments
which did not find any change of the Pbnm symmetry between 100 K and 300 K [113].
Considering the contradictory interpretations of temperature-dependent Raman spec-
troscopy, it is important to reinvestigate the Raman spectrum of NdGaO3.

Figure 6.3a shows the Raman spectra at different temperatures in the z(XX)z̄

measurement geometry, where the laser light is incident and reflected along the z axis
with the light polarized along the x axis for both the incident and reflected light. As a
first step, it is important to identify the different phonon modes that appear at room
temperature where the NdGaO3 crystal has Pbnm symmetry. For this space group,
only Ag phonon modes are allowed to appear in the z(XX)z̄ geometry [124]. Previ-
ous Raman experiments [10, 125] and theoretical studies [126] show similar phonon
frequencies, which allows the assignment of the Ag modes as marked in Fig. 6.3a,b.
The additional small peaks or shoulders at 151 cm−1, 361 cm−1, and 448 cm−1 are
associated with the B1g, B2g, or B3g modes that would typically be expected in other
measurement geometries but could not be suppressed completely in these measure-
ments.

Having identified the phonon modes at room temperature that agree with the
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Pbnm symmetry, it is now possible to track the changes in the Raman spectrum to-
wards lower temperatures. Most notably, two Raman peaks at 90 cm−1 and 186 cm−1

appear below 200 K. These features match the energy of 4f electronic excitations within
the crystal-field-split energy scheme of the Nd3+ ion [9], as sketched in Fig. 6.3c. There-
fore, it is possible to identify these emerging features as electronic excitations from the
rare-earth ion similarly as done in previous studies [8–10]. Interestingly, the electronic
excitation at 90 cm−1 appears to couple to the Ag (7) phonon mode since the intensity
of the electronic excitations increases significantly while the phonon mode intensity
decreases. This electron-phonon coupling has already been discussed by Savytskii et
al. [8] and was hypothesized to originate from the increasing population of the lowest
energy level of the crystal-field-split Nd3+ electronic structure. To investigate whether
this electron-phonon coupling causes a structural phase transition similar to what was
proposed by De et al. [12], all the peaks were fitted with the resulting Raman shift of
the strongest peaks being shown as a function of temperature in Fig. 6.3b. Apart from
the Ag (7) mode that couples to the electronic excitation, all the other Ag phonon
modes show a linear change in the Raman shift towards larger phonon frequencies but
no change in slope or jump that would indicate any structural phase transition. A
similar behavior can be found for the B1g, B2g, or B3g phonon modes as shown in
Appendix B.

Therefore, it is possible to conclude that there is no indication of a structural
phase transition, but rather a change in the 4f electronic excitations within the Nd3+

ion. These changes in the electronic structure of the rare-earth ions couple with some
of the phonon modes, which might cause the anomalies in the material properties, like
the lattice constant and the magnetic susceptibility, that appear around 150–200 K [6–
11]. However, Raman spectroscopy can not separate well between phonon modes
and electronic excitations, making it more challenging to analyze demanding further
investigation with other techniques.

6.4 Probing the low-temperature anomalies of NdGaO3 by SHG

6.4.1 Low-temperature SHG spectroscopy

Since SHG is a technique that can access both changes in the symmetry and the elec-
tronic excitations, it can provide more insight into to anomalous behavior of NdGaO3.
As seen in the previous section, the Raman spectrum shows 4f electronic excitations
only to emerge below 200 K. Therefore, the focus is first laid onto the SHG spectrum
at low temperatures.

