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Abstract

The correlated systems TbInO3, Tb2Zr2−xTixO7, Er2Te4O11, and Fe3GaTe2 are inves-
tigated by means of high-resolution capacitance dilatometry, AC & DC SQUID mag-
netometry and high-field/frequency electron spin resonance (HF-ESR) spectroscopy
down to low temperatures and in high magnetic fields. Magnetic ordering at low
temperatures is suppressed in these systems. For the quantum spin liquid candi-
date TbInO3 dilatometric and magnetometric data confirm the absence of long-range
magnetic order. A pronounced easy-plane anisotropy is confirmed. Low temperature
(T ≥ 0.4 K) DC and AC magnetometry is used to study the evolution of a glassy
regime in Tb2Zr2−xTixO7 (x = 0 & 0.5). A hysteresis in field and temperature and
freezing processes below 1 K serve as evidence for the glassy phase. Above 7 K a
field induced slow relaxation regime is observed. The phase diagram is constructed
which shows the suppression of the glassy phases upon increased Ti doping. For
Er2Te4O11, the phase diagram is determined by magnetization studies. The data re-
veal a field stabilized region of slow spin relaxation above 2 K as well as a crossover
into an antiferromagnetically dominated regime below 0.5 K. High-field magnetiza-
tion data further evidence geometric frustration. The two-dimensional van der Waals
ferromagnet Fe3GaTe2 is investigated using HF-ESR with B||c. While t resonance
branches suggest a behavior qualitatively similar to the related compounds FenGTe2
(n = 3...5; G = Ga, Ge), the occurrence of a gapless branch is unreported to date in
this class of materials.
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Kurzzusammenfassung

Mittels hochauflösender Kapazitätsdilatometrie, AC & DC SQUID Magnetometrie
und hochfrequenter Elektronenspinresonanz-Spektroskopie (HF-ESR) sind die stark
korrelierten Materialien TbInO3, Tb2Zr2−xTixO7, Er2Te4O11 und Fe3GaTe2 im Tief-
temperatur- und Hochfeldbereich untersucht worden. Diese Systeme zeichnen sich alle
durch eine unterdrückte magnetische Ordnung bei tiefen Temperaturen aus. TbInO3
wird als mögliche Realisation einer Quantenspinflüssigkeit (QSL) angesehen. Hithilfe
von Dilatometrie und Magnetometrie wurden darin keine Anzeichen einer langreich-
weitigen magnetischen Ordnung gefunden. Das Vorliegen einer signifikanten magne-
tischen Anisotropie mit einer leichten Ebene konnte bestätigt werden. Mithilfe von
niedrig-Temperature AC und DC Magnetometrie bis zu 0.4 K wurde ein glass-artiges
Regime im Terbiumzirconat Tb2Zr2−xTixO7 (x = 0 & 0.5) nachgewiesen. Insbeson-
dere dienen magnetische Hysterese- und Einfrierprozesse unterhalb von 1 K sowie
ein im Magnetfeld stablisierter Bereich langsamer Spinrelaxation oberhalb von 7 K
als Hinweise darauf. Aus diesen Beobachtungen wird ein magnetisches Phasendia-
gram konstruiert. Daraus wird ersichtlich, dass die Spinglass-artigen Eigenschaften
durch eine Erhöhung des Titan-Anteils unterdrückt werden. Für Er2Te4O11 wird das
Phasendiagram präsentiert, welches sich auf Magnetometrie-Daten im Tieftempera-
turbereich stützt. Darin ist eine im Magnetfeld stabiliserte Region langsamer Spin-
relaxationen oberhalb von 2 K beschrieben. Außerdem wurde ein Crossover in einen
antiferromagnetisch dominierten Bereich unterhalb von 0.5 K gefunden. Aus Hochfeld-
Magnetisierungsdaten wird die zugrundeliegende geometrische Frustration bis 14 T
ersichtlich. Die magnetischen Eigenschaften des zweidimensionalen van der Waals Fer-
romagnets Fe3GaTe2 entlang der c-Achse wurden mittels HF-ESR untersucht. Die so
gefundenen Resonanzlinien sind analog zu dem Verhalten der verwandten Systeme der
Klasse FenGTe2 (n = 3...5; G = Ga, Ge), wohingegen eine zweite, Energielücken-freie
Resonanzlinie wurde bisher in der Literatur noch nicht erwähnt ist.
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1 Introduction

A real scientific mystery is worth pursuing
to the end of the Earth for its own sake,

independently of any obvious practical
importance or intellectual glamour.

Philip W. Anderson [1]

Naively, one expects that physical systems with finite interactions assume an ordered
ground state. There are however systems which defy this expectation. They possess a
structure which prevents a well-defined singular ground state and allow the system to
avoid long-range ordering. Underlying this are competing interactions and geometric
constraints [2]. A famous example of a system with those constraints and strong
interactions are so-called quantum spin liquids (QSL). They have a manifold of low
energy states which hinder them from developing long-range spin order even at very
low temperatures [3]. One class of materials where these conditions are predicted to
be met are those in which their magnetic interactions are restricted to certain lower
dimensional structures such as two-dimensional planes with triangular arrangements
of spins as described by Wannier in 1950 [4]. This would later be referred to as
frustration. Additional disorder in the interaction- or crystalline environment may
result in many closely spaced metastable states, causing a rich glassy behavior char-
acterized by nontrivial effects such as slow spin dynamics and memory effects in their
magnetization [5] [6] [7]. Geometric constraints in the spin arrangement and disorder
allow the quantum nature of the magnetism in correlated materials to persevere to
the macroscopic scale.
Research on Quantum Spin Liquids began in 1973 when Anderson proposed Res-
onating Valence Bond (RVB) states as a new antiferromagnetic state [8]. About its
nature he said: "we really know very little about it". In QSLs quantum fluctuations
of the spins prevent order even in the absence of thermal fluctuations. To date, no
definite QSL has been found [9]. The reason for the difficult search is that it is
not yet clear which experimental feature would unambiguously indicate a QSL state
as its definition of not being "a symmetry-broken state with conventional order" is
negative. Experimentally, there are a few systems which are vigorously investigated
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CHAPTER 1. INTRODUCTION

with regards to possibly possessing a QSL state [3], some of them are based on or-
ganic compounds like κ-(BEDT-TTF)2Cu2(CN)2 [10] [11] or EtMe3Sb[Pd(dmit)2]2
[12], others are inorganic like volborthite [13], herbertsmithite [14], vesignieite [15],
Na4Ir3O8 [16], or α-RuCl3 [17]. They take on different crystal structures like triangu-
lar or Kagomé lattices [3]. On a (triangular) honeycomb lattice, QSLs are predicted
to exist by means of the Kitaev model [18].
Canella and Mydosh found the first evidence for a different phenomenon, spin glasses,
by studying the low temperature magnetic behavior of a highly dilute Au:Fe alloy.
This revealed "a more perfect antiferromagnetic order than that expected for a ran-
dom alloy" and a peak in the ac susceptibility [19]. In spin glasses, the random
distribution of spins and their local environments suppress magnetic ordering. Spin
glass behavior has been found in both dilute alloys such as Au:Fe and Cu:Mn [20]
[21] and in insulators such as EuxSr1−xSySe1−y [22]. Anderson [23] characterized spin
glasses as possessing both frustrations and randomness [24]. Early theoretical models
for spin-glasses such as those presented by Sherrington and Kirkpatrick [25] or Ed-
wards and Anderson [26] have been improved upon by the likes of e.g. Nobel laureate
Giorgio Parisi [27].
This thesis is concerned with investigations of the magnetic properties of four systems,
in which magnetic ordering is suppressed. Their behavior at low temperatures down to
400 mK and in high static and dynamic magnetic fields up to 14 T is observed. From
the systems’ response, more insight into the concrete interactions and their structure
can be gained. Chapter 2 introduces a relevant theoretical basis of the physics
treated in later chapters. This is followed by Chapter 3, which explains the necessary
experimental techniques and used devices. Dilatometry and magnetometry can reveal
magnetic phases and show how spin dynamics change as a function of temperature
and magnetic field strength. In order to understand magnetic excitations, High-Field
Electron Spin Resonance is a useful tool.
The first material investigated is terbium indate TbInO3, which crystallizes in a tri-
angular lattice, where Terbium ions occupy two nonequivalent lattice positions in
two-dimensional layers described as a stuffed honeycomb lattice. The resulting mag-
netic behavior is anisotropic in that the magnetic moments possess an easy plane. It
is suggested both in previous experimental as well as theoretical work, that TbInO3
may host a Quantum Spin Liquid (QSL) ground state. To date, the thermal expan-
sion and magnetostriction of TbInO3 have not been investigated. As a part of this
thesis, these two behaviors are investigated in TbInO3 and supplemented with DC
magnetization measurements. The results of this are presented in Chapter 4.
Tb2Zr2O7 and Tb2Zr1.5Ti0.5O7 belong to a class of materials, Tb2Zr2−xTixO7, which
crystallize in a pyrochlore or fluorite lattice with significant disorder between the Tb
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and Zr ions on their respective lattice sites. Only the terbium ions contribute magnet-
ically to the lattice. It is reported that this disorder results in glass-like characteristics
in Tb2Zr2−xTixO7. Upon full substitution of Zr for Ti, Tb2Ti2O7, possesses a QSL
ground state. In Chapter 5 results of AC and DC magnetization measurements
(between 2 K and 300 K and 0.4 K and 300 K respectively) are presented for both
materials as a powder. This information is used in order to investigate the influ-
ence of cationic site disorder on the glassiness and general magnetic properties of the
Tb2Zr2−xTixO7 family of materials. A B-T phase diagram sums up and compares
the results for both systems.
For the rare-earth oxotellurate Er2Te4O11 magnetization measurement were performed
in the same manner as for Tb2Zr2−xTixO7. Its crystal structure has the Er ions ar-
ranged on a buckled honeycomb lattice. This lattice may be a realization of the
Kitaev model, which predicts a QSL ground state. Chapter 6 reports on the results
of the AC and DC magnetization measurements (probed in the same temperature
range as used for Tb2Zr2−xTixO7). A comparison between the two systems is made
using a constructed phase diagram.
Chapter 7 reports on high field electron spin resonance measurements performed
on the two-dimensional van der Waals ferromagnet Fe3GaTe2 with B||c. This con-
ducting material orders magnetically at the comparatively high Curie temperature
TC = 350 K. Resonance-frequency-magnetic-field diagrams are recorded at T = 2 K
and 220 K. Furthermore, measuring the temperature dependence of the resonance po-
sitions allows a comparison with other two-dimensional van der Waals ferromagnets.
Chapter 8 sums up the conclusions drawn from the data presented in chapters 4-7.
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2 Theoretical Background

2.1 Thermodynamics of a solid

Many relevant quantities discussed in this thesis are fundamentally thermodynamic
response functions. Thus, it is necessary to introduce thermodynamic potentials [28],
in particular the internal energy U , of a general body of matter. Its total differential at
constant entropy S, volume V , particle number N and magnetic field B⃗ is a function
of the state of the system characterized by its temperature T , pressure p, chemical
potential µ, and magnetization M⃗ :

U(S,V,N,B⃗) = TS − pV + µN − V M⃗ · B⃗

dU(S,V,N,B⃗) = TdS − pdV + µdN − (V M⃗) · dB⃗. (2.1)

The particle number N is conserved in solids: dN = 0. Since maintaining a constant
entropy and volume is experimentally difficult, it makes sense to switch to Gibbs’
Free Energy G, which is a Legendre transform of U [29]:

G(T,p,B⃗) = U − TS + pV (2.2)

with a total differential

dG(T,p,B⃗) = dU − d(TS) + d(pV ) = −SdT + V dp − (V M⃗) · dB⃗. (2.3)

The following section aims to give an overview of the thermodynamic response func-
tions, which will be measured later in this work. It is based on chapter 2-II A Ther-
modynamical Potential of a Magnet of [30] and derives various response functions in
an elegant way: The experiments presented in the subsequent chapters are sensitive
to the system’s orientation as their partial aim is the quantification of anisotropic ef-
fects. In particular, this means applying pressures along one direction and measuring
not the volume change but the change of length along a particular axis.
Gibbs’ Free Energy (density) and its differential in a magnetic field are then given as

dG = −SdT −
∑
i,j

εijdσij −
∑

i

BidHi (2.4)
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CHAPTER 2. THEORETICAL BACKGROUND

It depends on the temperature T , entropy density S, stress tensor σ = ∂F⃗

∂A⃗
(F⃗ :

force applied, A⃗: oriented surface) and strain tensor ε = ∂∆L⃗

∂L⃗
(L⃗: position, ∆L⃗:

displacement) [31], and external H⃗ and B⃗ = µ0
(
H⃗ + M⃗

)
are the magnetic field

and flux density. Since measurements are typically conducted in a thermodynamical
equilibrium dG = 0 leading to the following equations

S = −∂G

∂T
εij = − ∂G

∂σij

Bi = − ∂G

∂Hi

(2.5)

dS =
(

∂S

∂T

)
σ,H

dT +
∑
i,j

(
∂S

∂σij

)
T,H

dσij +
∑

i

(
∂S

∂Hi

)
T,σ

dHi (2.6)

dεij =
(

∂εij

∂T

)
σ,H

dT +
∑
k,l

(
∂εij

∂σkl

)
T,H

dσkl +
∑

k

(
∂S

∂Hk

)
T,σ

dHk (2.7)

dBi =
(

∂Bi

∂T

)
σ,H

dT +
∑
k,l

(
∂Bi

∂σkl

)
T,H

dσkl +
∑

j

(
∂Bi

∂Hj

)
T,σ

dHj (2.8)

Equation (2.6) - (2.8) give rise to the relevant thermodynamic response functions:
• The specific heat (at constant pressure p)

Cp = T

(
∂S

∂T

)
σ,H

= −T

(
∂2G

∂T 2

)
σ,H

(2.9)

• The components of the stiffness tensor s (where the known symmetries have to
be accounted for, see e. g. [31])

sijkl =
(

∂εij

∂σkl

)
T,H

= −
(

∂2G

∂σij∂σkl

)
T,H

(2.10)

• The magnetic permeabilities, which can be converted to magnetic susceptibili-
ties using χij = 1

µ0
(µij − 1)

µij =
(

∂Bi

∂Hj

)
T,σ

= −
(

∂2G

∂Hi∂Hj

)
T,σ

(2.11)

• The thermal expansion coefficients

αij =
(

∂εij

∂T

)
σ,H

=
(

∂S

∂σij

)
T,H

(2.12)
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2.1. THERMODYNAMICS OF A SOLID

• The pyromagnetic coefficients

ij =
(

∂Bj

∂T

)
σ,H

=
(

∂S

∂Hj

)
T,σ

(2.13)

• The piezomagnetic coefficients

dijk =
(

∂Bk

∂σij

)
T,H

=
(

∂εij

∂Hk

)
T,σ

(2.14)

2.1.1 Thermal expansion

Equation (2.12) defines the thermal expansion (TE) tensor as the temperature deriva-
tive of the strain tensor ε. In practice, often only the diagonal elements of the ten-
sor, αxx, αyy, αzz, are measured. Given an initial length L0 (chosen at a convenient
temperature) and a temperature-dependent length L(T ), the strain and appropriate
on-diagonal thermal expansion coefficient αL,i can be written as

εii = Li − L0
i

L0
i

= ∆Li

L0
i

(2.15)

αL,i = ∂εii

∂T
= ∂((Li − L0

i )/L0
i ))

∂T
= 1

L0
i

∂(Li − L0
i )

∂T
= 1

L0
i

∂Li

∂T
(2.16)

This can be expanded rather straightforwardly to get an expression for the volumetric
thermal expansion αV

αV = 1
V0

∂V

∂T
=

∑
i∈xyz

αL,i (2.17)

In a homogeneous medium αL,{x,y,z} = αL. This leads to [31]

αhomogeneous
V = 3αL (2.18)

2.1.2 Magnetostriction

A similar treatment can be taken to describe the magnetostrictive (MS) behavior of
a system where a strain is induced by an external magnetic field B⃗ onto a sample.
The magnetostriction coefficient λ is defined analogously to eq. (2.12), eq. (2.15) &
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CHAPTER 2. THEORETICAL BACKGROUND

eq. (2.16) as

λijk = ∂εij

∂Hk

→ λij = ∂∆Li/Li
0

∂Hj

λL = 1
L0

∂L

∂H
(2.19)

λV = 1
V0

∂V

∂H
(2.20)

In a paramagnet, an approximate expression for the magnetostriction with sufficiently
low induced strain can be derived thermodynamically by considering the fact that
both a magnetization M and a stress σ cause free energy to be stored in the system:

Felastic =
∫ ε

0
σ(ε′)dε′ Hooke’s law=

∫ ε

0
Cε′dε′ = 1

2Cε2 (2.21)

Fmagnetic = −
∫ H

0
M(H ′)dH ′ paramagnetic= −

∫ H

0
χH ′dH ′ = −1

2χH2 (2.22)

From this a simple approximation of the magnetostrictive behavior of a paramagnet
can be derived. The free energy of the material is

F = F0 + Felastic + Fmagnetic = F0 + 1
2Cε2 − 1

2χH2. (2.23)

Generally couplings between χ and ε lead to magnetoelastic effects and the suscepti-
bility can be expressed as a function of strain

χ = χ(ε) ≈ χ|ε=0 + dχ

dε

∣∣∣∣∣
ε=0

ε =: χ0 + χ1ε. (2.24)

To find the relationship between ε and H for this approximation in a thermodynamic
equilibrium, eq. (2.23) is minimized with respect to ε:

∂F

∂ε
= Cε − 1

2χ1H
2 != 0 =⇒ ε = χ1

2C
H2 ∝ H2, (2.25)

λ = ∂ε

∂H
= χ1

C
H ∝ H1. (2.26)

The magnetostriction is generally dependent on the direction of the applied field
and induced strain direction as well as the anisotropy of the tensor C. A quadratic
dependence of magnetostriction on the applied field is often observed [32].
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2.2. MAGNETIC BEHAVIOR OF A SYSTEM

2.2 Magnetic behavior of a system

Equation (2.11) defined the magnetic permeability µ = ∂B⃗

∂H⃗
. The two quantities B⃗, H⃗

are linked through the magnetization M⃗ of the system [33]:

B⃗
SI= µ0

(
H⃗ + M⃗

) cgs= H⃗ + 4πM⃗. (2.27)

µ0 relates the magnetic field strength H and the magnetic flux density B in vacuum.
Inside a finitely sized sample, its shape influences the internal magnetization and the
internal magnetic flux density B⃗i is changed relative to the externally applied field
B⃗a [2]:

B⃗i = B⃗a + µ0(1 − N)M⃗ (2.28)

where N is the shape dependent demagnetization factor. In vacuum, the two fields
are equal up to constants depending on the chosen unit system. The magnetic per-
meability relates the B⃗ and H⃗ fields. However, as shown in eq. (2.27), B⃗ contains
H⃗ already, so the case can be made that the relationship between either one of the
two fields and the magnetization M⃗ is more physically interesting. This leads to the
definition of the magnetic susceptibility

χ = ∂M⃗

∂H⃗

SI= ∂

∂H⃗

(
1
µ0

B⃗ − H⃗

)
cgs= 1

4π

∂

∂H⃗

(
B⃗ − H⃗

)
(2.29)

