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1 Introduction

1 Introduction
1.1 Quantum Magnetism and Effective Models

The investigation of magnetic materials has been attracting great interest for a long time
covering a broad range of topics from fundamental physics, such as symmetry breaking,
magnetic order and topology [1-3], to technical applications. Typical applications include
highly permeable magnets for sustainable applications such as electric motors [4-6], but

also spintronic applications for relays and switches [7].

A significant part of research in the field of magnetism covers the study of quantum
magnetism and quantum phase transitions. In this area, the discovery of novel ground
states and novel excitations is of central interest. Notable examples include the discovery
of magnetic monopoles in spin-ice materials [8, 9], skyrmions in chiral magnets [10] and

the search for Majorana-fermions in spin-liquids |11} |12].

This work is dedicated to the experimental investigation of quantum magnetism and
quantum criticality in strongly anisotropic magnetic compounds. A central question con-
cerns the extent to which quantum criticality results in the breakdown of the concept of
low-lying excitations and the emergence of a quantum critical continuum. In this con-
text, experimental investigations of complex magnetic compounds exhibiting quantum

magnetism serve as a testing ground for new theoretical concepts and methods.

A common approach to describing complex systems is the use of effective theories to
model experimental observations. In such a model, complex mechanisms are simplified
so that observations in experiments can be correctly described without full account of
the microscopic details. The textbook example of this concept is the effective mass of an
electron in a solid rather than explicitly considering the detailed interactions between the
electron and the periodic Coulomb potential of the crystal lattice [13]. Other applica-
tions of this concept include the Thomas-Fermi screening of the potential of an electron
representing the effective pairwise interaction in a system of many electrons [13] or the

mean field approach of the exchange interactions of an atom with its surroundings in a
solid [14].

A key aspect of effective models is the dimensionality of the system. Depending on
the chosen dimensions, the physical properties may change dramatically. For the free
electron gas, the dimensionality of a system is responsible for the variation of the density
of states [13]. For the effective model of magnetic systems, an additional aspect is the

anisotropy of the magnetic moments. The associated degree of freedom of the magnetic
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spins may be classified as three-dimensional Heisenberg-spins, two-dimensional XY-spins,

or one-dimensional Ising-spins [14].

1.2 Quantum Magnets in Transverse Magnetic Fields

In this thesis, two oxide compounds were investigated, which are considered to contain
magnetic spins with an Ising anisotropy. TbFeOs was reported to be the host of two
magnetic sublattices interacting with each other resulting in the formation of a magnetic
soliton lattice in a transverse magnetic field. CoNbyOg is a prototype material for the
investigation of the quantum critical point of a one-dimensional system in a transverse
magnetic field[15]. In CoNbyOg, the magnetic cobalt atoms are ferromagnetically coupled
on quasi one-dimensional zig-zag chains along the c-axis [16]. Every chain of cobalt atoms
is surrounded by chains of non-magnetic niobium atoms. The combination of the crystal
electric field of the oxygen atoms surrounding the cobalt atoms in an octahedron and

spin-orbit coupling induce the Ising anisotropy of the cobalt spins [17].

The central work on the Ising-chain compound CoNbyOg utilizes various effective models
to explain the excitation spectra observed in inelastic neutron scattering experiments
and THz-spectroscopy [1, 16, 18+20]. Initially, a simple one-dimensional Ising model
was used in combination with a mean field approach to account for the weak interchain
interactions [16]. Following models have become more elaborate including glide-symmetry
breaking and Kitaev-like physics and more complex terms in the Hamiltonian to account

for different signatures observed in spectroscopic measurements [1, [18-26].

The Ising model in a transverse magnetic field is an archetypal example of a quantum
phase transition [27]. Unlike a classical phase transition, a quantum phase transition is
driven by quantum fluctuations instead of thermal fluctuations and takes place at T' = 0 K
[28]. A special case of a quantum phase transition is the one-dimensional Ising chain in a
transverse magnetic field. The transverse magnetic field induces a quantum phase tran-
sition from an ordered magnetic phase to a quantum paramagnetic phase. CoNbyOg is
considered to be one of the best realizations of an one-dimensional ferromagnetic Ising
chain [16]. It was shown theoretically and experimentally that the weak interchain cou-
plings between different chains of cobalt atoms lead to bound states in the excitation
spectrum in the ordered magnetic phase and to the emergence of an E8 symmetry vali-
dated by the observed excitation spectrum in the vicinity of the quantum critical point

[16], 29].

Transverse field tuning of an Ising system can not only result in quantum criticality but

also in the emergence of novel magnetic effects, as seen in the perovskite ThFeOs [15]. This
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compound consists of two magnetic sublattices of iron spins and terbium spins interacting
with each other. The terbium sublattice exhibits a hard-axis Ising anisotropy while the
iron sublattice exhibits a less pronounced anisotropy. In the absence of a magnetic field,
the magnetic interactions within the sublattices and the interplay between them lead to
several phase transitions [30]. A magnetic field transverse to the terbium spins induces
the emergence of a so-called soliton lattice. This magnetic texture is characterized by
a periodic alignment of antiferromagnetic domains with a periodicity of approximately
340 A[15].

In some effective models, quasi-particle excitations play a key role [13]. For example,
in BCS-theory for conventional superconductivity, the attractive interaction is modeled
using a virtual exchange phonon that mediates the attractive force between two electrons.
The explanation of the fractional quantum hall effect requires the introduction of so-called
composite fermions. These are quasi-particles are essential for the theoretical description
and consist of an electron or hole and a magnetic flux quantum. In the effective model
proposed for the soliton lattice in ThFeOg, a virtual magnon within the iron-sublattice is
being accounted for to mediate a repulsive interaction between the solitonic domain-walls,
thereby stabilizing the magnetic texture [15]. In analogy to the Yukawa-force in parti-
cle physics, the magnons can be integrated out, resulting in a Coulomb-like interaction

between the domain-walls.

1.3 Methods for the Investigation of Transverse-Field Magnetism

Our investigations of ThFeO3 and CoNb,Og in a transverse magnetic field employ trans-
verse susceptibility measurements and heat capacity measurements as well as measure-
ments of the magnetocaloric effect and elastic neutron scattering. The measurement of
the transverse susceptibility has proven to be a powerful tool for the measurement of Ising
systems in a transverse magnetic field, such as the three-dimensional Ising ferromagnet
LiHoF, [31]. Transverse susceptibility enables to probe the magnetic response of a system
parallel to the easy axis of a magnetic compound while a static magnetic field is applied
transverse to the easy axis and the probing direction of the susceptibility. For investi-
gations of strongly anisotropic materials in transverse magnetic fields, this method can
provide a more effective extraction of information out of the measurements in comparison

to conventional longitudinal susceptibility measurements, as demonstrated in this thesis.

The measurement of the heat capacity provides valuable information on the thermody-
namic properties of a system. Low-temperature heat capacity measurements can extract

information on the nature of phase transitions and the entropy contained in a system.
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However, conventional heat capacity setups are typically too delicate to withstand a mag-
netic torque acting on an anisotropic sample in a transverse magnetic field. Therefore,
we have used custom-made setups developed within our group for the specific purpose
of measuring anisotropic magnetic samples down to milli-Kelvin temperatures |32} 33].
Additionally, the hard-axis heat capacity setup was also employed to measure the magne-
tocaloric effect, which provides supplementary information on phase transitions and the

change of entropy in a magnetic field.

1.4 Outline of this Thesis

Our results obtained from the measurements of thermodynamic properties of ThFeOs
and CoNbyOg have updated the hard-axis magnetic phase diagrams and serve as input
to validate or disprove effective models proposed in literature, which were mostly based

on neutron diffraction experiments and spectroscopic measurements.

The following work begins with a description of the experimental details including the
crystal synthesis, the cryogenic environment, the ac susceptibility and heat capacity mea-
surement setups, the software used for the measurement of the heat capacity, and the

sample alignment procedure for the measurements of CoNbyOg¢ in transverse magnetic

fields.

The second part of the thesis introduces the state of research on ThFeOs and presents
the experimental results of the measurement of the ac susceptibility, the heat capacity,
and neutron diffraction experiments. The central result of this section is the presentation

of a transverse-field phase diagram for magnetic fields up to 12 Tesla.

The third part of this thesis begins with the description of a quantum phase transition
and the current state of research on the Ising system CoNbyOg. This is followed by a
description of the single-crystal synthesis and the characterization of the sample in zero
magnetic field and for magnetic fields applied along the major crystallographic directions.
The experimental results of the transverse field magnetism in CoNby;Og4 are presented,
starting with the measurements of the ac susceptibility and the heat capacity under
perfect transverse orientation and under slightly misaligned transverse field orientation.
A detailed magnetic phase diagram for perfect transverse field orientation is inferred and
the effect of tilting the magnetic field away from this orientation are discussed. Finally,

the scaling of the critical fields and critical temperatures is evaluated.
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2 Experimental Methods

For the scientific studies reported in this thesis large high-quality single crystals were
grown of the multiferroic perovskite ThFeO3 and the quasi 1D-Ising chain material CoNbyOg.
After successful synthesis, the low-temperature magnetic properties of the materials were
investigated by measuring the magnetization, ac susceptibility, and the specific heat and
the magnetocaloric effect as well as by means of neutron diffraction experiments. In this
chapter, the single-crystal growth technique, namely the optical floating-zone technique,
the measurement techniques, which were used for the determination of the magnetic and
thermodynamic properties of the samples, and the sample alignment procedure for the

measurement of CoNb,Og in transverse magnetic fields are described.

2.1 Single Crystal Growth of Oxide Compounds

Single-crystal material was synthesized using a combination of solid-state reaction and
optical floating-zone techniques. The optical floating-zone technique used for the synthesis
of single-crystal material requires mechanically stable, polycrystalline feed rods with well-
controlled stoichiometry. The preparation of polycrystalline rods from powder material is
a common technique as a first step of the synthesis of single crystal material [34, 35]. The
oxide starting materials were mixed and heated for several hours to initiate the solid-state
reaction. The material is ground into a powder and pressed into a rod shape using rubber

tubes and a hydrostatic press.

The preparation chain for oxide starting rods of CoNbyOg is shown in Fig. Different
approaches for the preparation of CoNbyOg are described in Refs. [34H38]. As described
in Refs. [39] and shown in Fig. (a), the first step is the stoichiometric inweight of the
starting materials Co3Oy (black, 99.995 % purity) and NbyO5 (white, 99.9985 % purity)
for the prereaction. The two powders were mixed in a ball mill and heated in a box
furnace at 1100°C for 48 hours. The blue color of the material in Fig. (b) after heat
treatment is an indication of the successful reaction in large parts. The powdered material
was then ball-milled and inserted into a rubber tube, as shown in Fig. (c). Figure
(d) displays the compacted powder rod subsequent to the application of hydrostatic
pressure. After undergoing a final sintering process for 15 hours at 1400°C under oxygen
flow, the rod became more stable and acquired a dark gray color, as shown in Fig.
(e). In later approaches, the sintering process was reduced to 12 hours at 1100°C in air

atmosphere. In these approaches, the rods remained their blue color.

The polycrystalline rods were mounted inside of the quartz chamber of a Crystal Systems
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Corporation four-mirror optical floating zone furnace as shown in Fig. [2.2] (a) and (b).
The combination of the four ellipsoidal mirrors and four halogen lamps allows for the
melting of the polycrystalline rods in a localized area. This is illustrated in Fig.
(c). By slowly moving the molten zone upwards, the atoms may crystallize in the de-
sired stoichiometry and structure. The quartz chamber allows to have different gaseous
atmospheres around the molten zone. For the single-crystal growth of CoNbyOg, a 50:50
Argon-Oxygen mixture was used. The typical growth rate (moving rate of the molten

zone) was b mm/h.

Figure 2.1: Preparation chain for the synthesis of oxide compounds. (a) The starting materials
were weighed with the correct stoichiometry. (b) After mixing and heating, the
Co304 and NbyOj5 reacted to form CoNbsOg, as indicated by the change in color from
gray to blue. (c¢) The pre-reacted powder is filled into a rubber tube in preparation
for hydrostatic pressing. (d) After the application of hydrostatic pressure and the
removal of the rubber tube, the pressed powder forms a rod. (e) The polycrystalline
rod gains enhanced rigidity after the sintering process. Figure taken from Ref. .

For the investigation of CoNbyOg, four samples were prepared from the synthesized single
crystalline material. The longitudinal susceptibility and the magnetization was measured

using a sample with a size of 1.8x2.4x2.6 mm? along the a-axis, c-axis, and b-axis weighing

10
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62.6 mg. The heat capacity measurement in a PPMS system in zero magnetic field was
carried out using a sample without defined orientation weighing 17.6 mg. For the extensive
studies of the transverse susceptibility and the heat capacity in transverse magnetic field
and down to mK-temperatures, a spherical sample with a diameter of 2.7 mm and a mass
of 67.8 mg was prepared. The spherical shape of the sample is essential for two reasons:
(i) the spherical shape prevents distortions of the local magnetic field present in edges
and corners of other sample geometries and (ii) the demagnetization factor of a spherical
sample is constant for any direction of an external magnetic field. This is in particular

important for investigations of the effects of a misaligned magnetic field.

The synthesis of ThFeOy is described in Refs. [15] 39-41]. The synthesis of single crystal
TbFeO; started with stoichiometric amounts of ThsO7 (99.998 % purity) and Fe;Os
(99.998 % purity). The two materials can be seen in Fig. [2.1] (a) with the brown and
the red color, respectively. After mixing the two compounds, the mixture was heated
at 1100°C for ten hours. The resulting prereacted powder was then ball milled, filled
into rubber tubes and pressed to a polycrystalline rod using hydrostatic pressure. The
rods were then sintered for 12 hours at 1100°C and mounted in the optical floating-zone
furnace as shown in Fig. [2.2| (b). For the single-crystal growth of ThFeOs, a pure oxygen

atmosphere at ambient pressure and a growth rate of 5 mm/h was used.

(@) (b) TbFeO;, sintered rods (c)

| s'

n 4 !’ : feedrod — ||

halogen lamp
g and
£ o =1 _ ellipsoidal mirror

molten zone

3 I - seed rod

|7 = 3 ‘ s _—— ~
K 0 \ 57 E quartz chamber (

— i

Figure 2.2: Crystal Systems Corporation optical floating zone furnace. (a) Outside view of the
optical floating zone furnace. (b) Mirror stage of the optical floating zone furnace
with TbFeOs starting rods inside of the quartz chamber. (c) Schematic of the optical
floating-zone technique. Adapted from Ref. .

The presented data on ThFeOj in this work was obtained using different cuboidal samples

prepared from the synthesized single crystals. A small sample used for the transverse

11
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susceptibility measurements has a size of 1 x 1.1 x 1.5mm? along the a-axis, b-axis, and
c-axis weighing 13 mg. For the heat capacity measurements, a sample with the same size
weighing 13.1 mg was used. For the longitudinal susceptibility and the neutron diffraction
experiments a sample was prepared with a size of 2 x 2.5 x 3 mm? along the a-axis, b-axis,

and c-axis weighing 94 mg.
2.2 Cryogenic Techniques

In this thesis, different types of cryostats were used for the investigations of quantum
effects in magnetic compounds. Measurements above 1.4 K were carried out using two
different types of helium-4 cryostats, a Quantum Design Physical Property Measurement
System (PPMS) and the Oxford Instruments S16 magnet system.

(A) compressor turbo pump (B)

N2-Trap

e 9% o 4K heat
1.5 bar; 77 K -:'—'.?A exchanger
3He-gas *
4K heat ' IVC seal
exchanger
1.5 bar; 4.1 K Joul Thomson
Joul Thomson He-gas cooling stage
cooling stage _
~1 mbar; 1 K ) still
still
3 ; ; <1 mbar; 0.8 K
He-liquid \‘1 heat
heat exchanger
exchanger
~1 mbar; 0.6 K _
¢ MC
*He/*He mixing chamber
mixture ~1 mbar; 50 mK sample space

Figure 2.3: Dilution refrigerator with Joule-Thomson stage used in this work. (A) Illustration
of the working principle of a dilution refrigerator. (B) The Dilution refrigerator used
in the course of this work. Figure taken from Ref. \|

The PPMS is equipped with a 14 Tesla magnet and allows us to measure the heat capacity,
the ac susceptibility, and the magnetization using commercial and custom-made setups at
temperatures between 1.8 K and 400 K. The S16 is equipped with a 16 Tesla magnet and
with a variable temperature insert (VTI) providing temperatures between 1.4 K and 300

K. This versatile system permits the use of custom made setups. In this work, a custom

12
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made susceptometer attached to a rotational stage at the end of a sample stick was used.
In the case of these two helium-4 cryostats, low temperatures are achieved by vacuum

pumping on liquid helium through thin capillaries (PPMS) or a needle valve (S16).

For studies at milli-Kelvin temperatures, a JT dilution refrigerator (DR) insert was used,
which was equipped with a Joule-Thomson stage. This insert was combined with either a
susceptometer developed by F. Rucker or with a hard axis heat capacity setup conceived
by C. Duvinage/A. Wendl. The working principle of the DR insert is illustrated in Fig.
(A). An input pressure of approximately 1.6 bar is provided by a compressor at
the input side. After passing through a nitrogen trap, the compressed helium is cooled
down in a 4 Kelvin heat exchanger. The compressed helium then expands in the Joule
Thomson stage resulting in a liquefaction of the helium. After passing through a second
heat exchanger, the liquid helium enters the mixing chamber. In the mixing chamber,
the liquid helium separates into two regions: one with concentrated helium-3 and the
other with a mixture of helium-3 and helium-4 below. The helium-3 diffuses to the still
with a lower helium-3 concentration. The helium-3 is then extracted from the still and
transferred to the compressor via vacuum pumping. The DR insert used in this work
is shown in Fig. (B). The essential parts are labeled. The DR insert was used in
combination with a 9 T-4.5 T 2D vector magnet. When the insert is rotated inside of the
vector magnet, this combination allows to apply the magnetic fields in any direction with

respect to the crystalline orientation of the sample.

2.3 Measurement Setups

The main results of this work concern the measurement of thermodynamic quantities,
namely the magnetic ac susceptibility and the heat capacity. In the following, the corre-

sponding measurement setups and the underlying working principles are presented.

2.3.1 Susceptibility Setups

The measurement of the transverse magnetic susceptibility has been established as a
method of choice for the investigations of the physics of Ising systems and for the deter-
mination of their magnetic phase diagrams [31], |42} 43]. In the case of the measurement
of the longitudinal susceptibility, a small oscillating excitation field is applied parallel to
a static magnetic field. In contrast, for the measurement of the transverse susceptibility,
the excitation field is applied perpendicular to the static magnetic field. The measure-
ment of transverse susceptibility is a time-efficient process that allows for the extraction

of detailed information about different magnetic phases and their extent. The transverse

13
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susceptibility is a particularly useful technique for anisotropic samples. Additionally, a
transverse susceptibility setup can be combined with a variety of different magnet setups.
In particular for this study, a vector magnet in combination with a insert that can be
rotated inside of the helium dewar was required for the precise alignment of the sample
with respect to the magnetic field. This experimental setup also allows for the systematic

study of the influence of tilting the magnetic field away from a transverse-field orientation
[31].

Two setups for the measurements of the transverse susceptibility were used. Both designs
were conceived by F. Rucker , . Fig. [2.4] (a) shows susceptometer setup 1. This
setup is made of a combination of oxygen-free copper and sapphire glass. It was designed
to achieve good thermal coupling of the sample to the thermal bath. It consists of one
primary coil wound on a sapphire tube and two secondary coils inside of the sapphire
tube. The susceptometer body is made of oxygen-free copper to ensure good thermal
coupling down to milli-Kelvin temperatures. The sample was affixed to a sapphire rod

using GE varnish to achieve optimal thermal coupling with minimal background signal.

a) sample holder b)
(saphire rod) AC
current source
sample K6221
T ext. field
susceptometer
= e & primary coil ——— L
secondary coils —— (Y@ fWﬂ Ref.
susceptometer B
body (copper) Lock-in amplifier
SR830
coil body (saphire)
AC
thermometer (WMI ROX) resistance bridge
LS 372

Figure 2.4: Setup for transverse susceptometry. a) CAD drawing of the susceptometer used
for the measurement at milli-Kelvin temperatures. b) Overview of the electrical
connections between the measurement electronics and the different coils of the sus-
ceptometer. Figure taken from Ref. .

