
Titanate-based paraelectric
glass-ceramics for applications

in GHz electronics

Dissertation
zur Erlangung des Grades

"Doktor der Naturwissenschaften"

am Fachbereich Physik, Mathematik und Informatik
der Johannes Gutenberg-Universität in Mainz

Hubertus Braun

geb. in Mainz
Mainz, 2015



Datum der mündlichen Prüfung: 08.05.2015



Meinem Großvater

III



Abstract

The area of wireless communication applications is in an ongoing development
process (mobile phone standards: GSM/UMTS/LTE/5G, global navigation satellite
systems (GNSS): GPS, GLONASS, Galileo, Beidou) towards higher data rates and
miniaturization which results in a high demand for new optimized microwave mate-
rials. This trend becomes especially apparent considering the increasing development
and number of smart phones in the recent years, combining the use of multiple
technologies of different operating microwave frequencies on a limited spatial area
(data: 1G-4G, GPS, WLAN, Bluetooth). The required performance increase for future
technologies (e.g. 5G) can be achieved by the use of MIMO-based antenna systems
(multiple-input & multiple-output, controlled combination of multiple antennas) for
which dielectric loading-based technologies are one of the most promising implemen-
tation solutions.
The aim of this work was the development of a suitable paraelectric glass-ceramic
(εr > 20, Qf > 5000 GHz, |τf| < 20 ppm/K; at GHz frequencies) of the La2O3-TiO2-
SiO2-B2O3-system for dielectric loading-based mobile communication technologies as
an alternative to existing, commercially used sintered ceramic materials. The focus
laid on the question, how the macroscopic dielectric properties of the glass-ceramic
material could be correlated and respectively modified by the control of its microstruc-
ture. In this work, it was shown that the given dielectric requirements could be
fulfilled by the investigated system and that glass-ceramic-based dielectrics showed
superior nonelectronic properties to sintered ceramics (homogeneity, low porosity,
metal adhesion) proving that glass-ceramic materials are a suitable alternative.
A stable basic glass with a minimum glass former content has been developed and the
chemical composition has been optimized against unwanted devitrification and redox
instabilities (prevention of Ti4+ reduction to Ti3+). Suitable oxidizing agents for low
dielectric loss TiO2-based glass-ceramics were identified by the use of EPR and optical
spectroscopy. The influence of the melting conditions on the nucleation mechanisms
(surface, Pt, Ti3+) was investigated and the ceramization process was adapted for
a maximum amount of the desired crystalline phases to achieve optimum dielectric
properties. The microstructure of the glass-ceramic was analyzed by SEM/TEM and
XRD measurements and correlated with the macroscopic dielectric properties which
were characterized by GHz resonance methods. The dielectric high frequency loss
mechanisms were investigated by the use of impedance spectroscopy methods and
THz ellipsometry. Two prototype antenna series were analyzed to prove the suitabil-
ity of glass-ceramic-based dielectrics for the use in dielectric loaded applications.

IV



Kurzdarstellung

Das Gebiet der drahtlosen Kommunikationsanwendungen befindet sich in einem per-
manenten Entwicklungsprozess (Mobilfunkstandards: GSM/UMTS/LTE/5G, glo-
bale Navigationssatellitensysteme (GNSS): GPS, GLONASS, Galileo, Beidou) zu im-
mer höheren Datenraten und zunehmender Miniaturisierung, woraus ein hoher Be-
darf für neue, optimierte Hochfrequenzmaterialien resultiert. Diese Entwicklung
zeigt sich besonders in den letzten Jahren in der zunehmenden Entwicklung und
Anzahl von Smartphones, welche verschiedene Technologien mit unterschiedlichen
Arbeitsfrequenzen innerhalb eines Geräts kombinieren (data: 1G-4G, GPS, WLAN,
Bluetooth). Die für zukünftige Technologien (z.B. 5G) benötigte Performance-
steigerung kann durch die Verwendung von auf MIMO basierenden Antennensys-
temen realisiert werden (multiple-input & multiple-output, gesteuerte Kombination
von mehreren Antennen) für welche auf dielectric Loading basierende Technologien
als eine der vielversprechendsten Implementierungslösungen angesehen werden.
Das Ziel dieser Arbeit war die Entwicklung einer geeigneten paraelektrischen
Glaskeramik (εr > 20, Qf > 5000 GHz, |τf| < 20 ppm/K; im GHz Frequenzbe-
reich) im La2O3-TiO2-SiO2-B2O3-System für auf dielectric Loading basierende Mo-
bilfunkkommunikationstechnologien als Alternative zu existierenden kommerziell
genutzten Sinterkeramiken. Der Fokus lag hierbei auf der Frage, wie die makroskopi-
schen dielektrischen Eigenschaften der Glaskeramik mit ihrer Mikrostruktur kor-
reliert bzw. modifiziert werden können. Es konnte gezeigt werden, dass die
dielektrischen Materialanforderungen durch das untersuchte System erfüllt werden
und dass auf Glaskeramik basierende Dielektrika weitere vorteilhafte nichtelektro-
nische Eigenschaften gegenüber gesinterten Keramiken besitzen, womit dielektrische
Glaskeramiken durchaus als geeignete Alternative angesehen werden können.
Ein stabiles Grünglas mit minimalen Glasbildneranteil wurde entwickelt und
die chemische Zusammensetzung bezüglich Entglasung und Redoxinstabilitäten
optimiert. Geeignete Dotierungen für dielektrisch verlustarme TiO2-haltige
Glaskeramiken wurden identifiziert. Der Einfluss der Schmelzbedingungen auf die
Keimbildung wurde untersucht und der Keramisierungsprozess auf einen maxi-
malen Anteil der gewünschten Kristallphasen optimiert um optimale dielektrische
Eigenschaften zu erhalten. Die mikroskopische Struktur der Glaskeramiken wurde
analysiert und ihr Einfluss auf die makroskopischen dielektrischen Eigenschaften
bestimmt. Die Hochfrequenzverlustmechanismen wurden untersucht und Antennen-
Prototypenserien wurden analysiert um die Eignung von auf Glaskeramik basieren-
den Dielektrika für die Verwendung in dielectric Loading Anwendungen zu zeigen.
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1 Introduction

In mobile phone networks the communication from cell to cell is enabled by a dense
network of antennas located on masts and associated base stations. The average
base station coverage is around 18 resp. 35 km at operating frequencies of 1800 resp.
900 MHz [RI06]. Each of these base stations houses microwave resonators that are
necessary to carry signals of specific frequencies and filter out spurious signals and
sidebands. For these types of narrow bandwidth applications, where frequency selec-
tivity is paramount, low dielectric loss and temperature-stable dielectric resonators
are superior to metal cavity resonators. Dielectric oxide ceramics have revolutionized
the microwave wireless communication industry by reducing size and cost of filter,
resonator and antenna components in various applications ranging from cellular
phones to global positioning systems [Seb08]. Especially paraelectric microwave
materials play a key role in a wide range of present and future high frequency appli-
cations (0.1-100 GHz). In particular the area of terrestrial and satellite communication
(Radio, GNSS, WLAN, DBS TV) is in an ongoing development process which results
in a high demand for new optimized microwave materials.
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This trend becomes especially apparent considering the increasing number of smart
phones combining the use of multiple microelectronic components of different op-
erating microwave frequencies on a limited spatial area (GSM/UMTS/LTE, GPS,
WLAN, Bluetooth). Miniaturization is a critical factor for hand-held devices and
can be directly observed in the decrease of size and weight of the devices in recent
years. The required performance increase for future technologies (e.g. 5G) can be
achieved by the use of MIMO-based antenna systems. Miniaturization and MIMO
can be realized by the use of dielectric loading-based implementation solutions.
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Figure 1.2: The growth of mobile communications in the world since 2005 [ITU14]

The concept of using solid dielectrics as resonators to replace the traditional air-
filled metal cavities was first described by Richtmyer in 1939 [Ric39], showing in a
theoretical work that ring shaped dielectrics could be used as resonators (DR). In the
1960s many researchers investigated the microwave properties of various dielectrics
[RBS61, SMKH62a] and a characterization method for the dielectric properties was
introduced by Hakki and Coleman [HC60]. Cohn [Coh68] designed a TiO2-based
microwave filter which was not suitable for practical use due to the high tempera-
ture coefficient of the ceramic resulting in a poor temperature stability of resonant
frequency (TiO2: εr = 104, Qf = 42000 GHz at 3 GHz, τf = +427 ppm/K [WMT84]).
In the 1970s substantial research for temperature stable dielectric resonator materials
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1 Introduction

was performed [RWU+01, Wak89] and the first low τf , low dielectric loss BaO-TiO2-
based ceramics were developed (BaTi4O9: εr = 37, Qf = 23000 GHz, τf = +15 ppm/K
and Ba2Ti9O20: εr = 39, Qf = 32000 GHz, τf = +2 ppm/K [Seb08]). The breakthrough
to commercialization was achieved by Murata Manufacturing [WMT84] with the
development of τf -adjustable ceramics in the ZrO2-SnO2-TiO2 system (Zr0.8Sn0.2TiO4:
εr = 39, Qf = 52000 GHz, τf = (0 ± δ) ppm/K [Seb08]) or CaO-MgO-TiO2 system
(Ca0.05Mg0.95TiO3: εr = 21, Qf = 56000 at 7 GHz, τf = (0 ± δ) ppm/K [Seb08]) in the
early 1980s. The growth of the mobile communications market in the 90s (see fig.
1.2) motivated further research interest in microwave dielectrics. High permittivity
materials (εr > 75) were required to achieve a maximum miniaturization for the use
in handset applications and also very high Q materials (Qf > 100000 GHz) for base
station applications became necessary [FA08]. The former are mostly dominated by
ceramics from the BaO-RE2O3-TiO2 (RE: Rare earth elements) system with εr of 80-90
while Ba(Mg1/3Ta2/3)O3 provides the highest Qf values up to 300000 GHz [RI06].
The increasing interest of science and industry also becomes obvious when looking at
the amount of 2300 investigated so-called low loss dielectric materials, resulting in more
than 5000 publications and 1000 patents in the area of dielectric resonator materials
and their related application areas ([Seb08], published 2008).
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Figure 1.3: Number of publications of dielectric resonator materials [Seb15] (left) and
number of filed patents for relevant technologies [Seb08] (right)

The focus of this work lies on the development of a suitable dielectric glass-ceramic
material for dielectric loading-based wireless communication technologies (MIMO,
GPS, multiresonant DR antennas) which show superior performance advantages in
comparison to conventional metal-based technologies in terms of miniaturization,
frequency stability and antenna efficiency at operation in proximity to the human
body. These advantages will be explained in more detail in the following.
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(a) Glass-ceramic blank as dielectric (b) Commercial DLA with helix design [MLZ08]

Figure 1.4

One main source of external losses for an antenna are losses caused by the presence
of external objects located in close proximity respectively in the antenna near-field
(rnear ≈ 3 λ, approx. 45 cm at f = 2 GHz). This effect is known as body-loading
[MLZ08]. Body loading by objects such as human body tissue (εr(GHz) ≈ 40-50,
tan(δ) ≈ 0.1-1.0; [Lei11]) leads to a reduced antenna performance (see fig. 1.5):

• detuning (shift of frequency)

• rapid decrease of antenna efficiency due to additional dielectric losses

Conventional pure metal-based antennas are designed for an operation in such lossy
body loaded environments (e.g. mobile phone antenna operating close to the human
body) and are optimized for a consistent performance in talk positions as well as
in free space. The antenna match (impedance match between antenna and voltage
source) improves with increasing amount of body loading to partially compensate
the efficiency reduction (efficiency: ratio of emitted radiation to input energy). Addi-
tionally the frequency is tuned to lower frequencies (detuning) with increasing body
loading by the associated increase of the overall permittivity of the system. Such
antennas only reach efficiencies of approx. 3-5 % [Lei11] and the low performance is
counteracted by an increased radiation power and a higher number density of base
stations. In fig. 1.5 the same antenna in different environments is shown. In practice
the most commonly quoted parameter to describe the antenna performance is the S11

parameter in dependence of frequency (reflection coefficient or return loss) which is
a measure for the amount of power which is reflected back from the antenna to the
energy source due to the impedance mismatch and is normally given in dB.
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For the metal-based antenna a frequency shift of up to 10 % occurs in comparison to
the antenna operating in free space (blue curve) and the reflected power at resonance
decreases by 6 dB and even 13 dB (≈ factor 20) due to the improving impedance
match. The remainder of the power is either absorbed as internal losses or trans-
formed to radiation. A more elegant solution to prevent body loading is provided
by dielectric loading. For this technique ceramic bodies with high permittivity and
low dielectric loss are used. The higher permittivity (in comparison to air) leads to
a reduction of the size and near-field volume of the antenna and thereby indirectly
minimizes the negative influence of external objects resp. body loading effects on the
antenna performance. In fig. 1.5 a comparison between the properties of a so-called
dielectric loaded antenna (DLA) and a conventional metal-based antenna is shown.
For the DLA the influence of body loading is rather neglectable. Due to their compar-
atively smaller size dielectric loaded antennas are suitable to take part in the ongoing
miniaturization trend of mobile communication devices. The resonator length (RL)
respectively antenna size is proportional to the effective resonator wavelength and
therefore reduces with the root of the permittivity of the used dielectric.

RL ∼ λeff = λvac ·
1
√
εr

(1.1)

The key material parameters to express the suitability of a material are therefore:

• high permittivity (εr > 20)

• low dielectric loss tan(δ) resp. high quality factor Q (Qf > 5000 GHz)

• low temperature coefficient of resonance frequency (|τf | ≤ 20 ppm/K)

The requirements on the frequency stability of a GPS antenna are quite strict, the
frequency tolerance ∆f is around ±1.5 MHz at fGPS ≈ 1.5 GHz [Lei11] (equivalent
to τf = 20 ppm/K for a temperature difference of ∆T = ±50 K).

Material Abbreviation εr Qf [GHz]
BaMg1/3Ta2/3O3 BMT 24 250000
BaZn1/3Ta2/3O3 BZT 29 150000
Ba(Co,Zn)1/3Nb2/3O3 BCZN 34 90000
SrTiO3–LaAlO3 STLA 39 60000
CaTiO3–NdAlO3 CTNA 45 48000
ZrTiO4–ZnNb2O6 ZTZN 44 48000
Ba4Nd9.333Ti18O54 BNT 80 10000

Table 1.1: Commercially used ceramics for microwave applications (all τf = 0) [RI06]
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1 Introduction

A quite large number of commercially available conventional sintered ceramics with
excellent dielectric properties (see tab. 1.1) already exists, but due to their production
process (sintering) they have some disadvantageous non-electronic properties which
cause problems for their use in dielectric loaded applications:

• porosity (problematic for metallization processes)

• blank inhomogeneity/non-uniformity (performance deterioration)

• batch-to-batch variation of the dielectric properties (∆ε/ε ≈ 1-2 %, necessity of
adaption of the production process due to the lack of reproducibility)

At low frequency ranges dielectric resonators become larger which intensifies the
production-related problems mentioned above. Especially for the frequency range
below 2 GHz, which is important for mobile communications (approx. 800 to 1800
MHz) large blank geometries are necessary [PA99]. Glass-ceramic-based dielectrics
tend to have comparatively higher dielectric losses but provide other essential ad-
vantages over sintered ceramics. As glass-ceramics are initially produced from a
homogeneous liquid glass melt, they are intrinsically pore-free and provide a bet-
ter material homogeneity and reproducibility. For example for commercial optical
glasses, homogeneities of ∆ε/ε < 5 · 10−5 over lenses of 20 cm diameter are standard
in industrial production.
The aim of this work is the development of a suitable dielectric glass-ceramic material
with sufficiently good dielectric properties (according to the requirements for εr,
Qf , τf mentioned above) to provide an alternative to the already existing sintered
ceramics. Furthermore the connection between the macroscopic dielectric properties
and the microscopic microstructure of the material will be investigated in detail and
especially the contributions of different physical mechanisms on the dielectric loss are
investigated.
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2 Theory

2.1 Glasses

A basic definition for glass is given by Scholze [Sch88]: „In the physicochemical sense,
glass is an undercooled liquid“. It is helpful to observe the solidification process to
understand this definition in more detail, for example, looking at the volume change
with temperature, beginning with a melt at high temperature above the melting point.
In general, the volume decreases during the cooling process and at sufficiently slow
heating rate the crystallization starts at the melting temperature Tm leading to a more
densely packed crystal structure with a lower thermal expansion coefficient [CN07]
(discontinuous first order phase transition, represented by the solid line in fig. 2.1).
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Figure 2.1: V(T ) plot for a glass-forming and crystal-forming liquid [CN07]
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2 Theory

At higher cooling rates the volume continues to decrease below Tm (dashed curves
in fig. 2.1) and in the temperature range between Tm and Tg the material state is
considered as undercooled melt, which is still in a (metastable) thermodynamical
equilibrium. The viscosity of the undercooled liquid continuously increases with
decreasing temperature which kinetically slows down the adjustment to a more dense
liquid structure. This process continues until a cooling rate dependent temperature
Tg is reached, which is defined as glass transition temperature. At high cooling
rates, Tg is shifted to higher temperatures leading to lower density glasses. The
glass transition is a continuous transition and therefore a more correct wording is
glass transformation/transition range. At Tg the viscosity of the melt is so high that
due to the low particle mobility no further equilibration in experimentally accessible
timescales is possible. This transition is neither thermodynamic nor dynamic transi-
tion. Its definition is arbitrarily but narrowly specified by the available measurement
techniques at η(T=Tg) := 1012 Pa s [TKNV05]. Below Tg the material is in a solid
metastable state in form of an amorphous solid, which is not in the thermodynamical
equilibrium. The glass has a disordered microscopic structure comparable to a liquid,
which distinguishes itself by the lack of an atomic long-range order (characteristic for
crystals). The change in the static structure of the system at Tg is barely observable
while the dynamic correlations e.g. viscosity change by orders of magnitude (struc-
tural relaxation).
This slowing down of the atomic dynamics when approaching the glass transition
from the high temperature side, is well described by Götze’s mode-coupling theory
(MCT) [Göt08, SG91, Göt99]. For supercooled liquids at temperatures below the
melting point the nonlinear feedback mechanisms in the microscopic dynamics of
the particles lead to a dynamical arrest of the system. This can be understood as
trapping of atoms in cages built up by their nearest neighbors, leading to a freezing
in of the liquid-like atomic motion at a critical temperature Tc (cage effect) [BRMF10].
This process takes place well above the caloric glass transition (Tg < Tc). Fundamental
aspects of the glass transition can be obtained from the MCT via the evolution equa-
tions derived from the Mori-Zwanzig projection formalism. Hereby, the observables
are classified in relevant and irrelevant quantities and an exact, strongly nonlinear
differential equation for the relevant observable Gn(t) is obtained:

∂Gn(t)

∂t
=
∑
m

ΞnmGm(t)−
t∫

0

Knm(t′)Gm(t− t′)dt′
+ fn(t) . (2.1)

The frequency matrix Ξ is dependent on the mean values of the relevant observ-
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2.1 Glasses

ables in thermal equilibrium. The forces fn and the memory kernel Knm(t) =
F (Gn, Gm, GnGm, GnGn, ...), which is a complex nonlinear function of the observables,
are still dependent on the irrelevant observables. The Mori equations (eq. (2.1))
can be used to derive equations of motion of the correlation functions of relevant
observables. The evolution of the density autocorrelation Φ(t) = 〈ρ(t)ρ(0)〉 can be
described by

[
∂2

∂t2
+ γR

∂

∂t
+ Ξ2

]
Φ(t) +

t∫
0

K(t− t′)∂Φ(t′)

∂t′
dt′ = 0 . (2.2)

In eq. (2.2) the residual forces fn are implicitly incorporated in the memory kernel
K(t). A reasonable approximation for K(t) via the correlation function Φ(t) can be
made to achieve a self-consistent equation. A simple model system for K which
preserves the underlying bifurcation scenario isK = v1Φ+v2Φ2. For adequately chosen
coupling parameters (v1, v2) Φ does not converge to the equilibrium value (Φ∞ = 0) but
instead reaches a finite value of Φ∞ > 0. The transition to a non-ergodic glass phase
appears as a result of a bifurcation scenario of the nonlinear differential equation. The
temperature dependence of the coupling parameters is responsible for the existence
of a critical temperature Tc at which the system undergoes the glass transition from
ergodic to non-ergodic.
Goldschmidt [Gol26] published in 1926 first hypotheses about the conditions of glass
formation. In analogy to the packing density in crystals, the ratio of the ionic radii
is hereby of key importance. Oxides or compounds with cation to anion ratios of
0.3 ± 0.1 showed strong tendency of glass formation. This is the case for the main
glass-forming oxides: SiO2, B2O3, P2O5, GeO2 and others. These glass formers can
also be used as admixture to increase glass formation tendency of compounds which
normally tend to crystallize [SD08, BDT+00]. In 1932, Zachariasen [Zac32] postulated
the network hypothesis based on the fact that the bonding energies in materials of
equivalent chemical composition are very similar in the glassy and crystalline state.
He concluded that the chemical bonding resp. near-range order is similar in both
states, as for example in silicates the typical SiO4-tetrahedra (see fig. 2.2). The cations
which participate in the formation of the glass structure are classified into 3 groups:

• network-former (Si, B, P, Ge, As, etc. mainly present in the glass with coordina-
tion numbers of 3 or 4

• network-modifier (alkali and alkaline earth metals), coordination numbers of 6

• intermediate oxides (Al, Ti, Zn, Pb, Nb, Ta) coordination numbers of 4 to 6

11
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SiO2 glass SiO2 crystal

Si O
Figure 2.2: Comparison of the microscopic structure of a quartz glass (left) and

quartz crystal (right) (modified from [Zac32])

A major weakness of the structural approaches is that the nature of bonding which
should determine the structure in principle, is not taken in consideration. Rawson
stated that the glass forming tendency would increase for higher bond strengths
(BM−O, M: cation) and lower melting temperature (Rawson criterium: glass formation
∼ BM−O/Tm). An important prediction of this approach is that mixtures of various
oxides show an enhanced glass formation in regions of low melting temperature,
respectively in composition regions close to eutectic points [Rao02, Li00].
An important concept to stabilize glass formation in multicomponent systems is the
principle of glass frustration [KKZ+95]. The increase of the number of different
cations/components leads to a "geometrical frustration" respectively increased dis-
order of the system and thereby retards the formation of an ordered crystalline state
[Zar91], respectively stabilizes the disordered amorphous glassy phase. For a more
detailed view on the glass formation and structure, reference is made on standard
text books like [Sch88, Vog92, Göt08].
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2.2 Glass-ceramics

As glasses are metastable, under appropriate treatment a transformation to the ther-
modynamically more stable crystalline state can occur. The conversion into a partially
crystalline material can give the material superior properties than those of the original
glass. Glass-ceramics are melted and formed by a conventional glass production
process followed by a subsequent heat treatment of the glass which leads to a
controlled partial crystallization („ceramization“) of the basic glass („green glass“).
The crystallization process is a two phase process [Tam33]. The first step consists
of the formation of stable crystallization nuclei inside the glassy matrix and during
the second phase crystals start to grow on these nucleation sites (see fig. 2.3(a)). Both
processes are strongly temperature dependent and therefore can be directly controlled
by the application of defined heating rates and holding times (see fig. 2.3(b)). As
optimum nucleation temperature normally values between Tg and Tg + 50 K are found
[McM79a].

(a) Schematic representation of the nucleation and
crystallization growth rates in dependence of tem-
perature [She05b]
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(b) Typical ceramization program for a commer-
cial glass-ceramic [CN07]

Figure 2.3

The smaller the overlapping area between nucleation and crystallization range the
more stable the glass becomes against crystallization. The nucleation process can
occur either by homogeneous or heterogeneous nucleation. Homogeneous nuclei
are formed directly from the melt and have similar chemical composition as the
amorphous matrix around them. Heterogeneous nuclei are not necessarily of similar
composition as the melt or crystal and can be additives to the melt. They build the
initial surface for a further epitaxial growth of a crystal. A possibility to enhance
nucleation rates is the addition of nucleation agents to the melt (e.g. TiO2 or ZrO2)
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which form heterogeneous nuclei. The temperature dependence of the homogeneous
nucleation rate RN can be described by an Arrhenius type behavior and the activation
energy depends on the activation energy of the nucleation process (∆G∗(T ): critical
free nucleation enthalpy) and the diffusion ∆GD(T ) which are both temperature
dependent [Vog92]:

RN(T ) = A exp

(
−∆G∗ + ∆GD

RT

)
, (2.3)

∆G = ∆GS+∆GV corresponds to the energy which is necessary to form a nucleus and
consists of two contributions. The first part is associated with the formation of a new
surface causing an enthalpy increase of ∆GS = 4πr2σ > 0 and the second contribution
is related to the energy which is released during the phase transition to the lower
energy crystalline state ∆GV = 4π

3
r3∆gV < 0 for T < Tm (r: nucleus radius, σ: surface

tension, gV : change of free volume enthalpy at phase transition). In this estimation
the size of the nucleus is assumed to be spherical. In fig. 2.4 it can be seen that the
sum of both contributions has a maximum (∆G∗) at a critical radius r∗. If a thermal
fluctuation provides sufficient energy to overcome the critical value ∆G∗, the formed
nucleus of critical size will continue to grow on its own [Vog92].

∆G = ∆GS + ∆GV = 4πr2σ +
4π

3
r3∆gV , (2.4)

 ΔGS = 4π r2 σ 

 ΔG = ΔGS + ΔGV 

 ΔGV = 4/3 π r3 ΔgV 
 rnucleus 

 ΔG* 

 r* 

 ΔG 

0

Figure 2.4: Homogeneous nucleation: Enthalpy contributions related to the forma-
tion of the nucleus (modified from [Vog92])

r∗ and ∆G∗ depend on the degree of undercooling. With lower temperatures the
tendency to form a nucleus increases (due to ∆GV ) but also the diffusion slows down
due to the increase in viscosity. The nucleation rate can be assumed to be proportional
the diffusion coefficient [Car07] and therefore inversely proportional to the viscosity,
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2.2 Glass-ceramics

according to the Stokes-Einstein-equation [ADP06]:

D =
kBT

6πηr
. (2.5)

A local change of viscosity can lead to an induced nucleation/crystallization. Ked-
ing et al. [KR97, KR00] and Carl [Car07] investigated the effect of electrochem-
ically induced nucleation due to the reduction of Ti4+ to Ti3+. Ti4+ can act
as network-former (mostly tetragonal/four-fold coordinated, see chapter 2.8) or
network-modifier (mostly octahedral/six-fold coordinated), whereby Ti3+ only oc-
curs in six-fold coordination as network-modifier inside the glass matrix and thereby
leads to a decrease of the viscosity. Therefore the change of coordination number by
reduction can cause an enhanced nucleation. Unwanted nucleation (and consequent
devitrification) due to the reduction of Ti4+ can occur during the manufacturing
process (flame hydrolysis deposition) of TiO2 containing ultra low expansion glass
(containing approx. 10 wt% of TiO2, see fig. 2.5(a)).

Ti3+

(a) Locally reduced ULE
glass (blue Ti3+ striae)
showing devitrification

(b) Devitrified glass (c) Ceramized glass

Figure 2.5

Ceramized glasses (see fig. 2.5(c)) distinguish themselves from devitrified ones by the
following characteristics [McM79a]:

• high nucleation rates

• homogeneous distribution of crystallites

• uniform crystallite size
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Furthermore a differentiation has to be made between an unwanted crystallization
(devitrification, see fig. 2.5(b)) which already happens during the casting of the melt
and the controlled crystallization growth process during the ceramization (see fig.
2.5(c)). During the crystallization process the surrounding area depletes in com-
pounds of the crystalline composition, the crystal growth then becomes dominated
by diffusion processes [BDT+00]. The crystal growth rate increases until shortly
before the melting temperature is reached (see fig. 2.3(a)). An alternative nucle-
ation/crystallization process is given by Stookey [Sto59]. He pointed out that glass
compositions exist which form homogeneous liquids in their molten state but which
separate on (slow) cooling or reheating into two liquid/glass phases. This phase
separation process can shift the chemical composition closer to the stoichiometry of
the nucleus and thereby enhance the nucleation process. For a more detailed view
on the crystallization process of glasses, reference is made on standard text books
like [Tam33, McM79a, Vog92, She05b]. One aim of this work is to optimize the glass
composition in a way that the glass is stable against devitrification with a minimum
amount of glass former oxides (here: SiO2, B2O3, Al2O3) to obtain a glass-ceramic with
maximum amount of crystalline phase content.
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2.3 Redox behavior of glasses

When glasses containing redox active oxides (e.g. Ti3+/4+, Ce3+/4+, Sb3+/5+, As3+/5+,
Fe2+/3+ etc.) are melted at high temperatures (1400-1650 ◦C for most of glasses
in this work), after sufficient time of melting an equilibrium of the partial oxygen
pressure in the ambient atmosphere and the glass melt (physically dissolved oxygen)
is achieved and the relative concentrations of the different oxidation states reach
equilibrium values [PD96]. This can be understand in the following way: With
increasing temperature of the melt, the redox equilibrium of the oxides shifts to its
reduced state (see eq. (2.6)) and thereby released oxygen dissolves in the glass and
increases the partial oxygen pressure of the melt. This leads to pO2,melt > pO2,air (pO2,air

is temperature independent). The general process will be explained exemplarily on
the most relevant redox species in this work TiO2:

2TiO2

T↑


T↓

Ti2O3 +
1

2
O2 ↑ . (2.6)

To equilibrate the pO2 of melt and atmosphere, oxygen diffuses out of the melt with
increasing temperature and the oxygen loss (respectively degree of reduction) reaches
a maximum value at the highest temperature (melting temperature of the glass Tm).
Decreasing the temperature during the casting would cause a reversion and oxygen
normally would diffuse back and reoxidize the polyvalent ions according to eq.
(2.6). But as the cooling process during the casting occurs in seconds, the oxygen
diffusion "freezes in" at some fictive temperature below the melting temperature
(oxygen diffusion rate is strongly temperature dependent, see eq. (2.18)), causing also
a fixation of the redox state of the polyvalent ions [Pau85, SMR03]. The process of
oxygen exchange between melt and atmosphere for such reducing conditions can be
expressed in the following way [Eic11] using Kröger-Vink notation [KV56, MH03]:

O×O 
 V×O +
1

2
O2 ↑−→ V••O + 2e

′
+

1

2
O2 ↑ . (2.7)

The electrons released during this oxygen vacancy formation (see eq. (2.7)) will be
trapped by the redox ions according to the following mechanism:

Ti×Ti + e
′ −→ Ti

′

Ti . (2.8)

The Ti3+ ions are hereby strongly polarized [XLYY12, WF50] and can be understood
as Ti4+ ions with a delocalized electron, providing a hole-type hopping conduction
mechanism (see chapter 2.7.1), which is a well known source of additional dielectric
loss for example in reduced BaTiO3 crystals [IH78, KP03]:
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Ti×Ti + Ti
′

Ti 
 Ti
′

Ti + Ti×Ti . (2.9)

O2-

Ti4+

Ti3+

(a) Schematic picture of an oxygen vacancy in
TiO2 (modified from [XLYY12])

locatilzation
at two Ti atoms

Oxygen

e−e−

3d-band

conduction band conduction band

valence band

vacancy

valence band

3d-band

Ti Ti

(b) Oxygen atom leaving behind two electrons
into 3d defect bands (modified from [SSL+02])

Figure 2.6: Ti3+-V••O -Ti3+ formation

This can also be understood as creation of defect bands in the band gap leading to
an enhanced electrical conductivity, exemplary explained for a rutile (TiO2) crystal.
The electron density of states for an oxygen vacancy containing TiO2 crystal was
calculated using the software MedeA (VASP5.2 code). Due to the oxygen vacancy
a defect band below the conduction band edge is formed, leading to an enhanced
conductivity. The valence band consists of the filled O 2p states, whereby the empty
conduction band is made up by the Ti 3d states (see fig. 2.6 (b) and fig. 2.7).
Additionally to the polaron hopping mechanism, the diffusion of oxygen vacancies
inside the material would provide an ionic conductivity contribution, which is ne-
glectable at room temperature [Eic11, PKN+07]:

O×O + V••O 
 V••O + O×O . (2.10)

If only a single redox oxide is present, the equilibrium may be represented by a general
expression (Am+: reduced ion/reductant, A(m+n)+: oxidized ion/oxidant) [Pau82]:

Am+ +
n

4
O2

T↑


T↓

A(m+n)+ +
n

2
O2− . (2.11)

As the activity of the redox and oxygen ions in the glass are composition and
temperature dependent, the equilibration constant KA(T ) (eq. (2.13)) is normally
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Figure 2.7: Density of states for Ti24O47

unknown. As the activity of the redox and oxygen ions in the glass are composition
and temperature dependent, the equilibration constant KA(T ) (eq. (2.13)) is normally
unknown.
The degree of reduction depends on multiple factors [PD65, Par12]:

• Furnace atmosphere: air, O2 bubbling, vacuum, raw materials (e.g. carbonates,
hydrates, nitrates)

• Melting temperature

• Chemical composition of the melt (optical basicity [DI76]) and therefore indirect
to the total concentration of the polyvalent ion [PD65]

• Equilibrium value independent of valence state of the raw materials

• Melting time (if equilibrium value is not stabilized yet, tequi ≈ 10-100 h [Par12])

• Mutual redox interaction between different polyvalent ions (takes place during
cooling from melting temperature to cooling temperature around Tg when oxy-
gen diffusion process is already frozen in)
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2.3.1 Furnace atmosphere and melting temperature

The oxidation-reduction equilibrium in glass usually moves towards the reduced side
with increasing temperature. This can be explained by the following consideration
(exemplary shown for the equilibrium of Ti3+/4+): The redox reaction eq. (2.6) may be
written in the term of the ionic species present in the glass melt at high temperatures
[SMR03, MMR10, KMAR11] (see eq. (2.11)):

Ti3+ +
1

4
O2

K(T )

 Ti4+ +

1

2
O2− . (2.12)

Then the equilibrium constant K(T ) is given by :

K(T ) =
aTi4+ · (aO2−)

1
2

aTi3+ · (aO2)
1
4

!
= exp

(
−∆G0

RT

)
, (2.13)

as ∆G
!