The SHG spectrum at 20 K, as shown in Fig. 6.4, exhibits several groups of
spectrally sharp SHG peaks with an FWHM of around 0.7 meV. The FWHM of these

59



6. Rare-earth 4f electronic transitions in NdGaO3

SH
G

 in
te

ns
ity

 ISH
G
(2

Figure 6.4: SHG spectrum of NdGaO3 at 20 K with the laser light incident along [110] and the

light polarization of fundamental and SHG light along [1̄10]. At the photon energy marked by

the dashed line, a filter change occurred. An inset shows a magnification of a single peak where

an FWHM of 0.7 meV becomes evident which approximately corresponds to the bandwidth of

the laser system.

peaks is in the same range as the spectral width of the laser system, which limits the
resolution of this spectrum, meaning that the measured features might be even sharper.
While the presence of an SHG signal can often be interpreted as a sign of broken
inversion symmetry, this only holds for the leading electric dipole (ED) SHG term, and
not for magnetic dipole (MD) or electric quadrupole (EQ) components. The Raman
spectroscopy presented in the previous section demonstrated that there is no apparent
structural change. This indicates that this SHG signature is not of an ED nature.
Therefore, the SHG signal shown here at 20 K originates from MD or EQ components.
The absence of an inversion-symmetry breaking found by the Raman spectra in the
previous section is further confirmed by the absence of spectrally broad features in
the SHG spectrum shown here. Typically, non-centrosymmetric ABO3 crystals are
expected to show ED-SHG features with widths larger than 0.1 eV due to 3d electron
transitions from the transition-metal ion, similar to the SHG spectra observed in, for
example, hexagonal manganites [101]. Since the SHG features found here are much
narrower than expected for ED 3d electron transitions, the presence of an inversion
symmetry center and the Pbnm symmetry is further confirmed. While the Raman
spectroscopy shown previously is not always ideal for symmetry analysis, the SHG
spectroscopy shown here is very symmetry-sensitive and only accesses the electronic
excitations. Together with previous x-ray experiments [113], the combination of Raman
and SHG spectroscopy shown here allows the conclusion that NdGaO3 orders with
Pbnm symmetry in the range of 20–300 K.

The origin of the narrow SHG features is likely related to 4f electronic transitions
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of the Nd3+ ion since 4f orbitals were already to observed to form rather narrow
absorption dips in the linear spectra, as discussed in section 6.2. This can be confirmed
by comparison of the SHG spectrum to the linear spectrum and the excited electronic
levels of the Nd3+ ion reported in Ref. [123] and presented in Fig. 6.5.

It is important to recall that the process of SHG involves two different photon
energies, one for the incoming fundamental beam and the other for the generated SHG
light, as described in section 3.1. For the comparison with the linear spectrum, the
SHG spectrum is plotted as a function of both of these photon energies in two different
subfigures, Fig. 6.5b and d. When focusing first on the SHG spectrum as a function of
the SHG photon energy, it becomes evident that several groups of SHG peaks match
with an absorption dip and also with excited states of the aquatized Nd3+ ion that
were reported by Ref. [123]. For example, at an energy of 1.68 eV which matches with
the 2S3/2 and 4F7/2 levels this energy correlates to the SHG photon energy of a group
of SHG peaks in Fig. 6.5b and an absorption dip in Fig. 6.5c. This matching of this
excited Nd3+ electronic level with the SHG photon energy of a group of SHG peaks at
1.68 eV indicates a resonant behavior. Since this resonance occurs with respect to the
SHG photon energy scale, these types of SHG peaks exhibit an SHG-resonant (SR)
behavior. On the other hand, there are other SHG peaks such as, for example, around
an SHG photon energy of 3.1 eV, which do not match any electronic transitions leading
to the absorption dips in the linear spectrum. The same SHG peak is also shown as
a function of the fundamental photon energy at 1.505 eV in Fig. 6.5d. Since the SHG
peak at 1.505 eV matches the energy of the excited electronic states 4F5/2 and 4H9/2

and a dip in the absorption, it again demonstrates a resonant behavior. However, since
this time the resonance occurs when comparing the fundamental photon energy with
the energy of an excited electronic level, these types of SHG features will be referred
to as fundamental-resonant (FR). This allows the conclusion that two types of SHG
peaks appear in the spectrum which are either resonant with the fundamental or the
SHG photon energy as indicated by the different colored areas in Fig. 6.5.

