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Introduction

Oxygen is the most abundant element in the bulk composition of Venus, Earth, and Mars [1-
5], but its presence as free gas in the atmosphere is a unique characteristic of planet Earth [6].
This oxidizing environment offers ideal conditions for the emergence and stability of
oxidic materials and their investigation (not to mention the emergence and stability of the
investigator). After fluorine, oxygen has the highest electronegativity of all elements [7]. Its
strong tendency to gain two electrons allows it to form chemical compositions with almost
all other elements. Thus, it is no surprise that the vast majority of all minerals in the Earth’s
crust are compositions with oxygen [8].

Oxides with perovskite structure are the predominant solid phase on Earth—MgSiO3
is the most abundant natural compound [9]—and are likewise ubiquitous in science and
technology. Their relevance for solid-state physics and chemistry is based on both their
uncomplex crystal structure, simplifying theoretical approaches, as well as their tolerance
to chemical substitutions [10]. The latter renders oxides with perovskite structure and its
descendants to be a most versatile playground for the investigation of many-body physics,
interactions, and ordering phenomena. Perovskite-type oxides appear as hosts of diverse
physical phenomena such as high-7;. superconductivity (Laz_,AxCuO4 with A = Ca, Sr,
Ba) [11, 12], large magnetoresistances (Lag ¢7Bag.33MnOy) [13], ferroelectricity (ATiO3
with A = Ba, Pb, Cd) [14-18], and quantum paraelectricity (ATiO3 with A = Ca, Sr, Eu
and KTa03) [19-22].

The observation of these phenomena in their pristine entity—to the greatest possible
extent—requires high-purity materials, which are hardly found in nature. Sophisticated
techniques of crystal growth allow the synthesis of high-quality samples under reproducible
conditions even beyond the scope of naturally occurring materials and, furthermore, the
creation of systems with tailored physical properties. Prime examples for this approach are
BaTiOs and SrTiO;3 that were synthesized and studied decades before their discovery in
nature [23, 24], while most other significant perovskite materials are still only obtained
artificially.

One of the most common phenomena in solid-state physics is the metal—insulator transi-
tion (MIT) [25]. Often, it is generated by aliovalent chemical substitutions in an originally
insulating material. One can distinguish MIT by the insulator type of the pristine parent
compound. Typically, insulators are systems with completely filled or empty bands, but sys-
tems with partially filled bands can be insulating as well if the electron—electron repulsion
prevents electronic delocalization. The first type is known as band insulator, whereas the
second type is referred to as Mott insulator. In this thesis, doped perovskite titanates ATiO3
and single-layered manganites R_A1+,MnQ; are studied, representing examples of band
insulators and Mott insulators, respectively.
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Perovskite titanates are either ferroelectrics or quantum paraelectrics, for which a ferro-
electric long-range order is suppressed by quantum fluctuations. While both SrTiO3 and
CaTiO3 are quantum paraelectrics, the solid solution Sri_,Ca, TiO3 with an A-site sharing
of strontium and calcium hosts a ferroelectric phase for 0.0018 < x < 0.12 [26]. Further-
more, pristine SrTiOs is a large-gap band insulator that becomes metallic upon reduction
(SrTiO3_5) [27] and even superconducting at extremely dilute charge-carrier concentrations
of n ~ 5x 107 em™ [28]. Systems with combined calcium substitution and reduction
(Sr1_,Ca,TiO3_s) exhibit a competition of dilute metallicity and ferroelectricity [29, 30].
Characteristic anomalies signaling the ferroelectric transition at 7¢ of the insulating parent
compound Sr;_,Ca, TiO3 persist in Sr;_,Ca, TiO3_s upon increasing charge-carrier concen-
tration n and shift to lower temperatures. The anomalies vanish at a critical carrier density
n. that depends on the calcium content x in a way being typical for quantum phase transi-
tions [30]. These findings are primarily based on minima in the resistivity and demand a
confirmation by a thermodynamic probe. In this work, Sri_,Ca, TiO3_s with a fixed calcium
content x = 0.009 and charge-carrier density n tuned from the insulating parent up to
n =~ 60 x 10" cm™ is investigated by thermal-expansion measurements. The evolution of
the 7c-related anomalies with n is discussed and a phase diagram for Sr;_,Ca,TiO3_s is
derived.

The extremely dilute metallicity in doped SrTiO3 is enabled by its huge permittivity
peaking at &€ ~ 20000 in the low-temperature regime [20]. Because € determines the
effective Bohr radius aE of the donor atoms, it is a measure of the overlap of the electronic
wave functions. Surprisingly, the resistivity of SrTiOs_s shows an AT? behavior being
typically considered as a fingerprint of electron—electron scattering [31]. Conventional
theories of interelectronic scattering are challenged in view of the low charge-carrier
densities in SrTiOs_s and the origin of the 72 behavior remains an open question to date.
The related compound EuTiO3 shares the quantum paraelectric behavior and the crystal
structure with SrTiOs, but, in contrast to the latter, it contains a magnetic Eu2* ion. Its
magnetic moments order antiferromagnetically below 7y = 5.5 K. Moreover, the band
gap of EuTiOj3 is much smaller than that of its sister compound resulting in a measurable
resistivity below room temperature. Analogous to SrTiO3_s, a metal—insulator transition can
be induced in EuTiO3 by a removal of oxygen. A T resistivity in doped EuTiOs has not been
described previously. Because in contrast to SrTiO3 and Sr;_,Ca,TiO3, crystals of EuTiO3
are not commercially available, single-crystals of EuTiO3 are grown within the scope of
this thesis. Oxygen-deficient metallic EuTiOs_s is obtained via annealing. The induced
metal—insulator transition is investigated by resistivity and Hall-effect measurements and
a possible T2 behavior is discussed. The results draw a comprehensive picture of dilute
metallicity in perovskite oxides with a quantum paraelectric parent.

Doped Mott insulators develop complex real-space patterns of charges, orbitals, and
magnetic moments [32-34]. One of the most thoroughly studied compounds in this field
is La;_,Sr14+,+MnO4 whose crystal structure is identical to that of high-7¢. cuprates and can
be considered as layered perovskite. The material hosts Mn3* and Mn** ions in a ratio
controlled by the doping level x. A simultaneous charge and orbital order (COO) emerges
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at a transition temperature Tcoo and an additional magnetic order arises at Ty, where the
manganese spins arrange in ferromagnetic zig-zag chains with antiferromagnetic interchain
coupling. The ordering patterns of charges and orbitals as well as the step length of the zig-
zag chains both depend on x. Commensurate doping levels x = 1/2,2/3,3/4, . .. are of special
interest since they imply the number of Mn3* ions to be an integer multiple of the number
of Mn** ions. Half-doped compounds are described by the so-called Goodenough model
that predicts alternating stripes of Mn3* and Mn** ions, where adjacent Mn3* stripes have
alternating d .-orbital orientations. The zig-zag chains below Ty consist of three-spin steps.
Upon increasing x, the compound La;_,Sr14+,MnQOy is prone to chemical phase separation,
which is why high-quality single crystals are not available beyond x =~ 0.6. A substitution of
La and/or Sr opens the door to higher doping levels and moves commensurate doping levels
besides x = 1/2 within reach. Indeed, the compounds Pr;_,Ca;,MnO4 and Nd;_,Sr1+,MnOy4
with x = 2/3 can be synthesized and show alternating Mn3* single stripes and Mn** double
stripes in the COO phase and four-spin zig-zag chains below Ty [35]. Hitherto, a systematic
survey of the evolution of 7coo with x for different element combinations Ry, A1+,MnQy is
lacking. Within the scope of this thesis, centimeter-sized single crystals of R{_,Ca;+MnOg4
(R = Pr, Nd, Sm, Tb) and R;_,Sr1+tMnO4 (R = Pr, Nd) are grown, covering a doping
range 0.5 < x < 0.73. As known from La;_,Sr;4,MnQy, the COO transition produces
characteristic signatures in resistivity, magnetization, and heat capacity [36, 37]. Hence,
these three quantities are used to detect COO anomalies in all synthesized crystals. A
common Tcoo(x) phase diagram for all Ry_yA1+:MnO4 compounds is established and
discussed in the context of structural disorder created by the ion-size mismatch of R and A.
This thesis is structured as follows. Chapter 1 is dedicated to the growth of single
crystals, which is one of the pillars of this thesis. A general introduction to the applied
floating-zone method is followed by a detailed synthesis description for EuTiO3, where
special attention is paid to the reduction of the as-grown crystals. Chapter 2 begins with
a general introduction to perovskite titanates and highlights common properties of both
Sri_4Ca,TiO3 and EuTiO3. The main part of this chapter covers the thermal-expansion
study on Sr_,Ca, TiO3_s. Chapter 3 has two parts: The first covers the characterization
of the as-grown pristine EuTiO3 crystal by resistivity, magnetization, heat capacity, and
permittivity. The second part contains the study on reduced, metallic EuTiOs_s. Chapter 4
deals with the crystal growth of single-layered manganites R;_xA1+:MnO4 and the COO
transition studied by resistivity, magnetization, and heat-capacity measurements.






1 Preparation of single crystals

The synthesis of single crystals by the so-called floating-zone technique is a central part
of this thesis. The first part of this chapter contains a general description of this method
including all preparatory steps. Because two different furnace models were used for the
growth processes, special attention is paid to the different characteristics of both furnace
designs. The second part of this chapter covers the growth of EuTiO3 crystals and different
variants of electron doping in this material, in particular the annealing of as-grown EuTiO3
as well as the crystal growth of Euj_,La,TiO3 and EuTi;_Nb,O3. The preparation of
single-layered manganites is subject to Ch. 4.

Contents
1.1 Imtroduction . . . . . . ... ... ... ..o 5
1.2 The floating-zonemethod . . . . . . . . . . . ... ... ..... 6
1.2.1 Scope . . . . . . e e e 6
1.2.2  Preparatory Steps . . . . . . « v vt e e e e e e e 7
1.3 Growthprocedure . . . . . ... ... ... ... ...... 11
1.3.1 Parameters . . . . . . . . . . . ... 13
1.3.2 How to find the right parameters . . . . . . . . ... .. .. 16
1.4 Growthof EuTiOsz . . .. .. .. .. .. ... .......... 17
1.4.1 Chemicalaspects. . . . . . . . . ... ... 17
1.42 Preparation . . . . . . . . . . ..o e e e 19
1.4.3  Properties of the as-grown EuTiOz crystals . . . . . . . . .. 21
1.5 Dopingof EuTiOs . . .. . . ... ... ... ... ...... 23
1.51 EBEuTiOs_s . . . . . o o o o oo 24
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1.1 Introduction

Research in solid-state physics requires solids, at least from an experimental point of view.
Solids can be amorphous or crystalline, where the latter are subdivided into polycrystalline
and single-crystalline solids. The need for single crystals is based on the fact that most char-
acteristics of crystalline solids are anisotropic, and measurements on polycrystalline samples
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cannot distinguish between different crystallographic orientations. Anisotropic behavior
is then averaged out. To investigate a physical property in a well-defined crystallographic
direction, the availability of single crystals is mandatory.

Although the Earth’s crust offers plenty of minerals in single-crystalline form, their
varying chemical purity, phase purity, and defect concentration complicates investigations
of physical phenomena in their pure and unbiased nature, and hinders reproducible results
(each sample is unique), not to mention the difficulties of exploration and the limitation to
naturally existing and accessible compounds. Thus, the investigation of natural minerals in
solid-state research is present! but rather an exception. Instead, solid-state researchers prefer
uniform crystals of high purity, synthesized under well-defined and reproducible conditions
in a laboratory. Nevertheless, it is worth to mention that some of the most prominent
materials in solid-state research are not artificial but actually found in nature, e.g., CaTiO3
as perovskite [39—41], SrTiO3 as mineral tausonite [23], BaTiO3 as barioperovskite [24],
and PbTiO3 as macedonite [42]. A comprehensive overview of minerals with perovskite
structure can be found in Ref. [43].

Prerequisite of high-purity crystals are high-purity starting materials, usually polycrys-
talline powders. Many techniques are suited to transform a polycrystalline material into a
single crystal; a process that is referred to as crystal growth. The preferred method used
within this thesis is the floating-zone technique. An overview of other techniques can be
found in Refs. [44, 45].

1.2 The floating-zone method

1.2.1 Scope

The floating-zone technique has significant advantages over other growth methods, especially
compared to crucible-based techniques. It allows the growth of centimeter-sized? 3, uniform
single crystals in a comparably large accessible temperature range up to 2200 °C with
halogen lamps and up to 3000 °C with xenon arc lamps [46]. Since no crucible is needed, no
limitations caused by the crucible material can occur like contaminations of the sample with
crucible material, chemical reactions between sample and crucible, or a limited accessible
temperature range due to the melting point of the crucible.

Like all growth methods, the floating-zone technique has also limitations. It is not suitable
for materials with high vapor pressure (evaporation during the growth process), low surface

'One example is the mineral aegirine NaFeSi>Og, a member of the pyroxene family, where a specific sample
was found to be actually Naj o4Feg 83Cag.04Mng 02Alg.01Tio.08S1206 [38].

2Typical values are 5 mm in diameter and up to 10 cm in length. The actual size depends on the size of the
chemical test tube (and rubber tube) that is used to shape the polycrystalline rod beforehand [see Sec. 1.2.2].
Apart from that, the size is limited only by the characteristics of the mirror furnace, in particular, by the
width of the focus (concerning the diameter) and by the travel way of the shafts (concerning the length).

3This is rather large compared to crystals obtained from vapor transport but small compared to silicon
crystals produced by Czochralski method. Therefore, the floating-zone technique is predominantly used
for research purposes but not for industrial production.
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tension (the material becomes too liquid), high viscosity (the material becomes not liquid
enough), or structural phase transition(s) between melting point and room temperature (the
crystal cracks upon cooling). Some of these limitations can be diminished or circumvented,
e.g., the evaporation can be compensated by using excessive material as is done for the
growth of manganites and molybdates [see Secs. 4.4.2 and A.1.2, respectively].

1.2.2 Preparatory steps

The procedure of single-crystal synthesis using the floating-zone technique usually requires
the following preparatory steps. Not all of them are needed in any case (bracketed are
optional) and most of them are not exclusive to the floating-zone technique but also
necessary for other methods, e.g., for other growth-from-melt techniques or growth-from-
solution techniques.

» Examination of the availability and processability of chemicals.

* Setting up and balancing the chemical equation.

* Calculating the required amount of powder for each reactant.

* Weighing of the powder.

* Mixing and grinding the powder.

* [Heating the powder to induce a solid state reaction.]

 Shaping and pressing of the powder to form a rod.

* [Sintering of the rod.]
Each of these steps and its relevance for the synthesized materials is described in the
following.

Availability and processability Usually, the desired chemical productis not commercially
available, neither as powder, nor as single crystal (one exception is SrTiO3). Thus, it has to
be made from materials that are commercially available, in most cases oxide powders (metal
oxides, carbonates, or hydroxides), but also pure elements. Often, there is more than one
oxide for a certain element, e.g., TiO, Ti,O3, and TiO; for titanium, EuO, EuzO4, and Eu,03
for europium. Oxides of the same element can differ in their properties quite a lot. Although
it might be possible to find a proper chemical equation for each oxide of the same element,
often only one viable alternative remains after considering all relevant aspects: oxidation
state, stability under air and humidity, vapor pressure, melting point, production of surplus
oxygen, available purity and quantity, etc. have to be considered here. In many cases, the
oxide with the highest oxidation state is preferable since it is the most stable compound. An
extensive discussion for the case of europium and titanium is given in Sec. 1.4.1.

Chemical equation and calculation of powder mass Once the reactants are chosen, the
chemical equation has to be set up. The balancing is done by setting up and solving a system
of linear equations. The mass ratio of powders that have to be weighed in requires knowledge
of the molar masses of the reactants, which is simply the sum of the molar masses of their
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constituents multiplied with their number. The atomic weights of the elements can be found
in the biennial review “Atomic weights of the elements (IUPAC Technical Report)”4 [48].
The absolute powder masses depend on the desired total mass for the mixture, which itself
depends on the powder density and the intended size of the rod that has to be formed later
on. Within this work, a bit more total mass was weighed in than actually needed for one
rod because after each production step, a small amount of powder was kept for possible
investigations later on (usually powder diffraction measurements or EDX analyses).

It might be necessary either to weigh in an excess of a certain reactant in order to
compensate evaporation (e.g., for manganites [see Sec. 4.4.2]) or to weigh in an oxygen
deficiency to compensate oxygen capture (e.g., for EuTiOs [see Sec. 1.4.1]).

Weighing, mixing, and grinding For weighing the powders, a SARTor1US ED224S ana-
lytical balance was used that has an accuracy of 0.1 mg [49]. A homogeneous mixture is
substantial for the solid-state reaction. It ensures that all reaction partners find each other and
no residual reactants survive the chemical reaction process. The consistency of reactants
ranges from finely granulated to lumped. Therefore, a simple mixing with a spoon or spatula
is not sufficient. An additional grinding is needed to crush the lumps. Mixing and grinding
can be done manually by using an agate’® pestle and mortar or by using a planetary ball
mill (FritscH PULVERISETTE). It consists of a lockable agate mortar with three agate balls,
covered with a lid of the same material, which is installed into a rotator with adjustable
rotation speed and milling time.

The usual procedure begins with a manual mixing with a spoon (and a manual grinding
with a pestle if the powder is lumped) followed by 30 min to 60 min milling. An interlude of
manual mixing avoids that some material eludes the intermixing by sticking at the mortar
walls, the lid, and the balls. The sticky powder is removed from the agate parts and reunited
with the rest using a piece of overhead transparency. Scratching with a spoon or spatula
implies the risk of swarf contamination, while overhead transparencies are made of flexible
organic material that does not chip but adapt to the shape of the mortar and balls. The
mixing and grinding procedure is completed by another milling for 30 min to 60 min. In
the first run, a high rotation speed is used to set the focus on grinding, while in the second
run a slower speed is used to emphasize the mixing.

The degree of intermixing can be judged easily if all powders have different colors, e.g.,
for Nd;_,Ca,,MnQy, where the reactants are blue (Nd»O3), white (CaCO3), and brown-
black (MnO»), and for LiFe(WOQO,),, where the reactants are white (Li,CO3), red (Fe;03),
and black (WO, ). If all reactants have the same color, a visual inspection does not help,
e.g., for SrTiO3, where the reactants SrCO3; and TiO; are both white®. Since 2 x 30 min

4Standard atomic weights depend on isotopic abundances that are found in natural materials of the Earth’s
crust. Due to natural variation, the isotopic composition can be different for a specific piece of material [47].
However, this effect is small and negligible for our purpose.

3 A natural variety of quartz (SiO,).

6 Although the color shade is slightly different (TiO, appears yellowish compared to SrCO3), the mixing is
not accompanied by a visible color change.
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Figure 1.1: Illustration of powder reactions. Left: Mixture of two reactants (black and light
gray) in a crucible. Center: Residual reactants embedded in a matrix of their product (dark
gray) after first heating. Right: Repeated mixing and heating minimizes unreacted residuals
and increases homogeneity. Since the average distance of reaction partners becomes larger
after each step, the temperature should be increased as well, to increase the diffusion length.

milling—together with the described interlude—is sufficient for the multicolored powders,
one can assume the same for the unicolored powders.

If no powder reaction is done before the floating-zone procedure (e.g., like in the synthesis
of EuTiO3), orif the volume of one reactant is extremely small compared to the other reactants
(e.g., the amount of lanthanum for Eu;_,La, TiO3 with x < 0.1 %), then mixing and grinding
1s even more crucial. In these cases, longer milling times (e.g., 3 X 60 min) and an additional
manual interlude has been used.

Powder reactions For most materials, it is appropriate to separate the chemical reaction
from the crystal growth procedure. This yields the most homogeneous, thoroughly reacted
materials because after each heating, the material is ground and mixed again. The heating
induces a solid state reaction, which is permitted by particle diffusion processes. The
diffusion length is proportional to the temperature. Due to the finite diffusion length, one
can assume that not all reaction partners found each other during the first heating [see
Fig. 1.1]. As a result, dilute residuals of the reactants remain present, embedded in the
chemical product. By a subsequent grinding and mixing, these residuals are homogeneously
distributed over the entire product. The average distance between reaction partners is
now larger compared to the unreacted mixture. To increase the diffusion length, a higher
temperature is used in the second run. This procedure can be repeated as often as necessary
to increase the homogeneity up to a sufficient level. Powder diffraction is a proper tool to
judge the effect of time and temperature on the powder’s homogeneity and the usefulness of
further heating processes. Therefore, small amounts of powder are kept after each heating.

There might be good reasons to skip powder reactions completely. The main advantage
of the floating-zone technique to be a crucible-free method is partially foiled by powder
reactions because they require crucibles. Chemical reactions between powder and crucible,
or contamination with crucible material can be an issue already far below the melting point.
In some cases, this problem can be circumvented by using other crucible materials (e.g.,
platinum, alumina, zirconia, magnesia) or at least attenuated by using a pressed pellet of
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powder to minimize the contact area. This method has been used for the preparation of
molybdates [see Sec. A.1.2]. If loose powder of the same material is put between pellet and
crucible, the contact area can be reduced even to zero.

Another reason to skip powder reactions is oxygen capture. If the intended oxidation states
are below the maximum possible, the presence of oxygen during the heating procedure will
result in further oxidation and has to be prevented. Possible sources of oxygen are residual
amounts of air after flushing the furnace, leakages in the furnace system, oxygen contam-
inations of the used inert gas, and release of oxygen from the furnace itself upon heating.
None of these oxygen sources can be eliminated completely. This becomes increasingly
problematic with each heating procedure. Therefore, the number of preliminary reactions
should be kept as small as possible, which is counterproductive concerning the goal of a
maximum homogeneity; a typical optimization problem. If preliminary powder reactions
are skipped, chemical reaction and crystal growth take place during the floating-zone pro-
cedure. A prime example of this approach is the growth of EuTiO3 [see Sec. 1.4.1 for a
detailed description].

Shaping and pressing of the rod The characteristics of a floating-zone furnace require
samples with cylindrical symmetry. Therefore, the powder has to be formed as cylindrical
rod. This is done using a flexible rubber tube (a so-called Penrose drain’) that shrinks upon
compression and a test tube for shaping the rubber tube. One end of the rubber is sealed by
a knot, the other end is kept open. The rubber is inserted into a test tube of sufficient length
and diameter, the open end is everted and put over the rim of the test tube. Talc® between
rubber and test tube makes the removal afterwards easier. To shape the rubber, the test tube
is pumped through a hole at the bottom. Thus, the rubber adapts the test tube’s shape. A
crumpled piece of paper at the bottom of the test tube avoids a suction of the rubber into
the pump line.

A high densification is of essential importance for a successful crystal growth to minimize
capillary effects during the melting process [see Sec. 4.4]. Because bulk density and tap
density of a powder can diverge a lot, the powder is filled into the rubber and densified by
vibrations via hitting the test tube. To obtain a homogeneous density, filling and hitting
are alternated frequently. When the rubber is filled completely, it is sealed with a silicone
plug by putting the everted part of the rubber over the plug. Air residuals are removed by
pumping the rubber. This is done by puncturing the plug with a cannula that is connected to
the pump line. A crumpled piece of paper, stuffed into the plug beforehand, avoids a suction
of powder. Due to its elasticity, the silicone plug is self-sealing after removal of the cannula
and can be reused many times. A bending of the rod can be anticipated by softly rolling the
rod over a flat surface. Any initial bending will be magnified by the subsequent pressing as
well as by a potential sintering later on and should be avoided from the beginning. The rod

7A Penrose drain is intended for medical applications, in particular as surgical drain. It is named after the
American surgeon Charles Bingham Penrose (1862—1925) [50].
$Magnesium silicate monohydrate (3 MgO - 4 SiO; - H,0)
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1.3 Growth procedure

is pressed using a manual hydraulic press. Typical values are 15 to 20 tons weight on an
area of ©(32 mm)?, which corresponds to a pressure between approximately 45 MPa and
60 MPa. After releasing the pressure slowly, the rod is taken out of the water and uncaged
carefully from its rubber shell using nail scissors.

Sintering Sintering is a “temperature-induced coalescence and densification of porous
solid particles below the melting points of their major components” [51]. As already
pointed out, densification is important to prevent capillary action during melting. For many
materials, sintering is crucial for a stable floating-zone procedure. Prime example is the
growth of manganites [see Sec. 4.4]. In principle, sintering can be done either in a muffle
furnace or tube furnace—this demands the usage of a crucible or boat, with all its already
discussed shortcomings—or in the floating-zone image furnace. The latter variant requires
a fixation of the rod with a wire. Depending on the rod material, this can be impractical
because the softness of the rod may hinder a fixation and will break in the attempt. In this
case, an additional preliminary sintering in a muffle furnace or tube furnace is needed to
harden the rod. This approach is necessary for the growth of manganites [see Sec. 4.4]
while for titanates, the stability of the merely pressed rod is sufficient to fix a wire [see
preparation of EuTiO3 and YTiO3 in Secs. 1.4.2 and A.3, respectively].

1.3 Growth procedure

Principle Principle of the floating-zone technique is the punctual melting of a polycrys-
talline sample while traveling the melting zone through the sample. Below the melting
zone, the material recrystallizes to larger grains. Progressively, the grains with favorable
orientation grow faster at the expense of unfavorable oriented ones; a process that is referred
to as nucleation. In the end, ideally, one single crystallite survives.

Mirror-furnace setup The punctual melting is achieved with light emitted by a halogen
lamp and focused by a concave mirror. The geometrical shape of the mirror needs to have
two focal points; a requirement, that is implemented by the ellipsoid. The light source is
located in one focal point, the light destination (i.e., the sample to be melted) in the other
one. Floating-zone systems can utilize a single lamp—mirror combination [46, 52-54] [see
Fig. 1.2 (a)] or multiple lamp—mirror modules in order to increase the accessible power
at the destination and to improve the homogeneity of heat distribution. Most commercial
systems have either two or four lamp—mirror modules with ellipsoidal mirrors arranged
such that their target focal points coincide in the center [see Figs. 1.2 (b) and 1.2 (¢)].
Figure 1.2 (d) shows a front-view cross section of a two-mirror furnace. Two cylindrical
steel shafts with vertical travel way through the central focus allow a mounting of the sample.
The sample to be melted—the so-called feed rod—is attached to the upper shaft using a
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1 Preparation of single crystals

(a) (d)

(b)

(c)

Figure 1.2: Floating-zone furnace layout. Top-view cross sections of different furnace
layouts with lamps (@) and common focal points (®): (a) single-mirror layout, (b) two-mirror
layout, (c) four-mirror layout. (d) Front-view cross section of a two-mirror furnace: Light
emitted by halogen lamps (1) is collected by ellipsoidal mirrors (2) and focused in the center,
where the melting zone is established (3). It travels upwards through the feed rod (4) that is
fixed by a wire to the upper shaft (5). Below the melting zone, the crystal (6) grows on top
of the seed rod (7) that is fixed to a corundum tube (8), which itself is connected by a metal
socket (9) to the lower shaft (10). The sample space contains a defined atmosphere (11) that is
confined by a quartz tube (12).

high-melting wire® for fixation. A so-called seed rod is fixed on the lower shaft. It allows an
independent control of the two solid parts above and below the melting zone. Both shafts
can rotate with individual rates and senses of rotation. In addition to the overall pulling rate,
also a relative travel speed of the shafts can be set. The sample chamber is surrounded by a
quartz tube allowing the crystal growth to take place in a defined atmosphere with pressures
up to nearly 10 bar.

In our institute, two floating-zone furnaces are available: the four-mirror system FZ-T-
10000-H-VI-VP by CrysTAL Systems Inc. (CSI)!? built in August 2000 and the two-mirror
system SC1-MDH by CaANoN MAcHINERY INc. (CMI) built in March 2012. The focus travel
through the feed rod is achieved either by moving the mirror stage upwards and keeping

9A nickel-chromium alloy (90 % Ni, 10% Cr), melting point 1430 °C [55], trade name CHROMEL or
CHROMEGA, originally intended as thermocouple wire.
10Now CrysTAL SystEMs CorPORATION (CSC).
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1.3 Growth procedure

the shafts fixed (CSI) or by moving both shafts downwards while keeping the mirror stage
fixed (CMI). An overview of the properties of both furnaces is given in Tab. 1.1.

Growth direction A crystal can be forced to grow into a specific crystallographic direc-
tion by using an oriented single-crystal as seed. The material grown on top adapts the
crystallographic orientation even if the seed crystal is not of the same material as the feed
rod but has similar lattice parameters. This allows to skip the nucleation process (which
usually costs some millimeters/hours) and to start directly with the single-crystal growth.
Disadvantage of this method is, that an existing single crystal has to be sacrificed with
the risk of destruction upon melting. Furthermore, even a small misalignment of the seed
crystal will result into an inclined growth direction and the crystal will gradually grow out
of the focus. Apart from that, it might be desirable to allow a crystal starting its growth
from scratch, e.g., to determine the natural growth direction later on. Within this work, only
polycrystalline seed rods were used.

1.3.1 Parameters

Crystal growth can be optimized by several parameters. Parameters of the preparatory
production steps are already discussed in the previous sections. Nevertheless, they are part
of the total parameter space for floating-zone crystal growth and have to be considered in
the optimization process.

Furnace model If different furnace models are available, the furnace design is an im-
portant additional parameter to choose from. Two- and four-mirror furnaces have different
properties apart from the number of mirrors. A four-mirror furnace has a more homogeneous
heat distribution, which is desirable in-plane but unwanted vertically where a large tem-
perature gradient is advantageous. Thus, a two-mirror furnace usually produces a smaller
melting zone [56, 57] than the four-mirror version. If the single-lamp power is the same,
a four-mirror furnace has a higher total power compared to a two-mirror model. At the
same time, the ellipsoidal surface per mirror is smaller because four mirrors have to share
the 360° of the mirror-stage plane around the center. This means the ellipsoids are more
truncated at the edges, while the mirrors of the other system even exceed the ellipsoidal
vertices. Therefore, in the four-mirror layout, a single mirror collects less light than one of
the two-mirror system. This is seen in the comparison of both systems given in Tab. 1.1:
although the maximum total power differs by 2000 W, the highest accessible temperature
differs by 100 °C only. Furthermore, the effective power at the sample location strongly
depends on a precise adjustment of the lamps, which is more difficult the more lamps are
to be adjusted. Thus, the advantage of having two more mirrors is partially foiled.
Another difference is the cold trap, which is available for the two-mirror furnace only'!.

"'This is a difference of these two specific furnace models but not of two- and four-mirror furnaces in general.
There can be four-mirror furnaces with a cold-trap option and two-mirror furnaces without.
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1 Preparation of single crystals

Parameter CSI CMI

Built August 2000 March 2012
Number of lamps and mirrors 4 2
Single-lamp power (W) 150, 300, 500, 1000, 1500 1500, 2000
Max. total power (W) 6000 4000

Max. temperature (°C) 2200 21007
Max. pressure (bar) 9.5 9.7

Max. growing length (mm) 150 200
Automatic growth speed (mmh=!) 0.05-27 0.5-50
Manual growth speed (mm min~')  50-700 300

Max. rotation speed (rpm) 5-60 5-60
Mirror stage movable fixed
Upper shaft movable movable
Lower shaft fixed movable
Cold trap no optional
Cooling of mirrors/lamps air water
Cooling of sample-space sockets  water water
Remote control no yes

Table 1.1: Properties of floating-zone image furnaces. Comparison between CRYSTAL
Systems Inc. (CSI) model FZ-T-10000-H-VI-VP [58] and CANON MACHINERY INc. (CMI)
model SC1-MDH [59]. T Estimated value.

If a material evaporates upon melting, the vapor deposits on comparatively cold parts of
the sample chamber, which are typically the water cooled metal sockets of the quartz tube
but also the quartz itself. Over time, the quartz tube is covered with deposit, which dims
out the light arriving at the sample location. The result is an effective power decline that
has to be compensated by a power raise, which again fuels the evaporation. To counteract
this problem, a colder part can be supplied that catches the vapor instead of the quartz tube.
This so-called cold trap is a water-cooled metal cylinder that is located close to the central
focus. For materials with high vapor pressure (e.g., ruthenates), the usage of a cold trap
is mandatory, but also for less evaporating materials (e.g., manganites, molybdates) it is
helpful. For non-evaporating materials (e.g., titanates, zirconates), a cold trap makes no
difference.

Lamp power Apart from the furnace model, the floating-zone procedure itself has a bunch
of parameters that can be adjusted. The most prominent one is the lamp power, which is
directly related to the temperature at the central focus. A list of all lamps available in our
institute is given in Tab. 1.2. One can choose between lamps with different maximum powers
ranging from 150 W to 1500 W for the four-mirror furnace (CSI), or 1500 W to 2000 W for
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1.3 Growth procedure

ID Furnace Power (W) Filament Lamp item number Growths
CSI 150 flat JIH-100V-150WG-CS 0

L1 CSI 300 flat JIH-100V-300WG-CS 3
CSI 500 flat JIH-100V-500WG-CS 0

L2 CSI 1000 flat JIH-100V-1000WCG-CS 42

L3 CSI 1500 flat JIH-100V-1500WCG-CS 1

L4 CSI 1000 helixlike JCD-100V-1000WC 1
CMI 1500 flat JIH-100V-150WG-CS 0

L5 CMI 2000 flat JIH-100V-150WG-CS 73

Table 1.2: Halogen lamps for floating-zone systems. Overview of single-end halogen lamps
from UsHio LIGHTING, INc. available in our institute for both floating-zone furnace models
FZ-T-10000-H-VI-VP (CSI) and SC1-MDH (CMI). Lamps L1, L2, L3, L4, and L5 were used
within the scope of this thesis.

the two-mirror furnace (CMI). Naturally, lamps with the largest maximum power have the
broadest accessible temperature range but also the largest filaments. Since the focused light
is an image of the lamp filament, a larger maximum power usually comes at the price of a
larger lamp filament resulting in a broader spot and a reduced effective temperature at the
sample location. Thus, a lamp with double maximum power does not provide twice as large
temperatures. Furthermore, lamps with smaller maximum power allow a finer graduation of
the power adjustment. To get the sharpest spot, it is advantageous to choose from all lamps
that allow a melting of the respective material, the lamps with the lowest maximum power.

Most of the lamps [see Tab. 1.2] are designed with a flat filament that produces an
image that is flat likewise resulting in a rather homogeneous heat distribution within the
filament plane and a steep temperature gradient perpendicular to that plane'?. In contrast,
the filaments of the JCD lamp model (LL4) are helixlike and produce a more circular
spot resulting in an (usually unwanted) smoother vertical temperature gradient [see also
Sec. 4.4]. Within the scope of this thesis, for all growths carried out in the CMI furnace,
the 2000 W lamps (L5) were used. For growths in the CSI furnace, 1500 W lamps (L2) and
helix-filament lamps (L4) were used only once [see Sec. 4.4]. The 300 W lamps (L1) were
used for three attempts to grow LiFe(WQ4), [see Sec. A.5]. All other growths in the CSI
furnace were performed with 1000 W flat-filament lamps (L2).

One should note that the actual temperature of a sample located at the focus depends not
only on the lamp power but also on the sample’s characteristics like reflectivity, emissivity,
and thermal conductivity.

Atmosphere A quartz tube confines the sample space and allows the crystal growth to
take place in a defined atmosphere. One can choose between reducing (forming gas Hy + Ar

2Therefore, the lamps are installed with filaments perpendicular to the growth direction.
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1 Preparation of single crystals

or Hy + N»), oxidizing (O,), or inert gases (Ar, N»). Pressures up to nearly 10 bar can be
established [see Tab. 1.1] either static or with gas flow. Vapor deposition on the quartz tube
can be minimized not only by a cold trap but also by using a gas flow which carries the vapor
out of the sample chamber. Increasing the gas pressure can help to diminish evaporation
but also requires a temperature increase to keep the sample liquid.

Pulling speed and shaft rotation The pulling speed is the relative speed of sample and
mirror plane. With this speed, the solid phase melts at the upper boundary of the melting
zone and recrystallizes at its lower boundary. For example, in EuTiO3 (lattice parameter
a ~ 3.8 A), a pulling speed of 10mmh~" (~ 28000 A s~') corresponds to a crystallization
rate of approximately 7100 unit cells per second. Typically, low pulling speeds enhance
the melting and minimize the emergence of impurity phases in the recrystallized part.
Therefore, the speed is usually chosen as small as possible. However, in order to minimize
evaporation, the pulling speed should be as fast as possible; another optimization problem.
The upper shaft is controllable independently. Its relative speed to the lower shaft controls
the thickness of the crystal. It can move either downwards, to enlarge the crystal’s diameter,
or upwards to shorten it. Shaft rotation has an influence on the convection flows inside the
liquid phase and, in consequence, on the shape of the liquid—solid phase boundary.

1.3.2 How to find the right parameters

Many aspects of the floating-zone process can be described with theoretical models (e.g.,
Ref. [60]) that provide the ideal growth parameters for a certain material. However, such a
model has to be fed with a bunch of material-specific properties. It requires knowledge about
the surface tension, wetting angle, and viscosity of the liquid phase, the density, optical
properties (e.g., emissivity, absorption), and thermal conductivity of both liquid and solid
phase as well as the temperature and pressure dependence of all of these properties. Thus,
despite the existence of theoretical models for the floating-zone process, a principal dilemma
remains: Researchers are mostly interested in materials with new, unknown characteristics,
so the information needed to predict the growth parameters is not available. Contrariwise,
if a material is known in such detail that the ideal growth parameters are predictable, there
is no need to grow it because everything is already known'3. Therefore, crystal growth in
solid state research is performed using an empirical approach, i.e., observing the system’s
improvement or impairment when one parameter is changed while all others stay fixed.
Hence, finding the right parameters for a certain material is usually a time-consuming and
exhausting procedure. Literature recipes (often not available, or not reliable) or one’s own
experience with similar materials can be used as a starting point.

3This is the perspective of fundamental research. Of course, for industrial production, such models can be
useful. A prime example for that is silicon.
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1.4 Growth of EuTiO3

Reactants Powder/SC Atmosphere Temp. Dwell Ref.
Eu,O03, TiO; Powder H, 1200°C  2h [61]
Eu,03, TiO, Powder H, 1200°C  unknown [62]
Eu,O3, TiO; Powder Ar+5% H, flow 1000°C 2x10h [63]
Eu,O3, TiO; Powder H, flow 1150°C  20h [64]
EuO, TiO, Powder “non-oxidizing” unknown unknown [65]
EuO, TiO, Powder Vacuum 1000°C 8h [62]
Euy03, Ti»O3 Powder Vacuum 1150°C  72h [62]
Eu, O3, TinO3 Powder Ar 1400°C  4d [66, 67]
Eu, O3, Ti,O3 Powder Ar 1753°C 2d+3d [68]
Eu,O3, TinO3 Powder Ar+10% H» 1500°C  unknown [69]
Euy03, Ti, TiO,  Single crystal  Ar (no powder reaction) [70]

Table 1.3: Preparation of EuTiOj in literature. The single crystals grown in Ref. [70] were
also used in Refs. [68, 71-73] as described in Ref. [68].