Susceptometer setup 2 was made of plastic and is shown in Fig. It was designed

to minimize the background signal induced by the susceptometer itself. Its compact size

14
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also allows for use with a rotational stage, enabling the study of angle dependence of the
ac susceptibility when the sample orientation is changed relative to the magnetic field
direction. The working principle of this susceptometer is equivalent to the susceptometer
setup 1 described above. This low-noise design of the susceptometer required exchange

gas inside the cryogenic environment to ensure sufficient thermal coupling of the sample.

A LakeShore ruthenium oxide thermometer labeled with WMI ROX was attached to the
susceptometer body to ensure accurate temperature readings of the samples temperature.
This thermometer was calibrated in different magnetic fields in an earlier work . The
resistance of the WMI ROX thermometer was recorded using a LakeShore LS372 AC
resistance bridge. This device converts the measured resistance into a temperature. In
analogy to Refs. , , the magnetic-field correction of the measured temperature was

carried out during the data processing.

In Fig. (b), the electrical wiring of the measurement devices is illustrated. The
primary coil of the susceptometer is driven by a Keithley K6221 AC current source. The
driving frequency used for the measurement of the transverse susceptibility was 911 Hz
while the amplitude was chosen to be 1 Oe. The magnetic field of the primary coil induces
an AC voltage in the secondary coils, that is recorded using a Stanford Research SR830
lock-in amplifier. The lock-in amplifier uses a reference signal for the phase-locked loop
provided by the K6221.

Thermometer in Susceptometer on
copper block rotating stage

Figure 2.5: Setup used for the measurement of the transverse susceptibility of TbFeO3. The ro-
tating stage allowed to switch between a longitudinal and a transverse susceptibility
measurement configuration and to study the angular dependence of the susceptibil-

ity.

The susceptometer is designed such that the voltages induced in the two secondary coils

cancel each other when no sample is placed inside. The sample placed inside one of the

15
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secondary coils adds an additional voltage contribution proportional to the ac suscepti-

bility xS2mPle of the sample. The voltage induced in the susceptometer can be written
as
1 V. 1 % :
Uisna(inp ° = C(;aﬁulum + chgflnll) ‘- C(?icl:u2um = /vLOHechANSSIH<Wt>Xzszézmplefsample (1)

with H... the magnitude of the ac excitation field, w the driving frequency of the excitation
field, Ny the number of windings of one of the secondary coils and fsample the filling factor
of the samples volume with respect to the volume of the inside of the secondary coil 33|
A441146).

2.3.2 Heat capacity Setup

The heat capacity of a sample is defined as the amount of heat which is required to
change the temperature of the sample. The heat capacity was measured using a setup
optimized for the thermal relaxation method [33]. Fig. (A) illustrates the working
principle of a heat capacity setup. The experimental setup consists of a platform weakly
coupled to a thermal bath with a coupling constant k;. The sample of interest is placed
on the platform with a large coupling constant ks > k;. A heater mounted to the
platform supplied the heating power P(t). This experimental setup can be described
using two coupled differential equations |33} |47]. The incoming and outgoing heat flux at

the platform is described by

dTt,
prmh#+m@—m+m@—%) (2)
where P(t) is the heating power applied to the platform and C, and 7}, describe the
platform heat capacity and platform temperature, T and T}, the sample temperature and
the bath temperature. ks describes the thermal coupling between sample and platform

and k; the thermal coupling between platform and bath.

The second equation describes the incoming heat flux from the platform to the sample

dT,
C, =0 =

= (1, T.) 3

with Cy being the samples heat capacity.

Under ideal conditions, the bath temperature remains constant during the measurement
whereas the temperature of the sample and the platform temperature can be assumed to

be equal.

16
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Fig. 2.6/ (B) displays a typical time dependence of the temperature of the platform (7,)
during a measurement. Phase I represents the period when the heater is off and the
temperature is equal to the bath temperature 7. In phase II, the heater is switched
on causing an exponential increase of 7}, over time. In phase III, when the heater is
switched off, T}, relaxes exponentially back to the bath temperature. This characteristic
temperature profile may be used to infer the heat capacity of the sample using a fitting
algorithm reported by Hwang et al. [47]. Typical temperature rises used for the thermal

relaxation experiments aimed on 2% of the current temperature.

(A) _ (B) ~ phase phase phase
thermal bath| 7, = Ty o I I I
=] T T
27F ]
@
ki o)
o
5
P() | platform |C, T,=T ‘é’
S
ks 5 Tok . . .
a t t
Cs=C; Ts time t

Figure 2.6: Working principle of the thermal relaxation method for the measurement of the heat
capacity. (A) Basic sketch of the different components and their thermal couplings
in a heat capacity setup. (B) Characteristic temperature variation recorded during
the three phases of a heat pulse. Figure taken from Ref. [33].

base plate / MC

o | [T, ]
silver wire ‘
silver platform < T
GE varnish
sample— [

Kevlar thread/r/ |

Figure 2.7: Schematic illustration of the experimental realization of the thermal relaxation
method for the measurement of the heat capacity. The platform and bath ther-
mometer are shown in green. The heater is shown in red. Figure taken from Ref.
[33].

Fig. displays a schematic illustration of the experimental setup for measuring the heat
capacity. The experimental setups were designed by C. Duvinage and A. Wendl [32, |33].
The frame surrounding the setup is made of oxygen-free copper. It is mounted rigidly

to the base plate that provides the temperature bath. A silver platform is connected
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to the copper frame using Kevlar threads. A heater (P) and a thermometer (7},) are
attached to the backside of the silver platform. The sample is attached to the other side
of the silver platform using GE varnish. The thermal link between the platform and the
bath is provided by the electric leads of the heater and the thermometer attached to the
platform as well as by the Kevlar threads. Depending on the heat capacity of the sample,
an additional silver wire may be used to adjust the thermal link between base plate and

silver platform. For the measurement of the specific heat of CoNbyOg, no silver wire was

used.
(A)
Kevlar strings
silver link
heater ! 3
platform
A thermometer
4 inside base ring
heat shield bath
thermometer
MC )
thermometer cample A
mixing L _ ’
chamber tensioning ring
field center Kevlar "basket" \
heat shield &

Figure 2.8: Experimental setup for the measurement of the heat capacity of CoNbyOg. (A)
Dilution refrigerator with Joule-Thomson stage used in this work. The heat capacity
setup I was mounted to the bottom of the mixing chamber. (B) Side view of the
heat capacity setup I with the frame consisting of a base ring and a tensioning ring
and the silver platform in the middle. (C) Backside of the silver platform with the
heater and the platform thermometer. (D) Top view of the heat capacity setup with
the sample fastened to the silver platform using additional kevlar strings. Figure
taken from Ref. .

The experimental realization of the heat capacity measurement setup I is shown in Fig.
2.8 Fig. 2.8 (A) displays an overview of heat capacity setup I as mounted at the bottom

of the mixing chamber of the dilution refrigerator. Fig. [2.8|(B) presents a detailed view of
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the heat capacity setup. The silver platform and the copper frame were both gold plated.
The 1-k2 SMD-chip heating resistor and the platform thermometer (Lakeshore Rox-BR
102A) can be seen in Fig. [2.8 (C). As shown in Fig. 2.8 (D), an additional Kevlar thread
forming a basket was used to attach the samples to the platform. For the temperature
measurement of the platform and the bath thermometer, LS372 and LS370 Lake Shore
resistance bridges were used, respectively. The heater was connected to a Keithley K6221

current source.

For measurements of the heat capacity of TbFeO3 under magnetic fields applied along the
hard magnetic axis, a modification of the commercial heat capacity setup of the Quantum
Design PPMS was used. This heat capacity setup II was conceived by C. Duvinage as
reported by N. Bonacic and is shown in Fig. 2.9[ (a). This design consists of a thin
aluminum bridge with a small platform in the middle on which the sample is placed. On
the backside of the platform, a 1-k{2 heating resistor and a thermometer (Cernox CX-
1010-BG) are located. Due to the limited rigidity of this setup for samples with very large
magnetic torque, as observed in ThFeOg3, an additional setup was built for the PPMS for

future measurements. This new setup for the PPMS inspired by setup I is shown in Fig.

(b).
®)

sample
covered
in Stycast

Figure 2.9: Heat capacity setup used for the measurement of the heat capacity of TbFeOgs in
a Quantum Design PPMS system under magnetic fields applied along the hard
magnetic axis. The designs were conceived by C. Duvinage and part of the work by
Bonacic and Wendl [32} [33]. (a) Setup II with a aluminum bridge. (b) New design
for the PPMS inspired by setup I.

2.3.3 Software Implementation of the heat pulse method

The initial version of the algorithm used for data recording was implemented in LabVIEW
by A. Wendl . This algorithm enabled the temperature variation during a heat pulse
to be recorded with a waiting time before the heater is switched on, a heating time and
a relaxation time, which all had to be chosen for every single heat pulse in advance. The

processing of the data was entirely done later using Python.
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Inspired by the heat capacity measurement algorithm of the commercially available Quan-
tum Design PPMS [48], several modifications were implemented in the course of this thesis

to increase the efficiency of the measurements.

A central modification concerned the timing parameter, namely 7, which is now used as
the input parameter for each heat pulse. Instead of manually selecting the waiting time,
heating time, and relaxation time for each heat pulse, the new approach involves a single
timing parameter, with the waiting time, heating time and relaxation time described in
units of 7 multiplied with fixed factors for all heat pulses. This also allows the value of
T to be automatically selected using the result of the exponential fit of the previous heat

pulse.

A flowchart visualizing the different steps of the measurement algorithm is shown in Fig.
2.11] Step 1 (stabilizing temperature), and step 3 (exponential fitting) were added during
the course of this thesis. The algorithm in step 1 was implemented to ensure a stable
temperature before each heat pulse. The algorithm checks whether the temperature is
within a chosen stability window, expressed as a percentage of the current temperature,

during the characteristic time 7.

Step 3 involves an exponential fitting algorithm for both the heating and relaxation parts
of the recorded data. Two criteria were used to determine the satisfactory extraction of
the time constants 7: (i) the difference between the time constants extracted from the
heating and relaxation parts of the temperature profile, and (ii) the difference between the
initial time constant 7 and the averaged time constants extracted from the exponential
fits. The heating pulse is repeated at the current temperature and magnetic field if either
of these criteria is not met. In case of a bad thermal coupling between the sample and
the platform of the heat capacity setup, the first data points of the heating phase and the
relaxation phase may be disturbed due to the so called m-effect [33]. Because this effect
is not addressed by the simple exponential fit employed during the measurement, the first

data points of the heating phase and the relaxation phase can be excluded for the fit.

The option was implemented, to choose between using the previous time constant and an
automatically adjusted current applied to the heater or using manually selected values
for the time constant and heater current. In general, the automatic adjustment of time
constant and heater current was preferred. For a more systematic analysis of the glassy
regimes in CoNbyOg, manually selected values for time constant and heater current were

found to be advantageous.
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Figure 2.10: Front panel of the LabView VI for the measurement of the heat capacity imple-
mented by A. Wendl and heat measurement cluster in the Instrument setup of the
S16 EPMS Software. Modifications are marked with pink. On the left side of the
measurement VI, input parameters of the measurement are shown, in the middle,
the progress of the measurement is shown and on the right side, the results of the
exponential fit are displayed.
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Figure 2.11: Flowchart describing the measurement algorithm. Step 1 and step 3 were added in
the course of this thesis whereas step 2 was only slightly modified.

2.3.4 Data processing for the heat pulse method

A first version of the evaluation of the heat capacity was implemented in Python by A.
Wendl based on the work from Hwang et al. . The model presented by Hwang et al.
consists of two coupled differential equations as described in section [2.3.2] These differ-
ential equations are transformed to obtain an expression for the temperature variation

during a heat pulse sequence:
T(t)=T(0)=h-H(t)+q- Q) +s-5(t) (4)

with the following characteristic functions

H(t) = P(t) - G,V (1) (5)
dr |t

0="5 (6)

Qt) = / P(t)dt (7)

S(t) = / tT(t’)dt’ (8)
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where T' = T,(t) — T (t) describes the change of the platform temperature with 77 the
extrapolated baseline temperature of the platform in thermal equilibrium. The charac-
teristic functions can mostly be extracted from the measured data with only knowledge
of the platforms heat capacity C, being required in advance. Equation @ can then be
used for a least-squares fit to extract h, ¢ and s. As described in Ref. [47], these three
quantities can then be used to calculate the thermal couplings k; and ks as well as the
corresponding time constants 7, and 75 describing the time required for the thermal equi-
libration between platfrom and bath and between sample and platform, respectively, and

finally the samples heat capacity Cs.

2.3.5 Magnetocaloric Measurements

The heat capacity setup provides the means to measure temperature variations during
magnetic field sweeps, also known as magnetocaloric field sweeps. This method can
provide insight into the nature of phase transitions and their position in the magnetic
phase diagram. In addition, the change in entropy can be derived from the measured
temperature variation. This section describes the data processing to extract the change
in entropy from the change of the temperature of the platform during a magnetocaloric

field sweep.

Following relationship between the change in entropy and the change in temperature can
be derived, as shown in Ref. [49).

as ki 1 CydTy

(TS—TB)—H—EdH (9)

dH|, T,

The thermal coupling between the bath and platform, k;, and the heat capacity of the

sample, C, must be determined in advance using the thermal relaxation technique.

Figure presents the steps for obtaining entropy from a magnetocaloric field sweep.
Figure (a) displays the platform temperature and the bath temperature as obtained
from a magnetocaloric field sweep. The magnetic-field calibration of the thermometers
described in Refs. [33| 44] was already applied to the data shown in Fig. [2.12| (a). A
constant offset was subtracted to correct the deviation between the temperatures of the

bath and the platform at the beginning of the field sweep.

In Figure (b), the temperature difference is shown between the bath and platform
temperatures. Using equation [ and the results of the preceding heat capacity measure-

ments, dS/dB can be calculated to receive the magnetic field dependence shown in Fig.
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2.12| (c). After integrating d.S/dB, the change of entropy as a function of magnetic field
is obtained. The corresponding plot is shown in Fig. (d).
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Figure 2.12: Data processing of a magnetocaloric field sweep of CoNbyOg in a transverse mag-
netic field. (a) Recorded temperature of the sample platform and the thermal bath.
(b) Temperature difference between the platform and the thermal bath. The tem-
perature difference visible in panel (a) between the two curves in particular visible
below 3T and above 7T was manually compensated for using a constant offset.
(¢) Derivative of the change of entropy calculated using equation[9] (d) Change of
entropy obtained after the integration of the derivative of the change of entropy in

(c).

2.4 Orientation of the Sample with Respect to the Magnetic Field

The precise alignment of the magnetic field with respect to the orientation of the sample

is crucial in anisotropic systems. The challenging part is, to align the magnetic field
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(A) sample orientation
-

goniometer plastic tube HC setup platform x-y-z stage
connected to pump

Figure 2.13: Sample mounting process using a Laue diffractometer and a goniometer presented
on the example of a LiHoF, sphere mounted to the heat capacity setup. (A) The
sample at the tip of a plastic tube during the Laue alignment procedure. (B)
Transfer of the aligned sample from the plastic tube to the heat capacity setup.
Figure taken from Ref. .

parallel to the hard axis within the tenth of a degree. In preparation for the measurement
of the transverse susceptibility and the heat capacity of CoNbyOg, a spherical sample was
prepared and aligned using a special setup for the alignment using a Laue diffractometer.
After the sample is glued to the sample holder in the right orientation, the magnetic field
of a vector magnet is aligned with respect to the crystalline orientation of the sample. In

the following, this orientation process is described in detail.

The sample mounting process is shown in Fig. [2.13l The spherical sample is placed at
the tip of a plastic tube, which is connected to a vacuum pump, as shown in Fig. [2.13
(A). The plastic tube is attached to the goniometer of a X-ray Laue diffractometer. This
allows the sample to be correctly aligned with respect to the crystallographic directions.
Once the sample is aligned, it can be transferred to the experimental setup of choice.
This second step of the mounting process shown in Fig. 2.13| (B) with the heat capacity
setup as an example is described in Ref. . The experimental setup itself is mounted
on an x-y-z translation stage. This allows the sample to be transferred very carefully.
The sample is glued to the platform of the heat capacity setup using GE varnish. After
the GE varnish has dried, the orientation of the sample has typically changed by a few

degrees. The sample mounting process for the susceptibility setup is the same.

Various systematic susceptibility scans as a function of angle and magnetic field strength
were used to evaluate the actual sample orientation, which could be misaligned due to the
sample mounting process or imperfections of the experimental setup or the dilution insert.
Rough knowledge of the orientation of the sample (within a few degrees) is obtained from

the sample mounting process.
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Topview

® (°) ¢ (°)

Figure 2.14: First part of the process for the orientation of the magnetic field towards the (010)
direction of CoNbyOg. (a) Visualization of the major crystallographic planes and
directions of the orthorhombic system with respect to the two angles « and ¢
defining the direction of the magnetic field. The directions of the two scans shown
in (c) and (d) are displayed as purple and orange slices, respectively. (b) Top
view of (a). (c) and (d) Color maps of the measured susceptibility as function of
magnetic field and angle ¢ for fixed angles a = 0° and o = 90°, respectively

Any magnetic field direction can be described in spherical coordinates by the polar angle
¢ and the azimuthal angle «, as shown in Fig. [2.14] (a). The direction of the b-axis of
the sample, which is slightly misaligned from the z-axis of the vector magnet, can also be
described by these two angles, as illustrated in Fig. [2.14] (a) and (b). To better visualize

the process of determining the orientation of the sample, the misalignment angles in Fig.
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Figure 2.15: Second part of the process for the orientation of the magnetic field towards the
(010) direction of CoNbsQOg. (a) Visualization of the major crystallographic planes
and directions of the orthorhombic system with respect to the two angles defining
the direction of the magnetic field. The directions of the two scans shown in (c)
and (d) are displayed as cyan and yellow slices, respectively. (b) Top view of (a).
(c) and (d) Color maps of the measured susceptibility as function of magnetic field
and angle ¢ for fixed angles a = 26° and «a = 20°, respectively.

2.14| (a) and (b) have been chosen to be larger than they actually are in Fig. (c) and
().

The vector magnet allows for magnetic field scans for any angle ¢ in a 2D space. The
additional rotation of the dilution refrigerator insert allows access to any field direction

in 3D space. This rotation angle of the insert is marked as « in Fig. [2.14] (a) and (b).
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After the experimental setup containing the sample was inserted into the vector magnet
setup, angle ¢ scans were performed at angles of the dilution insert a = 0° and a = 90°.
For these two angles «, the rotation planes of the vector magnet were approximately
perpendicular to each of the two easy axes of the orthorhombic system, (001) and (100).
In these scans, symmetry axes can be used to identify the angles ¢, for which the magnetic
field is exactly perpendicular to one of the easy axis. These scans are presented in Fig.
2.14] (¢) and (d).

The angles ¢ of high symmetry found in the two scans in Fig. [2.14] (¢) and (d) can
then be used to estimate the angle « for the rotation of the DR insert. In particular,
the angle o must be determined such that the hard axis of the system is parallel to the
2D rotation plane of the vector magnet. The p-scan at an estimated angle of o = 26°
is shown in Fig. [2.15[ (¢). In this scan, a superposition of two symmetry elements can
be seen. Two maxima at magnetic fields of 5T are observed at angles of -3.4° and -1.9°
symmetrically around an angle of 100y ~-2.7° (cyan line) are observed. Additionally,
signals are observed between magnetic fields of 3T and 4T symmetric around an angle
of p(o1) &-2.3°. This can be interpreted as there is no angle ¢ for av = 26°, for which the
magnetic field is perpendicular to both easy directions (001) and (100) simultaneously.
By slightly changing the angle o, a perfectly symmetric scan can be found, as shown in
Fig. [2.15] (d) for an angle o = 20°. From this scan, an angle ¢ = —2.68° was obtained,
where the magnetic field is perpendicular to the easy directions (001) and (100) and thus
parallel to the hard magnetic direction (010).