6.4.2 Tracking of 4f-electron-resonant SHG signal over temperature

In order to investigate the changes that occur in NdGaO3 around 150–200 K [6–9], this
section focuses on analyzing the symmetry at low temperature and room temperature
and then track the changes of the SHG signal with temperature. As concluded by
Raman spectroscopy, the structure of NdGaO3 exhibits the centrosymmetric Pbnm

space group symmetry. Therefore, the SHG anisotropies both at room temperature
and at low temperatures are expected to match either the MD or EQ χ(2) tensor com-
ponents reported in Tab. 6.1. The SHG anisotropies of the SHG peak at 2.825 eV are
shown for both 20 K and room temperature in Fig. 6.6b. Since the SHG peak shifts
slightly in photon energy, the room temperature anisotropy is measured at 2.824 eV to
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Figure 6.5: Comparison between the energies of the excited Nd3+ ion levels, the SHG spectrum

and the linear optical spectrum. (a) The excited energy levels of the aquatized Nd3+ ion as

reported in Ref. [123] are labeled with their respective term symbols. (b) SHG spectrum at

20 K as a function of SHG photon energy with the wave vector along the [110] axis of the

crystal as reported in Fig. 6.4. (c) Linear optical spectrum at 20 K with the light incident along

the [110] axis. (d) SHG spectrum as shown in subfigure (b) but here as a function of the

fundamental photon energy. The data shown in (d) with a photon energy of the range of 1.4–

1.6 eV corresponds to the data presented in (b) at a photon energy of 2.8–3.2 eV. The blue and

red shaded areas indicate the SHG features that are SHG-resonant or fundamental-resonant,

respectively.
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Figure 6.6: (a) SHG anisotropy at 2.825 eV measured at 20 K. (b) SHG anisotropy at 2.824 eV

measured at room temperature. Both SHG anisotropies are measured with light incident along

the z axis and for the same SHG peak.

compensate for this spectral shift. Both anisotropies in Fig. 6.6b show the strongest
SHG intensity when both the incoming and outgoing light in the SHG process are
polarized along the y axis. Through an in-depth comparision of these anisotropies
combined with the anisotropies measured at other photon energies as shown in Ap-
pendix B, it becomes evident that only EQ-SHG of the Pbnm symmetry matches the
found behavior and ED- or MD-SHG components from the Pbnm or Pbn21 symmetry
can be excluded. For the anisotropies shown in Fig. 6.6, this means that they exhibit
the EQ χyyyy component. For the room-temperature anisotropy, there is, furthermore,
a non-zero SHG signal with the light of the fundamental and the SHG beam polar-
ized along the x axis. This indicates that other weaker contributions are present in
addition to the χyyyy component, for example, the χxxxx component, which is also
permitted for the Pbnm symmetry. The SHG anisotropy at 20 K no longer exhibits
a χxxxx contribution in addition to the χyyyy. This could potentially originate from a
change of the absolute values of the EQ-type χ(2) tensor components or a change in
the interference of different components.

The SHG anisotropies at other photon energies exhibit different dependencies on
the light polarization angle, as shown in Appendix B. However, as indicated above, for
all the measured SHG anisotropies at various photon energies, both at room tempera-
ture and 20 K, it is possible to associate the SHG signal to EQ χ(2) tensor components
of the Pbnm symmetry. Therefore, it is possible to conclude that the symmetry anal-
ysis by SHG supports the Pbnm symmetry both at low and room temperature.

While the SHG anisotropies did not indicate any change of symmetry, it is now
interesting to track how the SHG signal intensity changes as a function of temperature.
Since two different resonance types are identified (see section 6.4.1), the SHG signal was
measured as a function of temperature for different SHG photon energies. This yielded
two types of behaviors, which is typical either for SR peaks or for FR peaks, as shown
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Figure 6.7: Temperature dependence of the SHG intensity of a characteristic SR peak at

2.347 eV and a typical FR peak at 3.103 eV, where these photon energies are chosen to match

the center of the SHG features at 20 K. The light is incident along the [110] axis with the light

polarization direction along the [1̄10] direction for both the fundamental and the SHG light. A

dashed line at 150 K indicates the changes in both SHG intensities at that temperature.

in Fig. 6.7. When measuring over such a large temperature range, the photon energy
of the SHG peaks is typically expected to shift. However, as discussed in Appendix B,
the observed shift in the spectrum of the SHG peaks is small. Therefore, even though
the photon energy was kept fixed for the measurements presented in Fig. 6.7, only
slight changes would be expected due to a shift in the photon energy of the SHG peak.