= 0 = ∆G0 + RT ln(K) in the equilibrated state (∆G0: standard Gibbs free
energy). The activities (aTi4+ , aTi3+ , aO2−) of the different ions generally cannot be
determined [Pau82] and therefore the equilibrium constant (as well as the standard
free Gibbs energy ∆G0) is usually unknown. But if a glass of constant chemical
composition, under unchanged atmospheric conditions (constant pO2) is melted at
different temperatures, the temperature dependence of the equilibrium constant can
be expressed by the Van´t Hoff isochore [Pau82]

K(T ) = C exp

(
−∆H0

RT

)
, C temperature independent constant (2.14)

and the following assumptions for the activities can be made: Over a limited tempera-
ture range aO2− remains approximately constant (for a melt of constant chemical com-
position [Pau85, PD65, Brü85, Joh65]). The temperature dependence of the cation ac-
tivities can be written as ai(T ) ≈ γi(T ) · ci, with γTi3+(T ) ≈ γTi4+(T ) [Pau82] (ci: cation
concentrations) and therefore the ratio aTi4+/aTi3+ = cTi4+/cTi3+ · γTi4+(T )/γTi3+(T )︸ ︷︷ ︸

≈1

.

With aO2 = pO2 it follows then from eq. (2.13)/(2.14):

K(T ) ∼ cTi4+

cTi3+

∼ exp

(
−∆H0

RT

)
. (2.15)

For all oxides this reaction shows an exothermic behavior (∆H0 < 0) and therefore the
redox equilibrium shifts to the reduced site with increasing temperature (see fig. 2.8).
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2.3 Redox behavior of glasses

Figure 2.8: Fe3+/Fe2+ ratio temperature variation in alkali-silicate melts [Pau82]

2.3.2 Chemical composition

To understand the influence of different chemical glass compositions on the redox
behavior of polyvalent ions in the glass, Duffy et al. [DI71, DI75] introduced the
term of an optical basicity Λ based on the concept of the Lewis basicity. The optical
basicity is hereby related to the ability of the oxygen ion to donate negative charge.
Its "electron donor power" depends on the strength of the covalent bonding (basically
related to the electronegativity) to the cations in the melt [Duf89]. The higher the
negative charge concentration close to the oxygen ion, the higher is its polarization
effect on neighboring polyvalent ions, shifting their valency to the upper oxidation
state. Increasing optical basicity therefore favors the upper oxidation state [Duf96].
Optical basicity contributions can hereby be determined in various ways [DI76, DS96]
from the electronic polarizability and refractive index, band gap energies or elec-
tronegativity of the different oxides. The optical basicity of a glass can then be
calculated by [Duf93]:

Λglass = XAOΛ(AO) +XBOΛ(BO) + ... , (2.16)

whereby Λ(AO), Λ(BO) are the optical basicities of the oxides and XAO, XAO the
equivalent fractions of oxygen atoms they contribute.
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(a) Relationship between optical "acidity" of ox-
ides (corresponds to inverse basicity 1/Λ) and
electronegativity χM shows a linear relationship:
1/Λ = aχM + b (transition metals excl.) [Duf93]

(b) Linear relationship between ln(cA(m+n)+/cAm+)
of redox ion couples and the optical basicity, mea-
sured in silicate glass systems at 1400 ◦C in air
atmosphere by Duffy et al. [Duf96]

Figure 2.9

Oxide P2O5 B2O3 SiO2 Al2O3 TiO2 ZrO2 La2O3 CeO2

Λ 1.00 1.15 1.40 0.78 1.00 1.10 1.15 1.14

Oxide Li2O Na2O K2O MgO CaO SrO BaO Sb2O3

Λ 0.33 0.42 0.48 0.60 1.00 0.90 1.07 1.01
Table 2.1: Optical basicity values for various oxides [Duf93, Duf89, DS96, HBF+02]

For glasses melted at similar conditions (atmosphere, melting temperature, etc.) the
redox ratio depends on Λ in the following way [Duf93, Duf96] (see fig. 2.9(b)):

ln

(
cA(m+n)+

cAm+

)
= a0 + b0 · Λ , b0 > 0 (except for Cu1+/2+) . (2.17)

Morinaga et al. [MYT94] showed the effect of Ti3+ formation in dependency of
different optical basicity values by varying the glass compositions at constant melting
conditions (see fig. 2.10).
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2.3 Redox behavior of glasses

(a) Lithium alkaline earth silicate glasses (b) Lithium borate glasses

Figure 2.10: Investigation of the Ti3+ formation on basis of optical absorption mea-
surements (αTi3+ ≈ 550 nm) for varying glass composition respectively
basicity [MYT94]

2.3.3 Melting time

For a standard glass melted at 1450 ◦C in air, the oxygen diffusion constant can be
roughly estimated to D ≈ 10−4 cm2/s [Par12] (∆x =

√
2Dt : Einstein-Smoluchowski

relation). Assuming a necessary diffusion length of ∆x = 10 cm through the melt,
we can estimate an equilibration time of tequi ≈ 140 h. In addition to the diffusion
process, the contribution of thermal heat flow will also lead to a faster equilibration.
Therefore it seems rather difficult to estimate the equilibration time in general as tequi.
Also the temperature dependence of the diffusion constant for glass melts follows an
Arrhenius-type behavior [Dun82]:

D(T ) ∼ exp

(
−∆E

RT

)
. (2.18)

Paul et al. [PD65] found equilibration times around 10-60 h for Ce containing silicate
glass melts (see fig. 2.11), while Johnston [Johnston] found 20 h for Fe containing
glasses.
It is important to mention, that the reduction velocity (increase in concentration per
time) is not uniform (faster at the begin, followed by a slow saturation behavior).
Which means that even melts which were melted shorter than the equilibration time
can also contain a considerable amount of reduced species [GPT].
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Figure 2.11: Redox equilibration times for different glass compositions and starting
raw materials (•: CeO2(Ce4+), ◦: cerous oxalate (Ce3+)) [PD65]

2.3.4 Mutual redox interaction between different polyvalent ions

In the case of more than one redox oxide present in the glass melt, the equilibration
process becomes more complex due to reciprocal interaction between different poly-
valent ions during the cooling process, when temperatures are too low for oxygen
diffusion between melt and atmosphere. At the melting temperature, the mutual
interaction can be neglected and all redox oxides (here represented by A and B)
interact independently with the furnace atmosphere [Pau82, Brü85] corresponding
to eq. (2.11):

Am+ +
n

4
O2 
 A(m+n)+ +

n

2
O2− (2.19)

Bp+ +
q

4
O2 
 B(p+q)+ +

q

2
O2− . (2.20)

During the casting of the melt, the temperature decreases in seconds to the cooling
temperature TC (TC ≈ Tg). The oxygen exchange with the atmosphere freezes in at
a fictive temperature between Tm and TC . During this period the only exchange of
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oxygen can be realized between the polyvalent ions in the glass melt, which happens
on time scales which are much shorter than the diffusion driven oxygen exchange
process. The mutual interaction times at 1400 ◦C in a glass melt are approximately
of the order of 10−9 s [Par12], if we consider these to change in proportion to diffu-
sion/viscosity (about a factor 1012 from 1400 ◦C to Tg) we can estimate a freezing in
of these processes at around Tg (corresponding to tint ≈ 103 s). If the redox potentials
of RA and RB are different (i.e. the free energy change of reactions eq. (2.19)-(2.20) are
different in the glass at a particular temperature), the redox pairs will interact and shift
each of the above equilibria in a way that the redox pair with a higher redox potential
will be oxidized by the redox pair with the lower redox potential [Pau82, KRW38].
The redox potential R can hereby be related to the ease of reduction in the melt, the
lower R the easier the ion gets reduced:

qAm+ + nB(p+q)+ RA>RB



RB>RA

qA(m+n)+ + nBp+ . (2.21)

As these interactions proceed at much smaller length scales (≈ nm) and time scales
(≈ ns [Par12]), they can proceed to completion as the reaction times are much shorter
than the cooling process. Schreiber et al. [SPBS96a] showed this exemplary for the
redox interaction of Fe and Cr (RFe > RCr). 3 melts were melted at 1400 ◦C and 1100
◦C containing single dopants and the combination of both. The determination of the
redox species was performed by chemical analysis at room temperature. The results
are shown in tab. 2.2 and are consistent with eq. (2.22):

3Fe2+ + 1Cr6+ RFe>RCr−→ 3Fe3+ + 1Cr3+ . (2.22)

Tm=1400◦C Fe2+ Fe3+ Cr3+ Cr6+

+ Fe 0.130 0.850 - -
+ Cr - - 0.049 0.006
+ Fe&Cr 0.112 (∆=-3 · 0.006) 0.868(∆=+3 · 0.006) 0.055(∆=+0.006) 0(∆=-0.006)

Tm=1100◦C Fe2+ Fe3+ Cr3+ Cr6+

+ Fe 0.024 0.956 - -
+ Cr - - 0.039 0.016
+ Fe&Cr 0 (∆=-3 · 0.008) 0.980(∆=+3 · 0.008) 0.047(∆=+0.008) 0.008(∆=-0.008)

Table 2.2: Determination of redox species for 3 different doping compositions: 0.980
wt% Fe-oxide, 0.055 wt% Cr-oxide, 0.980 wt% Fe-oxide + 0.055 wt% Cr-
oxde for two melting temperatures 1400 ◦C (upper table) and 1100 ◦C
(lower table)

The redox potentials of different species are strongly dependent on melting conditions
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(Tm, pO2) and chemical composition and therefore also the equilibration constant
(eq. (2.21)) is unknown [LB86, PD96]. Although the value of the redox potential
for a particular redox ion pair is quite sensitive to the melting conditions and glass
composition, the order of the different species appears to be relatively independent
[Sch87]. Therefore the character of different redox oxides as either oxidizing or
reducing agent can still be predicted. Redox series from different authors for different
glass systems and melting conditions are listed in tab. 2.3:

Ref. glass system redox potential series
[LB86] 10Na2O-90B2O3 Ti43 > Cu21 > Fe32 > V54 > Cr63 > Mn32 > Co32

50 Na2O - 50 B2O3 Ti43 > Fe32 > V54 > Cu21 > Cr63 > Mn32 > Co32

[Par12] Sn42 > Fe32 > Sb53 > As53 > V54 > Ce43 > Mn32 > Cr63

[Tre60] Sn42 > Fe32 > Sb53 > As53 > Ce43 > Mn32 > Cr63

[Joh65] Na2O-2SiO2 Ti43 > Sn42 > Fe32 > Sb53 > Ce43 > Mn32 > Co32 > Ni32

[SJT80a] CaO-MgO-Al2O3-SiO2 Ti43 » Eu32 > Cr32 > Fe32 > Ce43

[KRW38] Ti43 > Sn42 > Fe32 > As53 > Cu21 > Ce43 > Mn32 > Cr63

[Bam77] Ti43 > Sn42 > Fe32 > Sb53 > As53 > Cu21 > V53 > Ce43

> Mn32 > Cr63 > Co32 > Ni32

Table 2.3: Redox potential series determined by different authors for different glass
systems

Ti3+/4+ always has a very high redox potential which means, that the oxidized state is
comparatively stable, whereby Sb3+/5+, As3+/5+ and Ce3+/4+ already show a dominant
presence of the reduced species at already low melting temperatures and can therefore
be used as oxidizing agents for ions with higher redox potential as for example
Ti3+/4+ [Bam77, HJ27]. This type of redox behavior also makes these oxides suitable
as refining agents [She05b]. If Sb2O5 is added to the glass batch (usually additions
of 0.1-1.0 wt% for commercial glasses), it liberates oxygen gas during the melting
which sweeps out dissolved gases (for example from carbonate or nitrate-based raw
materials). During the cooling the situation is reversed, the mainly as Sb3+ present
antimony now absorbs oxygen from remained bubbles in the glass which were not
swept out during the initial heating:

Sb2O5

T↑


T↓

Sb2O3 + O2 ↑ . (2.23)

Usually Sb2O3 resp. As2O3 is used as raw material which transforms already at
low temperatures (before the melting process) to Sb2O5, therefore antimony oxide
additives will be written as Sb2O5 throughout this work. These refining agents are
necessary to cast bubble free glasses, as the cooling process is too fast to ensure a long
enough diffusion time for the oxygen to equilibrate with the furnace atmosphere.
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2.3 Redox behavior of glasses

Refining agents are important additives to ensure bubble free glasses [Noe97]. For this
glass-ceramic system, they are further essential in their function as oxidizing agent to
prevent the reduction of Ti4+. During the melting additional oxygen is provided, so
less Ti3+ is formed (if the redox equilibrium is not reached) and during the cooling
the refining agent reoxidizes the Ti3+ via eq. (2.21). Using eq. (2.14) the degree of
reduction χred can be expressed as:

χred =
cred

cred + cox

(2.14)
=

1

1 + C0 exp
(
−∆H0

RT

) . (2.24)

With the use of experimental data from Johnston [Joh65] (for Sb3+/5+) and Paul et al.
[PD65] (for Ce3+/4+), typical values for C0, ∆H0 for different glass systems could be
evaluated by fitting eq. (2.24). It can be seen in fig. 2.12 that with decreasing basicity
Λ the melting conditions become more reducing as expected.

Ref. Ion glass system Λ C0 ∆H0[kcal] T10% T50% T90% T95%

[Joh65] Sb Na2O-2SiO2 0.61 1.89 · 10−8 -52.4 1050 1210 1420 1500
[PD65] Ce 3Na2O-7SiO2 0.60 3.42 · 10−4 -23.8 900 1230 1800 2110

Ce 3K2O-7B2O3 0.56 1.58 · 10−3 -18.3 790 1160 1890 2360
Ce 3Li2O-7B2O3 0.49 1.12 · 10−2 -7.3 290 560 1390 2240

Table 2.4: Fit results for the temperature dependence of χred (temperatures in °C)

500 1000 1500 2000

0.2

0.4

0.6

0.8

1.0 Xred

T[°C]

Na2O-2SiO2 (Sb)
3Na2O-7SiO2 (Ce)
3K2O-7B2O3 (Ce)
3Li2O-7B2O3 (Ce)

Figure 2.12: Temperature dependence of χred for Sb and Ce in different chemical
environment
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The comparison between CeO2 and Sb2O5 shows why Sb2O5 is a stronger refining
agent. It releases/absorbs twice more oxygen per ion and works in a much narrower
temperature range. Even though in both cases it can be seen that the curves saturate
at higher temperatures and that even at high melting temperatures (1500-1600 ◦C)
considerable amounts of the oxidized ion are still present, which then are able to
reoxidize for example Ti3+ during the cooling via eq. (2.21):

Ti3+ + Ce4+ RTi�RCe−→ Ti4+ + Ce3+ . (2.25)

0.1 mol % Sb no Sb

Figure 2.13: La2O3-TiO2-SiO2-B2O3 glass 37778 with and without Sb2O5 (0.1 mol%)

Optimal experimental methods to investigate the concentration changes of the redox
ions are EPR and optical transmission methods as they show comparatively good
detection limits and also for optical transmission measurements quantitative results
can be obtained. Other possible methods like XANES, EXAFS or chemical methods
were not investigated due to their comparatively lower resolution limit.
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2.4 Permittivity

2.4 Permittivity

2.4.1 Macroscopic and microscopic polarization

The interaction between electromagnetic fields and solids can be described in a mi-
croscopic or macroscopic way. Under the influence of an electric field E positive and
negative charges are displaced in opposite direction and thereby create dipoles which
contribute to a macroscopic polarization P. In a linear dielectric the polarization can
be described in dependence of the applied external electric field by:

P = ε0χeE , (2.26)

with vacuum permittivity ε0 = 8.854 · 10−12 A s
V m and the material specific dielectric

susceptibility χe.
For cubic crystals or amorphous solids χe is a scalar quantity (isotropic), but in general
a symmetric 2nd-order tensor (for the sake of simplicity χe will be treated as scalar in
the following). The definition of the electric displacement field D follows from eq.
(2.26):

D = ε0E + P = ε0(1 + χe︸ ︷︷ ︸
=εr

)E = εE , (2.27)

with the permittivity ε = ε0εr.
The simple expression for the polarization in eq. (2.26) is only valid for time-
independent fields in the frequency domain, as the displacement of charges by the
external field can not take place instantaneously. In the time domain the dependence
is given by:

P(t) = ε0

∫ t

−∞
χe(t− t′)E(t′) dt′ . (2.28)

Using Fourier transformation with the use of the convolution theorem leads to:

P(ω) = ε0χe(ω)E(ω) ⇔ D(ω) = ε(ω)E(ω) . (2.29)

Assuming a harmonic time dependence (E(r, t) = E(r)e−iωt) the generalized Ampère
law can be written as:

∇×H = jL−iωD︸ ︷︷ ︸
=jV

. (2.30)
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A non-vanishing electric current density jL = σE (Ohm’s law) leads to ohmic losses
in the material:

∇×H = σE− iωD = −iω
(
ε+ i

σ

ω

)
︸ ︷︷ ︸

:=ε∗

E = −iωε∗E . (2.31)

The complex relative permittivity of a material is then defined as [Hun09]:

ε∗r =
ε∗

ε0

=
1

ε0

(
ε+ i

σ

ω

)
= ε′r + iε′′r = ε′r(1 + i tan(δ)︸ ︷︷ ︸

=
ε′′r
ε′r

=
|jL|
|jV|

) . (2.32)

tan(δ) equals the ratio of imaginary part to real part, respectively the ratio of electric
current density to displacement current density and therefore represents a direct
measure of the existing losses.
Furthermore it should be mentioned, that real and imaginary part are not independent
functions (see [Pap62]). This dependence is generally valid for complex functions f(z)

with z = ω + iε, which are analytic in the range Im(z) ≥ 0 and approach zero for
|z| → ∞ ( lim

|z|→∞
|f(z)| = 0). This properties are valid for the complex permittivity. The

so-called Kramers-Kronig relation describes the relation between ε′r(ω) and ε′′r(ω):

ε′r(ω) = 1 +
2

π

∫ ∞
0

ω′ε′′r(ω
′)

ω′2 − ω2
dω′ (2.33)

ε′′r(ω) =
2ω

π

∫ ∞
0

ε′r(ω
′)

ω′2 − ω2
dω′ . (2.34)

It is obvious, that in each case either the real or imaginary part has to be known for a
large frequency range to determine the other unknown part.
After having considered the macroscopic description, the microscopic explanation for
the polarization mechanism inside a dielectric will be briefly summarized. In fig.
2.14(a) ε′r(ω) for an ionic crystal is shown. The overall polarization consists of 3 parts
which only contribute in special frequency ranges. Dipolar polarization only exists for
materials which contain permanent dipoles and contributes only until the microwave
frequency range. Ionic polarization describes the displacement of charged ions from
their equilibrium lattice position by the external electric field and contributes only
until the infrared range. The third part is the electronic polarization which represents
the contributions of electronic excitations (e.g. displacement of the electron density
against the atomic core, excitations of electron-hole pairs) and contributes until the
UV range.
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(a) Schematic representation of the contributions
of ε′r(ω) for an ionic crystal (modified [Hun09])
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(b) Frequency dependence of ε′r(ω) and ε′′r (ω) for
the oscillator model (modified [Hun09])

Figure 2.14

The electronic polarization can be described comparatively accurate with a simple
damped harmonic oscillator model (first mentioned by H. Lorentz). The idea for this
model is the following, bound electrons around the core are excited to forced vibra-
tions by an electromagnetic wave. The real and imaginary part of the permittivity are
then given by eq. (2.35)-(2.36), which are shown in fig. 2.14(b):

ε′(ω) =1 +
nee

2

ε0me

ω2
1 − ω2

(ω2
1 − ω2)2 + γ2ω2

(2.35)

ε′′(ω) =
nee

2

ε0me

γω

(ω2
1 − ω2)2 + γ2ω2

, (2.36)

me is the electron rest mass, ne the electron density, ω1 the resonance frequency and
γ the damping. It can be seen in fig. 2.14(b), that the losses are mainly confined to a
narrow range around the resonance frequency ω1. The ionic polarization contribution
can be described with a similar ansatz and leads to a similar dependence for ε∗r(ω):

ε′(ω) =ε′(∞) +
∑
i

4πρi ·ω2
i (ω

2
i − ω2)

(ω2
i − ω2)2 + γ2

i ω
2

(2.37)

ε′′(ω) =
∑
i

4πρi ·ω2
i (γiω)

(ω2
i − ω2)2 + γ2

i ω
2

, (2.38)

ωi, γi, ρi are resonance frequency, damping and oscillator strength of the i-th IR active
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optical phonon mode. ε′(∞) is the permittivity at high frequencies (for example in
the optical frequency range), at which only the electronic polarization contributes.
Measurements of the refractive index at optical frequencies (≈ 400 THz) for the
investigated glass of this work resulted in values of nr = 1.95-2.00 resp. εr = 3.8-4.2
(with εr = n2

r). For the here investigated glasses and glass-ceramics the dominant
amount is obviously contributed by the ionic polarization (εr(10 GHz) ≈ 20). For the
GHz frequency range the following assumption can be made: ω, γi � ωi (see fig.
2.14, ωi ≈ THz), which leads to the following proportionality for the ratio of real to
imaginary part of the permittivity:

ε′′

ε′︸︷︷︸
:=Q−1

=

∑
i 4πρi · γi/ω2

i

ε′(∞) +
∑

i 4πρi
·ω (2.39)

⇒ Q · f = const. . (2.40)

The productQ · f is often used in literature as material specific parameter to character-
ize the dielectric loss. If only intrinsic losses (as described by eq. (2.40)) are presentQf
should be frequency independent, but mostly other extrinsic contributions are present
and therefore the Qf value in combination with a frequency value is stated.

2.4.2 Mixtures of dielectrics with different permittivity

For multiphase systems (e.g. glass-ceramics) different models exist to determine the
overall permittivity from the permittivities of the individual phases. With the help
of these models an estimation for the permittivity of the residual glass phase in the
investigated glass-ceramic systems can be made. Maxwell derived a relation for the
total permittivity εtot of a system of randomly located spheres with permittivity εK

and volume fraction VK inside a matrix of permittivity εG ([MH03]):

εtot = εG

(
1 +

3VK(εK − εG)

εK + 2εG − VK(εK − εG)

)
. (2.41)

This model is suitable for small crystal phase contents (< 10 %: isolated crystals).
For higher crystal phase contents a more suitable choice is the Lichtenecker model
[MH03]. It describes the system as randomly distributed and oriented capacitances
(serial or parallel) of different permittivity. The capacitance of a capacitor which
incorporates these dielectrics of different permittivity, depends on their spatial dis-
tribution. For parallel positioning it follows εtot =

∑
i Viεi and at serial positioning

ε−1
tot =

∑
i Viε

−1
i .

32



2.4 Permittivity

A2A1 A h2
h1h

ε2ε1 ε2
ε1

serialparallel

Figure 2.15: Different positioning of phases in a capacitor (modifield from[MH03])

These expressions can be generalized to eq. (2.42) with n = -1 (serial) or n = +1
(parallel). For an unknown random distribution we choose an n̄ = 0 resp. n approaches
zero. The total permittivity is then calculated with the use of the approximation
xn = 1 + n ln(x) (for small n):

εntot =
∑
i

Viε
n
i

limn→0
=⇒ ln(εtot) =

∑
i

Vi ln(εi) . (2.42)

Even if the derivation of this relation is questionable from a theoretical point of view,
it shows in comparison with other theoretical models [PP07] the best consistency with
experimental results (∆ε/ε < 5%).
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Figure 2.16: Comparison of different models using the experimental data of [PP07]
for ε1 = 87.05 and ε2 = 1.15
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2.5 Q factor and losses

In chapter 3.9.1 it will be shown, that the electromagnetic modes show discrete
resonance frequencies under assumption of ideal/loss-free materials. This would
correspond to a frequency dependence equivalent to a Dirac delta function δ(ω).
In reality, this delta function is broadened in a narrow frequency range around the
resonance due to the existing losses. Main contributions are ohmic losses in the metal
walls and dielectric losses in the materials depending on the used experimental setup.
A measure for the broadening of a resonance mode is the so-called Q factor. From a
measurement of the resonance excitation spectrum, Q can be determined and with
the help of theoretical models of the different loss contributions (ohmic, radiation,
dielectric, etc.) the relevant dielectric loss of the material can be extracted.
Q is defined as 2π times the ratio of the time averaged stored electromagnetic field
energy inside the resonator (here: U ) to the energy dissipation per frequency cycle.
From the conservation of energy it follows that the negative rate of change of the
stored field energy with time has to equal the dissipation energy. Therefore it follows
([Jac99]):

Q = 2π
U

(−U̇) ·T
= −ω0

U

U̇
. (2.43)

Solving of eq. (2.43) leads to an exponentially decreasing solution U(t) with decay
constant inversely proportional to Q.

U̇ = −ω0

Q
·U =⇒ U(t) = U0e

−ω0
Q
t (2.44)

As U(t) ∼ |E(t)|2, a damped oscillation follows for the fields:

E(t) = E0e
− ω0

2Q
te−i(ω0+∆ω)t . (2.45)

Due to the damping (γ = ω0/2Q) the undamped resonance frequency ω0 shifts to
ω =

√
w2

0 − γ2 = ω0 + ∆ω, which leads for Q� 1 to ∆ω ≈ −ω0 · 1
8Q2 .

From eq. (2.45) it follows via Fourier transformation, that the frequency dependence
of a damped oscillator does not consist of a singular frequency but a superposition of
frequencies around ω = ω0 + ∆ω:

E(ω) =
1√
2π

∫ ∞
0

E0e
− ω0

2Q
te−i(ω0+∆ω)te+iωt dt . (2.46)

The Fourier transformation can be calculated analytically and leads to a Lorentz
shaped frequency distribution for the energy (U(ω) ∼ |E(w)|2):
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2.5 Q factor and losses

U(ω) ∼ 1

(ω − ω0 −∆ω)2 + (ω0/(2Q))2
. (2.47)

ω

U(ω)

ω0+Δω

Γ

Figure 2.17: Resonance curve with FWHM Γ

From the FWHM Γ the Q factor can be determined viaQ = ω0

Γ
(follows from eq. (2.47)).

From the measured overall Q, the different loss contributions can be determined for
systems with known field geometries. In chapter 3.9.1 the corresponding mathemat-
ical expressions for the Hakki-Coleman (eq. (3.32)) and the cavity resonance method
(eq. (3.70)) are given.