In many situations, the magnetization is rather small compared to the applied field
and so it is valid to assume B⃗ ≈ H⃗ (or analogously in SI). If this holds, χ can be
approximated as a response to the applied external flux density B⃗, which is easier to
control in experiment [34]:

χ = ∂M⃗

∂H⃗
≈ ∂M⃗

∂B⃗
(2.30)

2.2.1 Dynamic and static magnetic susceptibility

Equation (2.30) is directly derived from the definition of the magnetic susceptibility as
a thermodynamic response function. In practice, the mathematical derivative χ = ∂M

∂B

is not accessible because infinitesimal changes in neither of the measured quantities
are attainable.
In thermal equilibrium B is constant. In order to obtain a differential quotient ∆M

∆B
→

∂M
∂B

= χ, one needs to compare the measured value M(B) to a reference. The two
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CHAPTER 2. THEORETICAL BACKGROUND

types of magnetization measurements with constant fields (dc) performed in this work
are M(T ) and M(B). In the latter, the isothermal magnetization measurement, B
is measured at many field values, subsequent data points can be used to obtain a
value for χ. Typically, ∆B ≈ 102 Oe. The temperature sweep M(T ) measured the
magnetization strength as a function of sample temperature at a chosen flux density
B. The choice of reference for the differential requires more consideration than with
the field sweep: For small applied fields, the magnetization can be approximated to
be linear with respect to the magnetic field so that

χ = ∂M

∂B
≈ M(B) − M(0)

B − 0 = M

B
. (2.31)

In practice, this approximation is used even for larger fields, even though it fails at
higher fields, see for example the saturation in the Brillouin function [2] (as introduced
in the next subchapter).
If a time-dependent field Bac is applied additionally to a constant field Bdc, the
magnetization cannot be taken to be constant anymore [35]. In the case of a sinusoidal
ac field Bac(t) = bac sin(ωt) with frequency ω, the measurement can be discussed in
the complex plane [36] with Bapplied = Bdc + bac exp(iωt), where only the real part is
measured. The response to this excitation is a magnetization M(t) with phase θ

M(t) = Mdc + mac exp(i(ωt − θ)) (2.32)

The ac component of the magnetization can be differentiated (see eq. (2.30)) with
respect to the ac field. This yields the complex valued ac susceptibility

χac = ∂Mac

∂Bac

= ∂mac

∂bac

exp(−iθ) := χ0
ac exp(−iθ) = χ′ + iχ′′. (2.33)

χ′ and χ′′ are in and out of phase with the excitation field respectively and referred
to as reactive and absorptive component, respectively [35].
In the case of only one relaxation timescale τ , a quantitative description is given
through the Debye relaxor model [35]. Its predictions are shown in figure 2.1 and can
be summarized as follows: In the limit of ω → 0, one expects the reactive component
χ′ to approach the dc value and the absorptive term to vanish:

ωτ → 0 : χ′ → χdc, χ′′ → 0 (2.34)

One benefit of using ac magnetometry can be derived directly from eq. (2.34): At
sufficiently slow excitation fields, χ’ is the differential quotient ∆M

∆B
and approaches

the field derivative of the magnetization for small excitation fields

χ′ = ∆M

∆B
→ ∂M

∂B
= χdc. (2.35)
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χ′ only depends on ∆M and not the absolute value of M . This allows for a high
sensitivity of the susceptibility in both variable field and temperature measurements,
even at non-negligible magnetic moments in the sample which would degrade the
quality of dc measurements.
If the excitation field has a frequency, where the magnetic moments cannot follow,
both components vanish since no reaction is possible

ωτ → ∞ : χ′ → 0, χ′′ → 0. (2.36)

Should ω induce an excitation on a timescale similar to the relaxation timescale τ
of the magnetic state, a phase difference between the induced magnetization and the
external field will emerge. This leads to a non-vanishing absorptive term peaking at
ωτ = 1.

ωτ ≈ 1 : χ′′ ≈ χ′′
max. (2.37)

Figure 2.1: Behavior of the ac susceptibility according the Debye relaxor model. (after
[35])
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2.2.2 Paramagnetism and diamagnetism

The magnetic response of matter can take many forms. Two qualitatively simple
kinds of response are diamagnetism (DM) and paramagnetism (PM). In all atoms,
even those with vanishing total magnetic moment, there is still a magnetic response
of the individual electrons to an external magnetic field B⃗ext [2]. This results in
an energy shift of states favoring the build up of dipoles which oppose the external
field. The induced magnetization M⃗ and the associated susceptibility χdia are thereby
negative. This diamagnetic response is typically small and temperature independent
but present regardless of the total angular and magnetic momentum of the atom [34].
Looking at the same situation for a simple atomic system with a non-zero magnetic
moment, a different response behavior arises: Each atom’s/ion’s dipole moment µ⃗
gets polarized by the field. The relevant interaction between it and the moment is
the Zeeman contribution to the total energy

∆EZeeman = −µ⃗ · B⃗ (2.38)
For a singular ion with total spin S⃗ and total orbital angular momentum L⃗, the total
angular momentum is J⃗ = S⃗ + L⃗. The magnetic moment of a system with J⃗ and
quantum number mJ (−J ≤ mJ ≤ +J) is given by

µ = −mJgJµB. (2.39)
These results can be used to derive [2] the Brillouin function of a system of localized
paramagnetic spins in a statistical framework. It determines the magnetization as a
function of the external magnetic field and temperature

M(B,T ) = MsBJ(B,T )

= ngJµBJ
[2J + 1

2J
coth

(2J + 1
2J

gJµBJB

kBT

)
− 1

2J
coth

( 1
2J

gJµBJB

kBT

)]
(2.40)

gJ = 3
2 + S(S + 1) − L(L + 1)

2J(J + 1) , (2.41)

µeff = gJµB

√
J(J + 1). (2.42)

For gJ µBJB
kBT

≪ 1, the Brillouin function can be approximated as linear in that term.
This yields the Curie law describing the magnetization/susceptibility for variable time
at sufficiently small fields:

χpara = M

H
≈ µ0M

B
= nµ0µ

2
eff

3kBT
= C

T
∝ T −1, (2.43)

C = nµ0µ
2
eff

3kB

. (2.44)
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C is the Curie constant. This term typically dominates over the aforementioned
diamagnetism. Using Curie’s law permits an evaluation of the temperature range, in
which paramagnetic behavior can be assumed. Furthermore it is found that

µeff
cgs=

√
8CµB (2.45)

A system can also exhibit paramagnetism with other T -behavior. This can be due to
van Vleck paramagnetism which is a result of higher order perturbation terms in its
Hamiltonian.

χvV ∝ T 0 (2.46)

and it is usually smaller than the Curie term. The van Vleck contribution can become
significant if the ion in question has J = 0 and allows a non-vanishing population of
excited states by, for example, small excitation gaps. This may be the case in Eu3+

and Sm3+ systems [34].

2.2.3 Magnetically ordered systems

Both previously mentioned cases assumed non-interacting magnetic moments (or at
least negligible interactions). This assumption is often reasonable if the interaction
strengths between two magnetic moments J is much smaller than the thermal energy
kBT because interactions are suppressed by thermal fluctuations. If the interaction
strengths are on the order of thermal noise, they have to be accounted for. A direct
consequence of this are much more complex macroscopic magnetic states. Interactions
between any two moments typically favor either parallel or antiparallel alignment; in
the case of the anisotropic exchange/Dzyaloshinsky-Moriya interaction, the alignment
may even be at an angle. Which state a system assumes, depends on the thermody-
namic environment, i.e. on the temperature, pressure, magnetic field, size, etc. This
work investigates variations of the parameters T and B⃗.
Pairwise interactions between moments in a magnetic field are described by an inter-
action Hamiltonian [37]

H = −
∑
ij

JijS⃗i · S⃗j + gµB

∑
i

S⃗i · B⃗ (2.47)

which is a sum over all pairs of moments being coupled through their individual
interaction Jij. In the case of non-interacting spins J = 0. The second term describes
the previously introduced Zeeman interaction eq. (2.38). In many systems at finite
temperatures, interactions can be neglected to distant neighbors. An example for
this is the (anyway relatively small) dipolar interaction, which decays cubically with
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distance. If the exchange is mediated through other ions (superexchange) or through
conduction electrons (RKKY), more than only the next neighbor ions need to be
considered [2]
Under certain conditions, a positive interaction J > 0 can lead to the formation of a
ferromagnetic (FM) state. The system’s magnetic moments are aligned in parallel and
enhance each other. This tendency of the ensemble to take on a parallel orientation
leads to a non-vanishing magnetization even without an applied magnetic field as, in
the mean field approximation, the aligned moments represent a fictional mean field
which prevents a flipping of the magnetization. Taking into account the mean field,
eq. (2.43) can be generalized to the Curie-Weiss law

χ = C

T − θW
∝ (T − θW)−1 (2.48)

which is valid for T ≫ θW. θW > 0 is the Weiss temperature. In the ferromagnetic
case this is also referred to as the Curie temperature TC = θW. This law is only
valid in the case of temperatures (thermal energies) much larger than the magnetic
interactions because dominating thermal fluctuations are the factor which gives the
Curie-Weiss approximation its merit; as soon as they become too small, the magnetic
states need to be quantized and they can no longer be taken as uncorrelated anymore
[38] [34].
The opposite case of a negative interaction strength J < 0 favors an antiferromag-
netic (AFM) alignment of magnetic moments; an antiparallel orientation of any two
antiferromagnetically interacting spins is the configuration with the lowest energy.
Individual moments in a borderless perfectly antiferromagnetically ordered system
cancel each other out and lead to a state of zero magnetization. Similarly to the
ferromagnetic case, a Curie-Weiss law eq. (2.48) can also be applied to an antifer-
romagnet. The main difference is that the antiferromagnetic Weiss temperature is
negative θ < 0; the Néel temperature TN is defined as TN = −θW.
Real world systems often do not clearly fall into one of the two extreme cases of ferro-
and antiferromagnetism. Exchange mechanisms can compete with each other, i.e. a
system may simultaneously be driven to parallel and antiparallel alignments of mo-
ments by different mechanisms. Reasons for this are lattice geometries or competing
interactions with different spatial behaviors [2]. The textbook example of a system in
which the geometry forbids a state with perfectly fulfilled alignment is shown in fig-
ure 2.2a. On a triangle with Ising spins (only the up/down orientations are possible),
not all three pairs of moments can be antiparallel to each other. There are three clas-
sical states with the lowest energy (due to the rotational symmetry). Such a system
is referred to as geometrically frustrated [6]. another two dimensional system with
the same property is the Kagomé lattice which consists of corner sharing triangles
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2.2. MAGNETIC BEHAVIOR OF A SYSTEM

[2]. A three dimensional geometrically frustrated lattice is the pyrochlore lattice [39].
It consists of two interpenetrating sublattices of edge sharing tetrahedra, as shown in
figure 2.2b. The tetrahedral sublattices are especially interesting in the sense that its
constituent corner-sharing tetrahedra host both Kagomé as well as triangular planes
if viewed along the [111] axis. Another mechanism for frustration are competing in-
teractions on a geometrically non-frustrated lattice [38]. Limitations to the above
ideal systems can arise from anisotropy, deviations from the Ising-like behavior or
interactions that act further than the nearest neighbors [38], although the latter may
also cause frustration itself. Frustration is quantified through the frustration index
[34], the quotient of Weiss temperature and the transition temperature to the ground
state

f = − θW

Torder
. (2.49)

Since order does not occur at θW directly, it is argued in the literature that frustrated
systems may adhere to the Curie-Weiss law (with a negative Weiss temperature) even
at temperatures lower than θW [38].

(a) Ising spins in a tri-
angular arrangement
are frustrated. (b) Pyrochlore is frustrated in three dimensions (from [40]).

Figure 2.2: Two examples of geometrically frustrated spin configurations.

2.2.4 Spin glasses/Magnetically disordered systems

There are systems which lack a periodicity in their magnetic site locations. If they
are frustrated on top, either due to the geometry of their magnetic moments or due to
competing exchange interactions, then they might fall into the class of spin glasses or
magnetically glassy materials. These materials’ low temperature ground state lacks
a magnetic long range order [6]. There are at least two different realizations of glassy
states [41]: The more commonly talked about case - which is referred to as canonical
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spin glass [42] - describes a non-magnetic, often conducting host lattice with a low
concentration doping (below the percolation threshold) of magnetic atoms [35]. Here,
the dominating magnetic exchange mechanism of the magnetic spins are either the
briefly aforementioned RKKY interaction [2] [5], where

JRKKY ∝ cos(2kF r)
r3 (2.50)

(only for a conducting host lattice) and the dipolar interaction

Jdipolar ∝ 1 − 3 cos2 θ

r3 (2.51)

which is anisotropic with the relative angle θ between two moments. The sign of the
RKKY exchange oscillates with radial distance which means that, due to the random
distribution of the dopants, most magnetic atoms will be subject to a mix of opposing
interactions [27]. The anisotropy of the dipolar interaction causes an azimuthally
varying sign of the exchange. Further anisotropy is caused by the coordination of
the individual magnetic moments in the lattice. This causes a frustration which may
suppress long range-ordering. Another realization of glassiness may occur in magnetic
lattices with frustrations (e.g. magnetic pyrochlore type materials) and substituting
atoms on magnetically relevant sites with diamagnetic ones [38]. The introduced
disorder facilitates frustrations and, if the dilution of the magnetic structure is close
to percolating, allows a glassy state. Because this situation differs from the canonical
spin glass mentioned earlier, it is often cautiously named glassy instead of glass. In
both realizations of glassiness, it must be remembered that the interactions are not
spatially ordered.
In any case, a network of non-periodically distributed moments is created which
results in frustrated interactions. The disordered spatial distribution allows many
local minima in the energy manifold. By sufficiently rapid cooling, the system can be
frozen into one of these metastable states.

Phenomenology of spin glasses

Spin glasses exhibit several features that together help in identifying them [2][41][42]:
If the system is cooled in the presence of a magnetic field (field cooled, FC), at the
freezing temperature Tf , it will freeze into one of its low energy states that allows the
magnetic moments to align with the magnetic field. During a subsequent warming up
(in field), the magnetization remains on a plateau since it is frozen into the magnetized
state. This behavior is different if the warming happens after zero field cooling (ZFC):
In that case, the post-cooling state will be unmagnetized and so the heating and the
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Figure 2.3: DC susceptibility of spin glass CuMn with two Mn doping levels with ZFC
(b&d) and FC (a&c) data. From [6].

associated thermal fluctuations of the spins gradually allows the system to move into a
more magnetized state, thereby increasing the magnetization up to Tf [35]. At higher
temperatures, a Curie-Weiß law is approximated. Exemplary experimental data for
this phenomenon is shown in figure 2.3. If a glassy system is zero field cooled below
its freezing temperature Tf , it is in a disordered configuration. Upon subsequent field
application, the magnetization process of such a frozen system causes the magnetic
moments to reorient along the field. Due to the disordered nature of a glassy state,
this does not happen synchronously for all moments because the environments (and
the associated anisotropy) follow a statistical distribution. The magnetization curve
M(B) takes on an S-shape [6] [43] [44] [45]. When isothermally removing the field,
the inflection vanishes and a field-hysteresis is noticed because some of the spins are
frozen in metastable configurations with a larger magnetization than during the initial
field ramp [46].
Another signature of glassiness is seen in the static (ac) magnetic susceptibility χac
(see section 2.2.1). Both components of the dynamic susceptibility, χ′ and χ′′, are
expected to show a frequency dependent temperature maximum [35] [5]. The drop
after the maximum in χ′ can be understood as a slowing down in the spin dynamics
caused by the freezing into one of the low temperature states. Due to this slowing
down because of the timescale mismatch, the spin dynamics can no longer follow a
driving field, resulting in a peak in the absorptive component χ′′(T ) [47].
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2.3 Magnetic resonance

Equation (2.38) describes the interaction energy between a magnetic dipole and a
magnetic field. This principle is exploited in magnetic resonance spectroscopy, of
which Electron Spin Resonance (ESR) is a part. In this, resonance is detected between
the magnetic substates of a system and incident photons with frequency f and energy

E = hf (2.52)

For a quantum system with total angular moment J⃗ , this is described by eq. (2.39).
Subsequently, the energy difference ∆E between two states with a difference in quan-
tum numbers ∆mJ is

∆E = −∆mJgJµBB = hf. (2.53)

The second part of this equation describes the resonance condition. Normally, tran-
sitions are of dipolar order, i.e. ∆mJ = ±1, higher order processes are suppressed.
According to the above equation, the transition energy is directly proportional to the
magnetic field. In the case of non-isolated ions, excitations are collective. Those so
called spin waves or magnons may need an energy gap to be overcome in order to
excite them [2]; in an ESR experiment, this means that the resonance positions in
a f(B) diagram will not form a line passing though the origin because of the finite
gap energy/frequency Egap/fgap. Furthermore, since these excitations arise from the
crystalline forms of the system, the f(B) relationship is generally not isotropic. Both
magnetic ordering and the magnetic interactions themselves are rarely isotropic as
can be seen when considering magnetically hard and easy axes, implying that both
the gap as well as the g factor are potentially anisotropic.
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3 Experimental Methods

3.1 Magnetization measurements

Magnetization measurements were performed in Quantum Design’s Magnetic Prop-
erties Measurement System MPMS3, a commercially available SQUID magnetometer
[48]. When operated in standard DC mode, it offers a maximum resolution of ∆M <
5 × 10−8 emu if working with a field smaller than 2500 Oe or ∆M < 6 × 10−7 emu if
H > 2500 Oe. The field control has a resolution of 0.5 Oe and remanence of <5 Oe.
The temperature inside the chamber can be varied between 1.8 K and 400 K (nom-
inally) and does not deviate from the set point by more than 1%. These chosen
temperatures are reached through a multi-stage temperature control consisting of a
liquid He-4 and a liquid nitrogen cooling stage [49]. MPMS3 contains a vertical sam-
ple chamber, in which a magnetic field of up to 7 T can be applied in parallel to
the vertical axis. Samples are mounted onto a sample holder and inserted into the
chamber, their vertical position is controlled by a motor. A second-order gradiometer
configuration [50] of superconducting coils picks up the magnetic signature, suppress-
ing external noise signals to a high degree. This particular arrangement of coils offers
a higher selectivity for the sample and thus enhances the accuracy to above mentioned
values compared to a single pickup coil.
Depending on the type of sample, the preparation method in the measurement cham-
ber varies: Mechanically stable bulk samples are best connected to a brass or (plastic)
straw holder with Apiezon N cryo grease [51]. Photos of the two setups are shown
in figure 3.1. It may prove useful to additionally clamp samples between two quartz
blocks in the brass holder, especially if larger magnetic moments are expected. This
is not possible for powdered materials due to the risk of losing parts of the sample
inside the chamber and thus contaminating the device. Studies of such samples re-
quire them to be placed inside plastic capsules provided by Quantum Design (see
figure 3.1b). These capsules have a non-zero magnetic signature which needs to be
taken into account. Quantum Design could not provide reliable data on the capsules’
magnetic properties and warned that the signal was not consistent between individual
units. This means that (for small signatures) each capsule needs to be characterized
before inserting the sample. However, the actual signature of a capsule measure-
ment depends on the exact orientation and configuration of the capsule which may
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(a)

(b)

Figure 3.1: Sample holders for the MPMS3. (a) Brass sample holder, upper one with
quartz clamps (b) Gel capsule for powder samples.

be altered when preparing the sample.
The temperature measurement range can be extended beyond the 1.8 K using the
iQuantum Helium 3 dilution refrigerator setup. This system is complementary to the
MPMS and enables dc M(T ) and M(B) measurements at temperatures as low as
350 mK with the full field range of up to 7 T. In the Helium 3 setup, the sample is
contained in a closed He-3 chamber using the conventional cooling cycle of the MPMS
as a pre-cooling stage. He-3 measurements require exclusively the use of the straw
sample holders.
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3.1.1 DC magnetometry

A significant part of the magnetization measurements described in this work were
performed in "DC mode" which is described in [48] and can be briefly summarized
as follows: Any sufficiently small (relative to the pickup coil dimensions) magnetized
sample is accompanied by a magnetic field which can be approximated in space by
a dipole response function shown in figure 3.2 [52]. In the gradiometer setup of the
MPMS, the picked up response is described by the function

f(Z) = X1 + X2Z + X3

(
2
[
R2 + (Z + X4)2

]− 3
2

−
[
R2 + (Λ + Z + X4)2

]− 3
2 −

[
R2 + (−Λ + Z + X4)2

]− 3
2

)
(3.1)

f is the field strength, Z the sample position along the magnet’s axis, R coil’s radius, Λ
the separation of the coils and X1, X2, X3, X4 are parameters describing the particular
measurement, i.e. background, drift, moment and sample position. The sample is
mechanically driven through the pickup coils, allowing probing of the sample position
z. Moving the magnetic moment relative to the pickup coils induces a voltage in
the SQUID sensor. By fitting the dipole response function eq. (3.1) to the recorded
sweeps, a simple and mostly automated retrieval of the magnetic moment [53] can
be done, as X3 is proportional to the magnetic moment. Environmental parameters,
which are varied during the course of this work, were the temperature T and the
magnetic field B. In order to obtain a higher accuracy or to analyze smaller signals,
the application SquidLab [52] can be used. It allows the user to manually correct the
measured signal by performing background and drift subtraction and fitting of the
raw data for each data point, enabling a more accurate result.