The temperature dependence of the SR and FR peaks shows that the SHG light
of the SR peak only appears at lower temperatures, while the SHG signal of the FR
peak is present up to room temperatures. Both of these temperature-dependencies
show changes around 150 K, where the SR features are emerging and the FR ones
are changing from an increasing to a decreasing intensity towards lower temperatures.
Since these changes appear around 150 K, they can be correlated to the previously
reported low-temperature anomalies in NdGaO3 that appear around 150–200 K [6,
8, 10]. It is possible that the temperature reported here slightly underestimates the
actual temperature since there might be laser heating effects because of the increased
linear absorption at the photon energy of the SHG peaks.

Since the SHG features appear upon resonance with 4f electronic excitations as
discussed before, the change in SHG signal at 150 K is likely correlated to the coupling
of 4f electronic transitions to phonon modes observed in the Raman spectra in sec-
tion 6.3. However, it is to be noted that Raman and SHG spectroscopy are accessing
different energy scales with the SHG spectrum here being in the range of 1.4–3.2 eV
and the Raman spectrum being in the range of 5–75 meV upon conversion of the cm−1

energy scale from Fig. 6.3. Nevertheless, the appearance of 4f electronic transitions
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in the Raman spectrum and their coupling to phonon modes might have further im-
plications on the higher-energetic electronic levels seen with SHG spectroscopy. For
the crystal-field-split energy levels in the energy range of 5–70 meV, Savytskii et al. [8]
already showed how the population of the crystal-field-split energy levels is expected
to change towards lower temperatures, explaining the appearance of the additional
4f electron excitation peaks in the Raman spectrum. Similarly, the anomalies in the
SHG intensity at 150 K are likely related to changes in the transition probability of
4f electronic excitations, only for higher electronic levels. Therefore, the SHG data
presented here indicates that the changes in the population of the 4f electronic levels
previously found with Raman spectroscopy within the crystal-field-split 4I9/2 ground
state [8] also extend to the higher energy levels. However, to better understand the
different SHG intensity changes for the SR and FR peaks, an in-depth analysis of all
the excited electronic levels involved in the SHG process, including any energy-level
splittings, would be required, which is beyond the scope of this work.

6.5 Summary and Outlook

The combination of Raman and SHG spectroscopy presented in this work shows that
there is no structural phase transition occurring from room temperature down to 20 K
in NdGaO3. Previous reports in the literature indicate low-temperature anomalies
occurring in the range of 150–200 K, which correlates to a coupling of 4f electronic
transitions within the crystal-field-split ground state with phonon modes [6–11]. The
SHG spectrum presented in this chapter exhibits sharp peaks upon resonance with 4f
electronic transition, with some being resonant with the SHG photon energy and others
with the fundamental photon energy. An anomaly in SHG intensity at 150 K shows
that the previously detected changes in the population in the crystal-field-split ground
state level in the Raman spectra, as presented in Ref. [8], even affect the transition
probability to the higher-energy levels that can be excited with SHG.