1.4 Growth of EuTiO5

1.4.1 Chemical aspects

Compared to SrTiOs [see Sec. A.2], the synthesis of EuTiO3 is more complicated. The
preparation recipes for EuTiOs described in literature differ a lot from each other, not only
regarding the heating parameters (temperature, duration, atmosphere) but also the used
reactants. An overview of literature recipes is given in Tab. 1.3. Like most transition metals,
titanium appears in many different oxidation states ranging from elemental titanium metal,
over TiO and Ti;O3 to the fully oxidized TiO,. Furthermore, one should be aware of the fact
that not all of these oxides have the well-defined stoichiometry that its formula suggests, but
they rather show a certain phase width, which is seen in Ti—TiO; phase diagrams, e.g., in
Refs. [74-78]. Europium can be divalent or trivalent [see Sec. 3.2.2] and appears as metal,
EuO, the mixed-valent Eu3Oy4, and fully oxidized Eu,O3 [79].

Due to this large number of potential reactants, the number of combinations that can
produce EuTiO3 is manifold. By looking at literature recipes, one finds no one using metallic
Eu or mixed-valent Eu3zO4, two groups use EuO [62, 65], all others use Eu,O3 [61-64, 69—
71, 80, 81]. Since europium is divalent in the desired product [see also Sec. 3.2.2], it
seems obvious to start with an oxide containing Eu?* as well, which is EuO. The chemical
equation would be simply EuO + TiO, — EuTiO3, which is actually used in Refs. [62,
65]. However, EuO is not easy to handle due to its sensitivity to humidity and air. Therefore,
it is reasonable to follow the majority of publications and use the most stable oxide Euy03.
It is clear that this choice requires a charge transfer during the chemical reaction to get Eu%*.

For titanium, it is less obvious which reactants to choose. The following four paths are
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1 Preparation of single crystals

possible: The reaction
1 1
E EUQO3 + Ti02 - EuTiO3 + Z OzT (1.1)

requires the usage of a reducing atmosphere, otherwise the surplus oxygen will provide
the formation of Eu3* and produce the pyrochlore Eu,Ti;O7 via EuyO3 + 2 TiO; —
Eu,Ti;O7. Reaction path (1.1) is used in Refs. [61-64]. A usage of TiO; together with
Eu,03 without the requirement of a reducing atmosphere is only possible in combination
with a second titanium reactant. One example is

1 1 3
5 EUQO3 + Z Ti + 4_1 TiOz - EuTiO3 (1.2)

which is used in Refs. [70, 71, 75]. Another example is
1 1 . 1. .
5 EUQO3 + 5 TiO + 5 TiO, — EuTlO3 (1.3)

which seems to be unattempted in literature. However, the most straightforward reaction
with Euy03 is

%EUQO:; + %Tisz, - EuTiO3 (1.4)
because it does not produce surplus oxygen, it requires only two reactants, and no reducing
atmosphere is needed. It is used in Refs. [62, 66, 69, 81]. Drawback of Ti,O3 is its finite
phase width that is considerably larger than that of TiO, [75]; an issue also pointed out in
Ref. [82]. While the first method (1.1) requires a reducing atmosphere, for the other three
paths at least an inert atmosphere is needed to avoid the emergence of the pyrochlore phase
by captured oxygen.

Apart from these stoichiometric variants, it can be necessary to compensate oxygen
capture by starting with an oxygen-deficient composition. This is only possible with two
different titanium oxides Ti, O and Ti O, adjusted in the desired ratio. The general chemical
equation for that is

1
3 Euy03 + m Ti,Op + n Ti;Oy — EuTiO, (1.5)
with prefactors
c 3 d a 3 b 1 —ma
= -——— = -————|= 1.6
" bc—ad(y 2 c)’ " ad—bc(y 2 a) c (16)

in which a,c € {1,2} and b,d € {0, 1,2,3} with bc # ad. The amount of oxygen y is
usually expressed as deviation from the stoichiometric value y = 3 — ¢. For TiO and TiOa,
Eq. (1.5) reduces to

1
5 Ew0s + (; - y) TiO + (y - g) TiO, — EuTiO, . (1.7)
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1.4 Growth of EuTiO3

Ti TiO Ti,O3 TiO, Reactants Eq.
Ti - Eu,03, Ti, TiO, (1.2)
TiO [1.5,2.5] - Euy03, TirO3 (1.4)
Ti,O3 [1.5,3.0] [2.5,3.0] 3 Eu,O3, TiO, TipO3 (1.8)
TiO, [1.5,3.5] [2.5,3.5] [3.0,3.5] 3 Eu,0s3, TiO, TiO>,  (1.7)

Table 1.4: Combinations of titanium-oxide reactants.

Accessible ranges of oxygen content y in the reaction (1.5)
for all combinations of titanium oxides.

Table 1.5: Reactant combina-
tions for EuTiO3. All tested
combinations and their respec-
tive chemical equation.

Name Formula Appearance Purity
Europium(IIl) oxide  Euy03 white 99.99 %
Lanthanum(IIl) oxide LayO3 white 99.99 %
Titanium Ti metallic 99.99 %
Titanium(II) oxide TiO brown 99.5 %
Titanium(III) oxide TirO3 dark violet  99.8 %
Titanium(IV) oxide TiO, white 99.99 %
Niobium(V) oxide ¥ NbyOs white 99.9 %

Table 1.6: Reactants for ABOj3. Polycrystalline powders used as reactants for the synthesis
of ABO3 (A = Eu, Euj_,La,, B =Ti, Tij_xNby). § from CHEMPUR, other powders from ALFA
AESAR.

This choice of reactants limits the (nominally) accessible oxygen content to 2.5 < y < 3.5
or —0.5 < ¢ < 0.5. For TiO and Ti;03, Eq. (1.5) reduces to

1 5

> Euy03 + (6 — 2y) TiO + (y - 5) Ti;O3 — EuTiO,. (1.8)
Here, the nominal oxygen content is limited to 2.5 <y <3 or 0 < 6 < 0.5. An overview
of all possible combinations of titanium-oxide reactants is given in Tab. 1.4 including the

accessible ranges of oxygen content y. All combinations of reactants, tested within the
scope of this thesis, are listed in Tab. 1.5.

1.4.2 Preparation

Polycrystalline powders of EuO3, Ti, TiO, Ti;O3, and TiO, were used as starting materials
[see Tab. 1.6 for details]. Within this work, all three stoichiometric variants with inert
atmosphere were carried out, i.e., reaction path (1.2) using the reactants Eu,O3, Ti, TiO;
(sample JE87), path (1.4) using Eu,03, TipO3 (sample JE88), and path (1.3) using Eu,03,
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1 Preparation of single crystals

Sample R Floating-zone furnace parameters SC

ID y M/L Gas Sintering Growth

u v Uu v r p

V mm/h V mm/h rpm bar
JE§7 3 (1.2) CMIL5S Ar - - 78 10 34 3-7 -
JES8 3 (14) CMIL5S Ar - - 80 10 38-47 25 -
JEOO 295 (1.8) CMI/LS Ar 72 20 80 10 30 2 -
JE91 3 (1.3) CMI/L5S Ar - - 70 10 30 3 -

JE93 3 (1.3) CMI/L5 Ar 60 15 69 10 22-30 3 v
JE9S 3 (1.3) CMI/L5S Ar 70 15 - - - - -
JE102 3 (1.3) CMI/L5S Ar 55 20 55 10 34 75 -

JE107 295 (1.7) CMILS Ar - - 83 30 36 1.4 -
JEI08 3 (1.3) CMI/L5S Ar - - 55 10 24-34 1.1 -
JEI09 3 (1.3) CMIL5 Ar - - 70 8 28 1.3 -
JE110 299 (1.7) CMIL5S Ar - - 72 8 28 1.2 -
JE111 298 (1.7) CMILS Ar - - 75 8 28 14 W

Table 1.7: Synthesis of EuTiO3: Parameters. All attempts to synthesize EuTiOs with sample
identifier, nominal oxygen content y, chemical reaction R, furnace model M and halogen lamps
L [see Tab. 1.2], gas, lamp voltage U in V and pulling speed v in mm h~! used for sintering and
growth, relative rotation of the rods r in rpm, gas pressure p in bar, and success of single-crystal
growth SC [see Tab. 1.8].

TiO, TiO, (samples JEI1, JE93, JE9S5, JE102, JE108, JE109). Details of the growth pa-
rameters are summarized in Tab. 1.7. Although only small crystals could be obtained, the
reactant combination with EuyO3, TiO, and TiO, was the best working one and was used
from sample JE91 onwards. All EuTiO3 samples were prepared without any preliminary
powder reaction, similar to Ref. [70], i.e., the powders were mixed, directly pressed to a rod,
and installed into the floating-zone furnace. As already explained in Sec. 1.2.2, skipping the
powder reactions is an appropriate way to minimize the risk of oxygen capture. However,
the main issue of EuTiO3 growth was a sudden change of the feed rod’s melting point after
a few millimeters growth. This might be a hint for leakages in the gas system of the mirror
furnace causing an increasing oxygen contamination during the growth process.

In order to compensate oxygen capture, several off-stoichiometric mixtures with oxygen
deficiencies 0.01 < ¢ < 0.05 were weighed in (samples JE90, JE107, JE110, JE111). One,
using reaction (1.8) with ¢ = 0.05 (sample JE90) and three, using (1.7) with 6 = 0.01, 0.02,
and 0.05 (samples JE110, JE111, and JE107, respectively). The most successful growth
attempt is JEI111 having a nominal oxygen deficiency of 6 = 0.02. A single crystal of
approximately 1.5 cm in length has been achieved. Apart from one small piece from JE93,
all investigated EuTiO3 samples are cut from this JE111 crystal.
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1.4 Growth of EuTiO3

Symb. Single-crystal size

No single crystal

v Millimeter size

N4 ~ lcm

N4 Numerous centimeters
Figure 1.3: Single crystals of EuTiO;. Table 1.8: Symbols for single-
Only small single-crystalline pieces were crystal sizes.

obtained from JE93, whereas JE111 con-
tains a larger piece of ~ 1.5 cm.

Ion Wyckoff symbol Site symmetry Coordinates

Eu 1b m3m 1/2,1/2,1)2
Ti la m3m 0,0,0
0] 1d 4/mm.m 1/2,0,0

Table 1.9: Atomic positions of EuTiO3. Standard setting of the cubic perovskite structure
with space group Pm3m (No. 221), where Ti is placed at the origin and Eu at the center of the
unit cell [84] [for an illustration see Fig. 2.3]. The atomic positions have no free parameter.

1.4.3 Properties of the as-grown EuTiO; crystals

EuTiOs3 crystals show neither facets nor an appreciable cleavage. They are opaque with
black color, in agreement with Ref. [82]. The color can be explained by band structure
calculations that suggest a band gap of 1eV between the Eu 4f band and the Ti 3d band,
and a Fermi level at the upper boundary of the Eu 4f states [83].

Figure 1.4 shows an x-ray powder diffraction pattern measured with a BRuker D5000-
maTic diffractometer with Bragg—Brentano geometry and Cu x-ray tube. The software
JANA?2006 [85] was used for structure refinement. The powder diffraction pattern is well-
described by a single-phase Rietveld analysis using the cubic space group Pm3m (No. 221)
and the atomic positions given in Tab. 1.9, with the exception of one single peak at
20 = 29.2° that cannot be described within this model. The refined lattice parameter
is @ = 3.90200(15) A, which is significantly smaller than most of the literature values
a > 3.904 A [64, 71]. As shown in Ref. [86], the lattice parameter of EuTiO3_g is sensitive
to the exact oxygen content since the change Ti** — Ti3* (6 > 0) increases the unit-cell
volume, whereas a change Eu?* — Eu?* (6 < 0) decreases it. Thus, a smaller lattice
parameter might point to the presence of a certain amount of Eu3*,

EuTiO3 hosts divalent europium [see also Sec. 3.2.2] with an electronic configuration
of [Xe]4f” that implies a rather large magnetic moment of 7ug. In contrast, Eu* has no
magnetic moment because its configuration [Xe]4f® leads to J = O [see also Tab. 3.3].
Thus, for a pure Eu* system, one expects a saturation magnetization Mg, = g;J = 7 ug.
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Figure 1.4: XRD powder pattern of EuTiO3 and Rietveld fit. Powder x-ray diffraction
pattern of pristine EuTiO3 with Rietveld fit using space group Pm3m (No. 221) [see Tab. 1.9].
The difference curve is shifted by —0.3 x 10* for clarity. Locations of Bragg reflexes are

indicated by bars.
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Figure 1.5: Oxidation states in EuTiO3_s. Area
plot of the nominal relative amounts of Ti* (M)
and Ti** (O) as well as Eu3* (H) and Eu?* (0) as
a function of oxygen deficiency 6. For 6 < 0 one
finds Buft,sEu’ssTi** 035, whereas for 6 > 0 it is
Eu*Ti35Tit, 505 s.
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Figure 1.6: Saturation magnetiza-
tion of pristine and doped EuTiOs. 6
(a) Magnetization as a function of
magnetic field at T = 2 K comparing
a pristine and a metallic sample origi- 5r
nating from the same EuTiOj3 crystal.
The orientation was H || [100] except
for JE93 (950 °C), where the field was
parallel to [110]. (b) Detail view of
the saturation values of two pairs of
pristine and insulating samples, where
each pair originates from different
crystals JE93 and JE111. (c) Detail 2 1
view of the small-field range. The spin- I
flop-related anomaly appears for all 0.5
samples except JE93 (950 °C), which 1 0 A BV
was measured with a different field 0 0.1 0.2 0.3 1
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A measurement of the magnetization as a function of magnetic field yields a saturation
value Mgy = 6.7 up, which is 96 % of the theoretically expected value. Therefore, one can
assume a fraction of 4 % Eu* in the as-grown EuTiOj3 crystal, which corresponds to an
oxygen excess of 6 = —0.02 and a nominal composition EuTiO3 o [see Fig. 1.5]. This value
is found to be reproducible since two crystals (JE93 and JE111) from different growths of
EuTiO3 show the same values for Mg, [see Fig. 1.6]. In view of the fact that for JE111, a
nominal oxygen deficiency of 6 = 0.02 (y = 2.98) was weighed in, this could be a hint for
leakages in the furnace system. Detailed measurements on as-grown EuTiO3 are subject to
Sec. 3.4.

1.5 Doping of EuTiO3

While pure EuTiOj3 is a semiconductor, the material becomes metallic—analogous to
SrTiOj3 [see Sec. 2.1]—either via reduction (EuTiO3_s) [64], by substitution of Eu?* with a
trivalention like La** (Eu;_,La,TiO3) [70, 87], or by a substitution of Ti** with a pentavalent
ion like Nb>* (EuTi;_Nb,O3) [88]. All three variants were carried out within this thesis
while the emphasis was on reduction.
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1 Preparation of single crystals

ID d(mm) A Ti S PC B TT QW HG Furn. # Expl. Fig. 1.7
Al 9 - od - - Vv - - - tube 11 2 (a)
A2 9 - od - - V - - v muffle 1 1 (a)
A3 9 - new - - Vv - - - tube 2 2 (a)
A4 9 - new v - V - - - tube 7 0 (a)
AS 9 vV new v Vv V- - v tube 1 0 (a)
A6 9 vV new - V V- - - tube 1 1 (a)
A7 9 vV new - Vv - VY - - tube 4 2 (b)
A8 9 vV new - Vv - Vv VvV Vv tube 1 1 (c)
A9 6 vV new - V - - v - tube 5 0 (d)
Al0 6 vV new - V - - v tube 1 0 (e)

Table 1.10: Annealing methods. Quartz tube diameter d, tube cleaning with acetone (A),
Ti powder batch, usage of straw (S) and pipe cleaner (PC), samples buried in Ti powder (B),
tube-in-tube method (TT), separation of samples and Ti by quartz wool (QW), quartz tube
heating with heatgun (HG), furnace type (Furn.), uses (#), explosions (Expl.), and illustrating
figure.

1.5.1 EuTiO3s

Reduction is performed via annealing, i.e., heating the samples under vacuum with nearby
titanium metal powder (chemical purity 99.99 %) acting as oxygen catcher. For that, sample
and titanium powder are placed in a half-open fused-quartz tube that is triply flushed with
argon, then pumped with a turbo molecular pump down to < 107> mbar, and afterwards
fused and sealed using an oxyhydrogen torch.

Similar annealing times and temperatures as for reduced SrTiO3; were used as starting
point. Spinelli et al. [89] use temperatures ranging from 650 °C to 1100 °C and dwell times
of 0.5hto2h.

Instable quartz tubes A serious issue arose in the scope of sample annealing. Some of
the quartz tubes were destroyed when heated at temperatures T,,, > 800 °C. The event
occurred occasionally and was not reproducible but its probability increased with increasing
temperature and it never appeared below 800 °C. Usually, the annealing procedures ran
overnight such that in most cases, the exact time of the destruction event was unknown.
Only one single explosion was directly observed and occurred after reaching the plateau
temperature right at the beginning of the dwell time. In each case, the result was a broken
quartz tube with fragments spread over the entire corundum tube of the furnace and the
lab floor. The remains of titanium metal powder inside the furnace turned white indicating
a complete oxidization to TiO,, whereas the shot-out titanium powder remained pristine.
Similarly, the condition of the EuTiO3 samples depended on whether they remained inside
the furnace or were shot out. In the latter case, they were intact and could be used for a retry,
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1.5 Doping of EuTiO3
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T

Figure 1.7: Annealing methods. Basic methods (V
listed in Tab. 1.10: (a) 9 mm quartz tube with samples
buried in Ti powder (Methods A1-A6). (b) Tube-in-
tube method: Ti powder in 6 mm half-open quartz tube
inside a 9 mm quartz tube with samples (Method A7).
(c) Tube-in-tube method with quartz wool separating
samples and Ti (Method A8). (d) 6 mm quartz tube
with quartz wool separating samples and Ti (Method
A9). (e) 6 mm quartz tube with samples buried in Ti I \/
(Method A10). \ I

(d)

@@ (b (© (e)

while in the former case they showed a white coating and were discarded.

The possible reasons for the explosions are manifold. A pressure increase due to residual
gas inside the quartz tube can be excluded because the titanium powder jumps slightly
when the valve to the pump line is opened during the flushing procedure. Furthermore,
the quartz tube shrinks upon melting, indicating at least an underpressure inside the tube.
Water residues inside the quartz tube are unlikely. Cleaning the quartz tube with acetone
beforehand and heating the tube with a heat gun while pumping could not avoid the
explosions.

Chemical reactions between titanium and quartz are known. McCarthy et al. report that
“Ti0, Ti and EuO attack silica and noble metals™ at 1400 °C [75]. Although the highest
applied annealing temperature is 450 °C lower than that, a reaction might still be possible.
In order to exclude a weakening of the tube by chemical reactions, a tube-in-tube technique
is developed: The titanium powder is placed inside a smaller half-open quartz tube which
itself is placed inside the larger tube that is sealed [see Fig. 1.7 (b)]. Thus, the titanium
powder has no contact to the outer tube.

Another potential origin is the thermal expansion of titanium particles that are embedded
inside the twisted quartz after sealing. When filling titanium powder into the quartz tube,
tiny amounts remain across the entire tube. This cannot be avoided completely. The usage
of a tight-fitting straw prevents a contact of titanium with the largest part of the tube during
filling and guides the powder directly to the bottom. Unfortunately, the powder is spread
over the entire tube when removing the straw. Therefore, instead of using a straw, the powder
was simply filled with a spatula and the tube was cleaned afterwards using a pipe cleaner
and acetone. A mechanical instability of the quartz might also result from residual stress
caused by improper sealing. Therefore, the twisted end of the sealed tube was heated for a
longer time to allow a release of any potential stress. Production errors of the quartz tubes
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Figure 1.8: Effect of annealing time and temperature on the resistivity of EuTiO3_s.
(a) Resistivity p(T) of samples annealed for 7,,, = 1h at different temperatures Ty,, in
comparison to p(T) of pristine EuTiO3 (dashed curve). (b) Increasing #,,, to 10 h yields much
smaller resistivities for the same annealing temperatures Ty,, as indicated by dotted arrows.
Samples of 0.4 mm and 0.2 mm thickness are annealed simultaneously in the same quartz tube
and show highly unequal p(T) curves for T,,, < 750 °C.

or transport damages are another potential source of mechanical instabilities. Although a
visual inspection of the tubes gave no evidence for that, invisible imperfections like residual
stress or hairline cracks cannot be excluded completely.

The described circumventions were applied without any effect on the occurrence of ex-
plosions. The only reliable way to avoid this issue was the application of lower temperatures
and the use of quartz tubes with smaller diameter which appear to be mechanically more
robust [see Fig. 1.7 (e)]. Table 1.10 summarizes all tested annealing methods.

Temperature limit Samples annealed for 10 h at temperatures above 800 °C agglomerated
with the surrounding titanium powder. Therefore, annealing methods were tested where
samples and titanium powder are separate. This is realized either by a separate quartz tube
for the titanium or by using quartz wool as spacer. When using the tube-in-tube method as
described above, the titanium powder is placed in a separate tube anyway, while the samples
are located between outer and inner tube [see Fig. 1.7 (b)]. Quartz wool allows a closer
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1.5 Doping of EuTiO3
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distance between samples and titanium while keeping both separate [see Figs. 1.7 (c, d)].
Both methods successfully avoid the described agglomeration but they result in a less
effective annealing as is discussed in the following paragraph.

Homogeneity To judge the effect of annealing time and temperature, resistivity measure-
ments were performed using a standard four-probe method and a home-built dipstick setup
for wet cryostats (SCHNELLMESSSTAB). The first approach to obtain metallic EuTiO3 was a
heating at 950 °C for 1 h which already brought a fairly metallic sample [see Fig. 1.8 (a)].
In order to cover the range between this metallic sample and the pristine semiconducting
material, different annealing temperatures were tested while keeping the time of 1 h fixed. A
sample annealed at 700 °C has an almost identical resistivity as the pristine sample. Anneal-
ing at 750 °C yields a sample with an intermediate p(7'). If the annealing time is increased
to 10 h, the samples become much more metallic at a given temperature. A sample annealed
for 10h at 750 °C is as metallic as a sample annealed for 1 h at 950 °C [see Fig. 1.8 (b)].
If one considers the temperature to be responsible for the carrier concentration, while the
annealing time determines the homogeneity, this result has to be interpreted as a hint that
the samples are not homogeneous after 1 h.

In order to have an indicator for homogeneity, in each run two samples with different
thicknesses (0.2 mm and 0.4 mm) were annealed simultaneously in the same quartz tube.
As is seen in Fig. 1.8, sample pairs of different thickness annealed at the same temperature
show highly unequal resistivity curves if T,,, < 750 °C, whereas the samples with higher
annealing temperatures show almost no thickness dependence. Figure 1.9 depicts a detail
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view of the most metallic samples of Fig. 1.8 (b). The remaining differences in p(T') for
samples pairs annealed at Ty, > 750 °C are tiny compared to the highly unequal samples
with Ty, < 750 °C. Samples with T,,,/°C = 700, 750, 800 are annealed while buried in
titanium powder [see Figs. 1.7 (a, e)] and their respective p(T) curves are ordered by Tyy.
In contrast, the sample pair with T,,, = 850 °C is annealed using the tube-in-tube method,
where titanium and samples are separate [see Fig. 1.7 (b)]. Therefore, these samples are
less metallic. Only the six homogeneous samples are considered in the discussion of the
metal—insulator transition in Ch. 3.

Low-temperature annealing In order to obtain homogeneous samples with resistivities
between the pristine semiconducting and the most metallic ones, the sample pairs with
Tann/°C = 650, 700 were annealed again for a longer time while keeping the annealing
temperature fixed. The sample pair with T,,, = 650 °C was annealed for another 40 h and
the sample pair with T,,, = 700°C was annealed for another 10h. Figure 1.10 shows
the result of this efforts. Both sample pairs are much more metallic after the additional
annealing procedures and approach the resistivity range of the most homogeneous samples.
Nevertheless, the two samples of each pair do not approach each other and keep the thickness
dependence.
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1.5 Doping of EuTiO3

Sample Floating-zone furnace parameters SC
ID Sub. x y M/L Sintering Growth
u v U v r p
V mm/h V mm/h  rpm bar

JE120 La  0.001 297 CMILS 70 9 85 8 34 2
JE121 La  0.001 297 CMI/LS 60 2 59-84 5 32 3.1
JE122 La  0.001 296 CMI/LS 60 2 68 8 32 22
JE124 La 0.01 296 CMILS 60 1 65-75 8-10 32 2
JEI25 La 005 298 CMIL5 50 1.5 60 10 32 5
JEI26 Nb 0.01 298 CMILS5 54 1.3 61 10 32 57
JE127 Nb  0.05 299 CMI/LS 57 3.5 62 10 32 5.8
JE128 Nb  0.03 299 CMI/LS 57 3.5 61 5 36 6
JE129 Nb  0.02 3 CMI/L5S 57 22 6l 5 36 6

SRR N NN NN

Table 1.11: Synthesis of Eu;_,La, TiOy, and EuTi;_,Nb, O, : Parameters. All attempts to
synthesize Eu;_,La,TiO, and EuTi;_xNb,O, with sample identifier, nominal substitution x
(La or Nb), nominal oxygen content y, furnace model M and halogen lamps L [see Tab. 1.2],
gas, lamp voltage U in V and pulling speed v in mm h~! used for sintering and growth, relative
rotation of the rods r in rpm, gas pressure p in bar, and success of single-crystal growth SC
[see Tab. 1.8]. A pure Ar atmosphere is used throughout.

1.5.2 Eu_,La,TiO3; and EuTii_xNb,O3

Oxygen-defect gradients are naturally expected in post-annealed single crystals. To precisely
determine the metal—insulator transition, it is necessary to have homogeneously doped
EuTiO3 samples. Chemical substitution appears to be an appropriate alternative to post
annealing of crystals, since the doping is inherent to the relative amounts of the reactants.
Apart from reduction, electron doping can be achieved by substituting europium with
lanthanum [70, 87] or by a substitution of titanium by niobium (EuTi;_Nb,O3) [88].

The recipes used for Euj_,La, TiO3 and EuTi;_Nb,O3 are based on that of the most suc-
cessful growth of EuTiO3 (sample JE111). For both materials, a nominal oxygen deficiency
is weighed in by adjusting the two titanium oxides TiO and TiO,. The general chemical
equation for Eu;_,La,TiO, using Eu;O3, LayO3, TiO, and TiO, is

|- 7 5
. Y Eu,05 + %CLa203 + (5 - y) TiO + (y - 5) TiO, — EuTiO,  (1.9)

with 0 < x < 1 and 2.5 < y < 3.5. The equation for EuTi;_,Nb,O3 using Eu,03, Nb,Os,
TiO, and TiO» is

1
3 Euy03 + m TiO + nTiO, + %CNb205 — EuTi|_,Nb,O, (1.10)
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Figure 1.11: Resistivity of Eu;_,La,TiO3_s (x = 0.001, 0.01). Resistivity of
Eu;_,La,TiO3_s with lanthanum contents of 0.1 % (a) and 1 % (b). For both compounds,
p(T) of the pristine material (black solid lines) is compared to that of samples annealed at
700 °C and 750 °C. Pairs of thick (= 0.5 mm, solid lines) and thin samples (= 0.3 mm, dashed
lines) were annealed simultaneously in the same quartz tube.

with prefactors
5 3

PR A R

Three compounds of Eu;_La,TiO3z with x = 0.001, 0.01, and 0.05, as well as four
crystals of EuTi;_ Nb,O3 with x = 0.01, 0.02, 0.03, and 0.05 were grown. Details of the
growth parameters are summarized in Tab. 1.11. The resistivity of pristine Eu;_,La,TiO3
is very similar to that of pristine EuTiO3. Neither a lanthanum content of 0.1 % nor of
1 % appears to have any effect on the conductivity [see Fig. 1.11]. Therefore, annealing is
applied in addition. Also for Eu;_,La, TiOs, two samples of different thickness are annealed
simultaneously in order to have an indicator for homogeneity. As is seen from Fig. 1.11,
an annealing temperature T,,, = 700 K has almost no influence on p(7’) independent of x.
Thus, the partial substitution of europium by lanthanum gave no advantage compared to the
merely annealed EuTiO3_s.

m=—=-y+=x

(1.11)
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2 Srq_xCa,TiO3

The competition between ferroelectric order and dilute metallicity in Sr;_,Ca,TiO3_s has
been hitherto investigated primarily by resistivity measurements. Here, thermal-expansion
measurements are used as thermodynamic probe to elucidate the nature of the ferroelectric-
like transition in metallic Sr;_,Ca,TiO3_s. The evolution of both the structural transition
temperature 7y and the Curie temperature 7¢ as a function of charge-carrier density # is
studied ranging from the insulating parent compound up to n ~ 6 X 10?° cm~3 while keep-
ing a fixed calcium content of x = 0.009. Signatures of the ferroelectric transition of the
insulating parent remain present in thermal-expansion measurements over the entire doping
range but change in character at a threshold carrier density n*. Parts of this chapter are based
on data already published in J. Engelmayer et al., Phys. Rev. B 100, 195121 (2019) [90]
and C. W. Rischau et al., Nat. Phys. 13, 643 (2017) [30].
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23 SriCa,TiOz . . . . . . . . oo 37
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2.3.2 Measurements on Sr;_,Ca,TiOs_s (x =0.009) . . .. .. .. 41
233 Conclusion . . . . . . ..o 52

2.1 Introduction

Solids with completely filled or empty bands are insulators, but systems with partially filled
bands can be insulating as well if electron—electron repulsion prevents delocalization. Such
systems are called Mott insulators!. Hence, perovskite titanates (ATiO3) can be subdivided
into two classes: Mott insulators and band insulators. If A is trivalent, titanium is trivalent
as well (A3+Ti3*O3) with one single electron in the 3d band [see Tab. 3.3]. These materials
like LaTiO3 or YTiOs3 [see also Sec. A.3] are typical Mott insulators [91-93]. If perovskite
titanates have a divalention on the A site (e.g., Ca?*, Sr2+, Ba?*, Cd?*, Pb2*, Eu?*), titanium is

A detailed description is subject to the manganites chapter [see Sec. 4.3.1].
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2 Sr;_Ca,TiO;

tetravalent and the material is a band insulator. In this A2*Ti**Qj5 class, various ferroelectric
systems are known, e.g., BaTiO3 [14, 15], PbTiO3 [16], CdTiOs3 [17, 18], while others like
CaTiO3 [19, 94, 95], SrTiO3 [20], and EuTiO3 [21, 69] are quantum paraelectrics, i.e., a
ferroelectric long-range order is suppressed by quantum fluctuations.

SrTiO3 attracts attention primarily by its huge
low-temperature permittivity and by the striking ab-
sence of physical (ordering) effects like electric po-
larization, magnetism, and metallicity while show-
ing multiple instabilities toward different ground

states, e.g., ferroelectric, antiferroelectric, and su- /s, .ca,Tio; EuTiO3
. . . . QPE no ) Sri_xEu,TiO3

perconducting phases [see Fig. 2.1]. Using SrTiO3 magnetic
as origin, rich physics can be obtained by isovalent SrTiO3
A-site substitution to induce ferroelectricity (e.g., insulating  / EuTiO3-

: . . . : Sri_xCaxTiO3_s Eu;_,La,TiO3
Sr1_4Ca, TiO3), by aliovalent A-site or B-site substi- sl

SITiOs s A

tution to induce conductivity (e.g., SrTi;_Nb,O3,
Sr;_,La, TiOs, SrTiO3_)2, or by magnetic substitu-
tion (Sri_yEu,TiO3). Furthermore, different effects
can be combined, e.g., in Sr;_,Ca,TiO3_s, where
a ferroelectric phase competes with a metallic
phase. In this thesis, examples for both A- and B- Figure 2.1: Overview of phenomena in
site-substituted perovskite titanates from the band- SrTiOs-related materials.

insulator class A%+Ti**Oj3 are studied. Section 2.2 gives an overview of quantum paraelectrics
in general and summarizes the knowledge about the parent compound SrTiOs. It sets the
basis for the discussion of Sri_,Ca, TiO3 in Sec. 2.3 and for EuTiOs that is subject of the
following Ch. 3, since both materials share many characteristics with SrTiO3. Section 2.3
deals with the competition between ferroelectric and metallic states in Sry_,Ca,TiO3_s.

Sri_,La,TiO3
SrTi;_xNb,O3

superconducting

2.2 Properties of SrTiO;

2.2.1 Dielectric properties

Dielectric properties of titanium oxides are investigated since the early 20th century. Initially,
TiO; and its various modifications were in focus [97-99], but in the 1940s the interest moved
to titanates with high dielectric constants, in particular perovskite titanates ATiO3 with an
alkaline ion on the A site (Ca, Sr, Ba) [100—102]. Because the at that time novel ferroelectric
effect was only known from materials with rather complicated structures like Rochelle
salt NaKC4H4O¢-4 H>O [103—105] and potassium dihydrogen phosphate KH,PO4 [106,
107] the discovery of ferroelectricity in BaTiOj3 attracted the primary attention [ 14, 108—

2An oxygen deficiency can be seen as B-site substitution since it is formally a partial substitution of Ti**

by Ti3* ions. This can be written as ATi3§Ti}*, s03_s. However, this is an oversimplification because the
d-shell electrons of titanium are delocalized and, therefore, a strict ionic picture is improper.
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Figure 2.2: Permittivity of quantum
paraelectrics. Compilation of litera-
ture data of the perovskite materials Sr- W
TiO3 [20], KTaO3 [22], EuTiOs3 [21],
and CaTiO3 [19], together with TiO;
(rutile) [96]. Except for CaTiOs3, all
measurements are performed on sin-

gle crystals. EuTiOs
CaTiO; !
TiO; (rutile) |

0 1 10 100

T (K)

118]. Even though nowadays many ferroelectric transition-metal oxides are known such as
LiTaO3, LiNbO3 [119-1211%, KNbO3 [123-125]3, and PbTiO3 [16, 126], BaTiO3 became
prototypical being the first hydrogen-free ferroelectric [108].

In parallel, the absence of a ferroelectric transition in SrTiO3 became clear in 1950 by
first low-temperature measurements of the permittivity down to 1.3 K on polycrystalline
samples [127] and was later confirmed on single crystals [128]. The high-temperature
behavior of the permittivity £(7) follows essentially a Curie—Weiss law in both SrTiO3 and
BaTiOs. However, in SrTiO3 the Curie—Weiss dependence turns into a plateau that continues
down to lowest temperatures [see Fig. 2.2]. This behavior can only be understood by taking
quantum effects into account. By extending purely classical descriptions of BaTiO3 [129—
131], J. H. Barrett developed a quantum mechanical treatment of this behavior [132] that
nowadays is called quantum paraelectricity or incipient ferroelectricity. The same behavior
was found in the perovskite oxide KTaO3 [22] and, decades later, also in further perovskite
titanates CaTiOs3 [19, 94, 95] and EuTiO3 [21]. Yet, it is worth to mention that quantum-
paraelectric behavior is not restricted to perovskites but also appears in materials with other
crystal structures, e.g., in rutile TiO; [96, 133-135] and the hexaferrites BaFe {2019 and
SrFe 2019 [136—138]. Figure 2.2 compares literature data of the temperature-dependent

31n the first half of the 20th century, niobium (Nb) was also called columbium (Cb) [122]. Hence, in some
publications, LiNbO3 and KNbOj3 are written as LiCbO3 and KCbO3, e.g., in Refs. [119, 123].
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2 Srl_xCaxTiO3

Material class Ferroelectrics Quantum paraelectrics
Perovskite titanates BaTiOs3, PbTiO3, CdTiOs3, CaTiO3, SrTiO3, EuTiO3
Srl_xCaxTiOg, Cal_bexTiO3

Non-titanate perovskites KNbO3, KTa;_Nb,O3 KTaOj3
Non-perovskites LiNbO3, LiTaO3, KH,POy, TiO; (rutile), BaFe 7,019,
NaKC4H4O6 -4 HQO SI‘Fe1201 9

Table 2.1: Ferroelectric and quantum-paraelectric materials. Selected examples from
different material classes. See text for references.

permittivities of different quantum paraelectrics. An overview of ferroelectric and quantum-
paraelectric materials is given in Tab. 2.1.

There are several ways to induce a ferroelectric phase transition in quantum-paraelectric
materials. In SrTiO3, this can be done by stress [139, 140], with an electric field [141—
143], or by chemical substitution Sri_,Ca, TiO3. The latter variant is discussed in detail in
Sec. 2.3. Analogous instabilities are known from the non-titanate quantum paraelectric
KTaOs3 that becomes ferroelectric under stress [144, 145] or by chemical substitution
KTa;_Nb,O3 [146-148].

2.2.2 Crystal structure

SrTiO; is an ideal perovskite at room temperature with cubic space group Pm3m (No. 227)
[see Fig. 2.3]. Upon cooling, the material undergoes a structural phase transition to tetrago-
nal. First indications for this transition were obtained from electron paramagnetic resonance
(EPR) studies of SrTiO3 with diverse magnetic impurities like Mn** [149], Fe3* [150],
Gd3* [151]. While first publications in 1959 [149, 150] just report a difference in the crystal
structure between room temperature and liquid-nitrogen temperature the actual transition
temperature 7g ~ 110K was determined with EPR in 1962 [151]. This was confirmed
by x-ray diffraction measurements two years later [152] suggesting also further structural
phase transitions at lower temperatures that could not be verified later on. The space group
in the tetragonal phase was determined in 1967 to be 14/mcm (No. 140) [153]. Today it is
well-established that SrTiO3 remains tetragonal down to lowest temperatures [ 154], at least
at ambient pressure. Theoretical predictions of high-pressure tetragonal, orthorhombic, and
lower-symmetric phases at room temperature exist [ 155]. Furthermore, there is experimen-
tal evidence for stress-induced ferroelectricity in SrTiO3 at liquid-helium temperature [139,
140], which necessarily implies the loss of inversion symmetry. Therefore, the centrosym-
metric space group /4/mcm cannot represent the symmetry in this ferroelectric state [see
also Tab. C.1].

The transition Pm3m — I4/mcm is antiferrodistortive with a tilting of the TiOg octahedra
around the ¢ axis [153, 156—158] as illustrated in Fig. 2.4. In the classification of octahedra
tilts in perovskites developed by A. M. Glazer [159, 160] this is written as (a’a’c™), where
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(b)

Figure 2.3: Perovskite structure. Unit cell of an ideal perovskite oxide ABO3 with space
group Pm3m (No. 221) in orthographic projection. Ion radii are scaled down for clarity. For
realistic relative sizes see Fig. 3.2. (a) Unit cell with origin set to the B atom. Oxygen atoms
outside the unit cell are added to complete the octahedra. (b) Unit cell with origin set to the A
atom.

a® indicates the absence of tilting around the a axis and ¢~ represents an antiphase tilting
around the ¢ axis. In the notation of K. S. Aleksandrov [161] this is written as (00¢). The
transition Pm3m — I4/mcm adheres a group—subgroup relation.