3.1.2 AC magnetometry

Investigating a system’s dynamic magnetization properties poses different challenges
than a dc measurement and thus requires different methods: The dynamic property
introduces the frequency f or the timescale τ = 1/f as a further parameter; addi-
tionally, the amplitude of the ac excitation Bac can be varied. No setup can cover
every possible value for f or Bac, the MPMS3’s ac capabilities allow frequencies in the
range 0.1 Hz < f < 1 kHz and 0.1 Oe < Bac < 10 Oe. Experimentally, this is realized
by adding another set of coils into the dc setup. In the MPMS3, these are arranged
concentrically relative to all the other coils, allowing measurements with Bac ∥ Bdc.
The read out of the signals presented in this work is not done through recording a
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Figure 3.2: Simulated dipole response function of samples in the MPMS. Two curves
have a non-zero drift.

sweep through all positions but by measuring three defined positions, the peak, a null
point and a highest order side peak as described in [54].
A decision which needs to be made for each ac measurement is the employed sample
holder. While offering an improved mechanical stability, the brazen tubes carry the
significant disadvantage of being metallic. The varying magnetic fields induce eddy
currents in the material which will both add additional noise to the signal and partially
shield the sample from the excitation signal.

3.2 High Field Electron Spin Resonance

Electron spin resonance (ESR) is a spectroscopic technique to investigate the mi-
croscopic magnetic properties of a system. Microwave radiation is used to induce
transitions between magnetic states in a magnetic field B. The ESR setup utilized
for this thesis is home built [55], it is schematically shown in figure 3.3. Microwaves
with f = 8−18 GHz generated in an AB Millimeter Millimeter Vector Network Anal-
yser model-8-350 (MVNA) are guided into a harmonic generator (HG) to generate
higher frequency radiation. The frequency multiplication is defined by the factor N
(which can be chosen between N = 4 and N = 64). The high frequency microwaves
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are subsequently guided to a sample placed inside a variable temperature inset (VTI)
in an Oxford Instruments cryostat. With the aforementioned setup, frequencies be-
tween 30 GHz and 1000 GHz can be tuned almost continuously. In a harmonic mixer
(HM), the signal is read out at the original frequency. Comparing the input signal
with the transmitted signal yields an attenuation strength in amplitude (typically
in dB) and a phase shift. Inside the ESR setup, the sample can be exposed to a
variable temperature (down to 1.7 K) and uniaxial magnetic fields up to 16 T, which
are swept with a rate of dB/dT ≤ 1 T/min. For each measurement the frequency is
kept constant while the field is swept to the maximum and down to zero again.

Figure 3.3: Schematic of the HF-ESR setup, from [55].
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Crystalline samples are kept inside a brass ring that is closed off on both ends with
Kapton tape. The sample dimensions generally do not match the ring’s inner diam-
eter and length. It is thus necessary to further fixate it to suppress sample motion,
either due to vibrations or magnetically induced torque. A standard approach is
clamping the crystal between Teflon blocks that are matched in size to minimize the
potential for wiggling, an example for this is shown in figure 3.4a. Teflon is mostly
incompressible and chemically inert and can thus be used for sample mounting even
in an Argon filled glovebox with air sensitive samples. The downsides of Teflon fixa-
tion is that, especially for small samples, it is difficult to get a tight clamp because
this requires precise fitting of the blocks. An alternative approach is stabilization in
one of various bonding agents like icosane, GE varnish (used as glue) or possibly even
standard issue superglue. This can be seen in figure 3.4b where a thin-plate sample is
kept in molten and re-solidified icosane. Advantages of this second approach are that
the fixation is generally more stable because the grease adapts to the shape of the
sample, especially thin samples are better kept in place this way. However, inserting
icosane requires melting it which is incompatible with the protected Argon environ-
ment of a glovebox as it risks contaminating the protective atmosphere. Other glues
like N grease, GE varnish or superglue cannot be easily introduced into a glovebox
either because they come in containers that are not well suited for the vacuum of an
airlock, and might even begin to solidify because their solvents are removed during
the voiding stage and might damage it or other contents of the glovebox.
In order to probe the anisotropy of a sample, it is necessary to remove it from the
setup and reinstall it oriented accordingly. This may cause the aforementioned issues
if it results in unfavorable sample alignments.
Microwaves consist of an oscillating electric and magnetic field. It is known [31] that
electromagnetic waves have a finite penetration depth δ into a conductor. This length
scale is frequency f and conductivity σ dependent

δ =
√

2
2πµ0σf

∝
√

σ

f
(3.2)

For practical measurements on conductors (either metals or semiconductors at suf-
ficiently high temperatures), this reduces the interaction volume between the mi-
crowave radiation and the material. A smaller volume means an overall reduced
signal.
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(a) (b)

Figure 3.4: Sample mounting in brass ring for ESR. (a) is fixed using cut Teflon blocks
(b) is fixed in grease.

3.3 Capacitance dilatometry

Section 2.1.1 & 2.1.2 introduced the thermal expansion and magnetostriction phe-
nomena in solids. Both have in common that a strain ε = ∆L/L is induced in the
system of interest by changing the thermodynamic variable (either temperature T
or magnetic field B). Experimental techniques measuring this strain are referred to
as dilatometric techniques. Dilatometry can be attacked from multiple angles: One
can use X-Ray diffraction (XRD) [56] or elastic neutron diffraction [57]. Another
approach to dilatometric measurements uses bulk samples and the strain induced
on them. Laser dilatometry [58] and capacitance dilatometry [59] both measure the
macroscopic length of the sample along a chosen axis with high precision. This work
uses capacitance dilatometry, which exploits the fact that the capacitance of a parallel-
plate capacitor is both proportional to the inverse distance between the plates and
can be measured with very high precision. The relationship between the capacitance
C and the distance L between the two plates with area A and an inter-plate medium
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with dielectric constant ε = ε0εr is given by

C = εrε0
A

L
(3.3)

In capacitance dilatometry, the sample is contained in a frame between a moving and
a fixed part of the cell. Each part is coupled to the two plates of a plate capacitor.
A strain ∆L/L in the sample then changes this capacitance [60]. Measurements are
performed with a reference capacitance C0, which is chosen to be the one correspond-
ing to the length L0 at the lowest measured temperature/field. The length change
∆L is then expressed as a function of the capacitances as

∆L = L − L0 = εA
C − C0

C · C0
(3.4)

Available dilatometers for this work have circular plates with radius r = 5 mm2 and
area A = πr2. Equation (3.3) assumes perfectly parallel plates; this assumption is
too crude for the desired measurements (strains measured here are on the order of
∆L/L ≈ 10−8). A correction term for tilted circular plates is derived in [61]:

∆L = ε0πr2 C − C0

C · C0

(
1 − C · C0

C2
max

)
(3.5)

Cmax is the capacitance in the limit of physical contact, i.e. directly before a short
circuit is established.
All dilatometric measurements presented in the course of this work, were performed
using high-resolution capacitance dilatometers developed by Kuechler Innovative Mea-
surement Technology. In particular, the in-situ PPMS-Dilatometry probe (in the fol-
lowing referred to as Mini-dilatometer PPMS [60]) were employed. Sketches of the
dilatometers cell are shown in figure 3.5.
The working principle of these cells is the following [59]: A sample (4, red) is locked in
position between the upper half of the setup (1, golden), which is mobile and holds the
upper capacitor plate (5, green), and a piston (10, grey). The piston’s vertical position
can be adjusted with an adjusting screw (9, yellow). After the sample is fixated to its
position, the piston is locked horizontally by the fixing screw (12, orange). The mobile
part of the cell is connected to the external frame (3, golden) with two 0.3 mm leaf
springs (2), it is contacted electrically. The bottom plate of the capacitor (6, green)
is mounted on the external frame (3, grey) and connected with wires (15, green)
to readout electronics. Also installed are electrical insulation elements (13 and 14)
and protective guard rings (7 and 8). The adjusting screw (9) is housed in a sample
adjustment aid (11, grey) that can be removed before measurement and mechanically
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Figure 3.5: Technical sketches of the dilatometer cell of the used dilatometer. The left
image shows a generic 3D rendering, the center shows a cut through the
middle as viewed from the side, the right panel shows the same but seen
from the front. 1: Upper mobile half of the cell 2: Connecting springs
3: Housing 4: Sample 5&6: Plate capacitor halfs 7&8: Guard rings 9:
Adjusting screw 10: Adjusting piston 11: Housing for 9 12: Fixing screw
13: Sapphire washer 14: Vespel insulation of the capacitor plates 15:
Electrical connection. From [59].

connects to the cell. Optimal working conditions are achieved at the working capacity
of approximately 20 pF, this can be approached by selecting an appropriate initial
capacity during installation.
Due to the compact design, the cell has a size of 14.0 × 15.0 × 14.7 mm3 (without
the detachable housing for the adjusting screw). All parts, barring the insulating
elements, are manufactured from a Be-Cu mixture (1.84% Cu) where the Beryllium
serves to increase the setup’s electrical resistance by a factor of 30 in order to suppress
eddy currents from a changing magnetic field.
To facilitate the installation of samples and to allow measurements with angular
dependence, the Mini-dilatometer PPMS is mounted in a cage [60], as shown in
figure 3.6. This setup allows rotations around an axis perpendicular to the field
direction in an angular range between −90° and +90° (which can be extended to 360°
with some effort), to achieve this, the dilatometer is housed in a C-shaped holder.
In addition to the rotating mechanism, the cage also houses the wiring necessary
for accessing the dilatometer cell, which is done using coaxial cables (for insulating
the fields to the cables). The cage holds additional springs and elements to improve
rotation performance and thermal stability.
The read-out for the capacitive component of the dilatometer is carried out by an
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Figure 3.6: PPMS dilatometer in the cage setup. 1: Dilatometer 2: Dilatometer
holder in C-shape 3: Cage 4: Spiral spring 5: Leaf spring 6: Gold-plated
contact springs 7: Housing of the coax cables. From [60].

Andeen-Hagerling AH2550A ultra-precision capacitance bridge [62].

3.3.1 Cell effect

When performing capacitance dilatometry in the described dilatometer cell, in par-
ticular when measuring thermal expansion, the measured length change ∆Lmeas is
not purely due to the sample. The cell material also shows a length change ∆Lcell,
the cell effect, under temperature change, which must be accounted for to obtain the
real the sample length change ∆L

∆L = ∆Lmeas + ∆Lcell (3.6)

In order to measure the cell effect, reference measurements are performed on ultra
pure copper samples with length LRT

Cu at room temperature (RT). Pure Copper is used
as it is understood and approximates the cell material very well, reference data for
(∆L/L)lit

Cu can be obtained from the literature [63]. The cell effect is the difference
between the expansion data of the Cu reference measurements ∆Lmeas

Cu (taken in the
same cell) and the literature values

∆Lcell = ∆Llit
Cu − ∆Lmeas

Cu =
(

∆L

L

)lit

Cu
LRT

Cu − ∆Lmeas
Cu (3.7)
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Using this, the actual sample length change relative to the sample length at RT, LRT,
can be expressed as

(
∆L

LRT

)
= 1

LRT

∆Lmeas − ∆Lmeas
Cu +

(
∆L

L

)lit

Cu
LRT

Cu

 (3.8)

In practice it is observed that the cell effect is dependent on the reference sample.
This can be seen in figure 3.7 which shows how d∆L/dT differs for varying initial
lengths. A similar variance is also observed when comparing cell effects over time,
possibly due to varying exact positions of cell elements.

Figure 3.7: Comparison of cell effects: Strains of differently dimensioned copper ref-
erence samples recorded at different times. This demonstrates the depen-
dence of the sample on measured effects.
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4 TbInO3

4.1 Introduction

TbInO3 has a triangular crystal structure which is classified as part of the space group
P63cm, as determined by [64], see table 4.1 for the lattice parameters and figure 4.1
for renderings of the crystal lattice. The Tb3+ ions are arranged in layers in the
ab plane. They are divided into two species, which are slightly shifted against each
other along the crystallographic c axis (figure 4.1b). The Tb2 sites are arranged
in a honeycomb lattice with the Tb1 ions at the centers of the resulting hexagons
(figure 4.1a). InO5 layers sit in-between the Tb layers. Only the Tb ions carry a
non-zero magnetic moment. The structure of the Tb planes is referred to as a stuffed
honeycomb lattice [65]. This is idealized as the Tb inter-site distances vary slightly
(by ca. 0.6%) [66].
This system has been previously magnetically studied, both as single crystals and as
powders [66] [67] [68] [69] [70] [71]. Its high temperature magnetic susceptibility χ(T )
shows a behavior which can be approximated by a Curie-Weiss law for polycrystalline
and single crystalline samples. Effective moments in the powder indicate a fitted value
of µeff ≈ 9.6 µB/Tb, which is close to the free ion moment µeff = 9.7 µB/Tb and a
significant anisotropy in the form of a magnetically hard c axis with χab/χc ≈ 4 − 6
at T ≈ 14 K is reported from previous measurements on single-crystals [67] [68] [69].
Reported Weiss temperatures are not consistent across multiple studies but the c
axis seems to have a relatively smaller θW than the ab plane. No magnetic ordering
is detected down to 100 mK in either case. Field-induced phase transitions are not
observed in polycrystalline TbInO3 at 550 mK up to 60 T [70]. The specific heat of a
TbInO3 polycrystal was measured down to 150 mK, more than an order of magnitude
below all Weiss temperatures. It did not yield any evidence of phase transitions either
[69]. Recent investigations in a thin-film sample generally corroborate these findings
[71]. The reported absence of magnetic ordering in combination with a clearly non-
vanishing θW hints at a high degree of frustration.
Due to the high level of frustration and yet strong magnetic interactions, it is hy-
pothesized that TbInO3 may be a Quantum Spin Liquid (QSL) [66] [68]. A QSL is a
magnetic state of a correlated system characterized by significant interactions but a
notable absence of magnetic ordering at any temperature. Besides magnetometry, this
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Ion x y z Lattice parameter [Å]
Tb1 0.33330 0.66670 0.03210 a = 6.3186(3)
Tb2 0.00000 0.00000 -0.00004 b = 6.3186(3)
In 0.33400 0.00000 0.26873 c = 12.306(1)
O1 0.31700 0.00000 0.10010
O2 0.36540 0.00000 0.43670
O3 0.66670 0.33330 0.24600
O4 0.00000 0.00000 0.30000

Table 4.1: Structural parameters of the TbInO3 lattice according to [64].

hypothesis is furthermore corroborated by muon and inelastic neutron spectroscopy
[66] [68]. This is supported by simulations which indicate a possible QSL state in a
stuffed honeycomb lattice [65].

4.2 Magnetometry

A monocrystalline sample of TbInO3 was grown by N. Yuan [67]. It is shown in
figure 4.2. The sample shape is best described as a thin plate with width ∼ 170 µm
and in plane dimensions 3.2 mm × 8.5 mm. The sample mass is 0.97(1) mg.
The magnetic properties of TbInO3 are measured using the brass sample holders with
quartz clamps in the MPMS3. In particular its temperature dependent magnetization
M(T ) and isothermal magnetization M(B) were probed parallel and perpendicular
to the c axis. The results of the temperature dependent measurements are shown
in figure 4.3 as magnetic susceptibilities χ(T ) = M(T )/B, respectively. This plot is
extended by including a powder average as follows

χpowder = 1
3
∑

i∈axes
χi = 2

3χab + 1
3χc. (4.1)

Figure 4.3 shows that χ−1(T ) ∝ T for T > 100 K for the ab and c axes and the powder
average. The latter two appear to deviate from the linear behavior at T ≲ 30 K,
while the onset fo the deviation for B||c appears to be at T ≈ 75 K.
A Curie-Weiss fit, see eq. (2.48), with an additional constant term χ0 is fitted to the
single-crystal data and to the powder average at T ≥ 100 K:

χ(T ) = M(T )
B

= C

T − θW
+ χ0 (4.2)
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4.2. MAGNETOMETRY

(a) Crystal lattice of TbInO3 projected onto the ab plane. The green parallelogram marks the unit
cell.

(b) Crystal lattice of TbInO3 projected along the c axis. The c shift between the Tb1 and Tb2
sites is visible.

Figure 4.1: Crystal lattice of TbInO3 . Tb1 sites are marked in yellow, Tb2 in red,
In sites are blue, and O sites are black. The green rhombus at the top
right of a marks the unit cell. Rendered in VESTA [72] based on data
provided in [64].
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Figure 4.2: TbInO3 single-crystal sample at hand.