While the SHG data presented here demonstrate the extent of the changes in the
4f electronic structure of the Nd3+ ion, they also open new questions to investigate
further. For example, the knowledge of all the energy-splittings within the 4f elec-
tronic levels and the expected population of these levels at different temperatures could
provide a better understanding of the low-temperature anomalous property changes.
Nevertheless, the results shown in this chapter can be used as a basis for further investi-
gations to better understand the correlations between the 4f electronic excitations and
other properties in rare-earth compounds. This is especially interesting since similar
low-temperature anomalies as those found in NdGaO3 were observed in other rare-
earth gallates RGaO3 and aluminates RAlO3 [7, 8]. Therefore, it would be interesting
to verify which other rare-earth ABO3 compounds show similar phenomena and which
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criteria have to be met to exhibit such a behavior.
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CHAPTER 7
Conclusions and outlook

This thesis underlines different effects of the rare-earth ions on the properties of ABO3

compounds. The investigated aspect ranges from the impact of the rare earth ionic
size to its magnetic and electronic properties on the overall material properties. The
influence of the rare-earth ion is highly non-trivial, especially upon interaction with
the transition-metal ion. Despite intensive research on these compounds many aspects
remain poorly understood. Therefore, a closer look at the role of rare-earth ions can
lead to a substantial improvement in understanding these materials.

There is the general tendency that the rare-earth ionic radius affects the magnetic
order of the Mn3+ ion in hexagonal manganites. Compounds with smaller rare-earth
ionic radii tend to exhibit magnetic order of B2 (P6′3c

′m), whereas compounds with
larger rare-earth ions tend to order with the B1 (P6′3cm

′) configuration [4]. While
there are some exceptions from this trend, h-YMnO3 would be expected to arrange
in the B1 order due to the large ionic radius of Y3+, which is also reported by Fiebig
et al. [72]. However, other reports find the B2 ⊕ B1 (P6′3) order with a spin angle of
11◦ away from the a axis [5, 74], which does not follow the aforementionned trend. In
this work, SHG measurements show that h-YMnO3 orders into B1 configuration with
no indication of any spin rotation away from the a axis. This confirms that h-YMnO3

agrees with the trend that hexagonal manganites with larger rare-earth ionic radii
order in the B1 configuration. As a next step, it would be desirable to perform further
neutron scattering experiments with a newly designed measurement scheme based on
our acquired knowledge.

In a second step, the investigation of the magnetic order in hexagonal manganites
focuses on the interaction effect of rare-earth magnetic order onto the Mn3+ magnetic
order. The results presented in this thesis show that the magnetic field-induced phase
transition behavior changes depending on the direction of the phase transition. With
an increasing magnetic field, both the Er3+ and Mn3+ magnetic order undergo a phase
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transition simultaneously in one step. With re-decreasing the magnetic field the Er3+

order experiences the phase transition again in a one-step process, while in contrast, a
decreasing field causes the Mn3+ magnetic order to undergo a two-step phase transition.
With lower temperatures, the initiation of the backward phase transition even requires
magnetic fields in the reverse direction. Due to the cross-coupling of the Er3+ and
Mn3+ orders there appears to be some degree of self-stabilization of the field-induced
phase that can only be overcome given enough time and field-lowering. For a further
understanding of the complex interplay between rare-earth and Mn3+ magnetic order,
simulations and theory considerations might be insightful. Furthermore, the strong
sample dependence for the critical magnetic fields is a difficulty that occurs for the
entire hexagonal manganite family. Overcoming this sample dependence is certainly
crucial for further scientific advancements.

Finally, the effects of the 4f electronic excitations on the low-temperature prop-
erties of NdGaO3 have been investigated. Several previous reports [6, 10, 127] found
low-temperature anomalies in various properties like thermal expansion and magnetic
susceptibility in the range of 150–200 K. The combination of Raman and SHG spec-
troscopy presented in this work shows that these anomalies do not originate from a
structural phase transition that has recently been put forward [12] but rather from a
change in the population of the 4f electronic levels of the Nd3+ ion. This finding con-
firms the report by Savytskii et al. [8] that already proposed a change in the population
of the crystal-field-split ground state levels by a combination of Raman and neutron
scattering results. Furthermore, the use of SHG spectroscopy here demonstrates that
this behavior extends even up to energy levels beyond the crystal-field-split ground
state levels. Since a change in the population of electronic levels with temperature is
generally expected to occur in materials, this correlation between these changes and
other physical properties may be important for many other compounds. It would be of
interest to compare the experimental results of these types of interactions between the
population of 4f electrons and other material properties with density functional theory
calculations. To date taking 4f electronic states into account in calculations remains
challenging.