Losses in metallic conductors

An EM wave with wave vector k, which hits a conducting surface, enters the material
in case of a non-ideal conductor (finite conductivity σ, permeability µ). The fields
inside the conductor lead to electric surface currents JS and therefore to Joule losses.
Solving Maxwell’s equations in proximity of a conducting half space (z > 0) leads to
the following EM fields inside the conductor [Jac99]:

E(z) ∼ eikze−z/δ0 , with δ0 =

√
2

ωµσ
. (2.48)

The characteristic distance δ0 =
√

2
ωµσ

is termed as skin depth. For GHz frequencies δ0

is in the µm range: δ(1 GHz, σcopper) = 0.3 µm. It can be shown that the Joule loss Ploss

depends on the surface current density JS in the following way [Jac99]:

dPloss

dA
=

1

2

1

σδ0︸︷︷︸
=RS

· |JS|2 . (2.49)

The surface resistivity RS =
√
πµf/σ plays an important role for the determination of

the Q values with the GHz characterization methods (see chapter 3.9.1).
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2.6 Temperature coefficient τf

The temperature dependent shift of the resonance frequency can be described by the
temperature coefficient of resonance frequency τf . Antennas which are used in mobile
applications are used under different temperature conditions and should therefore
have a small temperature dependence to achieve a stable working frequency during
operation. For a DR antenna, τf is a composite parameter related to the temperature
coefficient of the permittivity τε and the linear thermal expansion coefficient of the
dielectric αL:

τf (τε, αL) =
1

f0

∂f0

∂T
= −1

2
τε − αL = −1

2

1

εr

∂εr
∂T
− 1

D

∂D

∂T
. (2.50)

This relation is valid exactly for a one-dimensional resonator of length D and permit-
tivity εr. As for example an infinitely extended dielectric slab with metallic boundary
conditions and thickness D � Hi and lengths Hi → ∞. In this system resonances
occur if the thickness D is a multiple of the half effective wavelength λeff:

p ·
λeff

2
= p ·

λ0

2
√
εr

!
= D , p ∈ N. (2.51)

The resonance frequency is then given via f0 = c
λ0

:

f0 =
p · c
2

·
1

D
√
εr

. (2.52)

To determine the relation (2.50) from eq. (2.52) the temperature dependence of f0 is
required:

f(T + dT ) = f(εr(T ), D(T ), Hi(T )) +
∂f

∂εr

∂εr
∂T

dT +
∂f

∂D

∂D

∂T
dT +

2∑
i=1

∂f

∂Hi

∂Hi

∂T
dT

(2.53)

⇒ 1

f

∂f

∂T
=

[
εr
f

∂f

∂εr

]
︸ ︷︷ ︸

:=aε

1

εr

∂εr
∂T︸ ︷︷ ︸

=τε

+

[
D

f

∂f

∂D

]
︸ ︷︷ ︸

:=aD

1

D

∂D

∂T︸ ︷︷ ︸
=αL

+
2∑
i=1

[
Hi

f

∂f

∂Hi

]
︸ ︷︷ ︸

:=aHi

1

Hi

∂Hi

∂T︸ ︷︷ ︸
=αL

. (2.54)

We can derive a general expression for τf and the coefficients aε, aD und aHi (assump-
tion of an isotropic solid):

τf = aε · τε + (aD + aH1 + aH2) ·αL . (2.55)
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For the special case of the infinitely extended dielectric slab with metallic boundary
conditions we can confirm the coefficients of eq. (2.50) with the use of eq. (2.52):

∂f0

∂εr
=

(
−1

2

)
f0

εr
⇐⇒ aε = −1

2
(2.56)

∂f0

∂D
= (−1)

f0

D
⇐⇒ aD = −1 (2.57)

∂f0

∂Hi

= 0 ⇐⇒ aHi = 0 . (2.58)

f0 of the Hakki-Coleman method can be expressed implicitly (see eq. (3.26)) as:

f0 =
c

2π

√
x2(f0, εr, a, h, p)

a2
+

(pπ)2

h2
·

1
√
εr

, (2.59)

with a as cylinder radius, h cylinder height, p number of nodes and x =
xmnp(f0, εr, a, h, p) the eigenvalue of the eigenmode characterized by the mode num-
bers m and n. The calculation of the coefficients aa, ah and aε is analog to eq. (2.54),
but can not be performed analytically anymore. By writing eq. (2.59) in form of the
eigenvalue equation F2 = F2(f0, εr, a, h, p) = 0 (eq. (3.22), for the case of the TE0np

resonance), the following relation can be used to determine the partial derivatives
(see [BSMM05]):

∂f0

∂q
(εr, a, h, p) = −

∂F2

∂q

∂F2

∂f0

, q = εr, a, h . (2.60)

The temperature coefficient τf for the Hakki-Coleman method can be determined to
(complete derivation can be found in [Bra11]):

τf =

(
−1

2
+ ∆aε

)
τε − αL , (2.61)

with ∆aε given by:

∂f0

∂εr

εr
f0

= aε = −1

2
+

(
∂x

∂εr

)
·

xεr
a2

x2

a2 + (pπ)2

h2︸ ︷︷ ︸
=∆aε

. (2.62)

For the permittivity range εr > 10, it can be shown that |∆aε| < 0.010 which leads to a
relative deviation of less than 2% in relation to the coefficient -1

2
. For this permittivity

range, the eigenvalue x(εr) can be assumed in good approximation as independent
of the permittivity (⇔ ∆aε = 0). This approximation leads to a similar frequency
dependence as in the case of the dielectric slab (⇔ f0 ∼ 1√

εr
).
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2.7 High frequency dielectric loss

Stevels [Ste85a, Ste57, Ste85b] gives a schematic picture over the frequency depen-
dence of the dielectric loss for glasses at different temperatures. He classifies the
different contributions in 3 types of relaxation phenomena:

• Conduction/migration losses (conductivity due to hopping processes of elec-
trons or ions, with (1): σDC , dominant for f < 1 Hz and (2): σAC , dominant for f
> 1 Hz)

• Deformation losses (3) (only detectable at low temperatures, understood as local
motions of atoms in their own interstices separated by low potential barriers of
≈ 0.1 eV and therefore comparatively strong temperature dependence)

• Network losses (4) (vibrational losses due to interaction with the phonon modes
in the IR)

Figure 2.18: Schematic representation of the frequency spectrum of dielectric losses
in glass at different temperatures (50 and 300 K) [Ste57]

The tan(δ) hereby shows a minimum in the region around 10−5 to 10−9 Hz and
increasing values for higher and lower frequencies [Isa62].
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2.7.1 Electrical conductivity

The electrical conductivity of a wide class of conducting materials (including amor-
phous semiconductors, defect containing single crystals, polymers, ionic conductors
and glasses, see fig. 2.19) shows a universal frequency dependence which is given
by the phenomenological UDR model (universal dielectric response) proposed by
Jonscher [Jon99, Jon81, Jon77]:

σ(f) = σDC + σ0f
s . (2.63)

The exponent s varies in the range 0.4 to 1 for different materials and the temperature
dependence of σDC and σ0 follows a thermally activated Arrhenius type behavior.
s has a comparatively weak temperature dependence and decreases with increasing
temperature. Jonscher [Jon77] states that this model is valid up to GHz frequencies
until the low frequency flank of the phonon mode interaction starts to show contribu-
tions of the form σpho ∼ ω2 ⇔ Qf= constant (see eq. (2.40)).
The universal physical mechanisms to explain this behavior are still discussed in
literature and not fully understood until today [Jon81]. But it is proven empirically as
"universal law" independent of

• Physical structure (single-crystal, polycrystalline, amorphous)

• Chemistry (organic, inorganic, biological)

• Mechanism (dipoles, polarons, charge carrier hopping)

• Geometry (bulk/surface, continuous/granular)

and will be used in this work to model the frequency behavior of glass and glass-
ceramics materials.
Ionic conductivity contributions in glass are mainly dependent on the amount of alkali
or earth-alkali ions [Ste57] which are only present as impurities in the ppm level in
the investigated glass systems and therefore are not considered to give any relevant
contributions to the dielectric loss especially in the GHz frequency regime.
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Figure 2.19: Compilation of AC conductivity data for a range of materials [Jon77]
(displaced vertically). Curve h shows glasses containing high amounts
of transition metals (50P2O5-(25-x)CaO-(x+25)FeO). a: doped single
crystal silicon at T = 3/4/8/12 K, b: Na+-doped single crystal alu-
mina, c: amorphous silica at T = 84-295 K, d: chalcogenide glasses
(SbxAs(1−x)S60) at 293 K, e: single crystal anthracene, f : single crystal
anthracene with evaporated β carotene at 294 K, g: trinitrofluorine-
polyvinyl carbazole, i: 4V2O5-P2O5 glass at 3 temperatures, j: amor-
phous SiO at T = 211-297 K, k: stearic acid film between Al/Au elec-
trodes, l: amorphous As2Se3, Se, As2S3 at 300 K, m: As2Se3
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2.7 High frequency dielectric loss

Transition metal containing conductive glasses

Most relevant for this work, is the contribution to the electrical conductivity in glasses
due to the presence of transition metal ions and in particular the presence of Ti3+,
which is well known in literature to influence the conductivity [Pau75, RM78]. De-
pending on the glass type and concentration of transition metals, conductivity values
between 10−4 and 10−12 S/cm (at 300 K) are observed [MCM79b], classifying these
glasses as amorphous semiconductors. The electrical conductivity hereby occurs due
to electron hopping processes from an ion of lower valency state to an ion of higher
valency [MCM79b] (see eq. (2.9)). As the resulting mobility values are comparatively
low (< 10−4cm2/(Vs)), the electron moves so slowly through the lattice that the ligand
environment around its host ion has time to adept to the new charge distribution,
wherefore the mechanism is described often in literature as small polaron hopping
[Sch69, Sch68, Mur82]. The polaron as quasi particle is hereby understood as the
electron including the distortion of the lattice near its occupied ion site (see fig. 2.20).
The presence of the electron leads to a displacement of neighboring ions (nearest
neighbors are mostly negatively charged oxygen anions) due to the electric repulsion.
Thereby the electron energy decreases by an amount ES resulting in an increase of
the activation energy ∆E of the hopping process to W = ∆E + ES , leading to a self-
trapping effect.

(a) Polaron formation due to displaced lattice
atoms/ions by an excess electron (modified from
[MB03])
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(b) Typical frequency dependence of a small po-
laron hopping process (P2O5-FeO glass) [MB03]

Figure 2.20: Transition metals in glasses leading to small polaron conductivity

41



2 Theory

The frequency dependence follows the UDR model (eq. (2.63)), whereby the σDC

contribution is described by Mott [Mot68] with a modified Arrhenius law which is
closely related to conduction in doped semiconductors:

σDC = c(1− c)A
T
e
− W
kBT , (2.64)

with c as ratio of ion concentration in the reduced state to the total concentration of
transition metal ions, A a material specific constant and W the activation energy for
the hopping process [SM72].

Ti3+ formation in crystals due to donor doping

The formation of Ti3+ in crystals by donor doping can be understood in the following
way (exemplary for the substitution of Sb5+ for Ti4+ in the La4Ti9O24 (= La0.44Ti1O2.67)
phase). The ionic radius of Sb5+ is with 60 pm (at coordination number 6) very similar
to that of Ti4+ (60.5 pm). The amount of the reduced Sb3+ stays in the residual glass
as the ionic radius of Sb3+ is with 76 pm (all ionic radii mentioned in this work,
are referring to [Sha76]) too large to substitute in the crystal, which was shown by
Bechstein et al. [BKS+09] for TiO2 crystals. The resulting formation of V••O -Ti3+ pairs
(see eq. (2.7)) is considered by subtracting a δ

2
O2 - term (δ > 0):

0.22La2O3 + (1−x)TiO2 + 0.5xSb2O5−
δ

2
O2 ↑

TCer−→ La3+
0.44Ti4+

1−x−2δTi3+
2δ Sb5+

x O2−
2.67+0.5x−δ .

(2.65)

Due to the excess oxygen of the donor ion Sb2O5 and also the vacancy formation
causing a deficiency of oxygen, the intermediate compound does not correspond
to the right stoichiometry of the undoped crystal and therefore could stabilize by
different theoretically possible processes:

a) In case of reducing conditions resp. high content of oxygen vacancies (0.5x < δ), the
excess oxygen from the Sb2O5 will partially reduce the amount of oxygen vacancies
(δ′ = δ - 0.5x < δ) but will not affect a reoxidation of the Ti3+ in the crystalline phase:

La3+
0.44Ti4+

1−x−2δTi3+
2δ Sb5+

x O2−
2.67+0.5x−δ −→ La3+

0.44Ti4+
1−x−2δTi3+

2δ Sb5+
x O2−

2.67−δ′ . (2.66)

In Kröger-Vink notation this can be simplified:

Sb2O5 + V••O
TCer−→ 2Sb•Ti + 5O×O . (2.67)
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2.7 High frequency dielectric loss

b) In case of oxidizing melting conditions resp. high amount of donor doping (0.5x >
δ), the excess oxygen will be placed on interstitial lattice positions or theoretically also
could lead to the formation of defects on the La (see eq. (2.68)) or Ti (see eq. (2.69))
site of the crystal (for simplification oxygen vacancies were excluded):

2Sb2O5
TCer−→ 4Sb•Ti + 10O×O + 1V

′′′′

Ti (2.68)

3Sb2O5
TCer−→ 6Sb•Ti + 15O×O + 2V

′′′

La . (2.69)

A more energetically favorable process than eq. (2.68) and eq. (2.69) would be the
loss of oxygen from the intermediate compound and the associated partial reduction
of one of the existing cations [Smy00]. As La3+ is comparatively stable, the Ti4+ ion
will be dominantly reduced. We define ε := x − 2δ, whereby ε represents the amount
of excess oxygen which remains after the oxygen vacancies (represented by δ) are
already completely filled up, eq. (2.66) then becomes:

La3+
0.44Ti4+

1−x−2δTi3+
2δ Sb5+

x O2−
2.67+0.5ε (2.70)

→La3+
0.44Ti4+

1−x−(2δ + ε)︸ ︷︷ ︸
=x

Ti3+

2δ + ε︸ ︷︷ ︸
=x

Sb5+
x O2−

2.67 +
ε

4
O2 ↑ (2.71)

=La3+
0.44Ti4+

1−2x(Ti3+Sb5+)xO2−
2.67 +

ε

4
O2 ↑ . (2.72)

For this case of oxygen overcompensation, we see from eq. (2.72) that the amount of
Ti3+ in the crystalline phase equals the amount x of the doped donor ion, independent
of the amount of oxygen vacancies δ. Basically this process can also be understood as
a charge compensation effect due to the incorporation of a higher charged donor ion
Sb5+ on the Ti4+-site by formation of Ti3+ [MH03]:

Sb2O5
TCer−→ 2Sb•Ti + 4O×O +

1

2
O2 + 2e

′
. (2.73)

Case b) is the relevant situation for the here investigated Sb-doped glass-ceramics, as
Sb acts as oxidizing agent during the melting and therefore δ � x. But during the
ceramization process, the reduction of Ti4+ to Ti3+ is caused by the substitution of a
donor ion Sb5+ leading to a semiconductive behavior (see fig. 2.21).
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Figure 2.21: Right: clear Sb-doped glass (43722: 0.1 mol% Sb2O5) without any traces
of Ti3+ (proven by EPR and optical transmission), left: ceramized sam-
ple 43722DEH366 (900 ◦C, 15 h) showing dark blue color from Ti3+

The Ti3+ created in this doping process, is not coupled to an oxygen vacancy as in
the case of fig. 2.6. Scharfschwerdt et al. [SMS+96] show that these different types of
Ti3+ environments lead to a deformation of the original crystal structure and can be
distinguished by EPR analysis (see fig. 2.22 for the case of a BaTiO3 crystal).

Figure 2.22: Left: Ti3+ formation due to oxygen vacancy, right: Ti3+ formation due
to donor doping [SMS+96]
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2.7 High frequency dielectric loss

This also means that Ti3+ defects caused by donor doping can not be reoxidized dur-
ing the ceramization process, whereby the Ti3+ defects caused by oxygen vacancies
can be removed by reoxidation/annealing [WF50]. Andrade et al. [ALN+08] showed
on Ti3+ containing calcium aluminosilicate glasses using EPR spectroscopy that a
significant reoxidation already takes place at 850 ◦C (for 24 h).

Isovalent doping (Ce)

The substitution of Ce3+ on the La3+ A-site also causes a 4f defect band in the band
gap, whereby its conductivity contribution should be comparatively lower as from
Ti3+ defects, as these 4f defect states are much more localized. Ce3+ and La3+

have very similar ionic radii (114 pm and 116 pm at coordination number of 8)
the substitution should not cause big deformations of the crystalline structure and
therefore also cause less additional losses due to anharmonicity of the phonon modes
(in comparison to the incorporation of Ti3+ on the B-site). The small amounts of
present Ce4+ (ionic radius of 87 pm at coord. number of 6) are probably not able to
substitute on the Ti4+ B-site (60.5 pm), as investigated by Fang et al. [FBS+07] for
various cerium titanates. For Ce-doped BaTiO3 a substitution of Ce4+ on the Ti4+ B-
site is observed [HH01], but this is only possible due to the significantly large size of
the TiO6-octahedron in comparison to other titanate-based perovskites like CaTiO3 or
SrTiO3 (see [YYM04]).
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2.7.2 Phonon contribution

The search for suitable low loss materials for microwave applications has been mainly
empirical until today. One key problem is the minimization of the dielectric loss
as the loss contributions (intrinsic and extrinsic) are rather unknown and difficult
to determine [PKKV96]. The most promising approach to understand the dielectric
properties in the GHz range (which is far below the usual resonances of optical
phonons) is the investigation of the frequency range up to the IR (1-10 THz) where
the polar phonon modes are located [PK03]. Early work on far infrared dielectric
dispersion of titanate-based perovskites was done by Spitzer et al. [SMKH62b]. Room
temperature measurements of the reflectivity R from 70-5000 cm−1 were made to
investigate the phonon resonance frequencies and their damping and correlate these
with the losses in the microwave frequency range. The underlying idea was to
extrapolate the dielectric loss from the THz range down to the GHz range. To obtain
the complex permittivity εr from the reflectivity R = Ir/I0, the complex reflection
coefficient of the wave amplitudes ρ = Er/E0 = %eiφ has been determined via eq.
(2.74) using Kramers-Kronig relation [MR71]:

φ(ω) =
2ω

π

∫ ∞
0

ln(%(ω′))

ω′2 − ω2
dω′ (2.74)

% =
√
R . (2.75)

With known % and φ, the complex permittivity εr(%, φ) = ε′r + iε′′r or refractive index
ñ(%, φ) = n+ ik can be calculated by solving eq. (2.76) [DG02]:

%eiΦ =
(n− 1)− ik
(n+ 1)− ik

. (2.76)

The complex permittivity is then given by:

ε′r = n2 − k2 (2.77)

ε′′r = 2nk . (2.78)

The obtained real and imaginary part of the permittivity are then fitted by the classical
dispersion formula (see eq. (2.37)/(2.38)) using 3j+1 parameters for j IR active modes
(ωj : resonance frequency, γj : damping coefficient, ρj : oscillator strength of the j-th
phonon mode and ε∞) and compared with the experimental data via eq. (2.79):

R =

∣∣∣∣√ε− 1√
ε+ 1

∣∣∣∣2 , for reflection in air. (2.79)
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2.7 High frequency dielectric loss

This method has the disadvantage that assumptions for the unknown frequency
regions have to be made (ε′(∞) is estimated from the refractive index at optical
frequencies far above the phonon resonances) to calculate the K-K relation (see eq.
(2.74)) and also the fitting of a complex function with a high number of parameters
can make the analysis difficult. Another possibility to analyze the reflectivity data,
also proposed by Spitzer et al. [SMKH62b, SK61], is to fit the measured R directly via
eq. (2.79) with ε given by eq. (2.37)/(2.38) to avoid K-K analysis but therefore requires
a complicated fitting function with 3n+1 parameters. Similar work was performed
by other authors [WMT86, STL+07, Shi04, Shi03]. The extrapolation of the obtained
THz results to the GHz region normally leads to an underestimation of the GHz
tan(δ) values (factor 2-3 smaller in investigations of [SMKH62b]), as it just includes
the contribution of a direct one-phonon absorption but not other loss mechanisms
like conductivity [SMKH62b] or multiple-phonon processes [PKKV96]. Tagantsev et
al. clarifies that the extrapolation of one-phonon absorption losses down to the GHz
range seems to give a loss estimation in the right order of magnitude but is not the
dominant physical mechanism correlated with the dielectric loss in the microwave
region [TPS93, Tag93]. For the microwave frequency range no phonons exist whose
energy and wave vector can be equal to those of the microwave photons. Apart
from that the prediction of ε′ gives a reasonable estimation for the GHz range. First
theoretical attempts concerning a possible multiple-phonon process were presented
by Stolen et al. and Bilz et al. for simple alkali halide crystals [BGH60, SD65]. Gurevich
and Tagantsev [GT91] developed a rigorous theoretical description of intrinsic dielec-
tric losses in perfect crystalline materials caused by anharmonic interaction between
electromagnetic waves and phonons, with main loss contributions given by two
or three-phonon processes. They showed that depending on the crystal symmetry,
temperature and frequency interval the loss is given by a wide variety of possibilities:
ε′′(ω, T ) ∼ ωmT n (m ∈ [1,5], n ∈ [1,9]) (for the classical damped oscillator model,
see eq. (2.37), a linear dependence is expected ε′′ ∼ ωT as γpho ∼ T [KNP+06]). In
the microwave frequency range far below the optical phonon resonances (ωγ � ωpho)
the dominant intrinsic contribution is given by two-phonon difference processes in
the vicinity of the degeneracy lines of the phonon spectrum [TPS93]. Sparks et al.
describes three possible processes (see fig. 2.23 a)):
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• (E): Photon energy close to the phonon resonance frequencies (more important
at higher frequencies (infrared) than in the microwave range)

• (D): Creation of a new phonon with energy ~ωj = ~ωi + ~ω by annihilation of a
photon with energy ~ω and a phonon with ~ωi (here exemplarily for a transition
from an acoustic to an optical phonon branch)

• (S): Creation of new phonon on same branch (only possible for nonzero phonon
damping), similar to D except that annihilated and created phonon are on same
branch

Figure 2.23: Schematic representation of three important two-phonon absorption
processes [SKM82]
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The frequency difference between the two phonon branches generally exceeds the
frequency of the microwave photon by far even for adjacent branches of the phonon
dispersion (∆ωpho ≈ THz � ωγ ≈ GHz). Nonetheless due to the finite phonon
damping (schematically shown in fig. 2.23) energy and momentum conservation can
still be fulfilled even for processes involving GHz photons. Although the two-phonon
difference process is an intrinsic type of loss, the phonon damping mainly depends
on extrinsic defect contributions [ZWKU97]. For medium to high temperatures
(inc. room temperature) and frequencies below the damping of thermal phonons γT
(ω � γT ≈ 1011−12 Hz at room temperature) the two-phonon loss contribution should
be proportional to the frequency: ε′′(ω, T ) ∼ ωT 2 [PKKV96, KNP+06]. The linear
frequency behavior also was observed experimentally in the work of Petzelt et al.
[PS93] for optimized high Qf ceramics but temperature dependent measurements
mostly were not consistent with the theoretical predictions [PKKV96] and also differ
strongly for various ceramics (see fig. 2.24).

(a) Losses from SMM transmission measurements
on several high Qf ceramics, full lines interpolate
between the MW and SMM region [PS93]

(b) Various temperature dependencies of tan(δ)
for optimized high Qf ceramics [HT03]

Figure 2.24
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Petzelt et al. focused on frequencies in the submillimeter (SMM) range below the
phonon resonances but above the microwave (MW) region and investigated numer-
ous commercial microwave materials via Fourier transmission methods (15-100 cm−1)
and backward-wave-oscillator spectroscopy (5-30 cm−1) [PKKV96]. His results show
that the first deviation from the linear frequency dependence is found at around 500
GHz (15-25 cm−1) indicating the increasing contribution of the low frequency flank
of the lower polar phonon modes. In addition to the mentioned intrinsic multiple-
phonon contribution extrinsic losses also can be present. Extrinsic losses are caused
by various types of defects or impurities like dopant atoms, vacancies, structural
disorder, grain boundaries [BPMA09], multiple phases and porosity [PAT+97]. Petzelt
et al. classified the extrinsic contributions into four groups [PS93]:

• Defect or (static) disorder induced one-phonon absorption (ε′′ ∼ ωm (m ∈ [1,3],
temperature independent)

• Localized defect vibrations or defect dipole relaxations (tan(δ) ∼ ωτ
1+ω2τ2 with

τ(T ) as relaxation time showing Arrhenius-type behavior; shown by [ZWKU97,
SIM+10, BPMA09] that only small contributions for T < 150 K in ultra low-loss
materials exist)

• Motion/diffusion of charged defects/charge carriers as for example conductive
losses (normally dominating below the microwave frequency range)

• Phonon scattering on defects leading to reduced phonon lifetime respectively
increased damping of phonons (temperature independent)

Despite the existing theoretical work for mainly ideal single crystal materials of the
mentioned authors above, in conclusion it may be stated that there are currently no
satisfactory models that can explain extrinsic loss contributions due to microstructure
and processing conditions of polycrystalline ceramics [PA99]. For the here investi-
gated glass-ceramic system containing a mixture of multiple phases of amorphous
and crystalline structure, the latter contribution is probably the most dominant and
can be understood as extrinsically defect-broadened two-phonon difference process
[SKM82]. Even though the identification via temperature and frequency dependence
of the dielectric loss seems to be rather difficult. The additional phonon broadening in
the IR range as external contribution can be measured by reflectivity measurements
or ellipsometry in the lower THz regime.
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2.7 High frequency dielectric loss

Influence of oxygen vacancies on the dielectric loss

One special type of defect, the formation of oxygen vacancies, shall be discussed
more detailed as it seems to be one of the dominant contributions to the dielectric
loss of the investigated materials. Typically in titanate-based sintered ceramics an
effect described as coring is well known in literature [FA08, PPW+09, TWP+00, PA99].
During high temperature sintering in air atmosphere, oxygen diffuses out of the
ceramic and causes a partial reduction of Ti4+ to Ti3+. During the comparatively
fast cooling process afterwards, an incomplete reoxidation (oxidation only possible in
the surface area which is in contact with the air atmosphere) leads to a dark core in
the interior of the sintered pellet (dark color due to optical absorption of Ti3+). This
coring effect only occurs in ceramics with dense structure, for higher porosity levels
the oxygen exchange with the core enhances which leads to an interesting porosity
dependence of the dielectric loss (see fig. 2.25). With increasing porosity theQ reduces
as expected, but at porosity levels lower than 8 % the Q drastically increases due to
the reoxidation of the core which is enhanced by the less dense/more porous structure
[PA99]. The 92 % density corresponds to the percolation limit of open interconnected
porosity.
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(a) Q(at 3 GHz) of sintered TiO2 in dependence of poros-
ity level ((1): coring regime, (2): no coring) [TWP+00]

(b) Coring of sintered TiO2 (1 h at 1500 ◦C)
[PPW+09]

Figure 2.25: The effect of coring on the dielectric loss
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The presence of oxygen vacancies in the lattice is known to degrade the Q value but
the physical mechanism is not clearly understood. Templeton et al. [TWP+00] and
Negas et al. [NYB+93] showed that only very limited amounts of reduction led to a
severe deterioration of Q. Freer et al. [FA08] relates the Q reduction to an increase of
the phonon damping induced by structural disordering as for example the formation
of oxygen vacancies. Pullar et al. [PPW+09] observed via TEM that the grains in the
dark core contained planar defects attributed to the concentration of oxygen vacancies
onto specific crystallographic planes, in a manner similar to that observed in Magnelli
phases [RM91, BH72].
Iddles et al. [IBM92] showed that doping of ZrO2 − TiO2 − SnO2 ceramics with small
amounts of donor ions like Nb2O5 led to an increase of Q. He explained this by a
compensation of oxygen defects (see eq. (2.81)) which are caused by common acceptor
type impurities like Fe2O3 or Al2O3 (see eq. (2.80)):

Fe2O3 −→ 2Fe
′

Ti + 3O×O + V••O (2.80)

Fe2O3 + Nb2O5 −→ 2Fe
′

Ti + 2Nb•Ti + 8O×O . (2.81)

A complete removal of oxygen vacancies by exact compensation of acceptors and
donors resulted in Q values similar to reoxidized oxygen vacancy-free undoped
ceramics, from which can be concluded that the oxygen vacancy itself is a more severe
defect for the Q deterioration than the substitution of a dopant ion on the Ti4+ lattice
site. Too high amounts of Nb2O5 lead to an overcompensation of the acceptor ions
and the Q factor decreased again accompanied by a dark coloration and increase in
conductivity which can obviously be attributed to the formation of Ti3+ according to
eq. (2.73).
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2.8 The La2O3-TiO2-SiO2 system

In this chapter the positive and negative material properties of the used oxidic com-
pounds will be summarized and reasons for the choice of this system will be given.
The key requirements for a suitable system are at first determined by the dielectric
properties of the existing crystalline phases, which are investigated in literature (as
for example the comprehensive work of Sebastian [Seb08]) under consideration of the
requirements for the application (εr > 20, Qf > 5000 GHz and |τf | ≤ 20 ppm/K).
The final decision to chose the La2O3-TiO2-SiO2 system was made in a preliminary
fundamental work [Bra11] in which it was shown that the desired phases (see yellow
phases in tab. 2.5) could be crystallized in a glass-ceramic during the ceramization.
In [Bra11] the glass-forming range of this system was investigated and determined.
In this work, a further stabilization of the glass via substitution of dopants (prevent
surface devitrification or redox instabilities) and a further investigation/optimization
of the nucleation/ceramization process is performed. In tab. 2.5 the known crystalline
phases of the systems are listed:

Phase εr Qf [GHz] τf [ppm/K] Source
La4Ti9O24 37 24800(8.1 GHz) +15 [LL05, TKK93]
La2Ti2SiO9 28 29500(5.0 GHz) +23 [TSS11]
TiO2(Rutil) 104 44000(4.0 GHz) +450 [MYI87, Seb08]
LaBO3 12.5 53000(11.5 GHz) N/A [TK05, TYK03]
La2Ti2O7 47 8050(7.8 GHz) -10 [TKK93]
La2Ti3O9 130 5100(3.0 GHz) +320 [LL06, LL05]
SiO2(glass) 3.8 67000(8.7 GHz) N/A [Jan03]

Table 2.5: Relevant crystal phases in the La2O3-TiO2-SiO2 system

The phases marked in yellow color show optimal dielectric properties for the given
requirements and could also be crystallized during the ceramization process. εr and
Qf are sufficiently high to fulfill the requirements. The τf values are optimal for the
use in glass-ceramic materials, as the residual glassy phase generally has a negative τf
[Seb08, WH99] and both phases can thereby compensate to an overall τf close to zero.
The phases marked gray are minor phases (< 20 wt%) for some glass compositions.
TiO2 (rutile) has excellent dielectric properties [Coh68] but also an extremely high τf .
LaBO3 crystallizes from the excess B2O3 and La2O3 which are not used in the major
crystalline phases. The aim is always a single-phase material with main content of
La4Ti9O24 or La2Ti2SiO9, as multiple-phase materials always tend to have a higher
losses [TKK93] (see fig. 2.26). The mixing rules for multiple-phase materials are
usually predicted by the empirical relations (2.82)-(2.84) [Seb08] (Vi: volume fraction):
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ln(εtot) =
∑
i

Vi · ln(εi) (2.82)

1

Qtot
≥
∑
i

Vi ·
1

Qi

(2.83)

τftot =
∑
i

Vi · τfi . (2.84)

(a) Decrease of Qf for multiple-phase materials,
here mixture of La2Ti2O7 with La4Ti9O24 [TKK93]

(b) Mixing of MgTiO3 (εr = 17, Qf = 120000 GHz,
τf = -50 ppm/K) and CaTiO3 (εr = 160, Qf = 7000
GHz, τf = +850 ppm/K) [Wak89]