This results in the following parameters:

c axis : θW = −44(4) K µeff = 5.8(2) µB/Tb
ab axes : θW = −12(2) K µeff = 10.5(3) µB/Tb
powder : θW = −15(4) K µeff = 9.2(4) µB/Tb

Here, the effective moment µeff was determined according to eq. (2.45). A pronounced
anisotropy between the c axis and the ab plane is evident, the in-plane magnetic
susceptibility is higher than along the c axis by a factor of approximately 3. Apart
from the deviations away from a Curie-Weiss like behavior, which are expected at low
temperatures, no anomalies are visible in χ(T ).
Figure 4.4 shows the quotient between the two crystallographic orientations probed
χab/χc at B = 0.2 T. It shows the magnetic anisotropy of the system and in particular
the easy plane behavior through the enhanced magnetization in the ab plane. The
ratio between these two approaches a maximum at T ≈ 15 K, which is comparable
to the Weiss temperatures |θW| for both the powder as well as the ab plane. Coming
from lower temperatures, the increase is rather steep, coming from χab/χc ≈ 2.4 at
1.8 K to ≈ 5.1 at the maximum. Increasing T further yields a decrease in anisotropy
which is somewhat reminiscent of a 1/T behavior. The anisotropy at 300 K is ca.
2.5.
Figure 4.5a shows the results of the isothermal magnetization M(B) at 1.8 K and
at 300 K for fields up to 7 T. Subplot b shows its field derivative, the isothermal
susceptibility χ(B) = dM

dB
. At both temperatures, the anisotropy through the eas-

ier magnetization in the ab plane are visible. The magnetization along both axes
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4.2. MAGNETOMETRY

Figure 4.3: Temperature dependent static magnetic susceptibility χ(T ) = M/B of
single-crystal TbInO3 between 2 K and 300 K measured at a field of B =
0.2 T parallel to the c axis and the ab plane respectively. Furthermore, a
powder average is given. Empty markers show the inverse susceptibility
and Curie-Weiss fits are marked by red lines (see the text for more details).

at 300 K is linear, along the c axis the slope is χc(B) ≈ 0.015 erg/G2/mol, it is
χab(B) ≈ 0.04 erg/G2/mol in the ab plane. This ratio agrees with the findings from
the χ(T ) measurements. At low temperatures, T = 1.8 K, the magnetization is much
larger. An initial high slope can be seen in both directions, although the ab plane
shows larger magnetizations. Along the c axis, a right bending of M(B) appears at
very low fields, which gradually turns into an almost linear magnetization at high
fields. At 7 T, the magnetization reaches Mc = 1 µB/Tb. The right bending for
Mab occurs only at ca. 1.5 T, no constant slope can be observed up to 7 T, where
Mc(7 T) ≈ 5 µB/Tb. A further anisotropic effect is that in the plane, the field deriva-
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Figure 4.4: Anisotropy between the ab plane and the c axis in the form of the quotient
χab/χc as a function of temperature between 1.8 K and 300 K. The data
used are the static magnetic susceptibilities measured at B = 0.2 T.

tive χab(B) = dMab(B)
dBab

initially drops between 0 T and 0.5 T and then stabilizes at ca.
0.78 erg/G2/mol for 0.5 T ≤ B ≤ 1 T. This hump in χ(B) is not seen for B||c.

4.3 Dilatometry

The thermal expansion and magnetostriction of TbInO3 was investigated in a mag-
netic field B||c in the PPMS using the dilatometric cell described in section 3.3. For
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4.3. DILATOMETRY

Figure 4.5: (a) Isothermal magnetization M(B) at T = 1.8 K and 300 K measured
up to 7 T. Data are presented both in parallel to the c axis as well as
perpendicularly to it. Furthermore, a powder average is given. (b) is the
field derivative χ(B) = dM

dB of the data in (a).
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Figure 4.6: Dilatometric data for TbInO3 with B||c. a shows the thermal expansion
data along the c axis as a function of temperature at magnetic field of
B = 0, 4, 8 T normalized to coincide at T = 200 K. b are the respective
thermal expansion coefficients αc = d(∆Lc/Lc)

dT . c is the magnetostriction
as a function of applied magnetic field up to 8 T at T = 1.8 K and 10 K.
d are the respective magnetostriction coefficients λc = d(∆Lc/Lc)

dB||c
.

the thermal expansion measurements, the sample was field cooled to 1.8 K, includ-
ing a brief reheating to release cooling induced stresses. The thermal expansion was
then measured during the heating of the sample to 300 K. The reference length for
strain normalization is the sample thickness at room temperature, Lc = 0.172 mm.
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Furthermore, the magnetostriction was measured for fields up to 8 T at T = 1.8 K
and 10 K.
Results of the thermal expansion measurements are shown in figure 4.6a & b. Subfig-
ure a shows the thermally induced strain ∆Lc(T )

Lc
for the three magnetic fields, 0 - 8 T.

Subfigure b displays the respective thermal expansion coefficients αc = d(∆Lc/Lc)
dT

. The
thermal expansion at the three magnetic field strengths B = 0,4,8 T is qualitatively
similar. Between 2 K and 15 K, Lc stays approximately constant in T . At higher
temperatures this is no longer the case, the strain increases monotonically, albeit at
a decreased rate between 85 K and 115 K. This could be construed as a hump over-
laying ∆Lc(T )

Lc
. Subfigure b reveals that αc shows a corresponding localized maximum

at ∼ 70 K which is followed by a decrease in αc between 70 K and 100 K. Apart
from this temperature regime, αc grows monotonically. It appears that the thermal
expansion data for 8 T are slightly shifted with respect to 0 T and 4 T. This might
be a consequence of the standardization of the thermal strain (subplot a) to coincide
at T = 200 K. Subplot c of figure 4.6 shows the magnetostriction of TbInO3 at 1.8 K
and at 10 K, subfigure d below plots the magnetostriction coefficient λc. The magne-
tostriction reveals a quadratic relationship between the field B||c and the strain ∆Lc

Lc
,

the quadratic nature is established by the apparent linearity in λc(B) = 1
Lc

d∆Lc

dB
. It

is larger at 1.8 K than at 10 K as expected from eq. (2.25). λc at 1.8 K is ca. 15%
larger than 10 K.
It was so far not possible to perform dilatometric measurements on TbInO3 in the
ab plane. This is because the sample broke into two smaller pieces during handling
before these measurements could be conducted. Furthermore, the thin, plate like
shape of the sample complicates measurements because a certain stress along the
measurement axis is necessary which will very likely shatter the thin sample further.
In order to evaluate the effect of the dilatometer cage’s thermal expansion, a cell effect
was recorded with a copper sample of width L = 0.236 mm. The resulting strain and
thermal expansion coefficient are shown in figure 4.7. In the cell effect, the strain as a
function of temperature shows kinks in the thermal expansion coefficient αc at 75 K
and at 120 K.

4.4 Discussion

The magnetization of TbInO3 was measured both isothermally and as a function of
temperature. Thereby, trends reported in the literature regarding its behavior were
confirmed. A Curie-Weiss fit (figure 4.3) yielded Weiss temperatures for both possible
orientations (parallel to the c axis and perpendicular to it). θW for the powder average
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Figure 4.7: Thermal expansion ∆Lc(T )
Lc

and thermal expansion coefficient αc(T ) of the
dilatometer cell containing a copper sample of width Lc = 0.236 mm
measured at B = 0 T.

agrees well with previous reports [67]. The temperatures established here are not in
agreement with [69], where a much larger θab

W of -205 K was found. They furthermore
obtained a value for θc

W of +12 K, which does not agree in sign with the value reported
here. Their result for the polycrystalline case was -20.6 K which is again in somewhat
of an agreement with the values reported here and with [68], insofar as experimental
results vary between differently synthesized samples. On the other hand, [71] have
found a value for θab

W = −11 K in a thin film sample, much closer to the value
determined from figure 4.3. A possible explanation for the difference in values is also
that in many cases, Curie-Weiss fits are sensitive to the fitting range, Kim et al. do
not explicitly state their chosen fitting ranges [69], while the fits described here chose
a cutoff temperature of 100 K. The data obtained here yield an effective magnetic
moment for each of the three spatial cases (B||c, B ⊥ c and powder). Powder values
were previously reported for [67] [69], these agree on µeff ≈ 9.6 µB/Tb. Here, the
powder average of the axes yields a somewhat smaller value of 9.2µB/Tb, however
it must be noticed that powder averages and values for polycrystalline samples do
not necessarily agree [67]. The anisotropic Weiss temperatures for the axes are in

48



4.4. DISCUSSION

quantitative agreement with previous reports [69] [71]. Isothermal magnetization
measurements conducted here, c.f. figure 4.5, agree with literature both qualitatively
as well as quantitatively [69] [70] [71] . The reported anisotropy, in the form of the
quotient χac/χc(T ) peaks at ca. 15 K, which confirms the result from [67] [68].
Magnetostriction studies on TbInO3 , as shown in figure 4.6c & d, show the magne-
toelastic behavior in the probed field range between 0 T and 8 T. The magnetically
induced strain at both 1.8 K and 10 K can be well modeled as quadratic, which is ex-
pected from eq. (2.25). Differences between the two temperatures can be reasoned to
stem from different stiffnesses and susceptibilities at these two temperatures. In par-
ticular the susceptibility shows a significant variation between these two temperatures
as was seen in figure 4.3 and figure 4.5. In the thermal expansion data, figure 4.6a &
b only one feature is seen. A field independent hump can be made out which overlays
an otherwise monotonous strain and thermal expansion coefficient (subplots a and b,
respectively). This feature is located between 50 K and 90 K.
A possible explanation for the hump is that this is an effect due to the thermal
expansion of the dilatometer cage or due to the correction for the cell effect. As
can be seen in figure 4.7, the cell effect shows two kinks at T ≈ 75 K and 120 K.
Equation (3.8) describes how the thermal expansion is extracted from the cell strain.
This part of the analysis is performed using programs available in the group. The
formula implicitly assumes that the room temperature sizes of the chosen Cu reference
and the sample are comparable. Due to the small sample size of TbInO3 which was
only approximately 170 µm, the copper reference closest in size had a thickness of
236 µm. A new, smaller reference could not practically be manufactured. As a result
of this size mismatch of ca. 25%, eq. (3.8) becomes more susceptible to artifacts of
the cell effect measurement. The observed feature for TbInO3 is more prominent
than what was observed in the cell effect, where the observed anomaly at the same
temperature is only visible in the temperature derivative of the thermal expansion.
Nonetheless it needs to be noted that the cell effect is overall larger, the cell effect
showed ∆Lc(T =200 K)

Lc
≈ 7 × 10−3 while the corrected strain in the TbInO3 sample was

1.7 × 10−3. Combining this with the 25% size mismatch means that the strain of the
cell is larger than the sample strain by a factor of more than 5. Any artifacts in the
recorded cell effect is then magnified by a factor of 5 in the final data. This could
explain the observed feature. Furthermore, it is known [73] that the mini dilatometer
is sensitive to the orientation of the piston, c.f. figure 3.5. While the greatest care
was taken to ensure a correct alignment, this factor cannot be completely ruled out.
Another explanation could be that the observed anomaly is of a physical origin and
reflects the behavior of TbInO3 . This argument is disfavored for the following reasons:
Only one feature was found in the magnetization measurements, and that was the
maximum in the ratio of the two anisotropic susceptibilities at 15 K. This is likely not
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connected to the hump in αc because it occurs at a different temperature. The feature
is independent of the applied magnetic field, which was varied between 0 T and 8 T.
This dissuades a field cause. Additionally, no anomalies are found in the relaxation
rate of muon spins close to that temperature [68]. Kim et al. [69] measured the heat
capacity of TbInO3 at magnetic fields ranging from 0 T to 13 T and did not report
any anomalies close to the hump at 70-100 K. This can serve as evidence that there is
likely no crystallographic process underlying it, either, since this would be noticeable
in calorimetric data. The only differences between the measurements for the three
applied field strengths is visible in the low temperature region below T = 30 K, where∣∣∣∆Lc(T )

Lc

∣∣∣ is smaller for B = 8 T than for the lower fields. Since the magnetostriction
in figure 4.6c & d is featureless up to 8 T, this difference in the thermal expansions
is likely not physical.
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5 Tb2Zr2−xTixO7

5.1 Introduction

Tb2Zr2−xTixO7 can be considered to be part of the broad family of R3+
2 M4+

2 O2−
7 com-

pounds [40], where R3+ is a trivalent rare earth ion (or Y) and M4+ is a tetravalent
(non-rare earth) metal ion. Of particular interest for the following investigation is the
restriction of M = Ti, Zr, Hf; their tetravalent ions have only fully filled electron shells,
in this case their electronic configuration is that of the noble gases, and they are thus
non-magnetic. This means that the only magnetic ion species in Tb2Zr2−xTixO7 are
the trivalent Tb3+ ions.
The crystal structures of R2M2O7 (M = Ti, Zr) have previously been investigated
for various rare earth ions [40] [74]. Their crystal structure is dependent on the
ratio of the cationic radii rR/rM . Three particular cases for this distortion factor are
described: For rR/rM ≳ 1.78, the oxide will crystallize in a perovskite-type lattice.
For 1.46 ≲ rR/rM ≲ 1.78, the crystal structure is of the pyrochlore-type. For a
choice of ions with values in-between these cases, the lattice takes on a defect fluorite
structure, which is characterized by structural disorder on the cation sites between the
R and M ions. A defect fluorite structure is an anion deficient fluorite lattice, as shown
in figure 5.1. Pyrochlore lattices can be characterized as a defect fluorite lattice that
has undergone an anionic reordering [40] [75]. The structural disorder between the two
cation species in R2Zr2O7 was investigated in Tb2Zr2O7 in [74] [76] [77]. A similar
disordering is observed in Gd2Zr2O7 [78] [74] and Ho2Zr2O7 [79] [80]. Rare-earth
zirconates with a defect fluorite structure are structurally disordered through mixing
between their anion lattice sites, in this case between the R and Zr sites [40]. The
disorder is accompanied by an observed connection between the ionic conductivity
in the defect fluoride lattice and the ratio of the ionic radii [81] [82]. This increased
mobility can be understood by considering that as rR/rM approaches 1, the ions on the
R and M sites converge in radius which reduces the energy cost of the hopping [83].
It also influences the spin dynamics and through that also the magnetic structure
of the system itself [84]. Members of the class R2M2O7 are reported to take on a
manifold of magnetic ground states, exhibiting long-range ordered phases, spin-glass,
spin-ice and spin-liquid behavior [41]. Various rare-earth zirconates R2Zr2O7 have
been investigated by magnetometry in different temperature regimes and dominantly
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Figure 5.1: VESTA Rendering of the defect fluorite crystal structure of Tb2Zr2O7 .
The Tb and Zr cations, colored in blue, are cubically coordinated by
O anions (red). The structure has an anion deficiency of ca 12.5%.

show antiferromagnetic interactions [78] [84] [85] [86] [87].
In this work, Tb2Zr2O7 and Tb2Zr1.5Ti0.5O7 were investigated in particular. The ionic
radii of the un-titanated sample Tb2Zr2O7 yield a ratio of rTb/rZr ≈ 1.4 − 1.5 which
places it right at the border between adapting a fluorite or a pyrochlore structure
[40] [79] [88]. This agrees with previous investigations [76]. For Tb2Zr1.5Ti0.5O7 , the
quotient can be obtained by assuming an approximately random population of the
two M ions and calculating it using the weighted harmonic mean

rTb/⟨rZr1.5Ti0.5⟩ = rTb

1.5
rZr

+ 0.5
rTi

2 ≈ 1.51. (5.1)

This larger value suggests a tendency towards a pyrochlore lattice assuming the valid-
ity of the model described in [40]. No experimental work on Tb2Zr1.5Ti0.5O7 has been
published to date so the crystal structure cannot be compared to other structural
experiments.
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Previous works have found Tb2Zr2O7 and Tb2Hf2O7 to exhibit a glassy magnetic
behavior [76] [89]. The same is true for Ho2Zr2O7 [84] [87], where Ho3+ has an even
larger ionic radius than Tb3+ and thus rR/rM is increased. Tb2Ti2O7, the member of
the Tb2Zr2−xTixO7 family with x = 2, is speculated to be a quantum spin liquid [90]
[91]. Other works expect to see a crossover between the reported glassy properties
of Tb2Ti2O7 and Tb2Zr2O7 at some Ti concentration while tuning the value of x
from 0 to 2 [76]. The influence of tuning the ionic radii ratio was investigated in the
related compounds Gd2Zr2−xTixO7 [92], Gd2−xTixZr2O7 [74], Ho2Zr2−xTixO7 [79] [93]
and Nd2−xZr2+xO7+x/2 [94] showing an enhancement of the disordered defect fluorite
structure. Ordering of R2Zr2−xTixO7 solid solutions away from the defect fluorite
phase is to be expected only at higher Titanium levels [79].

5.2 Magnetometry

Samples of Tb2Zr2−xTixO7 with x = 0 and x = 0.5 were investigated regarding
their magnetic behavior, in particular at low temperatures. Both samples are poly-
crystalline. They were provided by the group of C. S. Yadav of IIT Mandi, In-
dia. The samples have the masses 14.61(2) mg and 33.69(2) mg for Tb2Zr2O7 and
Tb2Zr1.5Ti0.5O7 , respectively. After some initial measurements, it was determined
that the sample size was too large because the magnetic moment at high fields ex-
ceeded the measurement range of the magnetometer. In order to overcome this, both
samples were broken down into smaller pieces with mass 6.97(2) mg and 5.38(2) mg
(Tb2Zr2O7 and Tb2Zr1.5Ti0.5O7 ).
The magnetization of both samples was measured at B = 0.1 T in the temperature
range from 1.8 K to 350 K. For this, the MPMS3 was used with the brass and
straw sample holders for measurements with T = 1.8 − 300 K and for sub-Kelvin
measurements, respectively. During all the measurements, the samples were stored
in a plastic capsule. Its magnetic signature can be neglected in the following as the
Tb2Zr2−xTixO7 samples have a very large moment themselves. Figure 5.2 shows the
results of these measurement as well as the respective inverse susceptibility χ−1(T ).
For T ≳ 40 K, a χ ∝ 1/T behavior can be observed. Below this, the susceptibility
increases faster than 1/T during cooling. This is especially visible in χ−1 which is
approximately linear down to 40 K where is starts to curve into a stronger decrease.
A modified Curie-Weiss law is fitted to the data. The modification assumes a tem-
perature independent susceptibility term added to eq. (2.48):

χ(T ) = C

T − θW
+ χ0. (5.2)
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Figure 5.2: Static magnetic susceptibilities χ(T ) and χ−1 of polycrystalline
Tb2Zr2O7 and Tb2Zr1.5Ti0.5O7 between 1.8 K and 350 K at 0.01 T. The
red lines mark a Curie Weiss fit. The Weiss temperature θW and effective
magnetic moment µeff are derived from the data. For details regarding
the fitting, refer to the text.

54



5.2. MAGNETOMETRY

The derived Weiss temperature θW and effective magnetic moment µeff are

θW = −10(3) K µeff = 9.2(2) µB/Tb for Tb2Zr2O7,

θW = −11(3) K µeff = 9.2(2) µB/Tb for Tb2Zr1.5Ti0.5O7.

µeff is obtained from C with the help of eq. (2.45). These values are in accordance
with expectations as crystal field effects become significant in the low temperature
regime [87]. The Tb2Zr2O7 values of µeff and θW are in agreement with previous works
[76].