Group-subgroup relation A common method to illustrate group—subgroup relations is
the Béarnighausen tree [ 162—164]. Setting up a Barnighausen tree is instructive to understand
structural transitions, evaluate the emergence of twin domains, and helps to prepare structure
refinements. The higher symmetric space group G and its subgroup H are written in a
top-down manner and connected by an arrow that indicates the symmetry reduction. The
arrow is labeled with subgroup type, subgroup index, basis transformation, and origin shift.
If the subgroup H is a maximal subgroup of G, then H is either a translationengleiche (t) or
klassengleiche (k) subgroup. If H is not a maximal subgroup of G, the symmetry reduction
from G to H is written as a sequence of maximal subgroups. The index i of a subgroup
9H is the number of cosets of H in G (in a finite group, this would imply a reduction
of the number of symmetry elements in H by 1/i compared to G). This is important in
the context of transformation twinning: for a translationengleiche subgroup, the subgroup
index i is equal to the number of possible twin domains [1635, p. 414]. In contrast, no twin
domains arise for klassengleiche subgroups, but so-called antiphase domains (or translation
domains) appear [162, 165, 166].

The Birnighausen tree for the structural transition in ATiO3 (A = Sr, Eu, Sr1_,Ca,) is
shown in Fig. 2.5. For the tree setup, the guidelines given in Ref. [167, p. 135] are used.
Because 14/mcm is not a maximal subgroup of Pm3m, the transition Pm3m — I4/mcm
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Pm3m (221) 14 /mcem (140)

Figure 2.4: Illustration of the cubic-to-tetragonal transition in ATiO3. View of the
perovskite structure along a 4-fold rotation axis. Titanium ions (O) define the corners of the
unit cell ([]) and are surrounded by oxygen ions (.) forming octahedra (). (a) Ideal cubic
perovskite realized in the high-temperature phases of ATiO3 with A = Sr, Eu, Ca, Ba [see
Fig. 2.3 for a three-dimensional view]. (b) At the cubic-to-tetragonal transition, the oxygen
ions move as indicated by black arrows. Along ¢, the octahedra tilt in an antiphase manner.
The tetragonal unit cell volume (L) is four times larger than the pseudo-cubic one (/).

requires an intermediate step using the translationengleiche subgroup P4/mmm (No. 123)
with index 3. Here, no basis transformation or origin shift is needed. The space group
14 /mcm of the low-temperature phase is a klassengleiche subgroup of P4/mmm with index
2 and basis transformation a@ + b, —a + b, 2c¢. The number of possible twin domains for the
transition Pm3m — I4 /mcm, which is relevant for the later-discussed thermal-expansion
data on Sri_,Ca,TiO3 [see Sec. 2.3.2], appears as index i = 3 of the translationengleiche
subgroup. The Bérnighausen tree is complemented by boxes [right half of Fig. 2.5] showing
the atomic positions in the respective space group including element symbol, Wyckoff
position and multiplicity, site symmetry, and atomic coordinates. The coordinate transfor-
mation given as arrow label corresponds to the basis transformation on the left. Wyckoff
positions, site symmetries, atomic coordinates and their transformation are taken from
the International Tables for Crystallography Vol. A and Vol. Al [84, 168]. The I4/mcm
phase has one single free parameter x that is related to the octahedron rotation angle ¢ via
x = (1 —tan ) /4. Starting from ¢ = 0° (x = 0.25) at T; = 110K, the angle reaches its
maximum value of ¢ ~ 2° (x ~ 0.24) at lowest temperature [71, 154, 1697%.
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Figure 2.5: Group-subgroup relation for the structural phase transition in ATiO3s. The
space groups Pm3m of ideal perovskites and I4/mcm of the low-temperature phase of ATiO3
(A = Sr, Eu, Sr;_(Cay) are linked via a group—subgroup relation represented as Birnighausen
tree. For a sequence of maximal subgroups, P4/mmm is needed as intermediate step. Tables
show element symbols, Wyckoff positions, site symmetries, and atomic coordinates. The origin

is set to the titanium ion. The free parameter is x ~ 0.24 [71, 154, 169]*.

Solid solutions of BaTiO3, SrTiO3, and CaTiO3 are investigated since the 1940s [173-179].
Complete solid solutions over the entire composition range are possible for Sri_,Ca,TiO3
and Sr1_,Ba,TiO3 [174, 176, 177, 180], whereas the Ba;_,Ca,TiO3 system exhibits a certain
insolubility range [176, 179, 180]. Phase diagrams of Sr;_,Ca,TiO3 in literature differ
partially from each other. Essentially two variants exist, both shown in Fig. 2.6. The
more recent phase diagram by Carpenter ef al. [172] basically reinforces an earlier phase
diagram by Mitsui and Westphal [181] showing a broad tetragonal /4/mcm phase over
the entire range of x, separating the high-temperature cubic Pm3m phase from the low-

“The structure refinement in Ref. [154] has wrong Wyckoff positions and the multiplicities conflict with the

chemical formula. Correct Wyckoff positions are given, e.g., in Refs. [71, 169].
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Figure 2.6: Literature phase diagrams of Sry_, Ca, TiOs. (a) Phase diagram adapted from
Ranjan et al. [170, 171]. (b) Phase diagram adapted from Carpenter et al. [172]. Thick black
lines represent phase boundaries that are identical in both diagrams. The ferroelectric phase (H)
in (b) is in (a) further subdivided into a quantum ferroelectric (M) and a relaxor-ferroelectric
phase (H).

temperature orthorhombic phases [see Fig. 2.6 (b)]. In contrast, in the phase diagram by
Ranjan et al. [170], which is reproduced almost unchanged in Refs. [171, 182, 183], further
orthorhombic phases appear, while the tetragonal phase remains in a narrow range only
[see Fig. 2.6 (a)]. However, both phase diagrams essentially agree within the strontium-rich
range x < 0.06 that is relevant for this thesis.

Although a ferroelectric transition is absent in both end members SrTiO3 and CaTiO3 [95,
127], mixing Sr and Ca on the A site (Sr;_,Ca,TiO3) induces ferroelectricity already for
tiny calcium substitutions 0.0018 < x < 0.12 [26], whereas for larger calcium contents
x 2= 0.12 the material becomes antiferroelectric [170, 171, 184, 185]. In the ferroelectric
phase one can distinguish two regimes: The first one shows an increasing Tc(x) for
0.0018 < x < 0.02 and is referred to as quantum ferroelectric phase [26, 29, 30, 171, 182,
183] resembling a T¢ oc (x — xc)l/ 2 behavior known from KTa;_Nb,O3 [148]. The second
regime 0.02 < x < 0.12 shows a constant 7¢ [26] and is labeled as relaxor-ferroelectric
phase [170, 171, 182—184].

In addition to the cubic-to-tetragonal transition Pm3m — I4/mcm athigher temperatures,
the transition to the ferroelectric state implies a further structural transition. As already
pointed out in the context of stress-induced ferroelectricity in SrTiOs3, the finite polarization
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Figure 2.7: Group-subgroup relation for the ferroelectric phase transition in ATiOs.
Space groups 14/mcm and Ic2m are linked by a group—subgroup relation, where Ibam is
needed as intermediate step for a sequence of maximal subgroups. Wyckoff positions, site
symmetries, atomic coordinates and their transformation are taken from the International
Tables for Crystallography Vol. A and Vol. Al [84, 168].

in the ferroelectric state requires the absence of an inversion center. Because the space group
14/mcm is centrosymmetric, the transition at 7¢ necessarily involves a symmetry reduction.
The crystal structure in the ferroelectric phase was found to have the orthorhombic point
group mm?2 [172, 186, 187]. The actual space group was specified forx = 0.02,0.04 by x-ray
diffraction measurements to be /c¢2m (No. 46) [188]. Figure 2.7 shows the group—subgroup
relation for the transition /4/mcm — Ic2m as Birnighausen tree, where Ibam (No. 72) is
needed as intermediate group since /c2m is not a maximal subgroup of /4/mcm. Space
group /bam is a translationengleiche subgroup of 7/4/mcm with index 2 and Ic2m is
likewise a translationengleiche subgroup of /bam with index 2. Hence, in the transition
I[4/mcm — Ic2m the number of possible twin domains increases by a factor of 4: the
symmetry reduction /4/mcm — Ibam doubles the number of twin domains because a and
b axis become unequal; another factor of 2 is obtained from the loss of inversion symmetry
in Ibam — Ic2m [see also Tab. C.1].
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2.3.1 Ferroelectric order versus metallicity

Pristine SrTiOj3 is a band-gap insulator (A = 3.2eV) [189, 190] that becomes metallic’ upon
n-type doping either via reduction (SrTiOs_s) [27, 89, 191, 193, 197, 201], via substitution
of Ti** by pentavalent ions like Nb>* (SrTi;_,Nb,O3) [89, 194, 202, 203], or via substitution
of Sr?* by trivalent ions like La3* (Sr_,La, TiO3) [201, 203-207]. In all three n-doped
variants of SrTiO3 an additional superconducting phase is found in a carrier-concentration
range 5 X 1017 cm™ < n < 102! cm™3 with a maximum critical temperature T, ~ 0.4 K [28,
191, 194, 206].

In crystals with both calcium substitution and electron doping (Sri_,Ca, TiO3_s) the Tc-
related anomalies of the ferroelectric insulating parent compound persist within the metallic
and superconducting phase [29, 30]. This is seen for Sr;_,Ca,TiO3_s with x = 0.0045 by Ra-
man measurements of the TO; soft mode [30] as well as by thermal-expansion measurements.
Figure 2.8 shows «/T of pristine Srg 9955Ca 0045TiO3 and metallic Srg 9955Cag 0045Ti03_s
with a charge-carrier density of n = 6.6 x 10!” cm™3. Both crystals show a very similar
anomaly at 7¢c = 20 K of the insulating parent. In contrast, the anomalies at the structural
transition 7 ~ 122 K look very different. The weakly pronounced anomaly of the pristine
crystal indicates a comparably homogeneous distribution of twin domains, whereas the
doped sample with its distinct anomaly is closer to a monodomain.

For x = 0.0022 and x = 0.009, this ferroelectriclike transition has been investigated
as a function of charge-carrier concentration n by Rischau et al. [30]. In that report, the
Tc-related minima in resistivity data p(7T') shift to lower temperatures upon increasing n
and disappear above a critical, x-dependent charge-carrier density n., where the sample
with larger x shows a higher n. [see Fig. 2.9]. Although the origin of this behavior remained
unresolved, Rischau et al. suggested a mechanism where the ferroelectriclike phase is
destroyed by destructively interfering Friedel oscillations of neighboring dipoles [30]. A

3In early publications, in particular in the 1960s and 1970s, the metallic behavior in n-doped SrTiOj3 is called
“semiconducting”, e.g., in Refs. [27, 191-200].
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theoretical treatment of such a mechanism was given by Glinchuk et al. already much
earlier [208, 209].

The appearance of ferroelectric order in insulating quantum paraelectrics like SrTiO3
and KTaO3 is discussed by Rowley et al. in the context of quantum criticality [210]. For
SrTiO3, the quantum control parameter can be tuned either by stress [140], by chemical
substitution like in Sri_,Ca, TiO3, or by oxygen isotope exchange SrTi('°0_,'80,)3 [211].
In such a scenario, the charge-carrier concentration n acts as an additional control parameter
toward a metallic ground state. The presence of a quantum phase transition is intrinsically
tied to a divergence of the Griineisen parameter [212]. If the quantum phase transition
is pressure-driven, this holds for the Griineisen ratio I' = a//c,,, where « is the thermal-
expansion coeflicient and c), is the molar specific heat at constant pressure. Furthermore, I'
exhibits a sign change in the vicinity of a quantum critical point [213]. Because c, is always
positive, a sign change of I is the result of a sign change in . Experimental evidence for
such sign changes in a exists for diverse materials where the quantum control parameter
is either a magnetic field [214-221], a chemical and hydrostatic pressure [222], or the
charge-carrier concentration [223]. Hence, thermal expansion is a proper tool to investigate
phase transitions in general and quantum phase transitions in particular.

2.3.2 Measurements on Sry_,Ca,TiO3_s5 (x = 0.009)
Methods

A commercial Sr;_,Ca,TiO3 single crystal with a calcium substitution of x = 0.009 was
used for this study. The nominal calcium content was confirmed by secondary ion mass
spectrometry (SIMS) analysis as described in Ref. [29]. The crystal was cut into cuboid
pieces with all faces being cubic {100} planes and dimensions optimized for Hall-effect
measurements, typically 0.5 X 2.5 X 5 mm. In the following sections, the sample’s edges L1,
L,, and L3 correspond to the sample’s long, medium, and short directions, respectively. In
order to induce electron doping, the samples were annealed under vacuum (< 107> mbar)
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for 1 to 2 hours at temperatures between 700 °C and 1000 °C, depending on the intended
charge-carrier concentration. Hall-effect measurements were carried out via a standard six-
probe method using a commercial cryostat (PPMS by QuanTuM DESIGN) with resistivity
option. This preliminary work, including crystal orientation, cutting, annealing, and Hall
measurements on Srg.99;Cag 009 TiO3_s samples, was performed by Carl Willem Rischau,
Xiao Lin, and Benoit Fauqué [30].

The uniaxial length change AL(T') was measured with a home-built capacitance dilatome-
ter [224] while heating the sample continuously from liquid-helium temperature to 180 K
at a rate of about 0.1 Kmin~!. The thermal-expansion coefficient & = (1/Lo)(dAL/OT)
is determined numerically, i.e., by piecewise linear fits of AL(7")/Ly. The heat-capacity
measurement was performed using a microcalorimeter option of the PPMS.

Pristine Sro.991 Cao_oogTi03

Figure 2.10 shows the specific heat ¢, (T)/T of pristine Sr.991Ca.009TiO3. Vertical lines
indicate transition temperatures 7y and 7¢ obtained from thermal-expansion measurements
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Figure 2.11: Lattice parameters of Sr;_, Ca, TiO3 (x = 0, 0.02, 0.05). (a) Literature data of
the lattice parameters from x-ray powder diffraction measurements of SrTiO3; by Okazaki and
Kawaminami [227], as well as Srp.9sCap 02TiO3 by Mishra et al. [228] and Srg.95Cag 05Ti03
by Carpenter et al. [172]. (b) Enlarged view of the SrTiO3 data around 75 in comparison to
data of Ohama et al. [229] revealing the different resolutions.

[see Fig. 2.12]. Detail views of the temperature ranges around 7¢ and 7 [Fig. 2.10 (b) and
(c)] show a distinct anomaly at 7§ in agreement with previous reports [29, 225], whereas
no anomaly can be resolved around Tc. Figure 2.10 (d) shows the specific-heat jump Ac),
at T, obtained by subtracting a polynomial fit, similar to that in Refs. [29, 226]. To fit
the background signal, the function ¢, (T) = aT? + bT + ¢ is used in the range 145K <
T < 180K with fit parameters a = —8.96 x 107*Jmol~! K3, b = 0.613 Jmol~! K2, and
¢ = =5.65Jmol~' K~!. The jump’s magnitude is similar to that reported in Ref. [29]
measured on the same compound.

Figure 2.12 (a) shows thermal-expansion coeflicients a; /T of pristine Srg 99;Cag.0p9TiO3
measured along the cubic (100) directions (solid lines) that are parallel to the sample’s edges
L;. Figure 2.12 (b) displays the corresponding uniaxial length change AL;/L¢ adjusted to the
cubic lattice parameter at 150 K, which is estimated from the available x-ray data of SrTiO3
and Srg 9gCag 02 TiO3 [227, 228] to be a. = 3.899 A [see Fig. 2.11]. In practical terms, this
means that the temperature dependence of the lattice parameter a(7T) is calculated from
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uniaxial length change AL(T)/Lg via

AL(T)

a(T) = ( +1) a(Tp), (2.1)

where Ty = 150K is the normalization temperature and a(Tp) = 3.899 A is the lattice
parameter at 7.

At high temperatures the «; are identical and show pronounced anomalies around 139 K
and 27 K. The upper temperature can be identified with the cubic-to-tetragonal transition
temperature T5. While pure SrTiO3 becomes tetragonal around 7y ~ 105K [151, 152, 229,
230], the transition temperature in Sri_,Ca, TiO3 increases with increasing x [29, 171, 172,
181, 228] up to 7y = 1500 K in pure CaTiO3 [231-233]. This corresponds to the topmost
phase boundary in Fig. 2.6. The transition temperature 75 =~ 139 K of our pristine sample
with x = 0.009 is in agreement with findings in Refs. [29, 234]. The symmetry reduction
involved in this transition is Pm3m — I4/mcm which is the same for the entire composition
range of Sr;_,Ca,TiO3 and already discussed in detail in Sec. 2.2.2. As can be seen from
the illustration of this transition in Fig. 2.4, the cubic axes a. and the tetragonal axes a, ¢,
are related via a; ~ \/Eac and ¢; = 2ac. It is evident, that the sample’s edges L;, which
are parallel to the cubic (100). directions, point along (110); with respect to the tetragonal
axes a;. The lower anomaly at 27 K signals the transition to the ferroelectric phase that
was detected by P(E) hysteresis loops [30]. While the structural transition at 7y is seen
mainly in the @ component along L3, the 7c-related anomaly predominantly appears in the
components measured along L, and L, respectively.

Twinning In general, structural phase transitions involve transformation twinning [235],
[165, p. 414]. For a cubic-to-tetragonal transition one expects the emergence of at least
three twin domains, since each of the cubic (100). axes can be transformed into the
tetragonal [001]; axis [see Sec. 2.2.2]. The appearance of twin domains allows different
a; to (partially) compensate each other, i.e., a completely twinned sample should exhibit
an isotropic uniaxial thermal expansion @, that is related to the volume expansion S = 3a.
In general, the volume expansion is determined by 8 = }’; @;, where @; are the uniaxial
expansion coefficients along a set of three pairwise orthogonal directions. In a tetragonal
crystal, this means 8 = 2a,, + @, with the (generally anisotropic) main-axis expansion
coefficients ¢, and a., along the tetragonal axes a; and c;, respectively. In our crystal, the
transition at 7y is almost volume-conserving as can be seen by @ = 8/3 [black dashed line
in Fig. 2.12 (a)], i.e., the spontaneous expansion along L; and L; is roughly compensated
by the contraction along L3. Also the parent compound SrTiO3 shows a nearly volume-
conserving behavior around T, as seen in the temperature-dependent lattice parameters
determined from high-resolution x-ray diffractometry measurements [229]. In our crystal,
the anisotropic @; and the nearly volume conservation indicate highly unequal twinning
fractions. Using a capacitance dilatometer naturally implies the application of a certain
uniaxial stress that, in some cases, can be sufficient to provoke a (partial) detwinning of the

44



2.3 Sr1_,Ca,TiO3

a/T (1078K™2)

[

Axes (A)

-10

-15

-20
3.900

3.899

3.898

3.897

3.896

3.895
0

L (a)

------------

90
T (K)

N 1 N
120

150 180

Figure 2.12: Thermal expansion of pristine Sr¢ 99;1Cag,009TiO3. (a) Thermal-expansion
coefficients a; /T (solid lines) measured along the sample’s edges L;, which are parallel to the

cubic axes (100)., together with the reconstructed «; /T of the tetragonal axes c/2 and a;/V2

(dotted lines) and average linear expansion @ = /3 (dashed line). (b) Corresponding uniaxial

length changes AL; (solid lines) and average length change AL (dashed line) each adjusted to
the cubic lattice parameter a (150 K) = 3.899 A. Vertical lines indicate transition temperatures

T and Tc.
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crystal [220, 236, 237]. This is apparently not the case in our sample, where the appearance
of a dominating twin is not triggered by external conditions but rather predetermined by
intrinsic crystal defects. This is supported by the fact, that we observe an expansion along
Ly and a compression along L3 when cooling across T, although the force applied via
the dilatometer acts on the smallest cross-sectional area of our sample and consequently
produces the largest pressure when measuring along L, whereas along L3 the force acts
on the largest cross section producing the smallest pressure.

The fraction of the tetragonal axes a; and c¢; parallel to the sample’s edges L; can
be estimated by comparing the thermal-expansion coefficients of our measurements with
the slope changes of the temperature-dependent lattice parameters around 7 from x-ray
powder diffraction measurements, which are inherently blind to twinning. Such data exist
for Sr;_,Ca,TiO3 with x > 0.02 [172, 228] only and in comparably low resolution [see
Fig.2.11 (a)]. Hence, for the slope comparison we use data of SrTiO3 [229] measured by high-
angle double-crystal x-ray diffractometry (HADOX) [238, 239], which have a much higher
resolution [see Fig. 2.11 (b)]. At Ty, these data show an a-axis contraction upon cooling
that corresponds to a change Aa, ~ 8 x 107 K~! and a ¢-axis expansion corresponding
to Aa. ~ —16 x 1079 K~!. By comparing these values to our thermal-expansion anomalies
Aa; at T [see Fig. 2.12 (a)] and taking

Z Aa; = 2Aa, + Aa,
i

into account, we estimate that along L3, the crystal contains approximately 0.9a; and 0.1c¢;,
whereas L contains 0.5a; and 0.5¢, and L, contains 0.6a; and 0.4c¢;. Thus, we obtain the
following system of linear equations:

Aay = 0.5Aq, + 0.5Aq, (2.2)
Aasy = 0.6Aq, + 0.4Aa, (2.3)
Aasz = 0.9Aq, + 0.1Aa, 2.4)

One can determine A, and Aa, from any subset of two equations, in particular

from (2.2), (2.3): Aa, = 5Aa; — TAay, Aa. = 9Aa; — 5Aar (2.5)
from (2.2), (2.4): Aa, = 1.25Aa3 — 0.25Aq;, Aa,. =2.25Aa1 — 1.25Aa3 (2.6)
from (2.3), (2.4): Aa, = 1.33Aa3 — 0.33Aa:, Aa. = 3Aa; — 2Aa3 . 2.7)

Equation (2.4) has the largest coefficient for Aa, and Eq. (2.2) has the largest coefficient
for Aa,, i.e., Aa; and Aas are closest to the pure tetragonal axes. Therefore, solution (2.6)
is preferable, since it has the smallest relative uncertainties. Using this solution, we obtain
the dotted lines in Figures 2.12 (b) representing the temperature-dependent behavior of
the tetragonal axes a./ V2 and ¢/2. Dotted lines in 2.12 (a) show the corresponding
thermal-expansion coefficients. The derived anomalies Aa, and Aa,. around Ty are by
construction identical to those in the temperature-dependent x-ray data of the SrTiOs3 lattice
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parameters [229], but the relation 2Aa, ~ —A«a, is independent from this reconstruction
since it follows directly from the (almost) absent anomaly in the volume expansion 5 and
the tetragonal symmetry. In contrast to the cubic-to-tetragonal transition, the ferroelectric
transition at 7¢ is not volume conserving as is seen in the pronounced anomaly of the
averaged uniaxial expansion @ [see black dashed line in Fig. 2.12 (a)]. Furthermore, the
reconstructed tetragonal axes anomalies at T¢ suggest that the volume-expansion anomaly
essentially arises from a c-axis expansion upon cooling, while the transition is roughly
area-conserving regarding the ab plane. The latter is naturally expected for a tetragonal-to-
orthorhombic transition with opposite expansion anomalies of similar magnitudes along the
orthorhombic a and b axes. The ferroelectric polarization is expected to be aligned along
one of these axes [26, 188, 240]. As discussed in Sec. 2.3, a tetragonal-to-orthorhombic
transition increases the number of possible twin domains at least by a factor of 2. The
simultaneous loss of an inversion center creates another factor of 2, yielding a total number
of 4 twin domains, when starting from a tetragonal monodomain. Thus, a threefold-twinned
tetragonal crystal develops up to 12 twin domains in the orthorhombic phase. As already
mentioned, the sample’s edges are parallel to the cubic (100). axes. This implies that the
uniaxial length change is measured along (110), in the orthorhombic phase and is blind
to any in-plane anisotropy because a(;10), = (a4 + @) /2. Furthermore, the twin domains

(o]

created by the loss of inversion symmetry cannot be distinguished by thermal expansion.

Figure 2.13 compares the jumps in @, (T) and ¢, (T) at T = 139 K. To obtain the jump
Ac,, the background is fitted above T using a polynomial fit function as already explained
in the context of Fig. 2.10 (d). For Aq,,, the data is fitted in the range 143K < T < 155K
using the fit function @, (T) = aT? + bT + ¢ with parameters a =~ —8.1 x 10710 K™,
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Figure 2.14: Thermal expansion of Sry 991 Cag,009TiO3-5. Thermal-expansion coefficient
a /T versus T of Sry.991Cag 009TiO3_s with different carrier densities n. For clarity, the curves
are shifted by 7.5 x 1078 K=2 with respect to each other.

b~18x10"7K™3, and ¢ ~ —1.7 x 107° K2, By using the Ehrenfest relation

(2.8)

one can estimate the uniaxial pressure dependence of the transition temperature 75. The
molar volume is Vinol = NaVie/Nuec = Naa® =~ 3.57 x 107> m? mol~! with unit-cell volume
Vee = a® =~ (3.9A)% and the number of formula units per unit cell Nye = 1. From
Fig. 2.13 (a), one extracts Aa,, ~ 8.6 x 10°°K™! and Ac,, ~ 0.6 Jmol~! K™! resulting in
dTy/dp,, ~ 72 KGPa™!.

Electron-doped Srg 991 Cag 0o TiO3-5

Oxygen-deficient crystals Srp.991Cag 009 TiO3_s are obtained by annealing and their charge-
carrier densities are determined by Hall-effect measurements as described in Sec. 2.3.2.
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On each sample, the uniaxial thermal expansion was measured along L;. Figure 2.14
shows the thermal-expansion coefficients a/T versus T of Srg.99;Cag 009TiO3_s crystals
with different charge-carrier concentrations up to n < 57.9 x 10" cm™3. The «/T curve
of the pristine sample, already shown in Fig. 2.12, is included for comparison. For clarity,
the curves are shifted by 7.5 x 1078 K= with respect to each other. It is reasonable to
assume only minor variations in the twin-domain distribution between individual samples
because all samples were obtained by parallel cuts from the original single crystal of pristine
Sr0.991Cag.009T103. This assumption is supported by the fact that all samples, apart from
that with highest n, show clear anomalies of the same sign and similar shape indicating the
cubic-to-tetragonal transition at 7;. With increasing n the transition temperature linearly
decreases from T ~ 139 K in the pristine sample down to ~ 116 K forn = 22.6 x 10'° cm™3
[see Fig. 2.15 (a)]. Such a linear decrease of Ti(n) is analogously found in reduced SrTiO3
crystals without calcium [198, 199, 241]. A decreased T is also seen in reduced samples
of the related compound EuTiO3_s [242] as discussed in Ch. 3. This suggests that this
systematic decrease of 7y upon reduction is a generic trend in perovskite titanates. In
contrast, an n-type doping by chemical substitution like in SrTi;_,Nb,O3 increases T [241].

An extrapolation of the linear T; (1) dependence to the highest doping n = 57.9 x 10!° cm™3
matches the kink of the a/T curve of the corresponding sample. This suggests that the
structural transition remains present across all doping levels, but is hardly seen in the sample
with highest doping. It is reasonable to attribute this weakly pronounced anomaly to the
presence of more homogeneously distributed twin domains in this specific sample, i.e., the
averaged uniaxial expansion @ is measured which hardly shows any anomaly, since the
transition is almost volume conserving as discussed above. This resembles the behavior
of the earlier discussed Srg.9955Cag 0045Ti03_5, where the anomaly at 7 is much weaker
compared to that of pristine St .9955Cag 0045TiO3 [see Fig. 2.8].

The transition at 7c =~ 27 K manifests itself as sharp anomaly in «/T of pristine
Sr0.991Cag.009Ti03. It remains clearly identifiable for the lower-doped samples [see left
panel of Fig. 2.14] and shifts down to 18 K for n = 1.3 x 10'” cm™>. In contrast, the higher-
doped samples [see right panel of Fig. 2.14] show anomalies that are much less pronounced
(except for the sample with n = 12.4 x 10'” cm™). Nevertheless, a signature of the tran-
sition remains present in the a/T curves of all samples. Even the more homogeneously
twinned, highest-doped sample with n = 5.79 x 10'® cm~> shows a minimum in /T around
17K, signaling the spontaneous volume expansion, while the volume-conserving transition
at T only produces a kink. This is similar to the earlier discussed Srg 9955Cag.0045T103-s,
where the anomalies at 7¢ are very similar between doped and insulating crystals, while
the 7;-related anomalies are very different indicating unequally distributed twin domains
[see Fig. 2.8].

Figure 2.15 (b) shows both transition temperatures 75 and 7¢ as a function of charge-
carrier density # in linear scales. Figure 2.15 (a) is a detail view of the low-n regime. The
cubic-to-tetragonal transition is shown with a linear fit of 75(n) (solid line). Both the linear
T;(n) behavior and the essentially absent weakening of the associated anomalies indicate a
rather homogeneous distribution of oxygen vacancies and resulting charge-carriers. Despite
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the linearity of T(n), the transition at 7¢c shows a more complex behavior as a function
of n. While the ferroelectric transition of pristine Srg 991Cag.009TiO3_s produces a distinct
anomaly in «/T, the broadening for the low-doped samples requires an appropriate criterion
to define 7¢ and, furthermore, the inclusion of error bars. Hence, the maximum slope is
taken to define T¢, while its temperature difference to the minimum in «/7 is used as a
measure of the transition width, that is shown as error bars in Figs. 2.15 (a) and (b). In the
low-n regime (n < 1.3 x 10'° cm™3), the corresponding Tc (1) curve is concave as indicated
by the dotted curve in Fig. 2.15 (a). For larger carrier densities, 7c(n) basically saturates at
a slightly elevated temperature and simultaneously increased error bars.

In order to quantify the up to now more qualitative distinction of sharp and broad
anomalies, we use the spontaneous strain € as a further measure for the Tc-related tran-
sition. By using a smooth background ay,(T'), the spontaneous strain is calculated via
e= f (a — apg) dT'. The thermal expansion of SrTiOj3 is generally suited to serve as back-
ground because the material remains tetragonal down to lowest temperatures [154]. Indeed,
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Figure 2.16: Determination of spontaneous strain & in Srg.99;1Cag g9 TiO3-s.
(a, b) Thermal-expansion coefficient @(T") of Srg.991Cag.0p9TiO3_s in the temperature range
around T¢. Curves are shifted with respect to each other by 1.5 x 1079 K~! for clarity; zeros
are indicated by dashed lines. Each curve is shown with a scaled a(T’) of SrTiO3 matching the
data of the respective Srp.991Cag 009TiO3_s above the anomaly. Shaded areas are proportional
to €. (c) Spontaneous strain € as a function of temperature.

by measuring the uniaxial length change of SrTiO3 we obtain a smooth asto(7) behavior
at low temperatures. This is different from thermal-expansion data measured under high
uniaxial compressive stress [243] that show a minimum between 20 K and 30 K. There,
a single-domain SrTiO3 crystal is measured, resulting from stress-induced detwinning.
Furthermore, SrTiO3 is known to develop a stress-induced ferroelectric state [139, 140],
as discussed in Sec. 2.1, what might explain the observed anomaly in that report. This
assumption is supported by the similarity of this anomaly to that in our calcium-substituted,
ferroelectric sample.

To serve as a background, the measured asto(7) curve was scaled to match the a(T)
data of the respective Srg.991Cag 009TiO3_s sample above the Tc-related transition [see
Figs. 2.16 (a) and (b)]. The scaling depends on the exact temperature where both curves
shall merge. Especially the broad anomalies allow a certain freedom for this scaling.
Therefore, the merge temperature was varied between 25 K and 35 K and the respective
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T Figure 2.17: Generic phase diagram of
Sri_,Ca,TiO3_s. A possible phase diagram
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values for £ were used to define error bars. Figure 2.16 (c) shows the resulting £(7) curves,
whereas the evolution of £(T = 4.2 K) with charge-carrier density is seen in Fig. 2.15 (d).
Figure 2.15 (c¢) displays a detail view of the low-n regime. It is seen, that £(T = 4.2 K, n)
decreases rapidly below a threshold carrier density n* ~ 1.3 x 10!° cm™ and levels off
for higher carrier densities at a small value of ~ 15 % of the initial spontaneous strain of
the pristine sample. Qualitatively, Tc(n) shows a similar behavior [see Fig. 2.15 (a)] but
saturates at a much higher level of ~ 60 % relative to T¢ of pristine Srg.991Cag.009T103.
Half-filled symbols in Fig. 2.15 refer to data points in the saturated range of £(T = 4.2 K, n)
indicating broad anomalies in a/(7).

2.3.3 Conclusion

Rischau er al. observed that characteristic features of the ferroelectric phase transition in
insulating pristine Sr;_,Ca, TiO3 persist upon weak charge-carrier doping and vanish toward
higher carrier concentrations n in a way being typical for quantum phase transitions [30].
Because this observation is based on minima in resistivity data p(7, n), it necessitated a
study via a thermodynamic probe. The main findings of this study are as follows: First,
the persistence of a ferroelectriclike transition in the metallic phase is clearly confirmed
by pronounced a/T anomalies in samples where n is below a threshold carrier density
n* ~ 1.3 x 10" cm™3. It should be emphasized, that the metallic conductivity in these
samples is a real bulk property and not just a surface effect, as shown by Shubnikov—de
Haas oscillations [30]. Furthermore, all these samples become superconducting at lower
temperatures. Second, in contrast to the resistivity results of Rischau et al., the anomalies in
a/T do not vanish completely upon a further increase of charge-carrier concentration. Even
though the features become very broad, a signature remains present in all samples of the
entire studied doping range. Third, the thermal-expansion data do not give any indication
for a sign change of the T¢-related anomalies as a function of n.

On the one hand, this could be the hint for a continuously disappearing ferroelectric order
with increasing n. On the other hand, sharpness and shape of the a/T anomalies change
qualitatively when crossing a certain carrier density around n* ~ 1.3 x 10' cm™ which
may point to different crystal symmetries on both sides of n*. Indeed, the requirement for
a non-centrosymmetric space group is obsolete in the presence of mobile charge carriers.
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However, it is plausible that this requirement is not destroyed immediately for very dilute
charge carriers, but needs a certain threshold concentration. This resembles the situation of
the low-temperature phase in insulating Sr;_,Ca, TiO3, where, starting from the strontium-
rich end, the non-centrosymmetric ferroelectric phase (I/c2m) changes to centrosymmetric
antiferroelectric (Pbcm) as a function of calcium content x, as discussed in Sec. 2.3 [see
also Fig. 2.6]. Moreover, the existence of ferroelectric metals has been discussed for a long
time [244-246] and is, indeed, considered as a structural transition in a metal with loss of
inversion symmetry.

Figure 2.17 shows a possible phase diagram for Sr;_,Ca, TiO3_s5, where the ferroelectric
phase of the pristine insulating parent is extended toward a threshold carrier density n*
where the detected anomalies in @(7") change qualitatively. The phase above n* is unknown.
One possibility would be an antiferroelectric phase analogous to the case of insulating
Sr;_Ca,TiO3z above x = 0.12 170,171,184, 185]. Furthermore, a structural phase transition
to a centrosymmetric space group can be involved. If the phase boundary at n* is (almost)
vertical, it can hardly be detected by temperature-dependent measurements like a (7). A
structural analysis of Sr;_,Ca,TiO3_s crystals with different n is needed to unveil the nature
of this unknown phase.
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The as-grown EuTiO3_s is characterized and found to be oxygen-excessive with 6 = —0.02.
Key figures like Néel temperature and Weiss temperature are in agreement with literature
data. The metal—insulator transition (MIT) in oxygen-deficient EuTiO3_s is investigated
by resistivity and Hall-effect measurements. The critical carrier density n. for the MIT
is compared with that of other doped perovskite materials with an insulating, quantum-
paraelectric parent in the context of the so-called Mott criterion. An AT? resistivity is
observed whose prefactor A scales with n. Using a simple model with three parabolic bands,
an A(n) function is derived that universally describes the experimental A(n) behavior for
diverse doped perovskite titanates. Parts of this chapter are based on data already published
in J. Engelmayer et al., Phys. Rev. Materials 3, 051401(R) (2019) [242].
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3.1 Introduction

Isovalent A-site substitutions in SrTiO3 usually distort the lattice and destroy the cubic
symmetry (i.e., the transition to the cubic phase is shifted to higher temperatures) as is
seen for Sr;_,Ca, TiO3 in Fig. 2.6. Europium offers the opportunity for an isovalent A-site
substitution without severely affecting the crystal structure—Sr?* and Eu?* have a very
similar ionic radius [see Tab. 3.1]—and simultaneously introducing magnetic effects into
the system since Eu?* has a magnetic moment of 7ug. Just like for Sr;_,Ca,TiO3 and
Sr;_,Ba, TiO3, the solid solution Sr_Eu, TiO3 exists over the entire composition range, but
in contrast to the former, it remains cubic at room temperature for all x [247, 248]. This is
not surprising because both end members SrTiO3 and EuTiO3 are cubic, whereas CaTiO3 is
orthorhombic [233] and BaTiOs3 is tetragonal [ 249] at room temperature. However, the lattice
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is not completely unaffected by a replacement of strontium with europium. The transition
temperature 75 of the cubic-to-tetragonal transition increases for SrTiO3 — EuTiOsz by a
factor of ~ 2.5 [see Fig. 3.1] but this change is much smaller than for SrTiO3 — CaTiO3,
where the transition temperature becomes larger by a factor of ~ 15 [see Fig. 2.6].

Hence, both end members SrTiO3 and EuTiO3 are structurally much more similar than
any other pair of perovskite titanates. They share not only the same room-temperature
crystal symmetry and the Pm3m — I4/mcm transition, but both materials are believed
to remain tetragonal down to lowest temperatures and both show quantum paraelectric
behavior [20, 21, 69]. Despite these commonalities, they have also clear differences, where
the macroscopic appearance of the crystals is the most obvious one: stoichiometric SrTiO3
crystals are transparent, whereas EuTiOs is opaque with black color [see Sec. 1.4.3].
The latter has a band gap of 1eV [83] and shows a measurable resistivity below room
temperature [70], whereas SrTiOs is highly insulating with a gap of 3.2eV [189]. While
SrTiO3 is nonmagnetic, the magnetic moments in EuTiOs3 order antiferromagnetically below
Tn = 5.5K [see Sec. 3.2.2].

In the previous chapter 2, charge-carrier doping is discussed in the context of the com-
petition between a ferroelectric and metallic phase in Sr;_,Ca,TiO3_s. Here, the focus
is on the metal—insulator transition (MIT) itself and the electronic properties of weakly
doped perovskite titanates in general. As already mentioned in Sec. 2.3.1, the highly in-
sulating parent compound SrTiOj; turns metallic' by diverse variants of n-type doping, in
particular reduction (SrTiO3_s) [27, 89, 191, 193, 197, 201], aliovalent B-site substitution

I'See also footnote 5 on page 40.
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(SrTi1_yNb,O3) [89, 194, 202, 203], or aliovalent A-site substitution (Sr;_,La,TiO3) [201,
203-207]. Independent of the doping method, a superconducting phase appears in a charge-
carrier density regime 5x 107 cm™ < n < 10*' cm™3, where the maximum critical
temperature is 7, ~ 0.4 K [28, 191, 194, 206]. These remarkably low carrier concentrations
identified SrTiO3 as the most dilute superconductor? [252, 253]. In the metallic phase, a 7>
behavior of the resistivity is found in all three compounds SrTiO3_s [31], SrTi1_Nb, O3 [254],
and Sri_,La,TiO3 [255].