Figure 2.26: Mixing of multiple crystalline phases

The La2Ti2O7 phase only appeared in compositions of low SiO2 content (La2Ti2O7 +

SiO2 � La2Ti2SiO9). The La2Ti3O9 phase could not be found. La2Ti2O7 and La2Ti3O9

show comparatively unsuitable dielectric properties and therefore no attempts were
made to stabilize their formation in the glass-ceramic.
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A further reason for the use of the mentioned oxides inside a glass-ceramic material
are their positive properties concerning glass formation. The large ionic radius of
the La3+ cation leads to a small mobility in the glass network and an increase of the
electric resistance by blocking ionic hopping processes (as for example from alkali
impurities). La2O3 glasses are known for their high refractive index due to their
high electronic polarizability [Vol84]. Volf [Vol84] and Scholze [Sch88] rank TiO2 as
oxide with the largest permittivity (εr(1 GHz) = 25.5) of all oxidic glass components.
Titanium oxide in its pure form as rutile (TiO2), but also as major constituent of
several microwave ceramics (see tab. 1.1) is known for excellent dielectric properties
(see tab. 2.5). The advantageous properties of this system, are also reflected in their
utilization as microwave dielectric materials. From the 2300 in literature known “low
loss dielectric resonator materials“, 46 % contain TiO2 and 40 % rare earth metal
oxides [Seb08]. These exceptional properties result from the small size of the Ti4+

ion (0.61 Å, six-fold coordination in TiO6 octahedron; [Seb08]) and its high charge,
which lead to a high ionic polarizability. Under application of an electric field, the
Ti4+ ion can easily be displaced against the O2− ions and form an electric dipole
[MYI87, XXHQ07]. According to the network theory of Zachariasen (see chapter 2.1)
tetrahedral coordination is essential for the glass formation. The ratio Ti4+/O2− is
much greater than 0.414 and therefore exceeds the maximum limit permissible for
tetrahedral coordination [Rao64]. The Ti4+ ion normally favors six-fold coordination,
which would prevent the capability to work as glass former in the three-dimensional
random-network picture. Ti4+ is therefore considered as intermediate glass former.
Nevertheless Rao [Rao64] found that binary compositions of TiO2-A2O (A = K, Rb, Cs)
formed stable glasses. He also proved the six-fold coordination and thereby disproved
the predictions of the classical network theory, similar results were also obtained by
Zarzycki [Zar71]. Yang et al. [YDES08] and Farges et al. [Far96, Far97, FJN+96, FJR96]
showed via XANES and EXAFS measurements for various TiO2 containing glasses
that the coordination number of the Ti4+ ion seems to be dominantly 5 (60 %),
but also 4 (20 %) and 6 (20 %) were detected. The 5 coordinated Ti4+ can act
simultaneously as network former and network modifier [FJN+96]. Schneider et al.
[SRKR98] obtained similar results via XPS measurements. All authors concluded that
TiO2 is able to stabilize the glass network even despite its partially non-tetragonal
coordination. Similar results were found also during this work, when the TiO2 was
completely removed from the glass, strong devitrification occurred. In addition to the
advantageous physical properties, TiO2 is also a commonly available, non-toxic and
cost-efficient raw material making it ideal for the use in commercial applications.
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Figure 2.27: Top: La2Ti2SiO9 structure: network of isolated SiO4 tetrahedra, con-
nected by TiO6 octahedra, which are embedded between La3+ cations
[PKN+07]; bottom: rutile (TiO2) structure: Ti4+ ion embedded between
6 O2− ions [MYI87]
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To enhance the glass forming ability of the system mainly the well known network
former oxides SiO2 and B2O3 were used. Successful attempts with additional Al2O3

were made in the previous work [Bra11], but the best combination was found to be the
La2O3-TiO2-SiO2-B2O3 system. Unfortunately SiO2 and B2O3 only have a low ionic
polarizability (and therefore permittivity) due to their strong covalent bonds, but also
they have a comparatively low dielectric loss [NG46, Seb08]. Besides SiO2 is needed
to stabilize the formation of La2Ti2SiO9 instead of La2Ti2O7 and B2O3 is necessary
to reduce the melting temperature of the system. Based on the phase diagram of
the La2O3-TiO2 system (fig. 2.28) it can be seen that close to the stoichiometry of the
La4Ti9O24 phase a eutectic of the binary system exists [MS62]. Compositional regions
close to eutectic points are known to have increased tendency of glass formation (see
rawson criterium in chapter 2.1). For this reason, the first compositional attempts were
made for La:Ti ratios close to this eutectic composition. Unfortunately these glasses
showed a strong devitrification tendency and the composition was changed closer to
the stoichiometry of the La2Ti2SiO9 phase. The determination of the optimum glass
composition will be presented in detail in chapter 4.1.
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Figure 2.28: Phase diagram of the La2O3-TiO2 system [SKS99] (phase content in
mol%)
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3.1 Glass production

The glass samples were melted from milled dry powders according to the batch
composition in a Pt-Ir alloy crucible. In this work two different crucible volumes were
used, the first type were the so-called screening-melts (glass volume of 30 cm3) which
were mainly used to investigate („screen“) the glass forming area in the system (glass
stability and crystalline phases after ceramization) and thereby find the optimum
chemical composition. Disadvantage of these melts is the small volume, which can
not be stirred/homogenized. The second type were the so-called liter melts (glass
volume around 1 liter), which are casted into size-adjustable steel molds. From each
liter melt 4 glass bars of 2 × 5 × 23 cm size could be made (see fig. 3.1), which were
then cut into suitable geometries for subsequent measurements. The higher volume
and the possibility to stir the melt ensured more homogeneous samples. The melting
temperature Tm varied between 1450 °C to 1650 °C. A typical melting procedure for a
liter melt can be summarized as:

• Insertion of raw materials in 5 g steps at Tm - 100 °C (typically 1500 °C), until
batch is melted

• Oxygen bubbling and stirring (to achieve oxidizing melting conditions) with 27
l/h for 30 min at Tm - 50 °C (typically 1550 °C)

• Keeping time at the HTF (high temperature chamber furnace) for tk = 30 min at
Tm (typically 1550 °C)

• Casting into steel mold (on room temperature)

• Cooling in the cooling furnace to prevent crack formation (preheated at Tg - 20
°C) with 20 K/h until room temperature

The glass samples were produced at the glass melting facilities of SCHOTT in Mainz
and were labeled using 5-digit numbers.
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Figure 3.1: Example of two screening melts (bottom) and one liter melt bar (top)

3.2 Differential thermal analysis (DTA)

DTA is a thermal analysis method for materials, which uses the fact that during first
order phase transitions (e.g. melting, crystallization) a characteristic amount of energy
(latent heat) is released/absorbed. The sample temperature is measured relative to
a reference sample while both are heated up with a predefined (mostly constant)
heating rate. The temperature profile contains information about the type and temper-
ature of the phase transition. The temperatures of the reference and the investigated
sample are measured by using thermocouples. Their difference ∆T = Tsample − Tref is
proportional to an electric signal given in µV/mg. As reference sample, inert materials
were used, meaning materials without phase transitions in the investigated range.
Endothermic reactions, like the melting of a crystalline phase, cause a decrease of the
signal at the melting temperature. Exothermic reactions, like the crystallization of an
amorphous phase, cause an increase of the signal intensity. DTA measurements were
mainly necessary to identify the crystallization temperatures of the glass to allow a
better control of the ceramization process. In fig. 3.2 a DTA of glass 42732 is shown
exemplarily. The glass transition can be determined at the point of inflection at Tg (768
°C). The exothermic peaks at 963 °C, 1045 °C and 1055 °C belong to the crystallization
of three phases, which melt at the endothermic peaks at 1103 °C, 1167 °C and 1305 °C.
The mass of sample and reference (Al2O3) was 250 mg. All DTA measurements were
made with a Netzsch STA 409 PC/PG using a Pt-Ir alloy crucible.

60



3.3 Ceramization - controlled crystallization
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Figure 3.2: DTA of glass 42732

3.3 Ceramization - controlled crystallization

During the ceramization process an amorphous sample partially crystallizes. The
glasses were embedded into quartz sand to stabilize the glass mechanically against
temperature related changes of shape at temperatures above Tg. The ceramization
temperatures for the investigated system were around 800 °C to 1100 °C. A typical
ceramization program as it was used for most samples is shown in tab. 3.1.

R1 Z1 H1 R2 Z2 H2 R3 Z3 H3 R4 Z4
200 900 5 40 750 0 20 550 0 40 20

Table 3.1: Typical ceramization program (Abbr.: R: Rate [K/h], Z: holding tempera-
ture [°C], H: holding time [h])

The ceramized glasses were labeled with a DEH number, for example the glass 36436
becomes 36436DEH001 after the ceramization process DEH001.

3.4 X-ray diffraction (XRD)

XRD analysis enables the possibility to determine crystalline structures, in special
cases also temperature dependent. The characteristic X-ray radiation of a copper
anode (45 kV, 40 mA) with λKα = 0.154 nm was used to provide a monochromatic
source (wavelengths of the order of magnitude of the lattice planes). The adjacent
λKβradiation (0.139 nm) is removed by a nickel filter. For known wavelength λ =
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λKα,Cu and diffraction angle θ for constructive interference, the lattice parameters dhkl

can be determined via the Bragg equation:

n ·λ = 2dhkl · sin(θ), n ∈ N. (3.1)

The bulk samples were milled in a tungsten carbide cylinder to a fine powder and
measured in Bragg-Brentano geometry (θ-2θ). To identify the crystalline phases inside
the glass-ceramic, the diffraction spectra I(2θ) are compared with XRD databases
(JCPDS of ICDD). To quantify the crystalline phase content the Rietveld method
[Rie68] was used. For a known crystalline structure a theoretical intensity distribution
is calculated and then the measured data is fitted (see fig. 3.3) under variation of
numerous parameters (offset and curve parameters, wavelength, background, lattice
parameter, etc.). The amount of amorphous phase can be determined by using a fully
crystalline reference material. The reference material is mixed with the sample by a 1:1
ratio. The determination of the amorphous content is comparatively inaccurate and
the error should be at least estimated to 10 wt%. The X-ray absorption of the reference
material and the sample should be similar and the purity & crystallinity should be
close to 100 %. In this work ZnO was dominantly used as reference material.
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Figure 3.3: Rietveld analysis example with identified crystalline phases: La2Ti2SiO9,
TiO2. The measured spectrum is shown in red, the blue curve is the
Rietveld fit (bottom: deviation between data and fit)
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Additionally, XRD offers the possibility to observe the temperature ranges of the
growing crystalline phases (HT-XRD). A similar analysis as the DTA, but with the
possibility of phase identification. For temperature dependent measurements bulk
samples had to be used. This caused a problem, as the investigated systems showed
surface crystallization with oriented crystal growth leading to modification of the
measured spectra (intensity ratios changed due to preferred orientation of crystals
at the surface in comparison to the spectra of randomly oriented crystals in powder
spectra). Also the HT-XRD signal was dominated by the surface signal making
the HT-XRD not suitable for the investigations of the for this work relevant bulk
crystalline phases.

Figure 3.4: Experimental XRD setup with heating chamber

All measurements were performed with a X-ray diffractometer Siemens D5000 and
for the evaluation the software X´Pert Highscore Plus was used.
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3.5 Scanning/transmission electron microscopy

(SEM/TEM) and energy-dispersive X-ray

spectroscopy (EDX)

SEM enables the possibility to investigate structures microscopically down to the nm
scale and in combination with an element specific analysis of the investigated surface
area via EDX. A monoenergetic (0.1-30 keV) electron beam systematically scans over
the surface under vacuum conditions and the backscattered electrons are detected and
represented in a monochrome grayscale image. The samples are coated with carbon
to avoid the accumulation of electrons on the surface.
TEM is a similar technique where the electron beam is transmitted through a thin
specimen. The TEM sample preparation is comparatively complex, as bulk samples
have to be polished to around 30 µm thickness. The specimen is glued on a copper
ring sample holder and a hole with a flat gradient is made using an ion mill. The
thin area close to the edge of the hole which is thin enough to allow a transmission of
electrons is investigated. The possible resolution for available microscopes are in the
range of 1-10 nm for SEM and around 0.1-1 nm for TEM.
The keV electrons will kick out electrons of the inner atomic shells and thereby
excite the emission of characteristic X-ray which can be used for quantitative material
specific analysis of the sample (EDX). With this method elements with atomic number
Z > 5 = ZBor can be detected with a detection limit of approx. 0.5 wt%. The lateral
spatial resolution of EDX is limited by the size of the excited volume. The electrons are
scattered inside the material and excite a pear-shaped volume below the entry surface
of approx. 1 µm for SEM/EDX and 1-10 nm for TEM/EDX. The microscopes used in
this work were a LEO Gemini 1530 SEM and a JEOL 2010F TEM.

3.6 Dielectric/impedance spectroscopy

Impedance analyzers are a common measurement technique for the determination of
dielectric properties (εr(ω), σ(ω)) in the mHz to MHz frequency range. The specimens
are placed between two electrodes of known capacity C0 = ε0

A
d

and a sinusoidal AC
voltage U of amplitude U0 = 1 V is applied. This results in a current I with a phase
of φ(ω) = +π/2 − δ(ω) between the voltage and the current. For an ideal loss-free
capacitor the phase difference would be 90°, but real capacitors show an additional
contribution δ(ω) due to extrinsic losses as ohmic losses or the dielectric loss of the
sample. The current can be decomposed in 2 components (I01 : loss current amplitude
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in phase with voltage and I02 : displacive current amplitude with phase difference of
π/2). The complex conductivity σ∗ = σ1 − iσ2 can then be determined via [MH03]:

σi =
I0i

U0

ε0

C0

. (3.2)

The complex permittivity follows from the conductivity via ε∗r = ε
′
r + iε

′′
r = i ω

ε0
σ∗ (see

eq. (2.31)).
The measured samples had a sample thickness of below 1 mm and were metallized on
the contact surfaces by sputtering with Cr/Ag. The measurements could be performed
temperature dependent between -100 °C and +300 °C. The measurement setup is
shown in fig. 3.5.

U0

I0

Temperature
Sensor

Figure 3.5: Schematic description of the measurement setup [Bra11]

All measurements were made using a Novocontrol Alpha-AHPF Analyzer.
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3.7 Electron paramagnetic resonance (EPR)

Electron paramagnetic/spin resonance (EPR/ESR) spectroscopy offers the possibility
to investigate materials with unpaired electrons by using the Zeeman effect [HS95]. If
we consider the simple case of a free electron in the absence of an external magnetic
field, we find that the two spin states (ms = ±1

2
) are degenerated. Application of

an external magnetic field B0 leads to a parallel (ms = -1
2
) or antiparallel (ms = +1

2
)

orientation of the electrons magnetic moment relative to the field (Emag = −µeB0)
with different energy Zeeman levels E(ms) = msgeµBB0. This leads to an energy
difference between ground and excited state of ∆E = geµBB0 (ge ≈ 2.0023 : free
electron g factor, µB: Bohr magneton). Transitions between these states can be excited
by absorption of microwave radiation with photon energies corresponding to the
energy state difference (Epho = ∆E):

hν = geµBB0 . (3.3)

For practical reasons, the microwave absorption intensity is measured in dependence
of a variable magnetic field at a fixed resonance frequency inside a microwave cavity
resonator. The g factor of the electron in atomic environments can differ from the
free electron value due to spin-orbit coupling which is a dominant effect especially
for transition metals and lanthanides. The atomic environment (crystal field) of the
electron can cause additional local magnetic fields contributions which are added
to the externally applied field to an effective field Beff = B0 + Bloc and therefore:
hν = geµBBeff = geffµBB0. The effective g-factor (from now on written as g) thereby
incorporates material characteristic information:

g =
hν

µBB0

. (3.4)

For single-crystalline samples it is represented by a three-dimensional tensor, but
for the here investigated isotropic materials, the g-tensor simplifies to a scalar. The
signal intensity can be increased significantly by measuring at lower temperatures as
the population of spin states is strongly temperature dependent and described by a
Maxwell distribution:

n↑
n↓

= e
− ∆E
kBT . (3.5)

All measurements of this work were carried out at the boiling point of liquid nitrogen
(77 K).
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3.7 Electron paramagnetic resonance (EPR)

The EPR signal intensity is understood as the integrated intensity under the measured
absorption curve which is proportional to the number of unpaired electrons inside the
sample. For experimental reasons (mainly to achieve a higher signal-to-noise ratio)
the derivative of the absorption curve is normally measured instead of the absorption
itself [EEWW10]. Therefore a double integration of the measured signal is necessary
to evaluate the amount of unpaired electrons in the sample (see fig. 3.6).

Single Integration Double Integration

Figure 3.6: Signal evaluation via numerical double integration [EEWW10]

Measurements are nondestructive and only small amounts of material are necessary
(< 100 mg). A major advantage in comparison to other spectroscopic techniques is the
high material specifity, as ordinary solvents, and especially important for this work,
basic glass matrix components (SiO2, B2O3, Al2O3, P2O5) consist of oxides with paired
electrons which do not contribute to the EPR signal. The sensitivity of EPR is much
higher than for the optical transmission methods and can be estimated to less than 100
ppm of Ti3+ concentration [BB70]. The measurements were made using a MiniScope
MS100 (Magnettech) EPR spectrometer.

Quantitative EPR

The influence of the experimental parameters (e.g. linearity of the receiver gain) on
the signal intensity was investigated to ensure a reliable comparison of different
sample measurements. The sample holders are quartz glass tubes of 25 cm length
and 4 mm diameter (wall thickness 0.5 mm), which are placed into the rectangular
microwave cavity resonator operating at the TE102 mode which provides an optimal
spatial distribution of the electromagnetic field density (homogeneous and maximum
magnetic field and minimum electric field in the center at the location of the sample,
see fig. 3.7).
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sample

B field

sample

E field

B2 E2

Figure 3.7: Top: schematic electromagnetic field distribution for the TE102 cavity
mode, bottom: field intensities in the horizontal plane at the sample
height [EEWW10]

The position of the sample holder in the cavity was optimized for the location of
maximum magnetic field to achieve an optimal signal-to-noise ratio. The maximum
of the magnetic field was determined by measuring different heights of the resonator
with a point source of DPPH (a high intensity radical often used as EPR reference
material). This calibration was necessary as the magnetic field along the vertical
central axes shows a quite strong spatial dependence (see fig. 3.8).
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Figure 3.8: Spatial dependence of TE102 fields [EEWW10]
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The sample size should be kept as small as possible to achieve a homogeneous field
distribution across the sample volume. The intensity of the microwave radiation
could be controlled via the intensity gain (linear signal to intensity correlation) and
the microwave attenuation coefficient (logarithmic signal intensity correlation). Cali-
bration measurements were performed to ensure that no saturation effects occurred.
Quantitative analysis of sample concentrations is practically not possible without
a characterized and suitable standard sample. The standard and the investigated
material should be as similar (volume, chemical composition, electric and magnetic
properties) as possible for various reasons. If materials with different dielectric and
magnetic properties are used, the electromagnetic field distribution of the microwave
radiation in the sample can be different (high permittivity materials lead to deviations
of the field and different dielectric or magnetic loss values lead to different reductions
of signal intensities). Also the resonatorQ and modulation amplitude can be different,
which effect the signal intensity as well. Different publications exist in literature,
using CuSO4 · xH2O as standard sample [LSSR71, ELM01, Car07]. Eaton [EEWW10]
mentions a list of problems concerning its suitability, including the instability in air
due to its high hygroscopy. For this work, pure Ti2O3 powder was tried as standard
to determine the amount of Ti3+ ions inside the glass (see chapter 4.2). The mea-
sured intensity was around two orders of magnitude lower than expected, therefore
a quantitative analysis could not be achieved. The reason is probably the quite
high permittivity in comparison to the investigated glass samples [Rie07], leading
to distorted field geometry of the cavity mode. An additional problem could be
the antiferromagnetic behavior of Ti2O3 at the investigated temperature range which
would lead to an increased microwave absorption respectively a lower signal intensity
per ion [Abr63]. Even though a suitable standard could not be found, a suitable
reference standard for relative intensity measurements could be identified. Different
transition metals were investigated with g values not to close to the Ti3+ signal around
g = 1.95 ± 0.15 (see fig. 3.9). The use of a reliable reference standard will allow
to cancel out uncertainties of the experimental setup parameters by measuring the
investigated sample always simultaneously with the same reference standard, which
needs to be reproducibly mounted due to the variations of the magnetic field. In tab.
3.3 Ti3+ g values from different authors are summarized. The values vary due to the
different chemical environments. Ti has two stable isotopes with a nuclear magnetic
moment, 47

22Ti with I = 5/2 (7.5 % natural abundance) and 49
22Ti with I = 7/2 (5.4%

natural abundance). The EPR spectra of Ti is therefore mainly dominated by isotopes
without hyperfine structure. In spectra with enriched amount of the two mentioned
isotopes, the hyperfine structure can be resolved even in glassy environment [PK72].
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Figure 3.9: Top: representative X-Band ESR spectra of 3d transition metal ions in
sodium borate glasses [LB86], bottom: measurement of Ti3+ containing
glass with Cu(NO3)2 reference standard
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3.8 Optical methods

3.8.1 UV-VIS-IR spectroscopy

UV(ultraviolet)-VIS(visible)-IR(infrared) spectroscopy is an absorption or reflectance
method which uses electromagnetic radiation from the near-UV to the near-IR range
(0.2-20 µm). Transmission methods can only be used for transparent samples like
glasses while reflectance methods can also be used for non-transparent samples. The
surfaces of the samples need to be very smooth which can be achieved by optical
polishing (mostly using CeO2 which is a common polishing material in the glass
industry) and need to be parallel to each other. The sample thicknesses are around
0.1-1.0 mm. In this work, mainly transmission methods were used, as they showed
a higher accuracy in comparison to reflectance methods. In transmission measure-
ments, the light hits the sample under normal incidence, whereby for reflectance
methods a neglectable angle of smaller than 10◦ can be tolerated. The absorption of
an electromagnetic wave inside a material can be described by the Beer-Lambert law:

IT (d) = I0e
−αd , (3.6)

with IT (d) transmitted intensity after distance d, I0 intensity of the wave before
entering the medium, α absorption coefficient.
The complex refractive index ñ of a glass is dependent on the wavelength:

ñ(λ) = n(λ) + ik(λ) , (3.7)

whereby the imaginary part is related to the absorption coefficient by k = λα/(4π).
The reflectivity r = Ir/I0 on a surface between two media with refractive indices ñ
and ñ0 is determined by:

r =

∣∣∣∣ ñ− ñ0

ñ+ ñ0

∣∣∣∣2 ≈ (n− 1

n+ 1

)2

, for k � n and n0 = 1 . (3.8)

By measuring a sample of finite thickness, also contributions from multiple reflections
have to be considered. Using a geometric series expansion we obtain the total
reflectivity Rt and transmission Tt (neglecting interference effects [DG02]):
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Rt = r + r(1− r)2 ·
e−2αd

1− r2e−2αd
(3.9)

Tt = (1− r)2 ·
e−αd

1− r2e−2αd

[2.O]
≈ (1− r)2e−αd . (3.10)

As n and α are unknown, two independent measurements have to be performed,
either a transmission and a reflectivity measurement (Tt, Rt) or a combination of two
transmission measurements of different thickness (T1, T2). The absorption coefficient
can then be determined by:

α(Tt, Rt) =
1

d
· ln

(
(1−Rt)

2 − T 2
t +

√
4T 2

t + (T 2
t − (1−Rt)2)2

2Tt

)
(3.11)

α(T1, T2)[2.O] =
1

d2 − d1

· ln

(
T1

T2

)
. (3.12)

For the combination of two transmission methods no analytical solution exists, but
the second order approximation (neglecting all multiple reflections > 2) is accurate
enough for this work (n ≈ 2 ⇔ r2 = 0.012). A combination of two transmission mea-
surements turned out to be more suitable, as reflectivity measurements always have
a worse signal-to-noise ratio and therefore a comparatively higher error respectively
lower resolution. An important criteria for transmission measurement is the sample
homogeneity (meaning no striae inside the two samples).

3.8.2 Optical transitions

Absorption bands in glasses are mostly located at both edges of the visible spectrum.
Absorptions in the shorter wavelength regime are caused by interatomic electronic
transitions/excitations and in the longer wavelengths by vibrational modes of ions
[BK99]. Former lie in the UV and the latter in the IR region of the spectrum for
most of glasses, causing an absorption-free respectively transparent region in the
visible spectrum [Gan92]. In materials containing polyvalent ions, excitations of elec-
trons between adjacent ions and within individual cations (intra-ionic) are possible
[WA76]. Transitions between neighboring ions are called charge transfer transitions
(CT) including anion-cation and cation-cation transitions. Several oxygen-cation CT
transitions lie in the UV range, but absorption edges also can extend in the visible
region [Nol80]. All investigated glasses in this work have a high content of TiO2 (>
40 mol%) and show a yellowish hue which can be attributed to the extension of the
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Ti4+←O2− CT absorption edge in the visible range [BSDN91] (ν = 49800 cm−1 (201 nm)
[EE03]). The oscillator strength P (eq. (3.13)) of the electronic transitions [WEBA89]
strongly depends on the restraints given by the transition selection rules (see tab. 3.2):

P =

(
1

πr0

)
1

%T

∫
peak

α(ν) dν , (3.13)

with r0 = e2/(m0c
2) ≈ 2.818 · 10−15 (classical electron radius) and %T as particle density.

• Russel-Sounder selection rule: ∆S = 0

• Laporte selection rule: ∆L= ±1

Violations of these rules are called forbidden transitions and are of comparatively
weaker intensity. The Russel-Sounder rule can be partially circumvented by the
influence of spin-orbit coupling (e.g. enables 4f-4f transitions) and Laporte forbidden
transitions due to vibronic coupling (e.g. enables 3d-3d transitions in octahedral
environment) or ligand field interaction causing a lower symmetric environment (e.g.
enables 3d-3d transitions in tetragonal environment) [Gan92].

Type of transition approx. P
Spin-forbidden, Laporte-forbidden 10−7

Spin-allowed, Laporte-forbidden 10−2 to 10−5

Spin-allowed, Laporte-allowed (e.g. CT) 10−1

Table 3.2: Oscillator strengths for various types of transitions [Pau82]

Numerous mechanisms exist for the creation of colors in glasses. Most of commercial
glasses are colored by intra-ionic transitions between the 3d or 4f energy levels
of dissolved transition-metal or lanthanide ions [Bam77, Bur81, She05b]. The two
relevant species for this work are the ion redox pairs of Ti3+/4+ and Ce3+/4+. The
oxidized ions do not show any intra-ionic transitions, whereby the presence of the
reduced species leads to optical absorptions in the visible and infra-red range.

Optical transitions of Ti3+

The electron configuration of Ti3+ is given by [Ar]3d14s2. The ground state of the
free ion 2D3/2 is five fold degenerated, but in a ligand field the different 3d energy
states split up and 3d-3d optical transitions become possible (in accordance with the
selection rules). An octahedral environment would only allow one possible transition
(2T2g→2Eg), but in literature mostly a combination of one main peak (ν1(2B2g→2B1g)
≈ 20000 cm−1) and one smaller peak (ν2(2B2g→2A1g) ≈ 14000 cm−1) are described.
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(b) Absorption spectrum with Ti3+/Ti4+ absorp-
tions in TiO2-doped 74SiO2-16Na2O-10B2O3 glass
(modified from [Sch04])

Figure 3.10: Optical transitions in TiO2 containing glasses

Ref. Material ν1[cm−1] ν2[cm−1] g
[BSDN91] P-Na-Al-Ti-O 17700 13800 1.925
[SPBS96b] Si-Na-B-Ti-O 18900 13250 1.93
[RW79] Ba-B-Si-Ti-O 20000 13400 1.938
[Pau75] B/P-Na-Ti-O 17000-21800 12300-14400 1.914-1.94
[ELM01] various glass types 17000-19050 14000-14900 1.908-1.93
[LB86] B-Na-Ti-O 22200 1.95
[BB70] Si-Na-Ti-O 20000 1.925-1.94
[Pau82] P-Na-Ti-O 18000 14000

B-Na-Ti-O 21000 14000
[MYT94] Si-A-E-Ti-O 18530-19240 12500

B-A-E-Ti-O 19430-25020 12500
P-Al-A-E-Ti-O 17020-18130 12500

[Gan92] silicate glasses 18100 14300
[Nol80] Si-Mg-Ca-Al-Fe-Ti-O 17700
[ALN+08] Al-Ca-Si-Mg-Ti-O 1.96
[Car07] various glass types 1.951
[PK72] B-Ca-Ti-O 1.95
[AB70] B-Ca-Ti-O 1.942
[KP03] BaTiO3 1.932
[XLYY12] TiO2 1.978

Table 3.3: Overview about literature data of Ti3+ containing materials concerning
their optical and EPR properties (data given in wavelength units was
transformed in cm−1, *: A = alkali, E = earth alkali)
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This additional minor absorption is caused by a tetragonal distortion of the octahedral
environment by stretching the octahedra along one axis. Thereby the octahedral
symmetry is broken and the degeneration of the lowest energy state 2T2g is removed
(see fig. 3.10), leading to a lower energy state. This effect is known as Jahn-Teller effect
[Pau82, WA76]. In tab. 3.3 results of different authors are summarized.

Optical transitions of Ce3+

The electron configuration of Ce3+ is given by [Xe]4f1, having one unpaired 4f valence
electron. The 4f valence electrons of the lanthanides are located at inner atomic
shells and are therefore more screened from interaction with the ligand field as the
3d valence electrons of the transition metals. As a consequence lanthanide compound
spectra are similar to the free ion spectra as they interact very weakly with the ligands.
This leads to comparatively narrow absorption peaks. The 2F ground state of the free
ion is split by spin-orbit coupling into a 2F5/2 and a 2F7/2 state by 2200-2250 cm−1

[BRC66, Lan36, DKPK04, WBC+89, WEBA89] (see fig. 3.11(b)). In glasses, only one
comparatively broader peak is found, Zheng et al. [ZZY+13] located this absorption
at 2150 cm−1 in Ce-doped TeO2-ZnO-Na2O glasses. Additional splitting into Stark
levels can occur due to interaction of a crystalline environment (e.g. for CeF3, see fig.
3.11(a)). The first excited state (5d) lies around 38000 cm−1 above the ground state
[Web73]. The absorptions of Ce3+ therefore only consists of the one mentioned 4f-4f
transitions in the near-IR and 4f-5d transitions in the UV.

(a) Absorption spectra of a 0.125 mm thick CeF3 crystal
(cooled by liq. a: N, b: He) showing the four major tran-
sitions from the 2F5/2 ground state to the four Stark levels
2F7/2 of the state [BRC66]
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3
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(b) Energy level
diagram of Ce3+ (mod.
from [PMZ76])

Figure 3.11: Ce3+ absorptions
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3.8.3 Ellipsometry

Ellipsometry is an optical characterization technique using light from the IR to the
UV range for the direct determination of the frequency dependence of the dielectric
properties of a material. The incident light beam is linearly polarized (using a wire
grid polarizer) and the change of polarization is measured upon reflection by an
optically polished sample surface under a known angle of incidence (AOI). The AOI
is chosen close to the brewster angle to achieve a maximum difference in rs and rp.

Sample
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Figure 3.12: Ellipsometry schematic experimental setup [NA13]

The plane of incidence is determined by the incident and reflected beam and the
polarization state is expressed according to the s and p direction (see fig. 3.12). The
ratio of the electric field components before and after reflection are expressed by
the complex reflection coefficient rs and rp and their ratio is defined as ρ which is
parameterized by the angles Ψ (tan(Ψ) = |rp|/|rs| depending on the amplitude ratio)
and ∆ (phase shift: δp − δs) [NA13]:

ρ(Ψ,∆) = tan(Ψ)ei∆ =
rp
rs

=
Erp
Eip

/
Ers
Eis

. (3.14)

For bulk samples the angles Ψ and ∆ can be directly extracted from the experimental
data for every measured frequency. For a given AOI α the complex permittivity is
then given by eq. (3.15) which can be derived from the Fresnel equations [Kuz98]:

εr(α; Ψ,∆) = sin2(α)

(
1 + tan2(α)

(
1− ρ
1 + ρ

)2
)

. (3.15)

The experimental setup is described in fig. 3.13/3.14. The position of the light source
(synchrotron) was fixed and for a minimum of one polarizer angle (normally the data
was averaged over 2 to 4 different angles) the intensity was measured for rotating
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3.8 Optical methods

analyzer position (RAE: rotating analyzer ellipsometry, here: 20 analyzer positions
equally distributed along 360◦). The AOI could be varied between 65◦ and 85◦ and the
covered spectral range was between 50 to 700 cm−1.

Figure 3.13: Sketch of the ellipsometer setup at the IR-beamline of the ANKA syn-
chrotron light source at KIT (dotted arrow indicates variable possibili-
ties for the polarizer position) [BHK04]
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S

A

P

IFS
LS

D

Figure 3.14: Experimental setup at the synchrotron facility ANKA at the KIT (LS:
synchrotron light source, IFS: Bruker IFS 66 v/S spectrophotometer,
P: polarizer, A: analyzer, S: sample, D: He cooled bolometer detector)
[Prö14]

The advantages of ellipsometry in comparison to other reflection techniques are:

• the complex permittivity can be extracted directly without the use of complex
fitting models or the use of Kramers-Kronig analysis (see chapter 2.7.2)

• no reference measurement (absolute intensity values) necessary as only intensity
ratios are measured, resulting in less susceptibility against intensity instabilities
of the source

The sources of error mainly are determined by imprecisions in the positioning of the
optical elements and leakage in the polarizers [NA13, AB77]. The measurements were
performed at room temperature and under vacuum conditions to avoid absorption
from water and other gases with IR-active bands.
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3.9 Dielectric characterization in the GHz range

3.9 Dielectric characterization in the GHz range

In comparison to other GHz characterization methods (transmission, reflection, per-
turbation methods) resonance methods offer the best resolution for dielectric losses,
but also the highest experimental requirements concerning equipment and sample
preparation [She05a, She09, SML07, BJJR+02]. All measurements were made in col-
laboration with the group of Prof. Rolf Jakoby (TU Darmstadt, Institute for Microwave
Engineering and Photonics) using an Anritsu 37397C vector network analyser. Com-
parative measurements were made at the group of Prof. Michael Lanagan (Penn State
University, Department of Materials Science and Engineering) and at the group of
Prof. Ian Reaney (Sheffield University, Department of Materials Science and Engi-
neering). The samples were prepared from bulk pieces by mechanical preparation,
the top and bottom surfaces were optically polished. Special care was taken during
the preparation process as the accuracy of the measurement depends crucially on the
cylinder symmetry. The determination of εr and tan(δ) from the measured data was
done numerically using a Mathematica8.0 script (see chapter A.2) for each of the 3
used methods.