For the intentionally canted orientation, the high symmetry angle from Fig[2.14| (¢) with
a = 0° and ¢ = —2.58° was used. In this orientation, the magnetic field is parallel to
the blue (100) plane and perpendicular to the (100) direction. The angle between this

orientation and the b-axis is approximately 0.9°.

Additionally it can be deduced from these scans, in particular from the scan at a = 20°
in Fig. 2.15| (d), that the measured susceptibility increases (red areas in the 2D plots) as
one tilts away from higher symmetry directions, before it decreases as the tilting angle is

further increased.
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3 Magnetic Soliton Lattice in TbFeO3; under Transverse
Magnetic Fields

The investigation of the magnetic and meta-magnetic phase transitions and their under-
lying mechanisms in ThFeOg3 represents a topic of research in the field of quantum mag-
netism for over six decades [30, 50-55]. Recently, a magnetic soliton lattice, a non-linear
magnetic texture, was observed in a neutron diffraction experiment when a magnetic
field was applied perpendicular to both of the Ising axes of the terbium spins [15]. The
study proposes, that the magnetic soliton lattice is a result of dynamically stabilizing
mechanisms. However, the proposed theory of a repulsive interaction between domain
walls in the terbium sublattice, mediated by magnons of the iron sublattice, still lacks
further experimental evidence. In particular, the measurement of additional thermody-
namic quantities and neutron diffraction experiments may provide useful information for
a better understanding of the nature of the magnetic soliton lattice. Open questions fo-
cus on the extent of the soliton phase pocket and the working principle of its stabilizing

dynamics.

Single crystals of the rare-earth orthoferrite ThFeO3 were grown using the optical floating-
zone technique. The low-temperature properties, in particular the different magnetic
phases and spin re-orientations under magnetic fields applied along the crystallographic
c-axis of the orthorhombic system, were investigated. Of particular interest was the

incommensurate soliton lattice phase.

The first part of this chapter provides an overview of the state of the art. The second part
of this chapter presents a magnetic phase diagram for magnetic fields up to 12 Tesla par-
allel to the hard magnetic (001) direction. This phase diagram is drawn based on experi-
mental results of measurements of the transverse susceptibility and of neutron diffraction

experiments presented in the third part. The section ends with a concluding discussion.

3.1 Spin Re-orientation Transitions and Complex Spin Texture in TbFeO;

ThbFeOj crystallizes in the orthorombic Pbnm structure and is a member of the orthorom-
bically distorted perovskite materials. The lattice constants of the conventional unit cell
are a = 5.326 A, b = 5.602Aand ¢ = 7.623 A[39, 41, 56/61]. Fig. (a) depicts the
crystal unit cell of TbhFeO3. The unit cell contains four terbium atoms (red), four iron
atoms (blue) and 12 oxygen atoms (gray). The magnetism in this compound is driven
by two magnetic subsystems, the iron and the terbium subsystem, which interact with

each other. A main subject of early theoretical and experimental studies on ThFeOs;
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was the investigation of the different spin re-orientation transitions that occur at varying
temperatures and magnetic fields, which induce different magnetic orderings in the two

magnetic subsystems.

One of the first studies to employ neutron diffraction, measurement of the magnetization
and Mdssbauer experiments focused on the different spin configurations in zero magnetic
field [56]. Coming from high temperatures, the first magnetic transition is observed at
a temperature Ty . between 650 K and 691 K, with notable variations observed across
different samples [15, |41, 53} 57, [62-64]. Above Ty e, the terbium and the iron sub-
systems are in a paramagnetic state. Below the temperature Ty pe, the iron spins order
antiferromagnetically with small ferromagnetic canting towards the (001) direction, while
the terbium moments remain in a paramagnetic state. The anisotropy of the iron spins
is induced by the Dzyaloshinkii-Moriya exchange, the magnetic dipole interaction and
the single-ion anisotropy [65]. The spin configuration of the iron atoms is illustrated in
the left column of Fig. (c). The crystal field splitting of the 4f electrons in ThFeO3
consists of two energy levels separated by 1K, while being well separated from the re-
maining energy levels (0 ~ 120K). The energy level scheme is sketched in Fig. (b).
This energy level configuration gives rise to Van-Vleck paramagnetism and an Ising-like
anisotropy of the g-factor of the terbium spins with two Ising axes in the ab-plane at an

angle of approximately +36° from the a-axis [66, 67].

At the temperature Ty, g, the interaction between the two magnetic sublattices induces
a spin re-orientation of both magnetic subsystems. In the literature, various values have
been reported for the transition temperature Ty, go: 8.5 K [15} 41], 8.4 K [56], 7K [68,|69],
6.5 K [30], [52] and 6 K [53]. Bidaux et al. attempted to explain the variations of ordering
temperatures observed across different samples, postulating that shape effects may play a
role [50,|70]. In the intermediate phase (IT) below Ty, g both magnetic sublattices have a
ferromagnetic component parallel to the a-axis, resulting from the Heisenberg interaction
between terbium and iron spins [60]. Furthermore, the iron spins exhibit antiferromag-
netic behavior along the c-axis, whereas the terbium spins show antiferromagnetic order-
ing parallel to the b-axis. The spin configurations of the two sublattices in the I'T-phase
are sketched in the middle column in Fig. (c). This spin re-orientation is described
as a consequence of the competition between anisotropy and degeneracy lifting, which is
analogous to the competition between deformation and degeneracy lifting observed in the
Jahn-Teller effect [30, 71]. A study employing Mossbauer spectroscopy came to a simi-
lar conclusion regarding the transitions resulting from a competition between Zeemann

energy and anisotropy in the iron sublattice [53].

The last spin re-orientation is observed at a temperature Ty 1, between 3K and 4 K [15]
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30, 41}, 52, 53, 68, 69, [72-74]. Below Tx b, the antiferromagnetic interaction between
the terbium spins becomes dominant resulting in a purely antiferromagnetic ordering
of the terbium spins. Consequently, the iron spins return to their high-temperature spin
configuration due to the absence of Heisenberg exchange between the two sublattices. The
right column in Fig. (¢) shows the spin configuration of the two magnetic sublattices in
this low-temperature phase (LT). Nonmagnetic doping with aluminum has been observed

to suppress the antiferromagnetic ordering temperature |75, |76].

The investigation of metamagnetic phase transitions for magnetic fields applied along the
major crystallographic axes was of central interest in studies of ThFeOs. For a magnetic
field parallel to the a-axis, a spin-flip transition resulting in a field polarized state was
observed at a magnetic field of 0.2T [40, 41}, |50-52}, |68, [77-79]. Based on experimental
results, magnetic phase diagrams were presented for a magnetic field parallel to the a-axis
[50, 52, [77].

The two-step metamagnetic behavior for a magnetic field parallel to the b-axis was in-
vestigated both, experimentally and theoretically [41, 50, 51} |68, |79} [80]. This process,
which consists of two subsequent spin flips, is believed to be influenced by magnetic Jahn-
Teller-like effects. It was shown, that it is energetically advantageous to flip the terbium
spins one after the other [51]. Above Ty e, only the Van-Vleck paramagnetism of the
terbium spins contributes to the magnetization along the b-axis, due to the fact that the
iron spins are locked in the ac-plane as a result of their anisotropy [40, 41, |67, 68]. This
allowed for the extraction of crystal field splitting parameters and the g-factor anisotropy
from the b-axis magnetization |67, |68]. No phase diagram for a magnetic field parallel to
the b-axis was found in the literature. A recent study has focused on the magnetic phase
transitions for magnetic fields at different angles in the ab-plane at 1.9 K and presents the
measured electric polarization resulting from the magnetoelectric coupling together with

a theoretical model [81].

A magnetic field applied parallel to the c-axis was observed to suppress the intermediate
state, in which the two sublattices are coupled to each other [15] 52, 68, [79]. However, a
more recent study has revealed the emergence of an incommensurate phase in the vicinity
of Tx 1, when a magnetic field is applied parallel to the c-axis [15]. This incommensurate
phase is identified as soliton lattice phase characterized by a periodic alignment of anti-
ferromagnetic domains with alternating directions of the ordering vector. The periodicity
was determined to be 340 A along the b-direction. This periodic alignment results in a
considerable number of higher harmonic reflections in a neutron diffraction experiment.
This formation of periodically aligned antiferromagnetic domains can be explained by the

interplay of the Ising-like anisotropy of the terbium spins and a term in the free energy
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allowing a modulation of the spins along the b-axis. Following the model proposed in Ref.
[15], the interaction separating the domain walls is Coulomb-like and mediated by virtual

magnons of the iron sublattice.
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120 K a

[:1- (Gsz) FZ(GZFX) FAI-(Gsz)

FZ(Cny) FS(AxGy)

Ty=680K Ty=8K Ty=3K
Fe-Fe Th-Fe Th-Tb

Figure 3.1: (a) Crystal structure of ThFeOs. Terbium atoms are shown in red, iron atoms in
blue and oxygen atoms in grey. (b) Schematic crystal electric field splitting of the
4f electrons in TbFeOs with two energy levels well separated from the remaining
levels. (c) Spin configurations of the two sublattices below the different ordering
temperatures. Figure taken from Ref. .

Futher studies on ThFeOj3 focused on a number of additional aspects. Exchange parame-
ters and electric field levels were extracted from magnon dispersions, which were measured
by means of inelastic neutron diffraction 58, [60]. The investigation of electromagnons
in ThFeO3 was conducted by Stanislavchuk et al. using IR-spectroscopy at temperatures
as low as 1.5 K and magnetic fields reaching 9T applied parallel to all three orthorhom-
bic directions . Tejada et al. investigated the magnetization relaxation in ThFeOg
and observed quantum tunneling of antiferromagnetic domain walls . Krotenko et al.
conducted calculations on the relaxation of the magnetization and ruled out self-heating
effects to be responsible for the experimental observations . Raman scattering was
employed to determine the FeOg octahedron tilt angle of various rare-earth ferrites, in-
cluding ThFeO3 . The influence of magnetic and non-magnetic doping in ThFeO3 has

been the subject of numerous studies 76}, [85H97].

3.2 Transverse-Field Phase Diagram

The first magnetic phase diagram including the soliton lattice phase for a magnetic field
parallel to the hard axis of ThFeO3; was presented in Ref. . Fig. shows this
phase diagram adapted from Artuykhin et al. This first phase diagram was inferred from

neutron diffraction and capacitance and loss measurements for magnetic fields up to 4 T.
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In this published phase diagram, the spin reorientation transition between the HT and the
IT phase was observed at a temperature of 8.5T and between the I'T and the LT phase at
a temperature of 3K in zero magnetic field. The soliton lattice phase (IC) was observed
for magnetic fields above 1T in the vicinity of 3.3 K. At a temperatures below 3K, a
transition from a LT phase to a LT’ phase was observed for magnetic fields of ~ 0.5T.
This LT" prime was explained by domain-wall pinning weakening the magnon-mediated
interaction between the domain walls [15]. The resulting correlation function of the order

parameter of the randomly positioned domain walls decays exponentially with distance.
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Figure 3.2: (a) Hard-axis magnetic phase diagram adapted from Ref. [15]. (b) Hard-axis mag-
netic phase diagram of ThFeO3 extracted from magnetometry and neutron diffrac-
tion measurements in this work. (c) Visualizations of the spin configurations of the
iron and the terbium sublattices in the different magnetic phases in zero magnetic
field.

Fig. (b) depicts our hard-axis magnetic phase diagram for temperatures between 0 K
and 10 K and for magnetic fields up to 12T. The data points were extracted from our

neutron diffraction and magnetometry experiments. At zero magnetic field, three phases
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are observed: the high-temperature phase (HT), the intermediate phase (IT) and the low-
temperature phase (LT). The HT phase is characterized by ordered iron moments and
paramagnetic terbium moments and is observed between Ty; =8.7 K and Tyo ~ 680 K.
Between Ty; =8.7K and Tyxe =3.1K, the exchange interaction between the iron and
the terbium moments induces a magnetic ordering with re-orientated spin configurations
of the two magnetic sublattices with ferromagnetic components parallel to the (100)
direction. Below a temperature of Tns =3.1 K, the system undergoes another spin re-
orientation transition, resulting in a purely antiferromagnetic ordering of the terbium
spins, while the iron spins return to the same spin configuration as in the HT phase.
Fig. (c) visualizes the spin configurations of the two magnetic sublattices in the three

zero-field phases.

As the magnetic field parallel to the (001) direction increases, Txo increases continuously
while Ty decreases, resulting in a narrowing of the temperature regime of the I'T phase.
Above a magnetic field of 4 T, the I'T phase was not observed in our measurements. While
the temperature region of the IT phase disappears with increasing magnetic field, an
incommensurate phase (IC) emerges between Txs and Tys. This incommensurate phase
is characterized by a periodic alignment of antiferromagnetic domains of the terbium
spins with a ferromagnetic coupling at the domain walls. However, no indications of an

additional low-temperature phase LT’ were found in our measurements.

In the field range between 0T and 2T, the temperature band of the IC phase broad-
ens with increasing magnetic field. Above 2T, the transition temperatures Tys and Txs
exhibit only weak field dependence. For magnetic fields above 3T, the transition tempera-
tures Txo and T3 inferred from susceptibility measurements and from neutron diffraction
experiments start to deviate. The discrepancy may be attributed to the intentional mis-
alignment angle of 3.5° between the hard axis of the sample and the magnetic field applied
during the transverse susceptibility measurement. Further details on the misalignment

can be found in section [3.3]

The following sections present the transverse susceptibility data and the results of the

elastic neutron diffraction experiment.

3.3 Transverse Susceptibility

A susceptometer is commonly used to probe the susceptibility parallel to a static magnetic
field. This configuration is suitable for many scientific questions. However, in the following
is shown, that as the magnetic anisotropy increases, the choice of an alternative probing

direction becomes increasingly relevant.
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Figure 3.3: Comparison of the longitudinal and the transverse susceptibility of ThFeOgs for dif-
ferent magnetic fields applied parallel to the (001) direction. (a) Visualization of the
directions of the static field and the excitation fields with respect to the spin config-
urations of the terbium and iron sublattice in the intermediate phase. (b) and (c)
Comparison of the longitudinal susceptibility (blue) and the transverse susceptibility
(orange) at magnetic fields of 1 T and 3T, respectively. The different color shadings
in the background of the plots mark the regions of different magnetic phases.

Fig. 13.3| (a) shows schematically the direction of the applied magnetic fields for the trans-
verse and longitudinal susceptibility configuration in the context of the spin directions in
the I'T phase. The terbium spins are fixed in the ab-plane and the iron spins are fixed in
the ac-plane. In the longitudinal configuration, the excitation field BJJC is parallel to the
static magnetic field Bgy. and the c-axis of the crystal. For the transverse configuration,
the excitation field B is parallel to the a-axis while the static magnetic field is applied
long the c-axis perpendicular to the excitation field. The angle # between the static mag-
netic field By, and the c-axis was introduced for the study of an intentional misalignment

of the magnetic field. The transverse susceptibility data of ThFeO3 presented in Fig [3.3
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and Fig. [3.5 were recorded using a misalignment angle of 3.5°.

Fig. presents a comparison of the measured temperature dependence of the suscepti-
bility signal for a longitudinal and a transverse susceptibility measurements. The static
magnetic field is applied predominantly parallel to the hard magnetic (001) direction of
the sample. For the measurement of the longitudinal susceptibility, the ac magnetic ex-
citation field was applied parallel to the static magnetic field along the (001) direction.
In contrast, for the measurement of the transverse susceptibility, the ac magnetic excita-
tion field was applied parallel to the (100) direction, perpendicular to the static magnetic
field. Fig. |3.3|(b) presents the real and imaginary parts of the longitudinal and transverse
signal for a static magnetic field of 1 T. Prominent signatures characteristic of Ty; and
Tno are evident in all signal curves. However, a minor shoulder marking the transition

temperature Tys is only discernible in the imaginary part of the transverse susceptibility.

Fig. [3.3|(c) depicts the same measurement quantities, but for a magnetic field of 3 T. The
real and imaginary parts of the longitudinal susceptibility are at a constant low level and
lack any discernible signature. In both, the real and imaginary parts of the transverse
susceptibility, a global maximum at a temperature of Ty; = 3.94 K marks the transition
between the HT and the IT phases, while a kink at Ty, = 3.6 K is characteristic of the
transition between the I'T phase and the IC phases. A distinct maximum at Tnz = 3.04 K,
observed exclusively in the imaginary part of the transverse susceptibility in Fig. 3.3| (c)

marks the transition between the IC phase and the LT phase.

This comparison demonstrates that the measurement of the transverse susceptibility is
more effective than the longitudinal susceptibility for the mapping of the hard-axis mag-
netic phase diagram. In this hard-axis configuration, the longitudinal susceptibility is
most likely only sensitive to the iron sublattice. This results from the strong anisotropy
of the terbium spins, which are fixed in a plane perpendicular to the (001) direction [66,
67).

Fig. presents the effect of an intentional misalignment on the measured transverse
susceptibility signal. The rotation axis was approximately parallel to the (010) direc-
tion. In Fig. |3.4] (a) the temperature dependence of the imaginary part of the transverse
susceptibility for a magnetic field of 1.5 T is plotted for a selection of different misalign-
ment angles. The maximum at the temperature Txs becomes particularly pronounced at
a misalignment angle of 3.5°. This angle was chosen for investigation of the transverse
susceptibility of ThFeOs. Fig. [3.4] (b) illustrates the angle dependence of the maximum
signal of the imaginary part of the transverse susceptibility marked in Fig. [3.4] (a). The

angle dependence of the maximum signal was used to determine the misalignment angle
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for the measurement of the temperature dependence of the transverse susceptibility of

TbFeO3. The maximum of a parabola fit marks the minimum misalignment angle.
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Figure 3.4: Temperature dependence of the transverse susceptibility of TbFeOs at a constant
magnetic field of 1.5'T for a selection of different misalignment angles away from
the (001) direction. (a) Imaginary part of the transverse susceptibility plotted with
constant offsets. (b) Angle dependence of the maximum signal of the imaginary part
of the transverse susceptibility.

Fig. [3.5 shows the temperature dependence of the real and the imaginary parts of the
transverse susceptibility for a selection of constant magnetic fields that are predominantly
parallel to the (001) direction.

In Fig. [3.5] (a), the temperature dependence of the real part of the transverse suscepti-
bility is presented. At zero magnetic field, a global maximum at Ty; = 8.68 K marks the
transition between the HT and the IT phases. As the magnetic field increases, this maxi-
mum shifts to lower temperatures. A small maximum at Txs = 3.12 K is characteristic of
the transition between the IT and the LT phases. Tys increases slightly when a magnetic
field is applied. However, above magnetic fields of 1.5T, the maximum at Tys in the real

part of the transverse susceptibility can no longer be tracked.