Conventional theoretical explanations for the appearance of a T2 resistivity are challenged
in view of the extremely dilute charge carriers in metallic SrTiO3; [31]. While electron—
phonon scattering creates a 7" resistivity at low temperatures which can be described
within the Bloch—Griineisen theory, a T? resistivity is known to arise from electron—
electron scattering. W. G. Baber derived a T? behavior for systems with two bands and
different band masses, where scattering is dominated by collisions between localized s
electrons and delocalized d electrons [256]. This theory appropriately described the earlier
observed T2 low-temperature resistivity in transition metals like platinum [257]. The
presence of Umklapp scattering has been shown to be another source for a 72 behavior
of the resistivity [258, 259]. Neither applies to the situation of doped SrTiOs since the
system has a single-component Fermi surface and appropriate Fermi wave vectors for
Umklapp scattering are not available for n < 2 x 102° cm™3 [31]. Thus, the origin of the
T? resistivity in doped SrTiO3 remains an open question. For many materials—especially
heavy-fermion systems—the prefactor A of p(T) = po + AT? is related to the electronic
specific heat coeflicient y, because both depend on the Fermi energy EF, as is expressed in
the Kadowaki—Woods ratio A/y? [260]. Because Ef itself depends on the carrier density
n one may expect a particular scaling behavior in A(n). Indeed, such a scaling behavior is
observed for metallic SrTiO3_s [31].

The already discussed similarities to SrTiO3 designate EuTiO3 as a prime candidate to
investigate these characteristics in another system. The following Sec. 3.2 briefly sums
up the knowledge about EuTiOs, in particular the crystal structure and the magnetic prop-
erties. Section 3.4 covers the characterization of the as-grown pristine EuTiOs3 crystals.
The magnetic phase diagram is explored using temperature- and field-dependent measure-
ments of resistivity, magnetization, uniaxial length change, heat capacity, and permittivity.
The findings are compared to literature data. Section 3.5 deals with the properties of re-
duced EuTiO3_s. The metal-insulator transition is studied by resistivity and Hall-effect
measurements. Using these results, the critical charge-carrier density n. for the MIT is
estimated and compared with the Bohr radius in the context of the so-called Mott criterion.
The temperature-dependent behavior of the mobility of EuTiO3_s is compared to that of
SrTiOs_s. The resistivity is found to obey a p o« AT? behavior, where the prefactor A de-
pends on the charge-carrier density n. A simple three-band model is used that describes the

ZPure bismuth has an even lower charge-carrier density 7 = 3 x 10'7 cm™ and becomes superconducting
at 7. = 0.5mK [251]. Doped SrTiO3 with n, < 4 X 10'7 em™3 does not show superconductivity down to
60 mK [28]. However, a possible superconducting phase at temperatures comparable to the T, of bismuth
cannot be ruled out.
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Ba2+

Site: Ton  Coordination Eff. ion radius (A)

X 0> 6* 1.40 Sr* Eu?*

A BaZ* 12 1.61

A Sr2+t 12 1.44 Cat g+

A Ca>* 12 1.34 4 -

A Eu* 12 1.437

A La3* 12 1.36

B Nb>* 6 0.64

B Ti3* 6 0.670 Ti4+ ‘

B Ti** 6 0.605
Table 3.1: Ionic radii in perovskite titanates. Values are Figure 3.2: Illustration of
taken from Shannon [261] except T which are estimated ionic radii in perovskite ti-
values [see also Tab. 3.2]. ¥ As pointed out in Ref. [263, tanates. Ionic radii for the
p. 54], the coordination of O% in perovskite materials is respective coordinations in
debatable. Often, it is assumed to be 6 (see, e.g., Refs. [264, Tab. 3.1 drawn to scale.

265] or [266, Suppl.]).

A(n) behavior of doped perovskite titanates including EuTiO3_s, StTiO3_s, StrTi;_,Nb,O3,
and Sri_,La,TiO3.

3.2 Properties of EuTiO3

3.2.1 Crystal structure

At room temperature, EuTiO3 is isostructural to SrTiOs3, i.e., it has the same cubic space
group Pm3m (No. 221) and the same lattice parameter a ~ 3.9A [61], which is not
surprising, since the ionic radii of Eu?* and Sr2* are of similar size [261] [see Tabs. 3.1, 3.2,
and Fig. 3.2]. Although the crystal structure of EuTiO3; was determined already in 1953 [61],
a first indication for a structural phase transition was found only in 2011 [66], the actual
low-temperature tetragonal structure one year later [67, 71, 262] having the same space
group I4/mcem (No. 140) like SrTiO3 in the tetragonal phase [see Sec. 2.2.2]. Because
EuTiO3 and SrTiO3 have the same crystal symmetries in the cubic and tetragonal phase,
the discussion of the structural phase transition [see Sec. 2.2.2] including the Birnighausen
tree [see Fig. 2.5] applies to both materials.

Unlike SrTiOs, which has its cubic-to-tetragonal transition at 7 = 110 K [151], EuTiO3
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Effective ion radius (A)

Table 3.2: Ionic radii of Sr2* and Eu?* Coordination ~ Sr?* Eu?+
for different coordinations. Values taken 6 118 1.17
from Shannon [261] except ¥ which is an 7 121 1.20
estimated value assuming that Eu* is con- ' '
stantly smaller by 0.01 A compared to Sr2* 8 1.26 1.25
with the same coordination number. 9 1.31 1.30
10 1.36 1.35
12 1.44 1.43%

Figure 3.3: Nomenclature for

magnetic structures. Adapted

from Wollan and Koehler [268]. A B
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becomes tetragonal at much higher temperatures. However, the exact transition temperature
is still under debate. Bussmann-Holder ez al. [66] attribute a tiny specific-heat anomaly at
282 K to a structural phase transition, what roughly matches their own theoretical prediction
of Ty ~ 298 K. This is supported by the findings in Refs. [72] and [267], where the specific
heat shows a kink at 283 K and 281 K, respectively. In contrast, temperature-dependent
synchrotron x-ray powder-diffraction data show distinct transitions at 235 K [71], as well
as 245 K and 260K [64], depending on the individual sample. These differences in 7 of
different crystals are attributed to a strong impact of defect concentration [64]. However,
the large discrepancies of the observed 75 signatures between thermodynamic and x-ray
measurements are assumed to arise from a mismatch of long range and short range structural
order [72]. An x-ray study suggests the lattice of EuTiO3 in the tetragonal phase to be
intrinsically disordered [71].

3.2.2 Magnetic structure

Europium is one of only two rare-earth elements (the other one is ytterbium) where a
stable divalent oxidation state is known®. Divalent europium is actualized not only in

3Metastable YO exists as epitaxial thin film [269]. An obvious approach to get divalent ions is the synthesis
of monoxides, since oxygen has a strong tendency to gain two electrons. Although significant efforts were
made to obtain other rare-earth monoxides R2*Q% [270-272], EuO is the only one that can be synthesized
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Ion  Configuration § L J  Symbol g; uy/us
0>  [Ne] 0 0 0 'sg 0 0
Ba?* [Xe] 0 0 0 s 0 0
Sr2*  [Kr] 0 0 0 s 0 0
CaZ* [Ar] 0 0 0 s 0 0
La3* [Xe] 0 0 0 s 0 0
Eu?t [Xe]4f’ 72 0 72 38 2 7
Eu3t  [Xel4f° 3 3 0 F 0 0
Nb3+  [Kr] 0 0 0 s 0 0
Ti**  [Ar] 0 0 0 'S 0 0
Ti3*  [Ar]3d! 122 32 D3 45 12
Ti3*  [Ar]3d! 2.0 12 28, 2 1

Table 3.3: Electronic configuration of ions in perovskite titanates. Spin quantum number
S, orbital angular momentum quantum number L, total angular momentum quantum number
J, term symbol 25*! L ;, Landé factor g, and total magnetic moment y; according to Hund’s
rules. The last line shows values for L = 0, since the angular momentum is suppressed in 3d
ions.

EuTiOs3 but also in EuZrOj3 [65, 276], EuHfO3 [276], in europium chalcogenides EuO,
EuS, EuSe, EuTe [277], and various others [278, 279]. The electronic configuration of
Eu?* is [Xe]4f’ which implies a rather large magnetic moment of 7up, whereas Eu3*
has no magnetic moment, since its configuration [Xe]4f0 leads to J = O [see Tab. 3.3].
While EuTiOj is a paramagnet at high temperatures, the magnetic moments of Eu* order
antiferromagnetically at Ty ~ 5.5 K*. Early neutron scattering studies from 1966 suggest
a G-type configuration [280], as is defined in the nomenclature introduced by Wollan and
Koehler [268] [see Fig. 3.3]. This configuration has been confirmed by more recent neutron
experiments from 2012 [63] which also provide evidence for the magnetic moments to
point along tetragonal (110), directions.

The G-type configuration is the only one, in which nearest neighbors are always antipar-
allel [see Fig. 3.3]. To be more precise: for each spin, all 6 nearest neighbors are antiparallel,

under ambient pressure; a finding supported by calculations of the Gibbs energy change for the reaction
R + R,03 — 3 R?>*0% [273]. However, a high-pressure synthesis is possible for RO with R = La, Ce,
Pr, Nd, Sm, Yb. Nevertheless, EuO and YbO are the only ones with divalent rare-earth ions. The others
are metallic with trivalent rare-earth ions, what can be written as R3*(e")O?" (the purely ionic picture
breaks down here) [273]. The electronic configuration is then rather [Xe]4f"~!3d! than [Xe]4f" [274].
This is also known from (non-oxide) ytterbium chalcogenides YbS, YbSe, and YbTe [275].

4The numbers given in literature vary between 5.3 K [280, 281], 5.4K [80], 5.5K [21, 282], 5.6 K [72],
and 5.7K [283]. A Ty of 6 K in Ref. [70] is either rounded or wrongly cited from Ref. [282]. The 5.7 K
mentioned in Ref. [284] and the 5.6 K in Refs. [81, 88] are both wrongly taken from Ref. [21], where a
T~ of 5.5 K is found, confirming the result of Ref. [282]. A Ty of 5.2 K in Ref. [82] is wrongly cited from
Ref. [280], where 5.3 K is given.
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(a) (b)

Figure 3.4: G-type unit cell and coupling constants. Each magnetic moment has 6 nearest
neighbors aligned antiparallel (a) and 12 next-nearest neighbors aligned parallel (b). (c) Cou-
pling constants J; (nearest-neighbor interaction) and J, (next-nearest-neighbor interaction).

all 12 next-nearest neighbors are parallel. Thus, one can define two different coupling
constants: J; for nearest neighbor interaction and J, for next-nearest neighbor interaction
[see Fig. 3.4]. If the antiferromagnetic lattice is considered to consist of two interpenetrating
ferromagnetic sublattices, J; represents the intersublattice coupling and J, describes the
intrasublattice coupling. Within molecular field theory”, the following relations hold for the
Weiss temperature Oy and the Néel temperature Ty [286]:

kg
_2"8  gw=Z1Ji + 2T 3.1
355+ 1) W 1J1+ 2202 (3.1)
K8 7T s Z0) (3.2)
25(S+1) N — 1J1 2J2 .

where Z; is the number of nearest neighbors and Z, the number of next-nearest neighbors.
An overview of experimental literature values for 7y and fw is given in Tab. 3.4 and
discussed in Sec. 3.4. Using average values Ty = 5.5K and 6w = 3.6 K as well as Z; = 6
and Z, = 12, one obtains the coupling constants J; /kg = —15mK and J,/kg = 36 mK. Of
course, there are theoretical models beyond the mean-field approach of Egs. (3.1) and (3.1),
e.g., in Refs. [267, 280]. Both yield larger absolute values for J; and J, but all models agree
concerning the signs (J; < 0, J, > 0) and relative magnitudes (J, = —2J1) of the coupling
constants [see Tab. 3.4].

Thus, EuTiOs3 is an example for an antiferromagnet with positive Weiss temperature [250,
280]. This is not overly surprising, because a cubic G-type antiferromagnet naturally has
twice as much next-nearest neighbors than nearest neighbors [see Fig. 3.4]. To produce a
negative Weiss temperature within the model of (3.1), the absolute value of the nearest-
neighbor interaction needs to be more than twice as large as the next-nearest-neighbor
interaction, i.e., Oy < 0 & 2J, < —-Jy if Z; = 2Z;. The related antiferromagnetic

3One should note that different sign conventions for coupling constants are used in literature [285, pp. 76, 79].
Here, we follow the convention used in Refs. [82, 250, 276, 280, 282], where J > 0 (J < 0) corresponds
to ferromagnetic (antiferromagnetic) coupling.
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R0 || RV ||+~ * * Figure 3.5: Spin-flop transition in cubic antiferro-
magnets. (a) The zero-field configuration consists of

-« || < * * three perpendicular antiferromagnetic domains. (b) In
> 3 - || = an external magnetic field, the domain with antiparal-
** ** - || * * lel moments is unfavorable and will shrink. (c) With

increasing field strength, this domain finally vanishes.
(d) In the remaining domains, the moments will start
H=0 A ‘ f 1 to cant. (e) Atsufficiently large fields, a field-polarized

@ @ © @ (e single domain is created.

compounds EuZrO3z and EuHfOj3 also show positive Weiss temperatures [276] which are,
however, much smaller than that of EuTiO3.°

This magnetic configuration in EuTiOj3 is supported by density-functional theory using
a local density approximation (LDA+U) [287], by a first-principles study using the gener-
alized gradient approximation (GGA+U) [288], as well as by band-structure calculations
using a hybrid Hartree—Fock density-functional approach [83]. The LDA+U approach found
the system to be critically balanced between ferromagnetism and antiferromagnetism [287].
The Hartree—Fock density-functional calculations show, that the antiferromagnetic superex-
change between neighboring Eu?* moments, that is mediated by the Ti 3d states, competes
with the indirect ferromagnetic exchange between Eu 5d states [83]. Furthermore, these theo-
retical approaches find a switchover from AFM to FM upon increasing unit-cell volume [83,
287, 288].

Because the structural phase transition of EuTiO3 was found only in 2011 [66], all earlier
theoretical treatments of the magnetism in this material, e.g., Refs. [83, 281, 287], assumed
a cubic symmetry. Independent of the above described ambiguities regarding the exact
transition temperature 7 of the cubic-to-tetragonal transition, it is doubtless that Ty < T,
i.e., EuTiO3 is definitely tetragonal in the magnetically ordered state. The consequences of
a tetragonal symmetry for the G-type magnetic structure, the possible emergence of twin
domains, and the implications concerning a spin-flop transition have been addressed in
Refs. [63, 72].

For a cubic G-type antiferromagnet without external magnetic field one expects the
emergence of three perpendicular antiferromagnetic domains [see Fig. 3.5 (a)]. When a
magnetic field is applied, the domain with moments (anti-)parallel to the external field
becomes energetically unfavorable [Fig. 3.5 (b)]. This domain will finally vanish, whereas
the perpendicular domains grow [Fig. 3.5 (c)], a process that is referred to as spin-flop
transition. Upon increasing field, the magnetic moments increase their in-field component
by canting [Fig. 3.5 (d)] and ultimately align parallel to the field [Fig. 3.5 (e)].

In a tetragonal G-type antiferromagnet like EuTiO3, one might expect structural twin

“Positive Weiss temperatures in antiferromagnets are not restricted to G-type configurations but are also
found for other magnetic structures, e.g., in the A-type antiferromagnet LaMnO3 [268].
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domains in addition to antiferromagnetic domains. As shown in Ref. [63], the magnetic
moments in EuTiO3 point along tetragonal (110); directions. A magnetic field applied along
a cubic [100]. direction is parallel to a [110]; direction in the tetragonal phase. Thus, the
relative orientations of spins and external field illustrated in Fig. 3.5 is still correct, but
each structural twin domain contains only two antiferromagnetic domains as is discussed
in Ref. [72].

3.3 Methods

The EuTiO3 crystals were synthesized as described in Sec. 1.4.2. The as-grown crystal
was oriented using a Laue camera and cut into cuboid pieces with all faces being {100}
planes. Few samples with faces (110), (111), (121) were cut. Resistivity and Hall-effect
measurements were carried out by a standard four-probe and six-probe method, respectively.
For temperatures SK < 7 < 300K, different home-built dipstick setups for wet cryostats
were used, whereas the low-temperature range 250 mK < 7" < 1.8 K was covered using
a commercial He dipstick insert system (HELIOx by OxForRD INSTRUMENTS). Specific
heat in the low-temperature range was measured using the HeLiox system with a home-
built calorimeter option, while a commercial cryostat (PPMS by Quantum DEsiGN) with
calorimeter option was used for measurements up to room temperature. Magnetization was
measured with a commercial SQUID cryostat (MPMS by Quantum DEsiGN). Thermal
expansion and magnetostriction were measured with a home-built capacitance dilatometer
option for the HELiox system. Dielectric measurements were performed by Christoph
P. Grams using a PPMS cryostat in combination with a high-impedance frequency-response
analyzer (NovoconTRroL) and a vector network analyzer (ZNB8 by RoHDE & ScHWARZ)
covering a joint frequency range of 1 Hz < v < 100 MHz.

3.4 Measurements on pristine EuTiO;

Magnetization Figure 3.6 shows the magnetization M (T') of pristine EuTiOs for selected
magnetic fields poH applied parallel to the cubic [100]. direction. Because zero-field-
cooled (zfc) and field-cooled (fc) data are on top of each other, only the latter is shown. All
curves show an anomaly at the Néel temperature 7 = 5.5 K. Above Ty, the magnetization
of EuTiOj is that of a typical paramagnet. Thus, the inverse magnetic susceptibility y ! =
uoH /M [see Fig. 3.6 (b)] shows a perfectly linear temperature dependence. A Curie—Weiss
fit in the range T > 20K using the function y~! = aT + b yields the fit parameters
a=0.735Tf.u. pg' K™ and b = -0.261 Tf.u. ug'. Using the Curie—Weiss law

_ C
_T—HW

X (3.3)

yields a Curie-Weiss constant Ceyp = 1/a = 13.6 up f.u.”! T~! = 95.5 x 107 m? K mol !
and a Weiss temperature 6w = —b/a = 3.55 K. This value is in agreement with most of
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Figure 3.6: Magnetization M (T, H) of pristine EuTiO3. (a) Magnetization as a function
of temperature for different magnetic fields applied parallel to the cubic [100]. direction.
(b) Inverse susceptibility y~' = uoH/M at 500 mT with Curie—Weiss fit (green solid line) for
T > 20K and theoretical Curie—Weiss law (orange dashed line) expected for a spin-7/2 system.
(c) Detail view of the low-temperature regime, revealing the Weiss temperature 6w = 3.55 K.
(d) Magnetization at 2 K as a function of magnetic field. Saturation magnetization of 7up is
shown as blue dashed line. (e) Detail view of the small-field range of M (H).

the literature data, where the Weiss temperature is in the range 3.1 K < fw < 3.8 K, with
the exception of Ref. [250], where a much larger 6w = 4.5 K is reported. A comparison of
literature values for 7 and 6y is given in Tab. 3.4.

The theoretically expected Curie—Weiss function is shown as dashed line in Figs. 3.6 (b)
and 3.6 (c). It is calculated using the Curie constant in units of ug f.u.”'T~! given by

P LA
- 3kg

with Bohr magneton ug, electron g factor g; = 2, total angular momentum quantum
number J, and Boltzmann constant kg. With J = 7/2, one obtains a value of Ciheor =
141 g fu. ™' T = 99 x 107° m? K mol~'. By comparing experimental and theoretical
values for the Curie—Weiss constant one finds Cexp/Cineor = 0.965, i.e., the experimental
value is only 96.5 % of the value for a pure 7/2 system. In reverse, the experimental value

, 3.4)
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Figure 3.7: Low-temperature
magnetization M (T) of pris-
tine EuTiOj; in different mag-
netic fields. Enlarged view of
M(T) in semilog scale in the
temperature range around Ty
for magnetic fields 10mT <
poH < 500 mT applied parallel
to the cubic [100]. direction.

M (ug/f.u.)

[ H || [100].

2 3 4 5 6 7 8 9 10

T (K)
Publication ~ (K) Ow (K) Jl/kB (IIlK) Jz/kB (mK)
This work 5.5 3.55 -15.5 35.9
Chien et al. [282] 5.5 3.8 —-14 37
Akamatsu ef al. [276] 5.5 3.6 -15 36
Guguchia et al. [250] 5.6 4.5 - 8.7 40.1
McGuire ef al. [280] 5.3 3.8 -11.9° 36.1°
Mo et al. [283] 5.7 3.2 -19.8°F 3537
Midya et al. [267] 5.6 3.1 -19.8 7 3457
McGuire et al. [280] 5.3 3.8 =21 40
Midya et al. [267] 5.6 3.1 —40.7 82.8

Table 3.4: Magnetic transition temperatures and coupling constants in EuTiO3. Néel
temperature Ty, Weiss temperature 6w and coupling constants J; and J, calculated within
molecular field theory using Egs. (3.1) and (3.2). T Calculated by the author of this thesis

using 7Ty and Gy from the respective reference. Mo et al. do not provide coupling constants.

Midya et al. and McGuire et al. use other theoretical models that yield larger absolute values
for J; and J, which are shown in the last two lines.
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for C corresponds to a lower spin of J = 3.43. Figure 3.6 (c) shows the magnetization at
2 K as a function of magnetic field. The saturation value is Mgy ~ 6.73 ug which is 96.2 %
of the theoretically expected value of My = g;J = 7 ug, indicated as blue dashed line.
Thus, both the Curie—Weiss analysis of the temperature-dependent measurement and the
saturation magnetization yield values that are about 4 % lower than expected for a pure 7/2
system. This indicates the presence of 4 % Eu3* ions meaning that the as-grown crystal is
slightly oxygen excessive with 6 = —0.04/2 = —0.02 resulting in a nominal composition
EuTiO3 ;. An enlarged view of the low-field range is seen in Fig. 3.6 (d), where M (H)
shows a kink at approximately 0.16 T.

Figure 3.7 (a) shows the low-temperature range (7T < 10 K) of the magnetization M (T') of
pristine EuTiOs for different magnetic fields (10 mT < poH < 500 mT) in semilogarithmic
scales. At lowest field 10 mT a single peak appears at 7y = 5.5 K. Upon increasing field,
this peak splits into two kinks, where the upper one slightly shifts to lower temperatures
and arrives at 4.8 K for the highest field of 500 mT. The lower kink shifts more rapidly to
lower temperatures and moves out of the measured temperature range for uoH > 200 mT.
While the upper kink signals Ty, the lower kink indicates a spin-flop transition as discussed
in Sec. 3.2.2. First indications for a spin-flop transition in EuTiO3 are reported in Ref. [63]
and investigated in detail in Ref. [72], where magnetic susceptibility curves are shown,
having very similar anomalies as the M (T) curves in Fig. 3.7 (a). Also the kink in M (H)
[see Fig. 3.6 (e)] resembles similar anomalies in y (H) shown in Ref. [72].

Within the above discussed mean-field approach [Eqgs. (3.1) and (3.2)] the coupling
constants J1 and J; for nearest-neighbor and next-nearest neighbor interaction, respectively,
can be calculated using the experimental values for the Néel temperature 7y and the
Weiss temperature Oy . Inserting Ty = 5.5K and 0w = 3.55K gives J; /kg = —15.5mK
and J>/kg = 35.9 mK. Because both temperatures agree with literature data, the derived
coupling constants agree likewise, as long as the same model is used [see Tab. 3.4].

Thermal expansion and magnetostriction Figure 3.8 (a) shows the uniaxial length
change AL/Ly of EuTiO3 along a cubic [100]. direction as a function of temperature
in different magnetic fields uoH/T = 0, 1,5 applied parallel to the same direction. The
curves are adjusted according to AL(ugH) at lowest temperature shown in Fig. 3.8 (¢).
In the paramagnetic phase 77 > 5.5 K, the zero-field curve shows a minor contraction
upon cooling. A spontaneous contraction is seen at 7y = 5.5 K where the crystal enters
the antiferromagnetic phase. In a magnetic field of 1T, the transition is shifted to lower
temperature and the contraction in the AFM phase is less pronounced. In the 5T curve,
the anomaly is absent. The corresponding thermal-expansion coefficients a are seen in
Fig. 3.8 (b).

Figure 3.8 (c) displays the field-dependent uniaxial length change AL /L along the cubic
[100]. direction measured at different temperatures 0.26 K < 7 < 6 Kand H || [100].. The
curves are adjusted according to the zero-field length change AL(T) shown in Fig. 3.8 (a).
At lowest temperature 0.26 K, the crystal expands upon increasing magnetic field up to
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Figure 3.8: Thermal expansion and magnetostriction of pristine EuTiO3z. (a) Uniaxial
length change AL/Lg of pristine EuTiO3 as a function of temperature in different magnetic
fields. (b) Corresponding thermal-expansion coefficient @. The dashed line indicates zero.
(c¢) Uniaxial length change AL/Lg of pristine EuTiO3 as a function of magnetic field uoH.
(d) Corresponding magnetostriction coefficients A. Dashed lines indicate zero.

approximately 1.2'T, whereas for higher fields the length remains almost constant. This
behavior resembles the magnetization curve [see Fig. 3.6 (¢)] by showing a saturation in the
high-field regime above 1.2 K and akink around 0.2 T thatis related to the spin-flop transition.
At higher temperatures, the expansion becomes smaller and the saturation plateau begins at
smaller fields. At 6 K the field-induced length changes are only small. Figure 3.8 (d) shows
the corresponding magnetostriction coefficients A. The low-temperature curves for 0.26 K
and 1 K reveal double-peaks below 0.2 T, whereas at 4 K only the lower peak survives.

Specific heat Figure 3.9 (a) shows the molar specific heat at constant pressure over
temperature ¢, (7) /T of pristine EuTiO3. While a huge anomaly appears at Ty = 5.5 K, the
cubic-to-tetragonal transition in EuTiO3 is not seen in this measurement, which is in contrast
to other reports of the heat capacity of this material [66, 72, 267], where a kink appears
around 282 K. Nevertheless, the absolute values of our measurement essentially agree with
all three reports [see Tab. 3.5], including the position of the local minimum around 12 K.
Figure 3.9 (b) displays an enlarged view of the temperature range around 7y, showing
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the specific heat ¢, (T) /T of EuTiO3 in comparison to that of SrTiO3. Because SrTiO3 is
nonmagnetic, its specific heat can be used as phononic background signal to extract the
magnetic specific-heat contribution in EuTiO3. In order to make the curves merge above
the anomaly of the EuTiO3 measurement, it is necessary to scale the temperature of the
SrTiO3 data by a factor 0.83. This can be done to take the unequal Debye temperatures of
the different materials into account’. The magnetic entropy, calculated via

ETO STO
soo= [ " 4
fmag = 0.83-T ’

is shown in Fig. 3.9 (c). The theoretically expected entropy of a spin s = 7/2 system is
calculated via Siheor = RIn(2s + 1) = RIn(8) ~ 17.3 Jmol~' K~! and illustrated in Fig. 3.9
as blue dashed line.

Figure 3.10 (a) shows the specific heat ¢, /T as a function of temperature for different
magnetic fields up to 10 T applied parallel to the cubic [100]. direction. With increasing

"The estimation 6570 /6ETO oc w30 /wETO o 4/MSTO /METO » 0.86 is close to the empirical value.
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Figure 3.10: Specific heat of EuTiO3 in magnetic field. (a) Low-temperature specific
heat ¢, /T of pristine EuTiO3 as a function of temperature in different magnetic fields, with
H || [100]c. (b) ¢,,/T as a function of magnetic field at temperatures 0.3K <7 < 2K.

cp (Jmol™' K1)

Table 3.5: Heat capacity of pris-

tine EuTiOs3: Literature values. Publication 300K T
Absolute values of ¢, at room tem- This work 98 19
perature and at 7Ty in comparison Bussmann-Holder et al. [66] 89 20
to literature values. Petrovic et al. [72] 99 25

Midya et al. [267] 96 22

magnetic field, the sharp peak of the zero-field measurement at 7y shifts to lower tempera-
tures and broadens rapidly, which is qualitatively in agreement with data of [72]. The field
dependence of ¢, /T is depicted in Fig. 3.10 (b). The curves show a kink, that shifts from
1.5T at the lowest temperature 0.3 K to lower fields upon increasing temperature.

Figure 3.11 (a) compares the magnetic contributions of thermal-expansion coefficient
and molar specific heat @™*¢(T) and ¢}, *(T), respectively. For ¢}, "*(T), the specific heat of
SrTiO; cf,TO(T) was taken as phononic background signal and subtracted from CETO (T) as
has been done to determine Sp,e [see Fig. 3.9]. However, this subtraction hardly changes
CETO(T) below 10K since cf,TO(T) is almost zero in that temperature range. The thermal-
expansion coefficient of EuTiOs is even closer to zero at 10K and does not change at
all when subtracting a phononic background. Therefore, Fig. 3.11 (a) simply displays the

original a(T) data as magnetic contribution. The anomaly shapes of both cglag (T) and
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a™(T) are very similar. This can be quantified by calculating the ratio @™ /c,"® which
is shown in Fig. 3.11 (b). It is almost constant over the whole temperature range of the
anomaly, as is expected from a Griineisen scaling.

This behavior is very similar to that of EuC,, which is a ferromagnetic semiconductor
with a Curie temperature of 7c = 14 K [289]. Despite of their different types of magnetic
order (AFM vs. FM) and different magnetic transition temperatures (5.5 K vs 14 K) both
materials strongly resemble the anomaly shapes of each other in both cr;ag (T) and a™2&(T).
By using the Ehrenfest relation

% = molTNAA_CC; (3.5)
one can estimate the uniaxial pressure dependence of the transition temperature 7y. The
molar volume is Vol = NaVie/Nue = 3.6 X 107> m? mol~! with unit-cell volume V. =
a’c ~ (5.51 x5.51 x 7.8) A’ and the number of formula units per unit cell Ny, = 4. By
extracting Aa =~ 12.8 x 10°°K~! and Ac,, ~ 19Jmol~! K~! from Fig. 3.11 (a) one obtains
dTn/dp ~ 0.13 K GPa™!.

Resistivity Figure 3.12 (a) shows the dc resistivity p(T') of pristine EuTiO3 as dashed line.
In contrast to the highly insulating SrTiO3, the dc resistivity of EuTiO3 is measurable down
to ~ 80 K. This dc measurement is extended to lower temperatures by p.c(T) = o' (T)
obtained from dielectric spectroscopy measurements (solid line), which are discussed in
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Figure 3.12: Resistivity and charge-carrier density of pristine EuTiO3. (a) Resistivity
of pristine EuTiO3 as a function of temperature in semi-log scale, where py. is obtained
by dc measurements and p,.(T) = o' (T) by dielectric measurements. (b) Charge-carrier
density n versus temperature determined from Hall-effect measurements. (c) Arrhenius plot
of o4.(T) = pgcl (T) and 05 (T), as well as n(T), both with linear fits (dotted lines).

detail in the following section [see Fig. 3.13]. Figure 3.12 (b) shows the charge-carrier
density n as determined from Hall-effect measurements. As is expected for a semiconductor,
n is temperature dependent since it represents the charge-carrier density of the conduction
band. It ranges from 10'®cm™ at room temperature to ~ 10'3 cm™ at 130 K, which is
the lowest temperature accessible by Hall-effect measurements on this sample, due to the
rapidly increasing resistivity.

The temperature-dependent behavior of both o~ and n obey an Arrhenius law o oc n
exp(—A/(kgT)) as is demonstrated in Fig. 3.12 (c). The Arrhenius plot displays both n
(black circles, left axis) and o (dashed and solid lines, right axis) as a function of T-!.
The corresponding fits (dotted lines) yield similar activation energies A of 100 meV from
conductivity and 120 meV from charge-carrier density. This is about 10 % of the theoretically
expected intrinsic band gap of 1 eV [83]. Due to the semiconducting behavior, the resistivity
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becomes unmeasurable at low temperatures, which is why the antiferromagnetic transition
at 5.5 K is not accessible by dc resistivity measurements.

Permittivity The large low-temperature resistivity of pristine EuTiO3 hinders an observa-
tion of a signature at Ty in p(7') but simultaneously offers the opportunity to use dielectric
measurements for an investigation of the highly insulating regime. Thus, dc resistivity
and dielectric spectroscopy can be used as complementary methods to cover a large joint
temperature range. Figure 3.13 (a) shows the permittivity &’(7T) measured at different fre-
quencies in the range 1 Hz < v < 100 MHz. The high-frequency/low-temperature limit
represents the intrinsic signal of the sample, whereas the steep increase of each curve above
a v-dependent temperature indicates the crossover to a contact-dominated signal caused by
the Maxwell-Wagner effect [290, 291]. Schottky-type depletion layers emerge at the contact
interfaces producing a capacitive contribution Cc. Since the contacts also have a resistance
Rc they form an RC element which is in series with the intrinsic sample impedance. For
frequencies 2xv > 1/RcCc, the contacts are effectively short-circuited [292, 293]. Between
10K and 20 K, the permittivity reaches its maximum of &} ,, ~ 403 which is in agreement
with the largest reported value of 400 [21] [see Fig. 2.2]. Due to grain boundaries one
expects lower values for ceramics compared to single crystals. However, Goian et al. [262]
measured &' (7T) on both ceramics and single crystals with very different results, where
the single crystal had the lowest &/ ,,. These variations may be explained by differences
in the distribution of twin domains in the specific crystal. Nevertheless, ceramic samples
measured by Kennedy et al. [64] show a rather large value of &/, ~ 356 that is almost as
high as that of our single crystal.

The quantum paraelectric behavior is clearly seen in the intrinsic signal and can be
modeled by the Barrett formula [132]

C

¢(1) = T2y coth(Ta/2T) = Tg T 5 (3.6)

where Tq describes the influence of quantum fluctuations and 7y is the Curie—Weiss
temperature of the paraelectric contribution. The Barrett fit is shown as dashed line in
Fig. 3.13 (a) and yields T =~ 160K and 7p =~ —190K. The first value agrees with Tg
reported in Ref. [21] and is twice as large compared to SrTiO3 [20, 294] indicating stronger
quantum fluctuations in EuTiO3. The value of Tj is much lower than 7o = —25K from
Ref. [21], but comparable to the value in Ref. [69] obtained from ceramics. Although the
absolute value differs, all reports agree on a negative 7y in EuTiO3 indicating antiferroelectric
correlations. A comparison of literature permittivity values for EuTiO3 and SrTiOs is given
in Tab. 3.6.

Figure 3.13 (b) shows an enlarged view of the low-temperature range, revealing both the
plateau-like behavior being typical for a quantum paraelectric material and an additional
drop below Ty = 5.5 K indicating the magnetoelectric coupling, which already has been
observed [21] and theoretically explained [281]. Figure 3.13 (c) shows the corresponding ac
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Figure 3.13: Dielectric measurements on EuTiO3. (a) Permittivity &’ as a function of
temperature measured at different frequencies 1 Hz < v < 100 MHz with Barrett fit (dashed
line). Box indicates position of detail view. (b) Enlarged view of the low-temperature range
with Ty indicated by vertical line. (¢) Corresponding conductivity o’(T) in semi-log scale.
(d) Permittivity £” at 1.8 K as a function of magnetic field. All dielectric measurements were
performed by Christoph P. Grams.
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conductivity o as a function of temperature in semilogarithmic scales. The upper envelope
represents the intrinsic conductivity, that is shown in Figs. 3.12 (a) and (c) as solid line,
whereas the lower envelope is produced by contact effects.

Figure 3.13 (d) shows the permittivity &” at 1.8 K as a function of magnetic field, with
E || [110]c and H || [121].. The curves are almost frequency independent and their
behavior resembles that of the magnetization curves M (H) [see Fig. 3.6]. The permittivity
increases upon increasing field up to approximately 1.5T by 5.7 % and saturates above.
Furthermore, a kink is seen around 0.4 T which might be related to the spin-flop transition.
However, it cannot be directly compared to the spin-flop features of the magnetostriction
coefficient A [see Fig. 3.8 (b)] because both quantities were measured with different field
orientations. Figure 3.14 shows &’(T') around Ty in magnetic fields 0.1 T < yoH < 1.5T
measured at a fixed frequency 1kHz. The transition shifts to lower temperatures as a
function of magnetic field and the drop at Ty turns continuously into a sharp peak.

Phase diagram Figure 3.15 shows the magnetic phase diagram of EuTiO3 including data
from heat capacity, magnetization, thermal-expansion/magnetostriction, and permittivity
measurements. The Néel temperature 7y decreases upon increasing field from its zero-field
value 5.5 K down to lowest temperature at critical field of approximately 1.2 T. Above
Tn(H), EuTiOj3 is a paramagnet (PM) that gets spin-polarized toward the high-field/low-
temperature limit. Below the Ty (H) phase boundary, EuTiO3 is an antiferromagnet showing
a narrow multi-domain AFM phase in the small-field regime and a broad spin-flopped AFM
phase. The data points from A(H) inside the multi-domain phase might indicate a further
phase boundary arising from a transition from c-axis AFM to ab-plane AFM as is discussed
in Ref. [72].
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Publication Material Sample emax Ta (K) Ty (K)
This work EuTiO3  Single crystal 403 160 —-190
Katsufuji, Takagi [21] EuTiO3  Single crystal 400 162 =25
Kamba et al. [69] EuTiO3 Ceramics 172 113 =221
Goian et al. [262] EuTiO3 Ceramics 200-400 - -
Goian et al. [262] EuTiO3  Single crystal 140 - -
Kennedy et al. [64] EuTiO3 Ceramics 356 - -
Miiller, Burkard [20] SrTiO3;  Single crystal 24000 80 35.5
Hemberger et al. [294] SrTiOsz  Single crystal 12000 84 34

Table 3.6: Literature values of £’ and Barrett-fit parameters for EuTiO3 and SrTiOs;.
Kamba et al. fitted the temperature-dependent soft-mode frequency wgy (T) instead of €' (T).
No Barrett fit is given by Goian et al. and Kennedy et al.
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3.5 Measurements on EuTiO5_s

Only few publications on n-doped EuTiO3 exist: One report deals with poly- and single-
crystalline EuTi;_,Nb,O3 with x < 0.3 [88] and another two with single-crystalline
Eu;_La, TiO3 (x < 0.1 [70, 87]). Studies of oxygen-deficient EuTiO3 are restricted to
ceramics [64] and thin films [295]. None of these publications discusses a p T2 resistiv-
ity. This work is the first study of single-crystalline EuTiO3_s tuned from semiconducting
to metallic via reduction. The electron mobility and its temperature dependence in compar-
ison to that of SrTiOj3 is discussed and a AT? resistivity is found, where A systematically
decreases with increasing charge-carrier content. The critical charge-carrier density of the
MIT n. as well as the n-dependent A factor is discussed in a larger context of charge

transport in weakly doped perovskite oxides.