3.9.1 Hakki-Coleman method

The main GHz characterization method of this work is the Hakki-Coleman method.
The sample is placed between two conductive metal plates (polished copper) and then
a GHz signal is transmitted through the sample which excites an electromagnetic res-
onance. The sample can thereby be understood as dielectric resonator. The coupling
loops at the end of the coaxial cables are oriented parallel to the sample, to generate
a field distribution inside the sample which corresponds to the TE011 eigenmode. The
inner conductor of the coaxial cable is slightly longer than the outer conductor and
is bent backwards and soldered to the outer conductor to form a loop. By measuring
the resonance frequency and the width (FWHM) of the resonance peak (see chapter
2.5), the permittivity and the dielectric loss of the material can be determined at one
frequency point (resonance frequency of the mode). Different frequencies can be
measured by varying the size of the sample, approximately between 5-15 GHz for
the investigated materials.

The derivation of the theoretical basics will be shortly summarized. A detailed
consideration can be found in [KG86]. Starting with Maxwell’s equations for the
cylindrical dielectric waveguide (see fig. 3.17, with relative permittivity εr, relative
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Figure 3.15: Experimental setup of the Hakki-Coleman method at the TU Darmstadt.
The coupling loops and copper cables (2) can be adjusted using the
setting screws (1). The polished copper plates (3) are adjustable in height
to avoid air gaps between the sample and the metal [Bra11]

(a) Close-up view of the measurement setup, includ-
ing sample (1), copper cables (2) and copper plates (3)
[Bra11]

(b) Schematic description of the coupling,
inc. the generated H field distribution
[MJN98]

Figure 3.16: Hakki-Coleman measurement setup
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3.9 Dielectric characterization in the GHz range

permeability µr = 1 and radius a) using a harmonic time dependence leads to:

∇×H = iωD + j (3.16)

∇× E = −iωB (3.17)

∇ ·D = ρ (3.18)

∇ ·B = 0 . (3.19)

Figure 3.17: Dielectric waveguide [KG86]

The source-free wave equations are solved for E and H in cylindrical coordinates
under assumption of a loss-free material (ε′′r = 0). Using the boundary conditions for
the fields (tangential components of E and H continuous at the boundary dielectric to
air (r = a)) leads to the eigenvalue equation of the waveguide:

F1(x)F2(x)− F 2
3 (x) = 0 , (3.20)

with

F1(x) =
J ′m(x)

x
+
K ′m(y)Jm(x)

εryKm(y)
, TM0n modes for m = 0 (3.21)

F2(x) =
J ′m(x)

x
+
K ′m(y)Jm(x)

yKm(y)
, TE0n modes for m = 0 (3.22)

F3(x) =
βam

k0a
√
εr
Jm(x)

(
1

x2
+

1

y2

)
, HEMmn modes for m 6= 0, (3.23)

with eigenvalue xmn(f0, εr, a) and:

y =
√

(k0a)2(εr − 1)− x2 (3.24)

βa =
√

(k0a)2εr − x2 . (3.25)

Jm(x) andKm(x) are the Bessel functions resp. modified Bessel functions of the second
kind and k0 = ω0/c. β can be interpreted as wave number in z-direction. Inserting
two ideal conducting plates perpendicular to the cylinder axis in the distance h, leads
to the Hakki-Coleman geometry and creates a dielectric resonator with the usual
resonator condition (length is an integral multiple of half the wavelength, eq. (2.51):
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β
!

= p · π
h
/, with p ∈ N). The eigenvalue then becomes (see eq. (3.25)):

xmnp =

√
(k0a)2εr −

(a
h
pπ
)2

. (3.26)

Eq. (3.26) substituted in (3.20) results in an implicit equation of the form:

g(f0, εr; a, h,m, p) = 0 . (3.27)

For known resonator geometry (diameter d = 2a, height: h) and resonance mode
EMmnp the permittivity εr can be determined numerically from the measured res-
onance frequency. The dielectric loss of the sample tan(δ) = 1/Qd is only one
contribution of the measured loss 1/Ql (Ql: loaded Q). To understand the different
contributions of the measured loaded Q we need to introduce some basic terms from
network theory. An experimental setup like the Hakki-Coleman setup is considered
as a two-port network [ZB65] (see fig. 3.18).

a1

b1

a2

b2

two-port

network

Figure 3.18: Two-gate network (modified from [ZB65])

A signal a1 (proportional to the voltage) is emitted from the network analyzer and
transmitted through the resonator. The transmitted signal b2 < a1 is detected while a2

is set to zero. The S parameters are now defined via the scattering matrix S2×2:(
b1

b2

)
=

(
S11 S12

S21 S22

)(
a1

a2

)
. (3.28)

The scattering matrix represents the relation between the incoming (ai) and outgoing
(bi) signals. The transmission factor S21=(b2/a1)|a2=0 is a measure of the ratio of
incoming to outgoing signal amplitude and describes the amount of signal which is
transmitted through the resonator. The S parameters can be measured directly with
the network analyzer and mostly are expressed logarithmically. For a passive two-
gate network S21 is called insertion loss S21[dB] =10 lg |S21|2 = 20 lg |S21| [KH84] (re-
mark: S21[dB] describes a power ratio, sometimes also written as α[dB], whereby the
S21 itself describes a voltage ratio). The insertion loss can be interpreted as additional
loss contribution to the overall loss, describing the amount of energy which is not
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3.9 Dielectric characterization in the GHz range

available for the excitation of the resonator. The measured loss 1/Ql = 1/Qu + 1/Qi

is the sum of intrinsic/unloaded losses 1/Qu of the resonator (representing the contri-
butions of the dielectric loss, ohmic loss in the metals and the radiation loss) and the
insertion (extrinsic) loss 1/Qi = 1/Ql · |S21| [Kaj84].

1

Qloaded
=

1

Qunloaded
+

1

Qi
⇔ 1

Qloaded
=

1

Qunloaded
·

1

1− |S21|
. (3.29)

The Ql = f0/∆f3dB value can be directly determined via eq. (2.47) by measuring the
peak resonance frequency (f0) and the FWHM (≈ ∆f3dB). With the measured Ql and
S21 we can then calculate Qu with eq. (3.29):

Qu =
f0

∆f3dB

1

1− 10
S21[dB]

20

. (3.30)

The unloadedQ (Qu) can then be expressed as sum of the intrinsic contribution [HC60,
KDA+99]:

1

Qu

=
1

Qd

+
1

QR

+
1

QC

, (3.31)

with

• 1/Qd = pd · tan(δ): dielectric loss of the sample

• 1/QR: radiation Losses, neglectable for closed resonator systems or if metal
plates are much bigger than the sample diameter

• 1/QC = PC/(ω0U0): ohmic losses in metal plates (PC ∼ RS)

• pd: filling factor pd = Ud/U0, ratio of (time averaged) stored field energy inside
the sample to the field energy in the complete resonator

The dielectric loss of the material tan(δ) can then be calculated from Qu via:

tan(δ) =
1

pd
(

1

Qu

− 1

QC

) =
Ud + Ua
Ud

(
1

Qu

− 1

QC

) =
A

Qu

−B , (3.32)

with A = 1 + Ua/Ud (Ua,d: stored energy in air, dielectric) and B = PC/(ω0Ud). A and
B can be determined from the electromagnetic fields of the TE011 mode (see [KG86,
HC60]) using eq. (3.33)-(3.35):

Ud =
1

2
εrε0

∫
V

|Eφ,d|2 dV (3.33)

Ua =
1

2
ε0

∫
V

|Eφ,a|2 dV . (3.34)
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The stored field energy is calculated using UEM = 1
4
(ε
∫
E2 +µ

∫
H2) dV = 1

2
ε
∫
E2 dV

[WEM05], considering that the field components Er and Ez are zero for the TE011

mode and the fact that the magnetic and electric field energy are identical at resonance
[Poz04] (factor 1/4 due to time averaging). The ohmic losses in the metal plates PC
can be determined in first order approximation from the surface resistivity and the
tangential components of the H field (Hr and Hφ, whereby Hφ = 0 for the TE011 mode)
via eq. (2.49) [LL67]:

PC =
1

2
RS

∫
S

|JS|2 dS =
1

2
RS

∫
S

|Hr,i|2 dS . (3.35)

A and B can then be expressed as:

A = 1 +
J2

1 (x)

εrK2
1(y)

[
K0(y)K2(y)−K2

1(y)

J2
1 (x)− J0(x)J2(x)

]
(3.36)

B =
p2RS

2πf 3µ2
0εrε0h3

[
1 +

J2
1 (x)

K2
1(y)

[
K0(y)K2(y)−K2

1(y)

J2
1 (x)− J0(x)J2(x)

]]
. (3.37)

The determination of εr and tan(δ) is made in the following way:

1. For unknown materials, measurement of the permittivity in the MHz range, as
ε(MHz) ≈ ε(GHz) (see fig. 2.14), otherwise rough estimation for the permittivity

2. Calculation of the resonance frequencies of the TE011 mode and adjacent modes
(HEM111, HEM211, TM011) using the estimated permittivity and eq. (3.27)

3. Measurement of the GHz spectrum in the frequency range of the four modes
mentioned above and identification of the resonance peaks to the modes

4. Measurement of fTE011 (⇒ εr with eq. (3.27)), insertion loss S21[dB] and
Qloaded,TE011 (⇒ tan(δ) with eq. (3.30) and (3.32))

Exemplary the resonance frequencies for a standard sample geometry and permittiv-
ity are calculated:

EMmnp HEM111 TE011 HEM211 TM011 HEM121 HEM131 HEM221 TE021

f[GHz] 9.623 10.736 11.383 11.632 12.588 14.118 14.532 15.292
Table 3.4: Lowest modes of the Hakki-Coleman method, exemplary for εr = 20, d =

10 mm, h = 4 mm

Eq. (3.27) is plotted in fig. 3.19(a), showing the permittivity dependence of resonance
frequency for the Hakki-Coleman modes. In fig. 3.19(b) a frequency spectrum (S21[dB]
in dependence of frequency) of the lowest modes is shown exemplarily.
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(a) Lowest Hakki-Coleman modes (HEM111,
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ily for d = 10 mm, h = 4 mm
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Figure 3.19: Resonance modes of the Hakki-Coleman method

To avoid an overlap of the resonance peaks an optimized diameter to height ratio for
the sample is usually used. It can be shown with eq. (3.27) that for a ratio of approxi-
mately d/h = 2.5 the difference between the resonance frequencies of adjacent modes
to fTE011 is maximal [Seb08]. For samples of unknown permittivity it can be difficult
to identify the different modes. The TE011 resonance can be identified by lifting up
the upper metal plate which leads to a small shift of the resonance frequency to lower
frequencies whereby the adjacent modes shift to higher frequencies [KWW86]. This
frequency shift is related to the fact that the E field amplitude for the TE011 resonance
is going to zero at the top/bottom of the sample (E field has only a tangential
component which needs to approach zero for metallic boundary conditions) whereby
the adjacent modes have non-vanishing orthogonal E field components. There are
several reasons to use the TE011 mode (lowest transverse electric mode) to determine
the dielectric properties. In principle it would be possible to use all existing modes
but the TE011 mode has a relative simple field geometry (radial symmetric E field,
see fig. 3.20) which can be excited comparatively easy using two coupling loop rings.
Additionally the calculation of the Q value can become comparatively complex for
non-radial symmetric modes.

From the field geometry of the TE011 resonance it can be seen, that the coupling loops
should be oriented parallel to the conducting plates to generate an H field similar
to that of the mode (see fig. 3.16). Due to the implicit dependence of εr(f0(εr), a, h)

the error cannot be determined analytically. In chapter 2.6 it was shown that the
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0 100%
Figure 3.20: Vector plot of the E field distribution of the radial symmetric TE011

resonance at the symmetry plane of the cylinder, for d = 10 mm, h =
4 mm, εr = 20

eigenvalue x can be assumed constant, leading to eq. (3.38):

εr =
( c

2π

)2


≈const.︷︸︸︷
x2

a2
+

(pπ)2

h2

 ·
1

f 2
0

. (3.38)

The relative error of εr according to Gauß error propagation becomes:

∆ε

εr
= 2

√(
∆f

f

)2

+

(
∆d

d

)2

+

(
∆h

h

)2

. (3.39)

The contribution of the measurement error of the resonance frequency is compar-
atively small (∆f = 10 Hz resp. ∆f/f < 10−8) and can be neglected. The main
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contribution is related to the inaccuracy of the sample geometry (∆d, ∆h) which can
be estimated to one scale division of a caliper (∆d = ∆h ≈ 0.01 mm). The relative error
for the permittivity of a sample with the ratio d/h = 2.5 can be approximated to:

∆ε

ε
= 2

√(
∆f

f

)2

+

(
∆d

d

)2

+

(
∆d

h

)2

≈ 2
∆d

d

√
1 +

(
d

h

)2

︸ ︷︷ ︸
=
√

1+2.52≈2.7

≈ 5.4
∆d

d
. (3.40)

The relative error is directly proportional to the relative error of the length measure-
ment. For a usual sample geometry of d = 10 mm, h = 4 mm the relative error of the
permittivity is approximately ∆ε/ε = 0.5 %, which is sufficiently accurate for the pur-
poses of this work. The measurement accuracy could be further optimized by a more
accurate determination of the sample geometry. The relative error of the permittivity
is normally estimated to approximately 0.1 % in literature [DZB+97, Cou70, KK85].
Comparative measurements with Hakki-Coleman setups at three different institutes
showed a deviation of the permittivity values by maximal 1.0 % and dielectric loss
values by maximal 10 %. For the given tan(δ) values a relative error of 10 % is therefore
estimated. A critical sample requirement is the cylinder geometry. Measurements on
high Q teflon samples with different amount of tilting of the cylinder axis in relation
to the base area were performed to investigate the influence of deviations from the
cylinder symmetry (see fig. 3.21).

f[GHz]

S21[dB]

(a) Obvious shift and broadening of the resonance
peaks with tilting angle [Bra11]

(f-f0)[MHz]

S21[dB]

(b) Superposed resonance curves to visualize the
broadening [Bra11]

Figure 3.21: Shift and broadening of the TE011 resonance peak by inaccurate sample
symmetry (position of the sample relative to the coupling loops: parallel
(s) resp. orthogonal (f) to the tilting direction of the cylinder axis)
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The measurement error of Ql itself can be neglected for low dielectric loss values
(tan(δ) < 10−3). The main error contribution for the glass and glass-ceramic samples
in this work is caused by sample inhomogeneities which can cause severe variations
of the dielectric loss and can hardly be estimated as they vary strongly for every
glass melt. The resolution limit for the dielectric loss is mainly determined by the
surface resistivity of the metal plates. If tan(δ) becomes smaller than B (B ∼ RS), the
measured resonator loss (1/Ql) becomes dominated by the ohmic loss. For a standard
parameter choice B = 2.1 · 10−4 (d = 10 mm, h = 4 mm, εr = 20, f0 = 10.735 GHz, σcopper

= 5.8 · 107 S/m). The error of B is dominated by the uncertainty of RS . Theoretically
RS can be calculated from the electric conductivity and the frequency via eq. (2.49)
but oxidation, surface scratches or impurities can deteriorate the conductivity. Using
eq. (3.32) it follows:

∆ tan(δ)

tan(δ)
= | 1

tan(δ)
∆RS ·

∂ tan(δ)

∂RS

| = ∆RS

RS

·
B

tan(δ)
. (3.41)

Dube et al. [DZB+97] used samples of similar diameter but varying height to deter-
mine RS . He achieved a maximal accuracy of 7.5 %. Assuming a relative error of
∆RS/RS = 10 %, the resolution limit (∆ tan(δ)/ tan(δ) > 50 %) can be estimated to
tan(δ) = 4 · 10−5 (see tab. 3.5). This is one order of magnitude lower than the lowest
dielectric loss values measured in this work and therefore the Hakki-Coleman method
can be considered as sufficiently accurate for the dielectric loss determination.

tan(δ) 5 · 10−3 1 · 10−3 5 · 10−4 1 · 10−4 5 · 10−5 1 · 10−5

∆ tan(δ)
tan(δ)

[%] 0.4 2.0 4.0 20 40 200
Table 3.5: Dependence of the relative error of the dielectric loss for ∆RS/RS = 0.1

and d = 10 mm, h = 4 mm, εr = 20

3.9.2 Modified Hakki-Coleman method for hollow cylindrical

samples

For the evaluation of the helix antenna prototype series it was necessary to directly
determine the dielectric properties of hollow cylindrical shaped samples (see chapter
5). This reduced the error due to sample inhomogeneities on the efficiency determina-
tion of the antenna, as the dielectric blanks produced from lab melts did show some
variation of the tan(δ) = (1.25 ± 0.25) · 10−3. Therefore it was necessary to characterize
every hollow cylindrical part on its own. It is common to treat the hollow cylindrical
samples with the usual Hakki-Coleman equations as the E field amplitude of the
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TE011 mode is comparatively low in the center and the influence of the hole is usually
neglected. The ceramic parts which were used for the antenna prototypes had a hole
size of b/a = 31 % and it was necessary to investigate if the standard Hakki-Coleman
equations would be still valid.

(1)
εr

z

rh

2a

(2) (2)

(a) Standard Hakki-Coleman geometry

(2)
εr

(1) (3)(2)
εr

(3)

z

rh

2a
2b

(b) Modified hollow cylindrical geometry

Figure 3.22: Comparison of the boundary value problems

No mathematical description of this measurement setup exists in literature and there-
fore the calculation is considered here in more detail. The derivation will be analog
to the calculations of the Hakki-Coleman method. Starting with the source-free wave
equations (derived from eq. (3.16)-(3.19)):

(∆ + k2
0εrµr)E = 0 (∆ + k2

0εrµr)H = 0 . (3.42)

This can be written in cylindrical coordinates for the longitudinal components:

1

r

∂

∂r

(
r
∂

∂r
Ψ

)
+

1

r

∂2

∂φ2
Ψ +

∂

∂z2
Ψ + k2

0εrµrΨ = 0 , (3.43)

whereby Ψ representsEz orHz (the fields are also expressed in cylindrical coordinates:
longitudinal components Ez, Hz and transverse components Er, Eφ, Hr, Hφ). First the
longitudinal components are calculated from eq. (3.43) using a separation ansatz:

Ψ(r, φ, z) = R(r)Θ(φ)Z(z) . (3.44)

For Θ(φ) and Z(z) we obtain a simple second order linear differential equation with
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exponential resp. sine/cosine solution:

1

Z

∂2Z

∂z2
= −β2 (3.45)

1

Θ

∂2Θ

∂φ2
= −m2 . (3.46)

For R(r) we obtain a m-th order Bessel differential equation:

r
∂

∂r

(
r
∂

∂r
R

)
+
(
(krr)

2 −m2
)
R = 0 , (3.47)

with the separation constants kr (radial wave number), β (longitudinal wave number:
β = p · π/h, with p ∈ N, see derivation for the Hakki-Coleman method), m ∈ N and k0

total vacuum wave number. For kr we obtain:

k2
r = k2

0εrµr − β2 . (3.48)

Inside the dielectric (region 2) we obtain:

k2
r := k2 = k2

0εrµr − β2 (3.49)

and a solution in form of a linear combination of the Bessel functions Jm and Ym.
Outside the dielectric (region 1/3) we obtain:

k2
r := q2 = β2 − k2

0 (3.50)

leading to a linear combination of the Bessel functions Km and Im as solution. Under
consideration of the metallic boundary conditions (tangential E fields and orthogonal
H fields vanish at the metal surface) and that only non-diverging fields are physically
meaningful, the following ansatz is chosen (for the sake of simplicity HEM modes
are not considered; upper component for TE modes and lower component for TM
modes):
Region 1:

Ez,1 = AIm(qr) sin(βz)

{
− sin(mφ)

cos(mφ)

}
(3.51)

Hz,1 = EIm(qr) cos(βz)

{
cos(mφ)

sin(mφ)

}
(3.52)
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3.9 Dielectric characterization in the GHz range

Region 2:

Ez,2 = [BJm(kr) + CYm(kr)] sin(βz)

{
− sin(mφ)

cos(mφ)

}
(3.53)

Hz,2 = [FJm(kr) +GYm(kr)] cos(βz)

{
cos(mφ)

sin(mφ)

}
(3.54)

Region 3:

Ez,3 = DKm(qr) sin(βz)

{
− sin(mφ)

cos(mφ)

}
(3.55)

Hz,3 = HKm(qr) cos(βz)

{
cos(mφ)

sin(mφ)

}
. (3.56)

The direct determination of the transverse components via eq. (3.42) is comparatively
complex, therefore the components are calculated from the longitudinal components
using relations which can be derived from eq. (3.16) and (3.17) [KG86]:(

∂

∂z2
+ k2

0εrµr

)
Er = −iωµ0µr

1

r

∂

∂φ
Hz +

∂2

∂z∂r
Ez (3.57)(

∂

∂z2
+ k2

0εrµr

)
Eφ = iωµ0µr

∂

∂r
Hz +

1

r

∂2

∂z∂φ
Ez (3.58)(

∂

∂z2
+ k2

0εrµr

)
Hr = iωεrε0

1

r

∂

∂φ
Ez +

∂2

∂z∂r
Hz (3.59)(

∂

∂z2
+ k2

0εrµr

)
Hφ = −iωεrε0

∂

∂r
Ez +

1

r

∂2

∂z∂φ
Hz . (3.60)

Explicit solutions of the transverse components are not given here. The continuity
requirements at the transitions dielectric to air (Ez, Eφ, Hz, Hφ continuous at r = a

and r = b) can be written in form of a matrix equation N8×8 ·V8×1 = 0 whereby the
integration constants A-H correspond to the components of V . In case of m = 0 the
expressions simplify into two independent matrix equations (M4×4 · Ṽ4×1 = 0) for the
TE0np (α = µr) and TM0np (α = εr) modes:

M4×4 =


I0(qb) −J0(kb) −Y0(kb) 0

0 −J0(ka) −Y0(ka) K0(ka)
1
q
I1(qb) −α

k
J1(kb) −α

k
Y1(kb) 0

0 α
k
J1(ka) α

k
Y1(ka) 1

q
K1(qa)

 . (3.61)
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The eigenvalue equation is then obtained from det(M) = 0:

|M | = 0 ⇔
[

1

q
I1(qb)J0(kb)− α

k
I0(qb)J1(kb)

]
·
[

1

q
K1(qa)Y0(ka) +

α

k
K0(qa)Y1(ka)

]
=

[
1

q
I1(qb)Y0(kb)− α

k
I0(qb)Y1(kb)

]
·
[

1

q
K1(qa)J0(ka) +

α

k
K0(qa)J1(ka)

]
︸ ︷︷ ︸

→F1,2, for b→0

.

(3.62)

It can be shown that for lim b→ 0 the eigenvalue equation takes the form of the Hakki-
Coleman eigenvalue equation F1,2 (see eq. (3.21)-(3.22)) as expected. The dielectric
loss can be expressed similar to eq. (3.32), whereby the constants A′ and B′ are
quite extensive expressions which contain integrals which can not be expressed by
analytical functions anymore and have to be calculated numerically:

tan(δ) =
A′

Qu

−B′ . (3.63)

In tab. 3.6 the influence of the hole size on the measurement error is investigated
(for the case that a hollow cylindrical sample is evaluated using the standard Hakki-
Coleman equations).

b/a[%] 0 5 10 31 40 50
f0[GHz] 5.77179 5.77184 5.77257 5.83251 5.92567 6.11481
∆fHakki[%] < 10−2 1 · 10−2 1.1 2.7 5.9
∆εr[%] < 10−2 3 · 10−2 2.2 5.4 11.5
∆ tan(δ)[%] < 10−2 2 · 10−2 1.2 4.8 74.9

Table 3.6: Errors induced by neglecting the hole for different hole sizes (b) with a = 5
mm, h = 17.75 mm, εr = 20, tan(δ) = 2 · 10−3

The hollow cylinders used in this work had a hole size of b = 1.55 m at an outer
radius of a = 5 mm (b/a = 31 %). From tab. 3.6 it can be seen that even a hole of
this size only insignificantly influences the TE011 mode. For hole sizes greater than
approximately 40 % the amount of stored field energy outside the dielectric Ua/U0

strongly increases leading to large errors in the dielectric loss determination if the
standard Hakki-Coleman equations are used.
From fig. 3.23 it can be seen that for the TE011 mode the electric field density in the
centre is comparatively low which explains why the resonance mode is only slightly
influenced by the hole in the centre.
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3.9 Dielectric characterization in the GHz range

Figure 3.23: Plot of the E field distribution of the radial symmetric TE011 resonance
at the symmetry plane of the cylinder, for a = 5 mm, h = 17.75 mm, εr =
20, with b/a = 10, 31, 50 % (scale bar like in fig. 3.20)
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3.9.3 Cylindrical cavity resonance method

A second GHz characterization method was used, motivated by:

• the facilitated implementation of temperature dependent measurements

• the limited measurement accuracy (tan(δ) > 4 · 10−5) of the Hakki-Coleman
method

• the possibility to do comparative measurements

The influence of the ohmic losses in comparison to the Hakki-Coleman method can
be significantly reduced by increasing the distance between the sample and the metal
surroundings as the amplitude of the electromagnetic fields decreases exponentially
outside the dielectric. This leads to a lower field amplitude inside the metal and
therefore lower ohmic losses. For the cavity used in this work theB value was approx-
imately B = 1 · 10−6 leading to a resolution limit for tan(δ) of two orders of magnitude
better than the Hakki-Coleman method [She05a]. This method is therefore preferably
used for the measurement of ultra low loss materials [DZB+97]. The accuracy for
the permittivity determination is comparable to that of the Hakki-Coleman method:
∆εr/εr ≈ 0.5-1 %. The support on which the sample is placed inside the cavity
should be a low loss and low permittivity material. In this work mainly fused silica
supports (high purity synthetic quartz glass produced by SCHOTT) with εr = 3.82
and tan(δ) = 9 · 10−5 (at 8.7 GHz) [Jan03] were used. For temperature measurements
below 70 ◦C also styrofoam is a suitable material with εr = 1.3 and tan(δ) = 8 · 10−5

(at 3 GHz) [GW07]. In literature different support geometries are used, supports with
smaller diameter which do not cover all the base area of the cavity and also additional
supports above the sample which can be adjusted in height [Kru06]. The copper cavity
is metallized from the inside with silver and the coupling loops are placed inside the
cavity through two opposite holes. Analog to the Hakki-Coleman method a resonance
inside the sample is excited (lowest transverse electric mode TE01δ, see fig. 3.24(d)).
The experimental setup is shown in fig. 3.24.
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(a) Open cavity with sample on fused silica
support

(b) Empty copper cavity without bottom and top
walls

sample

support

coupling loops

H

(c) Schematic setup of the cylindrical cavity reso-
nance method

Electric field lines

Magnetic field lines

(d) Field geometry of the TE01δ

resonance [RI06]

Figure 3.24: Experimental setup of the cylindrical cavity resonance method

The experimental setup is more complex in comparison to the Hakki-Coleman
method which leads to a higher complexity of the mathematical description. Nev-
ertheless due to the still present cylindrical symmetry the eigenvalue equation for the
εr determination (see eq. (3.64)-(3.68)) and the volume and surface integrals for the
tan(δ) determination (see eq. (3.71)-(3.73)) can still be written in an analytical form
(see chapter A.2). The volume of the cavity is separated in 6 regions (see fig. 3.25)
based on a description by Sheen [She07, SCC+09]:
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(1) εr

(3) εr2

(2) εr1

(5) εr2 (5) εr2

(6) (6) 

(4) εr1 (4) εr1

z=L/2+L2

z=L/2

z=-L/2

z=-(L/2+L1)
b-a D=2a b-a

z

h r

Figure 3.25: Sheen model for the cylindrical cavity resonance method [She07]

The electromagnetic fields can be calculated from Maxwell’s equations in cylindrical
coordinates and with the use of the boundary conditions between dielectric, air and
metal the eigenvalue equation can be derived. Practically only 4 regions need to be
considered, as region 2 and 3 resp. 4 and 5 follow from symmetry considerations. The
full derivation is not given here, the eigenvalue equation for the relevant TE01δ mode
can be written as:

q =

√(π
h

)2

− k2
0 (3.64)

J0(ka)

J1(ka)
+
qa

ka

1

K1(qa)

[
K0(qa) +

K1(qb)

qa

]
= 0 (3.65)

α1,2 =
√
k2 − k2

0εr1,2 (3.66)

tan(βL) =
α1 coth(α1L1) + α2 coth(α2L2)

β − α1α2

β
coth(α1L1) coth(α2L2)

(3.67)

εr =
1

k2
0

(k2 + β2) , (3.68)

with a, L, b, h, L1, L2, εr, εr1, εr2 as shown in fig. 3.25. From the measured resonance
frequency fTE01δ

= c
2π
k0 the permittivity εr is determined in the following way:

1. Calculation of q(h,f0) with eq. (3.64)

2. Numerical calculation of k(q,a,b) with eq. (3.65)

3. Calculation of α1,2(q,f0,εr1,2) with eq. (3.66)

4. Numerical calculation of β(α1,2,L1,2,L) with eq. (3.67)

5. Calculation of εr from eq. (3.68)
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3.9 Dielectric characterization in the GHz range

The resonance frequency in dependence of the permittivity is shown in fig. 3.26(a).
In fig. 3.26(b) a frequency spectrum for two samples with different permittivities
is shown. One problem of the cavity resonance technique is that modes from the
metal cavity lie in the same frequency regime and can overlap with the TE01δ peak.
Variations of the cavity or sample geometry can be made to separate overlapping
modes.

20 25 30 35 40
5.0

5.5

6.0

6.5

7.0

7.5 f[GHz] TE01δ

εr

f ~ 1
εr

(a) Blue: TE01δ resonance frequency in depen-
dence of εr: (a = 5 mm, L = 4 mm, b = 13.11 mm, h
= 20 mm, L1 = 7.93 mm, εr1 = 3.8, εr2 = 1, εr = 20)

(b) Frequency spectrum for samples with different
permittivity and similar dimensions (blue: εr =
20.6, green: εr = 22.6) [Bra11]

Figure 3.26: TE01δ resonance mode

The dielectric loss determination is done in a similar way as for the Hakki-Coleman
method (see eq. (3.31) and (3.30)), whereby an additional term 1/QS = pS · tan(δS)

for the loss of the support(s) needs to be included. The losses from the support are
normally neglectable and the radiation losses 1/QR are even lower than for the Hakki-
Coleman method as the sample is located inside a closed metal cavity.