Fig. [3.5](b) illustrates the temperature dependence of the imaginary part of the transverse
susceptibility. A kink at Ty; marks the transition between the HT and the IT phases. As

the magnetic field increases, this kink shifts to lower temperatures, becoming a maximum
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for magnetic fields larger than 2T. For magnetic fields larger than 6T, this maximum at
Ty in the imaginary part of the transverse susceptibility is no longer discernible. In the
absence of a magnetic field, a shoulder in the imaginary part at Txo = 3.12 K indicates
the transition between the I'T and the LT phases. With increasing magnetic field, the
shoulder at Ty shifts to slightly higher temperatures. At a magnetic field of 3.5T, the
shoulder at Tns becomes a maximum. As the magnetic field is further increased, Tyo

decreases slightly.
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Figure 3.5: Temperature dependence of the transverse susceptibility of ThFeOgs for a selection
of constant magnetic fields parallel to the (001) direction. The data is plotted with
constant offsets. (a) Real part of the transverse susceptibility. (b) Imaginary part
of the transverse susceptibility.
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At a magnetic field of 1 T, a small shoulder emerges at T = 2.99 K in the imaginary part
of the transverse susceptibility. As the magnetic field is further increased, this shoulder be-
comes a maximum and remains at a constant temperature up to a magnetic field of 6 T.
For even larger magnetic fields, Tyno decreases slightly. The discrepancies between the
temperatures Tz obtained from neutron diffraction and transverse susceptibility mea-
surements may be a result of the intentional misalignment angle in the susceptibility

measurement. An overview of all signatures observed in the transverse susceptibility in
Fig. is presented in table [I]

Transition temperature | Signature Color

TNt local maximum in Re(x..) and a kink turning in a maxi- | green
mum in Im(yL)

T2 kink which turns into a maximum in Re(x..) and a kink in | red
Im (xac)

N3 maximum in Im(x.) blue

Table 1: Overview of the signatures attributed to different phase transitions in the temperature
dependence of the transverse susceptibility for transverse field orientation in ThFeOs

in Fig.

3.4 Elastic Neutron Diffraction

The first evidence for solitonic spin textures in ThFeO3 was provided by the emergence
of higher harmonic peaks in elastic neutron diffraction measurements [15]. In this work,
neutron diffraction methods were similarly used to study the extent of the incommensurate
phase and to prepare for the study of potential dynamics of stabilizing mechanisms behind

the solitonic spin texture using inelastic neutron scattering techniques.

Fig. (a) shows the ThFeO3 sample in the aluminum housing prepared to prevent the
sample from moving due to magnetic torque induced by the transverse magnetic field.
As shown in Fig. (b) the aluminum housing was mounted to a sample stick of the
flow cryostat used at the triple-axis spectroscopy neutron beam line PANDA. The sample
was orientated such that the magnetic field is parallel to the c-axis and the ab-plane is
the scattering plane of the experiment. The neutron beam line PANDA at the Heinz
Maier-Leibnitz Zentrum (MLZ) in Garching is shown in Fig. (c).

Fig. (a) and (b) illustrate the measured neutron intensity as a function of the scatter-
ing vector at a temperature of 3.1 K and magnetic fields of 12T and 4 T, respectively. For
this subtraction, the measured diffraction patters at 8.5 K for both magnetic fields were
used. The higher harmonic peaks up to the seventh order, which are characteristic of the

soliton lattice as described in the literature, are clearly visible for both magnetic fields.
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Figure 3.6: Experimental setup for the neutron diffraction experiment at the triple-axis spec-
trometer PANDA at the Maier-Leibnitz Zentrum in Garching. (a) Sample inside
the custom-fit aluminum sample holder. The a-axis of the sample is in out-of-plane
direction. The c-direction of the sample points upwards. (b) The sample holder with
lid attached to the lower end of the cryogenic sample stick. The a and b direction
are as shown in horizontal direction. (c) The cold triple-axis spectrometer PANDA
at the Heinz Maier-Leibnitz Zentrum in Garching. Image taken from Ref. .

In contrast to the higher harmonic peaks observed by Artyukhin et al. , the peaks
measured in this study are broader and have a lower intensity. These discrepancies may
result from a different sample quality. However, qualitatively, the diffraction patterns

resulting from the soliton lattice structure observed in our study are consistent with Ref.
[15].

Fig. [3.7| (¢c) shows the magnetic field dependence of the intensity measured at a temper-
ature of 3.1T at the position of the third harmonic peak (1,-1.058,0). The emergence of
the soliton lattice is marked by a sharp increase in the measured intensity between 1.6 T

and 2T. The intensity remains elevated up to the maximum magnetic field of 12 T.

Fig. [3.§ presents the measured neutron intensity as a function of the k-vector and the
temperature for a selection of different magnetic fields between 0 T and 12 T. For all panels
the structural background at a temperature of 10.5 K in zero field and at 8.5 K for all finite
magnetic fields was subtracted. In Fig. [3.8| (a), the measured intensity in zero magnetic
field is shown. The onset of intensity is observed below temperatures of Ty; =8.65 K at
the (1,-1,0) position. This intensity remains at a constant level down to Tz =3.00 K. At

zero magnetic field, Ty is characterized by the beginning of a broadening of the observed
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Figure 3.7: (a) and (b) Neutron diffraction pattern of ThbFeOs at 3.1K for magnetic fields of
12 Tesla and 4 Tesla, respectively, applied parallel to the (001) direction. The nuclear
contribution was subtracted using the diffraction patterns recorded at 8.5 K at the
respective magnetic fields. Gaussian fits and their superposition are added in order
to pronounce the nature of the satellite peak contributions to the diffraction patterns.
(c) Magnetic field dependence of the intensity observed at the position of the third
harmonic diffraction peak. The red line results from a smooth of the data and serves
as a guide to the eye.

intensity towards lower temperatures.

The application of a magnetic field parallel to the (001) direction results in a shift of the
onset of intensity at Tx; to lower temperatures as shown in Fig. |3.8| (b)-(e). As illustrated
in Fig. [3.8](f)-(h), the onset of intensity is no longer discernible. This can be interpreted
as a disappearance of the I'T phase for magnetic fields of 4 T and higher.

In Fig. 3.8 (b), for a magnetic field of 0.5T, the emergence of higher harmonic peaks can
be observed for temperatures between Txo =3.22 K and Tyz =2.92K. As illustrated in
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Fig. (b)-(e), it is observed that the broadening of the intensity at Txo shifts to slightly
higher temperatures with increasing magnetic field up to 2T and turns into an onset of
several peaks, characteristic of the soliton lattice. As the magnetic field is increased up
to 8T, the higher harmonic peaks become more pronounced. The onset temperature of
the peaks at Tyo shifts only slightly from 3.71K at 2T to 3.80 K at 12T. The transition
temperature T3 of the disappearance of the higher harmonic peaks at Txs exhibits only

weak magnetic field dependence as well and shifts only slightly to higher temperatures.

Figure 3.8: Temperature dependence of the neutron diffraction patterns of ThFeOs for differ-
ent magnetic fields up to 12T applied parallel to the (001) direction. The nuclear
contribution was subtracted using the diffraction pattern recorded at 10.5 K in zero
field in panel (a) and using the diffraction pattern recorded at 8.5 K at the respective
magnetic field in panels (b)-(h).
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3.5 Hard-Axis Heat Capacity

The measurement of the hard-axis heat capacity of TbhFeOj is highly challenging, primar-
ily due to the significant torque that is generated when a magnetic field is applied parallel
to the (001) direction.

To conduct this measurement, the hard-axis heat capacity setup II was employed and the
sample was securely fixed to the sample platform using Stycast covering the entire sample.
However, the magnetic torque was sufficiently significant to cause a plastic deformation
of the sample platform. Consequently, the extracted data must be treated with caution.
For the measurement, large heat pulses were employed because this technique is less time
consuming than the conventional thermal relaxation method and is more sensitive to
first-order transition as the one at Txe ~ 3 K [99]. In contrast to the thermal relaxation
method, which aims on heat pulses with a typical temperature rise of 2%, the large pulse
method used here aimed on temperature rises of 30%. The recorded heat pulses were
evaluated using the dual-slope method provided by the heat capacity software of the
Quantum Desing PPMS. This method analyses the time derivative of the temperature
variation of the sample during a heat pulse heat pulses to extract the corresponding heat

capacity [48},199].

Fig. shows the temperature dependence of the specific heat for a selection of different
magnetic fields. The specific heat at zero magnetic field shown here is in agreement
with the result of previous measurements using commercially available heat capacity
setups and with the literature 39, |100]. A broad maximum at Ty; =7.92 K marks the
transition between the HT and the I'T phases. The sharp peak observed at Ty, =3.06 K

is characteristic for the first-order transition between the I'T and the LT phases.

When a magnetic field is applied parallel to the (001) direction, the maximum at Ty
shifts to lower temperatures and the size of the maximum decreases. At a magnetic field

of 4T, the maximum disappears.

The sharp peak at Tys shifts to higher temperatures for magnetic fields up to 2T. For
larger magnetic fields, Txns decreases again. This decrease in temperature of the sharp
peak may be a result of the increasing misalignment of the sample due to the magnetic

torque bending the sample platform.

At a magnetic field of 1T, an additional maximum emerges at Tys = 3.04 K, marking
the transition between the IC and the LT phases. With increasing magnetic field, the
maximum shifts to slightly lower temperatures and becomes a shoulder at magnetic fields
of 4T and 6 T.
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The temperatures of the signatures at Txo and at Tys shift more strongly towards lower
temperatures with increasing magnetic field than observed in the neutron diffraction
measurement. It is likely that the strong temperature shifts of the two signatures result
from the sample platform bending due to the large magnetic torque acting on the sample
in a transverse magnetic field, leading to undesired easy-axis components of the magnetic
field.
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Figure 3.9: Specific heat of TbFeOgs for different magnetic fields between 0T and 6 T applied
dominantly parallel to the (001) direction. The curves are plotted with offsets to
avoid an overlap.

3.6 Summary and Outlook

To date, only one study has been published on the soliton lattice phase [15]. Therefore,
further investigations into this complex magnetic texture in ThFeOgs are necessary. Our
study started with the synthesis of single-crystal ThFeOgs. From the synthesized material,
cuboid samples were prepared for magnetometry, heat capacity and neutron diffraction

experiments.

Our work presents a hard-axis magnetic phase diagram for magnetic fields up to 12 T.
The intermediate phase is suppressed by a magnetic field parallel to the c-axis, and the I'T

phase is not observed above 4 T. Neutron diffraction experiments revealed the presence
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of the soliton lattice phase for magnetic fields larger than 0.5 T, with a large number of
satellite peaks observed. The satellite peaks remained clearly present at the maximum

accessible magnetic field of 12 T.

A comparison of the respective signals showed the advantages of the transverse ac sus-
ceptibility over the longitudinal ac susceptibility for studying the magnetic properties
of TbFeOs3 in a transverse magnetic field. At a magnetic field of 3T, the transverse ac
susceptibility showed distinct signatures in the temperature dependence, while the signal
in the longitudinal ac susceptibility has disappeared. This disappearance of the signal is

a consequence of the terbium spins not contributing to the c-axis susceptibility.

In the imaginary part of the transverse ac susceptibility a local maximum at a temperature
Tns was observed, indicating the low-temperature phase boundary of the soliton lattice
phase. The emergence of this maximum required a small longitudinal magnetic field
component. The longitudinal magnetic field component was provided by slightly canting

the static magnetic field away from the c-axis towards the a-axis.

The heat capacity of ThFeOj in a transverse magnetic field was measured using a custom-
built setup for anisotropic samples. The setup allowed to measure the heat capacity up
to a magnetic field of 6 T. The emergence of a maximum at a temperature Tys marks
the presence of the soliton lattice phase. The large magnetic torque acting on the sample
in a transverse magnetic field leads to an increased bending of the sample platform with
increasing magnetic field. The deviations in the transition temperature between heat
capacity and neutron diffraction experiments are most likely a result of the bending of

the sample platform introducing easy-axis components of the magnetic field.

Future measurements are planned to study the dynamics of the potential stabilizing mech-
anism of the soliton lattice phase as proposed by Artyukhin et al. [15]. Inelastic neu-
tron diffraction experiments employing a triple-axis spectrometer or a resonant spin-echo
spectrometer may shed light on the stabilizing mechanism. In addition, a more rigid heat
capacity setup was prepared to measure the hard-axis heat capacity of ThFeO3 under a

fixed magnetic field orientation.
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4 Quantum Phase Transitions in the 1D-Ising System CoNb,Og

A phenomenon studied frequently in low-temperature quantum magnetism is the quan-
tum phase transition from an magnetically ordered to a paramagnetic phase in the
one-dimensional Ising chain induced by a transverse magnetic field. In literature, the
columbite compound CoNbsOyg is regarded as a prototype realization of a quasi one-
dimensional Ising spin chain system. CoNbyOg in a transverse magnetic field was the
topic of a plethora of recent studies, addressing quantum phase transitions and an emer-
gent E8 symmetry [16, 101H104], different treatment of the inter-chain and intra-chain
couplings [18, [105], an unexpected large heat capacity at the transverse-field quantum
phase transition [35], and geometric frustration [106, 107]. However, the overall under-
standing of the physics in this compound still lacks detailed information on the exact
shape of the transverse-field phase diagram. Additional intriguing question concern the
relationship between the phase diagram and the hierarchy of energy scales of the system
and how the quantum criticality influence the observed magnetic properties. We employ
measurements of the transverse susceptibility, the heat capacity and the magnetocaloric
effect to address these open questions. Most notably we provide a detailed magnetic
phase diagram, that permits to study the evolution from the fundamental model of an

Ising chain towards a playground for complex magnetism.

The following chapter starts with an overview of the physical background of quantum
phase transitions, in particular in the context of Ising spin systems. Subsequently, the
results of the growth of single-crystal CoNby;Og and of the low-temperature experiments
conducted are presented. A magnetic phase diagram under transverse magnetic fields is
drawn based on the results obtained from measurements of the transverse susceptibility,
the heat capacity and the magnetocaloric effect in a transverse magnetic field down to
milli-Kelvin temperatures. Additionally, a magnetic phase diagram is presented for the
case of a small misalignment angle between the hard magnetic axis and the magnetic

field. Finally, the critical trajectories of the quantum phase transitions are evaluated.

4.1 Quantum Phase Transition

Quantum phase transitions represent a distinct class of phase transitions driven by quan-
tum fluctuations induced by non-thermal parameters. The following description of (quan-
tum) phase transitions is based on Refs. [28]|33] [108-110]. In general, phase transitions

are classified as either first-order or second-order phase transition.

First-order phase transitions involve latent heat and allow for the coexistence of two
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phases at the transition point. An example of a first-order phase transition is the process
of melting ice. In the process of melting ice, a sudden change of the structural order
parameter takes place. First-order phase transitions typically exhibit a delta peak-like
signal in the specific heat. Second-order phase transitions are characterized by a contin-
uous change of the order parameter and do not involve phase coexistence or latent heat.
Examples of second-order phase transitions include the Curie point of ferromagnetic or-
dering and the superconducting phase transition. At the transition point, continuous
phase transitions exhibit a lambda-shaped signal in the specific heat. Aside of these two
type of transitions, there is the crossover. Strictly speaking, a crossover is not a phase

transition as the order parameter remains finite at all times.

Landau theory is often used to describe the different phase transitions and crossovers.
The core of this concept is the Landau free energy, which is a Taylor expansion in an
order parameter with only terms allowed by the symmetry of the Hamiltonian [111]. The
value of the order parameter is determined by minimizing the Landau free energy. Fig.
(A1) shows the Landau free energy as a function of an order parameter M. In the
case of the disordered phase, there are local minima at finite values of M, but the global
minimum is at M = 0. The orange curve displays the Landau free energy at the point of
the first-order transition. In this case, there are three minima at different values of M, all
with the same energy. This allows for the coexistence of the ordered and the disordered
phases. For the ordered phase, represented by the blue curve, the minima at M = 0 is
a local minimum, while the global minima can be found at an order parameter M # 0.
Fig. (A2) shows the order parameter as a function of an external parameter g in the
case of a first-order transition. At the transition point, the order parameter M jumps

discontinuously from zero to a finite value.

The Landau free energy for a second-order phase transition, for instance for an Ising

system, can be written as
f=fo+aM?+bM* (10)

where M is the order parameter and a and b are only dependent on the external parameter,
for instance the temperature or magnetic field. b needs to be positive in any case to ensure
a global minimum in the free energy while a changes its sign continuously across the
second-order phase transition. The evolution of the Landau free energy across a second-
order phase transition is shown in Fig. |4.1| (B1). In the disordered phase a is positive and
hence the free energy has only one minimum at M = 0. This is shown as the green curve
in Fig. 4.1] (B1). Towards the critical point, the curve becomes increasingly flatter near

M = 0. In the ordered phase a becomes negative and two minima emerge at finite M,
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illustrated by the blue curve in Fig. (B1). In the ordered phase, a becomes negative
as the external parameter moves away from the critical point. Therefore, the position of
the minima continuously moves away from M = 0. The order parameter M as a function
of the external parameter g for a second-order transition is shown in Fig. (B2). In
the disordered region for g > 1, the order parameter is zero. Starting from the critical

point at g = 1, the order parameter M increases continuously as g decreases.

For a crossover, the order parameter always takes finite values. The change of the external
parameter g results in a change of the energy landscape as shown in Fig. (C1). This
results in a change of the position of the minimum of the Landau free energy. The effect
of the external parameter g on the order parameter in the case of an crossover is shown in

Fig. (C2). As the external parameter g decreases, the order parameter M increases

continuously.
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Figure 4.1: Visualization of the energy landscape of the Landau free energy and the order pa-
rameters of phase transitions in the context of Landau Theory. (A), (B) and (C)
show the case of a first-order and second-order transition and of a crossover, respec-
tively. Figure taken from Ref. [33].

Unlike ordinary temperature-induced phase transitions, quantum phase transitions are
not driven by the suppression of an order parameter due to thermal fluctuations but by

quantum fluctuations at a so-called quantum critical point. These quantum fluctuations
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are induced by non-thermal parameters like magnetic field, pressure or chemical doping
such that quantum phase transitions occur only at zero temperature. In many cases

quantum phase transitions are second-order transitions.

Fig. presents two schematic phase diagrams in the vicinity of a quantum critical point.
In Fig. (a), an ordered phase exists only at 7" = 0. This is exemplified by one- and
two-dimensional Ising systems, where magnetic order is suppressed due to the Mermin-
Wagner theorem [112]. In this case, no quantum phase transition is observed in reality.
Nevertheless, the quantum critical point affects the phase diagram for T' # 0, dividing it
into three different regions separated by crossovers. In the thermally disordered regime,
the long-range order is suppressed by thermal fluctuations. In the quantum disordered
regime, it is suppressed by quantum fluctuations resulting from Heisenberg’s uncertainty
principle. The region between these two regimes is known as the quantum critical region.
In this region in the vicinity of r = r., the quantum critical ground state is affected by

the thermal fluctuations, which may result in unusual finite-temperature properties.

Fig. (b) shows a phase diagram in which the ordered phase extends to finite tem-
peratures. This allows for the observation of a phase transition in close proximity to
the quantum critical point. As the temperature decreases, the classical critical region,
where the phase transition is dominated by thermal fluctuations becomes narrower with
decreasing temperature. The quantum critical region in Fig. 4.2 (b) behaves analogously

to the case of order at only 7= 0 in (a).

(a) T A non-universal (b) 7 A non-universal
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Figure 4.2: Schematic phase diagrams of systems with a quantum critical point with an ordered
phase only at 7= 0K (a) and for 7" > 0K (b). Figure taken from Ref. [108§].

Research has demonstrated, that the presence of a quantum critical point strongly influ-
ences the physical properties at T' > 0. The distinctive effects resulting from the unique

fingerprint of a quantum critical point can persist up to relatively high temperatures. For

49



4 Quantum Phase Transitions in the 1D-Ising System CoNbyOg

instance, CePdsSiy exhibits a superconducting phase pocket in the vicinity of the quan-
tum critical point upon the application of pressure , while YbRh,Siy shows non-Fermi
liquid behavior in a magnetic field . In CoNbyOg, an energy spectrum governed by
an emergent K8 symmetry was observed in the vicinity of a quantum critical point in a
magnetic field transverse to the Ising axes .

4.2 Quasi-1D Ising chain magnetism in CoNb,;Ogq

Figure 4.3: Atomic and magnetic lattice of CoNbgOg. (a) Crystal structure of CoNbyOg with
cobalt atoms in blue, niobium atoms in orange and oxygen atoms in grey. (b)
Magnetic sublattice consisting of the cobalt atoms only. The directions of the Ising
axes of the magnetic moments of the cobalt atoms is visualized by blue arrows. The
blue lines connecting different cobalt atoms illustrate the ferromagnetic intra-chain
coupling Jy between different spins. The green and red lines visualize the different
antiferromagnetic inter-chain couplings J; and Jo between the spin chains. The
crystal unit-cell is indicated by the dotted lines. Adapted from Ref. .