Resistivity and Hall effect Resistivity and charge-carrier concentration of pristine Eu-
TiO3 have been covered in the discussion of Fig. 3.12. In order to induce a metal—insulator
transition, the above described annealing technique is used. A detailed discussion of this pro-
cedure is given in Sec. 1.5. Figure 3.16 (a) shows the resistivity p of these metallic samples;
the corresponding charge-carrier density n as determined from Hall-effect measurements
is seen in Fig. 3.16 (b), both as a function of temperature and in semilogarithmic scales.
The right axis of Fig. 3.16 (b) shows the charge-carrier density translated to the number
of electrons per unit cell, which is related to the nominal oxygen deficiency in EuTiO3_g
by 26. As is expected for metals, the charge-carrier density of the individual crystals is
temperature independent, which is why for some samples the Hall effect was measured only
at few temperature set points. The carrier densities cover a range of 10%° cm™ to 102! cm™,
i.e., 5% 1073 to 5 x 1072 charge carriers per formula unit. All resistivity curves p(7T’) show
a metallic behavior with decreasing p upon cooling. The transition to the antiferromagnetic
state signals itself by a distinct kink at 7y = 5.5 K [see Fig. 3.16 (c)], at least in the four
curves with lowest . For the two highest-doped samples, a kink is foreshadowing but not
seen clearly, since they were not measured with the 3He setup. The resistivity curves are
ordered by carrier density at temperatures above 130K, i.e., p decreases upon increasing
n at a given temperature as indicated by a gray arrow. Below 130K some of the p(T)
curves are crossing each other, which may partly arise from different residual resistivi-
ties and some uncertainty in determining the exact geometries. In order to cover a joint
temperature range of 0.3K < T < 300K, different setups were used for the high- and
low-temperature regime. Figure 3.17 (a) shows the raw resistivity data of the four highest-
doped samples. The high-temperature part is either measured with the transport dipstick
ABE (T > 7K) or the SCHNELLMESsSTAB setup (T > 4.5 K), whereas the low-temperature
range (0.3K < T < 20K) is covered by the HeLiox system. It is seen that the absolute
values of p(T') curves of the same sample measured with different setups differ from each
other by a constant factor. This deviations arise from uncertainties in the contact distance,
since a setup change implied a renewal of the sample contacts. Figure 3.17 (b) shows the
average of each pair of raw-data curves with the respective spread indicated as error bars.
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Figure 3.16: Resistivity and charge-carrier density of metallic EuTiO3_s. (a) Resistivity
of metallic EuTiOs_s in logarithmic scale as a function of temperature. Above 200 K the curves
are ordered by n as indicated by the thick arrow. (b) Enlarged view of the temperature range
around 7Ty. (c) Charge-carrier density n (left axis) and number of charge carrier per unit cell
N (right axis).

These averaged curves are seen in Fig. 3.16 (a).

For annealing temperatures 600 °C < Ty, < 750 °C, the simultaneously annealed sam-
ples of different thicknesses show large deviations in both p(7) and n, indicating inhomo-
geneous charge carrier concentrations in these samples [see Figs. 1.8 and 1.10]. Thus, they
are not taken into account here.

Bohr radius and Mott criterion An exact determination of the MIT is hindered by the
absence of homogeneous samples between pristine and metallic EuTiO3_s. The lowest
carrier density n = 10?2 cm™ of the metallic samples can be taken as an upper boundary
for the critical carrier density n. of the MIT. This is about four orders of magnitude larger
than n. of SrTiO3 with ~ 10'® cm™3 [89]. This difference can be understood by comparing
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the permittivities € of EuTiO3 and SrTiO3;. While SrTiO3; has an extremely large low-
temperature € of roughly 20000 [20], that of EuTiO3 is smaller by a factor of 50 [see
Fig. 2.2]. The EuTiOj3 crystal grown within the scope of this thesis peaks at € = 403 [see
Fig. 3.13 (a)].

Of course, these are values obtained from pristine insulating EuTiO3. For doped semi-
conductors, an effective Bohr radius ay = agem, /m* is defined that renormalizes the
Bohr radius ag ~ 0.5 A of the hydrogen atom by taking the permittivity & and the band
mass m” into account. The effective Bohr radius aj is a measure for the overlap of the
electronic wave functions of the donor atoms. The so-called Mott criterion [299] compares
ag to the average distance between two donor atoms that is given by the charge-carrier
density via n~!/3. The huge low-temperature & of SrTiO3 yields an effective Bohr radius
of about 6700 A, whereas for EuTiOs3 it is a*B ~ 130 A. In this calculation, a band mass of
m* = 1.5m, as determined for the lowest conduction band of SrTiO3_g [28] is used for both
SrTiO3 and EuTiO3. The much smaller value of aj; explains immediately that the critical
carrier density n. for the MIT of EuTiOs3 is about four orders of magnitude larger than
that of SrTiOs. Furthermore, one should note that with increasing aE the influence of the
above-mentioned inhomogeneities in the oxygen-defect concentration becomes increasingly
suppressed. Figure 3.18 shows a log—log plot of the effective Bohr radius ay as a function
of the critical charge-carrier density n. of the MIT. The scaling behavior nl/ 3aE = K for
K =0.25 and K = 10 is shown as dashed lines. For doped semiconductors, sharp MIT are
obtained where the corresponding critical carrier densities n. follow a scaling relation with
K =0.25[297, 298]. This value is suggested by the original Mott criterion as a boundary
separating metals and insulators [299]. In doped perovskite oxides there is no experimental
data resolving a sharp MIT with a well-defined ., but metallic conductivity is observed in
doped EuTiO3, SrTiO3 [89], and KTaO3 [22, 296] at significantly larger charge-carrier den-
sities than expected according to the Mott criterion with K = 0.25. Nevertheless, also these
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Figure 3.18: Bohr radii and Mott criterion. Effective Bohr radius aj, as a function of charge-
carrier density n of EuTiO3 in comparison to that of the perovskite materials SrTiO3 [89]
and KTaO3 [22, 296], as well as selected doped semiconductors [297, 298]. Dashed lines
represent the scaling behavior ni/ SaE = K for K = 0.25, 10. For the perovskite materials,
low-temperature (LT) and room-temperature values (RT) of aj; are shown.

carrier densities obey the same scaling behavior ni/ 3ag = K but with a larger K = 10. This
result is obtained by using the low-temperature maximum values of &, which are naturally
large in quantum paraelectrics. If room-temperature values are used instead, the perovskite
oxides SrTiO3, EuTiO3, and KTaO3 move toward lower values of K. While SrTiO3 joins
the K = 0.25 scaling law, KTaO3 remains clearly above this line, and EuTiO3 does not
change too much, due to the relatively weak temperature dependence of its permittivity [see
Fig. 3.13 (a)].

Mobility Figure 3.19 displays a log—log plot of the electronic mobility u = 1/(nep) of
metallic EuTiO3_s determined using the data of p(7') and n as is shown in Fig. 3.16. With
decreasing temperature, the u(7) curves approach constant values below 40 K which are
ordered by charge-carrier density, i.e., u(n) decreases systematically at a given temperature.
Because the mobility is essentially the conductivity o = 1/p scaled with the carrier density,
the anomalies at Ty = 5.5 K in p(T) [see Fig. 3.16 (a)] are preserved in u(7T'). Toward high
temperatures, all curves decrease and seem to approach an n-independent power law. A
similar behavior has been found for doped SrTiO3 [300]. The mobility data of four SrTiO3_g
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Figure 3.19: Mobility of EuTiO3_s and SrTiO3_s. Mobility u of metallic EuTiOs_s as a
function of temperature in comparison to that of SrTiO3_s with four selected charge-carrier
concentrations. The thick arrow indicates that curves are ordered by n across both compounds.

crystals covering a range 10'7 cm™ < n < 10%° cm™2 are shown for comparison. Compared
to EuTiO3_s, the low-temperature mobility is much higher for SrTiO3_s, because the latter
material becomes metallic already for very low carrier concentrations. Nevertheless, all
u(T) curves remain ordered by n even across both compounds, as is indicated by the gray
arrow. The mobility curves of SrTiO3_s merge toward room temperature and fall below
those of EuTiO3_s at T > 200 K. In this temperature range EuTiO3 undergoes its structural
phase transition [see Sec. 3.2.1], whereas in SrTiO3 this transition appears at T, = 110K as
is discussed in Sec. 2.2.2. For SrTiO3_s, T decreases linearly with increasing charge-carrier
density [241].

Surprisingly, neither SrTiO3_s nor EuTiO3_s show any anomalies in u(7) that signal the
structural transition. Since the investigated EuTiOj3 crystals also do not exhibit any anomalies
at 75 in other macroscopic quantities like heat capacity, resistivity, or magnetization, single-
crystal x-ray diffraction and Raman-scattering measurements were used to detect the cubic-
to-tetragonal transition. Using this data, 75 ~ 260 K is derived for pristine EuTiO3 and T ~
200K for the EuTiO3_s sample with the highest charge-carrier density of 8.4 x 102 cm™3.
The absence of anomalies at 7 in the measured mobility data is in agreement with recent
theoretical treatments of both the magnitude and temperature dependence of the mobility
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Figure 3.20: Resistivity of EuTiO3_s as a function of T?. Fits of the form p(T) = po + AT
are shown by dashed lines. With increasing n the prefactor A decreases and the temperature
range of the 7% behavior extends toward higher temperature.

in SrTiO3_5 [301, 302], where the T-related antiferrodistortive soft mode does not play a
key role for electron—phonon scattering.

AT? resistivity and A(n) scaling Figure 3.20 shows the resistivity p of all six metallic
EuTiO3_s samples as a function of 7; the upper axis shows the corresponding temperature
T. Fits of the form p(T) = po + AT? for the respective curves are shown as dashed lines.
Toward high temperatures, the fits deviate from the experimental data and the temperature
range of the 72 behavior systematically increases with increasing charge-carrier density n,
what is in agreement with findings for SrTiO3_s [31]. In EuTiO3_s, an additional deviation
of the fit at low temperatures arises from the magnetic transition at 7y = 5.5 K.

Figure 3.21 (a) shows a log—log plot of the prefactor A from these pg + AT? fits as a
function of n. The A(n) data for EuTiO3_s (red circles) is compared to that of SrTiOs_g,
Sry_,La,TiO3, and SrTi;_Nb,O3 [31, 254, 255]. Additionally, the A(n) data of the non-
titanate perovskite material K;_,Ba,TaO3 [303] is included. All of these doped perovskite
materials have an insulating quantum-paraelectric parent compound as already discussed
in Sec. 2.2.1. The titanate systems follow a generic trend as is indicated by dotted lines
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Figure 3.21: Prefactor of the AT? resistivity. (a) Prefactor A of p(T) o AT? as a function
of charge-carrier density n in doped perovskite materials EuTiO3, SrTiO3 [31, 254, 255], and
KTaOj3 [303]. Thick line represents A (n) calculated for a three-band model. (b) Exponent « of
A(n) o n®. Dotted lines represent values @ = —4/3, —1, —2/3 in both panels, color boundaries
indicate band edges with £ = 3meV and E; = 10 meV.
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that represent power laws A o« n® with exponents @ = —4/3, —2/3, —1. Band-structure
calculations for n-doped SrTiO3 [253, 254] propose a model with three bands that are
filled consecutively with increasing n. The band filling of the second and third band
sets in at critical charge-carrier densities n; and n,, respectively, which are known from
measurements of Shubnikov—de Haas oscillations in SrTiO3z_s [28]. In Fig. 3.21, these
critical carrier densities n; ~ 1.3 x 10 cm™ and ny ~ 2.6 x 10'° cm™3 are indicated as
background-color boundaries.
For a single parabolic band, the 3d density of states D (E) per volume V is given by

g(E)

3/2

v o\

where m is the band mass. If the electronic states are filled successively from O up to an
energy level £ = Ef that is the Fermi energy, the number of electrons N occupying these
states are obtained by integrating the density of states. The electron density is then given by

N(Ep) 1 (2m\*? rEr 1 (2m\*"? 5p
Ep) = =—|= VEAE = — | = | EJ”°. 3.8
nEr) ==y =50 (hz) 0 2 \n2) F (3:8)
Solving this equation for Er yields the inverse function
2 2/3
Ex(n) = 3 (37t2n) , (3.9)

which is the famous textbook result for a single parabolic band [304, pp. 36-37]. As
demonstrated in Ref. [31], the relation between Ef and the T2 prefactor A is

Ax Eg?. (3.10)
Using this relation and (3.9) one obtains the power law A oc n~#/3 that is shown as dotted
line in the low-n regime in Fig. 3.21 (a). The experimental SrTiO3_s data is well described
by this power law in a range n < n|, where only one band is filled (blue background color).
Above n1, the experimental data deviates significantly from A o n~*/3 but shows an A o n®
dependence with much larger exponent « that finally approaches @ = —1.

This increase of « is the natural consequence of a three-band system. The most simple
case is a model of three parabolic bands with band indices i = 0, 1, 2, band minima at
energies E;, and effective masses m; [see Fig. 3.22 (a)]. Analogous to the single-band
density of states [Eq. (3.7)], each band contributes a term

1 2m,~
(3.11)

3/2
g(E)— 2—752 ?) VE—E[ fOI'EZE[
f =
0 for E < E;
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Figure 3.22: Three-band model of doped SrTiO3. Three parabolic bands with band masses
mo2 = 1.5m,, m; = 3.5m, and band edges E; = 3meV, E, = 10meV. (a) Band dispersion
E (k). (b) Total density of states g(E) = D(E)/V and single-band contributions. (c¢) Total
charge-carrier density n(Ep) = /OEF g(E) dE and single-band contributions. Critical carrier
densities n; ~ 1.3 x 108 cm™3 and 1, ~ 2.6 x 10'° cm™3 are indicated by dashed lines.

to the total density of states g(E) = >; g;(E) [see Fig. 3.22 (b)] and, consequently, a term

ni(Ep) =< 3n2 \ n2
0 for Er < E;

1 2ml-
(3.12)

3/2
) (Ep — E;)3/*  for Er > E;

to the total charge-carrier density n(Egr) = ) ;n;(Er) [see Fig. 3.22 (c)]. The inverse
function Er(n) exists® but cannot be calculated analytically, since each term n; contains
a factor (Er — E;)*/? with different E;. However, Er(n) can be obtained graphically by
inverting the axes in Fig. 3.22 (c). Finally, one obtains the function A(n) o E};z(n),
where a factor 20 pQ cm K~?(meV)? is needed to make the absolute values of A(n) match
the experimental data in the single-band regime. The meaning of this factor is discussed
below. The resulting A (n) function is shown as thick line in Fig. 3.21 (a) which describes
the experimental data of doped titanates over almost the entire range of charge-carrier
concentration n. For the calculation of A(n), experimental values for m; and E; were
used: band masses my = my = 1.5m, and m; = 3.5m, are from Shubnikov—de Haas
measurements of SrTiO3_s [28] and the energies E; were adjusted to E1 = 3 meV and E; =

8The function n( Ep) is bijective and every bijective function has an inverse.
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3.5 Measurements on EuTiO3_s
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10 meV to match the experimental critical charge-carrier densities n; ~ 1.3 x 108 cm™3
and ny ~ 2.6 x 10'2 cm=3. In the three-band model of van der Marel et al. [254] the lowest
band is heavy, while the others are light. In our much simpler model with purely parabolic
bands, we neglect band repulsion. Therefore, the second band is the heavy one and crosses
the lighter first band [see Fig. 3.22 (a)]. Figure 3.21 (b) shows the corresponding exponent
a of A o« n® obtained from the derivative of log A vs log n. The exponents a = —4/3, —2/3,
—1 are shown as dotted lines and correspond to the dotted lines in Fig. 3.21 (a). Although
this simple model neglects the non-parabolic band shapes as well as their anisotropy, the
agreement with the experimental data is remarkable. The available A(n) data of the non-
titanate perovskite K;_,Ba,TaO3 [303] fit into this picture as well if we consider its lower
effective masses (0.55m, to 0.8m,) [296]. Hence, at a given carrier concentration n, its
Fermi energy is larger and A is lower compared to that of the titanate systems.

The applied scaling factor 20 uQ cm K=2(meV)? defines the proportionality between the
T? prefactor A and the Fermi energy via

A =20pQcmK?(meV)? - Eg%. (3.13)

According to Ref. [31], this factor is proportional to the characteristic length scale for the
electron—electron scattering ¢ by

ho(kg\?
A=—|2B] ¢ 14
6’2 (EF) ’ (3 )

with reduced Planck constant 7, elementary charge e, and Boltzmann constant kg. By
comparing Eqgs. (3.13) and (3.14), one obtains

e2

¢ = el 20uQ cm K2 (meV)? ~ 66 A (3.15)
B
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3 EuTiO3

Figure 3.23 shows this theoretical value together with ¢ calculated from experimental
values for A and E}% of SrTiO3_s, SrTi;_Nb, O3, and Sr;_,La,TiO3 [31]. One should note
that data points in Fig. 3.23 are available only for samples with A and Er being determined
independently from each other. Consequently, data points for EuTiO3_s do not exist, since
there is no independent measurement of the Fermi energy of these samples.

3.6 Conclusion

Thanks to the given condition of Eu3* to be nonmagnetic, it is possible to estimate a
deviation ¢ from the nominal oxygen content in EuTiO3_s toward the oxygen excessive
regime by studying the magnetic properties. The compared to a pure Eu?* system reduced
values for the Curie constant and the saturation magnetization prove the as-grown EuTiO3
crystal to be oxygen excessive with § = —0.02 resulting in an actual composition of
EuTiOs3 . Apart from this fact, the experimental data of the pristine crystal agree well
with literature data including Néel temperature, Weiss temperature, spin-flop transition,
and the Barrett-type permittivity behavior. In oxygen-deficient EuTiO3 a metal—insulator
transition is observed that appears similar to the case of SrTiO3 but sets in at much higher
charge-carrier concentrations (factor 10%). This results from the smaller permittivity of
EuTiOs, which implies a smaller effective Bohr radius aE, i.e., a smaller overlap of the
electronic wave functions. By plotting ay versus the critical carrier density of the metal—

insulator transition n., a scaling behavior of né/ Sag = K is observed for doped perovskite
oxides EuTiO3, SrTiO3, and KTaOs3 that resembles the original Mott criterion but with
a significantly enhanced K = 10. The low-temperature mobility of metallic EuTiO3 and
SrTiO3 systematically increases with decreasing n even across both materials. The resistivity
of metallic EuTiO3_s shows a p « AT? behavior similar to that observed in doped SrTiOs3.
The underlying scattering mechanism that is responsible for this behavior is unknown, but
in contrast to doped SrTiO3, the conventional theories predicting a 7 resistivity cannot be
ruled out for EuTiO3 since the charge-carrier concentrations of the latter are much larger.
Nevertheless, the prefactor A(n) systematically decreases with increasing charge-carrier
density n and even quantitatively agrees with the corresponding values observed in SrTiO3_g,
SrTi;_4Nb,O3, and Sri_,La,TiO3. This general A(n) behavior is well-described already by
a simple three-band model with parabolic bands. The scaling factor that is used to make
the theoretical A(n) curve match the experimental data is proportional to the mean free
path of the electrons and yields a value of £ ~ 66 A, which is close to the average of the
experimental data.
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4 Single-layered manganites

Doped Mott insulators are known to develop complex ordering patterns of charges, orbitals,
and magnetic moments. This chapter covers the investigation of single-layered manganites
R1_xA1:xMnQO4 beyond the well-known La;_,Sr;4,MnQy, in particular R;_,Ca;,MnO4 (R
= Pr, Nd, Sm, Tb) and R_Sr;:xMnOy4 (R = Pr, Nd) with doping levels 0.5 < x < 0.73.
Signatures of the charge and orbital order at 7coo are observed in resistivity, magnetization,
and heat capacity. The evolution of Tcoo with doping level x is investigated and the
differences of this evolution between Ri_,A1+,MnQOy4 with different element combinations
of R and A is discussed. The ion-size mismatch, expressed as variance o2, is found to be a
key parameter for the explanation of the Tcoo(x) behavior in single-layered manganites.
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4.1 Introduction

While the preceding chapters focus on two examples of doped band insulators, the single-
layered manganites covered in this chapter, as well as their perovskite ancestors, are examples
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4 Single-layered manganites

for doped Mott insulators. The first perovskite manganites AMnO3 were prepared in 1950
by G. H. Jonker and J. H. van Santen in polycrystalline form [305]. In these compounds,
the nominal oxidation state of manganese was controlled by a defined mixture of aliovalent
elements on the A site leading to a chemical formula R;_,A,MnOs3, where R is a trivalent
rare-earth element and A is a divalent alkaline earth element. The doping level x defines the
oxidation state of manganese that is expressed as R* AZ*Mni* Mn{*O5, where the average
oxidation state is given by Mn3*")*, Jonker and van Santen observed a transition from a
paramagnetic semiconducting to a ferromagnetic metallic state in these materials [306],
which has been explained by double-exchange theory developed by C. Zener one year
later [307]. Early neutron-scattering experiments from 1955 by E. O. Wollan and W. C.
Koehler [268] revealed complex patterns of ferromagnetically and antiferromagnetically
coupled moments in these mixed-valent manganites, which necessitated a new nomenclature
for magnetic structures that is widely used nowadays [see Fig. 3.3]. In particular, half-
doped manganites Ry 549 sMnO3 show ferromagnetic zig-zag chains with antiferromagnetic
interchain coupling, which is referred to as CE-type magnetic structure in the nomenclature
of Wollan and Koehler [268]. A theoretical description of this structure is provided by the
Goodenough model [308] [see Sec. 4.3.3].

The research on single-layered manganites having the K,NiFy4 structure started with
the first synthesis of polycrystalline SroMnO4 in 1955 [309]. For decades, studies on
single-layered manganites were restricted to CaMnQOy4 [310-313] and SroMnO4 [314],
where manganese appears exclusively tetravalent. An early investigation of a mixed-valent
single-layered manganite was limited to Lag sSr; sMnOy4 [315]. The discovery of high-7¢
superconductivity in single-layered cuprates Lay_,A,CuOy4 (A = Ca, Sr, Ba) in 1986 [11,
12]—which are also of the K;NiF4 type [316, 317]—stimulated the research on isostructural
compounds. Thereupon, single-layered manganites were back in business and only one year
after the discovery of high-7. superconductivity in cuprates, the systematic research on
manganites with K;NiF, structure began with the study on La;_Sr;:,MnO4 (0.25 <
x < 0.75) by R. A. Mohan Ram [318]. Unlike their perovskite ancestors [305, 306],
single-layered manganites do not exhibit a ferromagnetic metallic state. Instead they are
semiconducting over the whole temperature range [318, 319], but, similar to perovskite
manganites, the emerging ordering phenomena are governed by a competition between
ferromagnetic double-exchange and antiferromagnetic superexchange interaction [320,321].

Both the metal—insulator transition temperature Tyt of perovskites R1_,AxMnOj3 and the
critical temperature of high-7; cuprates Lay_,A,CuOy4 show a scaling behavior as a function
of x that strongly depends on structural parameters [322, 323]. As demonstrated by Attfield,
the often used Goldschmidt tolerance factor [324] and the transition metal valency—which
is directly related to the doping level x—are not sufficient to describe this scaling behavior.
Instead, three parameters are relevant: doping level x, mean ionic radius of the cations on
the A site, and the cation size variance o> [322]. The latter can be interpreted as a measure
for structural disorder provoked by the ion-size mismatch of R and A. Consequently, o>
vanishes if the ions R and A are of equal size. Mathieu et al. [325] demonstrated that the
scaling behavior proposed by Attfield is also applicable to the charge and orbital order

88



4.1 Introduction

Fraction

i !
6... 1
7

L1
345
4 6

1

1
4
5

X

Figure 4.1: Oxidation states in R;_, A1,,MnQOy4. Area plot of the nominal relative amounts
of Mn2* (L), Mn3* (I), and Mn** (M) as well as R3* () and A2+ () as a function of doping
level x. Left: total, nominally accessible doping range —1 < x < 1. Right: Detail view of
the doping range relevant for this work (0.5 < x < 1) with commensurate doping levels
highlighted.

(COOQ) in single-layered manganites Ry sA1 5MnQOy.

Like in perovskite manganites, the nominal oxidation state of manganese in single-layered
manganites R;_,A1,,MnQOy4 can be controlled via a substitution of the divalent alkaline earth
ion A2+ by a trivalent rare-earth ion R3*, which implicates a substitution of Mn3* by Mn**
ions [see Fig. 4.1]. The chemical formula can be written as R3*, AT, Mn{*, Mn¥*O,4, where
the mixture of Mn3* and Mn** defines the nominal oxidation state MnG+9)+_ If the number
of Mn** ions is an integer multiple of the number of Mn3* ions, which is the case for x = 1/2,
2/3,3/4, ..., the doping level x is referred to as commensurate [326]. These configurations
are of special interest because they show stripe patterns which are in a sense fundamental
since the incommensurate configurations can be seen as mixtures of commensurate ones.
This is found in perovskite manganites like La;_,Ca,MnO3 [326] as well as in single-layered
manganites like Lag 42Sr1 5sMnOy4 [37].

Motivated by the possibility of a segregate investigation of the manganese magnetism,
La;_,Sr1+xMnOy4 was in focus for a long time [315, 318, 327-334] because in this compound
the ions besides manganese have noble-gas configuration and, thus, do not contribute to
the magnetic properties. Unfortunately, for La;_,Sr14+,MnO,4 doping levels beyond x =
0.6 are difficult to synthesize. Studies on polycrystalline powders of La;_Sr;4,MnOg4
show a chemical phase separation for x > 0.62 [335]. Unsuccessful attempts of growing
high-quality single-crystals with x > 0.7 are reported [333], which matches the growth
experiences made within the scope of this thesis [see Sec. 4.4]. Thus, publications on
Laj_Sr;;xMnO4 with x > 0.6 either only deal with polycrystalline samples or grapple
with inhomogeneities [333, 335, 336]. Hence, the half-doped compound Lag 5Sr; sMnOg4
appears to be the only commensurate manganite with this combination of elements where
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4 Single-layered manganites

high-quality single-crystals are available.

For a deeper understanding of the ordering phenomena in single-layered manganites,
and in order to explore the scaling behavior of Tcoo in the (02, x) plane, higher doping
levels are needed. To overcome the structural restrictions, La or Sr have to be substituted
by smaller ions. A substitution of La by other rare-earth elements comes at the price of the
introduction of further magnetic ions, which complicates the analysis of magnetic properties
and possibly hinders investigations of the manganese magnetism. Studies of the charge and
orbital ordered phase are, however, in essence unaffected because Ty < Tcoo.

Literature reports of the x = 1 end members of the R;_,A1,,MnOy4 series—Ca;MnO4
and SryMnOs—are predominantly restricted to polycrystalline samples [309-312, 314].
Although successful single-crystal growths of both end members are reported [313, 337],
the growth of Ri_xA1:xMnQOy in the high-doping range 0.5 <« x < 1 is prone to phase
separations [337]. Therefore, the synthesis of high-quality single-crystals of R_Ca;+,MnO4
is expected to be difficult for high doping levels, independent of the choice of R, but at
least the achievement of higher doping levels than in La;_,Sr;;,MnQy is possible. Only
few publications on single-crystalline Pr;_,Caj4,MnO4 (with 0.3 < x < 0.65 [338] and
x = 0.67 [35]) and Nd{_,Sr1-,:MnOy4 (x = 0.67 [35, 339], 0.75 < x < 0.8 [337]) are
available. The majority of publications on R;_ A1:xMnQO4 with R # La deals with the
half-doped case [325, 340, 341].

In principle, two approaches are conceivable: substituting the elements R and A while
keeping the doping level x constant or changing the doping level while keeping the elements.
The first implies structural changes at fixed charge carrier density, whereas the latter means
a simultaneous variation of both structure and charge carrier density. Here, the behavior of
the COO transition upon increasing doping level is investigated for different element combi-
nations of R and A, in particular R;_,Ca;+,MnO4 (R = Pr, Nd, Sm, Tb) and R;_,Sr+yMnOg4
(R = Pr, Nd) with doping levels 0.5 < x < 0.73.

Section 4.2 sums up the crystallographic characteristics of single-layered manganites
and the structural differences between Ri_,Ca;.,MnO4 and R_,Sr;+yMnQOg4. Section 4.3
describes the origin of charge, orbital, and magnetic order in manganites. A short introduc-
tion of the Hubbard model is followed by the electronic configuration of the manganese
ions in a crystal field and the role of Jahn—Teller distortion. The interplay between antifer-
romagnetic superexchange and ferromagnetic double-exchange interactions is explained,
and the resulting stripe patterns are discussed in the context of the Goodenough model. In
Sec. 4.5, the experimental results are presented, in particular measurements of resistivity,
magnetization, and heat capacity on synthesized single crystals of R;_,Sr14xMnQOy4 (R = Pr,
Nd) and R;_,Ca1+tMnOy4 (R = Nd, Sm, Tb) [for details of the crystal growth see Sec. 4.4.2].
Additionally, experimental results on Pr;_,Ca;.,MnO4 crystals grown by H. Ulbrich are
included for comparison. The transition to the charge and orbital order at Tcop causes
anomalies in resistivity, magnetization, and heat capacity. The extracted Tcoo values are
discussed as a function of both doping level x and ion-size variance o>.
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4.2 Crystal structure

n Formula Space group f.u./u.c. Examples

0 AX Fm3m (225) 4 NaCl, LiF, SrO, TiO, EuO, MnO

1 AZBX4 I4/mmm (139) 2 KzNiF4, SrzTiO4, EU2TiO4

2 A3BxX7 I4/mmm (139) 2 Sr3Ti207, EuszTipOF

3 A4B3X10 I4/mmm (139) 2 SI‘4Ti30]0

o ABXj3 Pm3m (221) 1 SrTiO3, EuTiO3, BaTiO3, LaMnO3

Table 4.1: Ruddlesden—Popper series A, 1B, X3,+1. Space groups and examples are given
for undistorted high-temperature phases. The fourth column (f.u./u.c.) shows the number of
formula units per unit cell.

4.2 Crystal structure

In all perovskite materials with 113 stoichiometry—the ideal perovskites as well as the
distorted ones—the BXg octahedra are corner-sharing with their six neighboring octahedra
and form a three-dimensional network. These 113 systems can be seen as subspecies of a
larger family of compounds, the so called Ruddlesden—Popper series [310, 342]. They have
the general chemical formula

An+anX3n+1

with n € Ny. The two end members of this series are AX for n = 0, which has the
rock-salt structure (space group F m3m (No. 225)) and ABX3 for n — co, which has
the aforementioned perovskite structure. Both end members are cubic, while all other
Ruddlesden—Popper materials are tetragonal (space group /4/mmm (No. 139)) and have
layered structures that can be seen as intergrowths of the two end-member structures, the
rock salt and perovskite structure.

For the tetragonal, layered Ruddlesden—Popper systems (0 < n < o0), the crystallographic
axes are chosen such that the fourfold rotation axis points into ¢ direction. Then, the octahedra
are corner-sharing within the ab plane. In ¢ direction, blocks of n adjacent perovskite layers
(ABX3) are separated from each other by n rock-salt layers (AX). Systems with n = 1 have
the formula A,BX4. They are called single-layered or 214 materials. Those with n = 2
(A3B2X7) are called double-layered or 327 materials, etc. In the undistorted case, all of
these layered systems are tetragonal with space group /4/mmm (139) and have two formula
units per unit cell. In this context the 113 Perowskite structure can be considered as the
n — oo limit of the Ruddlesden—Popper series. Sometimes, Ruddlesden—Popper materials
are referred to as “layered perovskite”. An overview is given in Tab. 4.1.

The K;)NiF, structure [309] represents the undistorted prototype structure for single-
layered manganites AoMnO4 with Mn—O—Mn bonds of 180°. The manganese ions are
octahedrally surrounded by O% ions. These MnQOg octahedra are corner-sharing within
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Figure 4.2: Group-subgroup relation for A,MnOy4 (A = R{_,Sr14yx, R1—xCayyy). The
space groups I4/mmm of Ry _Sr1xMnOy4 and Bmeb of R;_Ca;.xMnOy are linked via a
group—subgroup relation, here represented as Birnighausen tree. For a sequence of maximal
subgroups, Fmmm is needed as intermediate step. Tables show element symbols, Wyckoff
positions, site symmetries, and atomic coordinates. The origin is set to the manganese ion.
Integers and fractions are exact, decimals are approximate values from Refs. [346, 347].

the ab plane but separated in ¢ direction by a single rock-salt layer. The A ion is 9-fold
coordinated and forms an AOg polyhedron referred to as capped square antiprism [343—-345].
The MnOg octahedra of adjacent planes are staggered by a half plane diagonal.

Depending on the elements R and A, the octahedra can be distorted, which lowers the
symmetry from tetragonal to orthorhombic with a twice as large unit cell, where a and b
axes are enlarged by a factor of V2 and rotated by 45°. The undistorted case is realized in
strontium manganites R1_,Sr1+,MnQOy4, whereas the calcium manganites Rj_,Ca;+,MnOy4
are orthorhombic, most of them having space group Bmeb (No. 64), which is a subgroup
of 14/mmm. The group—subgroup relation between /4/mmm and Bmeb is illustrated in
Fig. 4.2 as Barnighausen tree [see also Sec. 2.2.2] with tables showing the respective atomic
positions and site symmetries. For a sequence of maximal subgroups, the orthorhombic
space group Fmmm is needed as intermediate step. Wyckoff positions, site symmetries,
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and atomic coordinates with their transformation are taken from the International Tables
for Crystallography Vol. A and Vol. Al [84, 168]. Atomic coordinates given as integer
numbers or fractions are exact and required by symmetry, whereas the decimal numbers are
approximate values of actual crystals, in particular of Lag sSr; sMnOg4 [346] for 14/mmm
and of Ndg 33Ca; ¢7MnQOy4 [347] for Bmeb. These decimal coordinates are free parameters
of the respective space group.

4.3 Ordering phenomena in manganites

The ordering phenomena observed in perovskite and layered manganites arise from the
interplay between charge, orbital, and magnetic degrees of freedom, in particular from
the interrelation of superexchange and double exchange mechanism. The origins of this
mechanisms are described in the following.

4.3.1 Charge and orbital order

Hubbard model Solids with completely filled or empty bands are insulators, while systems
with partially filled bands are usually expected to be metallic. However, insulating materials
with partially filled bands are known since the 1930s [348, 349] and have widened to a large
material class that nowadays is referred to as Mott insulators. The absence of metallicity
in these systems can be understood within the theory developed by N. F. Mott [350] and
J. Hubbard [351-353], where electronic delocalization is prevented by electron—electron
interactions. This is described by the Hamiltonian

H=—t Z c:fgcja+UZn,-Tn,¢, (4.1)
@) i
where o € {7, !} and n;, = c:.r(rcl.(r. Here, clT(T represents the creation of an electron with

spin o on site i and ¢, the annihilation of an electron with identical spin on site j. The

term n;, = c:.f(fcl.a is the spin density operator for spin o~ on site i and n;n;| represents the
double occupation of site i with both spin states. The first term describes the hopping of
electrons from site i to j without spin flip, the second term describes the electron—electron
repulsion if site i is doubly occupied. The proportion between hopping ¢ and repulsion
U determines the conductivity of a solid. In the limit of ¢ <« U, the material is a metal,
while for # > U it is an insulator. If # and U are of comparable size, the behavior is more

complicated.

Electronic configuration A free, neutral manganese atom has an electronic configuration
of [Ar]3d’4s?. In perovskite-type materials, manganese appears trivalent or tetravalent. The
respective electronic configurations are [Ar]3d* for Mn3* and [Ar]3d?® for Mn**. Using
Hund’s rules [354—356] one obtains u;/ug = 0 for Mn3* (S =2, L =2,J =0, g; =0) and
wy/ug = 0.6 for Mn** (S = 3/2, L = 3,J = 3/2, g7 = 2/5). However, if the ion is located in a
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Figure 4.3: Crystal-field splitting for Mn** and Mn*. (a) Mn** ions in a regular MnOg
octahedron see a cubic crystal field. The tyg orbitals remain degenerate, while the e, orbitals
are empty. (b) Mn3* ions see a tetragonal crystal field created by the Jahn—Teller-distorted
MnOg octahedron.

crystal electric field of sufficient strength, Russel-Saunders coupling [357] is broken. This
is the case for transition metal ions in an octahedral environment, since the extended 3d
orbitals are sensitive to the crystal field. Then, the orbital angular momentum is quenched
(L = 0) and consequently J = S. The impact on the magnetic moment is huge: for Mn3*
it is uy/up = 4 instead of 0, for Mn** it is u;/up = 3 instead of 0.6. The orbital angular
momentum can be recovered by spin—orbit coupling (SOC), but for manganese this effect
is negligible.

Crystal field The 3d energy levels of a free manganese ion are fivefold degenerate, whereas
in a crystal electric field, this degeneracy is lifted. If the crystal field has a cubic symmetry
(e.g., created by an ideal oxygen octahedron), the 3d level splits into two levels: one lower
triply-degenerate tp, level and a higher doubly-degenerate e, level'. The to¢ level consists
of the xy, yz, zx orbitals. In a real-space picture, the isosurface lobes of their spherical
harmonics point to the centers of the octahedron faces, i.e., they have the largest possible
distance to the oxygen ions. In contrast, the e, level consists of the x% - y2 and z2 orbitals,
whose isosurface lobes point directly onto the oxygen ions. In a crystal field with tetragonal
symmetry (e.g., created by an elongated oxygen octahedron), the energy levels split further.
If the fourfold rotation axis points into z direction, the triply-degenerate tg level splits into
a yz, zx level and an xy level. The orbitals with z component are energetically favored,
whereas the xy level has a higher energy.

As shown by H. A. Jahn and E. Teller, a system with orbital degeneracy is instable and it
tends toward a symmetry reduction in order to lift its degeneracy [360]. Consequently, in
manganite systems, the overall energy can be reduced by elongating the Mn3*Og octahedra

'The symbols €g and ty, originate in a notation developed by R. S. Mulliken for a symmetry-based description
of molecule spectra [358, 359].
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Figure 4.4: Superexchange (GKA rules). Illustration of the Goodenough—Kanamori—
Anderson rules for different relative orientations of the orbitals. Large arrows represent the
on-site spin, blue arrows indicate virtual hopping. A 180° exchange is AFM if neighboring x°
orbitals are half-filled (a) or empty (b) and it is FM if one is half-filled and the other one is
empty (c). A 90° exchange is FM in any case (d, e).

along z direction, which creates a crystal field with tetragonal symmetry around the Mn3*
ions. The energy gain results from a lowering of the singly occupied z> level, while the
x? — y? orbital remains empty [see Fig. 4.3]. The elongation lifts the ty, degeneracy as well,
but this involves no energy gain since the xy orbital is singly occupied and the degenerate
yz, zx orbital is doubly occupied. No Jahn—Teller distortion appears for Mn**QOg octahedra
because the empty e, orbitals and the triply occupied ty, orbital cannot reduce the total
energy. Consequently, Mn** is called Jahn-Teller inactive, while Mn3* is referred to as
Jahn—Teller active.