With these different aspects, this thesis shows the importance of the different as-
pects of rare-earth ions, regarding their size or their magnetic and electronic properties
on the overall material behavior. Since the effects of rare-earth ions are not always
directly evident, this knowledge can serve as a basis for the investigation and design
of more complex rare-earth compounds. For example, the selective introduction of
rare-earth ions into compounds via doping or substitution may serve as a means to
introduce new structural and magnetic phases. Furthermore, the optical properties of
materials can be tuned via the introduction of rare-earth ions, which may tune various
effects such as lasing or photovoltaic properties.
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APPENDIX A
Supporting data for the magnetic

symmetry of h-YMnO3

A.1 Possible domain states in h-YMnO3

As discussed in the section 4.1.3, upon magnetic order of the Mn3+ ions, there are
12 possible domain states. Figure A.1 illustrates these 12 domain states for the B1

magnetic order by showing the ab plane of the h-YMnO3 structure. The different order
parameters of the ferroelectric and antiferromagnetic order, P and ℓ, are indicated as
well. Especially the P order parameter is of importance since it indicates the sign of
the bipyramidal MnO5 tilt that can be either towards or away from the trimerization
center. Since only the ab plane with no O2− ions is shown, some of the domain states
might appear the same, but they have a different sign of the P order parameter and,
therefore, a different sign of the bipyramidal tilt direction.
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+

Figure A.1: Schematic of all 12 possible domain states for the case of B1 magnetic order.
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A.2. Details on the background subtraction
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Figure A.2: Illustration for the background subtraction of the χxxx SHG spectrum of h-YMnO3

with (a) as the χxxx with background from the χyyy component and the ferroelectric (FE) back-

ground, (b) the FE background contribution present above T N, Mn, and (c) the resulting spectrum

from the subtraction of (b) from (a). Note that the (a) and (b) spectra were normalized at the

photon energy marked by the dashed line as at that photon energy the contribution from the

parasitic χyyy component can be considered small. The second subtraction step starts with (d)

which is the same as (c). Subfigure (e) shows the signal from the χyyy component measured

with the light polarization along the y axis and (f) the final resulting spectrum of the χxxx com-

ponent after all background subtractions. Also in this second step, the (d) and (e) spectra were

normalized for the value at the photon energy marked by the dashed line before the subtraction.

A.2 Details on the background subtraction

As mentioned in chapter 4, the spectra containing the χxxx component in h-YMnO3

and h-YMn0.95Zn0.05O3 had various background contributions partially from the χyyy

contribution and the ferroelectric background. In h-YMnO3, the background originates
both from the non-supressed χyyy component and from an SHG signal that is already
present above TN, Mn, most likely originating from the ferroelectric signal contribution.
These two contributions are substracted in two steps as illustrated in Fig. A.2. The
reference spectra used for the subtraction are the background measured above TN, Mn

in Fig. A.2b and the χyyy SHG signal measured at 20 K with the polarization direction
of both the fundamental and the SHG light along the y axis of the crystal. In the case
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Figure A.3: Substraction of Background for the h-YMn0.95Zn0.05O3 spectrum. Herein, (a) shows

raw data of the χxxx component with some background, which is subtracted with (b) the χyyy

SHG signal resulting in (c) the background-corrected SHG spectrum of the χxxx component.

Before the subtraction, the spectra in (a) and (b) were normalized for their values at the photon

energy marked by the dashed line.

of h-YMn0.95Zn0.05O3 the main background originated from a signature of the χyyy

component, which was subtracted as shown in Fig. A.3, similarly to the h-YMnO3

sample.
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APPENDIX B
Supporting data for the rare-earth 4f

electronic transitions in NdGaO3

In this section of the Appendix provides supporting data for the results presented in
chapter 6. These results include additional Raman spectroscopy, SHG anisotropies
with a more in-depth discussion of the symmetry, and the temperature-dependent
spectral shift of SHG features.