5.2.1 Sub-Kelvin DC Magnetometry

DC magnetization in the temperature regime above 1.8 K reveals no ordering phe-
nomena, however the presence of interactions between the magnetic moments are
hinted at by the non-zero Weiss temperature determined in the previous section.
Lower temperatures are probed in the dilution refrigerator option of the iQuantum 3.
For this the brass sample holder were substituted for plastic straw holders. This
was done by recording χ(T ) and M(B) curves. Results from the former for both
Tb2Zr2−xTixO7 samples at multiple applied static magnetic fields are shown in fig-
ure 5.3a & d. Both zero field cooled (ZFC) and field cooled (FC) measurements were
performed. Furthermore, the temperature derivative dχ

dT
of the ZFC measurements

(panels b & e) and the difference between the FC and the ZFC data are also shown
(panels c & f). Figure 5.4a & d show the magnetization for both materials. Added
into the insets of these subplots are the same data zoomed into the lower field regime.
The first and second field derivatives as a function of the magnetic field for both
materials are shown in subplots b & e and c & f, respectively.
The T -dependent susceptibilities of Tb2Zr2O7 and Tb2Zr1.5Ti0.5O7 (as shown in sub-
plots a & d of figure 5.3) exhibit a qualitatively similar behavior of both systems at
all probed fields except at B = 0.1 T. In fields up to and including 0.5 T, a maximum
in χ(T ) is seen in the ZFC measurements at temperatures ranging from ca. 1.4 K
at 0.01 T to 0.5 K at 0.5 T, they are marked with purple triangles. The shift is
monotonous in both materials. Below the peak temperature of the ZFC curves, the
FC susceptibility χ = M/B is quasi constant with only a small positive slope with
decreasing T . The onset of the bifurcation between FC and ZFC at the maximum
of χ(T ) is shifted to higher temperatures in Tb2Zr2−xTixO7 compared to Tb2Zr2O7 .
These temperatures are marked with purple triangles in the plots. A further shoulder
in χ(T ) is visible at 0.4-0.45 K after field cooling at B < 0.1 T without a clear corre-
lation to the magnetic field. It is massively enhanced in Tb2Zr2O7 at 0.1 T where it
occurs at 450 mK and has the same size as the main peak, these are also marked with
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Figure 5.3: Low temperature magnetic susceptibility χ(T ) = M(T )/B of polycrys-
talline Tb2Zr2O7 and Tb2Zr1.5Ti0.5O7 at different external applied fields
for zero-field cooled (ZFC) and field cooled (FC) measurements in a&c.
b&e show the derivative of the ZFC susceptibility dχZFC/dT . c&f are the
difference ∆χ = χFC − χZFC. The purple triangles mark maxima and
shoulders in χ(T ), the squares mark shoulders in its derivative.
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purple triangles. As further evidenced by the temperature derivatives of the suscep-
tibility in figure 5.3b & e, the slope of the ZFC susceptibility at temperatures below
the maximum in Tb2Zr1.5Ti0.5O7 is larger in Tb2Zr1.5Ti0.5O7 than in Tb2Zr2O7 . A
shoulder (marked with purple squares) is seen in these data corresponding to a sta-
bilization of the slope of χZFC. It shifts with increased field to lower temperatures,
from 1.1 K to 0.8 K in Tb2Zr2O7 and from 0.9 K to 0.6 K in Tb2Zr1.5Ti0.5O7 (for
fields going from 0.01 t to 0.1 T). The difference between ZFC and FC in 0.5 T is too
small to evaluate this feature.
Subplots figure 5.3c & f compare the difference between ZFC and FC, ∆χ(T ) =
χFC(T ) − χZFC(T ), across the four fields for both materials separately against tem-
perature with a shared axis scaling for ∆χ. The difference appears systematically
shifted to lower temperatures in Tb2Zr1.5Ti0.5O7 (except at 0.1 T where the enhanced
hump at 450 mK in Tb2Zr2O7 suppresses the split).
Figure 5.4 shows the M(B) magnetization behavior of both Tb2Zr2−xTixO7 at various
temperatures spanning an order of magnitude between 0.4 K and 4 K in subplots a
and d. For better visibility, curves of different temperatures are shifted vertically by
0.25 µB/Tb. The measurements include an up and down sweep of the field. All shown
magnetization curves follow a broadly similar behavior, reminiscent of a Brillouin
function (eq. (2.40)) with an overlaid linear behavior, i.e they initially increase steeply
up to a right bending into a saturated and sloped field regime above approximately
2 T. At 7 T, the 1.2 K measurements show a maximum magnetization of roughly
µplateau ≈ 4.6(4.3) µB/Tb3+ for Tb2Zr2O7 (Tb2Zr1.5Ti0.5O7 ). This is ca. 50% of the
free ion value of µsat = 9 µB/Tb3+ for a Tb3+ ion with S = L = 3, J = 6. A change
with T is not visible. The linear high field behavior can be linearly extrapolated
and yields a plateau value of 3.5(3) µB/Tb3+ for both systems. The discrepancy
between measured values and free ion values can be explained by crystal field effects
[95]. If the measured µplateau is assumed to be the saturation magnetization of the
respective crystal field level, then the extrapolated values would correspond to a
magnetic state of the free ion with a quantum number mJ ≈ 2 − 3, and not mJ =
6 as predicted by Hund’s rules for a free ion. The isothermal magnetization data
barely exhibit any temperature dependence in their plateau field. At sub-Kelvin
temperatures, particularly at 0.4 K - 0.8 K, the samples show a minute field hysteresis
of ∆H ≲ 20 mT at 0.4 K and even smalller at 0.8 K. Tb2Zr2O7 shows this at both
400 and 800 mK, while it is no longer visible at 800 mK in Tb2Zr1.5Ti0.5O7 . This data
can be compared to figure 5.3c & f: As predicted from the analysis of the FC/ZFC
split, a hysteretic behavior should end at ca. 0.5 T. This is confirmed by the field
dependent magnetization. As described above, the hysteresis is larger in Tb2Zr2O7 .
Further notable features here are not readily apparent from the M(B) data but
they become visible when examining the first and second field derivatives, as seen
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Figure 5.4: Low temperature isothermal magnetization data plotted against the mag-
netic field B for polycrystalline Tb2Zr2O7 and Tb2Zr1.5Ti0.5O7 at multiple
temperatures. Downsweeps are marked with empty circles. Subplots a &
c show the magnetization M(B) with zoomed in copy in the insets. b &
e show the B derivative χ = dM/dB, c & f show the second derivative.
Curves for different temperatures are shifted relative to each other for
better visibility. The green squares in subplots (b) & (e) mark shoulders
in dM

dB , the green dots in subplots (c) & (f) mark maxima in and shoulders
in the second derivative dM2

dB2 .
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in figure 5.4b-c & e-f. Points of interest are marked by green squares and circles
in the plots. No constant regime in χ(B) is observed, i.e. M(B) does not increase
linearly over any observed field regime. The isothermal susceptibility shows subtle
shoulders (green squares) in the initial magnetization regime at fields of 0.1 − 1 T
for T ≤ 0.8 K. At 0.4 K the shoulder is visible at 0.16 T in Tb2Zr2O7 and 0.135 T
in Tb2Zr1.5Ti0.5O7 , this is shifted to 0.30 T and 0.10 T at 0.8 K in Tb2Zr2O7 and
Tb2Zr1.5Ti0.5O7 with increased temperature. They vanish in the down sweeps and are
marked with squares. Relating to M(B), the shoulders in its derivative correspond
to an initial left bending of the magnetization curve at small field before reaching
an inflection point, where it turns into the dominant right bending, similar to an S
shape. The second field derivatives (subfigures c and f) reveal further anomalies: At
temperatures T < 4 K, d2M/dB2 shows a peak around 1.9 T, the exact positions do
not exhibit a consistent trend with temperature and are the same for both materials.
Furthermore, there appears to be an additional shoulder in the field range between
0.4 T and 0.8 T in both materials, shifting to higher fields with T and with lower Ti
content. It is suppressed above 0.8 K and barely visible at 0.8 K. The shoulder shows
a hysteresis in position only at 0.4 K where it splits into two at 0.45 T and 0.66 T in
Tb2Zr2O7 and 0.35 T and 0.51 T in Tb2Zr1.5Ti0.5O7 . Both the peak at 1.9 T and the
shoulders are marked with green circles. At temperatures between 0.8 K and 1.8 K,
there persists a mostly temperature independent shoulder in d2M(B)

dB2 , onto which the
aforementioned hump is overlaid.

5.2.2 AC Magnetometry

Furthermore the response behavior of the two samples was also probed with alternat-
ing magnetic fields at multiple frequencies and static field biases in the temperature
range 1.8 K - 40 K. An excitation amplitude of Bac = 8 Oe was chosen for all mea-
surements. For stability reasons, it was decided to use a brass sample holder. An
exemplary measurement at Bdc = 0.5 T, f = 3 Hz in the straw holder revealed that
the signal quality was only degraded in brass but not to an extent which would hint
at suppression of features. This is shown in appendix A. The results for Tb2Zr2O7 are
shown in figure 5.5 for f = 3 Hz, 113 Hz, 531 Hz. In particular, the reactive compo-
nents χ′ are shown in subplots a,d,g, its temperature derivative is in subplots b,e,h
and the absorptive component χ′′ is in c,f,i. For Tb2Zr1.5Ti0.5O7 , no workable re-
sults could be obtained at 531 Hz, for the other frequencies results are shown in
figure 5.6 with the same subplot scheme as Tb2Zr2O7 . Measurements in some fields
were only performed on one sample or on specific frequencies. Not all fields were
applied in for both materials and frequencies. Furthermore, the ac susceptibility of
Tb2Zr1.5Ti0.5O7 has also been measured in the absence of a static field, see figure 5.7
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at various frequencies between 3 Hz and 931 Hz.
Subplots a,d,g of figure 5.5 and 5.6 show the reactive components of the ac suscepti-
bility for both samples. Above 20 K, all curves show a 1/T like behavior. At lower
temperatures, a Bdc-dependent deviation appears. In the lowest dc fields (≤ 0.1 T ),
only small deviations in the form of a subtle left bending of χ′ are registered at the
lowest temperatures around 2 K in both systems alike. A shoulder forms in higher
Bdc, at ca. 4.5 T in 0.5 T in both Tb2Zr2−xTixO7 , which shifts to lower T with
increased field strength, going to 2.5 K at 2 T in Tb2Zr2−xTixO7 . Differences be-
tween the two materials are not registered with this feature. Additionally to this,
a second, rather broad peak in χ′ appears at 10.5 K in Tb2Zr2O7 and at 12 K in
Tb2Zr1.5Ti0.5O7 at 1 T and at 15 K at 2 T in Tb2Zr2O7 . No significant frequency
dependence is seen when comparing 3 Hz with 113 Hz. The derivative dχ′/dT in
subplots b,e,f is used to more accurately localize these anomalies.
In fields above 0.1 T, a visible peak or kink in the absorption χ′′ appears, see figure 5.5
and figure 5.6 c,f,i. In 0.1 T at 3 Hz, this is located at 7 K and shifts steadily to higher
temperatures with increased fields at a rate of approximately 1 T/K. The feature’s
height is correlated with the bias field, its width relative to the height increases with
Bdc. At the highest probed field, 2 T in Tb2Zr2O7 , this is visible at 10 K. The
location and field dependence of the high temperature (relative to the other) feature
suggests that the absorption peak is field induced. As becomes visible in figure 5.5
for Tb2Zr2O7 , the peak temperature in χ′′ shifts slightly with increased field. The
height of the absorption peak visibly decreases with increased frequency and static
field in both systems, it tends to be slightly larger in Tb2Zr2O7 (see both figure 5.5
and figure 5.6).
Figure 5.7 displays the dynamic susceptibility of Tb2Zr1.5Ti0.5O7 measured without
bias magnetic field and at a wider range of frequencies ranging from f = 3 Hz to
931 Hz. No significant frequency dependence in χ′ and dχ′/dT is visible, see subplots
a&b. The χ′′ data in subplot c reveal a slight kink at T = 6 ± 1 K. This is in
agreement with an extrapolation of the previously presented χ′′ in a static field. A
small tendency for the peak in absorption to shift down with temperature with an
increased frequency is possible, although this is cannot be clearly established due to
the small signal size and the rather high noise level in 531 Hz.

5.3 Discussion

The reported data on Tb2Zr1−xTixO7 appear to corroborate the expectation that
both systems do not exhibit magnetic long range order in the full probed temperature
range down to T = 400 mK. Main characteristics of a glassy system are laid out in
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Figure 5.5: Dynamic susceptibility data of polycrystalline Tb2Zr2O7 after zero field
cooling as a function of sample temperature 1.8 K ≤ T ≤ 40 K at various
applied fields 0.01 T ≤ B ≤ 2 T and excitation frequencies 3 Hz ≤ f ≤
531 Hz. The excitation field had an amplitude of Bac = 8 Oe. Subplots a,
d, g show the reactive component χ′. b, e, h are temperature derivative
of the previous plots dχ′

dT . c, f, i show the absorptive components χ′′.

section 2.2.4. The M(T ) data shown in figure 5.2 imply dominant antiferromagnetic
interactions, which is necessary for the frustration crucial to glassiness. Investigating
the magnetization behavior further, into the sub-Kelvin range, reveals a bifurcation
depending on the cooling protocol (FC/ZFC split), see figure 5.3a & d. This is
indicative of the underlying blocking process in which the zero field cooled system
is frozen into a spin configuration which it can only exit to follow the applied field
on very long timescales. Since the mechanism counteracting the frozen-in state is a
polarization of the spins, it must be expected that the bifurcation temperatures are
shifting to lower temperatures with increased fields. The bifurcation temperatures
as a function of the applied field are plotted as pink squares in figure 5.10. A linear
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Figure 5.6: Dynamic susceptibility data of polycrystalline Tb2Zr1.5Ti0.5O7 after zero
field cooling as a function of sample temperature 1.8 K ≤ T ≤ 40 K
at various applied fields 0 T ≤ B ≤ 1 T and excitation frequencies
3 Hz ≤ f ≤ 113 Hz. The excitation field had an amplitude of Bac = 8 Oe.
Subplots a, d show the reactive component χ′. b, e are its temperature
derivative dχ′

dT . c, f show the absorptive component χ′′.

extrapolation of these points to higher fields suggests that the hysteresis would be
suppressed to a temperature below 400 mK, which is not accessible with the available
setup, at fields above 1 T. Directly comparing the two compounds shows that the
blocking is reduced in Tb2Zr1.5Ti0.5O7 . Due to the partially disordered distribution of
the anions in the lattice and the 7/8 occupation of oxygen sites, the local environment
around the Tb ions is statistically distributed. It is argued in [6] that such a glassy
system exhibits a characteristic S-shape in its isothermal magnetization after being
zero field cooled due to the environmental disorder. This phenomenon is hinted
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Figure 5.7: AC susceptibility data of polycrystalline Tb2Zr1.5Ti0.5O7 after zero field
cooling as a function of sample temperature 1.8 K ≤ T ≤ 40 K without
static magnetic field at excitation frequencies 3 Hz ≤ f ≤ 931 Hz. The
excitation field had the amplitude Bac = 8 Oe. Subplots a shows the
reactive component χ′. b is the temperature derivative of the above dχ′

dT .
c shows the absorptive components χ′′.

at in Tb2Zr2−xTixO7 in the isothermal magnetic susceptibility χ(T ) = dM(T )/dB
(figure 5.4b & e) in the form of the previously mentioned shoulder like features which
correspond to the inflection point of an S-shape, that may possibly be incorporated
in the magnetization curve. Their temperature dependent field is marked with green
squares in figure 5.10. The up sweeps can be contrasted with the field down sweeps,
which do not exhibit this shape anymore and thus possess a smooth χ(B) curve.
Arising from the difference between the field up and down sweeps, a hysteresis is
visible in the insets of figure 5.4a & d. Its maximum width of less than 20 mT for
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0.4 K in Tb2Zr2O7 and the temperature range, in which it appears, are consistent with
values reported for Ho2Zr2O7 [84]. The field-temperature endpoints of the hysteresis
are marked with pink dots in figure 5.10. It should be noted, however, that the
hysteresis at 0.4 K continues far beyond the maximum in χ(B), at 0.8 K, the two
features appear to occur at the same B.
There are two field regions resulting in maxima in the field derivative of χ(B), they
are marked with green dots in figure 5.10. The 2 T hump is visible up to 1.8 K with
no clear temperature dependence, at 4 K in Tb2Zr2O7 its existence cannot be clearly
determined. It corresponds roughly to the beginning of the plateau state which (as
visible in figure 5.4) is rather independent of temperature. The kink at lower fields
further helps located the underlying mechanism. Two observations about this should
be noted however: Firstly, the analysis of M(B) itself reveals a magnetic hysteresis
only in temperatures below 1 K. An inflection in M(B), which is possibly associated
with an S-shaped magnetization process, would result in a maximum in the second
field derivative d2M

dB2 . This is only clearly visible in the upsweeps at 0.4 K in both
materials, see figure 5.4c & f. The other curves show a strong right bending at
similar fields but they cannot be definitively labeled as maxima. As seen in the insets
in figure 5.4a & d, the hysteresis observed at 0.4 K it is already greatly suppressed at
0.8 K. The small hysteretic shift is not resolved above these temperatures. Due to the
field ramping at finite rates, the systems might enter metastable states which decay
only at timescales larger than the measurement, which might be a reason for the
observed irreversibility. This would mean that the onset of the hysteresis in M(B)
is dependent on experimental parameters, such as the rate of field change. In the
iHe3 setup, this cannot practically be modified. The same is true for the difference
between the ZFC and FC magnetizations in the frozen state [39], only a relative
comparison between them can be justified since the field change rate is constant
across all presented measurements.
For a non-interacting paramagnetic system, the magnetization curves are described by
a Brillouin function, eq. (2.40); a result of this is that the temperature dependence of
the magnetic susceptibility χ(B) scales with T −1. For Tb2Zr2−xTixO7 this is evidently
not true, the M(B) behavior below 4 K do not exhibit the temperature related
differences expected from the change in temperatures. This comparison is illustrated
in figure 5.8 which exemplarily shows the magnetization curves for Tb2Zr1.5Ti0.5O7 at
0.4 K and 1.2 K and compares these to Brillouin curves with a chosen total angular
momentum of J = 5/2. The angular momentum for this plot is not the correct
value as Tb3+ has an even number of electrons and thus will have an integer J .
For illustrative purposes this is nonetheless chosen. As can be seen there and in
figure 5.4, the experimental curves do not show a temperature dependence, in a stark
contrast to the Brillouin curves. Figure 5.9 illustrates a further comparison of the
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Figure 5.8: Comparison of magnetization data for polycrystalline Tb2Zr1.5Ti0.5O7 at
0.4 K and 1.2 K with Brillouin curves with J = 5/2 at the same temper-
atures. The curves for T = 1.2 K are shifted vertically by 3 µB/Tb.