4.3.2 Magnetic order

Superexchange In perovskite manganites with small distortion, the overlap between the
3d orbitals of two neighboring manganese ions is too small for direct exchange? since they
are separated by an oxygen ion. However, the overlap of the Mn 3d orbitals and the 2p orbitals
of the oxygen is large and the exchange between two neighboring Mn ions can be transmitted
via the oxygen ion. This mechanism is called superexchange and has been developed by
H. A. Kramers [363] and P. W. Anderson [364]. Superexchange can be ferromagnetic or

2This is the case for RMnO3 with large rare-earth ions, e.g., R = La, Pr, Nd, Sm. However, in heavily distorted
systems like TbMnO3 or HoMnOs3, next-nearest-neighbor superexchange becomes important [361, 362].
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Mn3+ 02— Mn4+

Q@O@Q@ Figure 4.5: Double exchange between
d, P, d,

aliovalent ions. Illustration of double ex-
change between Mn3* and Mn**. Charge
transport (red arrows) is enabled if on-site

I:l spins are parallel.
Ao A

antiferromagnetic depending on the relative orientation of the orbitals and their occupation.
This is expressed in the so-called Goodenough—Kanamori—Anderson rules (GKA rules),
named after J. B. Goodenough and J. Kanamori who extended Andersons superexchange
theory [365, 366]:

* 180° exchange between two half-filled or two empty orbitals is antiferromagnetic,

» 180° exchange between a half-filled and an empty orbital is ferromagnetic,

* 90° exchange between two half-filled or two empty orbitals is ferromagnetic.
These rules are illustrated in Fig. 4.4.

Double exchange The simultaneous occurrence of ferromagnetism and metallic conduc-
tivity in perovskite manganites with mixed manganese valency was observed at first by
G. H. Jonker and J. H. van Santen in 1950 [305, 306]. It can be understood by the so-called
double-exchange model, a theoretical description developed by C. Zener [307] and extended
by P. W. Anderson and H. Hasegawa [367] and P. G. de Gennes [368]. Double exchange
emerges between aliovalent ions in general. In perovskite manganites, two neighboring
manganese ions are bridged by an oxygen ion [see Fig. 4.5]. If they have different valencies
(Mn3* and Mn**), the electron in the z? orbital of Mn3* can hop via the oxygen p. orbital
to the empty e, orbitals of Mn**. The on-site Hund’s rule exchange forces the ty, and e,
spins to align parallel. Hopping without spin flip is only possible if the on-site ty spins of
neighboring Mn3* and Mn** ions are parallel. The overall energy of the system is minimized
if hopping is enabled. Therefore, the double exchange provides ferromagnetic coupling and,
simultaneously, a high mobility of the e, electrons, which leads to metallic conductivity.
One should note the difference to superexchange, which occurs between isovalent ions and
involves only virtual hopping without charge transport.

4.3.3 Goodenough model

In 1955, J. B. Goodenough and A. L. Loeb developed the so-called semicovalent exchange
model, based on superexchange and double-exchange theory, using the example of spinel-
type structures [369]. Shortly after, this model has been applied to the perovskite manganites
and predicted a particular ordering of ions, orbitals, and magnetic moments [308]. Neutron-
scattering experiments by E. O. Wollan and W. C. Koehler [268] on the half-doped
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Figure 4.6: Goodenough model. Top view of the ab plane of half-doped, single-layered
manganites. (a) Charge order of Mn3* and Mn** forming a checkerboard pattern. (b) The charge
order implies an orbital order with 3d > orbitals of Mn3* pointing in alternating perpendicular
directions. (c) Below Ty, the magnetic moments arrange in ferromagnetic zig-zag chains with
antiferromagnetic interchain coupling.

perovskite manganite Lag sCag sMnQOj3 in the very same year confirmed this model, which
is nowadays known as Goodenough model. For perovskite manganites R;_,A,MnOs, the
Goodenough model predicts a charge ordering (CO) of aliovalent ions (e.g., Mn3* and
Mn**) that is accompanied by an orbital ordering (OO) emerging at the very same transition
temperature Tcoo [308]. The orbital order stamps the magnetic order that can be ferro- or
antiferromagnetic (depending on x) and may arise at a temperature 7¢ or Tn lower than
Tcoo.

Half-doped manganites (x = 1/2) have an equal amount of Mn3* and Mn** ions. Within
the ab plane, the aliovalent ions alternate and form a checkerboard pattern [see Fig. 4.6 (a)].
Since the 3d,» orbital of Mn** is unoccupied, while that of Mn?* is occupied, the charge
ordering develops with a concomitant ordering of the 3d,. orbitals [Fig. 4.6 (b)]. Ions piled
along the ¢ direction are all isovalent meaning that also the orbitals are of the same type along
the ¢ axis. The magnetic order below Ty is formed by ferromagnetic zig-zag chains within the
ab plane, which have an antiferromagnetic interchain coupling [Fig. 4.6 (c)]. In the zig-zag
chain, three spins are aligned in one row. If the chain is considered as stairs, the step height
is two. In ¢ direction, zig-zag chains of adjacent ab planes couple antiferromagnetically.
In the nomenclature of magnetic ordering developed by Wollan and Koehler [268] [for
the complete scheme see Fig. 3.3], this is a so-called CE-type ordering [see Fig. 4.7]:
within the ab plane, alternating C-type and E-type blocks are arranged in a checkerboard
pattern, while blocks of the same type are stacked in ¢ direction. The Goodenough model
with site-centered COO has been confirmed, e.g., for Lag sSr; sMnO4 [370] and outrivaled
competing bond-centered COO models like the Zener-Polaron model [371]. However, the
charge modulation is found to deviate from a Mn3*-site centering [372] rendering the
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(a) (b)

Figure 4.7: CE-type magnetic structure. (a) C-type and E-type magnetic structures. Circles
illustrate magnetic moments. Same colors represent parallel moments, different colors represent
antiparallel moments [for the complete nomenclature see Fig. 3.4]. (b) CE-type structure and
generation of zig-zag chains (thick lines) by C-type and E-type building blocks.

Goodenough model to be only qualitatively correct.

For x = 2/3, the amount of Mn** ions is twice as large compared to that of Mn3*. The
charge order appears as stripe pattern with a double stripe of Mn** ions alternating with
a single stripe of Mn3* ions>. In the magnetically ordered phase, four spins are aligned in
one row (in the stairs picture, the step height is three). Indeed, this pattern is confirmed
experimentally for single-layered manganites Prp 33Ca; ¢7MnQO4 and Ndg 33511 67MnO4 [35]
but also for the perovskite manganite Lag 33Cag.6;MnO3 [326, 373, 374].

A generalized description of these stripe patterns can be framed as follows: If the doping
level x is of the form x = n/(n + 1) with n € N, the number of Mn** ions is an integer
multiple of the number of Mn3* ions. This is the case for

X==,=,= =, = e 4.2)

Such a doping level is referred to as commensurate [326]. In the COO phase, this implies
n adjacent stripes of Mn** alternating with one single stripe of Mn3*. In the magnetically
ordered phase, there are n + 3 spins per row (or, translated to the stairs picture, a step height
of n+2).

3The checkerboard pattern for x = 1/2 can also be seen as stripe pattern with alternating single Mn3* and
Mn** stripes as is hinted at by the diagonal background-color pattern in Fig. 4.6 (a).
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4.4 Preparation of single-layered manganites

Name Formula Appearance Purity
Manganese(I1V) oxide MnO, brownish black 99.9 %
Lanthanum(III) oxide Lay0s3 white 99.99 %
Praseodymium(IILLIV) oxide PrgOq; black 99.99 %
Neodymium(III) oxide Nd,Os3 light blue 99.5 %
Samarium(III) oxide SmyO3  light yellow 99.99 %
Terbium(IIL,IV) oxide Tb4O7 brown 99.9 %
Erbium(III) oxide Er,O3 pink 99.99 %
Calcium carbonate CaCOsz  white 99.95 %
Strontium carbonate SrCO;3 white 99.8 %
Barium carbonate BaCOs  white 99.95 %

Table 4.2: Reactants for R;_, A1.,MnQy. Polycrystalline powders used as reactants for the
synthesis of R1_xA1+xMnOy4. All powders are from ALFA AESAR.

4.4 Preparation of single-layered manganites

4.4.1 Chemical aspects

Powders of MnQO,, the alkaline earth carbonates CaCO3, SrCO3, and BaCOs5 as well as of
rare-earth oxides PrgO11, Nd>2O3, Smy03, Tb4O7, and Er,O3 were used as starting materials
[see Tab. 4.2 for details]. The general chemical equation for a single-layered manganite
R1_+A1:xMnQOy4 with doping level x using the reactants R,0;, ACO3 and MnO> is

1 -

p al RaOb + (1 +x) ACO3 + MIlOz - Rl,xA1+anO4 + (1 +x) COzT + C OQT

1 b
CZE(X—l)(l—E).

with

4.4.2 Preparatory steps

The preparation of single-layered manganites follows essentially the procedure described in
Sec. 1.2.2. A manganese excess of 3 % was weighed in, in order to compensate evaporation
during the crystal growth. The excess amount is an empirical value based on preparation
recipes in Ref. [375]. The starting materials were roughly mixed by hand, then further
mixed and pestled in a planetary ball mill as described in Sec. 1.2.2. The mixing and
grinding was repeated after each powder reaction. Powder reaction temperatures, dwell
times, and repetitions are chosen similar to the recipe in Ref. [375], which itself is based on
a detailed growth study on La;_,Sr1,,MnO4 by Reutler ef al. [331]. The generic procedure
for manganites used within the scope of this thesis consists of two powder reactions and a
final sintering of the pressed rod, each taking place in a muffle furnace under static air at
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4 Single-layered manganites

ID t;(h) T;(°C) t(h) T, (°C) t3(h) T3 (°C) Atmosphere
R1 12 1200 6 1200 5 1500 Air

R2 12 1200 12 1350 5 1500 Air
R3 12 1200 12 1350 8 1500 Air
R4 12 1200 12 1350 7 1500 Air
RS 12 1200 12 1350 5 1400 Air

Table 4.3: Powder-reaction parameters for manganites Ry_, A1.,MnQy4. Powder-reaction
procedures with plateau temperatures 7; and dwell times ¢;, where i = 1, 2 denote first and
second powder reaction and i = 3 designates the sintering of the pressed rod. Typical ramping
times of 4 h to 6 h were used for heating and cooling.

ambient pressure. The presence of oxygen is desired since the intended product contains
Mn3* and Mn** with emphasis on the tetravalent species for doping levels x > 0.5. The
powders were heated twice, at 1200 °C and 1350 °C, each for 12h and followed by the
described grinding procedure. The sintering was done at 1500 °C for 5 h. Platinum crucible
and boat are used as containers for powders and pressed rod, respectively.

This sequence—with only small variations [see Tab. 4.3]—was used until sample JE19
[see Tabs. 4.5 and 4.6]. Measurements by energy dispersive x-ray spectroscopy (EDX)
revealed platinum contaminations on the surface of the sintered rod. Therefore, the sintering
temperature was reduced to 1400 °C and, in addition, the contact area between rod and
platinum boat was minimized by deforming the boat such that the rod rests on the boat’s
edges. Further EDX measurements verified that these actions were sufficient to get rid of
the platinum contaminations. This modified sequence was used for all manganites from
JE20 onwards and is marked by RS in Tabs. 4.3, 4.5, 4.6, and 4.7.

4.4.3 Single-crystal growth

Crystal-growth parameters for R;_,Ca;xMnOy4, R1_St1:,xMnQOy4, and La;_Ba;,MnOy are
given in Tabs. 4.5, 4.6, and 4.7, respectively. Samples JE27 to JE84 were grown within the
scope of this thesis, whereas samples JEI to JE26 were already grown during the author’s
diploma thesis [376] and are listed for the sake of completeness. All crystals are grown in
pure oxygen atmosphere at (4—6) bar with a typical growth speed of 3mmh~' and a relative
rotation of the rods of (20—40) rpm. Both floating-zone furnaces (CSI and CMI) are used
and yield similar results. To reach the typical melting points of manganites, 4 x 1000 W
lamps with a voltage of (75-85) % are needed using the CSI furnace and 2 x 2000 W lamps
with a voltage of (55-65) V are needed for the CMI furnace. In the CSI furnace, the best
results were achieved using 1000 W lamps with flat filaments (L2) [see Tab. 1.2]. 1500 W
lamps (L3) and 1000 W lamps with helix filament (L4) were also tested but with poor
results: The 1500 W lamps (used for sample JE7) need almost the same power as 1000 W
lamps to melt the same sample, with the drawback of a larger melting zone. The 1000 W
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4.4 Preparation of single-layered manganites

lamps with helix filament are used for sample JE84. They produce a larger melting zone
and need a higher lamp power compared to the 1000 W flat-filament lamps to melt the same
sample. Therefore, the growth of JE84 was aborted and then continued in the CMI furnace
[see Tab. 4.5].

The main issue of manganite crystal growth is the porosity of the feed rod. It causes
capillary action above the melting zone drawing the liquid material into the feed rod. This
leads to a scarcity of liquid in the melting zone resulting in frequent disconnections and,
simultaneously, a broadening of the soaked feed rod. The emergence of a cauliflower-shaped
broadening above the melting zone is a typical sign of this scenario. This problem can be
circumvented by sintering the rod in the mirror furnace. Compared to a sintering in a muffle
furnace, this allows higher sintering temperatures without the risk of contaminations with
crucible material. The associated higher densification of the feed rod leads to a diminution
of the capillary action and an enormous improvement of the growth process. The sintering in
a mirror furnace was first tested on sample JE20 and then used for all manganites from JE23
onwards, except JE42. Unfortunately, a mirror-furnace sintering is no proper replacement
for a sintering in a muffle furnace. The softness of the merely pressed, unsintered rod does
not allow a fixation in the mirror furnace. Therefore, a preceding sintering in a muffle
furnace is necessary in addition.

Successful growth processes of single-layered manganites are often accompanied by the
appearance of two facets—positioned opposing each other—indicating a crystal growth
parallel to the ab plane. Sometimes, the nucleation process in manganites did not result in
a single crystal, but two or more phases coexisted over a larger growth distance. Attempted
applications of the necking technique failed regularly because the shrunken diameter of the
melt boosted the probability of disconnections; an issue already described in Ref. [375].

Results The successfully grown single crystals of Ri_,A1.,xMnOy4 cover a doping range
of 0.40 < x < 0.73. An overview of all growth attempts is given in Tab. 4.4. Manganite
single crystals with 20 different compositions were grown in total, including 8 compounds
that were already synthesized in the scope of the author’s diploma thesis. The success-
fully grown crystals include Nd;_,Ca;,,MnO4 with x = 0.40, 0.50, 0.60, 0.67 as well as
Smi_Ca;4+MnO4 and Tb;_Ca;+:MnOy4 each with x = 0.50, 0.60, 0.67. Higher doping
levels are achieved with Sr manganites. The compound Pry_,Sr,,MnOy4 covers the broadest
range of x (0.40, 0.50, 0.60, 0.67, 0.70, 0.73) including the highest doping level of all
synthesized manganites. Nd;_,Sr;:,MnOQOy crystals were grown with x = 0.60, 0.63, 0.67,
0.70. Attempts to grow Er;_Ca;+,MnOy4 (JE82, JE&3, JE84) failed regardless of x. The
initial goal to synthesize single-layered manganites with x = 0.75 could not be achieved
with any element combination.

Properties of the as-grown manganite crystals All synthesized manganite crystals
are opaque but differ slightly in color. The Sr-manganite crystals are black, whereas Ca
manganites show a dark bluish coloring. The crystals have an easy cleavage parallel to
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Prg.40Sr1.60MnO4 Smg

Pro.60S11.40MnOy4 ~ Tbop.50Ca;.50MnO4

Tbo.33_Cal 6MnOy |

Smy 33Cai.67MnO4 Tbo.40Ca1.60MnOy4

Figure 4.8: Single crystals of R;_,A1,,MnQO4. Representative single crystals of
R1_xA1+xMnO4 with R = Pr, Sm, Tb, and A = Ca, Sr. The growth direction is from left
to right. For JE74 (top right), the feed-rod top of JE73 has been used as seed.

Compound 0.40 0.50 0.60 0.63 0.67 0.70 0.73 0.75
Ndi_Ca1;:xMnOy4 v v v O v - - -
Sm;,Caj,,MnO4 O v v O v O O -
Tbl—xca1+anO4 O v v O v O O -
Er«Ca;,xMnOs O - o O - o O O
Prl,xSr1+anO4 v v v O vV v v -
Nd;_,Sri4xMnOy O - v vV v Vv O -

Table 4.4: Growth attempts and success. Overview of growth attempts of Rj_xA1+xMnQOg
single crystals: (v') successful growth, (-) unsuccessful growth attempt, (O) not attempted.

the ab planes, which is also known from La;_,Sr;4,MnOg4 [319]. Generally, the cleavage
is easier for manganite crystals with strontium, while the calcium-doped ones prove to be
more robust. The growth direction is usually parallel to the ab plane. Discs of millimeter
thickness cut perpendicular to this direction easily cleave into several pieces with already
appropriate dimensions for measurements of resistivity, magnetization, and heat capacity.
Therefore, further cutting was usually not necessary. Cleaved pieces exhibit specular (001)
faces allowing a crystal orientation with the naked eye.

Samples of Pr;_,Sr1+,MnO4 showed a degradation when stored under air for a couple
of days. This was at first observed on sample JE2 that developed a grainy, light-colored
coating on the non-specular surfaces parallel to the ¢ direction, while the specular ab faces
remained essentially intact. In contrast, the samples with calcium appeared to be more
stable under air, which is in line with their higher resilience to cleavage. As a precaution, all
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4.4 Preparation of single-layered manganites

manganite samples from JE3 onwards, regardless of their composition, were stored in the
argon glovebox. Crystal orientation and preparatory steps for measurements were always
done under air without any observable effect on the sample characteristics.
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Sample PR Floating-zone furnace parameters SC

ID R x M/L Sintering Growth
U 1% U v r p
mm/h mm/h  rpm bar

JEl Nd 0.67 R2 CSI/lL2 - - 77% 3 20 55 -
JE3 Nd 0.67 R2 CSI/lL2 - - 80% 3 29 52 -
JE4 Nd 0.67 R2 CSI/L2 - - 84% 3 280 55 -
JE21 Nd 0.67 RS CMILS - - 60V 3 22 55 W
JE26 Nd 0.50 R5 CMI/L5 54V 20 60V 3 27 49 V
JE35 Nd 0.70 R5 CMI/L5 56V 20 60V 3 32 7 -
JE37 Nd 0.75 R5 CMI/LS 55V 15 62V 3 32 8 -
JE39 Nd 0.73 R5 CMI/LS 54V 15 56V 3 34 6 -
JES8 Nd 0.60 RS CSI'L2 70% 15 76% 3 34 3 N4
JE62 Nd 040 RS CSIL2 70% 15 76% 3 34 28 W
JE71 Sm 050 RS CSI/L2 65% 15 74% 3 36 4 N4
JE72 Sm 0.67 R5 CSI/L2 66% 15 75% 3 36 4 N4
JE73 Sm 0.75 R5 CSI/L2 65% 15 75% 3 36 4-8 -
JE74 Sm 0.60 RS CSI/L2 63% 15 75% 3 36 4 N4
JE75 Tb 050 RS CSI/L2 60% 15 73% 3 36 3-7 «
JE76 Tb 0.67 RS CSI/L2 62% 15 75% 3 36 7 N4
JE77 Tb 0.75 R5 CSI/L2 62% 15 75% 3 38 79 -
JE7T9 Tb 0.60 R5 CSI/L2 64% 15 76% 3 385 N4
JES1 Er 0.67 RS CSI/L2 65% 15 72% 3 38 3-8 -
JES2 Er 050 RS CSIL2 59% 15 - - - - -
JE84 Er 050 RS CSI/L4 75% 15 87% 3 38 2-5 -
(continuation of JE84) CMI/L5 - - 60V 3 38 3.5 -

Table 4.5: Synthesis of R;_,Cay,.MnQOy4: Parameters.
R1_xCa14,xMnO4 with sample identifier, rare-earth element R, doping level x, powder-reaction
procedure PR [see Tab. 4.3], furnace model M and halogen lamps L [see Tab. 1.2], lamp
voltage U (for CSI in %, for CMI in V) and pulling speed v in mmh~! used for sintering and
growth, relative rotation of the rods r in rpm, gas pressure p in bar, and success of single-crystal
growth SC [see Tab. 1.8]. A pure O, atmosphere is used throughout.
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Sample PR Floating-zone furnace parameters SC

ID R x M/L Sintering Growth
U v U v r p
mm/h mm/h  rpm bar

JE2 Nd 0.67 R1 CSIlL2 - - 76% 3-6 20 54 -
JE5 Nd 0.67 R2 CSI/L2 - - 78% 3 20 5 N4
JE6 Pr 0.67 R2 CSI/L2 - - 78% 3 20 6 -
JE7 Pr 0.67 R2 CSI/L3 - - 75% 3 20 55 -
JE§ Pr 0.67 R2 CSIlL2 - - 77% 3 20 55 -
JEO Pr 0.75 R2 CSIlL2 - - 75% 3 12-20 5.7 -
JEI0 Nd 0.75 R2 CSIlL2 - - 78% 3 1620 55 -
JEI1 Nd 0.60 R3 CSI/L2 - - 78% 3 14 5 N4
JE12 Pr 0.70 R3 CSIlL2 - - 77% 3 14 9 N4
JE13 Pr 0.75 R3 CSIlL2 - - 79% 3 2043 95 -
JE14 Pr 0.73 R3 CSI/L2 - - 75% 3 14 5 N4
JE15 Pr 0.75 R3 CSIlL2 - - 78% 3 14-18 6-8 -
JE16 Pr 0.67 R3 CSI/L2 - - 80% 3 14 55 -
JE17 Pr 0.75 R4 CSI/L2 - - 82% 5-15 18 55 -
JE18 Pr 0.67 R4 CSI/L2 - - 81% 3 18 35 V
JEI9 Pr 0.75 R4 CSI/L2 - - 79% 7 20 6 -
JE20 Pr 0.75 R5 CMI/LS 50V 40 60V 3 28 5 -
JE22 Pr 0.75 R5 CMILS - - 63V 3 22 6.5 -
JE23 Nd 0.75 R5 CMILS 55V 20 60V 3 22 6-8 -
JE24 Pr 0.50 R5 CMI/LS 54V 20 63V 3 22 55 V
JE40 Nd 0.50 R5 CMI/LS 60V 15 64V 3 36 55 -
JE42 Nd 0.60 R5 CSIlL2 - - 78% 3 34 45 W
JE43 Nd 0.70 R5 CSI/L2 76% 10 9% 3 34 5 -
JE44 Nd 0.75 RS CSI/L2 72% 12 78% 3 34 5 -
JE45S Nd 0.70 R5 CSI'L2 72% 8-12 79% 3 34 5 v
JE4A7T Nd 0.75 R5 CSI/L2 72% 12 78% 3 34 46 -
JE48 Pr 0.60 R5 CSI/L2 72% 15 78% 3 34 4 N4
JESS Pr 040 R5 CSI/L2 73% 15 80% 3 34 3 N4
JE6O Pr 055 R5 CSI/L2 70% 15 80% 3 34 35 -
JE61 Nd 0.63 R5 CSI/L2 70% 15 82% 3 34 5 v
JERO Pr 0.70 R5 CSI/L2 67% 15 80% 3 38 3-6 -

Table 4.6: Synthesis of R{_,Sri,,MnQ4: Parameters.
R_Sr1:xMnO4 with sample identifier, rare-earth element R, doping level x, powder-reaction
procedure PR [see Tab. 4.3], furnace model M and halogen lamps L [see Tab. 1.2], lamp
voltage U (for CSI in %, for CMI in V) and pulling speed v in mm h~! used for sintering and
growth, relative rotation of the rods r in rpm, gas pressure p in bar, and success of single-crystal
growth SC [see Tab. 1.8]. A pure O, atmosphere is used throughout.

All attempts to synthesize
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Sample PR Floating-zone furnace parameters SC
ID X M/L Gas Sintering Growth
Uu v Uu v r p

V. mm/h V mm/h rpm bar

JE25 +0.50 R5 CMILS5 Oy 38 20 48 3 38 5 -
JE27 -0.50 RS CMILS Ar/O, 47 20 53 3 35 4-6 -
JE29 -0.25 RS CMILS Ar/O, 48 20 50 3 35-45 3 -

Table 4.7: Synthesis of Laj_,Baj;,MnQ4: Parameters. All attempts to synthesize
La;_,Ba;.xMnO4 with sample identifier, doping level x, powder-reaction procedure PR [see
Tab. 4.3], furnace model M and halogen lamps L [see Tab. 1.2], gas, lamp voltage U in V and
pulling speed v in mmh~! used for sintering and growth, relative rotation of the rods r in rpm,
gas pressure p in bar, and success of single-crystal growth SC [see Tab. 1.8].
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4.5 Measurements on R{_xA1.xMnO,

4.5.1 Methods

The chemical composition was verified using energy-dispersive x-ray spectroscopy (EDX),
phase purity was checked using an x-ray powder diffractometer (BRuker D5000MATIC)
with Bragg—Brentano geometry and Cu x-ray tube supplying Cu K« » radiation. Single
crystallinity was checked with a Laue camera. For some of the samples, a crystal-structure
determination has been performed by L. Weber using a single-crystal x-ray diffractometer
(BrUKER X8-APEX) [377]. Resistivity was measured by a standard four-probe method using
a home-built dipstick setup (SCHNELLMESSSTAB) and a commercial cryostat with resistivity
option (PPMS, QuantuM DEsiGN INc.). Magnetization measurements were performed
using a SQUID magnetometer (MPMS, Quantum DEsIGN INc.), specific-heat measure-
ments were done using the microcalorimeter option of the PPMS. SQUID measurements
were partly performed by S. Heijligen. Single crystals of Pr;_,Ca;1,MnQO4 were grown by
H. Ulbrich and their respective resistivities were measured by G. Kolland.

4.5.2 Results

Crystal structure Detailed structural analyses using single-crystal x-ray diffraction have
been performed by L. Weber [377] on Pr;_,Sr14+:MnO4 (x = 0.6, 0.67), Nd;_,Sr14+:MnOy4
(x =0.6,0.7), Sm;_,Ca4,+MnOy4 (x = 0.5, 0.6, 0.67), and Tby_,Ca,,MnOy4 (x = 0.5, 0.67).
This paragraph briefly summarizes the results of this investigation.

The room-temperature structures of Pri_,Sr4+MnOy4 (x = 0.6,0.67) and Nd;_,Sr1+,MnO4
(x = 0.6, 0.7) were determined to be tetragonal with space group /4/mmm (No. 139)
implying Mn—O-Mn bond angles of 180°. Hence, both compounds have the ideal KoNiFy4
structure for all investigated x and are isostructural with La;_,Sr1+,MnOy. The structure of
Sm;_.Ca;,:MnOy4 (x = 0.5, 0.6, 0.67) was studied at 240 K and 160 K. The orthorhombic
space group Bmeb (No. 64) properly describes the crystal structure at 240 K for all x. This
crystal symmetry allows a tilt of the octahedra around the a axis. At 160 K, the structure is
better described using the space group Pccn (No. 56) which allows tilts around both a and
b axis. Tby_,Ca;+xMnOy4 (x = 0.5, 0.67) was measured at temperatures 300 K, 240 K, and
160 K. The compound with x = 0.5 has space group Pccn at all investigated temperatures
analogous to the low-temperature structure of Smj_,Ca+,MnOy4. For Tbg 33Ca; 67MnOy4,
refinements using Bmeb yield better results compared to Pccn.

For R1_+Ca14+,+MnO4 (R = Sm, Tb), also the charge and orbital order has been investigated
by x-ray techniques. Below Tcoo, the orbital ordering causes small modulations of the oxygen
positions manifesting itself in superstructure reflexes visible in the precession images of the
single crystal x-ray diffractometer. This superstructure appears as four satellite spots around
each main reflex (7k0) at positions (h +1/2, k +1/2, 0) for the half-doped compounds and at
(h £1/3, k +1/3, 0) for x = 2/3. These additional spots are not visible in precession images
of the (h0l) or (0kl) plane, reflecting the two-dimensional character of the COO state. For
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4 Single-layered manganites

the half-doped compounds Pry 5Ca; sMnO4 and Smg 5Ca; sMnQy, a doubling of the a axis
and a change to space group Pmnb (No. 62) is needed to include the superstructure into
the crystallographic description, whereas for x = 2/3, a triplication of the a axis is required
and a change of the space group to Pcab (No. 61).

Magnetization Figure 4.9 shows the magnetization of R{_,Ca;.,MnO4 with R = Pr, Nd,
Sm, Tb (left panels) and of Rj_,Sr1+MnQOy4 with R = Pr, Nd (right panels), each one measured
in a magnetic field of ugH = 1T applied in ¢ direction (open symbols) and parallel to
the ab plane (filled symbols). All curves represent field-cooled measurements. Arrows
indicate transition temperatures Tcoo as determined from peaks in the later discussed
d(In(p/po))/d(T~") [see Fig. 4.10].

The Ca manganites show comparably sharp peaks at Tcoo, which agrees with find-
ings for Nd;_,Ca4+MnOy4 [347] and Ry 5Ca; sMnOy4 (R = Pr, Nd, Sm, Eu) [347]. In con-
trast, the M (T) anomalies of R;_,Sr;+,+MnQy are rather broad, which is also reported for
Ry.5Sr1 sMnOy4 (R = La, Pr) [325]. Signatures in the magnetization at the COO transition
are known from La;_,Sr1.,MnOQOy4 [36, 37, 319, 335] and Ry 541.5MnOg4 [325]. In contrast to
a previous report on M (T) of Ndg 33511 7MnQOy4 [35] where no anomaly is observed, here a
kink is clearly visible at ~ 260 K. By trend, the distinctness of the anomalies increases with
Tcoo- While a Curie—Weiss behavior is foreshadowing above Tcoo, a distinct deviation from
this law is seen below. Above their respective Tcoo, in-plane and out-of-plane magnetization
are (almost) identical for the individual compounds, whereas below Tcoo, an anisotropy
emerges and increases with decreasing temperature. Toward the low-temperature regime, the
out-of-plane magnetization is larger than the in-plane magnetization for all R;_,A 1, MnOa.

In the low-temperature regime, all curves show a more or less steep increase of the
magnetization, which mainly stems from the rare-earth magnetism. By comparing the low-
temperature rise with the magnetic moments of the respective rare-earth ion [see Tab. 4.8],
one can easily see a correspondence. The ion with the smallest moment of approximately
0.7up is Sm3*. Consequently, the M (T) curves of Smj_,Ca;.,MnO4 show a comparably
weak increase at low temperatures. In contrast, Tb3* has the largest moment of 9up and the
respective M (T') curves show a monotonic increase upon cooling over the entire temperature
range, even for large values of x implying a small terbium content.

For each compound R_,A1+:MnOQOy, the absolute values of the magnetization decrease
with increasing doping level at a given temperature. This is understandable because with
increasing x, the magnetic rare-earth ion R is successively replaced by a non-magnetic
alkaline earth ion A and, simultaneously, Mn3* with a magnetic moment of u; = 4ug is
substituted by Mn** with a smaller u; = 3ug.

Because some M (T') curves show further anomalies at lower temperatures, e.g., that of
Ndp 33Ca; 7MnO4 around 120 K, one may assume that 7y is hinted there. However, in view
of the fact that even in La;_,Sry,,MnQOy4 with nonmagnetic La3*, no well-defined signature
of Ty is seen in the magnetization [36, 37], it is highly unlikely to see fingerprints of the
bare manganese magnetism in R|_,A1:,2MnQO4 with magnetic rare-earth ions R. Instead,
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Figure 4.9: Magnetiza-
tion of R{_, A1+xMnOy.
In-plane (filled sym-
bols) and out-of-plane
(open symbols) mag-
netization M(T) of
Ri_xCa;;, MnOy with
R = Pr, Nd, Sm,
Tb (left panels) and
R1_xSr1:xMnQOy4 with
R = Pr, Nd with doping
levels 0.40 < x < 0.73.
All measurements are
field-cooled. Arrows
indicate peak positions
in d(In(p/po))/d(T~")
[see Fig. 4.10].

Pr

Nd

Sm

—
on

M (ug/f.u.)

H
S

M (102ug/f.u.) M (102ug/f.u.)

M (102ug/f.u.)

A =Sr

Pri_,Sr14xMnQOy {

FEPEPEP B PR
0 100 200
T (K)

i e e T
40 100 200 300

T (K)

0.40
0.50
0.60
0.63
0.67
0.73

109



4 Single-layered manganites

Ion Configuration § L J  Symbol g5 juy/us
Pr3+  [Xel4f? 1 5 4 SHy 4/5 3.2
Nd3*+  [Xel4f 326 92 *op 5/7 3.273
Sm3*  [Xel4f 52 5 52 ®Hsp, 27 0714
Tb3*+  [Xel4f® 3 3 6 Fg 32 9

Table 4.8: Free-ion configurations of rare-earth ions. Electronic configuration, spin quan-
tum number S, orbital angular momentum quantum number L, total angular momentum quan-
tum number J, term symbol 25*! L ;, Landé factor g, and total magnetic moment x; according
to Hund’s rules.

the manganese magnetism is probably covered by the rare-earth magnetism or/and both
magnetic subsystems interact with each other in a nontrivial way.

Resistivity The upper panels of Fig. 4.10 show the in-plane resistivity of Rj+yA1:xMnOy4
in semilogarithmic scales as a function of temperature, in particular, Pr;_,Ca;+,MnOy4
[Fig. 4.10 (a)], Nd;_xCa;+tMnOy4 [Fig. 4.10 (c)], Pri_Sr;:xMnQOy4 [Fig. 4.10 (e)], and
Nd;_,Sr1+xMnOy [Fig. 4.10 (g)]. The curves p(T) are normalized to the resistivity at
highest temperature pg, which is 400 K for R;_,Ca;.,MnQO4 [Figs. 4.10 (a, ¢)] and 300 K
for R1_,Sr1+xMnQOy [Figs. 4.10 (e, g)]. Because up and down measurements revealed no
difference, only one of them is shown in Fig. 4.10. In contrast, a thermal hysteresis is
reported for the resistivity of Prg.sCa; sMnQOy4 [325]. All p(T) curves in Fig. 4.10 exhibit
an essentially semiconducting behavior with anomalies appearing in a temperature range
between 150 K and 320 K where the resistivity increases steeply. Such a steep increase in
o(T) is known to occur at the transition to the charge and orbital ordered state and has been
observed in La;_,Sr1,,MnOQOy4 [36, 37, 319, 335, 340] and Prq 5Sr; sMnQOy [325]. Therefore,
the anomalies in p(7') in Fig. 4.10 are attributed to the COO transition. Figures 4.10 (b, d,
f, h) show the derivatives of the Arrhenius plots d(In(p/po))/d(T~") for the corresponding
resistivity curves in the upper panels. These derivatives correspond to the activation energy
expressed in Kelvin and transform anomalies in p(7') into clearly identifiable peaks defining
the transition temperature to the COO state Tcoo.-

Ca manganites R;_,Ca;1,MnOy4 (R = Pr, Nd) [Figs. 4.10 (b, d)] show very sharp peaks
in a narrow range around room temperature. Above Tcoo, the derivative is roughly constant,
which corresponds to the usual Arrhenius behavior. At least for Nd;_,Ca;+,MnOQOy, the Tcoo
are not ordered by x since the peak of x = 0.40 is between those of 0.60 and 0.67. The
peak sharpness increases with increasing Tcoo. Sr manganites R1_,Sr14,xMnO4 (R = Pr,
Nd) show anomalies at much lower temperatures compared to Ca manganites, and they
cover a larger temperature range of 150K < 7 < 250K [Figs. 4.10 (f, h)]. The peaks in
the derivatives are much less pronounced than those of the Ca manganites. The largest
peak of the Sr manganites (Prg 27511 73MnQ4) is one order of magnitude smaller than the
maximum of the Ca manganites (Prg 33Cag ¢7MnQO4). Consequently, the signal-to-noise ratio
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Figure 4.10: In-plane resistivity of Ry_yA1,xMnQ4. In-plane resistivity p of
Pri_xA11xMnOy4 and Nd;_, A MnOy4 for A = Ca (left) and A = Sr (right). Top panels:
o(T) normalized to p at highest temperatures (400K for A = Ca and 300K for A = Sr)
in semilogarithmic scales. The resistivity of Pr;_Ca;,MnO4 was measured by G. Kolland.
Lower panels: Derivative of the Arrhenius plot.
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200 ——mmr————r—————7————
 Ndo.3341.67MnO4 Figure 4.11: Specific heat of
_T‘ 180 F : ’: : (S:ra Nd0,33A1,67MnO4..Comparison
A of ¢,(T) of two single-layered
n manganites with identical rare-
g 160 |- earth element R = Nd and doping
- level x but different alkaline earth
S 140 elements: Ndg 33Ca; 7MnQO4 and
T Ndg 3381 67MnOy4. Arrows cor-
| respond to peak positions in

T (K)

in Figs. 4.10 (f, h) is much smaller than in Figs. 4.10 (b, d). Nevertheless, one finds clearly
identifiable peaks with the exceptions of Pry33Sr; 7MnQO4 and Ndg 37Sr1 63MnO4, which
show very broad humps. In contrast to Ca manganites, the maxima are ordered by x. Except
for Pro 33511 67MnQO4 and Ndg 37511 63MnOy, the peak sharpness increases with increasing

Tcoo.-

Heat capacity Figure 4.11 shows the high-temperature specific heat ¢, (T') of two samples
Ndo33A41.67MnO4 with A = Ca, Sr. Although both compounds have the same doping level
x and the same rare-earth element R = Nd, the Tcoo anomaly of the Ca manganite is much
more pronounced and appears at a higher temperature compared to the Sr manganite. This
observation is in line with the above discussed findings for d(In(p/po))/d(T~!) and M(T),
where Ri_Ca;+,MnQOy4 shows much sharper peaks than R_,Sr;+xMnO4 independent of R.

4.5.3 Discussion

Figure 4.12 shows the COO transition temperatures of R1_yA1+MnQg4, extracted from the
measurements discussed in the previous sections, as a function of doping level x. In addition,
the transition temperatures Tcoo of Laj_,Sr14+,MnQOy4 taken from Refs. [36, 37,375, 378] are
depicted. This phase diagram allows to make three statements: First, one distinguishes two
distinct regimes; one with low transition temperatures (150 K < Tcoo < 260 K) containing
the Sr manganites, and one regime with higher transition temperatures (230K < Tcoo <
320 K) containing the Ca manganites. Second, the variation of Tcoo with doping level x is
large for Sr manganites and small for Ca manganites. Third, for the Sr compounds, Tcoo is
monotonically increasing with x, whereas for Ca manganites this is not the case. Instead,
Pri_+Ca;+yMnO4 and Nd;_,Ca;,,MnO4 have the highest 7coo at commensurate doping
levels x = 1/2, 2/3.