1

Qu

=
1

Qd

+
1

QC

+
1

QS

+
1

QR

, (3.69)

neglecting the last two terms we get a similar expression as in eq. (3.32):

tan(δd) =
1

pd
(

1

Qu

− 1

QC

) =
Ud + Ua
Ud

(
1

Qu

− 1

QC

) =
Ã

Qu

− B̃ , (3.70)
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with Ã = 1+Ua/Ud and B̃ = PC/(wUd). Under consideration of the radial symmetry of
the TE01δ mode (Er, Ez, Hφ are zero) we can determine the stored field energy analog
to eq. (3.33)-(3.34):

Ud =
1

2
εrε0

∫
V

|Eφ,1|2 dV (3.71)

Ua =
6∑
i=2

1

2
εriε0

∫
V

|Eφ,i|2 dV . (3.72)

εri corresponds to the permittivity in the different regions (2-6). PC can be determined
analog to eq. (3.35) whereby in addition to the top and bottom metal plate (O)
contributions from the lateral surface (M ) of the cylindrical cavity have to be included:

PC =
6∑
i=2

1

2
RS

∫
S

|JS,i|2 dS =
5∑
i=2

1

2
RS

∫
O

|Hr,i|2 dS +
6∑
i=4

1

2
RS

∫
M

|Hz,i|2 dS . (3.73)

Due to the complexity of the setup, the determination of Ã and B̃ is very extensive
and can be found in chapter A.2 directly implemented in a Mathematica8.0 script.
The field solutions for the TE01δ mode (Eφ) will be given here as they are necessary to
calculate the volume and surface integrals (see eq. (3.71)-(3.73)):

Eφ1 = E0J1(kr) cos(βz − Φ) (3.74)

Eφ2/3 = E0

cos(β L
2
± Φ)

sinh(α1/2L1/2)
J1(kr) sinh(α1/2(±z + L1/2 +

L

2
)) (3.75)

Eφ4/5 = E0

J1(ka) cos(β L
2
± Φ)

K1(qa) sinh(α1/2L1/2)
[K1(qr)−K1(qb)] sinh(α1/2(±z + L1/2 +

L

2
)) (3.76)

Eφ6 = E0
J1(ka)

K1(qa)
[K1(qr)−K1(qb)] cos(βz − Φ) . (3.77)

Writing eq. (3.17) in cylindrical coordinates we can obtain Hz and Hr from Eφ (the
calculated fields are given in [Bra11]):

Hz =
i

ωµ0µr

1

r

∂

∂r
(rEφ) (3.78)

Hr =
−i

ωµ0µr

∂Eφ
∂z

. (3.79)

Furthermore it can be shown, that the Hakki-Coleman solution is a special case of the
cavity geometry for (b→∞, L1 = L2→ 0).
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3.9 Dielectric characterization in the GHz range

• Fields: ECav,φ1/6
→ EHak,φd/a

• Eigenvalue equation: (3.65)→ (3.22)

• Loss: (Ã, B̃)Cav → (A,B)Hak

Temperature dependent measurements

The experimental setup of the cavity resonance method is more suitable as the open
and comparatively large Hakki-Coleman setup.

2

1

1

2 3
3

6

5

4 4

Figure 3.27: Measurement setup for temperature dependent measurements. Left:
furnace door with connected cavities ((1): silver coated ceramic cavity
(placed inside a metal cavity) with styrofoam support, (2) silver coated
steel cavity with fused silica support), right: (1) black glass sample (2)
fused silica support (3) coaxial cabels (4) coupling loops (5) rubber for
mechanical stabilization (6) K-type thermocouple

The cavity was placed inside a furnace (DELTA 9023, Delta Design) which was capable
of temperature measurements between -175 ◦C and +80 ◦C (the upper temperature
limit is given by the temperature stability of the connector cables). The temperature
was monitored using a K-type thermocouple. The resonance frequency is measured
at minimum 3 temperatures (usually room temperature± 50 K) and the average slope
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m = ∆f0/∆T of the f0(T ) curve is fitted by linear regression:

τf =
1

f0

∂f0

∂T
≈ m

f0

. (3.80)

-45

-40

-35

-30

-25
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6.64 6.65 6.66 6.67 6.68 6.69 6.7 6.71
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21
[d
B
]

21.6°C 47.3°C 72.5°C

f[GHz]

Figure 3.28: Shift of the resonance frequency with temperature

The effect of the thermal expansion of the fused silica support αfs = 0.5 ppm/K
[SCH14] can be neglected [83107]. The thermal expansion of the cavity can be
considered by modifying eq. (2.50):

τf (τε, αL, τcav) = −1

2
τε − αL + aCτcav . (3.81)

The parameter aC is difficult to determine and is estimated in analogy to [83107] to
0.05 < aC < 1. An estimation for τcav can be made using (3.64)-(3.68). For αcopper

= 16.5 ppm/K (∆b/b = ∆h/h = αC∆T ), ∆T = ±50 K = 100 K and the usual
sample parameters (a = 5 mm, L = 4 mm, εr = 20) we obtain a frequency shift
of ∆f = -1.16 · 10−3 GHz at f = 7.04411 GHz, equivalent to |aCτcav| ≤ 1.7 ppm/K.
Therefore the thermal expansion of the cavity is normally neglected in comparison
to other measurement errors. If higher accuracy is necessary metallized low thermal
expansion ceramic cavities can be used.
Comparative measurements with setups at different institutes have been made result-
ing in maximum variations of |∆τf | ≤ 15 ppm/K which will be estimated as error for
the τf values.
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4.1 Glass formation

The motivation for the choice of the investigated system was given in chapter 2.8.
The first starting point of this work was motivated by a previous diploma thesis
[Bra11] in which a stable glass formation range in the La2O3-TiO2-SiO2-B2O3-Al2O3

system was identified. The dielectric properties of the resulting glass-ceramics (εr
= 18.9, Qf = 4820 GHz; see 36436 in fig. 4.1) were not sufficient for the intended
dielectric loaded antenna applications. The key problem for a further enhancement
of the dielectric properties is the maximization/increase of the major crystal phase
content (La4Ti9O24), which is directly correlated with the minimization of glass-
forming oxides (SiO2, B2O3, Al2O3). The best glass melt in [Bra11] (36436) had a glass
former content (GFC) of 42.1 at%. The aim of this work was therefore to optimize
the composition of the basic glass to achieve a lower content of glass-forming oxides.
Different ratios between SiO2:BO1.5:AlO1.5 were analyzed and a new narrow glass-
forming area in the La2O3-TiO2-SiO2-B2O3 system with GFC < 30 at% (without the
use of Al2O3) was identified (see fig. 4.1). Two new severe problems arose in this
system. A strong tendency of surface devitrification was observed (see fig. 4.2), even
though the bulk showed stable glass formation. The melting temperature had to be
increased up to at least 1500 ◦C to ensure a complete melting of the raw materials,
which led to an enhanced reduction of Ti4+ to Ti3+ (see chapter 2.3). The prevention of
Ti3+ will be discussed in chapter 4.2, whereby solutions for the surface devitrification
problem will be summarized in this chapter. In the glass-forming area, the melt with
the stoichiometry the closest to the La4Ti9O24 phase (labeled with 41760) has been
chosen for further optimization, as this composition shows the highest potential for a
maximization of the major crystalline phase content.
The exact chemical compositions of all melts of this work are summarized in chapter
A.4.

101



4 Results

LaO1.5 TiO2

SiO2+BO1.5

La2Ti2SiO9 La4Ti9O24

clearvbulkvglass:
dominantlyvglassy:

devitrified:
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41760
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36436

Figure 4.1: Glass-forming area in the La2O3-TiO2-SiO2-B2O3 system, SiO2:BO1.5 =
1.4 (for 36436 the upper corner has to be replaced by SiO2+BO1.5+AlO1.5)

4.1.1 Selection of glass-forming oxides

The SiO2:BO1.5 ratio can be varied comparatively flexible in the glass-forming area.
Stable bulk glass formation was achieved for ratios between SiO2:BO1.5 = 1.0 - 2.5. An
optimum ratio of 1.4 was determined, which showed the most stable glass-forming
properties in combination with a comparatively low B2O3 content (to minimize the
formation of minor crystalline phases during the ceramization process like LaBO3).
In fig. 4.2 a comparison between a stable bulk glass and a devitrified glass (due to a
too low B2O3 content) is shown. Both samples show a strong tendency of surface
devitrification on the top surface (the top surface is not in contact with the steel
mold during the casting which leads to a lower cooling rate) which was common
for all investigated samples in the glass-forming range. The cracks in the bulk of the
sample are also directly related to the strong surface devitrification (different thermal
expansion coefficient of crystalline phase and glass).
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38248
Si:B = 1.3

38248 38249
Si:B = 3.5

Figure 4.2: Comparison between a stable bulk glass (left) and a devitrified glass
(right)

In [Bra11] also Al2O3 was used as main glass former component. Therefore a substitu-
tion series has been melted (partial replacement of SiO2-B2O3 content by Al2O3, for a
fixed SiO2:BO1.5 ratio of 1.4). Even low amounts of 2 at% AlO1.5 led to a deterioration
of the glass quality (see fig. 4.3)

38256
no AlO1.5

38257
2 at% AlO1.5

38258
4 at% AlO1.5

38259
6 at% AlO1.5

Figure 4.3: Increasing devitrification with increasing Al2O3 content

The optimization of the glass-forming oxides led to an improved bulk glass-
formation, but still could not solve the problem of surface devitrification. One other
common method to stabilize glasses is the method of glass frustration (see chapter
2.1). The amorphous glass structure can be stabilized by introducing more disorder to
the system by substituting the major components by other chemically similar oxides.
In this way, the chemical behavior of the melt only changes insignificantly but the
complexity of the atomic structure can be increased leading to deceleration of the
crystallization resp. stabilization of the glass. In commercial technical glasses the use
of a combination of various alkali metal oxides instead of only one species is common
[McM79a] (e.g. use of Li2O, Na2O and K2O) or more relevant for the here investigated
system is the substitution of La2O3 by other rare earth oxides (e.g. partial substitution
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by Gd2O3 in La2O3-rich optical glasses). In the following different dopants for the A
(La) and B-site (Ti) and their influence on the glass properties are summarized.

4.1.2 A-site doping

As mentioned above, a doping series of various rare earth metal oxides has been made
to investigate its influence on the glass-forming behavior and a possible reduction of
the surface devitrification. Nearly all of the rare earth oxides are not polyvalent (only
3+) and have a similar ionic radius (rLa3+ = 116 pm). A substitution of 5 % of the
used La by Ce, Nd, Sm, Gd has been made without any significant change of the glass
properties and the dielectric properties of the glass-ceramic. For Gd, the substitution
series was extended until 90 % and up to 50 % substitution no significant changes in
the glass stability was observed. Only for a nearly complete exchange of the La by Ce

or Gd the melts showed strong devitrification (see 41417 and 42415 in fig. 4.4). Ce is
the only rare earth metal which allows two stable valencies (3+/4+) due to its special
electronic configuration and therefore it can be used in addition as oxidizing agent to
prevent Ti3+. Even though in the glass it is mainly present as Ce3+ and behaves similar
as the other rare earth oxides. In conclusion it can be stated that, the exchangeability
of the different rare earth metal oxides is given, but no improvement for the glass-
formation (especially the reduction of surface devitrification) has been observed. For
the given composition in the ternary diagram (41760) only La2O3 seems to form stable
glasses. In tab. 4.1 the doping series and their effects are summarized.

42412:
2.5 % Ce[La]

41417:
90 % Ce[La]

42415:
90 % Gd[La]
2.5 % Ce[La]

42414:
50 % Gd[La]
2.5 % Ce[La]

Figure 4.4: Rare earth doping series (in all shown glasses 10 % of the TiO2 is replaced
by ZrO2 to reduce surface devitrification)
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Melt Dopant rion[pm] BGQ SQ other effects
42414 2.5 % CeO2 114 - - Ti3+ prevention
39563 5 % CeO2 114 - - Ti3+ prevention
42418 10 % CeO2 114 - - Ti3+ prevention
41417 90 % CeO2 114 ↓ ↓
39564 5 % NdO1.5 111 - -
39565 5 % SmO1.5 108 - -
41675 5 % GdO1.5 105 - -
41676 10 % GdO1.5 105 - -
41677 20 % GdO1.5 105 - -
42414 50 % GdO1.5 105 - ↘
42415 90 % GdO1.5 105 ↓ ↓
41674 2.5 % YO1.5 102 ↘ ↘
40937 5 % BiO1.5 117 ↘ -
41496 2.5 % BaO 142 ↘ -

Table 4.1: A-site doping series (LaO1.5 is substituted by the dopant by the given per-
centage, rion: ionic radius after Shannon [Sha76] for coordination number
of 8, BGQ: bulk glass quality, SQ: surface quality)

For the melts which did not decrease their glass stability in comparison to the
undoped glass, further ceramization and subsequent investigations of the dielectric
properties in the GHz range and the formed crystalline phases via XRD has been
performed. But no relevant change in properties was observed.

4.1.3 B-site doping

For the doping of the B-Site, elements of the same subgroup as Ti (rTi4+ = 61 pm) have
been chosen (Zr, Hf) and some adjacent elements with similar ionic radii (V, Nb, Ta).
The latter caused already in small amounts of 5 % substitution a deterioration of the
bulk glass stability, whereby Zr and Hf led to a reduction of the surface devitrification.
For 10 % Ti substitution by Zr only a thin neglectable crystal layer is observed and for
15-20 % substitution the surface devitrification completely disappeared (see fig. 4.5).
For even higher amounts of Zr the glass stability in the bulk and on the surface started
to decrease again. Hf showed similar effects as Zr, as both elements are very similar in
their chemical behavior and also their ionic radii are nearly identical as a consequence
of the lanthanide contraction. Due to the better availability and lower cost only Zr was
used as main dopant in the following. In tab. 4.2 the doping series and their effects
are summarized.
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40281:
no Zr[Ti]

40282:
5 % Zr[Ti]

42417:
10 % Zr[Ti]

42014:
15 % Zr[Ti]

42420:
20 % Zr[Ti]

42419:
50 % Zr[Ti]

Figure 4.5: ZrO2 doping series (the difference in the glass color is due to a slight
variation in the CeO2 content (xCeO2 < 1.0 mol% for all melts) which had
no effect on the surface devitrification)

Melt Dopant rion[pm] BGQ SQ other effects
40282 5 % ZrO2 72 - ↗
42417 10 % ZrO2 72 - ↑
42014 15 % ZrO2 72 - ⇑ no surf. cryst.
42420 20 % ZrO2 72 - ⇑ no surf. cryst.
44086 30 % ZrO2 72 - ↑
42419 50 % ZrO2 72 ↘ ↗
40935 5 % HfO2 71 - ↗
41416 5 % VO2.5 54 ↓ -
39568 5 % NbO2.5 64 ↓ -
40938 5 % TaO2.5 64 ↘ -

Table 4.2: B-site doping series (TiO2 is substituted by the dopant by the given per-
centage, rion: ionic radius after Shannon [Sha76] for coordination number
of 6, BGQ: bulk glass quality, SQ: surface quality)

4.1.4 Influence of common raw material impurities

In this work high purity raw materials for the optical glass production were used.
Even in these materials ppm amounts of impurities can be present. Common im-
purities like Fe2O3, alkali metals (Na2O, K2O) and earth alkaline metals (MgO, CaO)
were added to the batch composition by 500 ppm (wt%), but no change in the glass-
forming and dielectric properties of the ceramized samples has been observed. Only
the expected color change in case of the iron addition (see chapter 4.2) was observed,
which is not relevant for the purpose of this work.
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4.1 Glass formation

4.1.5 Conclusive decision for the melt composition

The two key problems of the system could be solved by the use of adequate dopants.
The prevention of Ti3+ was achieved by the use of an oxidizing agent (CeO2 and also
Sb2O5, will be discussed in detail in chapter 4.2). The surface devitrification could be
totally removed by a partial substitution of the TiO2 content with ZrO2. On the basis
of these results, liter melts with ZrO2 contents of 5-10 mol% and a sufficient amount
of CeO2 were prepared and ceramized (41760: 5.0 mol% ZrO2, 42014: 7.5 mol% ZrO2,
42732: 10.0 mol% ZrO2; all: 1.0 mol% CeO2). The glass-ceramics were investigated in
detail concerning their dielectric properties and the existing crystalline phases. The
results are shown in the chapter 4.4.
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4.2 Redox behavior

In the previous chapter a suitable glass-forming system could be identified. To achieve
a homogeneous glass it is essential to melt the raw materials completely during
the melting process and for the investigated system melting temperatures of Tm >
1500 °C were found to be necessary (see chapter 4.3). Due to these high melting
temperatures, a partial reduction of redox ions in the melt occurs, like described in
chapter 2.3. In the here investigated system, mainly the reduction of Ti4+ to Ti3+

is of significant importance, as the Ti3+ formation has a strong influence on the
nucleation/crystallization behavior of the glass-ceramic and also on the dielectric
properties. In this chapter the amount of Ti3+ is determined by the use of EPR and
optical methods and ways of preventing or reducing its formation are shown.

4.2.1 Ti3+/4+ determination

The detection of Ti3+ in glasses via EPR methods has been performed in various
kind of glasses (see tab. 3.3). A typical signal shows a simple, but asymmetrical
shaped peak with g values around 1.943 ± 0.035 (see fig. 4.6). All measurements
are normalized concerning amplifier gain and number of Ti atoms (intensity: I[arb.
units]). The amount of Ti3+ is proportional to the area under the absorption curve
(see chapter 3.7) which is derived by numerical integration from the measured EPR
signal (see fig. 4.6). The error of the EPR analysis is estimated to around 10 %, as the
measurement results could be reproduced from different samples of similar melting
conditions by maximum 10 % deviation. Fig. 4.6 shows that the amount of Ti3+ is
strongly dependent on the melting temperature and the keeping time. Even at very
low temperatures (Tm = 1450 °C) a significant amount of Ti3+ is formed. Additionally
it can be seen, that the keeping times tk are still below the redox equilibration times,
as the signal intensity varies with tk.
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Figure 4.6: EPR measurement showing the formation of Ti3+ for varying melting
temperature Tm and keeping time tk (top: measured EPR signal, bottom:
numerically integrated signal)
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An attempt has been made to use Ti2O3 (100 % Ti3+) as a reference standard to
determine the Ti3+ content by EPR analysis (see fig. 4.7). Ti2O3 showed an around 2
order of magnitude lower intensity than expected and therefore has to be considered
as unsuitable for the intended purpose, possible reasons for its unsuitability are
summarized in chapter 3.7. χred is determined by the ratio of I/NTi (integrated
EPR intensity per Ti atom) of the sample and Ti2O3 reference standard (χred =
[I/NTi]sample/[I/NTi]Ti2O3).
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Figure 4.7: EPR measurement of Ti2O3, showing a less broad EPR peak in compari-
son to the investigated amorphous systems and also a shifted g value of
1.966

In tab. 4.3 it can be seen that the low signal intensity of Ti2O3 leads to χred values of
more than 100 %, which can only be explained by the fact that the signal intensity
is lowered by additional loss mechanisms which are not present in the investigated
samples. Therefore it has to be stated that the EPR method is a suitable method
to determine the relative change of the Ti3+ amount for different samples, but an
absolute quantitative determination is only possible with a suitable reference standard
with externally determined amount of Ti3+ which was not available during this work.
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4.2 Redox behavior

Sample m[mg] wTiO2[%] NTi I/NTi[arb.u.] χred[%]
Ti2O3 150 100* 1.26 · 1021 7.32 · 108 100
43735(1450°C,75min) 237.4 28.885 5.17 · 1020 6.01 · 108 82
43735(1500°C,75min) 241.0 28.885 5.25 · 1020 1.36 · 109 186
43735(1600°C,75min) 254.2 28.885 5.54 · 1020 2.70 · 109 368
43735(1650°C,75min) 254.9 28.885 5.55 · 1020 5.02 · 109 686
Table 4.3: Attempt to determine the Ti3+ content by a reference measurement with

Ti2O3 (NTi: number of Ti atoms, I/NTi: intensity per Ti atom (normalized
for gain and other experimental parameters))

As second method for the investigation of the Ti3+ content optical transmission
measurements were used. Despite the numerous publications concerning the peak
position and width of the optical transitions of Ti3+ (see tab. 3.3), no published
literature data concerning the oscillator strength of the transition was found. The only
way to estimate the absolute amount of Ti3+ was using data from an internal SCHOTT
source [Pfe14], derived by chemical analysis of Ti3+ containing aluminosilicate glasses
(see tab. 4.4). The investigated system is of different chemical composition, therefore
the use of the oscillator strength from [Pfe14] would be theoretically not allowed, but
as both systems are silica-based glasses an estimation of the right order of magnitude
of the present amounts of Ti3+ is still possible. Even though the determined quan-
titative results have to be treated with care as the accuracy of the given data is also
unknown. As in the case of EPR the valuable information of the relative change of
the Ti3+ content with the melting conditions can still be determined with suitable
accuracy.

Transition λ0[nm] ν0[cm−1] Γ[cm−1] α0/xi A/xi[cm−2] P σabs[m2]
2B2g→2B1g 541 18501 5104 45 2.44 · 105 1.3 · 10−3 2.1 · 10−23

Table 4.4: Gaussian parameters for the 2B2g→2B1g (3d-3d) transition of Ti3+ in alu-
minosilicate glass [Pfe14] (α0/xi in cm−1/mol%)

From every glass 2×2 samples of two thicknesses d were prepared from which 4
transmission measurements were made (see fig. 4.8), resulting in 4 absorption curves
α(ν) via eq. (3.12). The absorption spectra were fitted using gaussian absorption
bands:

α(ν) = α0 · exp

(
− ln(2)

(
ν − ν0

(Γ/2)

)2
)

, (4.1)

with resonance wave number ν0, peak absorption α0 = α(ν=ν0) and FWHM Γ. In fig.
4.9 the absorption curves, inc. the fitted transitions are shown.
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Figure 4.8: Top: transmission measurement of glasses with different melting tem-
perature Tm resp. Ti3+ content, bottom: absorption curves derived via
eq. (3.12) (the one of the 4 absorption curves the closest to the average
value was chosen exemplarily for representation)
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Other absorption peaks were identified (see chapter 3.8.2). The second Ti3+ absorp-
tion (2B2g→2A1g) and the Ti4+←O2− CT absorption. The peak around 24000 cm−1 is
attributed to the Ti4+←Fe2+ CT transition [Nol80], which is caused by iron impurities.
The iron content was determined by LA-ICP-MS to < 5 ppm, similar results were
obtained from the optical absorption spectra. The obtained gaussian parameters from
all measured samples for these 4 absorptions are summarized in tab. 4.5:

Transition λ0[nm] ν0[cm−1] Γ[cm−1]
2B2g→2B1g 535 18700 11410
2B2g→2A1g 800 12500 5600
Ti4+←O2− 222 45100 8830
Ti4+←Fe2+ 392 25500 6080

Table 4.5: Average gaussian parameters for the contributing transitions

Even for small variations in the iron content (caused by the use of different raw
materials), the Ti4+←Fe2+ intensity changed for different samples (see fig. 4.10).
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Figure 4.10: Absorption curve of glasses melted under similar melting condi-
tions but with different content of iron impurities (xFe2+(42110) >
xFe2+(42452))
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4.2 Redox behavior

In tab. 4.6 the results for different melts with varying amount of Ti3+ are summarized.
The Ti3+ content was determined using the data from tab. 4.4 (A/xi = 2.44 · 105

cm−2/mol%).

Melt(Tm[°C],tk[min]) λ0[nm] ν0[cm−1] Γ[cm−1] α0 A[cm−2] xTi3+ χred

42452(1450,30) 555 18030 10730 1.36 1.55 · 104 0.06 0.14
42452(1500,30) 529 18900 10670 3.74 4.25 · 104 0.17 0.38
42452(1550,30) 531 18820 11040 6.70 7.87 · 104 0.32 0.71
42452(1600,30) 543 18410 11690 10.50 1.31 · 105 0.53 1.18
42110(1600,30) 525 19060 12520 10.22 1.36 · 105 0.56 1.23
43735(1450,75) 533 18760 9950 2.89 3.05 · 104 0.12 0.28
43735(1500,75) 524 19090 11610 5.95 7.35 · 104 0.30 0.67
43735(1600,75) 531 18820 10880 12.24 1.42 · 105 0.58 1.28
43735(1650,75) 570 17540 12670 17.17 2.32 · 105 0.95 2.09
average 535 18700 11410

Table 4.6: Average fit results of the main Ti3+ absorption peak (2B2g→2B1g) for the
investigated glasses with varying Ti3+ content (xTi3+ : mol% Ti3+), all
melts were of similar composition (wTiO2 = 28.885 %, xTiO2 = 45.23 %, %Ti

= 9.8 · 1027 m−3), α0 in cm−1, χred in % and xTi3+ in mol%

The average peak position ν0 is close to the value of [Pfe14], but the peak width Γ is
approximately twice as big. The obtained values also follow the expected temperature
behavior (see eq. (2.15) and fig. 2.8). The logarithm of the redox ratio is plotted in
dependence of the inverse temperature in fig. 4.11(a). The obtained value for ∆H

= -23.5 kJ/mol is approximately one order of magnitude smaller than the values
obtained by Schreiber et al. [SJT80a] (∆H = (-293± 105) kJ/mol) and Johnston [Joh65]
(∆H = -481 kJ/mol), but it has to be considered that they investigated different
glass systems and also in the here investigated system the redox equilibrium is not
reached due to the comparatively short keeping times (tk = 30 min). In fig. 4.11(b)
the consistency between both methods was examined. The measured intensities (IEPR

for EPR and AOPT for optical measurements) were normalized on the melt with the
highest amount of Ti3+ and it could be shown that both methods lead to similar results
(considering the error tolerance) for the relative change of the Ti3+ content with the
melting temperature Tm.

Additionally it was investigated how the ceramization process effects the amount
of Ti3+ in the glass-ceramic. A first hint is given by its optical appearance, as
the color of a dark Ti3+-rich glass changes to white after the ceramization process.
Unfortunately the glass-ceramic loses its optical transparency due to scattering on the
grain boundaries of the crystals and optical transmission methods can not be used
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Figure 4.11

anymore. In fig. 4.12 it can be seen that the amount of Ti3+ decreases strongly during
the ceramization process. For ceramization holding times of th = 50 h, no signal could
be detected anymore. Similar effects were found by [BB70].
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4.2 Redox behavior

Even though, the amount of Ti3+ significantly reduces during the ceramization. Even
small amounts seem to have severe effects on the dielectric properties and nucleation
behavior of the glass-ceramic. Therefore other ways to prevent Ti3+ formation had to
be investigated.

4.2.2 Prevention of Ti3+ by the use of oxidizing agents

In chapter 2.3.4 the effect of refining/oxidizing agents on the melting conditions was
explained. To prevent the Ti3+ formation various dopants have been investigated.
The first choice were the most commonly used refining agents for commercial glasses
Sb2O5 and As2O5. As2O5 was excluded from further investigations due to its high level
of toxicity, therefore Sb2O5 was investigated at first. The addition of already small
amounts (0.1 mol% Sb2O5) led to a reduction of the Ti3+ below the detection limit of
EPR and optical transmission methods (see fig. 4.13). The mutual redox interaction
between the Sb and Ti ions could not be investigated as antimony oxide itself has no
EPR active ions and the frequencies of the atomic transition lie in the UV range [EE03]
(Sb5+←O2−: ν > 50000 cm−1, Sb3+: ν1 = 46300 cm−1 (216 nm) and ν2 = 42900 cm−1

(233 nm)), which are hidden by the strong Ti4+←O2− transitions. Therefore it was not
possible to evaluate the redox state of the Sb ions via transmission measurements. One
possible method to determine the ratio of Sb3+/5+ would be Mössbauer spectroscopy
[SMMW88]. Unfortunately the partial substitution of Sb5+ on the Ti4+-site in the
crystalline phases of the ceramized samples was connected with the formation of Ti3+

and thereby an increase of the conductivity resp. tan(δ) in the GHz range (see chapter
2.7.1 and 4.4.2). Therefore Sb2O5 has to be considered as not suitable for the use in
titanate-based glass-ceramic systems. Further polyvalent resp. redox active oxides
have been tested (SnO2, MnO2, CeO2) but except for CeO2 led to a deterioration of the
glass quality. In the case of SnO2 the devitrification was very intense even for small
amounts of doping (< 0.1 mol%) as can be seen in fig. 4.13.

41679:
0.1 mol% SnO2

10 % Zr[Ti]

43722:
0.1 mol% Sb2O5

15 % Zr[Ti]

Figure 4.13: Left: strong devitrification induced by doping with 0.1 mol% SnO2,
right: clear Ti3+-free glass doped with 0.1 mol% Sb2O5 (the cracks on
the backside are caused by a non-optimized cooling procedure
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4.2.3 Ce3+/4+ as oxidizing agent

CeO2 is a weaker refining agent as Sb2O5 or As2O5 (see chapter 2.3), but does not lead
to a deterioration of the dielectric loss of the glass-ceramic like in the case of Sb2O5 (see
chapter 2.7.1 and 4.4.2). Due to very short spin-lattice relaxation times of rare earth
ions, the weak and comparatively broad Ce3+ EPR signals can only be detected at very
low temperatures (T < 10 K) [BQP74, Gan92]. The detection of Ce3+ in the investigated
glasses (which even would be more broadened due to the amorphous glass matrix)
at liquid nitrogen temperatures did not succeed as expected from literature data
[SRGN+03]. Therefore the only way to investigate the formation of Ce3+ was possible
by optical methods as described in chapter 3.8.2. The transmission curves T (ν) of a
Ce-free (39561) and a 2.0 mol% CeO2 (39563) containing glass are shown in fig. 4.14.
The weak, but comparatively sharp 4f-4f transition of Ce3+ can be seen at around 2140
cm−1. A CeO2 doping series is shown in fig. 4.15. It can be seen, that the absorption
can be detected for xCeO2 ≥ 0.5 mol% (≈ 0.7 wt% or %Ce ≈ 1026/m3).
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One example for the evaluation of an absorption curve of a 2.0 mol% CeO2 containing
glass is shown in fig. 4.16:
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The oscillator strength P is calculated from the integrated absorption intensity A and
the Ce3+ particle density %Ce3+ via eq. (3.13):

P =

(
1

πr0

)
1

%Ce3+

∫
peak

α(ν) dν︸ ︷︷ ︸
:=A

, (4.2)

whereby %Ce3+ = %Ce ·χred. The particle density %Ce was determined via %Ce =
wCeO2/MCeO2 · ρ (wCeO2 : CeO2 weight fraction, MCeO2 : atomic mass of CeO2 = 172.19
u and ρ: glass density ≈ 4.5 g/cm3 for all melts). The absorption cross section σabs

follows from:
σabs =

α0

%Ce3+

. (4.3)

The major error contribution for the determination of P and σabs is the unknown value
of χred. In fig. 4.17 the integrated absorption intensity A is plotted in dependence of
the melting temperature (Tm: 1450-1600 °C, tk: 30 min).
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Figure 4.17: Absorption intensity in dependence of the melting temperature Tm for
a 1.0 mol% CeO2-doped glass (43529)

It can be seen, that the intensity only slightly increases (≈ 18 %) over 150 °C of
temperature variation. Considering fig. 2.12, we can therefore assume that χred is
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4.2 Redox behavior

already in the high-temperature saturation zone and the majority of the Ce-ions is
present in the reduced state as Ce3+. All the glasses in tab. 4.7 are melted at Tm =
1600 °C, therefore we can make a realistic estimation of χred = 0.80 ± 0.20, assuming
a relative error of 25 % which also directly follows for P and σabs (neglecting all other
minor error contributions). In tab. 4.7 the results for different melts with varying
amount of doping are summarized.