The orthorhombic compound CoNbyOyg is considered to be a prototype realization of a
quasi one-dimensional Ising system [16} [102} [105, [107, [118-{122]. A one-dimensional Ising

system in a transverse magnetic field is in turn an archetypical example of a system

exhibiting a quantum phase transition.

CoNbyOg crystallizes in the orthorombic columbite structure with the space group Pbcn
and lattice constants a = 14.1475A,b = 5.721 A, and ¢ = 5.045 A, as shown in Fig.
36, 125].The unit cell of the crystal structure is indicated by a dotted cuboid.

The cobalt atoms are arranged in a zig-zag chain-like pattern along the c-direction. Within
the ab-plane, the cobalt atoms are arranged in isosceles triangles. The oxygen atoms in

gray span an octahedron around each cobalt atom. The resulting crystal electric field in
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Figure 4.4: Magnetic phase diagrams for magnetic fields applied in different directions within
the easy plane. (a) Visualizations of the different magnetic phases observed within
the magnetic easy plane. For every supercell, the modulation vector k was added.
In the case of the INC ordering, k, takes values between 0.37 and 0.48 depending on
temperature and applied magnetic field [115,|116]. Taken from Ref. [116]. (b) Phase
diagram for field applied parallel to the a-axis. Diagram taken from Ref. [117]. (c)
Phase diagram for field applied in a not specified direction between the a-axis and
the c-axis. Diagram taken from Ref. [117]. (d) Phase diagram for field applied
parallel to the c-axis. Diagram taken from Ref. [115].

combination with spin-orbit coupling induces an effective spin-1/2 magnetic moment on
every cobalt atom with a magnitude of approximately 3 ug [37, 124]. The combination
of spin-orbit coupling and the crystal environment is responsible for the Ising anisotropy
with two easy axes lying in the ac-plane enclosing angles of £+ 31° with the c-axis |17, |35,
42, 116, |126-128] (34° in Ref. [124], 29.6° in Ref. [115]). The two different directions of

Ising axes give rise to a single hard axis along the (010) direction of the system.

The magnetic interaction between the cobalt moments is predominantly ferromagnetic.
It is mediated by the superexchange along the c-direction and has a 1D-character [37].

The ferromagnetic interaction becomes relevant below 25 K [35, |36} 42, [125]. Due to the
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Mermin-Wagner theorem, magnetic long range order is forbidden in one-dimensional and
two-dimensional systems for temperatures above absolute zero. However, weak antiferro-
magnetic inter-chain couplings J; along the b-direction (shown as green lines in Fig.
and Jy perpendicular to the c-direction (shown as red lines in Fig. circumvent the
Mermin-Wagner theorem. As a result of the combination of all interactions, the system

develops long-range order below Tinc ~ 3 K.

Between 2K and 3K the magnetic order of the cobalt moments is incommensurate and
was identified as a spin-density wave along the b-direction with varying modulation vec-
tors between (0,0.37,0) and (0,0.48,0) [37, 38, 115, 116, 118} [128|. The incommensurate
magnetic structure (INC) is shown in Fig. (a). Under decreasing temperature in zero
magnetic field, a first-order transition was observed resulting in a commensurate antifer-
romagnetic order with the propagation vector (0,0.5,0) below 2K [115 118 |128]. This
antiferromagnetic structure (AF) is also shown in Fig. (a). At temperatures below
1 K, frequency-dependent signatures in the magnetic susceptibility [36), 42, [125] and an
unusual behavior in calorimetric measurements indicate an anomalous behavior referred

to as glassy or freezing behavior 35, 42, 125].

A plethora of studies have investigated the magnetic transitions and properties of CoNbyOg
and the corresponding phase boundaries when exposed to a magnetic field. These stud-
ies focus primarily on magnetic fields within the easy ac-plane |115-118| [124126), |129],
but also for fields applied parallel to the magnetically hard b-axis |35, 124, (130]. Dif-
ferent published magnetic phase diagrams for magnetic fields within the easy-plane and

visualizations of the corresponding spin structures are shown in Fig. [£.4]

Fig. (b) illustrates the magnetic phase diagram for a magnetic field parallel to the
a-axis. In this scenario, a spin-flip phase (SF3) was observed above approximately 75 mT.
At a critical magnetic field of 130 mT, a second spin-flip takes place resulting in a field-
polarized phase (F’). In Fig. (c) the magnetic phase diagram for the case of a magnetic
field bisecting the a-axis and the c-axis is shown, featuring a manifold of different spin-flip
transitions and phases (SF1, SF2, and SF3) [116, 117]. A magnetic field applied parallel
to the c-axis gives rise to the phase diagram shown in Fig. (d). For this configuration,
the incommensurate phase (IC) is suppressed for fields above H.; ~ 40 mT by the spin-
flip phase SF1. An additional spin-flip phase pocket (SF2) emerges at temperature below
2K and magnetic fields between H., = 300mT and 380 mT [115, |116} 124, |131]. Above
360 mT, the system was observed to be in a field-polarized paramagnetic phase. At lowest
temperatures below 1.5 K, a hysteretic behavior of the phase transitions depending on the

magnetic field sweep direction was reported [118; [132].
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The angular dependence of the magnetization when canting the magnetic field direction
from the easy c-axis towards the hard b-axis was subject of an early study by Maartense
et al. [124]. The results show a 1/cos(f,.) dependence of the critical transition fields
observed when 6y, is the angle in the be-plane between the magnetic field and the c-axis.
This behavior suggests that the magnetic properties are dominated in first approximation
by the magnetic field projection perpendicular to the b-axis. In the close vicinity of the
b-axis, however, this picture doesn’t hold any more as the quantum criticality of the

individual Ising chains in the transverse field component needs to be taken into account.

(a) 33 GEM and MAPS| (D) L R B A
CoNb,O
a1 Results sl T, 26 |
v v e v R
25 N ° I v
&4 v Critical * .
2 920 [ncommensurate Field ol " A2 i
2 77 ¢ Strueture o =
& X o
B 4« 0 v e o) =
g 1.5 1 v . N ~ .
2 “H
1.0 o ° g o 1k '.. c |
q=(0, 1/2, 0) (0, 1/3, 0) Paramagnet 2
0.5 L 3
o e o >'l< Glass lHa Glass
0.0 0 I 1 I I I 1 L
0 2 4 6 8 0 1 2 3 4 5 6 7 8
Field || b* (T) 1oH (T)

Figure 4.5: Former studies of the magnetic phase diagram for magnetic fields stated to be parallel
to the b-axis. (a) Magnetic phase diagram drawn on the basis of neutron diffraction
experiments. Diagram taken from Ref. [130]. (b) Magnetic phase diagram extracted
from heat capacity measurements. Diagram taken from Ref. [35].

First studies focusing on the quantum phase transition in CoNbyOg for a field applied
parallel to the b-axis were carried out as part of a doctoral thesis using elastic and inelastic
neutron diffraction experiments [130]. A central result of this study concerns the evolution
of the magnetic phase boundaries under increasing magnetic field. The phase diagram
extracted from these neutron diffraction experiments is shown in Fig. 4.5 (a). Between the
incommensurate phase and the paramagnetic phase, the emergence of a spin-flip phase
with modulation vector (0,1/3,0), equivalent to the SF1 phase induced by a magnetic
field parallel to the c-direction, was observed. Furthermore, the quantum critical field
was extracted from preliminary inelastic neutron diffraction experiments by R. Coldea
showing an incomplete gap closing with an energy gap minimum at a magnetic field of
H.=53T.
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The only published magnetic phase diagram for a transverse field geometry is extracted
from a heat capacity study of CoNbyOg [35] and is shown in Fig. (b). The phase
boundary between the paramagnetic and the ordered magnetic phase is marked by red
circles and green triangles. However, in the heat capacity data presented in this publi-
cation, signatures of the incommensurate to antiferromagnetic transition at 2K in zero
field are missing. Consequently, the phase boundary between the incommensurate phase
and the antiferromagnetic phase with propagation vector ¢ = (0,1/2,0) presented in the
phase diagram in Fig. [4.5] (a) is completely missing in Fig. [.5(b). The gray dashed lines
mark the phase boundaries of a glassy state, that was identified by an unusual frequency
dependence of the thermal relaxation behavior in ac calorimetry measurements. The blue
symbols illustrate the energy gap extracted from a fit of the measured heat capacity to

the free fermion solution of the isolated Ising chain in a transverse field.

Ultrasound velocity measurements revealed a distinct softening of the elastic constant
Ce towards the quantum critical point due to spin-orbit-strain-coupled fluctuations [133].
Domain growth kinetics also play a central role for CoNbyOg at very low temperatures.
Unexpected low power law dependencies of domain growth were found in neutron diffrac-

tion and ac susceptibility measurements [42 126, [134].

A majority of the central literature focusing on CoNbyOg concern spectroscopic measure-
ments in transverse magnetic fields. As was derived theoretically by Zamolodchikov, the
energy spectrum of the excited states of weakly coupled Ising chains match specific ratios
at the quantum critical point [29]. The ratio between the energies of the first two excited
states, for instance, is predicted to be the golden ratio. This is in accordance to the energy

spectrum of a system with an emergent E8 symmetry where E8 describes a Lie group.

The first experimental observation of an E8 energy spectrum in CoNbyOg was provided
by inelastic neutron diffraction measurements where the ratio between the energies of the
first two excited states was observed to approach the golden ratio towards a critical field
of B.1p ~ 5T, below the transition to the paramagnetic phase at B.sp = 5.5 T [16]. Fig.
[4.6] presents the central results of the study conducted by Coldea et al. In this study, the
antiferromagnetic inter-chain coupling was modeled by adding a simple mean field term
in the Hamiltonian. Figs. (A) and (B) show energy scans at 4.5T and 5T. For both
magnetic fields, two excited states, labeled m; and ms, are observed. Figs. (C) and
(D) illustrate, that the energy ratio of the two excited states approach the golden ratio in
the vicinity of 5T, characteristic for a system exhibiting an E8 symmetry. The presence of
an energy spectrum consistent with the energy spectrum of an emergent E8 symmetry was
later also observed by means of THz-Spectroscopy [101]. Additional theoretical studies

shed further light on the details of the Hamiltonian describing experimental observations
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Figure 4.6: Magnetic-field dependence of the excited stated of CoNbyOg. (A) and (B) Observed
neutron intensity as function of energy transfer at magnetic fields of 4.5T and 5T
respectively. (C) Magnetic-field dependence of the energy gaps of the first two
excited states. (D) Magnetic-field dependence of the ratio of the energies of the

first two excited states approaching the golden ratio in the vicinity of the quantum
critical point. Figure taken from Ref. .

in the ordered phase and the quantum paramagnetic phase, respectively [102, [135]. The
single-ion properties, in particular the single-ion energy levels, the wave function of the
crystal electric field and the g-factor were investigated by means of inelastic neutron

scattering and paramagnetic resonance measurements [17].

Further studies focused on the understanding of the nature of the inter-chain and intra-
chain interactions. The effect of different antiferromagnetic couplings on the resulting
magnetic order was subject of a theoretical investigation . In this study, the Ising
chains were arranged in a triangular pattern with antiferromagnetic coupling and the
influence of an isoscele distortion of the couplings on the magnetic order in a transverse
field at zero temperature was evaluated. The effect of uniaxial pressure on the frustration
of the interchain couplings was investigated using neutron diffraction by Kobayashi et al.
. Recent studies studies have dealt with modifications of the simple ferromagnetic
exchange term considering a doubling of the unit cell along the chain due to a buckled
ferromagnetic exchange , . Inelastic neutron scattering experiments in the quantum

paramagnetic regime revealed the need for two magnetic sites to model the experimental
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data sufficiently . Conceptually similar, a two site model advertised as twisted Kitaev
chain was introduced to model Thz-spectroscopy data . In consequence, recent interest

has grown in the theoretical study of ferromagnetic Kitaev chains and perturbed Ising

chain systems [22-24, 138]. The effective Hamiltionian became increasingly elaborate,
including soliton and spinon excitations, in order to achieve a more accurate modeling

of the experimental spectroscopy results to the best extent , , 139]. Recent work
proposed a modified version of the Hamiltonian from Ref. with a more elaborate
treatment of the interchain actions to model the experimental observations. This modified

Hamiltonian is characterized by an emergent Dél) symmetry instead of an E8 symmetry

at the quantum critical point [140].

4.3 Single-Crystal Growth and Characterization
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Figure 4.7: X-Ray diffraction with CoNbsQOg: (a) Single-crystalline pieces of CoNbsQOg. (b)
Powder diffraction pattern and refinement. (c-e) Laue diffraction patterns along the
three major orthorhombic axes.
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Two successful growth attempts were carried, yielding two single crystals of CoNbyOg
referred to as IFZ2 and IFZ6. From the growth attempt IFZ2, a cuboid sample was
prepared with a size of 1.8 X 2.6 X 2.4 mm along the a, b, and ¢ axes and a mass of 62.6 mg.
This cuboid, labeled as IFZ2-A, was used for the preliminary magnetization, susceptibility
and heat capacity measurements presented in section [4.4] The key measurements, namely
the measurement of the transverse susceptibility, the heat capacity and the magnetocaloric
effect down to milli-Kelvin temperature, were carried out on a spherical sample prepared
from the growth attempt IFZ6. The spherical sample, labeled as IFZ6-A, has a diameter

of 2.8 mm and a mass of 67.8 mg.

Fig. (a) shows an image of the growth attempt IFZ6. From this attempt, float-zoned
leftover material from the sample preparation was used for powder diffraction. Fig. (b)
displays the resulting powder diffraction pattern. The Rietveld refinement indicates ex-
cellent agreement with the experimental data. Moreover, no secondary phase is observed
in the diffraction pattern. Laue diffraction patterns in Fig. (c)-(e) demonstrate a
good single crystallinity of sample TFZ6-A.

4.4 Magnetic Properties for magnetic fields applied parallel to high
symmetry directions

Before delving into the thermodynamic properties of CoNbsOg in a transverse magnetic
field, the results of measurements for its characterization in zero magnetic field and for
magnetic fields applied along the high symmetry directions are presented. Fig. shows
the temperature dependence of specific heat and ac susceptibility in zero magnetic field.

All panels use a double-logarithmic scale.

The specific heat exhibits two prominent peaks at temperatures of Tine¢ = 2.98 K and
Ty = 1.99K, as shown in Fig (a). The peak at Tinc is in agreement with the lit-
erature. This peak indicates the phase transition from the paramagnetic phase to an
incommensurate antiferromagnetic phase. The peak at Ty marks the phase transition
from the incommensurate to an commensurate antiferromagnetic phase. However, the
literature reports a shoulder at Ty rather than a sharp peak [42, 125]. Below 2K, the

specific heat decreases sharply.

The high-temperature part of the specific heat is tracked by data from ZnNbyOg, a non-
magnetic analog (data taken from Ref. |[125]). The specific heat curve of CoNbyOg begins
to deviate from the behavior of ZnNbyOg for temperatures below 20 K. The difference
between these two curves are a result of the magnetic contributions to the specific heat
in CoNbyOg.
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Figure 4.8: Thermodynamic properties. (a) Specific heat as a function of temperature for zero
magnetic field with a double logarithmic scale. As a measure of the phonon contribu-
tion, data for nonmagnetic ZnNboOg is shown (blue curve) (Taken from Ref. [125])
in order to illustrate the phononic contribution to the specific heat of CoNb2QOg. (b)
and (c) Real and imaginary part of the longitudinal ac susceptibility as a function
of temperature with a double logarithmic scale. The susceptibility was measured
along the three orthorombic axes with a small applied field of 0.5mT.

Fig. (b) displays the temperature dependence of the real part of the longitudinal
ac susceptibility along the three major crystallographic axes in a small magnetic field of
0.5mT. The real parts of the ac susceptibility parallel to the (100) and (001) are in good
agreement with the literature [37, |42, |125].
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Figure 4.10: Magnetic field dependence of the magnetization and the susceptibility: (a) Magne-
tization along the (010) direction for different temperatures. (b) Real part of the
longitudinal ac susceptibility and the derivative of the magnetization for various
temperatures. The data in (b) is plotted with constant offsets.

A maximum in the (100) susceptibility and a kink in the (001) susceptibility at Tinc =

3.04 K mark the transition from the paramagnetic phase to the incommensurate anti-
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ferromagnetic phase. Sharp drops in the susceptibilities parallel to the (100) and (001)
directions at Ty = 1.99 K mark the transition from the incommensurate phase to the
commensurate antiferromagnetic phase. The susceptibility parallel to the (010) direc-
tion shows no distinct signature, but rather a very broad maximum centered around
By =4.49 K. This maximum may indicate a crossover from the paramagnetic regime to a

regime dominated by the anisotropy of the cobalt spins.

Fig. (c) shows the temperature dependence of the imaginary part of the ac suscep-
tibility. The imaginary part of the susceptibility is several orders of magnitude smaller

and shows no discernible signatures for all measured directions.

The second part of the preliminary thermodynamic characterization of the CoNbyOg
samples concerns the magnetic field dependence of the magnetic properties. Fig. [£.9shows
the magnetic field dependence of the magnetization and the longitudinal ac susceptibility

at a constant temperature of 2 K.

The field dependence of the magnetization and the longitudinal ac susceptibility was
measured along the three major crystallographic axes, as shown in Fig. (a). Along
the (100) direction, the magnetization increases steeply above 0.03 T and reaches a field
polarized state at 0.13'T. The magnetization then increases with a smaller slope as the
magnetic field increases further, possibly due to a canting of spins away from their local
Ising axis. The behavior described can be observed more clearly in the derivative of the
magnetization dM /dH, as shown in comparison with the ac susceptibility in Fig.
(b). For small magnetic fields, dM /dH increases slightly. However, at 0.13T, dM /dH
decreases sharply as the magnetic field increases. The ac susceptibility behaves similarly,

but is larger in the magnetically ordered regime below 0.13 T.

For field along the (001) direction, the magnetization exhibits a two-step behavior. Below,
0.03'T, the slope of the magnetization curve increases upon application of a magnetic field.
Above 0.05T, the slope of the magnetization decreases again before rising sharply above
0.26 T. Above a magnetic field of 0.4T, the slope of the magnetization then decreases
again due to the onset of the saturation of the magnetic moments. At higher fields, the
magnetization increases gradually. This behavior is also visualized in the dM /dH and the
ac susceptibility curve, as shown in Fig. (c). Notably, the ac susceptibility exhibits
distinct signatures at 0.05T (change of slope) and at 0.34 T (maximum).

The magnetization for field along the (010) axis is smaller than for the other two field
directions, as shown in Fig. (a). The magnetization increases continuously with
the maximum slope occurring at a magnetic field of approximately 4.14T. The field

derivative of the magnetization dM /dH and the real part of the ac susceptibility are in
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good agreement, as shown in Fig. (d). In both curves, the maximum is observed at
a magnetic field of 4.14T.

In the following, the focus is on the magnetic properties for a magnetic field applied
transverse to the Ising axes of CoNbyOg. Measurements of the magnetization and the
longitudinal susceptibility provide first insights into the magnetic behavior of CoNbyOg
at temperatures above 1.83 K. Detailed measurements of the magnetic field dependence
of the magnetization and the ac susceptibility parallel to the (010) direction are presented
in Fig. [1.10] Fig. (a) presents the magnetic field dependence of the magnetization
along the (010) direction measured between 1.83 K and 10K and fields of up to 14 T. At
10 K, the behavior of the magnetization indicates paramagnetic behavior as a function of
magnetic field. With decreasing temperature the magnetization curves start to deviate
from the paramagnetic behavior. At 1.83 K, the magnetization is consistent with the
theoretical prediction for the magnetization of an Ising chain in a transverse magnetic
field at zero temperature [141] [142].