The first statement can be understood easily if one recalls the crystal structure of respective
compounds. The Sr compounds are tetragonal with 180° Mn—O—Mn bonds, whereas Ca
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manganites are orthorhombic with tilted MnOg octahedra resulting in a smaller overlap
of the electronic wave functions. Consequently, the hopping between Mn sites is reduced
in Ca manganites, which stabilizes charge order. Therefore, the COO appears at higher
temperatures in Ca manganites compared to the Sr compounds.

Furthermore, Tcoo is governed by the ion-size disorder on the A site. In general, the
average ion size is given by (r) = 3., y;r;, where r; is the ionic radius and y; the fraction of
the respective ion 7, with normalization };; y; = 1. The disorder is then given by

2
o = (%) = (r) = ) yir] - (Z ym) : (4.3)

In R_A14+xMnQy, the A site is shared by two different ions. Thus, this equation reduces to
0% = y1y2(r1 — r2)? and the average ion size becomes {r) = y;r| + y»r>. By inserting the
ion radii r; = rg, rp = ru and the fractional occupations y; = (1 — x)/2, yo = (1 +x)/2,
one obtains the mean ion size on the A site

1- 1
(TRA) = TR+ T (4.4)
and the disorder (1 )1 )
—-x)(1+x
(5, (rra)) = g ——(re =ra)’. (45)
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4 Single-layered manganites

Site Ion Coordination Eff. ion radius (A)

X 0> 6! 1.40 Ba** Pri*

A Ba2t 9 1.47

A CaZ* 9 1.18

A La3* 9 1.216

A Pr* 9 1.179 Ca% Sm3+

A Nd3* 9 1.163

A Sm3* 9 1.132

Mn3* 3+

A Tb* 9 1.095 g 1o

A Er3t 9 1.062

B Mn* 6 0.645 ’ B

B Mn* 6 0.530
Table 4.9: Ionic radii in single-layered manganites. Rare Figure 4.13: Illustration
earth elements and alkaline earth elements share the same 9- of ionic radii in single-
fold coordinated A site. Values are taken from Shannon [261]. layered manganites. Ionic
 As pointed out in Ref. [263, p. 54], the coordination of 0%~ radii for the respective coor-
in perovskite materials is debatable. Often, it is assumed to dinations in Tab. 4.9 drawn
be 6 (see, e.g., Refs. [264, 265] or [266, Suppl.]). to scale.

which depends quadratically on x. By considering the projection of o?(x, (rg 1)) on the
(02, x) plane, one can describe o2 as a family of functions in two dimensions with {(rg 4)
as parameter. These functions are shown in Fig. 4.14. The lower, yellow regime contains
a2(x) for (rg.ca), the upper bluish part includes (rg_s;). Values for ionic radii are taken
from Ref. [261] and are shown in Tab. 4.9 and illustrated in Fig. 4.13. The orthorhombic
Ca manganites Pri_Ca;;,MnOy4 and Nd;_,Ca;,MnOy4 have a comparably small structural
disorder, independent of x, because Pr3* and Nd3*+ have almost the same size as Ca?*) [see
Fig. 4.13]. For the tetragonal Sr compounds (and, to some extent, also for R;_,Ca;+,MnOg4
with R = Tb, Sm), the disorder o2 is much larger. Furthermore, the disorder increases within
each of the two regimes (yellow and blue) with decreasing ion size of R3*, a correlation
known as lanthanoid contraction, as indicated in Fig. 4.14 by black arrows. This explains
the second statement: if R3* and A%* are of similar size, a variation of doping level x does
not have much influence on Tcop, because the structural changes are small, while in the
Sr manganites, a change of x has a huge impact on Tcop since a small rare-earth ion is
replaced by a much larger Sr2+.

The third statement can be understood if one considers commensurate configurations to be
more stable in general and, thus, to have higher Tcoo, but this is not visible in the manganite
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Figure 4.14: Variance versus doping level. (a) Calculated ion-size variance o2 in

Ri_+A1+xMnQOy4 with A = Ca, Sr combined with different R = La, Pr, Nd, Sm, Tb as a function of
doping level x using the ion radii listed in Tab. 4.9. Data points correspond to doping levels of
investigated samples. Thick arrows indicate increasing R3* ion radius. Please note the reversed
axis of ordinates. (b) Detail view of Fig. 4.12.

systems with large disorder. Only the highly ordered manganites Pr;_,Ca;,+,MnO4 and
Nd;_Ca4++MnOy reveal this effect. Fig. 4.14 also shows why Tb;_,Ca;+,MnQy is special
and does not fit to the other Ca manganites: For x = 0.5, its Tcoo is comparable to that
of Lag 551 sMnQOy, but, for higher doping, it approaches the high-Tcoo regime of its sister
compounds R;_,Ca;+,MnOy [see Fig. 4.12]. The disorder o2 of Tb;_,Ca;,MnOy is the
highest amongst the Ca manganites, being almost comparable to that of La;_,Sr;+,MnQy,
which has the smallest disorder of the Sr compounds.

There is another conclusion one can deduce from o%(x): Increasing the doping level
x means substituting rare-earth ions by alkaline earth ions, i.e., when approaching x = 1,
structural disorder vanishes and the average ionic radius becomes identical with the radius
of the alkaline earth ion (x - 1 = 2 — 0, (rr.a) — ra). Therefore, one should expect
a convergence of COO transition temperatures for x — 1 to two characteristic values, one
for R1_,Ca;+tMnO4 and one for R|_,Sr1,+MnO4. This behavior is seen suggestively in the
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Tcoo(x) phase diagram [see Fig. 4.12] but cannot be settled conclusively due to the lack
of doping levels beyond x = 0.73. Of course, single-layered manganites with x = 1 cannot
show COO at all due to the absence of Mn3*. One should note that an additional ion-size
disorder exists for Mn3* and Mn**. Upon increasing x, Mn3* is consecutively replaced by
the smaller Mn**. Like the A-site disorder, the manganese disorder vanishes for x = 1, but,
in contrast to the latter, it reaches its maximum at x = 0.5, while the A-site disorder peaks
atx = 0.

4.6 Conclusion

New compounds of single-layered manganites Ri_yA1+xMnO4 beyond the well-known
Laj_,Sr;:xMnOy4 system were grown in single-crystalline form [see growth details in
Sec. 4.4.2]. Different element combinations for R and A were used to reach higher doping
levels x compared to La;_Sr;+,MnQy4, which is limited to x < 0.6. The initial goal to grow
single crystals with doping level x = 0.75, in order to enable a survey of the predicted stripe
orders of charges and orbitals and possible 4-spin zig-zag chains, could not be achieved. The
highest doping level of x = 0.73 has been accomplished for the composition Pri_Sr;1,MnO4.
The transition to the charge and orbital order (COO) causes characteristic fingerprints in
resistivity, magnetization, and heat capacity. The evolution of Tcoo with doping level x is
summarized in a common phase diagram for all investigated R;_,A1+MnO4 compounds.
The tetragonal R1_,Sr1+,MnQOy systems are qualitatively different from the orthorhombic
R_Ca;+xMnO4 materials. In comparison to the latter, the Sr manganites show much lower
transition temperatures in general and a much larger x dependence of Tcoo due to the
larger ion-size mismatch of their respective R and A ions. To some extent, this is also seen
for Sm;_,Ca;+,MnOy4 and Tb;_,Ca;,,MnO4, which have the largest A-ion size disorder of
the Ca manganites. In contrast, Pr;_Ca;4+,MnO4 and Nd;_,Ca;+,MnOQOy, both having only
a tiny ion-size mismatch, show the largest Tcoo of all single-layered manganites. Only
these two compounds exhibit a larger Tcoo at commensurate doping levels x = 1/2, 2/3; an
effect that is not seen in manganites with higher ion-size disorder like R;_,Sr1,,MnQO4 or
Ri_:Ca;:xMnO4 with R = Sm, Tb.
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In this thesis, different single-crystalline, perovskite-type transition metal oxides are studied,
where the perovskite titanates Sri_,Ca, TiO3_s and EuTiO3_s are doped band insulators with
a quantum-paraelectric parent and the single-layered manganites R_,A1:xMnQO4 are doped
Mott insulators.

The competition of ferroelectric and metallic phase in Sr;_,Ca, TiO3_s has been hitherto
investigated primarily by resistivity measurements [30], where the signatures of the ferro-
electric(-like) transition were found to persist upon increasing charge-carrier density n and
vanish at a critical n. that depends on the calcium content x. In order to clarify the nature
of this transition, an investigation by a thermodynamic probe was required. In this thesis,
commercial Srj_,Ca,TiO3 single crystals with a calcium content of x = 0.009 and carrier
densities tuned from the insulating, ferroelectric parent material up to n =~ 60 x 10'° cm=3
are studied by measurements of the thermal expansion a/7T. Pronounced anomalies are
observed, signaling the ferroelectric transition of pristine Sri_,Ca,TiO3, and persist in re-
duced Sr;_,Ca,TiO3_s upon increasing charge-carrier density n, which is in line with the
resistivity findings. In contrast to the latter, the anomalies in @ /7" do not completely vanish
as a function of n but are present over the entire studied doping range. However, these
anomalies change in character at a certain threshold carrier density n* ~ 1.3 x 10! cm™3 as
is quantified by an analysis of the spontaneous strain. This might be an indication for a struc-
tural phase transition upon crossing n*. Indeed, the requirement for a non-centrosymmetric
space group of the ferroelectric parent Sri_Ca, TiOj3 is obsolete in the presence of mobile
charge carriers in Sr;_,Ca,TiO3_s. It is reasonable that this requirement is not immediately
destroyed at very low carrier densities but requires a certain threshold concentration. A
similar transition is known from the parent compound Sri_,Ca,TiO3 that changes from non-
centrosymmetric ferroelectric to centrosymmetric antiferroelectric as a function of calcium
content x. Temperature-dependent measurements like thermal-expansion can hardly detect
(almost) vertical phase boundaries in a T¢ versus n diagram. Therefore, detailed structural
analyses of Sr;_,Ca,TiO3_s crystals with charge-carrier concentrations on both sides of n*
are required to resolve this puzzle. A sign change of @ as a function of n, as is expected for
a quantum phase transition where 7 is the control parameter, could not be observed in this
material.

The large effective Bohr radius in doped SrTiO3 allows the material to become metallic
already at extremely dilute charge-carrier concentrations 7 and the observed T resistivity
challenges conventional theories for electron—electron scattering in view of the low n.
Because EuTiO3 is isostructural to SrTiOs3, it is the prime candidate to explore a similar
behavior in another material. In this thesis, single crystals of EuTiO3 are grown by the
floating-zone method. Similar to SrTiO3 and Sri_,Ca,TiO3, the physical properties of
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EuTiOs3 strongly depend on the actual oxygen content. The material hosts a magnetic
Eu?* ion and the coincidence of Eu3* to be nonmagnetic allows a determination of the
nominal oxygen content toward the oxygen-excessive regime by analyzing the magnetic
properties of EuTiO3. The as-grown crystal is found to be oxygen-excessive by comparing
its saturation magnetization to that of a pure Eu?* system, resulting in a nominal composition
EuTiO3 gz. Other key parameters as Néel temperature, Weiss temperature, and the Barrett-
type permittivity agree with literature data.

Metallic EuTiO3_s samples are obtained by annealing pieces of the as-grown crystal.
In order to have an indicator for the homogeneity of the oxygen-defect concentration,
two samples of different thicknesses are annealed simultaneously. Samples annealed at
temperatures below 750 °C exhibit very different resistivities indicating inhomogeneously
distributed charge-carrier concentrations. Homogeneous samples are obtained for annealing
temperatures 7 > 750 °C. The induced metal—insulator transition is qualitatively similar to
that of SrTiOs_s but appears at a charge-carrier concentration . larger by a factor of 10,
This is due to the smaller permittivity of EuTiO3 implying a smaller effective Bohr radius

of agy ~ 130 A compared to 6700 A in SrTiO3. The Mott criterion for the metal—insulator

/

+. with the average distance of two donor atoms né 3, Many doped

B

semiconductors obey the scaling law né/ 3a§ = K with a constant K = 0.25, resembling the
original Mott criterion. It is found that doped perovskite oxides EuTiO3, SrTiO3, and KTaO3
obey the same behavior but with a significantly enhanced K = 10. At low temperature,
the electronic mobility of metallic EuTiO3_s and SrTiOs_s increases systematically upon
decreasing charge-carrier density across both materials. An AT? resistivity is observed in
metallic EuTiO3_; that has not been reported previously. The prefactor A decreases with
increasing n and, simultaneously, the temperature range of the 72 behavior extends toward
higher temperatures, very similar to the results for SrTiO3_s. A simple three-band model is
derived, which describes the A(n) scaling of doped EuTiO3 and SrTiOs3 over a large range
of n.

boundary compares a

Doped Mott insulators show complex patterns of charges, orbitals, and spins. The well-
studied single-layered manganite Laj_,Sri+,MnQO4 exhibits stripe orders of charges and
3d,> orbitals, as well as ferromagnetic zig-zag chains with antiferromagnetic interchain
coupling. Commensurate doping levels x = 1/2, 2/3, 3/4 are in a sense fundamental, since
the stripe patterns of incommensurate configurations can be considered as combinations
of the commensurate ones. However, the material La;_,Sr14+,MnQOy is prone to chemical
phase separation above x =~ 0.6. Therefore, x = 1/2 is the only commensurate configuration
of single-layered manganites with this element combination. In this thesis, single-layered
manganites R_yA1+xMnO4 with different element combinations R/A were grown in single-
crystalline form to overcome the structural restrictions in La;_Sr;+xMnQOy4 and push x to
new levels. The synthesized crystals cover a doping range of 0.40 < x < 0.73, where the
maximum of x = 0.73 is achieved with Pr;_,Sr1+,MnQO4. The transition to the charge and
orbital order at Tcoo signals itself by characteristic features in resistivity, magnetization,
and heat capacity. A common phase diagram for all investigated manganites R|_yA1+,MnO4
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is established, where the evolution of Tcoo as a function of x resembles the disorder o2 (x)
caused by the ion-size mismatch of R and A. This mismatch is large in the tetragonal man-
ganites R1_,Sr1+,MnOy4. These compounds exhibit comparably low transition temperatures
and their respective Tcoo systematically increases as a function of x. In contrast, manganites
with small ion-size mismatch like Pr;_,Ca;,,MnO4 and Nd;_,Ca;;,MnQO4 show the highest
transition temperatures 7coo of all investigated manganites. In these two compounds, the
evolution of Tcoo with x is not monotonic as is observed for strontium manganites. Instead,
the highest transition temperatures appear at commensurate doping levels x = 1/2, 2/3.
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A Further growth processes

A.1 Pyrochlore systems

A.1.1 Introduction

The mineral pyrochlore, discovered in 1826 [379], is the ancestor of a large family of
compounds with general chemical formula

ArBr X7

and eponym of the pyrochlore structure. It has a cubic symmetry with space group
Fd3m (No. 227), which is the same as for the diamond structure. Because the pyrochlore
structure is rather complicated (e.g., compared to the perovskite structure), there are various
approaches of description and each variant emphasizes different aspects. Often, A site or B
site (or both) are occupied by magnetic ions. In order to emphasize the magnetic interaction,
a popular point of view is to neglect the oxygen ions completely and focus on the two
interpenetrating sublattices formed by A and B ions, respectively. Each of both species
forms a network of corner-sharing tetrahedra. By omitting the oxygen ions, the A and B
sublattices appear equivalent, which is misleading because the local environments of A
and B ions are different. The A ions are surrounded by 8 oxygen ions forming a distorted
cube, whereas the B ions are surrounded by 6 oxygen ions forming a distorted octahedron.
The pyrochlore structure is tolerant in terms of chemical substitutions [380, 381]. One can
distinguish pyrochlore oxides A>B;07 by the oxidation states of the A and B ions, which can
be (3+, 4+) or (24, 5+). Possible element combinations can be found as stability field maps
in Refs. [380, 382]. The synthesized molybdates R»Mo0,07 and the zirconate Pr,Zr,O7 both
belong to the (3+, 4+) class.

Pyrochlore systems represent a huge material family exhibiting a multitude of physical
phenomena. Pyrochlore oxides include ferromagnetic metals (Nd2Mo,O7, SmyMo,07,
GdyMo,07 [383-385]), spin glasses (Y2Mo0,07 [386, 387], TboMo0,0O7 [388]), spin-ice
systems (Dy,TipO7 [389], Ho,Ti,O7 [390]), quantum spin-ice materials (PryZr,O7 [391])
and superconductors (CdyRe>O7 [392]). Because A site and B site ions form networks of
corner-sharing tetrahedra, magnetic interactions in pyrochlore systems are often dominated
by magnetic frustration. Prime examples for such frustrated systems are the spin-ice materials
Dy,Ti;07 and Ho,Ti;O7, where large magnetic moments reside on the A site, while the
B-site sublattice is nonmagnetic.

The atomic positions of the pyrochlore structure have one free parameter which is the
x coordinate of the oxygen ion on the 48 f site [see Tab. A.1]. The physical properties
of pyrochlore materials are very sensitive to this parameter. Nominally, it takes values of
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Ion Multiplicity Wyckoff letter Site symmetry Coordinates

A 16 d 3m 1/2,1/2, 1/2
B 16 c 3m 0,0,0

0] 48 f 2.mm x, 1/8,1/8
o 8 b 43m 3/8, 3/8, 3/8
Vo 8 a 43m 1/8,1/8, 1/8

Table A.1: Atomic positions in pyrochlore oxides A»B,07. Standard setting of the cubic
pyrochlore structure with space group Fd3m (No. 227) where B is placed at the origin (origin
choice 2 in the International Tables for Crystallography Vol. A [84, pp. 700-703]). The
structure has one single free parameter x ~ 0.33 in the 48 f position [see also Fig. A.1]. The
unit cell contains 8 formula units. Additionally, the oxygen vacancy position of the fluorite
parent structure is given (Vo denotes an oxygen vacancy in Kroger—Vink notation [393]).

H()3'|<i307 PI‘QZI‘207
0.3125 i 0.33 l 0.34 0.35 0.36 0.3750
1 1 | X
1 poI
regular octahedron T Y>Mo0,04 regular cube
around B Dy,Mo,07 around A
Gd2M0207
SmyMo,07
Nd,Mo,07

Figure A.1: Pyrochlore structure: Free parameter. In pyrochlore oxides A;B>O7 the
structural parameter x of the Wyckoft position 48 f is limited to a range x € [0.3125,0.375].
For x = 0.3125 = 5/16, the local environment of B is a regular octahedron of 0%, while
simultaneously the cube around A is maximally distorted. For x = 0.375 = 3/8, the local
environment of A is a regular cube of O2-, while the octahedron around B is maximally
distorted. The x values of real materials are marked with arrows [see Tab. A.2 for references].

0.3125 < x < 0.3750 and determines the degree of distortion of the cube around A and
the octahedron around B, respectively. In the extreme case of x = 0.3125, the octahedron
around B is regular, while the cube around A is maximally distorted. For x = 0.3750,
the cube around A is regular and the octahedron around B is maximally distorted. In real
materials, the free parameter appears in a more narrow range x < 0.34, where a regular

octahedron around B is closer than a regular cube around A [see Fig. A.1].

A.1.2 R;Mo,07 (R = Nd, Sm, Gd, Dy)
Introduction

In molybdate pyrochlores R;Mo0,07, magnetic ions occupy both A site and B site. The
physical properties are governed by the Mo—O—-Mo bond angle and the Mo—Mo distance
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A.1 Pyrochlore systems

Compound a (A) X Ref.
Y,;Mo,O7  10.230(1) 0.3382(1) [387]
Table A.2: Pyrochlore struc- Dy,Mo,0O; 10.2728(1) 0.3331(6) [394]
ture.: Literature parameters. Gd:Mo,0O7  10.3356(1) 0.3315(8) [394]
Lattice parameter a and x po- SmyMo,0;  10.4196(1) 0.3300(5) [394]
sition of the 48 f oxygen atom. Nd:MoyO;  10.4836(2)  0.3297(7)  [394]
PryZr,07 10.703798(3) 0.33391(15) [395]
Ho,TioO7  10.09951(9) 0.32164 [396]
Name Formula Appearance Purity
Molybdenum(IV) oxide MoO, black 99 %
Titanium(IV) oxide TiO, white 99.99 %
Zirconium(IV) oxide V4(0)) white 99.978 %
Praseodymium(IIL,IV) oxide PrgOy black 99.99 %
Neodymium(III) oxide Nd,O3  light blue 99.99 %
Samarium(III) oxide SmyO3  light yellow  99.99 %
Gadolinium(III) oxide Gd,0O3 white 99.99 %
Dysprosium(III) oxide Dy,03 white 99.99 %

Table A.3: Reactants for R;Mo0,07 and Pr;(Zr;_, Ti, ),07. Polycrystalline powders used
as reactants for the synthesis of RoMo0,07 (R = Nd, Sm, Gd, Dy) and Pry(Zr;_Tix)2O7. All
powders are from ALFA AESAR.

that both depend on the free parameter x of the pyrochlore crystal structure while x itself
depends on the R ion radius r(R) [397]. Upon decreasing r(R), the material properties
change from a ferromagnetic metallic state (R = Nd, Sm, Gd) to an insulating spin glass (R
=Tb, Dy, Ho, Er, Tm, Yb) [381, 398]. The lanthanoid contraction can be utilized to tune
the R ion size. Within the scope of this thesis, the crystal growth of three compounds from
the ferromagnetic metallic regime (R = Nd, Sm, Gd) and one from the insulating regime
(R = Dy) was attempted.

Preparation

Polycrystalline powders of MoO; and the rare-earth oxides Nd>O3, Smy0O3, Gd,03, and
Dy>03 were used as starting materials [see Tab. A.3 for details]. The general chemical
equation for a rare-earth molybdate R,Mo0,0O7 using the reactants R,O3 and MoO; is

R203 + 2M002 - R2M0207. (A.l)

All elements have to keep their oxidation states during this reaction. Preparation recipes by
J. Frielingsdorf [399] and the detailed growth study on SmyMo,07 by S. Singh et al. [57]
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— VT

Figure A.2: Boat with titanium powder. Photograph of a boat with (partially) oxidized
titanium powder after heating in a tube furnace with argon gas flow. The arrow indicates the
temperature gradient in the furnace.

ID ¢ (h) T;(°C) t(h) T, (°C) t3(h) T3 (°C) Atmosphere

R6 25 1450 25 1450 - - Ar
R7 12 1350 25 1450 5 1450 Ar
R8 8 1280 - - 5 1280 Ar
R9 12 1350 12 1450 5 1450 Ar
R10 12 1400 - - 5 1400 Ar
R11 12 1200 12 1300 5 1350 Ar
R12 12 1200 12 1300 5 1400 Ar

Table A.4: Powder-reaction parameters for molybdates R,Mo,07. Powder-reaction pro-
cedures with plateau temperatures 7; and dwell times ¢;, where i = 1, 2 denote first and second
powder reaction and i = 3 denotes the sintering of the pressed rod. Typical ramping times of
4h to 5 h were used for heating and cooling. All powder reactions of R;Mo0,0O7 took place in a
tube furnace with argon gas flow and titanium metal powder as oxygen catcher.

were used as starting point. Both studies emphasize the need for a molybdenum excess to
compensate evaporation and the importance of an inert atmosphere to stabilize the Mo**
oxidation state and avoid the emergence of Mo%*. Therefore, powder reactions and crystal
growth were executed under argon atmosphere. In addition, the powder was pressed to
a pellet before heating to minimize the surface area. Furthermore, a boat with titanium
metal powder was placed nearby the sample to act as oxygen catcher during the powder
reaction. Despite these precautions, it was difficult to avoid an oxidation of the powder.
The most striking indicator for the presence of oxygen during the heating process is the
titanium powder exhibiting various colors after heating. Figure A.2 shows a photograph
of this powder and the temperature gradient of the tube furnace. While the titanium at the
cold end is still pristine metallic, the different colors towards the hot end indicate increasing
oxidation states up to TiO,, which is white. Therefore, preliminary powder reactions were
skipped in later synthesis attempts (samples JES9 and JE63-JE70).

The single-crystal growth of pyrochlore molybdates turned out to be extremely difficult
not only due to the risk of oxygen capture but also because of the strong evaporation of
molybdenum. To address this problem, an excess of MoO; was weighed in. For the first
synthesis attempts, molybdenum-excess values of 1 % (JE31) and 2 % (JE30) were tested,
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Sample PR Floating-zone furnace parameters SC

ID R M/L Gas Sintering Growth
U v U v r p
mm/h mm/h rpm bar

JE30 Nd R6 - - - - - - - - -
JE31 Gd R7 CMILS Ar - - 65V 10 42 75 V/
JE32 Sm R8 CMI/LS5 Ar - - (52-80)V 10 27 6 V
JE33 Gd RY9 CMILS - - - - - - - -
JE34 Gd R9 CMILS Ar - - (60-90) V 8 36 75 V
JE36 Nd - CMILS - - - - - - - -
JE38 Nd R10 CMI/L5 Ar - - 45V 815 36 7.5 -
JES9 Nd - CMI/LS Ar 42V 20 47V 10 34 3 -
JE63 Nd - CSI/L2 FG 50% 27 80 % 8-20 34 05 -
JE64 Nd - CSI/L2 FG - - (80-95)% 20 34 0.6 -
JE65 Nd - CSI/L2 Ar 45% 20 49% 10 34 15 -
JE66 Gd - CSI/L2 Ar (50-98)% 20 - - - 2 -
(cont. of JE66) CMI/L5 Ar - - 65V - - 3 -
JE67 Gd - CMI/LS Ar 55V 20 - - - - -
JE68 Gd - CMILS Ar - - (50-90)V 10 38 3.8 -
JE69 Gd - CMILS Ar 35V 20 59V 10 34 15 -
JE’T0O Sm - CMI/LS Ar 46V 10 55V 10 36 3 -
JE78 Dy RI11 CMIL5 Ar - - (75-93) V. 10 38 3 -
JE83 Dy RI12 CMI/L5S Ar - - (80-93)V 10 38 3 -

Table A.5: Synthesis of R;Mo,07: Parameters. All attempts to synthesize R;Mo,07 with
identifier, rare-earth element R, powder-reaction procedure PR [see Tab. A.4], floating-zone
furnace model M and halogen lamps L [see Tab. 1.2], gas (FG = forming gas with 90 % N; +
10 % H,), lamp voltage U (for CSI in %, for CMI in V) and pulling speed v in mmh~! used for
sintering and growth, relative rotation of the rods r in rpm, gas pressure p in bar, and success
of single-crystal growth SC [see Tab. 1.8].
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Figure A.3: Growth result for
R>Mo0,07. Crystals of Gd;Mo,O7
appear to be large (top) but the emer-
gence of bubbles during the growth
leads to large holes (center). Growths
of SmyMo,07 suffered from sudden
changes of the melting point after few
millimeters (bottom). Growth direction
from left to right.

respectively, whereas from sample JE32 onwards, a larger excess of 5% was used; for
JE78 even 10 %. In addition, elevated pulling speeds of 8 to 10 mmh~! were used to limit
evaporation. Also higher speeds were tested, e.g., for JE38, JE63, and JE64, but without any
improvement of the growth. Out of 18 growth attempts, only three were (partly) successful
including one growth of SmyMo0,07 (JE32) and two growths of Gd,Mo,0O7 (JE31, JE33).
Further efforts to improve the crystal quality failed. Attempts to grow Nd,Mo,O7 and
Dy;Mo,07 failed throughout.

Only very small single crystals of GdMo,07 and Smy;Mo,07 were obtained. Figure A.3
shows two results of partly successful growth attempts of Gd,Mo0,07 and SmyMo,0O7. While
GdaMo,07 appears like a huge single crystal, large holes were found inside after cutting
arising from the emergence of bubbles during the growth process. Growths of SmyMo0,07
stopped frequently after a few millimeters due to a sudden change of the melting point.

A1.3 PI’22I’207

PryZr,07 is a candidate material for quantum spin-ice behavior, where the dominant Ising
interaction is between S, spin components with additional interactions between Sy and S,
components [391]. Due to the very high melting point of ProZr,O7, floating-zone growths
of this material in literature apply xenon lamps [395, 400]. Within this thesis, a growth
of PryZr,O7 with halogen lamps was attempted because xenon lamps were not available.
Using the reactants PrgO;; and ZrO» [see Tab. A.3 for details], the chemical equation is

PI‘6011 + 6ZI‘02 — 3 PrZZr207 + OzT . (A.2)

Two preliminary powder reactions at 1300 °C and 1350 °C were performed, each for 12 h
under air. The pressed rod was sintered for 5 h at 1400 °C. Details of the crystal growth are
given in Tab. A.6. The maximum lamp voltage of the floating-zone furnace was needed to
melt the powder. Two green, translucent crystals were obtained (samples JE99, JE100) both
showing multiple cracks over the entire growth length [see Fig. A.4]. A partial substitution
of zirconium by titanium Pry(Zr;_,Ti,)207 was tested via

1 1
§ PI‘6011 + (2 - 2x) ZI‘OZ + 2x Ti02 - Prz(Zrl_xTix)207 + § OZT (A.3)

for x = 0.5 without success.
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Figure A.4: Growth result for
Pr;Zr,;07. Crystals of PryZryO7
developed multiple cracks during the
floating-zone process.

PI'221‘207

PryZ1,07 ! i I TEL00

Sample Floating-zone furnace parameters SC
ID X M/L Gas Sintering Growth

u v U v r p

V. mm/h V mm/h  rpm bar

(JE8S, JE86, JEB9, JE92, JE94, JEO6 had an incorrect chemical equation.)
JE99 O CMI/L5S Ar 68 6 101 10 38 1.8 V
JE1I00 O CMI/L5 Ar 85 10 101.9 10 38 1.7 V/
JE101 O CMI/L5S Ar 70 10 102.3 - - 1.2 -
JE103 0.5 CMI/L5 Ar 60 10 67 10 34 1.5 -
JE104 0.5 CMI/L5 Ar 61 10 - - - -
JEI0O5 0.5 CMI/L5 Ar 60 15 90 10 38 1.5 -
JE1I06 0.5 CMI/L5 Ar 65 15 90 10 36 1.8 -

Table A.6: Synthesis of Pr;Zr;_,Ti,O7: Parameters. All attempts to synthesize
Pry(Zr1-4Tix)207 with identifier, titanium substitution x, floating-zone furnace model M and
halogen lamps L [see Tab. 1.2], gas, lamp voltage U in V and pulling speed v in mmh~! used
for sintering and growth, relative rotation of the rods r in rpm, gas pressure p in bar, and
success of single-crystal growth SC [see Tab. 1.8].

A.2 Sry_Eu,TiO;

Single crystals of SrTiO3 are commercially available even with calcium substitution
Sr;_,Ca, TiO3, whereas Sri_Eu, TiO3 has to be home made. As proof of concept, one crystal
of pure SrTiO3 was grown beforehand since the desired mixed crystals of Sr;_Eu,TiO3
(x £ 5%) are basically SrTiO3; with dilute europium. One should note that commer-
cial SrTiOj3 crystals are synthesized by the Verneuil technique (also called flame-fusion
growth) [401-403], whereas the home-made crystals are obtained by the floating-zone
method. The feasibility of a SrTiOs growth via the floating-zone technique has been
demonstrated earlier [46, 53, 54, 404].

The chemical equation for SrTiO3 is straightforward when using strontium carbonate and
the fully oxidized titanium(IV) oxide as reactants:

SrCO3 + TiO2 — SrTiO3 + CO,T. (A4)

However, for the mixed systems Sri_Eu,TiO3, again two different titanium oxides are
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Name Formula Appearance Purity Table A.7: Reactants
Strontium carbonate SrCOs  white 99.8 % for Sri_yEu,TiO3 and
Europium(IIl) oxide Eu;O3  white 99.99 % YTiO3. Polycrystalline
Yttrium(IIT) oxide ~ Y.03  white 99.99 % powders used as re-
Titanium Ti metallic 99.99 % actants for the synthe-
Titanium(II) oxide ~ TiO brown 99.5 % sis of Sri—xEu,TiOs and
Titanium(IIl) oxide  TixO3  dark violet ~ 99.8 % gfz::iliz;’:f“ are
Titanium(IV) oxide TiO; white 99.99 % ’
Sample Floating-zone furnace parameters SC
ID X M/L Gas Sintering Growth

u v u v r p
V mm/h V mm/h rpm bar

JE112 O CMI'L5S Ar - - 80 10 34 1.7 W
JEI13 O CMI/L5S Ar - - - - - - -

JE114 0.05 CMI/L5 Ar 70 10 78 10 34 16 V
JE115 0.04 CMI/L5S Ar 65 10 775 34 1.7
JEI16 0.03 CMI/L5 Ar 60 10 78 5 34 1 N4
JE117 0.02 CMI/L5 Ar 60 10 78 6 34 21 W

Table A.8: Synthesis of Sr;_,Eu,TiO3;: Parameters. All attempts to synthesize
Sr1_Eu,TiO3 with sample identifier, nominal Eu content x, furnace model M and halogen
lamps L [see Tab. 1.2], gas, lamp voltage U in V and pulling speed v in mmh~! used for
sintering and growth, relative rotation of the rods r in rpm, gas pressure p in bar, and success
of single-crystal growth SC [see Tab. 1.8].

needed when using Eu,O3, for the same reason as described in Sec. 1.4.1. Because TiO and
TiO, were found to be the best working combination of reactants to produce EuTiO3 [see
Sec. 1.4.2], the same titanium oxides were used for the mixed system Sr;_,Eu,TiO3_s [for
details of the chemical reactants see Tab. A.7]. With these reactants the chemical equation
is

(1 - x) SrCO5 + %Eu203 +mTiO + nTiO; — Srj_Eu,TiO, + (1 —x) COsT, (A.5)

with

7 1-x 5 1-x
m—(i—y— 5 ), n—(y—§+ 3 ) (A.6)

Apart from SrTiO3, single crystals of Sr;_Eu, TiO3 were grown with europium contents
x =0.02, 0.03, 0.04, and 0.05. Details of the growth parameters are given in Tab. A.8.
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Figure A.5: Growth result for e

Sri_.Eu, TiOj3. Crystals of
Sri_yEu,TiO3 with europium con-
tents x = 0, 0.04, 0.03, 0.02. Growth
direction from left to right.

Sro.98Eu0.02Ti03 JE117

A.3 YTiO;

The perovskite titanate YTiOj3 is a typical Mott insulator [92, 93, 405] belonging to the
(3+, 3+) perovskites. In contrast to SrTiO3 and EuTiOs, the room-temperature structure
of YTiO3 is not cubic but orthorhombic with space group Pbnm (No. 62)' [406]. While
Y3+ has the noble-gas configuration [Kr], Ti** has the configuration [Ar]3d' leading to a
magnetic moment of 1.2ug (S = 1/2, L = 2, J = 3/2, g; = 4/5). The magnetic moments
order ferromagnetically at a transition temperature of 7¢c ~ 30 K [407-409] or 35K [410]
depending on the exact oxygen content.

The chemical aspects of the synthesis of YTiO3 are similar to that of EuTiO3 concerning
the choice of reactants [see Sec. 1.4.1]. While yttrium(III) oxide (Y,0O3) is the only stable
oxide of yttrium?, titanium oxides exist in four different oxidation states ranging from
elemental Ti over titanium(II) oxide (TiO), titanium(III) oxide (Ti,O3), to titanium(IV)
oxide (TiO2). Because titanium is trivalent in the desired product, one has to prevent the
emergence of Ti** that will result in the pyrochlore phase Y,Ti»O7. Using TiO, as single
titanium reactant produces surplus oxygen via

1 1
5 Y203 + TiOz - YTiO3 + Z OzT. (A.7)

If not counteracted by a reducing atmosphere, the reaction
Y203 + 2Ti02 - YzTi207 (A.8)

will take place instead, as happened for sample JESO. It appears natural to use Ti>O3 since
it contains already the desired trivalent titanium. The chemical reaction is then

1 L. .
E Y203 + 5 T1203 - YTIO3 . (A.9)
This reaction path is used by Kovaleva ez al. [409], Akimitsu et al. [407],and Roth [411]. Due
to the risk of oxygen capture that would stabilize the pyrochlore phase, Kovaleva et al. and

'Pbnm is the cab setting of Pnma.
2See also footnote 3 on page 59.
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Reactants Pwd/SC Atmosphere Temperature Dwell Ref.

Y03, TipO3 powder vacuum 950°C, 1050°C 12h [409]
Y,03, TiyO3 SC 50 %Ar/50 %H, - (5-10) mmh~' [409]
Y-03, TiO3  SC Ar - 6mmh™! [411]
Y,03, TiyO3 SC 40 %Ar/60 %H; - - [407]
Y203, Ti, TiO, powder vacuum 1500 °C 30 min [412]
Y,03, Ti, TiO, SC 60 %Ar/40 %H, - 5mmh™! [412]

Table A.9: Preparation of YTiO; in literature. Single crystals (SC) were grown by the
floating-zone method, where the temperature is unknown and pulling speeds are given instead
of dwell times.

Figure A.6: Growth result
for YTiO3. Single crystal of
YTiOs (JE57). Growth direc-
tion from left to right.

Akimitsu et al. performed the crystal growth in a reducing atmosphere of 50 % Ar/50 % H;
and 40 % Ar/60 % Haj, respectively, whereas Roth succeeded with pure argon atmosphere.
Within the scope of this thesis, path (A.9) is used for samples JE41 and JE46, path (A.7) is
tested for samples JE49 and JES50 [see overview in Tab. A.10].

Another way to prevent the emergence of the pyrochlore phase is, to take oxygen capture
into account and start with an oxygen-deficient composition YTiO3_s. This is only possible
by combining two different titanium oxides. The implications for the accessible oxygen
content y = 3 — ¢ have been discussed already in the context of the EuTiO3 growth [see
Sec. 1.4.1]. Table 1.4 on page 19 shows an overview of all combinations of titanium oxides
and the respective ranges of oxygen content y. Apart from the stoichiometric approaches
(A.7) and (A.9), the following combinations have been performed within the scope of this
thesis: The reaction path using Ti and TiO; implies the chemical equation

1 T v\ y 3\ .. .
5 Y203 + (Z - 5) Ti + (E - Z) T102 - YTlOy, (AIO)
which is used for sample JES1. It is also used by Taguchi et al. [412]. Using Ti and Ti;O3

leads to . 5 .
5 Y205+ (2 - ?y) Ti + (% - 5) Ti0; — YTIO, (A.11)

which is tested for samples JES2 and JES3. With TiO and TiO,, one obtains the chemical

equation

1
5 Y205 + (% - y) TiO + (y - %) TiO, —= YTiO,, (A.12)
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Sample R Floating-zone furnace parameters SC
ID y M/L Gas Growth
Uu v r P

V  mm/h rpm bar

JE41 3 (A9) CMIL5S Ar 55 6 383 15 V
JE46 3 (A9) CMIL5S Ar 55 6 38 25 -
JE49 3 (A7) - - -

JESO 3 (A7) CMILS Ar 65 10 38 25 (V)
JES1 295 (A.10) CMI/LS Ar 57 10 38 3 -
JES2 295 (A.11) CMI/LS Ar 58 10 34 28 -
JES3 297 (A.11) CMI/L5 Ar 58 12 34 32 -
JE54 295 (A.12) - - - -
JES6 295 (A.12) CMI/LS Ar 59 12 34 32 -
JES7 295 (A.13) CMI/L5S Ar 60 15 34 25 «

Table A.10: Synthesis of YTiO3: Parameters. All attempts to synthesize YTiOz with
identifier, nominal oxygen content y, chemical reaction R, floating-zone furnace model M and
halogen lamps L [see Tab. 1.2], gas, lamp voltage U in V and pulling speed v in mmh™!,
relative rotation of the rods r in rpm, gas pressure p in bar, and success of single-crystal growth
SC [see Tab. 1.8]. JE50 resulted in the pyrochlore phase Y2Ti2O7. Powders of JE49 and JES4
were discarded because they became wet during pressing.

which is used for samples JE54 and JE56. By using TiO and Ti;O3, the chemical reaction
is running via

1 5

3 Y203 + (6 —2y) TiO + (y - 5) Ti,O3 — YTiO,, (A.13)
which resulted in the most successful growth attempt, sample JES7. The resulting crystal is
shown in Fig. A.6. Details of the growth parameters of all attempts to grow YTiO3 are given
in Tab. A.10. Similar to the procedures in Refs. [407,411], no preliminary powder reactions
or sintering processes were applied. For details of the chemical reactants see Tab. A.7.