B.1 Raman spectroscopy of Ag and B1g phonon modes

In addition to the Raman spectra discussed in section 6.3 with a geometry of (XX),
Fig. B.1 shows the results obtained with a polarization geometry of (X ′X ′) with X ′

corresponding to the [11̄0] direction. In the (X ′X ′) geometry, both the Ag and B1g

phonon modes are expected to appear by symmetry [124], while previously for the
(XX) only Ag modes were present. Figure B.1a shows the temperature-dependent
Raman spectra with labels for these Ag and B1g phonon modes and additionally indi-
cations for leakage of any B2g and B3g modes, which were assigned upon comparison
with previous literature [10, 125, 126]. Similar to the Raman spectra discussed in
section 6.3, also in this geometry additional electronic features emerge below 200 K
that can be assigned to electronic excitions within the crystal-field-split 4f electronic
levels of the Nd3+ ion (compare Fig. B.1a with B.1c). Upon inspection of the Raman
peak positions with temperature in Fig. B.1b, it can be observed that most of the Ag

and B1g phonon modes shift continuously. Only the phonon modes near electronic
excitations show changes in their temperature-dependent behavior due to an electron-
phonon coupling as discussed in section 6.3. Since this demonstrates that both the Ag

and B1g phonon modes show no significant shift in the temperature range between 150–
200 K, this supports the conclusion from section 6.3 that there is no structural phase
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Figure B.1: (a) Raman spectrum on (110) oriented sample with light polarization in (X’X’)

configuration where X’ is [11̄0], corresponding to the (XX), (YY), (XY), and (YX) configuration

together. In this configuration, both Ag and B1g are symmetry-allowed. (b) Fitted Raman shifts

of most prominent peaks of Raman spectrum in (a). (c) Crystal-field-split energy levels of Nd3+

ion in NdGaO3 as presented in Ref. [9], which is reprinted here with permission. The previously

observed electronic transitions are labeled by letters A–H, with the energy for the A, B, and E

transitions also marked in (a).

transition occurring in NdGaO3 in this temperature range. Therefore, the symmetry
in the temperature range of 30–300 K is Pbnm.

B.2 SHG anisotropy analysis

Since Pbnm symmetry is centrosymmetric, any SHG signal would be expected to
originate from either MD or EQ contributions since ED components are forbidden
by symmetry. The results presented in section 6.4.2 indicate that the SHG signal
originates from the EQ χ(2) tensor components. This section explains this deduction
in more detail and provides additional data.

The electric quadrupole tensor Qij is a symmetric and traceless tensor [128] and
has the following form for the Pbnm symmetry (compare with Tab. 6.1):
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Qij ∝

 Qxx 2χxyxyExEy 2χxzxzExEz
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z .

(B.1)

By the use of Equ. 3.5, this EQ tensor results in the following source term:

Si ∝ ∇∂2Qij

∂t2
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∂t2∂y
+

∂3(χzzxxE2
x+χzzyyE2

y+χzzzzE2
z )

∂t2∂z
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(B.2)

With this source term, it is possible to determine which χ(2) tensor components
are expected to be present for different geometries of the optical setup, where the
important aspects are the light propagation direction k and the light polarization
direction of the fundamental and the SHG light. While the SHG anisotropy that is
measured with the wave vector k along the z typically shows the behavior presented
in Fig. 6.6, the SHG anisotropies measured along other crystal directions change their
angular dependence for different SHG photon energies as presented in Fig. B.2. Even
though these SHG anisotropies vary, they can still be associated with the EQ χ(2)

tensor component values of the Pbnm, as will be discussed in more detail in the
following paragraph. However, since the SHG anisotropies change depending on the
photon energy, this means the χ(2) tensor components change their values and interfere
differently.