Melt(xCeO2) %Ce[m−3] ν0[cm−1] Γ[cm−1] α0[cm−1] A P σabs[m2]
39562(0.5) 1.08 · 1026 2141 56.1 1.24 74 9.7 · 10−7 1.4 · 10−24

41498(0.5) 1.08 · 1026 2141 57.1 1.44 87 11 · 10−7 1.7 · 10−24

40932(1.0) 2.18 · 1026 2143 55.9 2.28 136 8.8 · 10−7 1.3 · 10−24

41418(1.0) 2.16 · 1026 2142 56.1 2.46 147 9.6 · 10−7 1.4 · 10−24

41760(1.0) 2.18 · 1026 2142 55.8 2.29 136 8.8 · 10−7 1.3 · 10−24

43529(1.0) 2.16 · 1026 2142 55.8 2.39 144 9.4 · 10−7 1.4 · 10−24

39563(2.0) 4.40 · 1026 2143 54.5 4.24 246 7.9 · 10−7 1.2 · 10−24

Table 4.7: Fit results of the investigated glasses with varying CeO2 content (xCeO2 :
mol% CeO2), all melts were melted under similar melting conditions (Tm:
1600 °C, tk: 30 min), A in cm−2

The average values of tab. 4.7 are given in tab. 4.8 (α0 normalized per mol% CeO2):

λ0[nm] ν0[cm−1] Γ[cm−1] α0/xCeO2 P σabs[m2]
4468 2142 55.9 2.38 (9.2 ± 2.3) · 10−7 (1.4 ± 0.3) · 10−24

Table 4.8: Average values for the 2F5/2-2F7/2 (4f-4f) transition of Ce3+ in La2O3-
TiO2-SiO2-B2O3 glass, α0/xCeO2 in cm−1/mol%

Due to the unknown oscillator strength of the Ce3+ 4f-4f transition, a quantitative
determination of the Ce3+ content was not possible. From the estimation of χred, we
can calculate P to (9.2 ± 2.3) · 10−7. This value seems to be reasonable and also is
consistent with the values given by Paul [Pau82] for a spin-forbidden and Laporte-
forbidden transition (see tab. 3.2). An attempt to measure the transmission curve
of CeF3-doped KBr pellets to determine the oscillator strength of the transition, did
not succeed due to the insufficient transparency of the samples. Also the additional
splitting into 4 absorptions peaks would make the evaluation more difficult (see fig.
3.11(a)). It could be shown that the dominant part of the Ce-ions releases oxygen
during the melting process (leading to a more oxidizing atmosphere in comparison
to a melt without CeO2) and therefore will be in the reduced state at the melting
temperature. A minor amount of Ce4+ is still available at higher temperatures which
is then able to reoxidize Ti3+ ions during the cooling process via eq. (2.25):
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Ti3+ + Ce4+ −→ Ti4+ + Ce3+ . (4.4)

In fig. 4.18 the influence of Ce-doping on the formation of Ti3+ is shown. It can be
seen, that for amounts of xCeO2 ≥ 0.1 mol% no Ti3+ is detected anymore.
It could be shown in this chapter that doping with a sufficient amount of CeO2 totally
prevents, the formation of Ti3+. Similar results were obtained by [Pau76] with similar
methods (EPR and optical transmission) even under strongly reducing conditions
(e.g. addition of carbon as reducing agent). From eq. (4.4) it would be expected
that the CeO2 content has to be at least of the same amount as the Ti3+ content
to achieve a complete prevention of Ti3+. For a melt of similar conditions as the
glasses investigated in the CeO2-doping series, an amount of xTi3+ ≈ 0.5 mol% was
determined, which is 5 times more than the used amount of CeO2. This means that
the real Ti3+ content is probably lower than the one determined via [Pfe14].
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Figure 4.18: Influence of Ce-doping on the formation of Ti3+ investigated via EPR
(top) and optical transmission (bottom) measurements (glasses melted
under similar melting conditions)
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Color change due to the presence of Ce3+

It is known, that the simultaneous presence of Ti and Ce ions produces greater color-
ing intensities than those caused by each ion individually [SDN91]. This is generally
explained by the formation of a Ce3+-Ti4+-complex [KUCS03, Pau76] causing a wide
color range from deep yellow to amber (see fig. 4.20). The broad Ti4+←Ce3+ CT
band at around 30000 cm−1 (345 nm) extends even more in the visible region [Pau76]
as the oxygen-cation CT bands (Ti4+←O2− CT (200 nm) [EE03, WT98], Ce4+←O2−

(240 nm) and Ce3+←O2− (300-320 nm) [Str61, BALGG10, Gan92]) which normally
determine the UV edge and individually only would cause a yellowish hue for high
concentrations [SDN91].

Figure 4.19: Doping series shown by 1 cm3 glass cubes: A: 0.1 mol% Sb2O5 (43722),
B: 0.1 mol% CeO2 (43530), C: 1.0 mol% CeO2 (42014), D: colorless pure
SiO2 glass, E: low amount of Ti3+ (42452, melted at 1450 ◦C), F: high
amount of Ti3+ (42452, melted at 1600 ◦C)

The glass investigated in this work which contains a quite large amount of TiO2 shows
a color shifts from yellow to red with increasing Ce content (see B/C in fig. 4.19), as
due to the high amount of TiO2 the intensity of the Ce3+←Ti4+ CT complex only
depends on the CeO2 resp. Ce3+ concentration. Similar complexes like the Ce3+←Fe3+

CT complex [SJT80a, SJT80b] are also well known.
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4.2 Redox behavior

Ce3+

(320 nm)

Ce4+

(240 nm)

Figure 4.20: Top: optical absorption of 1: pure CeO2-doped glass, 5: pure TiO2-
doped glass, 2: glass containg CeO2 and TiO2 [Pau76], bottom: CT Ab-
sorptions of Ce3+ and Ce4+ in 0.06 mol% CeO2-doped 75SiO2-25Na2O
glass (modified from [Str61])
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4.3 Nucleation and ceramization

In this chapter the influence of the different glass defect structures (surface and bulk
devitrification, dissolved Pt particles, formation of Ti3+, glass-glass phase separa-
tion) on the nucleation/crystallization behavior of the investigated glass-ceramics
is discussed. In case of optimal melting conditions (standard melting conditions:
temperature Tm = 1600 ◦C and keeping time tk = 30 min) the bulk of the glass is
completely amorphous and no crystallization/devitrification inside the glass was
detected by SEM/TEM investigations. In fig. 4.21 a TEM image of the bulk glass
is shown, including the associated diffraction pattern indicating a completely amor-
phous material structure (typical diffraction rings).

hole
Diffraction
pattern

50 nm
Figure 4.21: TEM image of the bulk of glass 42014, including typical amorphous

diffraction pattern

4.3.1 Surface devitrification

In chapter 4.1 the problem of surface devitrification was discussed (see fig. 4.2) and
it could be shown that doping with ZrO2 reduced the devitrification tendency. In fig.
4.22 an optical microscope image of the surface crystals is shown, the crystals were
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4.3 Nucleation and ceramization

identified as La2Ti2SiO9 by SEM/EDX. This result also indicates that doping by ZrO2

destabilizes the formation of La2Ti2SiO9.

20 µm 20 µm

Figure 4.22: Top: optical microscope image of the surface crystals on sample 39561,
bottom: SEM magnification of the crystals
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4.3.2 Bulk devitrification due to unmelted raw material

Glasses which were melted at comparatively low temperatures (Tm < 1500 ◦C) showed
striae of small crystals inside the bulk (see fig. 4.23). The formation of these crystals is
probably caused by unmelted raw materials which provide nuclei for crystal growth
already during the casting/cooling process.

Figure 4.23: Optical microscope images of bulk glass devitrification (left: magnifica-
tion of crystals, right: crystal striae inside the bulk)

4.3.3 Nucleation by dissolved Pt particles

In [Bra11] the investigations concerning the dominant nucleation mechanisms could
not be completed entirely but a nucleation by dissolved Pt particles caused by
corrosion of the crucible material was assumed. It is known that the increase of
melting time tk, temperature Tm and also the degree of reduction of the melting
conditions favors Pt corrosion. Reducing atmosphere leads to a higher amount of
raw material ions in the metallic state and thereby to a higher degree of alloying with
the Pt crucible. This alloying process is associated with a reduction of the melting
temperature of the Pt-crucible material and thereby leads to a faster corrosion process.
Another contribution is simply given by mechanical abrasion of the crucible material
by the liquid glass melt. Under the standard melting conditions the number density
of Pt particles inside the glass is so small that no isolated particles were detected by
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4.3 Nucleation and ceramization

SEM investigations. Even though due to their role as nucleation agents, Pt could be
detected in the center of dendritic crystals inside glass-ceramic samples (see lower
picture in fig. 4.24 and fig. 4.29). For glasses with increased Pt corrosion tendency
due to increased Tm, tk and no use of oxidizing agents, isolated Pt particles also
could be found in the basic glass, proving that no crystallization occurred during
the casting/cooling process. The size of the found particles varied between approx-
imately 50-500 nm. First SEM investigations with the use of a basic glass (36436) of
[Bra11] showed that Pt particles in principle nucleate both main crystalline phases
La4Ti9O24 and La2Ti2SiO9 (upper picture in fig. 4.25), but dominantly the La4Ti9O24

phase is nucleated by Pt (lower picture in fig. 4.25). This is especially of interest as
the knowledge about the nucleation mechanisms can be used to favor respectively
suppress the crystallization of selected phases during the ceramization process and
thereby achieve a lower number of present phases inside the glass-ceramic.
To investigate the relevance of different nucleation contributions a melting series of a
1.0 mol% CeO2-doped glass with varying melting temperature has been made. The
glass 43529 was melted at 1450 ◦C for a keeping time of 30 min, then one glass bar
was casted and the crucible was put back in the oven and heated up to 1500 ◦C
where it was kept another 30 min and then the next bar was casted. According to this
procedure 4 samples melted at different temperatures (1450, 1500, 1550, 1600 ◦C) were
made and their nucleation behavior was investigated. The samples were ceramized
at different temperatures Tcer between 850-950 ◦C and ceramization times tcer. All
samples contained no detectable amount of Ti3+, therefore the nucleation was dom-
inantly caused by dissolved Pt particles and by surface nucleation. Crystal growth
caused by surface nucleation can be seen as thin bright layer growing towards the
inside of the bulk (see fig. 4.26), whereby the Pt-nucleated crystals appear as spherical
respectively circular bright spots inside the glass. It is obvious that the number of Pt

particles strongly increases with the melting temperature. 43529-1500 shows almost
no crystallization inside the bulk due to the lack of dissolved Pt, whereby 43529-1600
is nearly completely crystallized already at low ceramization temperatures. Normally
it would be expected that 43529-1450 even shows the smallest amount of bulk crys-
tallization due to the lowest Pt content. In the case of 43529-1450 the crystallization
is probably caused by unmelted raw materials due to the low melting temperature as
shown in fig. 4.23 above. The amount of surface crystallization is independent of the
melting temperature as expected and starts to contribute dominantly for ceramization
temperatures above 920 ◦C and for ceramization times above 20 h (at 950 ◦C) the
crystallization front reached to the center of the sample. The analysis of the different
crystalline phases will be discussed in chapter 4.4.
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500 nm

Pt Pt

Pt

130 nm

2 µm

Figure 4.24: Top: glass 44685-1650 melted at Tm = 1650 ◦C and keeping time tk = 75
min without oxidizing agents, bottom: glass-ceramic of basic glass from
[Bra11] ceramized at 870 ◦C showing a Pt-nucleated La4Ti9O24 crystal
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5 µm

L2

L4

Pt nucleus

10 µm

Pt stria

L2

L4

Figure 4.25: Top: La4Ti9O24 (L4) and La2Ti2SiO9 (L2) crystal (both nucleated by Pt
particle), bottom: Pt-striae containing a comparatively large number
density of Pt particles with mainly nucleated La4Ti9O24 crystals
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850°C / 80h

890°C / 20h

920°C / 10h

950°C / 5h

950°C / 10h

950°C / 20h

1450°C 1500°C 1550°C 1600°C

Pt

Pt

Pt

Figure 4.26: Ceramization series 43529DEH showing the influence of the different
nucleation mechanism contributions and their dominant temperature
ranges (left: Tcer/tcer, top: Tm; Pt nucleation shown in yellow)

Similar Pt-nucleated samples as shown in fig. 4.26 were further investigated by SEM.
In fig. 4.27 a sample ceramized at low Tcer and short tcer (42014DEH388: Tcer = 840 ◦C,
tcer = 10 h) shows the onset of crystallization during which isolated crystal clusters are
growing distributed randomly in the bulk. Fig. 4.28 and 4.29 show a fully crystallized
sample (42014DEH373: Tcer = 870 ◦C, tcer = 50 h) in which the crystal growth fronts
of different clusters already met each other. Further ceramization series also showed
that crystallization processes either by surface or Pt nucleation are observed for Tcer

> 820 ◦C, but only temperatures above 850 ◦C were sufficient to fully crystallize the
glasses in relevant time scales (tcer < 100 h). At Tcer < 900 ◦C surface crystallization is
spatially restricted to a small layer close to the surface.
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4.3 Nucleation and ceramization

10 µm

Figure 4.27: SEM image showing the onset of crystallization for a dominantly Pt-
nucleated glass (42014DEH388: Tcer = 840 ◦C, tcer = 10 h), remark: the
rectangular area in the center was damaged by the electron beam

1 mm

Figure 4.28: Optical image of a fully crystallized Pt-nucleated glass (42014DEH373:
Tcer = 870 ◦C, tcer = 50 h)
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50 µm

2 µm

Figure 4.29: Top: SEM magnification of 42014DEH373 (fig. 4.28) showing a dendritic
crystal growth induced by Pt, bottom: Pt particle as nucleus in the
center of the crystal
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4.3 Nucleation and ceramization

4.3.4 Ti3+-induced nucleation

Glasses which were melted without the use of oxidizing agents showed a partial
reduction of the containing Ti4+ to Ti3+ as discussed in chapter 4.2. The presence
of Ti3+ in the glass led to an additional nucleation mechanism as the ones already
described above. The catalytic effect of Ti3+ on the nucleation was already described
in chapter 2.2. Similar results were also found by Boehm et al. [BB70]. In fig. 4.30 the
ceramized glass 43531 melted under standard melting conditions (43531DEH379: Tcer

= 850 ◦C, tcer = 10 h) is shown. The glass is homogeneously crystallized everywhere
except in the region which was facing the air inside in the steel mold when the glass
was casted. This surface cooled slower and therefore enabled a partial reoxidation in a
thin layer close to the surface. This region stayed amorphous during the ceramization
process due to the lack of Ti3+. In fig. 4.31 it can be seen that the main crystal phase
is La2Ti2SiO9 and the darker regions at the boundary region of the crystallites is
amorphous SiO2. It is generally the case that any impurities are swept to the grain
boundaries by diffusion [ABW+01]. In this case the residual glass phase is depleted
in TiO2 after the ceramization of the main phase and therefore LaBO3 and amorphous
SiO2 is found in the regions between the crystallites.

homogeneous Ti3+ nucleation zone

Ti3+ depletion
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Ti
3

+ 
d

e
p

le
ti

o
n

200 µm

1 mm

Figure 4.30: Optical image of 43531DEH379 showing a homogeneously crystallized
glass due to the presence of Ti3+; remark: the black spot in the SEM
image is a sample marker
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5 µm

500 nm

1
2

Figure 4.31: Magnification of the microstructure in the Ti3+-nucleated zone of fig.
4.30 (1: La2Ti2SiO9, 2: amorphous SiO2)
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4.3.5 Glass-glass phase separation

The formation of amorphous SiO2 was also found outside the crystallized regions and
could be induced in glasses by heating to temperatures slightly above Tg (see upper
picture in fig. 4.32). The formation of the amorphous SiO2 regions can be understood
as a glass-glass phase separation which can already occur during the cooling of the
glass in case of high cooling temperatures and slow cooling rates. Similar glass-
glass phase separation into a SiO2-rich and TiO2-rich phase was also found in TiO2-
containing Na2O-TiO2-SiO2 glass systems by Bayer et al. [BFHS66] and are considered
as preliminary stage before the onset of crystallization. These SiO2 regions caused
by phase separation (labeled as PS1 in fig. 4.32 and 4.33) can be distinguished from
the ones formed at the boundary of the main crystalline phases (see fig. 4.33, labeled
1A and 1B) by their difference in size and in case of 1A also by their shape. XRD
measurements and diffraction analysis by TEM showed that all the SiO2 regions are
not crystalline. In fig. 4.33 it can be seen that the PS1-regions do not interfere with the
crystallization process and therefore can be considered as irrelevant for the nucleation
process. Even though their formation reveals that before the start of the actual
crystallization, the SiO2 separates from the crystal forming oxides (Ti(Zr)O2, La2O3)
and thereby initiates the first step of the crystallization process. The 1A/1B-SiO2

regions are formed during the crystallization of the main phases on their boundaries
due to the depletion of the crystal forming oxides mentioned above. In fig. 4.34 this
depletion process was shown by a TEM/EDX line scan over one of the dendritic
structures (labeled with 3 in fig. 4.33).
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5 µm
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PS1
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50 µm

PS1

Pt nucleation

Figure 4.32: Top: glass-glass phase separation inside the glass 44685-1650 after heat-
ing below onset of crystallization (44685-1650DEH393: Tcer = 815 ◦C, tcer
= 10 h, Tg = 770 ◦C), bottom: Pt-nucleated crystal after ceramization at
Tcer = 850 ◦C inside a phase separated glass
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Figure 4.33: Magnification of fig. 4.32 (PS1,1A,1B: amorphous SiO2, 2: La2Ti2SiO9, 3:
La4Ti9O24)
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500 nm

hole

1A

Figure 4.34: Dark field TEM/EDX line scan over one of the dendritic structures (see
label 3 in fig. 4.33)
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4.4 Selected melts

In this chapter the most relevant compositions are shown (see fig. 4.55). First the Ti3+

containing glasses are mentioned (42110, 42452, 43735; all 5.0 mol% ZrO2 to prevent
surface devitrification) and the influence of the Ti3+ formation on the dielectric
properties will be discussed (error estimation given in chapter 3.9). Then the results of
the oxidizing agent containing Ti3+-free glasses will be summarized (43722: 0.1 mol%
Sb2O5 and 7.5 mol% ZrO2, 41760/42014/42732: all 1.0 mol% CeO2 and 5.0/7.5/10.0
mol% ZrO2). The standard ceramization program is given by tab. 4.9:

R1 Z1 H1 R2 Z2 H2 R3 Z3 H3 R4 Z4
200 Tcer tcer 40 750 0 20 550 0 40 20

Table 4.9: Standard ceramization program (abbr.: R: Rate [K/h], Z: holding temper-
ature [◦C], H: holding time [h])

Variations of the heating rate (R1) did not lead to any significant change in the crystal-
lization behavior, as well as additional nucleation steps before the actual ceramization
at Tcer (see fig. 2.3(b)). This is consistent with the results from the previous chapter as
surface, Pt and Ti3+ nuclei are already present in the glass.

4.4.1 Ti3+ containing glasses (42110, 42452, 43735)

The glass-ceramic samples ceramized from Ti3+ containing glasses showed very
similar dielectric properties over a broad ceramization temperature range (see fig.
4.35). For fully crystallized samples and Tcer between 850 to 950 ◦C the permittivity
was around 27.5 in combination with a low Qf value of < 2000 GHz, even lower
than the basic glass before the ceramization. XRD measurements showed that the
samples all contain similar crystalline phases La2Ti2SiO9 as main phase (relative
content ≈ 65 wt%) and LaBO3 (≈ 25 wt%) and TiO2 (≈ 10 wt%) as minor phases.
The comparatively large εr value is due to the presence of TiO2. The results of the
ceramization series 42110DEH are shown in tab. 4.10. The La4Ti9O24 phase was only
found in traces and the XRD intensities were too low for a Rietveld analysis. It seems
that only La2Ti2SiO9 is nucleated by Ti3+ and therefore the formation of La4Ti9O24

is suppressed in Ti3+ containing glasses, even at low ceramization temperatures (850
to 900 ◦C) where La4Ti9O24 is normally present as major phase in the investigated
systems. For ceramization temperatures Tcer > 1000 ◦C the Qf value even decreased
further, probably due to the formation of LaBSiO5. This high temperature behav-
ior was also observed in the other investigated systems. Regarding the measured
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dielectric properties of the ceramized samples, the low Qf value is not obvious on
first sight, as all 3 present crystalline phases have high Qf values (see tab. 2.5). One
hypothesis, that the Ti3+ leads to an increased conductivity (see chapter 2.7.1) and
thereby associated higher dielectric losses in the GHz region, could be disproved
(see conductivity measurement in chapter 4.5.1). The most probable reason for the
increased loss seems to be that the incorporation of the coupled V••O -Ti3+ pair in the
crystal lattice leads to an increased phonon damping/anharmonicity resulting in a
higher dielectric loss after the model of Sparks (see fig. 2.23). Iddles et al. [IBM92]
investigated the incorporation of different charged dopant ions on the Ti-site in low-
loss sintered ceramics and came to the conclusion that the oxygen vacancy itself leads
to the dominant decrease of Qf (see eq. (2.80)-(2.81) and also [FA08]). It also has to
be mentioned that the Ti3+ content decreases during the ceramization process due to
reoxidation far below the amount present in the glass (see fig. 4.12) and still a severe
Qf deterioration is found. Even though these observations are consistent with results
from other authors working on reduced titanate-based sintered ceramics indicating
that already smallest amounts of Ti3+ can have a large influence on the dielectric loss
(Templeton et al. [TWP+00] and Negas et al. [NYB+93], see end of chapter 2.7.2).
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Figure 4.35: Dielectric properties of the ceramized samples 42110DEH (see tab. 4.10)
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DEH(Tcer/tcer) εr Qf [GHz] f [GHz] L4 L2 TiO2 LB LBS
glass 20.4 1960 10.57
357(860◦C/50h) 27.1 1590 9.30
260(880◦C/20h) 27.8 1640 9.07 min 66.8 8.1 25.1
261(900◦C/20h) 27.0 1930 9.24 min 64.9 11.2 23.9
310(920◦C/20h) 27.2 1990 9.12 min 66.4 9.2 24.4
257(950◦C/5h) 27.0 1550 9.25 67.2 10.5 22.3
258(1000◦C/5h) 27.9 1250 9.05 60.3 11.4 15.9 12.4
259(1050◦C/5h) 27.6 1260 9.13
Table 4.10: Dielectric properties of the ceramized samples of 42110DEH

(L4/L2/TiO2/LB/LBS: relative percentage of the crystalline phases
La4Ti9O24/La2Ti2SiO9/TiO2/LaBO3/LaBSiO5 in wt% determined by
Rietveld XRD analysis, min: minor amounts too low for evaluation)
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Figure 4.36: XRD diffractograms of the ceramized samples of 42110DEH (see tab.
4.10)

A melting series (42452) of 4 samples melted at different temperatures 1450, 1500,
1550, 1600 ◦C for a keeping time of 30 min (similar to 43529 described in chapter
4.3.3) has been made to investigate the influence of different amounts of Ti3+ on the
dielectric properties and formed crystalline phases. In contrast to 43529 the glass
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42452 does not contain any oxidizing agents and therefore a melting temperature
dependent partial reduction of Ti4+ to Ti3+ takes place (see fig. 4.10). The 3 samples
melted at 1450, 1500, 1550 ◦C show similar Ti3+-based crystallization behavior and
dielectric properties as the above presented 42110DEH ceramization series as can be
seen in tab. 4.11 and fig. 4.37. It can be seen that the Qf value is not decreased below
1500 GHz which could be explained by assuming that the dominant La2Ti2SiO9 phase
only can incorporate a limited amount of V••O -Ti3+ defect pairs.

Tm[◦C] εr Qf [GHz] τf [ppm/K] L4 L2 TiO2 LB
1450 26.9 1630 80 min 63.5 14.4 22.1
1500 26.8 1690
1550 27.0 1600 0 65.3 12.7 22.0
1600 21.5 9710 16 55.2 24.0 0 20.8

Table 4.11: Dielectric properties of the ceramized samples of 42452 for differ-
ent melting temperatures Tm (DEH325-328: Tcer = 900 ◦C, tcer = 20
h). L4/L2/TiO2/LB: relative percentage of the crystalline phases
La4Ti9O24/La2Ti2SiO9/TiO2/LaBO3 in wt%
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Figure 4.37: XRD diffractograms of the ceramized samples 42452DEH325-328 (see
tab. 4.11)
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The melt with the highest melting temperature shows a totally different crystalliza-
tion behavior and is able to form La4Ti9O24 as main phase in combination with an
approximately 6 times larger Qf value than the 3 other samples, even despite its
high amount of Ti3+ (highest of all 4 samples). On first sight this result is surprising,
but can be understood by evaluation of the microscopic structure (see fig. 4.38-4.40).
Due to the high melting temperature the Pt content reaches such a high level that
the Pt nucleation becomes dominant over the Ti3+ nucleation and therefore the
crystallization of La2Ti2SiO9 is significantly reduced. Additionally it is concluded
that the high Qf value of La4Ti9O24 is not affected by the presence of Ti3+. The glass
43735 was melted similar to 42452 with 4 different temperatures 1450, 1500, 1600, 1650
◦C whereby the latter two showed a dominant Pt nucleation. With increasing Tcer the
La4Ti9O24 becomes less stable and the La2Ti2SiO9 becomes dominant leading to an
increase in the dielectric loss, as can be seen in fig. 4.41.

1 mm

Ti3+ nucleation

Pt nucleation

Figure 4.38: Optical microscope image of 42452-1600DEH328 showing two differ-
ent crystallization areas: isotropic Ti3+-nucleated and dendritic crystal
growth caused by Pt nucleation
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Figure 4.39: SEM magnification of fig. 4.38
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Figure 4.40: Magnification of the Pt nucleation zone (top) and the Ti3+ nucleation
zone (bottom), A: La4Ti9O24, B: La2Ti2SiO9, C: SiO2, D: LaBO3, E: TiO2
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Figure 4.41: Difference in the dielectric properties of the ceramized samples of
43735DEH due to the different nucleation/crystallization behavior

The oxides which are not incorporated in the main crystalline phases (B2O3 and
remaining SiO2 and La2O3 are swept to the grain boundaries by diffusion and form
minor phases like amorphous SiO2 or crystalline LaBO3 as can be seen in fig. 4.40.
Sample 42110DEH257 has been used to estimate the absolute amount of residual glass
phase (APC) inside the ceramized glass-ceramic. Therefore the sample is mixed at a
1:1 ratio (wt%) with a reference standard and then the relative difference between
reference (REF) and sum of all crystalline phases (CPC) is determined via Rietveld
analysis. APC can then be determined by APC + CPC + REF = 100 % (for known
CPC/REF and REF = 50 %). The results for different reference materials are shown
in tab. 4.12. The amount of crystalline phase is probably underestimated and for
different reference materials the values also differ quite much. A reason could be the
large difference in the average mass number and therefore X-ray absorption coefficient
of the sample and the reference standard.

Ref. st. CaF2 ZnO SnO2

CPC[wt%] 32.6 33.6 52.8
Table 4.12: CPC: crystal phase content, ref. st.: reference standard for Rietveld

determination of the amorphous phase content of the glass-ceramic

148



4.4 Selected melts

4.4.2 Doping with 0.1 mol% Sb2O5 and 7.5 mol% ZrO2 (43722)

In chapter 4.2 it has been shown that Sb doping is suitable to prevent the Ti3+

formation in the glass. Unfortunately Sb5+-ions are able to substitute for Ti4+ in
the crystalline phases due to their similar ionic radius which is associated with the
formation of Ti3+ due to the necessity of charge compensation (see chapter 2.7.1).
Additionally the Ti3+ formed due to Sb5+ is not coupled to an oxygen vacancy, so
that a reoxidation during the ceramization does not occur. In fig. 4.42 the increase of
Ti3+ can be seen by EPR analysis. The Ti3+-free glass (43722) shows no EPR signal,
whereby the signal intensity strongly increases during the ceramization process. A
prove that the Ti3+ is dominantly present in the crystalline phase is given by the fact
that the shape of the signal is less broadened (similar to the Ti2O3 signal, see fig. 4.7)
and its g value of 1.967 is representative for a crystalline environment (gTi2O3 = 1.966).
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Figure 4.42: EPR measurement of glass 43722 (doped with 0.1 mol% Sb2O5) before
and after ceramization, showing a less broad EPR peak in comparison
to the investigated amorphous systems and also a shifted g value (1.967)

The glass 43722 was ceramized at different temperatures (see tab. 4.13) and all glass-
ceramic samples showed comparatively high dielectric loss values. In some case theQ
values were below the detection limit of the Hakki-Coleman setup (tan(δ) & 2 · 10−2).
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DEH(Tcer/tcer) εr Qf [GHz] f [GHz]
glass 20.4 1790 10.58
357(860◦C/50h) 21.5 1300 10.44
361(870◦C/50h) 21.4 1570 10.36
366(900◦C/15h) < 500
363(920◦C/10h) < 500
376(940◦C/5h) < 500

Table 4.13: Dielectric properties of the ceramized samples of 43722DEH

In contrast to the investigated glasses in the chapter above, the high Ti3+ content in
the crystal leads to a significant increase of the conductivity (see fig. 4.43) and thereby
also becomes the dominant dielectric loss contribution in the GHz range. Additionally
no oxygen vacancies are coupled with the Ti3+ ions, so that the loss contribution due
to increased phonon damping should be less severe. In fig. 4.43 a comparison of the
conductivity of 43722 before and after ceramization is shown.
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Figure 4.43: Room temperature conductivity measurement of a Sb-doped glass
(43722: 0.1 mol% Sb2O5) before and after ceramization (see fig. 2.21),
showing a huge increase in conductivity due to the incorporation of
Sb5+ on the crystal lattice and the associated formation of Ti3+
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The conductivities of glass and glass-ceramic follow the Jonscher model (see eq.
(2.63)). The glass-ceramic (43722DEH366) shows a much larger DC contribution
which is characteristic for small polaron hopping processes as in the case of polyvalent
ion containing glasses (see fig. 2.20(b)). The room temperature conductivity was fitted
according to eq. (2.63) (σDC = 3.85 · 10−4 S/cm, σ0 = 6.5 · 10−6 S/cm Hz−s, s = 0.33) and
the conductivity extrapolated to the GHz region leading to σex = 1.2 · 10−2 S/cm resp.
tan(δ)ex = 9.7 · 10−2 at f = 10 GHz (calculated via eq. (2.32), estimated εr = 22). The
extrapolated values are consistent with the loss measurements in the GHz range and
also indicate that the conductivity caused by Ti3+ gives the dominant contribution to
the tan(δ) in the microwave frequency range.
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Figure 4.44: Frequency dependent conductivity for different temperatures of the
Ti3+ containing glass-ceramic (43722DEH366)

In tab. 4.14 a comparison is shown between the dielectric properties of two glass-
ceramics from the same basic glass which were ceramized by the same ceramization
program (Tcer = 870 ◦C, tcer = 50 h) but contain different oxidizing agents (43722:
0.1 mol% Sb2O5 and 42014: 1.0 mol% CeO2). The Qf value of the equivalent CeO2

containing glass-ceramic 42014DEH373 is approximately 6 times higher.
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Sample(Tcer/tcer) Dopant εr Qf [GHz]
43722DEH361(870◦C/50h) 0.1 mol% Sb2O5 21.4 1570
42014DEH373(870◦C/50h) 1.0 mol% CeO2 21.4 9170

Table 4.14: Comparison between two glass-ceramics from the same basic glass and
same ceramization program containing different dopants

The crystalline phases in 43722DEH366 were analyzed by XRD/SEM (see fig. 4.45)
and were shown to be similar to 42014DEH373 (the identification of the phases of the
XRD diffractogram will be done in chapter 4.4.4).