Fig. (b) shows a comparison between the ac susceptibility and the derivative of
the static magnetization measured as a function of field parallel to the (010) direction
for temperatures from 1.83K to 10K. At 10K, both the ac susceptibility and dM /dH
decrease monotonically as the magnetic field increases. However, for a simple paramagnet,
it is expected that these two curves should be identical to each other. In this case, the
ac susceptibility decreases faster than dA//dH. This may be due to the presence of
ferromagnetic fluctuations at this temperature, resulting in slow reorientation processes.
The differences between the ac susceptibility and dM /dH in the paramagnetic regime

become smaller as the temperature decreases.

With decreasing temperature, a broad maximum emerges in both the ac susceptibility
and dM /dH simultaneously. This maximum is first observed in the magnetic fields de-
pendence at a temperature of 3.5 K and at a magnetic field By = 3.11T and is located
in the paramagnetic regime. This maximum indicates a crossover to a regime dominated
by the anisotropy of the cobalt magnetic moments. At a temperature of 2.8 K, a small
kink appears at a magnetic field of Bo = 2.12T. This kink is identified as a result of the
phase transition from the paramagnetic phase to the incommensurate magnetic phase.
This kink shifts to larger magnetic fields as the temperature decreases and becomes a
maximum. Between temperatures of 2K and 2.4 K, a small hump appears at a magnetic
field of Bsp ~ 2T. This hump can most likely be associated with a spin-flip transition
due to a slight misalignment of the sample with respect to the magnetic field direction.
This is consistent with phase diagrams presented in section [4.5.2
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At the lowest temperature of 1.83 K, there appears to be an increase in dM /dH at a
magnetic field of By = 1.14T. The position of this increase is in line with the transition
fields obtained from the transverse susceptibility measurements for the phase boundary

of the commensurate antiferromagnetic phase.

An additional maximum is observed in the paramagnetic regime. This broad maximum
emerges at a temperature of 3.5 K at a magnetic field By = 3.11T. In analogy to the
maximum of the susceptiblity along the (010) direction observed in Fig. (b), the
maximum here may also indicate a crossover from a regime dominated by the anisotropy
of the magnetic system to the paramagnetic regime. As the temperature decreases, the
maximum shifts to larger magnetic fields. Towards the lowest temperatures presented in

this panel, the maxima at B, and Bix¢ merge to a single maximum.

4.5 Thermodynamic Properties for a magnetic field parallel to (010)

In the following, the results of the detailed measurements of the transverse susceptibility,
the heat capacity and the magnetocaloric effect are presented for a static magnetic field
(dominantly) parallel to the (010) direction. Although CoNbyOyg is a prominent example
for the study of quantum phase transitions of an Ising chain in a transverse magnetic
field, a detailed hard-axis magnetic phase diagram for this material is still missing in
the literature. A central result of this work is a detailed transverse-field magnetic phase

diagram for CoNby;Og based on measurements of the thermodynamic quantities.

4.5.1 Susceptibility in Transverse Magnetic Fields

Figure shows the transverse-field magnetic phase diagram obtained from suscepti-
bility and calorimetric measurements. The underlying color plots in Fig. (a) and
(b) show the real and imaginary part of the transverse susceptibility, respectively, with
purple color representing small values and red color representing large values. The data
points were inferred from measurements of the transverse susceptibility, the heat capacity,
and the magnetocaloric effect, indicating the boundaries between the different magnetic
phases. The extent of the paramagnetic phase (para), the incommensurate phase (IC),
and the commensurate antiferromagnetic phase (AFM) are displayed in both panels of
Fig. [4.11] Additionally, two region labeled as ’glassy’ are shown. In equivalence to lit-
erature results, CoNbyOg exhibits an unusual thermal relaxation in these glassy regions
[35]. Measurements of the longitudinal susceptibility indicate an additional regime outside

of the ordered phase and characterized by a dominant anisotropy (AD). The boundary
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between the paramagnetic phase and the anisotropy-dominated phase is observed as a

maximum in the longitudinal susceptibility.
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Figure 4.11: Color plots of the transverse susceptibility. (a) Real part of the transverse sus-
ceptibility. (b) Imaginary part of the transverse susceptibility. Data points were
inferred from measurements of the longitudinal and transverse susceptibility, the
heat capacity (HC), and the magnetocaloric effect (MC). White dots indicate where
magnetic field sweeps were carried out. Data points indicating the boundaries of
the glassy regime from Liang et al. are also included.

Fig. W.11] (a) and (b) show five distinct regimes in zero magnetic field. Starting at
high temperatures, the paramagnetic phase (para) is stable down to T, = 4.49K. At
Ty, a crossover is observed resulting in a regime dominated by the anisotropy of the
cobalt moments (AD) down to and Tix¢ = 3.04 K. Between Tinc and Ty = 1.94 K, the
incommensurate magnetic order (IC) is stabilized. At Ty, a first-order phase transition
takes place from the incommensurate to a commensurate antiferromagnetic order. Below
Te ~ 1K, an unusual thermal relaxation is observed which has been interpreted in the

literature as a glassy behavior [35] or a freezing transition [42].

As the magnetic field increases, all transition temperatures, Tinc, In, and T, decrease

continuously. The underlying color plot of the real part of the transverse susceptibility in
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Transition temperature | Signature Color

T~ point of inflection extracted from the zero crossing of the | green
second derivative of Re(xz)

Tinc maximum in Re(x.L.) red

Table 2: Overview of the signatures attributed to different phase transitions in the temperature

dependence of the transverse susceptibility for perfect transverse-field orientation in
Fig. |4.12

Fig. 4.11] (a) shows a maximal signal in the vicinity of Tin¢ and very low susceptibility
in the antiferromagnetic phase below Ty. At temperatures below 1 K and magnetic fields
slightly larger than By, additional fine structure is observed. This fine structure is located
at the same position as signatures in the imaginary part of the transverse susceptibility

and in the magnetocaloric effect indicating the presence of an additional phase pocket.

Fig. [.11] (b) displays the same magnetic phase diagram with the imaginary part of
the transverse susceptibility as color map. A slightly enhanced signal in the imaginary
part of the susceptibility is observed in the temperature and magnetic field regime of
the antiferromagnetic phase between Ty and Tg. The signal in this region is larger than
in the glassy regime below T. In finite fields, the imaginary part of the susceptibility
reveals a significant signal at low temperatures below 1 K near the magnetic field By.
Additionally, for temperatures below 200 mK, the signal in the imaginary part of the

transverse susceptibility is also enhanced for magnetic fields below By .

Re Xac (a. u.)
o
N

sweep direction
D —_—

T (K)

Figure 4.12: Temperature dependence of the transverse susceptibility for different transverse
magnetic fields. The data is plotted with constant offsets.
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The temperature dependence of the real part of the transverse susceptibility is shown in
Fig. 4.12| covering temperatures between 1.4 K and 5.5 K and constant magnetic fields up
to 8 T. The temperature dependence in zero magnetic field is consistent with literature

and preliminary measurements conducted in the PPMS shown in Fig. [4.8| (b).

According to the literature, two signatures marking phase transitions can be identified
in zero magnetic field. At Tine = 3.04 K, a maximum indicates the transition from the
paramagnetic to the incommensurate phase. At Ty = 1.94 K, the point of inflection can
be associated with the transition from the incommensurate to commensurate antiferro-
magnetic phase. Both, the maximum at Tiy¢ and the point of inflection at Ty shift to
lower temperatures as the magnetic field increases. No additional signatures emerge with
increasing magnetic field for temperatures above 1.4 K. Table [2| provides an overview of

the signatures tracked in the temperature dependence of the transverse susceptibility.

Bex [1€010)
@g0oF . ' ' TK:472] () ' ' T (K): 4.72
e > 3.07 3.07
i : 2861 60F 2.86
y 2.45 2.45
600 v 8 '
—~ . 2.04 —_
o i S v Lo3
N2 - ) 140 | G40 — 4]
>§<()4OO >§ - 1.19
© c Bs . By 0.93
& =00 ; . 0.71 |
200 A 0.48
. 0.36
R 024
0 ok . . 0.08
0 0 2 4 6 8
B (T) B (T)

Figure 4.13: Magnetic field dependence of the transverse susceptibility for selected tempera-
tures. The data is plotted with constant offsets. (a) Real part of the transverse
susceptibility. (b) Imaginary part of the transverse susceptibility.

Fig. 4.13| (a) displays the magnetic-field dependence of the real part of the transverse
susceptibility for fields up to 8 T for a selection of fairly constant temperatures ranging
from 4.72 to 0.08 K. A small temperature drift of the bath temperature as shown in
Fig. [2.12 (a) resulted from the influence of the magnetic field on the readout of the
control thermometer of the dilution insert. The trajectories of the magnetic field sweeps

are indicated by the white dotted lines in Fig. |4.11, No signature is detected in the
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Transition field | Signature Color

By point of inflection extracted from zero crossing of the second | green
derivative of the real part of Re(x.:.)

Binc maximum in Re(y.L.) red

Bqci maximum /shoulder in Re(xz:) black

Bqee maximum /shoulder in Re(x;.) magenta

Bg onset of increase of Im(y..) blue

Table 3: Overview of the signatures attributed to different phase transitions in the magnetic
field dependence of the transverse susceptibility for perfect transverse-field orientation
in Fig. [4.13

magnetic field dependence for temperatures above 2.86 K. At 2.86 K, a maximum emerges
at Bine = 1.77T, indicating the incommensurate to paramagnetic transition. As the
temperature decreases, the maximum at the magnetic field Binc shifts to higher magnetic
fields, becomes sharper and converges towards Biye = 5.7T at 80 mK, which is the lowest

temperature measured.

By comparing the temperature dependence of the transverse susceptibility in Fig.
with the magnetic-field dependence in Fig. (a), an additional signature can be iden-
tified as the point of inflection (green triangles) at a temperature of 1.83 K and a magnetic
field of By = 1.75T. This point of inflection can be associated with the incommensurate
to commensurate antiferromagnetic phase transition and the transition field By exhibits
a hysteretic behavior depending on the sweep direction. As the temperature decreases,
the point of inflection at the magnetic field By approaches 4.65T at 240 mK and then
decreases to 4.4 T at 137 mK. At 80 mK, the signature is not distinct enough to be further
tracked.

Below 710 mK, two additional signatures emerge: two maxima at the fields Bog, = 4.59T
and Booy = 4.71T for the decreasing field sweep and a maximum and a shoulder for the
increasing field sweep. These maxima and shoulder might be connected to the presence
of additional phase pockets at low temperatures. Theoretical predictions suggest the
existence of additional phases at zero temperature due to isosceles distortions of the

antiferromagnetic inter-chain couplings of Ising chains [105].

Fig. (b) shows the magnetic field dependence of the imaginary part of the transverse
susceptibility up to 8 T for fairly constant temperatures ranging from 4.72 K to 0.08 K.
The imaginary part of the susceptibility does not exhibit any signatures for temperatures

above approximately 1 K.

At temperatures below 930 mK, a small maximum emerges at By = 4.05T, becoming

more prominent as the temperature decreases further. The evolution of this maximum
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at the critical field By corresponds well with the evolution of the position of the critical
fields of the incommensurate to commensurate antiferromagnetic transition in the mag-
netic phase diagram extracted from the real part of the susceptibility. The broadening
and increase of this maximum at very low temperatures may suggest the presence of ad-
ditional phases in the vicinity of the incommensurate to commensurate antiferromagnetic

transition.

Furthermore, the onset of a step-like signature can be observed at very low temperatures
below 1 K, barely visible at 930 mK and at Bg = 1.94T marked with a blue triangle,
but increasingly prominent towards lower temperatures. This onset of the increase of
the imaginary part of the susceptibility at Bg matches well with the phase boundary
of a glassy phase reported in Ref. [35] within the ordered phase regime. However, no
indications of the glassy regime in the paramagnetic phase as reported in this publication
could be found in this susceptibility measurement. The increase of the imaginary part of

the susceptibility at 80 mK and at magnetic fields below 2 T remains unexplained.

An overview of all signatures tracked in the magnetic field dependence of the transverse

susceptibility can be found in table [3]

4.5.2 Effects of Misalignment on the Transverse Susceptibility

As demonstrated for instance by Wendl et al. in their study on the influence of longitu-
dinal magnetic field components on the transverse-field quantum phase transition in the
3D-Ising compound LiHoF} [31], an intentional misalignment of the magnetic field can be
crucial in comprehending the nature of quantum phase transitions. Compared to LiHoF,
which has a hard plane anisotropy, CoNbsOg has only one hard axis. This results in a
much larger parameter space when studying the effects of an intentional misalignment of
the magnetic field. To narrow the parameter space of misalignment angles down in this
work on CoNbyOg, the focus was on an intentional misalignment from the (010) direction
towards the (001) direction by approximately 0.9°. This defined misalignment angle can
be realized in analogy to Fig. (c), when the magnetic field is perpendicular to the
(100) direction.

Fig. presents the magnetic phase diagram, when the misaligned angle of 0.9° is
introduced between the magnetic field and the (010) direction. The phase boundaries
Tx and Tine behave similarly for small magnetic fields below 2T when compared to the
perfect transverse orientation, cf. Fig. 4.11. Between 2T and 3T and between 2K

and 3 K, additional maxima are observed in the transverse susceptibility indicating the
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presence of an emergent phase transition as a result of the introduction of longitudinal

field components.

The top scale in Fig. shows the strength of the magnetic field projected on the (001)
direction. On this scale the transition field of the emergent phase transition at Bgr is of a
similar size as the transition field of the spin flip transition at Bsg; or Bpr ~ 40 mT in Fig.
(c) observed in the literature for a magnetic field parallel to the (001) direction |115]
. The similarity between the transition fields suggests, that the emergent phase
under a misaligned magnetic field might be associated with the spin-flip or ferrimagnetic

phase known from the c-axis phase diagram.
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Figure 4.14: 2D color plot of the transverse susceptibility as a function of temperature and
transverse magnetic field with a small misalignment. Data points were inferred
from measurements of the transverse susceptibility, the heat capacity (HC), and
the magnetocaloric effect (MC). White dots indicate the position of the recorded
magnetic field sweeps. Data points of the phase diagram from the doctoral thesis
of E. Wheeler are also included. The top scale shows the projection of the
magnetic field on the (001) direction due to misalignment.

As the temperature decreases further, below 1 K the maximum at Bgp turns into a shoul-
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der and gradually becomes less prominent before disappearing entirely below 500 mK. At
lowest temperatures, the point of inflection at By has vanished as well in the transverse
susceptibility and consequently only the maximum at Binc can be tracked. Addition-
ally, signatures in the heat capacity and the magnetocaloric effect were observed below
1 K. In the following, the temperature and magnetic field dependence of the transverse

susceptibility will be focused in more detail.

Fig. [4.15shows the temperature and magnetic field dependence of the transverse suscep-
tibility under a slightly misaligned magnetic field. In the measurement of the temperature
dependence for constant magnetic fields in Fig. [4.15] (a), the evolution of the two sig-
natures known from zero field at Tg and Ty indicating the two phase transitions (red
and green triangles) with increasing field is akin to that under perfect transverse-field
orientation of the magnetic field. However, at a temperature of Tsp = 1.93K and at a
magnetic field of 2.5 T, a small hump emerges (orange triangle) that could indicate the

emergence of an additional transition.
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Figure 4.15: Temperature and magnetic field dependence of the transverse susceptibility for a
magnetic field slightly canted away from the hard axis (010). The data is plotted
with constant offsets. (a) Temperature dependence of the real part of the transverse
susceptibility. (b) Magnetic field dependence of the real part of the transverse
susceptibility.

In the magnetic field dependence at fairly constant temperatures in (b), for both
increasing and decreasing magnetic fields, a distinct hump is observed. This provides
strong indications of an additional phase pocket starting at temperatures below 2.45 K
and at a magnetic field of Bgp = 2.15T. In [£.15] (b), the hump at Bgr shifts to slightly
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Transition parameter | Signature Color

T~ point of inflection extracted from zero crossing of the second | green
derivative of the real part of Re(x..)

Tc global maximum in Re(y.L.) red

Tsr local maximum in Re(xz.) orange

By point of inflection extracted from zero crossing of the second | green
derivative of Re(x.)

Bc maximum in Re(y..) red

Bsp maximum /shoulder in Re(y..) orange

Table 4: Overview of the signatures attributed to different phase transitions in the magnetic
field and temperature dependence of the transverse susceptibility for intentionally tilted
magnetic field orientation in Fig. [4.15

higher magnetic fields as the temperature decreases. Below 930 mK, the magnetic-field
shift of Bgr reverses and instead shifts to slightly smaller magnetic fields before the hump

disappears at 480 mK.

At temperatures below 600 mK, only the maximum indicating the transition between
the paramagnetic and an ordered magnetic phase is observed. This is in contrast to the
measurement with a perfect magnetic field alignment shown in Fig. [4.18 At tempera-
tures below 240 mK, a hysteretic behavior of the susceptibility between the up- and the
downsweep can be observed for magnetic fields below 3 T. A similar hysteretic behavior
at very low temperature for a field parallel to the magnetically easy (001) direction was
observed in the literature [132, |143].

Table (] provides an overview of all signatures observed in Fig. [4.15]

4.5.3 Heat Capacity in Transverse Magnetic Fields

Heat capacity measurements play a key role in obtaining a better understanding of the
fundamentals of the nature of phase transitions and the underlying physics of a system.
Studies on the calorimetric properties of CoNbyOg have primarily focused on its zero-field
behavior and the effect of a magnetic field parallel to the (100) direction |42, [125].

Published experimental results for a magnetic field applied parallel to the (010) direction
recorded using an AC calorimetry method show surprising features such as a prominent
peak in C/T at the quantum critical point [35]. This peak is explained by the presence of
gapless excitations . However, the presented phase diagram in this publication is lacking
detailed information of the exact extend of the different magnetic phases. In particular,

the incommensurate to commensurate antiferromagnetic transition known to be present
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Figure 4.16: 2D color plot of C/T as a function of temperature and transverse magnetic field.
Data points were inferred from measurements of the longitudinal and transverse
susceptibility, the heat capacity (HC), and the magnetocaloric effect (MC). White
dots indicate the position of the recorded heat pulses. Data points of the glassy
regime from Liang et al. are also included.

at Ty ~ 2K in zero field is ambiguous in the data. Hence, this phase boundary was not

inferred from the data in this publication.

This section presents extensive specific heat data for magnetic field parallel to the mag-
netically hard (010) direction. The magnetic field was orientated using the same process
as described in section Instead of the transverse susceptibility, the magnetocaloric
effect was measured for the process of aligning the magnetic field. Fig. [4.16| shows the
transverse field magnetic phase diagram from Fig. but with a 2D color plot of C/T
underlying the data points. Small white dots indicate the position of the recorded heat

pulses.

A large specific heat signal was found in the vicinity of Tine = 3.04 K at zero mag-

netic field. With increasing magnetic field, the signal around Tix¢ becomes progressively
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Transition temperature | Signature Color

™~ maximum in C green

Tinc maximum in C red

Tc onset of a rising coupling parameter 7 extracted from the | blue
heat capacity fit (see Fig. |4_26[)

Table 5: Overview of the signatures attributed to different phase transitions in the temperature
dependence of the heat capacity for perfect transverse field orientation in Fig. m

smaller.

For temperatures below Ty, the specific heat becomes very small, as indicated by the
purple shading. Towards the lowest temperatures below 300 mK and magnetic fields
below 5T, however, an increasingly enhanced signal of unknown origin is observed. In
the same region of the phase diagram, an enhanced signal in the imaginary part of the
transverse susceptibility was observed as shown in Fig. (b). Two regimes with
unusual thermal relaxation were also identified by the heat pulse method used here. The
details of these so-called glassy regimes are described in section [£.5.7] In the following,
the temperature and magnetic field dependence of the specific heat is described in more
detail.
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Figure 4.17: Temperature dependence of the specific heat for different transverse magnetic fields
between 0T and 8 T parallel to the (010). The gray shading area marks regions
with anomalous thermal relaxation impeding the fit of the heat pulse.