0.4 K dataset with Brillouin curves for both J = 6 and also for J = 5/2 which causes
a saturation magnetization of µeff ≈ 3.75 µB/Tb closer to the observed behavior.
As becomes visible in this, and all other measurements below 4 K (which are not
shown) for both Tb2Zr2−xTixO7 , the magnetization M(B) is not well described by
a Brillouin function with either saturation magnetization, confirming the previously
found antiferromagnetic correlations. The plateau extracted by extrapolating the
linear high field magnetization is in agreement with literature on Tb2Zr2O7 [76] [95]
and also with the related R2M2O7 system Tb2Hf2O7 [89]. This agreement between
the zirconate and hafnate is similar for analogous compounds with other rare earth
elements [78].
In the zero field cooled measurements at low temperatures (figure 5.3), both samples
show small humps at the lowest measured temperatures (∼ 0.4 K) for B ≤ 0.1 T
which are indicated in 5.10 by dark purple triangles. These might be indicative of
a low temperature process almost out of measuring range. The broad 0.1 T peak in
Tb2Zr2O7 , and in principle also the other low T ones, could be ascribed to a weak
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Figure 5.9: Comparison of magnetization data for polycrystalline Tb2Zr1.5Ti0.5O7 at
0.4 K with free ion expectations (Brillouin curves) with saturation values
of 9 µB and an extrapolated experimental saturation of 3.5 µB.

ferromagnetic interaction between clusters, which would only be significant below the
freezing temperature and otherwise be suppressed by antiferromagnetic interactions.
While not in the sub-Kelvin range, the ac magnetization still reveals a lot about the
magnetic structure at hand. For static overlaid fields Bdc < 0.1 T, no dissipation
is seen in either system, i.e. the imaginary component χ′′(T ) does not exhibit any
deviation from 0. The absorption process observed in larger fields has a Bdc depen-
dence and slightly shifts to lower temperatures upon increasing the frequency. It is
argued by Elghandour et al. [84] that such a field stabilized regime of ac anomalies
is associated with slow spin relaxation and is common in pyrochlore and defect flu-
orite type systems. A maximum in the specific heat accompanies these absorptive
dynamic processes [76] [87]. The same observations have already been made regard-
ing the 2 K anomalies in χac [76]. In Tb2Hf2O7, for B ≥ 0.05 T, the B − T trend
of the low T anomaly is observed as initially increasing up from 0.8 K at B = 0
to T = 1 K at 0.05 T. At higher fields, this behavior reverses and the temperature
shifts down with increased field to 0.5 K at 0.5 T [89]. This might also be the case
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in Tb2Zr2−xTixO7 with the 2 K low B features and the ones at T ≤ 0.5 K and higher
fields being connected. However, a verification of this requires better low field ac
measurements which are rather difficult to obtain because of a low signal strength. In
applied static fields Bdc ≥ 1 T, a shoulder in χ′(T ) is recorded which shifts up with
increased field and is analogously found in Tb2Ti2O7 [96]. It can be interpreted as a
consequence of a saturation in spin polarization [76] [96]. In Ho2Ti2O7 this process
was interpreted as being caused by thermal fluctuations in the population of the two
ground states of Ho3+ [97] which can similarly be argued for Terbium. The fact that
this sets in with Bdc ≥ 1 T agrees with the observation that the M(B) curves are
(close to) saturated at B = 1 T.
Among the data presented here, there are only few qualitative differences between
Tb2Zr2O7 and Tb2Zr1.5Ti0.5O7 : Except the broad hump in the 0.1 T ZFC cooled
χ(T ) curve at 450 mK, the datasets only differ in magnitude. However, it seems that
Tb2Zr1.5Ti0.5O7 exhibits faster initial magnetization, as seen by a larger low field sus-
ceptibility χ(B), while Tb2Zr2O7 saturates at larger magnetic moments as indicated
in figure 5.4. This is in accordance with the analysis of their susceptibilities up to
room temperature, as shown in figure 5.2, where it was established that Tb2Zr2O7 has
a higher effective magnetic moment. Both systems contain the same magnetic ions,
which means that the true saturation magnetization, assuming fully polarized mag-
netic ions, should be the same. The data of χ′′ 0 T 113 Hz in Tb2Zr1.5Ti0.5O7 are
offset by ∼ 2×10−3 erg/G2/mol. This can be explained as an experimental artifact as
the three point read out of the MPMS3 ac option (see section 3.1.2) must have picked
different points of the dipole curve, which can lead to a constant offset in the data.
While this increases the uncertainty in the absolute data, this is of lesser concern for
the analysis as it mostly neglects absolute magnitudes and can otherwise be simply
scaled to compare.
As discussed in the introduction to this chapter, Tb2Zr2−xTixO7 takes on a defect
fluorite structure while Tb2Zr1.5Ti0.5O7 tends towards pyrochlore. The reason for
Tb2Zr2O7 having a more disordered crystal structure is the similarity of ionic sizes
between Tb3+ and Zr4+ which allows an increased ionic mobility on the cationic sites
[74] [82] [92] [93] [98]. A partial substitution of Zr for Ti suppresses this disorder
because the Ti mobility is much smaller than for Zr due to the larger ionic size. Only
25% of the M cationic sites are occupied by Titanium ions in Tb2Zr1.5Ti0.5O7 , so
a sizable amount of disorder is still to be expected. By introducing a more ordered
pyrochlore structure into the crystal, the glassiness of the system is reduced and thus
a decrease in the arising feature should be expected. This explains the suppressed
hysteresis size with x = 0.5 and a later bifurcation of the ZFC and FC branches
as observed. The earlier onset of the S-shape and smaller coercitive fields in the
isothermal magnetization in Tb2Zr1.5Ti0.5O7 and slightly decreased absorption χ′′ are
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due to the same factors. Maxima in χ′′ are associated with the freezing process into
a glassy configuration. These must be compared between the two systems for each
frequency separately. The freezing temperatures under application of 3 Hz appear
to only change very little. Meanwhile there is a non-negligible suppression of Tf in
Tb2Zr1.5Ti0.5O7 at 113 Hz. A similar trend is observed in Tb2Zr2O7 [76] but the oppo-
site is true for related compounds. For a more quantitative and meaningful conclusion
on this particular observation, this field induced absorption peak must be investigated
systemically in a broader frequency range and ideally using complementary methods
(such as neutron scattering).
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Figure 5.10: Summary of the features noted in figures 5.3 - 5.7 in the form of proposed
phase diagrams for both systems.
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6 Er2Te4O11

6.1 Introduction

Er2Te4O11 belongs to the class of rare earth oxo-tellurates R2Te4O11 [99]. With R
= La - Nd, Sm - Yb), they all adapt the same monoclinic crystallographic structure
with space group C2/c (No. 15). The lattice for R = Er is shown in figure 6.1. Inside
the lattice, the Er3+ ions are part of a low-symmetry distorted square antiprism
arrangement of eight O2− anions [99]. They are ordered in a buckled honeycomb
lattice in the ab plane. Neighboring planes are shifted relative to one another resulting
in an ABAB order. The honeycomb cells in Er2Te4O11 are slightly disordered: The
Er-Er distance along the a direction is 3.73Å, while the other directional distances are
slightly longer at 3.80Å. The inter-plane distance is 7.683Å. In-between the Erbium
planes, Te4+ ions take on two non-equivalent sites, Te1 and Te2, with the former
located closer to the Er ions. This description of the lattice is only one of multiple
discussed in [99] but it is the most practical considering the magnetic properties of
Er2Te4O11 since it focuses on the configuration of the magnetic ions.
The interest in R2Te4O11 arises due to the 4f honeycomb lattice: A two-dimensional
honeycomb lattice may host a Kitaev system if the magnetic ions can be described
with an effective moment of Jeff = 1/2 [100]. Kitaev materials may host a quantum
spin liquid phase [101]. The necessary Jeff = 1/2 requires a Kramers ion, i.e. an ion
with an odd number of electrons resulting in a half integer spin and total angular
momentum [34] [101].
The magnetic properties of polycrystalline R2Te4O11 have been investigated experi-
mentally down to 2 K for R = Ce − Nd, Sm − Er, Yb. For many of the measured
magnetization curves, Curie-Weiss fits were performed, whose fit parameters can be
compared. They are tabulated in table 6.1. These fits resulted in Weiss temperatures
which are in many cases not consistent across different sources. In many sources,
it was found that θW < 0 and that they are of order 101 K, however in particular
Huang et al. [102] report also positive Weiss temperatures for some systems. For
Er2Te4O11 only [102] reports results, the Weiss temperature there is −4.38 K. In
contrast to θW , the reported values for µeff are consistent and agree with the expecta-
tion of the value for a free ion with charge state 3+, as determined by Hund’s rules [2]
and eq. (2.40). To date, no measurements of the magnetic properties of Er2Te4O11 at
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R θW (K) µeff(µB) Source
Ce -64.8 2.41

[103]Pr -30.2 3.46
Tb -2.8 9.72
Nd -25.2 3.98

[104]
Sm - 1.55
Eu - 3.31
Gd -1.5 7.99
Ho -4.2 × 10−3 10.65
Pr -34.1 3.38

[105]Nd -38.0 3.58
Eu - 3.24
Pr -15.2 3.59 [106]
Gd 5.36 7.53

[102]

Tb 2.66 9.83
Dy -7.36 10.72
Ho 4.48 10.95
Er -4.38 9.60
Yb -39.20 4.69

Table 6.1: Weiss temperatures θW for various R2Te4O11 compounds from the litera-
ture. For more details, see the text.

temperatures below 1.8 K have been published. The same is true for the dynamic
susceptibility in the frequency range between 1 Hz and 1 kHz. Theoretical considera-
tions on the crystal field have yielded predictions on the static susceptibility for some
members of the R2Te4O11 group but not on Er2Te4O11 itself.

6.2 Magnetometry

Er2Te4O11 samples were provided by P. Khuntia of IIT Madras, India. The sample
consisted of a pellet of pressed polycrystalline powder. Similar to Tb2Zr2−xTixO7 , the
mass was eventually reduced from 83.09(3) mg to 14.43(7) mg to ensure that the mag-
netization would remain in the measurement range. Due to the powdery consistency
and the associated risk of loss of material and possible sample chamber contamina-
tion, the Er2Te4O11 was places inside a polymer capsule for all measurements after
being weighed.
A T -dependent magnetization curve was recorded for Er2Te4O11 between 1.8 K and
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(a) (b)

Figure 6.1: Crystal structure of Er2Te4O11 rendered in VESTA [72] based on data
provided in [107]. Er sites are marked in red, Te sites blue, and O sites
black. The arrangement of the Er ions in a buckled honeycomb lattice is
indicated by the red lines between nearest neighbor Erbium ions.

300 K at 0.1 T. The data are shown as χ−1(T ) in figure 6.2. Inset into this is χ(T ). A
Curie-Weiss law with an additional constant term is fitted to the data above 50 K and
plotted as a red line. The Curie-Weiss like behavior persists to temperatures lower
than 50 K. From this and eq. (2.40), an effective moment and Weiss temperature can
be inferred:

µeff = 9.5(3) µB/Er θW = −7(3) K.

µeff is in agreement with theoretical and experimental values for Er3+ [2]. A negative
Weiss temperature might indicates dominant antiferromagnetic interactions between
the Erbium ions. This result is in qualitative agreement with [102] but the value is
larger by a factor of almost two. No further features are detected at temperatures
above 1.8 K, as seen in the inset of figure 6.2.
Isothermal magnetization curves were recorded in Quantum Design’s PPMS in the
VSM mode [108] with a brass sample holder. Field sweeps were performed up to
B = 14 T at T = 1.8 − 10 K. The magnetization curves are shown in figure 6.3. An
initially steep magnetization is visible up to a temperature dependent right-bending
point. It shifts from approximately 1.5 T at T = 1.8 K to 4 T at 10 K. At higher field
strengths, the magnetization only shows a weak right-bending. The magnetization
values at B = 14 T coincide at approximately 6.2 µB/Er at all three temperatures.
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Figure 6.2: Inverse magnetic susceptibility χ−1 vs temperature T of Er2Te4O11 mea-
sured between 1.8 K and 300 K at 0.1 T. The red line is a modified
Curie-Weiss fit as described in the text. The inset shows the correspond-
ing χ(T ).

6.2.1 Sub-Kelvin DC Magnetometry

More measurements were performed probing the magnetic response of the samples in
a lower temperature regime. The results of various χ(T ) sweeps at magnetic fields
ranging from 0.02 T to 1 T are shown in figure 6.4a, the temperature derivative dχ

dT

of the ZFC data is shown below in figure 6.4b and Fisher’s specific heat d(χT )
dT

in
subplot c. Up to B = 0.2 T, all presented sub-Kelvin χ(T ) measurements exhibit the
same qualitative behavior. Coming from low temperatures, the susceptibility starts
to increase in a left bending manner, which culminates in a point of maximum slope
at ca. 470 mK. This is followed by a broad maximum in χ. Upon increasing B, the
initial increase gets suppressed, at B = 1 T it is no longer visible. The inflection
point of the susceptibility is most clearly identifiable in its derivative dχ

dT
(figure 6.4b)

as peaks, marked with purple empty squares. Subplot c of figure 6.4 shows that
the same features are also visible in Fisher’s specific heat, at similar temperatures
(where they are marked with filled purple squares). It could be argued that the peak
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Figure 6.3: Isothermal magnetization as a function of applied field M(B) of
Er2Te4O11 measured up to 14 T at temperatures between 1.8 K and
10 K K.

in Fisher’s specific heat is reminiscent of a lambda λ transition. However in order
to confirm this, more data points close to this would be necessary. With the given
resolution, a symmetric anomaly cannot be ruled out. A further noteworthy feature
is a difference between the zero field cooled (full circles) and field cooled (empty
circles) magnetization curves. Both FC and ZFC measurements show a peak in χ,
FC does not show a plateauing below the maximum. This thermal hysteresis in the
low temperature susceptibility occurs in datasets with B ≤ 0.1 T (above this field,
no usable FC data was recorded). Lastly, the field cooled curves exhibit a small but
visible peak at 420-450 mK prior to reaching the maximum slope, this is not visible
in the ZFC data; a similar feature is also noticeable in the higher field ZFC curves.
Isothermal magnetization curves M(B) were recorded in a similar manner, the results
for four different temperatures 0.4 K ≤ T ≤ 1.8 K are presented in figure 6.5a with its
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Figure 6.4: Magnetic susceptibility χ against the temperature T of Er2Te4O11 between
0.4 K and 1 K at fields between 0.02 T and 1 T. (a) χ(T ) both field
cooled and zero field cooled, (b) Derivative dχ

dT of subplot (a) only for ZFC
measurements and B < 1 T, (c) Fisher’s specific heat d(χT )

dT . In (b) & (c)
squares mark maxima in dχ

dT and d(χT )
dT . The curves are shifted for better

visibility.
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Figure 6.5: Isothermal magnetization as a function of applied field M(B) of
Er2Te4O11 measured up to 7 T at temperatures between 400 mK and
1.8 K. (a) Magnetization curves, (b) Susceptibility χ = dM/dB. The in-
set contains purple dots which mark maxima and shoulders in χ(B) (c)
Derivative of the susceptibility. The insets are zoomed into the low field
region.
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first two field derivatives χ = dM
dB

and dχ
dB

shown in figure 6.5b & c. At 400-600 mK, the
magnetization initially shows an increasing slope up to an inflection field, taking on
an S-shape. This is not visible in the measurements with T ≥ 1.8 K. Above ca. 0.5 T,
M bends to the right and assumes a slope of dM

dB
≲ 0.1 µB/T, which is only slowly

decreasing further. This becomes most apparent in the susceptibility χ(B) = dM
dB

in figure 6.5b. The observed sub-Kelvin isothermal magnetization sweeps match the
behavior of the sweeps with 1.8 − 10 K in the high field region, a slight right-bending
is visible. In order to get a rough estimate on the saturation magnetization at high
fields, a linear extrapolation of the plateau magnetization to B = 0 T is performed.
This yields an approximate value of 3.8(1.0) µB/Er. An exact value for this is difficult
to obtain for two reasons: The curve is not perfectly linear in the interval, and the
individual curves appear to be scaled relative to each other. This can be explained by
the fact that measurements in SQUID magnetometers like the MPMS3 are sensitive to
the orientation of the same in the sample holder. Furthermore, the exact centering in
the chamber influences the dipole fitting. The isothermal measurement at 450 mK was
performed in a different measurement series than the 400 and 600 mK measurement.
As a consequence of the sample removal and re-installation, it is realistic that the
exact orientation and centering of the inital measurements could not be replicated
and thus cause the described variations.
At T = 0.4 K and 0.45 K, a hysteresis is recorded in the M(B) curves, see inset of
figure 6.5a. It is not centered around 0 T but around 0.6 T and covers the largest
field interval at 450 mK. The maximum size is temperature dependent: At 400 mK
it starts at 0.07 µB/Er, at 450 mK it is maximally spread at a width of 0.15 µB/Er
and then shrinks back to 0.04 µB/Er. It is not visible at 1.8 K.

6.2.2 AC Magnetometry

Figure 6.6 shows the temperature dependence of the ac susceptibility for Er2Te4O11 as
probed at 600 Hz and static fields B = 0 − 7 T with an excitation field of Bac =
1 & 2 Oe, divided into the real parts χ′ in subplots a and d, their temperature
derivatives dχ′/dT in subplots b & e, and the imaginary components χ′′ in c and
f. Some derivatives and imaginary components are omitted because of overwhelming
noise.
Differences between the two driving fields are only quantitative. For Bdc ≤ 0.1 T,
the reactive susceptibilities χ′ (upper panels in figure 6.6) exhibit a Curie-Weiss like
behavior, i.e. a monotonous decrease with T . This is confirmed by the derivative
dχ′/dT where no features are visible. In larger fields, a shoulder starts to form in
χ′(T ) which gains prominence with increasing static field. At 0.2 T, the maximum
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Figure 6.6: Ac susceptibility data of Er2Te4O11 as a function of sample temperature
T at various applied static fields. At the excitation frequency f = 600 Hz
two excitation field strengths Bac were applied. (a) Real part of the ac
susceptibility χ′, (b) T derivative of a dχ′/dT , (c) Imaginary component
χ′′, (d)-(f) Same as a-c with Bac = 2 Oe.

is located at 4.5 K, and shifts almost linearly to 14 K at 3 T. Accompanying this is
an inflection point in temperature which leads to a shoulder/peak in the derivative
dχ′/dT , in the middle panels. Between 0.2 and 0.5 T, the shoulder turns into a peak
that is most pronounced around 0.5-0.7 T. This feature shifts higher in T and gets
broader with increasing Bdc. χ′′ exhibits an anomaly close to the inflection points of
χ′ at 2.5 K and 0.05 T, which also shifts to higher temperatures (4.5 K at 3 T) and
gets broader with B. Apart from this, no other features are seen in χ′′.
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A comparison of the χ′ between the two values of Bac shows that for Bac = 1 Oe the
0.5 T and the 1 T curves are shifted upwards by ∼ 0.4 erg/G2/mol with respect to
the others while with Bac = 2 Oe the 0.05 T and 7 T curves are shifted downwards
by the same value. dχ′/dT show no difference between the driving field strengths
indicating that the observed difference truly is an offset and therefore a systematic
error.