A4 COszOe

CoNb,Og is an effective spin-1/2 system that shows geometric frustration and quantum
critical dynamics [413—416]. In this compound, cobalt is divalent having an electron
configuration [Ar]3d’, while both Nb>* and O?~ have noble-gas configuration. The ma-
terial crystallizes in the columbite structure, which is orthorhombic having space group
Pbcn (No. 60) and lattice parameters a ~ 14.1 A b~57A ¢c~50A [416]. Both Co?*
and Nb>* ions are surrounded by distorted oxygen octahedra. Each of the two octahedra
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Figure A.7: Growth result
for CoNb2QOg. Single crystal
of CoNbyOg (JE98). Growth
direction from left to right.

species CoOg and NbOg forms chains of edge-sharing octahedra along the ¢ direction.
Octahedra of different species are corner-sharing. The local environment of the magnetic
Co?* ions produces a strong easy-axis anisotropy via the crystal field, which renders the
material an Ising model system [415].

The preparation recipe was chosen similar to that used by Prabhakaran et al. [417] and
J. Frielingsdorf [399]. Using the reactants Co304 and Nb,Os, the chemical equation is

2 Co0304 + 6 Nb,Os —> 6 CoNbyOg + OT. (A.14)

Stoichiometric amounts of Co304 and NbyOs [see Tab. A.13 for details about the reac-
tants]—15 mg in total—were mixed and pestled as described in Sec. 1.2.2. A corundum
crucible was used for the powder reactions. The powder was heated in a muffle furnace
and under air, at 1200 °C and 1250 °C, respectively, each for 12 h with ramping times of
4 h. Grinding and milling was applied between both heating procedures as described in
Sec. 1.2.2. While the powder appears gray after mixing, it shows the typical cobalt blue
[see seed rod in Fig. A.7] already after the first reaction. The pressed rod was placed in
a corundum boat and sintered at 1275 °C for 12h with a ramping time of 5Sh. No addi-
tional sintering in the floating-zone furnace was undertaken. A single crystal of several
centimeters was grown using the CMI furnace with 2000 W lamps at 41 V with a pulling
speed of 3mmh~! and a relative rotation of the rods of 30 rpm. The growth took place in
an atmosphere of 80 % O, and 20 % Ar at pressures between 1 bar and 2 bar. The single
crystal appears black [see Fig. A.7] and shows no pronounced cleavage. The first growth
attempt (sample JE98) was already successful and no further attempts were undertaken.

A.5 LiFe(WO;),

In 2006, MnWO4 was found to host a ferroelectric polarization coexisting with a spin
spiral phase [418, 419] rendering the material a type-1I multiferroic [420]. It was the first
multiferroic tungstate [421]. MnWOy is known as mineral hiibnerite [422] and is one end
member of the wolframite group (Fe,Mn)WO, [423]. Like all members of this group, it
is monoclinic with space group P2/c (No. 13). In that structure, both the Mn?* ions and
the W®* ions are surrounded by distorted oxygen octahedra. Each of the two octahedra
species—MnQOg and WOg—is edge-sharing and forms zig-zag chains along the ¢ direction.
Octahedra of different species are corner-sharing and alternate along a and b direction.

A substitution of Mn?* by a combination of a monovalent ion A* and a trivalent ion
B3+ leads to the so-called double-tungstate compound family AB(WOy), [423]. While
the distorted, edge-sharing WOg octahedra form zig-zag chains along the ¢ axis like in
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A.5 LiFe(WO4)2

ID n(M T (°C) nh) T(C) n(h) T3(°C) 1 (h) Ty (°C) Atmos.

R13 24 600 - - - - 24 750 Air
R14 12 600 12 700 12 750 12 760 Air

Table A.11: Powder-reaction parameters for LiFe(WQy),. Powder-reaction procedures
with plateau temperatures 7; and dwell times #;, where i = 1, 2, 3 denote first, second, and third
powder reaction, respectively, and i = 4 denotes the sintering of the pressed rod. A ramping
time of 3 h was used for heating and cooling. All powder reactions of LiFe(WOQO4), took place
under static air at ambient pressure in a muffie furnace. Corundum was used as crucible/boat
material.

Figure A.8: LiFe(WQy4), powder. The appear-
ance of LiFe(WOQO,), powder changes after each
powder reaction. While the merely mixed starting
materials appear dark violet, the powder turns red,
orange, and greenish yellow after first, second, and
third reaction, respectively (left to right).

MnWOy, the cation ordering of A* and B3* depends on the relative ion sizes [424, 425].
For NaFe(WOy),, distorted, edge-sharing NaOg and FeOg octahedra form zig-zag chains
along the ¢ axis, while chains of both species alternate in a direction and chains of identical
species form planes perpendicular to a. Neighboring chains of NaOg and FeOg octahedra
are separated by a chain of WOg octahedra. Octahedra of WOg are corner-sharing with NaOg
and FeOg octahedra, respectively [426]. The double-tungstate compound NaFe(WOQO4), has
the same crystal symmetry as the wolframite parent structure but it is not multiferroic in
contrast to MnWOQy, [426].

Crystal structure and physical properties change when replacing Na* by the smaller Li*.
While the chains of WOg octahedra remain identical to that in NaFe(WOQO,),, the other chains
of edge-sharing octahedra along the ¢ axis do not consist of a single species anymore. In
LiFe(WO4),, LiOg and FeOg octahedra alternate along the ¢ axis and along the b axis [427].
This changes the crystal symmetry to the monoclinic space group C2/c¢ (No. 15) and
resembles the crystal structure of the mineral wodginite (MnSnTa,0Og) [423]. LiFe(WO4);
has lattice parameters a = 9.3 A, b~11.4 A, ¢ ~ 4.9 A and a monoclinic angle S between
89° and 91° [424, 427-429]. Like MnWOQ4 but in contrast to NaFe(WQy4);, LiFe(WO4), is
found to be a type-II multiferroic [429]. It is the second multiferroic tungstate and the first
multiferroic double tungstate.

Within the scope of this thesis, a single-crystal growth of LiFe(WOy), via the floating-zone
technique was attempted. The initial recipe for the powder reaction follows essentially that
of Liu et al. [429]. However, in that reference, only “oxides and carbonates” are mentioned
as starting materials but not the exact compositions. The most natural choice for lithium and
iron are Li»CO3 and Fe,Os, where both elements have already the desired oxidation states.
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A Further growth processes

Sample ID PR Floating-zone furnace parameters SC
M/L  Gas Sintering Growth
u v U v r p
% mm/h % mm/h rpm bar
JE118 R13 CSI/L1 Air - - 46 5 40 0 -
JE119 R14 CSI/L1 Air 42 5 45 5 32 0 -
JE123 R14 CSI'L1 O, 40 10 50 5 36 4.7 -

Table A.12: Synthesis of LiFe(WQ4),: Parameters. All attempts to synthesize LiFe(WO4)»
with sample identifier, powder-reaction procedure PR [see Tab. A.11], floating-zone furnace
model M and halogen lamps L (CSI furnace with 300 W lamps) [see Tab. 1.2], gas, lamp
voltage U in % and pulling speed v in mm h~! used for sintering and growth, relative rotation of
the rods r in rpm, gas pressure p in bar, and success of single-crystal growth SC [see Tab. 1.8].
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Figure A.9: Powder-
pattern comparison
of LiFe(WO4)2. De-
tail view of x-ray pow-
der diffraction pat-
terns of LiFe(WQy),
(sample JE119) af-
ter first, second, and
third powder reac-
tion as specified in
Tab. A.11. Curves are
shifted with respect to
each other. The corre-
sponding powders are
shown in Fig. A.8.
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Figure A.10: XRD powder pattern of LiFe(WQy), and Le Bail fit. Powder x-ray diffraction
pattern of LiFe(WOQO4), (sample JE119 after third reaction) with Le Bail fit. The difference
curve is shifted by —0.1 x 10 for clarity. Locations of Bragg reflexes are indicated by bars.

Tungsten is available in form of various substoichiometric oxides, the so-called Magnéli
phases [430, 431]. Using the tungsten oxide WO g (also written as W»9Osg), the chemical
equation is

%Li2C03 + %Fe203 + 2WOs 9 + % Oy — LiFe(WO4)2 + %COZT , (AIS)
where the presence of oxygen is required to compensate the “oxygen deficiency” of the tung-
sten oxide [see Tab. A.13 for details about the reactants]. The powder reaction temperatures
and dwell times follow closely the recipe of Liu et al. [429] with only one powder reaction
at 600 °C for 24 h under air and, after pressing the rod, a subsequent sintering at 750 °C for
24 h again under air. Because no literature parameters were available, the growth parameters
for the floating-zone procedure had to be figured out from scratch. The first growth attempt
(sample JE118) failed totally. There was no chance to establish a stable melting zone,
regardless of the choice of parameters. The powder patterns after the first reaction and after
the sintering indicated further chemical reactions during the sintering. Therefore, additional
powder reaction procedures were undertaken for the following attempts. While the dwell
time was reduced from 24 h to 12h, a second and third reaction was added with target
temperatures of 700 °C and 750 °C, respectively [see Tab. A.11]. The sintering temperature
was slightly increased to 760 °C. Figure A.8 shows the successive color change of the
powder after each reaction indicating progressive changes in the chemical composition.
This is in line with the evolution of the acquired powder diffraction data that progressively
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A Further growth processes

Name Formula Appearance Purity
Cobalt(I1IIT) oxide Co304 black 99.9985 %
Niobium(V) oxide Nb,Os white 99.9985 %
Lithium carbonate Li,COs3 white 99.998 %
Iron(III) oxide Fe,O3 red 99.99 %
Tungsten oxide WO3 9 black 99.99 %
Rubidium chloride RbCl1 white 99 %
Cobalt(Il) chloride hexahydrate CoCl,-6 H,O violet 99.9 %

Table A.13: Reactants for CoNb,Og, LiFe(WQy),, and Rb;CoCly. Polycrystalline powders
used as reactants for the synthesis of CoNb>Og, LiFe(WO4),, and Rb,CoCly. All powders are
from ALFA AESAR.

changes upon further heating procedures of the powder [see Fig. A.9].

Figure A.10 shows the x-ray powder pattern for sample JE119 after the third powder reac-
tion measured with a BRuker D5000MmATIC diffractometer with Bragg—Brentano geometry
and Cu x-ray tube (for wavelengths see Ref. [432]). A Le Bail fit [433] was done using the
software JANA2006 [85]. The measured data is well described by the fit with the exception
of two small peaks around 28°. The resulting lattice parameters are a = 9.2799(3) A,
b = 11.4068(3) A, ¢ = 4.8975(3) A, B = 90.606(2)° and are close to that determined by
Liu et al. but do not agree within the specified uncertainty ranges [429].

Hence, the modified powder reaction procedure results in more thoroughly reacted
powders and was applied for samples JE119 and JE123. For both samples, an additional
sintering in the mirror furnace has been performed to minimize capillary action and
maximize the density of the rod as explained in Sec. 1.2.2. Although these powders are
thoroughly reacted, both growth procedures were unsuccessful. No further attempts were
undertaken. All attempts to grow LiFe(WOQOy); and the respective furnace parameters are
listed in Tab. A.12.

A.6 Rb2COC|4

Cs2CoCly is an example of a spin-1/2 XX Z chain system [219, 434]. It has the potassium
sulfate (K»SOy) structure implying the orthorhombic space group Pnam (No. 62)° [435].
In Cs,CoCly, Co?* ions are tetrahedrally surrounded by CI- ions and these CsCly tetrahedra
are separated by Cs* ions. Equally oriented tetrahedra form chains along the b axis. The
dominating exchange path between neighboring cobalt ions is parallel to these chains,
whereas the interchain coupling is partly frustrated. By replacing the Cs* ion by another
alkaline metal, e.g., the smaller Rb* ion, one may expect changes in the coupling constants.

Based on a growth recipe for CsxCoCly by R. Miiller [219, 434], single crystals of

3Pnam is the aéb setting of Pnma.
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A.6 RbyCoCly

Figure A.11:
Growth of
Rb,CoCly. Reac-
tants (left), aqueous
solution  (center),
and crystals (right)
of RbyCoCly.

RbyCoCly were grown from an aqueous solution of RbCl and CoCl;-6 H,O by slow
evaporation [see Tab. A.13 for details about the reactants]. The intended chemical reaction
is

2RbCI + CoCl,-6 HO — RbyCoCly + 6 H,O. (A.16)

A total amount of 20 g with a RbCl excess of 3 % was used. First crystals were visible after
three weeks [see Fig. A.11].
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B Sample list

Each synthesis attempt has an individual identifier. Following a widely-used practice (see
PhD theses [378, 436—440] and diploma theses [399, 411, 441-448]), the identifier is
composed of the initials of the sample preparator and a consecutive number (e.g., JE123).
The following table is a complete list of all synthesis attempts undertaken within the scope
of this thesis. The samples JE1 to JE26—already grown during the diploma thesis of the
author [376]—are listed as well since they are part of the results in Ch. 4. This list is sorted
by identifier (i.e., in chronological order) and includes information about the (intended)
substance. Details of the growth parameters are given in the respective tables or sections
specified in the rightmost column.

ID Type Structure  Stoich. Chem. Formula Abbrev. See

JE1 Manganite KzNiF4 214 Ndo.33Ca 1 .67MnO4 NCMO Tab. 4.5
JE2 Manganite K,NiF4 214 Pro 335r1.67MnQOy4 PSMO Tab. 4.6
JE3 Manganite K,NiF4 214 Ndp 33Ca; 7MnOg4 NCMO Tab. 4.5
JE4 Manganite KzNiF4 214 Nd0,33Ca1 ,67Mn04 NCMO Tab. 4.5
JES Manganite KzNiF4 214 Nd0,338r1,67MnO4 NSMO Tab. 4.6
JEO6 Manganite K,NiF4 214 Pro 33511 67MnOg4 PSMO Tab.4.6
JE7 Manganite K,NiF4 214 Pro 33Sr1.67MnQOy4 PSMO Tab. 4.6
JE8 Manganite K,NiF4 214 Pro 33Sr1.67MnQOy4 PSMO Tab. 4.6
JEO9 Manganite K,NiF4 214 Prg 25511 75MnQO4 PSMO Tab. 4.6
JE10  Manganite K,NiF4 214 Ndg 25Sr1.75MnQOy4 NSMO Tab. 4.6
JE11 Manganite KzNiF4 214 Nd()AQSI' 1 .60MHO4 NSMO Tab. 4.6
JE12  Manganite K;NiF4 214 Pro 30Sr1.70MnQOy PSMO Tab. 4.6
JE13  Manganite K;NiF4 214 Pro 25511 75MnQy4 PSMO Tab. 4.6
JE14  Manganite K;NiF4 214 Pro 27Sr1 73MnQOy4 PSMO Tab. 4.6
JE15 Manganite K;NiF4 214 Pro 25511 75MnQOy4 PSMO Tab. 4.6
JE16  Manganite K;NiF4 214 Pro 33511 67MnO4 PSMO Tab.4.6
JE17  Manganite K;NiF4 214 Pro 25Sr175MnQOy PSMO Tab. 4.6
JE18  Manganite K;NiF4 214 Pro 335r1.67MnQOy4 PSMO Tab. 4.6
JE19  Manganite K;NiF4 214 Prg 25511 75sMnQOy PSMO Tab.4.6
JE20 Manganite KzNiF4 214 PI‘(),QSSrl ,75MIIO4 PSMO Tab. 4.6
JE21 Manganite KzNiF4 214 Nd0,33Ca1 .67Mn04 NCMO Tab. 4.5
JE22  Manganite KjNiF4 214 Pro 25Sr1.75MnQOy4 PSMO Tab. 4.6
JE23 Manganite KzNiF4 214 Ndo.zssrl .75Ml’104 NSMO Tab.4.6
JE24  Manganite K;NiF4 214 Pro 50Sr1.50MnQOy4 PSMO Tab. 4.6

Continued on next page...
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ID Type Structure  Stoich. Chem. Formula Abbrev. See

JE25 Manganite K;NiF4 214 Lag s0Baj 50MnOg4 LBMO Tab.4.7
JE26 Manganite KzNiF4 214 Nd(). 50Ca1 ,50Mn04 NCMO Tab. 4.5
JE27  Manganite K;NiF4 214 Laj 50Bag 50MnOg4 LBMO Tab.4.7
JE28  Manganite K;NiF4 214 LaBaMnQO4 LBMO Tab.4.7
JE29  Manganite K,NiF4 214 Laj »sBag7sMnQOqy LBMO Tab.4.7
JE30  Molybdate Pyrochlore 227 Nd>Mo,07 NMO Tab. A.5
JE31  Molybdate Pyrochlore 227 Gd;Mo,04 GMO Tab. A.5
JE32  Molybdate Pyrochlore 227 SmyMo,0Or SMO Tab. A.5
JE33  Molybdate Pyrochlore 227 Gd;Mo,075 GMO Tab. A.5
JE34  Molybdate Pyrochlore 227 Gd,Mo,0Or GMO Tab. A.5
JE35 Manganite KzNiF4 214 Ndo,goCal .70MnO4 NCMO Tab.4.5
JE36  Molybdate Pyrochlore 227 Nd;Mo,07 NMO Tab. A.5
JE37  Manganite K;NiF4 214 Ndp 25Caj 75sMnQOg4 NCMO Tab. 4.5
JE38  Molybdate Pyrochlore 227 Nd,Mo,07 NMO Tab. A.5
JE39 Manganite KzNiF4 214 Ndo,27Cal .73MnO4 NCMO Tab.4.5
JE40 Manganite KzNiF4 214 Ndo,sosrl .50Mn04 NSMO Tab. 4.6
JE41  Titanate Perovskite 113 YTiO3 YTO Tab. A.10
JE42 Manganite KzNiF4 214 Nd0.4osr1 ,60Mn04 NSMO Tab. 4.6
JE43  Manganite K;NiF4 214 Ndo 30Sr 70MnQOy4 NSMO Tab. 4.6
JE44 Manganite KzNiF4 214 Ndo,zssn ,75Mn04 NSMO Tab. 4.6
JE45 Manganite KzNiF4 214 Ndo,3osr1 .70MnO4 NSMO Tab. 4.6
JE46  Titanate Perovskite 113 YTiO3 YTO Tab. A.10
JE47  Manganite K;NiF4 214 Ndg 25511 75MnQOy4 NSMO Tab. 4.6
JE48  Manganite K;NiF4 214 Pro 40Sr1.60MnQOy4 PSMO Tab. 4.6
JE49  Titanate Perovskite 113 YTiO3 YTO Tab. A.10
JE50 Titanate Perovskite 113 YTiO3 YTO Tab. A.10
JE51 Titanate Perovskite 113 YTiO5 95 YTO Tab. A.10
JE52  Titanate Perovskite 113 YTiO3 YTO Tab. A.10
JE53  Titanate Perovskite 113 YTiO3 YTO Tab. A.10
JES4  Titanate Perovskite 113 YTiO3 YTO Tab. A.10
JE55 Manganite K;NiF4 214 Pro 60Sr1.40MnQOy4 PSMO Tab. 4.6
JE56  Titanate Perovskite 113 YTiO3 YTO Tab. A.10
JE57  Titanate Perovskite 113 YTiO3 YTO Tab. A.10
JE58  Manganite K;NiFy 214 Ndg 40Caj 60MnOg4 NCMO Tab. 4.5
JE59  Molybdate Pyrochlore 227 Nd,Mo,07 NMO Tab. A.5
JE60 Manganite KzNiF4 214 PI‘().4551‘1 ,55Mn04 PSMO Tab. 4.6
JE61 Manganite KzNiF4 214 Ndo,37Sr1,63MnO4 NSMO Tab. 4.6
JE62 Manganite KzNiF4 214 Ndo.6oCa 1 ,40Mn04 NCMO Tab. 4.5
JE63  Molybdate Pyrochlore 227 Nd;Mo,07 NMO Tab. A.5
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ID Type Structure  Stoich. Chem. Formula Abbrev. See
JE64  Molybdate Pyrochlore 227 Nd>Mo,07 NMO Tab. A.5
JE65 Molybdate Pyrochlore 227 Nd;Mo,07 NMO Tab. A.5
JE66  Molybdate Pyrochlore 227 GdaMo,y,0O7 GMO Tab. A.5
JE67  Molybdate Pyrochlore 227 GdyMo,07 GMO Tab. A.5
JE68  Molybdate Pyrochlore 227 GdyMoy0O7 GMO Tab. A.5
JE69  Molybdate Pyrochlore 227 GdyMoy07 GMO Tab. A.5
JE70  Molybdate Pyrochlore 227 Smy;Mo,07 SMO Tab. A.5
JE71  Manganite K;NiF4 214 Smg 50Caj 50MnOg4 SCMO Tab.4.5
JE72  Manganite K;NiF4 214 Smg 33Ca; 67 MnOy4 SCMO Tab.4.5
JE73  Manganite K;NiF4 214 Smg »5Caj 75MnQOy4 SCMO Tab.4.5
JE74  Manganite KjNiF4 214 Smg 40Caj.60MnOy4 SCMO Tab.4.5
JET5 Manganite KzNiF4 214 Tb().5()C8.1. 50MnO4 TCMO Tab. 4.5
JE76  Manganite K;NiF4 214 Tbg 33Ca; 7MnOy4 TCMO Tab. 4.5
JE77  Manganite K;NiF4 214 Tbg 25Ca; 75MnOy4 TCMO Tab. 4.5
JE78  Molybdate Pyrochlore 227 Dy;Mo0,07 DMO Tab. A.5
JET79 Manganite KzNiF4 214 Tb0,40Ca 1 .60MHO4 TCMO Tab.4.5
JE8O  Manganite K;NiF4 214 Pro 30Sr1.70MnQOy4 PSMO Tab. 4.6
JE81  Manganite K;NiF4 214 Erg33Ca; 67MnOy4 ECMO Tab. 4.5
JE82  Manganite K;NiF4 214 Ergp 50Ca; 50MnQOy4 ECMO Tab. 4.5
JE83  Molybdate Pyrochlore 227 Dy;Mo,07 DMO Tab. A.5
JE84  Manganite K,NiF4 214 Erp 50Caj 50MnOy4 ECMO Tab.4.5
JE8S  Zirconate  Pyrochlore 227 PryZr,05 PZO Tab. A.6
JE86  Zirconate  Pyrochlore 227 PryZr,07 PZ0O Tab. A.6
JE87  Titanate Perovskite 113 EuTiO3 ETO Tab. 1.7
JE88  Titanate Perovskite 113 EuTiO; ETO Tab. 1.7
JE89  Zirconate  Pyrochlore 227 PryZr,05 PZO Tab. A.6
JE90  Titanate Perovskite 113 EuTiO; 95 ETO Tab. 1.7
JE91 Titanate Perovskite 113 EuTiO3 ETO Tab. 1.7
JE92  Zirconate  Pyrochlore 227 PryZr,07 PZO Tab. A.6
JE93  Titanate Perovskite 113 EuTiO; ETO Tab. 1.7
JE94  Zirconate  Pyrochlore 227 PryZr,07 PZO Tab. A.6
JE95  Titanate Perovskite 113 EuTiO; ETO Tab. 1.7
JE96  Zirconate  Pyrochlore 227 PryZr,07 PZO Tab. A.6
JE97  Chloride K»>SOq4 214 RbyCoCly RCC Sec. A.6
JE98  Niobate Columbite 126 CoNDbyOg CNO Sec. A4
JE99  Zirconate  Pyrochlore 227 PryZr,07 PZO Tab. A.6
JE100 Zirconate Pyrochlore 227 PryZr,07 PZO Tab. A.6
JE101 Zirconate Pyrochlore 227 PryZr,07 PZO Tab. A.6
JE102 Titanate Perovskite 113 EuTiO; ETO Tab. 1.7

Continued on next page...
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ID Type Structure  Stoich. Chem. Formula Abbrev. See
JE103 Zirconate  Pyrochlore 227 Pr,TiZrOq PTZO Tab. A.6
JE104 Zirconate Pyrochlore 227 Pr;TiZrO4 PTZO Tab. A.6
JE105 Zirconate Pyrochlore 227 Pr,TiZrO4 PTZO Tab. A.6
JE106 Zirconate Pyrochlore 227 Pr,TiZrO4 PTZO Tab. A.6
JE107 Titanate Perovskite 113 EuTiO; 95 ETO Tab. 1.7
JE108 Titanate Perovskite 113 EuTiO3 ETO Tab. 1.7
JE109 Titanate Perovskite 113 EuTiO3 ETO Tab. 1.7
JE110 Titanate Perovskite 113 EuTiO3 99 ETO Tab. 1.7
JE111 Titanate Perovskite 113 EuTiO3 og ETO Tab. 1.7
JE112 Titanate Perovskite 113 SrTiO3 STO Tab. A.8
JE113 Titanate Perovskite 113 SrTiO; STO Tab. A.8
JE114 Titanate Perovskite 113 Srg.95Eug ¢5T103 SETO  Tab. A.8
JE115 Titanate Perovskite 113 Sro 96Eug 04T103 SETO Tab. A.8
JE116 Titanate Perovskite 113 Srg.97Eug 03T103 SETO  Tab. A.8
JE117 Titanate Perovskite 113 Srg 9gEug 02 T103 SETO Tab. A.8
JE118 Tungstate Wodginite 1128  LiFe(WO4), LFWO  Sec. A5
JE119 Tungstate Wodginite 1128  LiFe(WO4)2 LFWO Sec. A5
JE120 Titanate Perovskite 113 Eugog9lag g1 TiO297 ELTO  Tab. 1.11
JE121 Titanate Perovskite 113 Eug.g99lLag gp1TiO297 ELTO  Tab. 1.11
JE122 Titanate Perovskite 113 Eug.o99lLag 001 TiO29¢ ELTO  Tab. 1.11
JE123 Tungstate Wodginite 1128  LiFe(WO4); LFWO Sec. A.5
JE124 Titanate Perovskite 113 Eug g9lLag 01 Ti02 96 ELTO  Tab.1.11
JE125 Titanate Perovskite 113 Eug 9sLag 05sTi02 98 ELTO  Tab.1.11
JE126 Titanate Perovskite 113 EuTipg9Nbg 010298 ETNO  Tab. 1.11
JE127 Titanate Perovskite 113 EuTip9sNbg0sO299 ETNO  Tab. 1.11
JE128 Titanate Perovskite 113 EuTig97Nbg.030299 ETNO  Tab. 1.11
JE129 Titanate Perovskite 113 EuTip 9gNbg 02O3 ETNO Tab. 1.11
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C Symmetry conditions

Crystal Crystal ~ Space groups Centro- Piezo-  Pyro-
system class (No.) symmetric  electric electric
# 7 32 230 11 20 10
Triclinic 1 1 - v v
1 2 v - -
Monoclinic 2 3-5 - v v
m 6-9 - v v
2/m 10-15 v - -
Orthorhombic 222 16-24 - v -
mm?2 25-46 - v v
mmm 47-74 Vv - -
Tetragonal 4 75-80 - v v
4 81-82 - v -
4/m 83-88 v - -
422 89-98 - v -
dmm 99-110 - v Vv
42m 111-122 - Vv -
4/mmm  123-142 v - -
Trigonal 3 143-146 - v v
3 147-148 v - -
32 149-155 - v -
3m 156-161 - v v
3m 162-167 V4 - -
Hexagonal 6 168-173 - v v
6 174 - v -
6/m 175-176 v - -
622 177-182 - Vv -
6mm 183-186 - v v
62m 187-190 - v -
6/mmm 191-194 v - -
Cubic 23 195-199 - v -
m3 200-206 v - -
432 207-214 - - -
43m 215-220 - -
m3m 221-230 - -

Table C.1: Restrictions of physical properties by symmetry. All 32 crystal classes with
indicators (v') for the existence of an inversion center and the occurrence of piezo- and
pyroelectricity. Compiled from information given in [84, pp. 794, 805], inspired by [449,

Appendix A].
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Abstract

In this thesis, different single-crystalline perovskite-type transition metal oxides are stud-
ied. Two of these materials are doped perovskite titanates with an insulating parent com-
pound. Commercial Sr;_,Ca,TiO3 single crystals with a calcium content of x = 0.009
and charge-carrier densities tuned from the insulating, ferroelectric parent material to
n =~ 60x 10" cm™ are investigated by thermal-expansion measurements. Pronounced
a /T anomalies, signaling the ferroelectric transition of pristine Sr;_,Ca,TiO3, persist upon
increasing charge-carrier density n in reduced Sr;_,Ca, TiO3_s, confirming earlier findings
from resistivity measurements. Though, in contrast to the latter, the anomalies in «/T do
not completely vanish as a function of n but change in character at a certain threshold
carrier density n* ~ 1.3 x 10'” cm™3. This might indicate a structural phase transition when
crossing n*, analogously to the parent compound Sr;_,Ca,TiO3 that changes from non-
centrosymmetric ferroelectric to antiferroelectric as a function of x involving the recovery
of an inversion center. However, an almost vertical phase boundary in a 7¢(n) diagram is
not easily detectable by temperature-dependent measurements like thermal expansion. This
puzzle can only be resolved by structural analyses of Sri_,Ca,TiO3_s crystals with carrier
concentrations on both sides of n*. A sign change of « as a function of n, as is expected for
a quantum phase transition where 7 is the control parameter, could not be observed.

Single crystals of EuTiO3 are grown by the floating-zone method and characterized.
Similar to Sr;_,Ca,TiO3, the material’s properties strongly depend on the actual oxygen
content. The as-grown crystal is found to be oxygen-excessive by comparing its saturation
magnetization to that of a pure Eu?* system. Other key parameters as Néel temperature,
Weiss temperature, and the Barrett behavior of the permittivity agree with literature values.
To induce metallic conductivity, pieces of the as-grown EuTiOs crystal were reduced by
annealing. The metallic EuTiO3_s samples show the full saturation magnetization of 7 ug.
A metal-insulator transition is induced being similar to that in SrTiO3_s but appearing at
a charge-carrier concentration 7, larger by a factor of 10* due to the smaller permittivity
of EuTiO3 implying a smaller effective Bohr radius ay. Doped crystals of EuTiO3, SrTiOs3,
and KTaO3 obey a scaling behavior ni/ 3ag = K resembling the original Mott criterion for a
metal—insulator transition but at a much larger K ~ 10. At low temperature, the electronic
mobility of metallic EuTiOs_s and SrTiO3_s systematically increases upon decreasing n
across both materials. For the first time, an AT2 resistivity is observed in metallic EuTiO3_s,
which is similar to that reported for doped SrTiOs. The T prefactor A scales with the
charge-carrier density n and its absolute values match that of doped SrTiO3 with the same
n. A simple three-band model is used to describe the A(n) scaling of both materials over a
large range of n.

Several single-layered manganites R;_, A1+, MnQO,4 with various element combinations
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Abstract

R/A and doping levels x were grown in single-crystalline form to outperform the doping
range of the parent compound La;_,Sr1+,MnQOy4 and shift the limit for x to new heights, where
a maximum of x = 0.73 is achieved in Pr_,Sr;;,MnQ4. The transition to the charge and
orbital order at Tcoo signals itself by characteristic features in resistivity, magnetization, and
heat capacity. The tetragonal R_,Sr1.,MnQO; systems with a large ion-size mismatch exhibit
comparably low transition temperatures, but their respective Tcoo systematically increases
as a function of x. In contrast, systems with small ion-size disorder like Pr;_,Ca;+,MnO4
and Nd;_,Ca;4++MnO4 show the highest transition temperatures Tcoo of all investigated
manganites. In these two compounds, the evolution of 7coo with x is not monotonic as it
is observed for Sr manganites. Instead, the highest transition temperatures are reached at
commensurate doping levels x = 1/2, 2/3.
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Kurzzusammenfassung

In dieser Arbeit wurden verschiedene Ubergangsmetalloxide vom Perowskittyp in einkristal-
liner Form untersucht. Zwei dieser Materialien sind dotierte Perowskittitanate, die jeweils
von einer isolierenden Ausgangsverbindung abstammen. Handelsiibliche Sri_,Ca,TiO3-
Einkristalle mit einem Calciumgehalt von x = 0.009 und Ladungstrigerdichten bis zu
n ~ 60 x 10! cm™ wurden mittels Messungen der thermischen Ausdehnung untersucht.
Ausgeprigte Anomalien im thermischen Ausdehnungskoeffizienten « /T, welche den ferro-
elektrischen Ubergang im undotierten Sr;_,Ca,TiO3 kennzeichnen, bleiben in dotiertem
Sr1_,Ca, TiO3_s mit ansteigender Ladungstriagerdichte n erhalten, was friihere Ergebnisse
bestitigt, die aus Widerstandsmessungen gewonnen wurden. Die Anomalien in /T ver-
schwinden jedoch nicht als Funktion von n, was bei den Widerstandsanomalien der Fall
war, aber sie verindern sich qualitativ bei einem Schwellwert n* ~ 1.3 x 10'° cm™3. Dies
kann ein Indiz fiir einen strukturellen Phaseniibergang sein, der beim Uberschreiten von n*
auftritt. Ein analoges Verhalten zeigt das undotierte Sri_,Ca,TiO3, welches mit steigendem
X von einer nicht-zentrosymmetrischen, ferroelektrischen Phase in eine zentrosymmetrische,
antiferroelektrische Phase libergeht. Allerdings ldsst sich eine vertikale Phasengrenze im
Tc(n)-Phasendiagramm nur schwer mit temperaturabhéngigen Messungen wie der ther-
mischen Ausdehnung detektieren. Nur eine Analyse der Kristallstruktur von Sry_,Ca, TiO3_s-
Kristallen mit Ladungstragerdichten auf beiden Seiten von n* konnte dieses Ritsel 16sen.
Ein Vorzeichenwechsel von « als Funktion von n, wie er fiir einen Quantenphaseniibergang
mit n als Kontrollparameter zu erwarten ist, konnte nicht beobachtet werden.
EuTiOs3-Einkristalle wurden mittels des Zonenschmelzverfahrens geziichtet und charak-
terisiert. Ebenso wie bei Sri_,Ca,TiO3 hingen die Materialeigenschaften von EuTiO3
empfindlich vom tatsdchlichen Sauerstoffgehalt ab. Durch Vergleich der Sittigungsmag-
netisierung der geziichteten Proben mit der eines reinen Eu?*-Systems konnte nachgewiesen
werden, dass der geziichtete Kristall einen nominellen Sauerstoffiiberschuss aufweist. An-
dere Kennzahlen wie Néel- und Weiss-Temperatur, sowie das Barrett-Verhalten der Permit-
tivitat, stimmen mit Literaturwerten liberein. Um metallische Leitfdhigkeit in den Proben
hervorzurufen, wurden Stiicke des urspriinglichen Kristalls durch Tempern reduziert. Die
metallischen EuTiO3_s-Proben zeigen die volle Sittigungsmagnetisierung von 7 ug. Der
induzierte Metall-Isolator-Ubergang gleicht qualitativ dem in SrTiOs_g, tritt aber erst bei
einer deutlich hoheren kritischen Ladungstragerdichte n. auf. Verglichen mit SrTiO3_g ist
sie um einen Faktor 10* grofer, was sich mit der deutlich kleineren Permittivitét in EuTiO3
erkldren ldsst, die einen kleineren effektiven Bohrschen Radius ag impliziert. Dotierte
Kristalle aus EuTiO3, SrTiO3 und KTaOj3 zeigen ein Skalierungsverhalten ni/ 3ag = K,
welches qualitativ dem Mott-Kriterium fiir Metall-Isolator-Ubergiinge entspricht, jedoch
mit einem deutlich hoheren K ~ 10. Die elektronische Beweglichkeit in metallischem
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Kurzzusammenfassung

EuTiOs_s und SrTiO3_s steigt im Tieftemperaturbereich iiber beide Materialien hinweg
systematisch mit steigendem n. Ein AT2-Verhalten des elektrischen Widerstandes, welches
fiir SrTiO3_s bereits bekannt war, lief sich erstmals auch in EuTiO3_s beobachten. Der Vor-
faktor A skaliert mit der Ladungstriagerdichte und seine Absolutwerte entsprechen denen
von SrTiO3_; bei gleichem n. Das A(n)-Verhalten beider Materialien lésst sich iiber einen
groflen Bereich von n durch ein einfaches Drei-Béander-Modell beschreiben.

Einfach geschichtete Manganate R;_ A1+, MnO4 wurden in einkristalliner Form mit
verschiedenen Elementkombinationen R/A und Dotierungsgraden x geziichtet, um den
Dotierungsbereich des gut untersuchten, aber auf x < 0.6 beschrinkten La;_,Sr;4,MnOg4
zu erweitern. Durch die Elementkombination Pr;_,Sr;;,MnO4 konnte eine maximale
Dotierung von x = 0.73 erreicht werden. Der Ubergang zur Ladungs- und orbitalen Ordnung
bei Tcoo ist durch charakteristische Anomalien im Widerstand, in der Magnetisierung und
der Wirmekapazitit gekennzeichnet. In den tetragonalen Verbindungen R;_,Sri+,MnQOgy
ist der Unterschied der Ionenradien von R und Sr grof3. Diese Verbindungen zeigen rel-
ativ niedrige Ubergangstemperaturen fiir die Ladungs- und orbitale Ordnung, die aber
systematisch mit steigendem x ansteigen. Im Gegensatz dazu zeigen die Verbindungen
Pri_xCa;4+MnOy4 und Nd;_,Ca+MnOy4 nur geringe strukturelle Unordnung und haben da-
her auch die hochsten Ubergangstemperaturen aller Manganate. In diesen Verbindungen
steigt Tcoo nicht monoton mit x, wie es bei den Strontiummanganaten der Fall ist, sondern
Tcoo erreicht die hochsten Werte bei kommensurablen Dotierungen x = 1/2, 2/3.
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