In Figure B.2a, for example, there is a dominant SHG signal along the 0◦ direction
and a weaker contribution along the 60◦ and 120◦ direction. On the one hand, the
strong signal along the 0◦ direction could originate from any of the χxxxx, χyyyy, χxxyy,
χyyxx, or χxyxy components. The signal along the 60◦ and 120◦ direction is likely to
originate from the χzxzx or χzyzy component. The SHG anisotropy in Fig. 6.6b only
exhibits a signal along the 60◦ and 120◦ direction, which again points towards the
χzxzx or χzyzy component. Due to the symmetry of the Qij tensor with χzxzx = χxzzx

and χyxyx = χyzyx, an SHG signal should be present along the 30◦ and 150◦ direction,
as well. It is, however, possible that the SHG signal along the 30◦ and 150◦ direction is
not present due to destructive interference with other contributions such as the χxxxx,
χyyyy, χxxyy, χyyxx, or χxyxy components that can appear along the 0◦ direction. The
anisotropy that typically appears for FR-type SHG features when measured along the

75



B. Supporting data for the rare-earth 4f electronic transitions in NdGaO3

0

30

60
90

120

150

180

210

240
270

300

330

0

30

60
90

120

150

180

210

240
270

300

330

SHG anisotropies typical for SR peaks

SHG anisotropy typical for FR peaks

[001]

[110]

a b

c

0

30

60
90

120

150

180

210

240
270

300

330

Figure B.2: SHG anisotropies at 20 K with the light propagating along the [110] direction. (a, b)

show typical SHG anisotropies for SR-type peaks, while (c) shows the typical SHG anisotropy

for a FR-type SHG feature. The SHG photon energies of these different SHG anisotropies are

(a) 2.347 eV, (b) 2.343 eV, and (c) 2.857 eV.

[110] axis in Fig. 6.6c is strongest along the 90◦ direction, corresponding to the z axis.
This points towards the predominance of a χzzzz component. However, since this SHG
anisotropy is quite broad at the 90◦ direction and does not drop to a zero signal along
the 0◦ direction, there is probably interference with some of the other EQ χ(2) tensor
components. Since all the different SHG anisotropies can be explained by different
EQ tensor components of the Pbnm symmetry, this additional data here supports the
conclusion from section 6.4.2 that the measured SHG signal originates from EQ type
SHG components of the Pbnm symmetry.

Alternatively, these SHG anisotropies can also be explained as ED χ(2) compo-
nents of the point group symmetry m since they result in an almost identical anisotropic
behavior [100]. Surprisingly, this symmetry matches the site symmetry of the Nd3+

ionic positions in the NdGaO3 crystal. However, the criteria to be sensitive to the local
site symmetry with SHG are so far not well understood with only a few reports indicat-
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Figure B.3: Temperature-dependence of the SR-type SHG peak at a SHG photon energy of

2.347 eV. The light propagated along the [110] direction with the incoming and outgoing light

being polarized along the [1̄10] axis.

ing such a phenomenon [129]. Therefore, further symmetry analysis and an association
with specific electronic transitions of the 4f electronic levels of the Nd3+ ion would be
necessary to clarify whether the SHG signal originates from site-symmetry-sensitive
ED-type electronic transitions. This renders the conclusion of the EQ-type origin of
the SHG signal discussed above the more probable explanation.

B.3 Spectral shift of SHG peak with temperature

While the temperature-dependent SHG intensities in Fig. 6.7 are measured at a con-
stant SHG photon energy, the optical spectra are expected to shift in temperature.
This is illustrated in Fig. B.3 by the example of an SR-type SHG peak measured at
different temperatures. In this graph, the SHG peak shifts from a SHG photon energy
of 2.347 eV to 2.3468 eV. In a measurement where the SHG photon energy remains
fixed at the peak position center, this causes the SHG signal to drop more with increas-
ing temperature than the intensity at the peak maximum drops due to this spectral
shift. However, since the peak intensity changes more drastically than the spectral
position of the peak, the qualitative behavior of the temperature-dependent SHG in-
tensity is still reproduced in a measurement with a fixed photon energy. Therefore,
the changes in the SHG signal around 150 K qualitatively still reproduce the changes
of the underlying SHG spectra of NdGaO3.
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