Fig. shows the temperature dependence of the specific heat between temperatures
of 160 mK and 5K for a selection of constant magnetic fields up to 8 T. The gray shading

marks regions of anomalous thermal relaxations as described in section [4.5.7, In Fig.
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Transition field | Signature Color

By maximum /shoulder in C' green

Bine maximum in C red

Bg shoulder in C' and onset of a rising coupling parameter 7 extracted | blue
from the heat capacity fit (see Fig. IM[)

Table 6: Overview of the signatures attributed to different phase transitions in the magnetic
field dependence of the heat capacity for perfect transverse field orientation in Fig.
4.18

4.17) (a), the specific heat is shown for zero magnetic field. Two prominent peaks at
T = 2.03K and at Tine = 3.04 K indicate the transition temperatures in zero magnetic
field of the incommensurate (INC) to commensurate antiferromagnetic (AFM) transition
and of the incommensurate (INC) to paramagnetic (para) transition, respectively. With
increasing magnetic field, both peaks become smaller and shift to lower temperatures. At
a magnetic field of 5T as shown in Fig. (e), only one peak remains at Tiy¢ = 1.32 K.
For magnetic fields of 5.7 T and larger in Figs. |4.17| (f)-(h) no discernible signature is

observed.

The gray shaded area marks the glassy regime. In this region, the fit did not work reliably
due to a non-trivial thermal relaxation of the sample. Therefore, the data points in this
region need to be treated with caution. The temperature T marking the boundary of
this regime was extracted from the parameter 75, which usually serves as a measure for
the thermal coupling of the sample to the platform and is derived from the fit of the heat
pulse. However, in these regions, a large value of 7 results from an inadequate model for
the fit. More details can be found in section [£.5.7

At zero magnetic field in Fig. (a), T was found to be 0.96 K, in good agreement with
similar effects observed in the literature 35 42]. With increasing magnetic field, T shifts
to lower temperatures. Between 4T and 5.7 T, the thermal relaxation was observed to
behave normally over the entire temperature range, as shown in Fig. (d)-(f). At 7T,
non-exponential thermal relaxation was observed below T, = 0.66 K. As the magnetic field
was further increased, T; was observed to shift to higher temperatures. At temperatures
below 1 K, small anomalous increases of the specific heat with decreasing temperature
were observed for all measured fields. However, the data are only reliable for magnetic
fields between 4T and 6T at milli-Kelvin temperatures because the glassy behavior of
the thermal properties of the sample massively impedes the heat capacity measurements.

Further investigation is required to determine the origin of these anomalous increases.

Fig. presents recorded specific heat data as a function of magnetic field for de-

creasing and increasing fields between 0T and 8 T and for a selection of fairly constant
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Figure 4.18: Magnetic field dependence of the specific heat for different temperatures. The gray
shaded area marks the glassy regimes with anomalous thermal relaxation. In these
regimes, the data points need to be treated with caution. The glassy regime is
addressed in a later section.

temperatures between 160 mK and 3.18 K.

Starting from a temperature of 3.18 K in Fig. (a), no distinct signature is observed.
However, worth mentioning is the tail in the specific heat at magnetic fields above 5T,
where the specific heat does not continuously go down to zero with increasing magnetic
field, but rather remains constant between 5T and 7 T. Clear indications of such a plateau
are found down to 720mK. These plateaus may be associated with the plateaus in the
temperature dependence of the heat capacity in Fig. observed in the paramagnetic
phase for temperatures larger Tine. At temperatures below 310 mK, plateaus are ob-

served, but superimposed with the region of anomalous thermal relaxation. Hence, these
data points need to be treated with caution. At 2.95K in Fig. (b), a prominent peak
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at Biye =1.5T marks the transition between the paramagnetic and the incommensurate
phase. As the temperature decreases, the peak at Bine becomes smaller and continuously

shifts to higher magnetic fields.

At 2.04 K in Fig. 4.18 (e), a hysteretic behavior between 1T and 2T is observed. As the
temperature is further decreased, the hysteretic behavior of the heat capacity becomes
characteristic for the transition between the incommensurate and the commensurate an-
tiferromagnetic phase (INC-C-AFM). As can be seen in Fig. [4.18| (f), when the magnetic
field is ramped up, a large peak in the heat capacity is observed at B} = 2.2 T. For de-
creasing fields, a shoulder is observed at the transition field of By = 1.94 T, which becomes
smoother as the temperature decreases. The signatures at By; marking the INC-C-AFM

transition shift to higher magnetic fields with decreasing temperature.

An additional step-like signature emerges at 720 mK at Bg; = 2.4T marked with a blue
triangle in Fig. |4.18 (i). With decreasing temperature, this signature moves to higher
magnetic fields. For magnetic fields below this signature at Bgy, the thermal relaxation
method used was compromised due to the anomalous behavior of the thermal relaxation.
Therefore, the data points in this gray shaded region are not reliable. Nevertheless, the
evolution of the signature fits well with the glassy or freezing behavior mentioned in Refs.
(35, 142].

At temperatures below 310 mK; the field dependence of the specific heat changes drasti-
cally, exhibiting a broad feature between 0 T and 6 T, that becomes increasingly prominent
as the temperature decreases, as shown in Fig. [4.18 (m). At 160 mK in Fig. 4.18 (p),

this signature dominates the specific heat.

Starting at 610 mK in Fig. [4.18 (j), a blue triangle and the gray shaded area on the
right side indicate a second regime with an anomalous thermal relaxation resulting in
unreliable data points. The transition field Bgo was extracted from 7o, a time constant
that describes the thermal coupling of the sample and is obtained from a fit to the heat
pulse. Details on the evaluation of 75 are described in section [£.5.7

At 160 mk in Fig. 4.18| (p), there is also a step-like signature at 6 T. This signature is also
connected to the glassy state in the paramagnetic phase presented in Ref. [35], because
for higher fields than 6 T at this temperature, the thermal relaxation method was also

compromised.
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4.5.4 Effects of Misalignment on the Heat Capacity

Fig. shows the temperature dependence of the heat capacity in a slightly misaligned
magnetic field. The misalignment angle between the magnetic field and the (010) direction
was 0.9°. Data points at temperatures between 1 K and 1.4 K where not recorded,
because these temperature are outside of the regimes where a DR insert provides stable

temperatures without extensive maintenance.
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Figure 4.19: Temperature dependence of the specific heat for different constant magnetic fields
between 0 T and 8 T with an misalignment angle of 0.9° between the b axis and the
direction of the magnetic field.

At zero magnetic field, two peaks in the heat capacity are located at Ty = 2.02K and
at Tine = 3.04 K, as displayed in Fig. (a), consistent with the result for a perfect
transverse field configuration in Fig. (a). For a constant magnetic field of 2T, the two
signatures from zero field have both shifted to lower temperatures and the INC-to-AFM

transition at Ty (green triangle) turns from a peak into a less distinct shoulder.

Transition temperature | Signature Color
N maximum/shoulder in C green
Tc maximum in C' red

Table 7: Overview of the signatures attributed to different phase transitions in the tempera-
ture dependence of the heat capacity for an intentionally misaligned magnetic field
orientation in Fig. 4.19

At 4T, the peak indicating the INC-to-paramagnetic transition (red triangle) at Tinc

becomes sharper and larger in size. The INC-to-AFM transition is not visible in the
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measured data, as it is presumably in the temperature range between 1K and 1.4 K. At
5T, only the start of the upturn of the INC-to-paramagnetic transition is observable, but
the majority of the signature is presumably in the region between 1 K and 1.4 K. At 5.7T

and 8T, no signature is detected.

Table [7] provides an overview of all signatures tracked in the temperature dependence of

the heat capacity for a slightly misaligned magnetic field orientation.
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Figure 4.20: Magnetic field dependence of the specific heat for different temperatures in a tilted
magnetic field. The angle between the (010) direction and the magnetic field was
0.9°. The heat capacity for decreasing and increasing magnetic field with a mis-
alignment angle is shown with open symbols with blue and red color, respectively.
The results of the heat capacity measurement for a perfect transverse field orien-
tation and decreasing magnetic field are plotted for comparison using solid blue
symbols.

Fig. [4.20] shows the magnetic-field dependence of the heat capacity in a tilted magnetic
field at fairly constant temperatures. For the comparison, the results for a perfect trans-
verse orientation of the magnetic field are shown as well. The curves showing the measured
heat capacity for increasing and decreasing tilted magnetic field are plotted with open

symbols. The result of the measurement of the heat capacity with perfect transverse field
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orientation is plotted with solid symbols.

In the paramagnetic regime at 3.15 K, there is no difference between transverse and tilted
orientation. Between 2.71 K and 1.38 K, the peak indicating the INC-to-paramagnetic
transition at Biyc (red triangle) is always larger and at a higher magnetic field when the

magnetic field is slightly misaligned.

The shoulder at By indicating the INC-to-AFM transition (green triangle) at temper-
atures of 1.81 K and 1.38K, as shown in Figs. [4.20| (d) and (e), is located at lower
magnetic fields for the case of a misaligned magnetic field orientation compared to the

perfect transverse orientation.

As shown in Figs. [4.20[ (g) and (h), at 720mK and at 490mK, the shoulder at Bg
indicating the transition to the glassy state (blue triangle) is located at lower magnetic
fields, when the magnetic field is slightly misaligned with respect to the hard magnetic
axis of the system. At 250 mK, an additional hump centered around 1T is observed, when
the magnetic field is misaligned and decreasing, as shown in Fig. (i). For increasing
magnetic field, the heat capacity is larger up to a magnetic field of 4T compared to the

perfect transverse magnetic field orientation.

Table |8 provides an overview of all signatures tracked in the magnetic-field dependence

of the heat capacity for a slightly misaligned magnetic field orientation.

Transition field | Signature Color
By shoulder in the heat capacity green
B¢ maximum in the heat capacity red

Bg shoulder in the heat capacity blue

Table 8: Overview of the signatures attributed to different phase transitions observed in the
magnetic field dependence of the heat capacity for an intentionally misaligned magnetic
field orientation in Fig. [4.20

4.5.5 Magnetocaloric effect and Change of Entropy in Transverse Magnetic Fields

Magnetocaloric measurements provide information about phase transitions and their na-
ture, as well as information about the entropy contained in the magnetic system [33, |49].
For this measurement, the platform temperature was measured while the magnetic field

was swept.

Fig. shows the magnetocaloric effect for increasing and decreasing magnetic field
superimposed on the magnetic phase diagram. The phase diagram was extracted from

susceptibility, heat capacity, and magnetocaloric measurements. The blue curve in Fig.
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Figure 4.21: Magnetocaloric effect for increasing (red) and decreasing (blue) field values. Data
are superimposed on the magnetic phase diagram of CoNbyQOg. Data points of
the phase boundaries were inferred from measurements of the longitudinal and
transverse susceptibility, the heat capacity (HC), and the magnetocaloric effect

(MC).

represents the temperature variation for a decreasing magnetic field. The maximum

near By =2.84T and Ty =1.57 K in the downsweep corresponds to the incommensurate

to antiferromagnetic phase transition. The red curve in Fig. displays the temperature

variation of the platform for an increasing magnetic field. The minimum at Bixe =5.14T

and Tine =1.22K in the upsweep corresponds to the paramagnetic to incommensurate

transition. In the following, magnetocaloric field sweeps for different bath temperatures

are presented and discussed.

By | shoulder in the magnetic field sweep with negative ramp rate green
Bine | minimum in the magnetic field sweep with positive ramp rate red
B(SCQ minimum in the magnetic field sweep with positive ramp rate magenta

Table 9: Overview of the signatures attributed to different phase transitions in the magne-

tocaloric measurements for a perfect transverse field orientation as in Fig. (4.22
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Figure 4.22: Magnetocaloric effect for various bath temperatures for a perfect transverse mag-
netic field orientation. Triangles highlight the different phase transitions observed.
(a)-(g) Sweep rates of 200 mT /min (dashed lines) and 50 mT /min (dotted lines).
(h)-(j) Sweep rate of 50 mT /min (dotted lines). (k)-(1) Sweep rate of 25 mT /min
(solid lines). In the case of (a), (h)-(j), the magnetic field was inverted between the
sweeps with decreasing and increasing field ramps. An inversion of the field after
zero crossing lead to flux jumps of the magnet setup between 0T and 1T as can
be seen in (h)-(j).

Fig. shows the temperature variation during a magnetic field sweep for a selection of
different base temperatures ranging down to milli-Kelvin temperatures and with different
ramp rates. In the case of Figs. (a) and (h)-(j) the magnetic field was inverted after
the downsweep (+8T to 0 to -8T), resulting in undesired temperature spikes at fields
below 1T due to flux jumps of the sample magnet. In the case of Figs. [1.22] (b)-(g) and
(k)-(1), the field was not inverted (+8T to 0 to +8T) to prevent the temperature spikes.
Higher ramp rates lead to larger magnetocaloric variations of the platform temperature.
In Fig. |4.22|(a)-(g) magnetocaloric field sweeps are shown with sweep rates of 50 mT /min
and 200 mT /min. The magnetocaloric effect in Fig. [4.22f (h)-(j) is recorded with a sweep
rate of 50 mT /min while in Fig. [4.22 (k) and (1), the sweep rate was 25 mT/min
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No signature in the temperature variation as a function of field is observed above 3K in
the paramagnetic phase, as shown in Fig. [4.22] (a). Below 3K (starting in Fig. 4.22[ (b))
a small kink is observed in the upsweep curve. The kink is marked with a red triangle
at fields of Bine =2.32 T for a ramp rate of 200mT /min and Biye =1.94T for a ramp
rate of 50mT/min. These kinks in the temperature variations can be attributed to the
transition from the paramagnetic the incommensurate state. These kinks transform into
a distinct minimum as the temperature decreases and the transition field B¢ shifts to
larger magnetic fields. The distinct minima observed in the curves with negative ramp
rate at the magnetic fields By follow the same evolution as was observed in susceptibility

and heat capacity measurements.

A signature indicating the transition from paramagnetic to incommensurate is also ob-
served in the curve representing the sweep with a negative ramp rate of the magnetic
field. The signature is less prominent for a negative ramp rate, because the red phase
boundary at Tinc/Binc is crossed more parallel on the trajectory in a phase diagram
indicated by the blue line, as shown in Fig. [£.2I] A more parallel crossing of a phase
boundary results in a smoothing of the signal and consequently less distinct signatures in

observed quantities.

In Fig. [4.22 (f), two maxima marked with green triangles at magnetic fields By, =1.41T
for a ramp rate of 200 mT/min and at By =1.88T for a ramp rate of 50 mT /min indi-
cate the transition between the incommensurate and the commensurate antiferromagnetic
phase. The influence of the INC-to-AFM transition on the temperature variation during
a sweep with positive ramp rate is also observed, but it is less pronounced. The evolution
of these maxima match well with the transition fields extracted from the susceptibility

and heat capacity measurements.

In Figs. (£)-(j), the curves with positive and negative ramp rate show continuous
evolution of the different signatures, while there is a drastic change in overall behavior
between Figs. [4.22 (j) and (k). In Fig. 4.21] (j), when sweeping the magnetic field with
a positive ramp rate (red curve), the temperature decreases between 4.2T and 4.8T,
typically a result of a gain in entropy. In Figs. [4.22] (k) and (1) however, the temperature
increases at 3.9T and 4.1T, respectively. This may be related to a decrease in entropy
for these magnetic fields and temperatures. This change of the overall characteristic of
the temperature variation is accompanied by the emergence of a sharp minimum at a
magnetic field Booy = 4.79T, as shown in Fig. [4.22] (k). However, for negative ramp
rates, the overall behavior of the temperature variations towards the lowest temperatures

does not change significantly.
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The change of entropy within the system for different magnetic fields can be extracted
by combining the results of the measurement of the heat capacity and the change of
temperature during a magnetic field sweep. The procedure to extract the change of
entropy is described in section To determine the required values of the heat capacity,
existing data points were interpolated to create a fine two dimensional grid of C/T as
a function of temperature and magnetic field. Fig. provides a visualization of
the interpolated data set of C/T. By combining the 2D heat capacity grid with the
measurement of the magnetocaloric variations of the temperature, the change in entropy

was calculated using Eq. [0] The results are shown in Fig. [4.23
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Figure 4.23: The magnetic field dependence of the change of entropy AS extracted from the
measurement of the magnetocaloric effect and the heat capacity for different bath
temperatures. The blue and red curve show the change of entropy extracted from
the measurement with decreasing and increasing magnetic field, respectively.

In Fig. 4.23| (a), for the highest temperature of the bath measured, the entropy decreases
as the magnetic field is swept in any direction. As the temperature decreases, the change

in entropy becomes smaller and a broad maximum emerges starting from 2.26 K at B =
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4.10T (see Fig. 4.23| (c)). In addition, a small kink at 2.2T is observed at a temperature
of 1.81 K in Fig. 4.23|(e). This kink indicates the transition between the incommensurate

and the commensurate antiferromagnetic phase.

With decreasing temperature, the extracted curves for the positive and negative ramp rate
become more congruent. The best congruence is observed at 720 mK in Fig. [4.23| (h).
At this temperature the change of entropy shows clear similarities to the temperature

dependence of the susceptibility in zero magnetic field when probed along the (100)
direction as shown in Figs. and

4.5.6 Effects of Misalingment on the Magnetocaloric Measurements

Magnetocaloric field sweeps were also investigated for a magnetic field slightly tilted away
from the (010) axis towards the (001) axis. The misalignment angle was 0.9° between the
(010) axis and the magnetic field direction. This magnetic field orientation is equivalent to
the orientation used to study the effects of misalignment on the transverse susceptibility

and the heat capacity.

Fig. shows the magnetic field dependence of the magnetocaloric temperature vari-
ations in a tilted magnetic field for a selection of different temperatures of the thermal
bath. The temperature variation with a positive and negative ramp rate of the magnetic

field is displayed in red and blue, respectively, across the different panels.

In Fig. 4.24] (a), a downward kink is observed for a positive ramp rate at a magnetic field
Be = 2.37T and a temperature of the sample of Tx = 2.81 K. This kink is associated
with the transition from the paramagnetic phase to an ordered magnetic phase. The
kink becomes a distinct minimum as the temperature continues to decreases in Figs.
(b)-(k). The temperature and magnetic field evolutions agree well with the results for T¢

obtained from the measurements of the transverse susceptibility and the heat capacity.

In Fig. 4.24] (¢) a small dip in temperature is marked by an orange triangle at Bsp =
1.89'T. This dip indicates an additional transition, that was not present in the measure-
ment with perfect transverse orientation of the magnetic field in Fig. [£.22] In Figs.
(d) and (e), this dip is more pronounced, but shifts only slightly in magnetic field. In
Figs. (f)-(k), this dip in temperature is not longer observed.

In Fig. [4.24] (e), an additional shoulder at By = 1.13T marked by a green triangle
in the temperature variation for negative ramp rate of the magnetic field. This shoulder

indicates the transition to the commensurate antiferromagnetic phase. In Fig. 4.24|(f) the
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Figure 4.24: Magnetic Field dependence of the magnetocaloric temperature variations for dif-
ferent fairly constant bath temperatures under a slightly misaligned magnetic field
with a misalignment angle of 0.9°. The magnetocaloric effect was measured for
magnetic field sweep rates of 200 mT /min (dashed lines), 50 mT /min (dotted lines),
and 25 mT /min (solid lines) and for increasing and decreasing magnetic fields.

shoulder has turned into a maximum at By = 2.36 'T. However, there is no corresponding

signature in Figs. (g)-(k).