6.3 Discussion

Analyzing the dc magnetic susceptibility in the context of the Curie-Weiss model
revealed dominant antiferromagnetic interactions in Er2Te4O11 , which agrees with
previous works on Er2Te4O11 and on chemically similar oxotellurates of the class
R2Te4O11, as summarized in table 6.1. The experimentally found Weiss temperature
θW = −7 K, see figure 6.2, agrees with the literature [102]. No magnetic ordering is
observed down to at least 1 K, which indicates a frustration in the magnetic lattice.
Indeed, honeycomb lattices are known as possible hosts for geometrically frustrated
structures [109]. Huang et al. [102] found that the exchange between the Er planes is
much larger than the interlayer exchange perpendicular to it. The interplane distance
between the magnetic ions is 2.23 times larger than the intraplane distance. Since
the dipolar interaction scales with 1/d3, the interaction within between the planes
is suppressed by a factor of supposedly more than 11 compared to the interaction
within the planes. This agrees with the approximation of two dimensional mag-
netism constrained to the layers on a broad energy scale (and subsequent suppression
of possible ordering to low temperatures) [102]. The effective magnetic moment of
µexp

eff = 9.5(3) µB/Er, as is extrapolated from the Curie-Weiss fit (see figure 6.2), is
in excellent agreement with the value expected from a free ion picture for Er3+ which
is 9.59 µB/Er [2].
Deviations from the Curie-Weiss approximation in the magnetic susceptibility χ(T )
are found in the sub Kelvin range as shown in figure 6.4. Only a small difference be-
tween the ZFC and FC measurements is visible in the susceptibility (subplot a). This
approximate reversibility indicates a lack of metastable magnetized states and thus
rules out the interpretation of a spin glass behavior. The visible maximum in χ(T )
regardless of the magnetic history could indicate a crossover into a region dominated
by antiferromagnetic interactions. In a temperature range, where AFM correlations
dominate, the magnetization must decrease with lowering the temperature. At suffi-
ciently high T thermal fluctuations favor a disordered paramagnetic state, which leads
to a vanishing magnetization as T → ∞. The correlation maximum in χ(T ) = M/B
is a consequence of a crossover between these two temperature regimes. A true phase
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transition between two states would typically be accompanied by a more pronounced
peak in the susceptibility or its derivative at TN [33]. Fisher showed that the magnetic
heat capacity in an antiferromagnet close to its phase transition behaves like d(χT )

dT

[110] [111]. If a lambda shape were confirmed in Fisher’s specific heat, it could be
associated with a second order phase transition [112]. Such a behavior would be in
accordance with a phase transition between a paramagnetic and an antiferromagnetic
phase [113]. Stronger arguments about the nature of the peaks in both χ(T ) and d(χT )

dT

could only be made if higher resolution measurements of the temperature dependent
magnetization were available. This might in particular allow a more definite state-
ment on the shape of the peak like feature in Fisher’s specific heat (see figure 6.4c)
and rule out or confirm a λ-shape.
Figure 6.9 collects observed features in a phase diagram. It can be seen there and
in figure 6.4 that the maxima in Fisher’s specific heat and thus the inflection points
in χ(T ) shift to lower temperatures upon application of a larger magnetic field. A
linear extrapolation of the trend yields a temperature of Tinflection(1 T) ≈ 0.38 K,
which lies below the measured temperature range and can be one explanation for
why this transition is no longer observed in 1 T. Alternatively, this crossover could
be suppressed at such field strengths as can be seen in figure 6.5a.
It might be argued based on the inset in figure 6.5b, that at 0.4 K and 0.45 K, the
peak in the isothermal susceptibility χ(B) = dM

dB
might consist of two peaks close

together or of a main peak at 290 mT and a side peak at ca. 140 mT. If this had
a genuine physical origin, it might be explained as being associated with a small
jump in magnetization due to a further low temperature phase. The corresponding
potential transition field at 0.45 K, 0.105 T, lies close to the line marked by the
maxima in Fisher’s specific heat described above. This is however highly speculative
as it relies on only two data points and requires further measurements in the low
temperature regime. Alternatively, it could also simply be due to systematic errors
from the measurements. It was nonetheless marked and included into figure 6.9. The
observed peaks in χ(T ) at T ≲ 450 mK could also be due to device artifacts.
In the isothermal magnetization M(B) for T ≤ 0.6 K in figure 6.5, an S-shape can
be seen in the low field region. The maximum in the susceptibility χ(B) = dM/dB is
associated with an inflection point in M . This field is marked with purple dots in both
figure 6.5 and figure 6.9. Since glassiness is unlikely to occur in Er2Te4O11 , as was laid
out above, another mechanism would have to be the cause for the inflection behavior.
The underlying mechanism could possibly be a spin-flip or spin-flop process, as was
reported for the related compound Tb2Te4O11 [102] as well as other antiferromagnets
[114]. These two phenomena occur in the isothermal magnetization of antiferromag-
nets when the magnetic field is being applied in parallel to the axis, along which the
magnetic moments lie. Due to the AFM alignment and the anisotropy keeping the
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magnetic moments rigidly oriented, no magnetization is induced by magnetic fields
small compared to the anisotropy barrier. In sufficiently large fields, either a com-
plete reversal of the antiparallel spins (spin-flip) or a rotation by 90° and subsequent
canting of the magnetic moments (spin-flop) occurs. Both cases result in a jump in
M(B) at the field Bsf [2].
In figure 6.7a, the jump in magnetization ∆Msf at T = 0.4 K is determined assuming
a spin-flip at Bsf = 0.28 T by approximating two linear regimes at lower and higher
fields, as indicated in the plot, and taking the difference between these two lines at
the inflection point of M(B). The jump size determined in this manner is ∆Msf =
2.4 µB/Er. Since the Er2Te4O11 sample is polycrystalline, its magnetization must be
considered as a powder average over the possible directions:

Mpowder =
∑

i∈axes
Mi = 1

3M∥ + 2
3M⊥. (6.1)

This means that the hypothesized spin-flip jump in monocrystalline Er2Te4O11 is
three times that value, i.e. ∆Mmono

sf = 7.2 µB/Er. The value obtained for ∆Msf
from figure 6.7s must be assumed to have a rather high uncertainty because it relies
on linear fits for two regions with only approximate linearity in the magnetization.
In the AFM model underlying above considerations, the perpendicular axes do not
exhibit any jumps in M⊥(B) but show a linear behavior up to saturation because
they cant in field. There are two possible factors which could explain why a clear
spin-flip associated jump is not visible in the isothermal magnetization even in the
powder average. Thermal fluctuations cause a deviation from the uniaxial alignment
of the spins even in fields smaller than Bsf which broadens the feature. The width in
the presented data is ca. 0.5 T and thus rather large compared to the feature loca-
tion. Furthermore, the simple model of an antiferromagnet is not generally accurate,
especially when considering a frustrated system.
In figure 6.7a the saturation field Bsf is determined for T = 0.4 K is determined as the
intersection of linear extrapolations of the high-field magnetization and the maximized
slope around the inflection point. It is Bsf = 0.52(5) T and is marked with a purple
open circle. This is also done for the two other sub-Kelvin temperatures and included
in the phase diagram 6.9. The saturation field strengths are located at or close to
the loci where the curvature of M(B) is maximized, thus they can also be seen in
figure 6.5c. Both the inflection fields Bsf as well as the saturation fields Bsat do not
show a pronounced T -dependence in the three measurements with T ≤ 0.6 K. This
is in agreement with the assumption that the spin flip condition is fulfilled when
the energy due to the Zeeman interaction eq. (2.38) surpasses the energy barrier
due to anisotropy, this is approximately independent of the temperature, which only
broadens the effect [2]. A broadening with increased T is not observed. The same lack
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Figure 6.7: (a) Determination of the spin-flip-gap ∆Msf in polycrystalline
Er2Te4O11 at T = 0.4 K. The red lines show linear extrapolations of
three sections of the data. The spin flip field is marked with a vertical
line, the saturation field is marked with a purple circle. (b) Susceptibility
χ(B) = dM

dB from (a).
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of a pronounced T dependence in the spin-flip field is also reported for Tb2Te4O11
[102]. From eq. (2.3), assuming dG = 0, the Maxwell relation

− ∆S

V ∆M
= ∂Bcrit

∂T

can be derived. This implies that processes which show no temperature dependence
in their critical fields Bcrit are associated with a vanishing entropy change ∆S. The
absence of a visible T -dependence in the process described here might indicate just
that.
An alternative explanation for the observed magnetization shape can also be that the
antiferromagnetic spin order breaks down at low magnetic fields due to a departure
from an antiferromagnetically ordered phase. The Zeeman energy associated with the
spin-flip field Bsf can be estimated using eq. (2.38) as

∆Esf = gJJµBBsf = 0.15 meV ≈ 1.7 K × kB.

Herein, free Er ions were assumed, in order to obtain J and gJ . Considering that the
extrapolated saturation value is not the free ion saturation but a moment reduced to
approximately 42% of that, a correction to the energy barrier by the same factor can
be applied. This yields a modified spin-flip energy of

∆Emod
sf = µsat

µfree ion
sat

∆Esf = 0.06 meV ≈ 0.7 K × kB.

The energy barrier must only be taken as an estimate because the underlying pro-
cess, i.e. whether it is truly a spin-flip, is not established. Furthermore, the feature is
observed in a polycrystalline sample, so the assumption that this process is restricted
to only one axis (as a spin-flip in an antiferromagnet would be), is not experimen-
tally verified. It is nonetheless useful to notice that it is comparable in size to the
temperatures where Fisher’s specific heat peaks.
An Arrott plot [115] [116] [117] offers further insights on both the onset of the AFM-
PM transition [118] as well as its order [102]. This analysis is shown in figure 6.8. The
Arrott plot shows the squared magnetization M2 against the inverse field specific mag-
netization B/M , its inset zooms in on the data with M2 < 0.3 × 109 erg2/(G mol)2.
For the three lower temperatures, B/H shows a broad minimum between 0.2 and
1.2 × 109 erg2/(G mol)2 and otherwise a linear behavior, which can be extrapolated
to cross the axis defined by B/M = 0 at values M2 > 0 for all shown temperatures.
At T = 1.8 K, the extrapolation yields a value of M2 ≈ 0.5×109 (erg/G/mol)2, which
is noticeably smaller than the value for the lower temperatures, for which this is larger
by a factor of 2. Even at 1.8 K, there is a minimum in the curve, however this is
located between 0.01 and 0.02×109 (erg/G/mol)2 and is only very small. Huang et al.
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Figure 6.8: Arrott plot for Er2Te4O11 at four temperatures. Only field up sweeps are
included. The orange lines mark a linear extrapolation of the regions with
higher M2 to B/M = 0. The inset shows a zoom in of the low M2 region.

[102] attribute the pronounced negative slope in the Arrott plot at low temperatures
(as contrasted to the virtual lack of it at higher T ) to a first order phase transition.
This is presumably based on the Banerjee criterion which predicts a shift of the mini-
mum in B/M to M2 = 0 at T = Tc and a broad minimum similar to the one observed
at M2 > 0 for T > Tc [116] [119]. Furthermore it was observed in Tb2Ti4O11 that the
transition temperature suggested by the Arrott plot coincided with the broad maxi-
mum in χ(T ) [102]. Applying this line of reasoning to Er2Te4O11 would yield a similar
conclusion that there might be a first order phase transition in temperature between
0.6 K and 1.8 K. However this interpretation seems tenuous as no discontinuity is
observed in variable temperature measurements for Er2Te4O11 , as seen in figure 6.4.
In order to be able to draw a conclusion better founded on empirical evidence, it
would be beneficial to perform further isothermal magnetization measurements at
temperatures below and above 1.8 K and analyzing them in Arrott plots. This might
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reveal the temperature at which it predicts a phase transition and this could then be
compared further to the measured χ(T ). The axes intercepts could also be evaluated
more systematically given these data.
In high field (B > 1 T), the extrapolated saturation value of µsat = 3.8 µB/Er is
approximately 42% of the free ion moment µfree ion

sat = gJJµB = 9 µB. The value and
general case of a measured saturation at 40-50% of the free ion value are in accordance
with literature on the anisotropic members (R=Tb-Er, Yb) of the R2Te4O11 class
in which it arises due to an easy axis anisotropy. This is in accordance with the
observation of a strong deviation from a mean-field behavior, as was already seen
by the difference between χ(T ) and a behavior in accordance with a Curie-Weiss
law at low temperatures. Probing the behavior in higher fields, as was done with
T ≥ 1.8 K up to 14 T, revealed no further anomalies. The continued non-zero slope
after saturation may be attributed to van Vleck paramagnetism [102]. An estimated
value of this contribution can be obtained from figure 6.5, a linear extrapolation of
the high field behavior yields a value of χvV ≈ 0.25(5) µB/T/Er. As is visible for
T = 1.8 K, the right-bending continues to at least 14 T without any further anomalies.
The value for χvV is comparable to that found in Tb2Ti4O11 [95] [102].
For T = 0.4 K and 0.45 K, the isothermal magnetic susceptibility χ(B) = dM

dB
has

a visible asymmetry around the field Bsf . A shoulder-like feature can be seen at
B ≈ 0.1 T, as shown in figure 6.5b and is particularly noticeable in figure 6.7b. The
reproducibility of this feature rules out a statistical cause. An explanation for this
could that the low-B side consists of an additional underlying peak which causes the
shoulder. This might be caused by a more mobile magnetization process. However,
from the available data alone, no further conclusions can be drawn.
The recorded thermal hysteresis in the χdc(T ) measurements is rather small compared
to the total magnetization, as seen in figure 6.4a. At 0.02 T, the split between ZFC
and FC is less than 5% of the total magnetization. In conjunction with the reported
antiferromagnetic Weiss temperature, and lack of field hysteresis, this rules out a
large ferromagnetic tendency in Er2Te4O11 . The relative shifting of the two curves is
not constant, i.e. in 0.02 T and 0.05 T, the FC susceptibilities are larger while this is
reversed in 0.1 T. Especially the observation, that the 0.1 T FC curve is smaller than
the ZFC curve, is not physical. Because of this, it must be assumed that the observed
difference between the curves is due to a systematic error of the magnetometer and
not due to physical phenomena inherent to Er2Te4O11 .
The small peaks in χ(T ), which are visible in the FC data for 20 mT and 50 mT, but
not in the ZFC data of the respective magnetic fields, and in the ZFC data in 150
and 200 mT must also be understood as artifacts caused by the measurements with
the iHe3 option and not as a physical process. This is in particular seen in the non-
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monotonous choice of temperatures within the data of B = 0.15 T. This cannot easily
be changed because the control software for this setup offers only limited flexibility
in changing parameters.
Measurements of the ac susceptibility of Er2Te4O11 under applied static magnetic
fields, see figure 6.6, reveal field induced and stabilized processes. A behavior similar
to the observed χ′ data is reported for the frustrated pyrochlore systems Dy2Ti2O7
and Tb2Ti2O7 [96]. In the former, this anomaly was interpreted as a freezing into a
glassy like state caused by the local frustrations [47]. Ueland et al. [96] explain the
observed behavior rather as a field induced polarization of clusters of the Tb spins in
high fields. These two works observe an onset of the anomalies in χ′ only at (for the
specific system) sufficiently high frequencies, which are comparable to the ones probed
in this work. Just as the magnetic rare earth ions in the two previously mentioned
R2Ti2O7 compounds, the quasi two-dimensional honeycomb lattice of Er2Te4O11 can
lead to frustrated interactions between the Er ions. Er3+ is anisotropic and inn
particular possesses an easy axis anisotropy with respect to the lattice [102]. The
field enhancing of the dynamic susceptibility anomalies suggests a connection to the
polarization of the system.
For Er2Te4O11, an analysis of the frequency has not yet been performed. Probing
more frequencies, particularly lower ones, would help understand to gain an improved
understanding of the underlying process and could allow evaluations in the context of
spin dynamic models like comparing it to the Arrhenius or Vogel-Fulcher relationship,
as performed in [47] [96] [120]. This could reveal whether disorder is indeed the cause
of the observed freezing processes and if so, which dynamics the freezing process
possesses.
Some of the χ′ datasets in figure 6.6 are shifted above the others. This is indeed not
a scaling but a shift as can be seen by the fact that this difference does not persist in
the derivatives. An explanation for this can be found in the measurement technique
as laid out in section 3.1.2 with a misidentification of characteristic points in the
three point method. These datasets are kept in the analysis, nonetheless, because
they retain the qualitative features that are needed for understanding the magnetic
behavior of Er2Te4O11 .
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Figure 6.9: Summary of figure 6.4 - figure 6.6. Lines are guides to the eyes.
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7 Fe3GaTe2

Figure 7.1: Crystal structure of Fe3GaTe2 , taken from [121]. As seen along the a axis
(left) and along the c axis (right).

7.1 Introduction

Fe3GaTe2 crystallizes in a hexagonal lattice in the space group P63/mmc (no. 194)
with lattice constants a = b = 3.986 Å, c = 16.229 Å [121] [122] [123]. Fe3Ga layers are
sandwiched between Te layers. The Fe ions are located in two in-equivalent crystal-
lographic positions of the lattice [122] [124] [125]. A rendering of Fe3GaTe2 ’s crystal
structure, taken from [121] is shown in figure 7.1. The valences of the ions have been
determined as Fe0, Fe3+, Ga2−, Te2−, where the magnetic properties are attributable
due to the two Fe ion species (the Fe3+ occurs in a high-spin state) [121]. Fe3GaTe2 is
part of a broader family of systems sharing the composition FenGTe2 (n = 3, 4, 5; G
= Ga, Ge), which contains multiple layered materials with high Curie temperatures
[123] [124]. The van der Waals interaction between the Fe3Ga layers is assumed to be
significantly weaker than the in plane exchanges, making the material magnetically
two-dimensional [121] [122] [126]. Previous magnetometrical studies [121] [122] [123]
[124] have revealed a remanent magnetization which hints at ferromagnetic behav-
ior, the field hysteresis was confirmed using Magnetic Force Microscopy [124]. The
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magnetization is anisotropic and follows an easy axis behavior, this means that the
magnetic moments preferably align along the c axis, perpendicular to the Fe3Ga layers
in the ab plane [121] [122] [124].
Fe3GaTe2 has attracted interest for two main reasons: It retains its highly anisotropic
ferromagnetic spontaneous magnetization even at room temperature, due to its high
Curie temperature TC = 350−380 K [121]. Secondly, it is an electrical conductor with
a conductivity of 641000 Ωm−1 [127]. This would point towards itinerant (Stoner)
ferromagnetism. However, it is argued based on ARPES data that the ferromagnetic
ordering above room temperature is at least partially caused by localized magnetic
moments, in particular the 3d moments of the Fe ions [122] [126].

7.2 High Field Electron Spin Resonance

Samples of Fe3GaTe2 were provided by M. Abdel-Hafiez. They were grown in a
platelet shape parallel to the crystallographic ab plane. Fe3GaTe2 was investigated
in the high field-electron spin resonance setup at KIP with parallel magnetic fields
and microwave incidence along its c axis. The material is air sensitive and contact
with air must be limited to less than 30 min [128]. This increases the difficulty of
handling it because in particular the sample preparation for the ESR has to be done
in a protective Argon atmosphere.
Fe3GaTe2 was investigated using HF-ESR with B||c. Spectra were recorded at 2 K
and at 220 K for fields up to 16 T and with microwave radiation in the frequency range
between ∼ 50 GHz and ∼ 900 GHz. Measurements exceeding 800 GHz did not result
in any usable spectra. Based on the longitudinal conductivity measured by [127], a
skin depth can be determined using eq. (3.2), allowing an estimate on the penetration
depth and thus the interaction volume of the microwave radiation with the magnetic
moments. At T = 2 K, the skin depth δ in the relevant frequency range according to
eq. (3.2) is plotted in figure 7.2. The interaction volume, which scales with δ, decreases
with 1/

√
f . Experimentally probed frequencies in the HF-ESR setup range from ca.