Transition field | signature color

By shoulder in the magnetocaloric effect with negative ramp rate green

Bgp dip in the magnetocaloric effect with negative ramp rate orange

Bc minimum in the magnetocaloric effect with positive ramp rate red

B maximum /spike in the magnetocaloric effect with negative ramp | magenta
rate

BﬁT maximum /spike in the magnetocaloric effect with positive ramp gray
rate

Biro maximum/spike in the magnetocaloric effect blue

Table 10: Overview of the signatures attributed to different phase transitions in the magne-
tocaloric measurements for a misaligned magnetic field as in Fig. [4.24
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In Fig. |4.24] (g), at B;r = 1.66 T and B;;, = 2.08 T maxima are observed under negative
and positive ramp rate, respectively. As the temperature decreases, as shown in Figs.
4.24] (h)-(i), the two peaks shift away from each other and become delta-like temperature
spikes, indicating a hysteretic first-order phase transition. Hysteretic phase boundaries
have also been observed in the literature at temperatures below 1K for magnetic field

applied along the magnetically easy (001) direction [132, |143].

At the lowest temperatures measured in Fig. [4.24] (j) and (k), additional peaks in the
temperature variation of the sample are marked with blue triangles. These peaks are
observed at By, = 1.2T for a negative ramp rate of the magnetic field in Fig. 4.24] (j)
and (k) and for a positive ramp rate at B, = 3.27T only at the lowest temperature

shown in Fig. 4.24] (j). The origin of these peaks requires further investigation.

4.5.7 Anomalous Thermal Relaxation in Heat Capacity Measurements
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Figure 4.25: Heat pulses recorded at a temperature of 310 mK and for a selection of different
magnetic fields. All heat pulses were fitted with the same algorithm. The values
for 7 were extracted from the fit. The gray shading marks the heat pulses that
can’t be handled properly by the fit due to an anomalous thermal relaxation.

In certain regions of the magnetic phase diagram of CoNbyQOyg, it was not possible to
extract the heat capacity from thermal relaxation measurements with sufficient reliability.
This issue was due to the presence of a non-exponential thermal relaxation in these regions

of the magnetic phase diagram, as illustrated in Fig.
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Fig. presents a selection of heat pulses for a temperature of 310 mK and various
magnetic fields. The fit to the data is inadequate for magnetic fields below 4T, as shown
in Fig. 4.25[ (a)-(c). Proper fits were only possible between 4T and 6T, as seen in Fig.
4.25| (d)-(f). For magnetic fields exceeding 6T, the fits exhibit a pronounced deviation,
as shown in Fig. [4.25| (g) and (h).

The quality of the fit with respect to the data also correlates with the value 7 extracted
from the fit. A proper fit results in a relatively small value of 7. Other groups have also
observed unusual thermal relaxation in these temperature and field regions [35, 42|, as
well as anomalies in domain growth kinetics at milli-Kelvin temperatures [125] 126, [132,
134].

Although the fits for the extraction do not work ideally in the glassy regimes, one of the
resulting parameters, namely 79, can be employed as an indicator of the phase boundary
of this glassy regime. This approach has been adopted from other research groups [42].
It is important to note that in the glassy regime, all parameters extracted from the
fit to the heat pulse are strongly dependent on the measurement parameters, such as
heating time and relaxation time. Therefore, in order to focus on the anomalous thermal
relaxation effects, the measurements had to be performed in a systematic manner with

fixed measurement times and heating amplitudes.

In order to achieve a reliable fit, it is necessary to ensure that the value of 7 is as small
as possible, particularly that 71, the time constant characteristic of the heat capacity of
the sample in a given measurement setup, is significantly larger than 7. However, this
is not the case in the regions of the phase diagram designated as glassy. The standard
two-7 model is inadequate for fitting the thermal relaxation curves in these regions, as it
fails to provide a satisfactory fit of the data for extracting the heat capacity and other
parameters. Instead, the fit attempts to compensate the changed shape of the heat pulse

by increasingly large values of 7.

Fig. presents the temperature dependence of 7 for a selection of constant magnetic
fields up to 8 T. In zero magnetic field, as shown in Fig. |4.26| (a), a comparatively small
To is observed above a temperature T = 0.96 K. At this temperature T, 7o suddenly

becomes much larger as the temperature continues to decrease.

When a magnetic field is applied in a direction perpendicular to the Ising axis, the sharp
edge in 7 marking Tq shifts to lower temperatures with increasing magnetic field as is
shown in Fig. 4.26| (b) and (c). For magnetic fields ranging from 4T to 5.7T, the value

of 75 remains at a constant low level as illustrated in Figs. [4.26] (d)-(f).

For larger magnetic fields, the edge in 7, marking T reappears at a field of 6.5T at a
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Figure 4.26: Temperature dependence of the time constant 7o at milli-Kelvin temperatures for
a selection of constant magnetic fields between 0T and 8T.

temperature of T = 0.24 K in Fig. (g). As the magnetic field is further increased,
the edge marking Tq shifts to higher temperatures as shown in Figs. [4.26| (h)-(j).

Fig. illustrates the magnetic field dependence of 75 for a selection of temperatures
between 0.16 K and 0.61 K. Starting from a magnetic field of 8 T at a temperature of 160
mK in Fig. (a), T decreases sharply as the magnetic field decreases until a low level
is reached at Bgy = 6T. Between Bgy = 6T and Bgy = 4T, the value of 7, stays at
a constant low level. Below Bg; = 4T, 75 begins to rise again as the magnetic field is

decreased further.

In Fig. (b), the magnetic field dependence at 200 mK is shown, which is essentially
analogous to the magnetic-field dependence at 160 mK as depicted in Fig. (a). In
Fig. (c)-(f) the magnetic field Bg; was extracted from a shoulder-like signature in
Fig. (j)-(1) and not from the magnetic field dependence of 7 in Fig. [£.27 As the
temperature increases, Bg shifts to lower magnetic fields. In Figs. [4.27) (d)-(f), Bge

shifts to higher magnetic fields as the temperature increases.

In conclusion, the analysis of 75 must be approached with caution, because in the con-
text of the glassy regime, 7 only serves as empirical indicator for the deviation from the
expected behavior of the thermal relaxation and does not have a physical meaning as the
model for the fit is inadequate. Furthermore, the extracted values for 75 are highly depen-
dent on the measurement parameters in the regimes designated as glassy. The positions
of the glassy regions extracted from the temperature and magnetic field dependence of 7,

are consistent with the observations in Ref. [35].
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Figure 4.27: Magnetic field dependence of the time constant 75 at fairly constant milli-Kelvin
temperatures. The gray shaded area marks regions with an anomalous thermal
relaxation. The data was recorded for a decreasing magnetic field. The blue lines
are smooths of the data and serve as a guide to the eye.

4.5.8 Angular dependence of 7

Fig. presents the influence of the angle between the magnetic field and the (010)
direction on the specific heat and the time constant 7. Fig. (a) shows the magnetic
field dependence of the specific heat for a selection of different angles between the magnetic
field and the (010) direction. For the perfect transverse orientation (0° misalignment) the
heat capacity shows two maxima at 3.5T and 5T. Below 4T, the heat capacity is much

larger in the perfect transverse orientation than for any misalignment angle as shown in
Fig. (a). In addition, a plateau is observed in the vicinity of 7T.

For all non-zero misalignment angles in Fig. the specific heat is low between 2T and
3T. At misalignment angles of 2° and 4°, additional contributions to the specific heat are
observed below 1T. At a misalignment of +4°, the specific heat has a broad maximum
at 5'T and a shoulder at 4T. For larger misalignment angles, the specific heat becomes

smaller.

In Fig. (b), the magnetic field dependence of 7, is plotted for a selection of different
angles between the magnetic field and the (010) direction ranging from -4° to +16°.

For the perfect orientation (0°), 75 shows a plateau below 2 T with a value slightly below
1s. With increasing magnetic field, 75 decreases towards a broad valley with small values

of 75 between 4T and 6T. Above 6T, 7, increases sharply up to a value of 3s for a
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magnetic field of 8 T. For misaligned orientations, 7, takes larger values below 4T and
shows a broad maximum between 2T and 37T. The regime with small values of 7 in
the vicinity of 5.5T becomes narrower with increasing misalignment angle. For large
misalignment angles of 12° and 16°, 7 takes large values > 1.5 s for all magnetic fields

between 0 T and 8T, showing only small variations as a function of magnetic field.
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Figure 4.28: Magnetic field dependence of (a) the specific heat and (b) the time constant 7 at
a temperature of 310 mK for a selection of different angles between the magnetic
field and the (010) direction. In (b), smooths through each set of data serve as
guides to the eyes.

The investigation of the angular dependence of 75 indicates that the anomalous behavior of
the thermal relaxation and the extent of the associated glassy regime is strongly influenced
by the presence of the quantum phase transition for the perfect transverse field orientation.
The extent of regions with anomalous thermal relaxation and large values of 75 is minimal

for the perfect transverse orientation.

4.5.9 Critical Scaling of the Phase Transitions

The investigation of critical exponents is of central interest in the research field of second-
order quantum phase transitions . In the vicinity of second order phase transitions,
measurement quantities, for example the heat capacity, the magnetization or the sus-
ceptibility may be proportional to |g — g.|”© with ¢ being an external parameter like
the magnetic field, g. the critical value of the external parameter, and e the critical ex-

ponent. The critical exponent of different parameters may be used for a comparison
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Figure 4.29: Critical scaling of the paramagnetic-to-incommensurate and of the
incommensurate-to-commensurate antiferromagnetic transition for a perfect
transverse orientation. (a) Magnetic field dependence of the critical temperatures
Tinc and Tn. (a) Temperature dependence of the critical fields Binc and Bny. A
power-law fit was applied in the vicinity of the critical field B/B. = 1 in (a) and
in the vicinity of the critical temperature 7/T, = 1 in (b).

between theoretical models and experimental results [144-146]. For the critical trajec-
tories To(B) o< |g — ge| © of the antiferromagnetic Ising-chain compounds BaCo,V,Og
and SrCo,V,0g, critical exponents of e;p = 1 for the 1D-quantum critical point were
reported [147, |148]. For the critical trajectory Tc sp(B) towards the 3D-quantum critical
point in the case of the antiferromagnetic Ising-chain compounds SrCoyVoOg [148] [149)

and CaCoV,07 [150], values of esp = 0.5 and e3p = 0.164, respectively, were reported.

We have focused on the evaluation of the critical scaling of the evolution of the phase
boundaries between the paramagnetic and incommensurate phase and between the incom-
mensurate and the antiferromagnetic phase. Fig. shows the critical scaling of the
transition temperatures Tinc(B) and Tx(B) and the transition fields Bixe (7)) and By(T).
Fig. 4.29| (a) displays the magnetic field dependence of the two transition temperatures
Tine and Ty, with both axes normalized using the critical values of the two transitions.
The two curves exhibit a remarkable congruence. A power-law fit was performed using the
equation T/T. = A- ((B/B.) — b)®P? in the vicinity of B/B. = 1. The resulting exponent
for both curves is approximately 1/2. This exponent is equivalent to the critical exponent
of the critical trajectory of the 3D-quantum critical point in SrCosV,Og [148, |149]. Fig.
4.29) (b) presents the two critical fields as a function of the reduced temperatures 7'/T..
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The exponents resulting from the power law fits in the vicinity of T/T, = 1 deviate in
this case, with values of 0.362 for By and 0.442 for Binc. The results of this analysis
may be used for the comparison with predictions of future theoretical predictions of the

magnetic phase diagram.
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4.6 Summary

In this chapter, the synthesis of single crystal CoNby,Og and the investigation of its phys-
ical properties at cryogenic temperatures were presented. Single crystal material was
prepared from a mixture of Co3O4 and NbyOj using a combination of a solid state reac-
tion and the optical floating zone technique. The quality of the synthesized material was

assessed using X-ray Laue and powder diffraction.

Investigations of the heat capacity, the magnetic ac susceptibility, and the magnetization
were in excellent agreement with the literature. In zero magnetic field, prominent signa-
tures were observed in the heat capacity and ac susceptibility at the two magnetic phase
transitions, Tine = 3.04K and Ty = 1.97 K. The magnetic field dependence of the mag-
netization showed a pronounced anisotropy with a hard magnetic axis parallel to (010)

direction.

The derivative of the magnetic field dependence of the magnetization for a magnetic
field applied parallel to the hard magnetic axis deviates from the ac susceptibility in the
paramagnetic regime. This deviation is typically not expected and may be explained
by the presence of one-dimensional ferromagnetic fluctuations already present above the
magnetic ordering temperature Tinc. A broad maximum at Ty in the longitudinal suscep-
tibility inside the paramagnetic regime indicated the presence of a crossover and strong

anisotropy effects.

Heat capacity and ac susceptibility measurements were used to study quantum phase
transitions in a transverse magnetic field. Cryogenic temperatures were provided by a
dilution refrigerator insert. A vector magnet was used to precisely align the magnetic
field perpendicular to the Ising axes of CoNby;Og. The process of aligning the magnetic

field in the perfect transverse configuration was described.

The results of heat capacity, magnetocaloric, and ac susceptibility measurements for the
transverse configuration were used to extract a magnetic phase diagram. Based on promi-
nent signatures in the measured quantities and on the comparison with existing publi-
cations on the magnetic phase diagrams, five regimes in the magnetic phase diagram for
the transverse field orientation were identified: an regime dominated by the anisotropy, a
paramagnetic regime, an incommensurate phase, an antiferromagnetic phase and a glassy
region characterized by an anomalous thermal relaxation. Additional signatures in the
imaginary part of the transverse ac susceptibility and the magnetocaloric measurements
in the vicinity of the quantum phase transition at the magnetic field By at milli-Kelvin

temperatures indicated the presence of an emerging phase pocket.
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The extracted phase diagram provides information about the relevant energy scales of the
different interactions in the system. The onset of the magnetic contribution to the heat
capacity in zero magnetic field in the vicinity of 20 K is characteristic for the ferromagnetic
intra-chain coupling of the cobalt moments. The anisotropy of the cobalt spins manifest
in a broad maximum in the longitudinal susceptibility at a temperature T} outside of the

ordered magnetic regime.

Under intentional misalignment of the magnetic field, emerging signatures indicate the
presence of an additional phase. This emergent phase may be connected to a spin-flip
phase also present for a magnetic field parallel to the easy (001) direction. Below a
temperature of 1K, all signatures in the transverse susceptibility disappeared except
for a maximum at the boundary between paramagnetic and ordered magnetic phase.
Temperature spikes were observed in the measurement of the magnetocaloric effect below
a temperature of 1K for a misaligned magnetic field orientation. These spikes show a
hysteretic behavior and indicate an emerging first-order phase transition. Presumably,
this first-order phase transition is connected to hysteretic phase transitions observed for

a magnetic field parallel to the (001) direction as reported in the literature [132].

Phase boundaries derived from signatures in measurements of the magnetocaloric effect
are consistent with the results of heat capacity and ac susceptibility measurements. The
change of entropy was inferred from the measurements of the magnetocaloric effect and
the heat capacity. At a temperature of 720 mK, the magnetic field dependence of the
change of entropy resembles that of the behavior of the susceptibility along the (100)

direction as a function of temperature in zero magnetic field.

The regions of anomalous thermal relaxation are consistent with the existing literature.
However the origin of this unusual thermal property remains obscure. In the vicinity of
the quantum phase transitions, the thermal relaxation exhibits a standard exponential

behavior.

The critical scaling of the transition temperatures and transition fields for the two quan-
tum phase transitions exhibit a excellent congruence. For both quantum phase transitions,
the scaling of T'(B) towards lowest temperatures result in critical exponents very close
to 1/2. This is the same value as reported for the 3D-quantum critical point of the an-
tiferromagnetic Ising-chain compound SrCo,V,Og [148, [149]. The interpretation of this

exponent requires further investigations.
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5 Conclusions

In this study we have investigated the properties of Ising systems in transverse magnetic
fields. We have conducted ac susceptibility and heat capacity measurements as well as
elastic neutron diffraction experiments. The central results include hard-axis magnetic
phase diagrams of the two Ising compounds ThFeO3 and CoNbyOg and the effects of
tilting the magnetic field away from a orientation transverse to the Ising directions of
the two compounds. The first chapter of this thesis addressed the methods employed
for the synthesis and investigation of quantum magnets. The second chapter presented
findings of neutron scattering experiments and the study of the susceptibility of the
soliton-lattice host ThFeOg3 in a transverse magnetic field. The third chapter presented
the investigation of the magnetic and caloric properties of the Ising chain compound

CoNb;Og in a transverse magnetic field.

In a neutron diffraction experiment, we observed signatures of the soliton lattice phase
in a transverse magnetic field using single-crystal ThFeO3 synthesized in an earlier work
[39]. In analogy to Ref. [15], we found a large number of higher harmonic reflections,
which are characteristic of the presence of the soliton lattice phase. The characteristic
reflections remained stable up to the maximal accessible magnetic field of 12 T. In contrast
to the measurement of the longitudinal ac susceptibility, we found signatures of the low-
temperature phase boundary of the soliton lattice phase in the temperature dependence
of the transverse ac susceptibility. A better resolution of these signatures was achieved
by means of a small easy-axis component of the magnetic field. First measurements of
the heat capacity of ThFeOj3 yielded promising results. However, further measurements
are necessary to confirm these findings, and a more rigid heat capacity setup should be

employed.

We have synthesized single-crystal CoNbyOg using a combination of a solid-state reaction
technique and the optical floating-zone method. From the synthesized material, we have
prepared a spherical sample for the ac susceptibility and heat capacity measurements in
a transverse magnetic field. First measurements to characterize the magnetic properties
demonstrated good agreement with the existing literature. We demonstrated that the
exact alignment of the magnetic field transverse to the two Ising axes of the cobalt spins
is essential for the measurement of the transverse susceptibility and heat capacity mea-
surements. A procedure was presented for the precise alignment of the magnetic field in

a perpendicular direction to the Ising axes of CoNbyOg.

Based on the experimental results of the magnetic and caloric properties in a transverse

magnetic field, we have presented a comprehensive magnetic phase diagram for CoNbOg.

94



5 Conclusions

The phase diagram illustrates the evolution of the incommensurate and the antiferromag-
netic phases down to temperatures of 80 mK in a transverse magnetic field of up to 8 T.
Both phases persist down to the lowest temperature. Furthermore, the imaginary part
of the transverse susceptibility indicates the emergence of an additional phase pocket in
the vicinity of the one-dimensional quantum critical point at approximately 4.65T. This
observation is corroborated by emerging signatures in the temperature variation due to
the magnetocaloric effect. A phase pocket in the vicinity of the one-dimensional quan-
tum critical point may be consistent with an effective model which takes into account an
isosceles distortion of the interchain couplings [105]. In contrast to the findings of Liang
et al., we do not observe a heat capacity peak at a quantum critical point [35]. Instead, a
broad increase in the heat capacity is observed towards the lowest temperature of 160 mK
for magnetic field below 6 T. The origin of this increase is currently unclear. The critical
scaling of the transition temperature of the two quantum phase transitions Tyx(B) and
Tinc(B) resulted in exponents of 1/2. This is the same value as for the critical trajec-
tory of the 3D quantum critical point of the antiferromagnetic Ising chain coumpound
SrCoyVoOg [148,|149]. The interpretation of this value of these exponents requires further

investigation.

The introduction of a misalignment angle of 0.9° resulted in a drastic change of the mag-
netic phase diagram. The emergence of a new phase boundary suggests the existence of a
spin-flip phase, which was not observed in the case of a perfect transverse field orientation.
The spin-flip phase may be associated with a magnetic phase observed for a magnetic field
applied parallel to the (001) direction [115]. In contrast, at milli-Kelvin temperatures,
signatures in the transverse susceptibility indicate only one quantum phase transition in a
tilted magnetic field. The measurement of the magnetocaloric effect in this case of a mis-
aligned magnetic field showed the emergence of spikes in the sample temperature. These
temperature spikes may indicate first-order phase transitions involving latent heat. The
magnetic fields at which the temperature spikes were observed exhibited an increasing
hysteresis with decreasing temperature. A hysteretic behavior was also observed for a
magnetic field parallel to the (001) direction [132].

At low temperatures below 1K, an anomalous thermal relaxation was observed, in ac-
cordance with observations from other groups |35} 42]. This anomalous behavior in the
thermal relaxation was not observed in the vicinity of the quantum critical point. Fur-
thermore, an intentional misalignment of the magnetic field also results in a broadening

of the region of anomalous thermal relaxation.
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