50 GHz to 900 GHz, correspondingly there is a change in skin depth from 2.81 µm
by a factor of 4 to 0.71 µm. The microwaves are not transmitted through the sample
because of the aforementioned shielding. This and the fact that the attenuation of an
electromagnetic wave is generally larger with increased frequency, explains why the
signal vanishes at high frequencies.
The spectra at each frequency contain an up and a down sweep of the magnetic
field. An exemplary spectrum of Fe3GaTe2 is shown in figure 7.3, which shows the
transmittivity through the surface layers as a function of applied field B∥c at f =
331.4256 GHz at a temperature of 2 K. The up and down sweeps are shown in one
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Figure 7.2: Calculated skin depth δ(f) at T = 2 K as a function of frequency f
according to eq. (3.2) with conductivity given in [127].

plot, the curves are shifted along the vertical transmittivity axis to allow for better
visibility. Already in the raw data, two features in the transmittivity can be seen.
They are marked with vertical lines. A phase shift between the electric and magnetic
components of the microwave can lead to them mixing, which needs to be corrected
for [129]. In order to perform a quantitative analysis of spectra requires this to be
corrected because due to the phase mixing, a shift in the resonance position of the
absorptive component of the signal is possible.
Figure 7.4 shows the spectra obtained for B ∥ c at 2 K for Fe3GaTe2 at a number
of frequencies between 40 GHz and 900 GHz. Anomalies are marked for each sweep.
The same is done for 220 K in figure 7.5. Anomalies were only marked if they
appeared in both the up and the down sweep. These features can be interpreted as
possible resonance positions. From the spectral datasets at both temperatures, the
field-frequency loci can be collected in a f −B diagram, see figure 7.6. It is possible to
see at least two linear resonance branches of recorded positions in both measurement
series. One appears gapless, i.e. it may reasonably be extrapolated to the origin of
the plot. The other one appears gapped if assumed to be linear. Assuming a linear
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Figure 7.3: ESR spectrum of Fe3GaTe2 for B||c at 331.4256 GHz and T = 2K. Both
sweeps (up and down) are shown but are shifted along the transmission
axis for better visibility. The two lines mark the observed resonance fea-
tures.

field behavior of the two resonance branches, a corresponding linear function can be
fitted to the data:

f(B) = µB

h
geffB + fgap. (7.1)

geff is the effective g factor of the excitation. Performing such a fit yields two gaped
modes with the corresponding effective g factors of 2.05(10) and 2.19(10) and gap sizes
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Figure 7.4: HF-ESR spectra for Fe3GaTe2 for B||c at 2 K. Various microwave frequen-
cies were probed. The color coded markers indicate inferred resonance
positions in the corresponding sweep. In the legend, some frequencies are
marked with ⋆, which indicates that a linear term was subtracted as a
background from the spectrum, while the + signifies that the spectrum’s
amplitude was scaled.
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Figure 7.5: HF-ESR spectra for Fe3GaTe2 with B ∥ c at 220 K. Various microwave
frequencies were probed. The color coded markers indicate inferred reso-
nance positions in the corresponding sweep.

Egap = h × 210(10) GHz = 0.87(4) meV and Egap = h × 144(10) GHz = 0.60(4) meV
respectively for 2 K and 220 K. The lower lying modes are assumed to be gapless
(fgap = 0) and yield g = 2.22(10) and g = 2.20(15), respectively. Allowing a gap as a
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Figure 7.6: Resonance-frequency-magnetic-field diagram of Fe3GaTe2 at 2 K (a) and
220 K (b) for B||c. The lines are explained in the text.
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fit parameter, does not result in significantly differing results with a deviation smaller
than 3σ compared to a fit without the gap as a degree of freedom.
There is a further possible line in the 2 K data of figure 7.6, which is marked in green.
Fitting a linear function to these points yields a negative slope in the f(B) branch.
The value for g is approximately g ≈ 3.9 with a gap of fgap ≈ 970 GHz. However,
this line is speculative because no resonances on this line were found in-between the
two more established ones and half of the defining anomalies could also be part of
the other two more established branches.
At the microwave frequency f = 267.8 GHz, spectra were measured for a number of
temperatures ranging from 2 K to 260 K. These data are shown in figure 7.7. Two
features can be seen in the measurement at 2 K at 2 T and at 9 T. These resonance
positions are marked in the plot and their resonance field position is followed with
increasing temperature. It appears that the 2 T resonance moves towards higher fields
with increasing temperature; at T = 260 K, it is located at approximately 4.7 T. The
second feature lacks such a clear trend. Figure 7.8 shows the resonance fields as a
function of sample temperature. It can be seen that the 9 T feature indeed does not
exhibit a clearly established trend with temperature except at temperatures T ≤ 10 K,
where a decrease in B can be noticed, albeit within the margin of error as marked
by the error bars. The low field feature shows a clear increase in field strength with
sample temperature. Shifting from 2 T to 4.5 T at 260 K in a monotonous fashion.
All available Fe3GaTe2 crystals have a plate like shape where the ab plane coincides
with the plate. In order to get data with B ⊥ c, measurements with a sample in-
stallation perpendicular to the c axis were necessary. This was initially attempted
by clamping the crystal between two Teflon blocks (as seen in figure 3.4a). Exper-
imentally it turned out that the sample was not stabilized enough in this approach
as sudden jerks of the crystal were observed. An alternative approach tried was fix-
ing the sample in an upright position using molten icosane. The amount of icosane
required to stabilize the crystal in an upright position was also sufficient to absorb
all the microwave radiation and thus no signal was recorded in these measurements.
This is described in more detail in appendix B.
In the future, approaches to measure the same sample should therefore rely on another
fixing agent. This could be a stronger glue which requires less material than the
previously utilized icosane and thus circumvent the observed absorption bottleneck.
However, special care must taken to not damage the delicate material.
The magnetization of Fe3GaTe2 was measured both isothermally and as a function of
temperature. Due to reasons discussed in appendix C, these data cannot be used for
further quantitative analysis.
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Figure 7.7: HF-ESR spectra for Fe3GaTe2 with B ∥ c at the fixed frequency f =
267.8 GHz. The temperature was varied between 2 K and 260 K. The color
coded markers indicate inferred resonance positions in the corresponding
sweep. For better visibility, a third order polynomial background was
removed with some spectra. Between 100 K and 140 K, the sweeps were
cut off at either 11 T or 12.7 T because the amplitudes were running away,
no features are expected in the removed field regions.
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Figure 7.8: Summary of the resonance positions of Fe3GaTe2 determined in figure 7.7
as a function of temperature T .

7.3 Discussion

HF-ESR spectra were recorded of Fe3GaTe2 at 2 K and at 220 K for B||c. The
resonance fields determined from the spectra shown in figure 7.4 & figure 7.5 are
summarized in the resonance-frequency-magnetic-field diagram in figure 7.6. Most
of these features can be grouped into two resonance branches with approximately
linear f(B) behavior. By performing linear fits for both branches, an effective g-
factor can be extracted from the corresponding slopes according to eq. (7.1). At
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both temperatures, the lower energy branch is gapless, i.e. f(B = 0) = 0, and
yields g > 2. At higher microwave frequencies, a gapped branch with g = 2 becomes
visible. The zero field gap separating the two branches from one another is about
210 GHz at 2 K and decreases to 144 GHz at 220 K. It is expected that the zero
field excitation gap decreases with increased temperature due to thermal fluctuations.
The reported Curie temperature for Fe3GaTe2 is TC = 350 K, which is in accordance
with a non-zero excitation gap at 220 K. In the related two-dimensional van der
Waals ferromagnets Fe3GeTe2, Fe4GeTe3 and CrI3 [130] [131] [132], a similarly gapped
branch for the out-of-plane direction was found which also increased its resonance
fields with temperature. In these systems an in-plane resonance branch was observed,
whose resonance fields showed an opposite shifting with increasing temperature. The
zero field excitation gap and the shift of the resonance field of the branches for the
two different B field directions as reported in [130] [131] [132] approaches zero only
above TC. A similar analysis cannot be performed here, both due to a lack of in-plane
data and because the Curie temperature of Fe3GaTe2 lies beyond the temperature
regime accessible with the available HF-ESR setup
In order to get a more complete understanding of the magnetic qualities of Fe3GaTe2,
more measurements are needed. These include in particular probing the in plane
behavior of the crystal to complete the f(B) diagram. This would allow a quantitative
comparison to other two-dimensional vdW ferromagnets and potentially simulations
of the filed dependence of the energy dispersion of the magnon modes as was done
in [133]. Further data that will give more insights into the evolution of e.g the g-
factor and the zero field excitation gap with temperature T , are f(B) diagrams (like
figure 7.6) at further temperatures, both between 2 K and 220 K and at higher
temperatures, as was performed for the related compound Fe3GeTe2 [130]. Ideally,
this would be done even beyond the Curie temperature, which is not possible with
the HF-ESR setup at KIP, as it only allows measurements at temperatures up to
300 K. Probing the resonance behavior beyond the ordering temperature allows a
determination of the onset of magnetic ordering on timescales comparable to the HF-
ESR timescales and would enable a more complete picture on the ordering mechanism
itself if combined with simulations of the magnon branches.
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This thesis reports on investigations regarding the magnetic and magnetoelastic prop-
erties of four strongly correlated systems. AC magnetometry was performed in a
temperature range between 1.8 K and 300 K in static fields up to 7 T, the excitation
fields were chosen between 1 and 8 Oe and driven at various frequencies between 3
and 930 Hz. DC magnetometric measurements were performed with magnetic fields
up to 7 T with temperatures down to 400 mK. Furthermore, high precision capaci-
tance dilatometry was employed in fields B ≤ 8 T between 1.8 and 300 K. High field
electron spin resonance (HF-ESR) was performed with sample temperatures in the
same range, the available magnetic field range was up to 16 T in conjunction with
microwave frequencies of up to 900 GHz.
Single-crystalline TbInO3 (see chapter 4) was investigated with SQUID magnetome-
try parallel and perpendicular to the c axis as well as by high-resolution capacitance
dilatometry parallel to the crystallographic c axis for temperatures between 1.8 K
and 300 K in magnetic fields B||c up to 8 T. The magnetization data only agreed
with the literature when a powder average is applied, individual axes show deviating
behavior. A pronounced anisotropy in the magnetization was confirmed to peak with
χab/χc ≈ 5 at 15 K. A limiting factor to the capacitance dilatometry was the small
sample size with a thickness of 0.17 mm. Magnetostriction data at 1.8 K and 10 K
revealed a featureless behavior. In the thermal expansion measurements, a broad
field-independent hump was found, which can reasonably be attributed to irregular-
ities in the dilatometer cell independent of TbInO3 . These results, particularly the
absence of ordering, further support the hypothesis of Quantum Spin Liquid behavior
in TbInO3 . Further investigations will have to repeat the dilatometry measurements
for both axes in an improved setup in order to avoid device artifacts.
Tb2Zr2O7 was previously reported to exhibit glassy behavior. These features were in-
vestigated further using DC magnetometry between 400 mK and 300 K as well as AC
magnetometry down to 1.8 K with driving frequencies between 3 Hz and 930 Hz. The
same methods were applied to the related system Tb2Zr1.5Ti0.5O7 which is assumed
to be closer in behavior to the Quantum Spin Liquid candidate Tb2Ti2O7 but has not
been investigated so far. Signs of glassiness were recovered in both systems, however
a visible suppression of them could be established in Tb2Zr1.5Ti0.5O7 compared to
Tb2Zr2O7 . In particular, temperatures and fields associated with freezing processes
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were reduced upon substitution of Zr for Ti. Examples for these processes are bifurca-
tion between field cooled and zero field cooled susceptibilities and magnetic hysteresis
in the isothermal magnetization. The glassy behavior can be attributed to the fact
that the larger relative ionic radius of the Terbium ions in Tb2Zr1.5Ti0.5O7 leads to
a suppressed cationic disorder, which in turn reduces frustrations and glassiness [40].
Furthermore, a field stabilized phase of slow spin relaxation was found in both sys-
tems between 7 K and 15 K in the AC magnetization data, which appears to be a
characteristic feature of this class of materials. The findings from the aforementioned
measurements are summed up in a B vs. T phase diagram for Tb2Zr2−xTixO7 with
x = 0 & 0.5, respectively. Ac susceptometry needs to be performed more systemati-
cally as a function of frequency in order to analyze the results more quantitatively as
done in [76]. Furthermore, the same behavior needs to be probed at lower tempera-
tures because some of the observed features shift outside of the measurement range
to T < 2 K.
AC & DC magnetometry on polycrystalline Er2Te4O11 did not conclusively reveal any
clear magnetic ordering transitions. Antiferromagnetic interactions were found in the
paramagnetic phase in higher temperatures via a Curie-Weiss fit. At temperatures of
T ≈ 600 mK, a broad maximum in the temperature dependent magnetization shows
the onset of an antiferromagnetically dominated behavior. A peak in Fisher’s specific
heat is taken as a delimiter for this region in a suggested phase diagram. Inflection
points in the isothermal magnetization can be interpreted as spin flop processes that
appear to extend beyond the region marked by Fisher’s specific heat. From an Arrott
plot, a possible first order phase transition could be assumed, however the evidence
for this is not definite. In conclusion with the lack of clear ordering signatures,
this suggests a crossover into an antiferromagnetically dominated region without a
distinct phase transition. Frustrations stemming from the trigonal crystal structure,
as indicated by the lack of ordering beyond the purported Weiss temperature, cause
the isothermal magnetization to saturate into a moment which is reduced by a factor of
more than two relative to the free ion value in agreement with reports on the related
Tb2Zr4O11. At higher temperatures, beginning at 2 K, a field stabilized region of
increased absorption was found by ac magnetic susceptibility measurements, which is
possibly connected to the aforementioned frustration. An analysis of the frequency
dependence of this process requires further measurements of the ac susceptibility in
a broader frequency range.
In Fe3GaTe2, high-frequency electron spin resonance spectroscopy with with B||c
revealed two resonance branches, of which one is gapped and the other one gapless.
The gapless branch possesses an effective g-factor of 2, while the gapped one exhibits
a g factor significantly differing from 2. It could be shown that the resonance fields in
the gapped branch follow a behavior consistent with other two-dimensional van der
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Waals ferromagnets. The gapless branch’s slope does not change with temperature
dependence. Measurements of the in plane behavior need to be performed in order to
evaluate the anisotropy of the modes and compare them to related compounds. The
development of the gap size needs to be probed to temperatures beyond the Curie
temperature TC = 350 K.
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A Comparison sample holders in ac
susceptometry

Exemplarily for Tb2Zr1.5Ti0.5O7 with Bdc = 0.5 T, Bac = 8 Oe, f = 3 Hz, the ac
susceptibility was measured using both the brass sample holder as well as in a straw.
The resulting data are shown in figure A.1. As can be seen there, the real component
χ′(T ) (subfigure (a)) shows little differences between the two sample holders, an
estimate is a reduction of magnitude by approximately 3%. The suppression of the
absorptive component χ′′ in subfigure (b) is more significant, exceeding 50% (assuming
the values at T = 30 K to be the baseline). A reason for this is that the eddy currents
in the metallic brass influence the phase shift underlying the absorptive processes in
Tb2Zr2−xTixO7 . The decision to continue using the brass sample holder was made
in order to keep consistent datasets for all measurements as the initial measurements
were already performed in brass.
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APPENDIX A. COMPARISON SAMPLE HOLDERS IN AC SUSCEPTOMETRY

Figure A.1: Comparison of the brass sample holder with a straw. Subfigure (a) &
(b) show the real and imaginary components, χ′ and χ′′, of ac sus-
ceptibility measurements with varying temperature on polycrystalline
Tb2Zr1.5Ti0.5O7 . The chosen magnetic fields were Bdc = 0.5 T, Bac =
8 Oe. The frequency was f = 3 Hz.
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B HF-ESR on Fe3GaTe2 in the ab plane

ESR-measurements of Fe3GaTe2 for B parallel to the ab plane did not yield usable re-
sults. An exemplary spectrum of the performed measurements is shown in figure B.1.
Clear discontinuities in the signal can be seen at multiple fields. The magnetic field,
at which they occur is not reproducible, as can be seen by comparing the up- and
down sweep. Such jumps can be understood as physical jerks of the sample induced
by an insufficiently strong fixation compared to the magnetically induced torque. A
probable reason for lies in the sample fixing procedure: The thin Fe3GaTe2 platelet
had to be stabilized in such a way that the magnetic field is parallel to the plane.
This was achieved by manually fitting Teflon blocks to fill the ESR sample rings and
only leave enough room to hold the sample stable in place, c.f figure 3.4a. It appears
that the hand made Teflon clamps do not offer a sufficiently strong grip on the sample
to fix it.
An alternative approach to the Teflon blocks was freezing the sample in an upright po-
sition using molten icosane. This is shown in figure 3.4b. Unfortunately, the amount
of icosane required to keep the crystal in the desired position was also sufficient to
absorb all of the microwaves and thus no signal was recorded. Only a singular fre-
quency of f ≈ 18 × 10.8 GHz showed any transmission, which is insufficient for any
further investigation.
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APPENDIX B. HF-ESR ON FE3GATE2 IN THE ab PLANE

Figure B.1: HF-ESR spectrum of Fe3GaTe2 for B ⊥ c at 329.6647 GHz in 2 K. Both
sweeps (up and down) are shown, they are shifted along the transmission
axis for better visibility.
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C Magnetization of Fe3GaTe2

Isothermal and temperature dependent SQUID magnetization data for Fe3GaTe2 are
shown in figure C.2 & figure C.1. While evaluating the underlying raw data, it
turned out that fitting a dipole function to the raw SQUID signal, as explained
in section 3.1.1, section 3.1.1 and a proper background subtraction could not be
performed in a reproducible and satisfactory manner. In particular the signal shape
of the sample used did not agree well with a dipole shape expected for fitting. Thus
the inferred magnetization data can at most be taken as a qualitative result. The
fact that the susceptibility in figure C.1 increases massively above 200 K is not in
agreement with reported measurements [121] [124]. In figure C.2 two fields with a
right bending in M(B) are seen at approximately 0.5 T and at 6 T, which does not
agree with pervious works [121], where the magnetization is saturated at field less than
1 T in comparable temperatures. Hence it must be expected that the magnetization
measurements suffered from sub-par raw data.
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APPENDIX C. MAGNETIZATION OF FE3GATE2

Figure C.1: Temperature dependent magnetization M(T ) along the c axis and its
temperature derivative dM

dT .
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Figure C.2: Isothermal magnetization M(B) of Fe3GaTe2 along the c axis as a func-
tion of the applied magnetic field B at T = 1.8 K.
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