2000

3000

4000

5000

6000

7000

8000

25 25.5 26 26.5 27 27.5 28 28.5 29 29.5

In
t[a

rb
.)u

ni
ts

]

2θ[°]

43722DEH361e870°C/50h):)0.1)mol%)Sb2O5
42014DEH373e870°C/50h):)1.0)mol%)CeO2La2Ti2SiO9(L2)

La4Ti9O24(L4)
LaBO3(LB)
TiO2
LaBSiO5(LBS)

P1

P3A

111

P3B

?

Figure 4.45: Comparison of the XRD diffractograms of the samples of 43722DEH373
and 42014DEH373 (both: Tcer = 870 ◦C and tcer = 50 h)

In conclusion, it can be stated that Sb2O5 is not suitable as oxidizing agent for low-
loss titanate-based glass-ceramic systems. Despite its ability to prevent the formation
of Ti3+ in the glass, it leads to a severe increase of the dielectric loss respectively
conductivity when its substituted on the Ti-site of the crystalline phases inside the
glass-ceramic during the ceramization process.
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4.4.3 Doping with 1.0 mol% CeO2 and 5.0 mol% ZrO2 (41760)

To prevent the formation of Ti3+ and its negative influence on the Qf value of the
glass-ceramic, an alternative oxidizing agent (CeO2) was used (see chapter 4.2). The
composition of 42110 was modified and 1.0 mol% of the present LaO1.5 was replaced
by CeO2, as in the glass dominantly Ce3+ is present which has a similar ionic radius
and chemical behavior as La3+. No increase in conductivity due to CeO2 doping has
been observed in contrast to the use of Sb2O5 (see explanation in chapter 2.7.1).

DEH(Tcer/tcer) εr Qf [GHz] τf [ppm/K] f [GHz]
glass 20.4 1840 -79 10.57
227(860◦C/100h) 23.5 3670 33 9.63
228(870◦C/100h) 23.3 3860 9.64
244(880◦C/20h) 23.3 3800 9.94
231(890◦C/10h) 23.1 3900 38 9.67
292(900◦C/10h) 23.3 3880 9.91
236(910◦C/5h) 23.4 3840 9.91
331(920◦C/10h) 23.8 4430 58 9.77
237(930◦C/5h) 25.0 3790 9.58
238(950◦C/5h) 26.3 3700 9.37
239(980◦C/5h) 27.9 2180 9.09
251(1000◦C/5h) 27.2 1770 9.19
241(1020◦C/5h) 27.9 1230 9.12
253(1050◦C/5h) 27.8 1270 9.06
254(1100◦C/5h) 28.2 1300 9.02

Table 4.15: Dielectric properties of the ceramized samples of 41760DEH

In tab. 4.15 and fig. 4.47 the results of the dielectric characterization of the ceramiza-
tion series 41760DEH are summarized. Fig. 4.48 shows the XRD diffractograms of
the samples. Due to the appearance of at least two unknown phases (labeled as P1
and P3A/P3B) a Rietveld analysis with sufficient accuracy was not possible anymore
which makes it impossible to predict relative changes of the phases. Therefore the
intensity values of the characteristic XRD main peaks of the present phases were used
to describe the temperature behavior during the ceramization process (see tab. 4.16).
In fig. 4.46 the normalized values of tab. 4.16 are summarized. At low ceramization
temperatures Tcer = 860-910 ◦C the dielectric properties are dominated by the presence
of La4Ti9O24 and La2Ti2SiO9 as major phases and a minor amount of LaBO3 which
is present over the complete temperature range up to Tcer = 1000 ◦C. The presence
of both main phases results in a permittivity value of around 23.5 with a Qf value
around 4000 GHz and τf around 35 ppm/K, which already is an improvement to the
Ti3+ containing system but is still slightly below the requirements for Qf (Qf > 5000
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GHz) and τf (τf < 20 ppm/K). For Tcer > 920 ◦C εr and τf start to increase due to
the formation of TiO2 and the La4Ti9O24 phase starts to destabilize accompanied by a
decrease in Qf while La2Ti2SiO9 increases, similar to fig. 4.41. At temperatures above
Tcer > 980 ◦C the formation of LaBSiO5 begins probably as LaBO3 + SiO2 → LaBSiO5,
leading to a further reduction of Qf . The unknown phases P1/P3 will be discussed in
the following chapters as they are present only in minor amounts in 41760DEH.

DEH(Tcer/tcer) L4 L2 TiO2 LB LBS P1
227(860◦C/100h) 3250 3400 0 2500 0 2000
231(890◦C/10h) 3300 3600 0 2700 0 1500
292(900◦C/10h) 3300 3700 0 4000 0 800
331(920◦C/10h) 3150 3700 500 4300 0 0
238(950◦C/5h) 1700 4900 1600 4100 0 0
239(980◦C/5h) 800 4900 2300 4000 0 0
251(1000◦C/5h) 0 6500 2500 4300 800 0
253(1050◦C/5h) 0 7100 2800 1700 2700 0
254(1100◦C/5h) 0 7100 3600 1400 4100 0
2Θ(peak) 27.17 29.14 27.45 25.49 26.13 26.92
hkl(peak) 440 3̄12 110 111 110

Table 4.16: 41760DEH XRD main peak intensities in dependence of Tcer (abbrevia-
tions analog to tab. 4.10)
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Figure 4.46: Illustration of tab. 4.16 (the intensity values are normalized on the
highest intensity for every phase)
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Figure 4.47: Dielectric properties of the ceramized samples 41760DEH according to
tab. 4.15 (top: εr and Qf , bottom: εr and τf )

155



4 Results

2000

3000

4000

5000

6000

7000

8000

25 25.5 26 26.5 27 27.5 28 28.5 29 29.5

In
t[a

rb
.)u

ni
ts

]

2θ[°]

41760DEH227(860°C/100h)
41760DEH231(890°C/10h)
41760DEH292(900°C/10h)
41760DEH331(920°C/10h)

41760DEH238(950°C/5h)

112

311312

110

440

111 120404

224

233

P1

P3A

La2Ti2SiO9(L2)
La4Ti9O24(L4)
LaBO3(LB)
TiO2
LaBSiO5(LBS)

2000

3000

4000

5000

6000

7000

8000

9000

25 25.5 26 26.5 27 27.5 28 28.5 29 29.5

In
t[a

rb
.)u

ni
ts

]

2θ[°]

41760DEH238(950°C/5h)

112

311312

110

440

111

120
404

233
P1

P3A

110

224

41760DEH239(980°C/5h)
41760DEH251(1000°C/5h)
41760DEH253(1050°C/5h)
41760DEH254(1100°C/5h)

La2Ti2SiO9(L2)
La4Ti9O24(L4)
LaBO3(LB)
TiO2
LaBSiO5(LBS)

Figure 4.48: XRD diffractograms of the ceramized samples 41760DEH (top: Tcer: 860-
950 ◦C, bottom: Tcer: 950-1100 ◦C)
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In conclusion it has to be stated that 41760DEH showed improved dielectric properties
due to the prevention of Ti3+ but due to the multiplicity of existing crystalline phases
in all temperature ranges the Qf value still stays comparatively low (see fig. 2.26(a)).
A reduction of the τf value below 20 ppm/K seems only possible by a reduced amount
of crystalline phases (possible by using lower ceramization times) but this would also
cause a further decrease in εr and Qf .

4.4.4 Doping with 1.0 mol% CeO2 and 7.5 mol% ZrO2 (42014)

In glass 42014 the ZrO2 content was increased to 7.5 mol% (substitution of 15 % of the
TiO2 content), originally to further reduce the amount of surface devitrification (see
fig. 4.55). Additionally the doping led to the stabilization of the three unknown phases
P1-P3, from which P1 and P3 already appeared in minor amounts for a doping of 5.0
mol% ZrO2 in 41760 and 42110. In tab. 4.17 and fig. 4.50 the dielectric properties of the
ceramization series 42014DEH are shown. Fig. 4.51 shows the XRD diffractograms of
the samples, in analogy to 41760DEH the intensity values of the characteristic XRD
main peaks were used to describe the temperature behavior of the formed phases (see
tab. 4.18 and fig. 4.49).

DEH(Tcer/tcer) εr Qf [GHz] τf [ppm/K] f [GHz]
glass 20.1 1900 -83 10.63
389(850◦C/50h) 20.8 6460 -25 10.41
357(860◦C/50h) 21.1 9170 -2 10.53
373(870◦C/50h) 21.4 9500 -1 10.42
354(880◦C/50h) 22.5 9590 18 10.23
335(890◦C/40h) 23.0 8650 46 10.15
374(900◦C/15h) 26.5 7310 61 9.37
343(910◦C/10h) 28.7 6370 153 9.06
347(920◦C/20h) 30.1 6860 169 8.93
380(930◦C/10h) 29.5 6960 8.84
376(940◦C/5h) 25.7 6020 9.44
272(950◦C/10h) 25.3 7870 72 9.53
268(1000◦C/5h) 25.9 1530 9.35
269(1050◦C/5h) 26.0 1460 9.37

Table 4.17: Dielectric properties of the ceramized samples of 42014

At low ceramization temperatures Tcer = 850-890 ◦C the dielectric properties are
dominated by the presence of P1 which becomes the main phase. The formation of
La2Ti2SiO9 is suppressed in comparison to 41760 and is not present anymore until Tcer

> 950 ◦C. It seems that with increasing ZrO2 content, the La2Ti2SiO9 phase becomes
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less stable, which is also consistent with the reduction of the surface devitrification
which consists of La2Ti2SiO9 crystals. Additionally also LaBO3 is significantly re-
duced in comparison to 41760/42110. The unknown phase P3 stabilizes as minor
phase at low temperatures and is stable until Tcer < 950 ◦C. It seems to take the place
of La2Ti2SiO9 in the low temperature regime. The reduction of La2Ti2SiO9 and LaBO3

in the low ceramization temperature range leads to a significant increase of the Qf
value up to 9000-9500 GHz in combination with a sufficiently high εr = 21.5-22.5 and
τf close to 0 ppm/K, fulfilling all dielectric requirements. From Tcer = 890-940 ◦C
the P1 phase reduces and P2 starts to become the dominant phase accompanied by
a large increase in permittivity (up to εr = 30) and temperature coefficient (τf = 170
ppm/K), whereby the Qf value stays around 7000 GHz. The temperature range of
P2 is comparatively narrow with maximum P2 contents at Tcer = 910-930 ◦C. The high
τf value of this phase makes it unsuitable for the given DLA requirements. P2 shows
similar properties as TiO2 and its 3 main XRD peaks are located slightly lower than
the TiO2 main peaks at 2θ = 27.45◦, 36.10◦, 54.34◦. Therefore it is possible that P2 is
a Zr-doped TiO2 crystal. The small peak at 2θ = 27.9◦ stays stable over the complete
temperature range and could not be matched to one of the phases. Above 940 ◦C the
system behaves similar to 41760DEH. The La2Ti2SiO9 becomes the dominant main
phase with increasing temperature and also LaBSiO5 is present for Tcer > 980 ◦C.
As P1 seems to be a crystalline phase providing optimal dielectric properties a
TEM/EELS analysis on the sample with the maximum P1 content (42014DEH357:
Tcer = 860 ◦C, tcer = 50 h) has been performed to identify its stoichiometry (see fig. 4.52
and 4.53). The EELS analysis identified the main phase to La4(Ti1−δZrδ)9O24 with δ ≈
0.2 and the stoichiometry of the minor phase as La2Si2O7, even though a match of the
XRD pattern of La2Si2O7 (ICCD-PDF: 01-082-0729) was not successful.
P1 appears in a similar dendritic Pt-nucleated structure as La4Ti9O24 and the dielectric
properties are also similar to other glass-ceramic samples with La4Ti9O24 as main
phase (42452DEH328, see tab. 4.11). Therefore it is assumed that P1 is a Zr-doped
modification of the La4Ti9O24 phase as it shows similar dielectric, structural and
temperature behavior but different XRD peaks. A melting series (44685) with varying
melting temperature and keeping time (analog to 42452/43735) but with 7.5 mol%
ZrO2 has been made to show the influence of the Pt content on the phase formation
(see fig. 4.54) and it was found that the P1 content increases with the amount of Pt

in analogy to the increase of La4Ti9O24 in 42452/43735 also indicating that P1 is a
modification of La4Ti9O24.
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DEH(Tcer/tcer) L4 L2 TiO2 LB LBS P1 P2 P3A
389(850◦C/50h) 0 0 0 0 0 5000 0* 1400
357(860◦C/50h) 0 0 0 300 0 5900 0* 1500
354(880◦C/50h) 0 0 0 800 0 5700 500* 2200
335(890◦C/40h) 0 0 0 900 0 4700 900* 2600
343(910◦C/10h) 0 0 0 1800 0 1800 2100 3600
347(920◦C/20h) 0 0 0 2200 0 400 2400 4100
376(940◦C/5h) 2800 0** 800 3400 0 0 400* 2600**
272(950◦C/10h) 3500 0** 1400 3700 0 0 100* 2200**
268(1000◦C/5h) 0 6500 1600 4800 500 0 0 0
269(1050◦C/5h) 0 5300 1800 1400 2700 0 0 0
2Θ(peak) 27.17 29.14 27.45 25.49 26.13 26.92 27.24 28.59
hkl(peak) 440 3̄12 110 111 110

Table 4.18: 42014DEH XRD main peak intensities in dependence of Tcer, *: peak
overlaps with adjacent peaks P1, L4 and TiO2, **: minimal amounts of
L2, but overlapping with P3B (abbreviations analog to tab. 4.10)
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Figure 4.49: Illustration of tab. 4.18 (the intensity values are normalized on the
highest intensity for every phase)
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Figure 4.50: Dielectric properties of the ceramized samples 42014DEH according to
tab. 4.17 (top: εr and Qf , bottom: εr and τf )
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Figure 4.51: XRD diffractograms of the ceramized samples 42014DEH (top: Tcer: 850-
910 ◦C, bottom: Tcer: 910-1050 ◦C)
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Figure 4.52: Dark field TEM image of 42014DEH357 (Tcer = 860 ◦C, tcer = 50 h),
dendrite growth direction parallel to the image plane, phases: 1:
P1/La4(Ti1−δZrδ)9O24, 2: P3/La2Si2O7, 3: amorphous SiO2
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Figure 4.53: Dark field TEM image of 42014DEH357 (Tcer = 860 ◦C, tcer = 50 h),
dendrite growth direction orthogonal to the image plane, phases: 1:
P1/La4(Ti1−δZrδ)9O24, 2: P3/La2Si2O7, 3: amorphous SiO2
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Figure 4.54: XRD diffractograms of the ceramized samples of the melting series
44685 (DEH396: Tcer = 900 ◦C, tcer = 20 h)

In tab. 4.19 the results for a variation of the amount of CeO2 is shown. Even though
doping with 0.1 mol% CeO2 reduced the amount of Ti3+ below the detection limit (see
fig. 4.18), it still seems to have a significant effect on the Qf value.

DEH(Tcer/tcer) εr(0.1) εr(1.0) Qf [GHz](0.1) Qf [GHz](1.0)
357(860◦C/50h) 21.6 21.1 5610 9170
335(890◦C/40h) 22.2 23.0 6660 8650
347(920◦C/20h) 29.0 30.1 4140 6860
376(940◦C/5h) 27.1 25.7 4490 6020

Table 4.19: Influence of the CeO2 content on the dielectric loss (comparison of 42014
(1.0 mol%) and 43530 (0.1 mol%), both 7.5 mol% ZrO2)

In conclusion it has to be stated that 42014DEH showed optimal dielectric properties
due to the crystallization of one dominant main phase (P1) at low ceramization
temperatures (Tcer = 850-890 ◦C). The τf parameters can be adjusted close to 0 ppm/K
and tuned by Tcer (with increasing Tcer the contribution of P2 shifts τf to higher values).
It was shown that for the suitable range of τf = -2 to +18 ppm/K the permittivity and
Qf value stayed comparatively stable at 21.1-22.5 resp. 9170-9590 GHz.
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4.4 Selected melts

4.4.5 Doping with 1.0 mol% CeO2 and 10.0 mol% ZrO2 (42732)

In glass 42732 the ZrO2 content was increased further to 10.0 mol% (substitution of
20 % of the TiO2) to investigate its effect on the surface devitrification and phase
formation. Fig. 4.55 shows that the surface devitrification is not present anymore.

1

3

4 5

2

Figure 4.55: Comparison of the selected glasses 1-5: 43722, 42110, 41760, 42014, 42732
(1/4: low amount of surf. devitrification shown in blue, 2/3: thin crystal
layer on surface, 5: no surf. dev.)

The substitution of ZrO2 only slightly reduces εr of the glass (see tab. 4.20).

Melt 40281 41760 42014 42732
TiO2/ZrO2 [mol%] 50/0 45/5 42.5/7.5 40/10
εr(10 GHz) 20.8 20.4 20.1 19.9

Table 4.20: Variation of εr of the basic glass with amount of doped ZrO2

In tab. 4.21 and fig. 4.57 the dielectric properties of the ceramization series 42732DEH
are shown. Fig. 4.56 shows a comparison of the XRD diffractograms of low tem-
perature ceramized samples with different amount of ZrO2 doping. It can be seen
that the P2 phase, which only was stable in a narrow temperature regime around
Tcer = 910-930 ◦C in 42014, now dominates already at lower temperatures from 860-
950 ◦C accompanied by a comparatively large τf value, a Qf around 7000 GHz
and permittivity values reaching up to 33.7 (at Tcer = 950 ◦C) which are the highest
measured εr values of all samples. As minor phases P1 and P3 are also present in
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lower amounts but the dielectric properties seem to be dominated by the presence of
P2. At low temperatures Tcer < 860 ◦C the P1/P2 ratio could be shifted more towards
P1 and a τf < 20 ppm/K material is possible. Even though in comparison to a similar
glass-ceramic of the 42014DEH system, this glass-ceramic would probably show a
lowerQf around 6000 GHz (to 9000 GHz in 42014DEH) and a slightly larger εr around
23. Therefore 42014 seems more suitable for the given DLA requirements.

DEH(Tcer/tcer) εr Qf [GHz] τf [ppm/K] f [GHz]
glass 19.9 1840 -93 10.65
357(860◦C/50h) 23.0 6380 23 10.09
373(870◦C/50h) 24.9 7900 62 9.61
336(880◦C/40h) 27.1 6520 9.33
358(900◦C/15h) 31.1 6650 8.68
359(920◦C/20h) 30.9 6650 8.67
360(940◦C/5h) 31.6 6390 8.54
352(950◦C/5h) 33.7 6140 8.34

Table 4.21: Dielectric properties of the ceramized samples of 42732
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Figure 4.56: Comparison of the XRD diffractograms of the ceramized samples of
42732DEH, 42014DEH and 41760DEH exemplary for low Tcer
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4.5 GHz loss contributions

As mentioned in chapter 2.7 the loss mechanisms in the GHz frequency range can
be analyzed by their frequency and temperature dependence. In this chapter, the
dielectric loss is measured in different frequency ranges, as for example in the Hz
to MHz range (conductivity measurement, see chapter 3.6) and the THz range (THz
ellipsometry, see chapter 3.8.3). The dielectric loss is then extrapolated in the GHz
region to estimate the contributions from the adjacent frequency ranges. Additionally
a temperature dependent measurement of the dielectric loss is performed.

4.5.1 Conductivity contribution

The conductivity of different samples (different doped glasses and glass-ceramics)
has been measurement frequency (0.1 Hz to 1 MHz) and temperature (20 ◦C to 350
◦C) dependent. A comparison of the room temperature values is shown in fig. 4.58.
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Figure 4.58: Room temperature (20 ◦C) conductivity measurement of the investi-
gated samples (the values of 41760DEH231 for f > 10 kHz could not
be measured due to experimental problems)
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4.5 GHz loss contributions

• 41760: glass doped with 1.0 mol% CeO2

• 42452-1600: glass containing ≈ 0.5 mol% Ti3+

• 43722: glass doped with 0.1 mol% Sb2O5

• 42014DEH268: high loss glass-ceramic (1.0 mol% CeO2)

• 42110DEH310: high loss Ti3+-containing glass-ceramic

• 41760DEH231: low loss glass-ceramic (1.0 mol% CeO2)

The temperature dependent measurements show the expected behavior with a com-
paratively strong temperature dependence of the σDC-contribution. A measurement
of sample 41760 is shown exemplarily in fig. 4.59. The other investigated samples
show similar behavior. It can be seen that the conductivity at room temperature is
dominated by the frequency dependent contribution and only for higher tempera-
tures (> 300 ◦C) the DC contribution becomes more relevant.
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Figure 4.59: Temperature dependent conductivity measurement of sample 41760
(20 ◦C to 350 ◦C)
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The room temperature conductivity is fitted by the Jonscher model (see chapter 2.7.1
eq. (2.63)), exemplarily shown for sample 42452-1600:

σ(f) = σDC + σ0f
s . (4.5)
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Figure 4.60: Fit of the room temperature (20 ◦C) conductivity by the Jonscher model

In tab. 4.22 a comparison between the extrapolated tan(δ)ex values and the ones
measured in the GHz range via Hakki-Coleman is made.

Melt f [GHz] εr tan(δ) σ0 s σex[S/cm] tan(δ)ex q[%]
41760 10.57 20.4 5.76 1.55 · 10−14 0.92 2.4 · 10−5 0.20 3.5
42452-1600 10.57 20.4 5.91 4.72 · 10−14 0.91 5.7 · 10−5 0.48 8.1
43722 10.58 20.4 5.93 2.24 · 10−14 0.95 7.3 · 10−5 0.61 10.3
42014DEH268 9.35 25.9 6.13 3.72 · 10−13 0.73 6.3 · 10−6 0.05 0.8
42110DEH310 9.24 27.2 4.65 9.33 · 10−14 0.76 3.6 · 10−6 0.03 0.5
41760DEH231 9.67 23.1 2.48 5.18 · 10−14 0.76 2.2 · 10−6 0.02 0.7

Table 4.22: Extrapolation of the conductivity loss contribution to the GHz frequency
range by using the Jonscher model (whereby σDC ≈ 0 for all shown
samples), q = tan(δ)ex/tan(δ) (ex: extrapolated), tan(δ)(ex) values given
in 10−3 and σ0 in S/cm Hz−s (not shown above due to the lack of space)
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4.5 GHz loss contributions

The conductivity of all investigated samples is at least one order of magnitude too
low to significantly contribute to the overall dielectric loss in the GHz range. The
conductivity for all samples whether glass or glass-ceramic lie also in the same
order of magnitude for the measured frequency range and do not correlate with the
different loss values in the GHz range (e.g. 42014DEH231 is comparatively lossy in the
GHz range, but has a comparatively low conductivity). The glasses have a stronger
frequency dependence s ≈ 0.91-0.95 vs. 0.73-0.76 which leads to a comparatively
higher GHz contribution. The s value is characteristic for different types of materials
resp. the conductivity mechanism (see chapter 2.7.1). From the comparison of the
different samples it is concluded that the Ti3+ content in glass 42452-1600 (≈ 0.5 mol%
Ti3+) and glass-ceramic 42110DEH310 do not lead to an increase in conductivity. This
can be only explained by the fact that the present amounts are just too low to give
a significant conductivity contribution. Furthermore, a Ti3+ dominated conductivity
would show a significant σDC at low frequencies even at room temperature (see fig.
4.44). The other polyvalent ion containing glasses 41760 (1.0 mol% CeO2) and 43722
(0.1 mol% Sb2O5) also do not differ significantly from 42452-1600.
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Figure 4.61: Frequency dependence of tan(δ) in the GHz region and comparison
with the extrapolated conductivity contribution from the MHz region
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Figure 4.62: Frequency dependence of tan(δ)ex in the GHz region

tan(δ) was measured frequency dependent for 3 chosen samples (41760,
41760DEH231, 42110DEH310), see fig. 4.61 (assumption of a relative error of 10 %,
see chapter 3.9.1) and the conductivity contribution tan(δ)ex from the extrapolated
conductivity (see fig. 4.62) was added for comparison. The frequency dependence
of tan(δ) is much weaker as the by the damped harmonic oscillator model predicted
frequency proportionality (see eq. (2.40)). The GHz values were fitted by tan(δ) = a0

+ b · f (dashed curves in fig. 4.61). It can be seen, that the constant background a0

gives the dominant contribution. Additionally the conductivity contribution tan(δ)ex

is also nearly frequency independent (see fig. 4.62) which would make the separation
of the different contributions even more difficult (in case of a dominant conductivity
contribution which is not present for the investigated samples). Similar results were
obtained by Tamura [Tam06] for defect containing ceramics (see fig. 4.63). The a0

contribution is related to imperfections resp. deviations from the perfect periodically
arranged crystal lattice structure. A random distribution of the ions like in the case
of an amorphous glassy phase therefore causes an increase of the loss tangent by a
constant background contribution.
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tan(δ)= a0 + b·f

tan(δ)= b·f

ta
n(
δ)

f[GHz]

Figure 4.63: Frequency dependence of tan(δ) of a defect-free crystal and actual ce-
ramics (modified from [Tam06])

In fig. 4.64, Qf and εr are plotted in dependence of the frequency. The Qf value can
not be considered constant in the investigated GHz region. The permittivity stays
constant as expected (see chapter 2.4.1).
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173



4 Results

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

-175 -125 -75 -25 25 75

ta
n(
δ)

[1
0

-3
]

T[°C]

BaTi4O9(sinteredmceramic)
TiO2(sinteredmceramic)

42014DEH354(880°C/80h)
42014DEH271(900°C/10h)
42014DEH289(920°C/24h)

0

1

2

3

4

5

-175 -125 -75 -25 25 75

ta
n(
δ)
[1
0
-3
]

T[°C]

42014(glass)

Figure 4.65: Temperature dependent measurement of the dielectric loss, top: glass-
ceramic (42014DEH354, 42014DEH271, 42014DEH289) and two sintered
ceramic samples (BaTi4O9, TiO2), bottom: glass (42014)
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4.5 GHz loss contributions

In fig. 4.65 the dielectric loss is plotted in dependence of the temperature from -175
◦C to +75 ◦C (the loss of the TiO2-ceramic is comparatively high due to a bad sample
quality). For all measured samples (glasses, glass-ceramics and sintered ceramics)
the loss decreased with decreasing temperature but the temperature dependence is
comparatively weak. Over a temperature difference of 200 K, the dielectric loss
reduced by less than 50 %. The weak temperature dependence could also be a hint for
a large defect contribution to the overall loss.

4.5.2 Phonon contribution

Ellipsometry measurements of selected samples haven been made to determine their
dielectric properties in the THz range (1.5 to 20 THz). Three glasses (42014, 42452-
1450, 42452-1600), associated glass-ceramics (42014DEH335, 42452-1450DEH325,
42452-1600DEH328), one sintered ceramic (CMT) and a fused silica sample (FS: high
purity SiO2-glass) haven been measured. Their GHz properties are summarized in
tab. 4.23. The samples 42452-1450 and 42452-1600 were chosen because they contain
different amounts of Ti3+, 42014 is Ti3+-free. The CMT and FS sample were chosen,
to compare a low-loss pure crystalline resp. amorphous sample with the mixed glass-
ceramics.

Melt f [GHz] εr Qf [GHz] tan(δ)[10−3] material
42014 10.63 20.1 1900 5.58 glass
42014DEH335 10.09 23.2 8600 1.18 glass-ceramic
42452-1450 10.54 20.4 1840 5.72 glass
42452-1450DEH325 9.22 26.9 1630 5.66 glass-ceramic
42452-1600 10.57 20.4 1790 5.91 glass
42452-1600DEH328 10.25 21.5 9710 1.06 glass-ceramic
CMT 5.70 21.1 51580 0.11 sint. ceramic
FS 10.90 3.8 59540 0.18 quartz glass

Table 4.23: Selected samples for the ellipsometry measurement

The investigated glasses (fig. 4.67-4.69) showed similar dielectric properties as ex-
pected (only different levels of dopants). Comparatively broad resonances can be
seen which extend far in the lower frequency range below the detection limit of the
measurement setup (below around 4 THz, the noise starts to dominate). For all sam-
ples, the real part of the permittivity should approach the GHz value below the lowest
resonance, which was consistent with all measured samples. It is possible that other
resonances located at lower frequencies than the measured range are still present. The
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glass-ceramic samples show sharper resonances but a difference between the high-
loss glass-ceramic (42452-1450DEH325) and the low-loss ones (42452-1600DEH328
and 42014DEH335) is not obvious (see fig. 4.66).
The real and imaginary part of the permittivity were fitted separately by the harmonic
oscillator model (see eq. (2.37)/(2.38)) but due to the large overlap between the
resonances of the glass and glass-ceramic samples, the data could not be fitted for
those samples. For the CMT and especially the FS sample, it can be seen that the
data is not consistent with the ideal oscillator model. The disorder broadened reso-
nance of an amorphous glass probably would be better represented by an oscillator
function convoluted with a gaussian distribution. As we are mainly interested in
the extrapolated loss values in the GHz range far below the resonance frequency, the
exponentially decreasing gaussian loss contribution is neglectable in comparison to
the dampled harmonic oscillator loss contribution (see eq. (2.38)) and therefore the
used fit functions are suitable enough.
In tab. 4.24 the fit results of the two low loss samples (CMT and FS) are shown and
their contribution to the GHz region is calculated. It can be seen that the extrapolated
loss values (tan(δ)ex) are around one order of magnitude lower than the GHz values.
This is consistent with measurements from other authors (see chapter 2.7.2) and
confirms that the low frequency influence of the direct one-phonon absorption is not
the relevant loss mechanism in the GHz frequency range.

Melt f[GHz] εr Qf [GHz] tan(δ)[10−3] εr,ex tan(δ)ex[10−3] q[%]
CMT 5.70 21.1 51580 0.11 13.7 0.024 21.8
FS 10.90 3.8 59540 0.18 3.3 0.022 11.9
Table 4.24: Comparison of the dielectric properties measured in the GHz range and

the extrapolated results from the THz region, with q = tan(δ)ex/tan(δ)

Unfortunately no quantitative results for the investigated glass-ceramics were ob-
tained due to the large overlap of the resonance peaks. But the fit results of the CMT
and FS indicate that the one-phonon absorption is not the dominate loss mechanism.
The measured glass samples show that due to the deviation from the regular crystal
lattice structure a large disorder broadening of the resonances occurs. In combination
with the results obtained from the conductivity measurements and the temperature
dependent loss measurements in the GHz range. It is assumed, that the loss in
the GHz region is most probably dominated by the defect-broadened two-phonon
difference process after fig. 2.23.

176



4.5 GHz loss contributions

0

10

20

30

0 2 4 6 8 10 12 14 16 18 20

ε r
’’

f[THz]

CMT*
FS

42014DEH335
42452-1600DEH328
42452-1450DEH325

Figure 4.66: Comparison of the resonance modes for the investigated glass-ceramics,
CMT and FS (*: CMT values are scaled down by a factor of 10 to enable
a better comparison)

-5

0

5

10

15

20

25

30

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

ε r
’

ε r
’’

f[THz]

42014:εr’
42014:εr’’

42014DEH335:εr’
42014DEH335:εr’’

Figure 4.67: Dielectric properties of 42014 and 42014DEH335

177



4 Results

-5

0

5

10

15

20

25

30

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30
ε r
’

ε r
’’

f[THz]

42452-1450:εr’
42452-1450:εr’’

42452-1450DEH325:εr’
42452-1450DEH325:εr’’

Figure 4.68: Dielectric properties of 42452-1450 and 42452-1450DEH325

0

5

10

15

20

25

30

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

ε r
’

ε r
’’

f[THz]

42452-1600:εr’
42452-1600:εr’’

42452-1600DEH328:εr’
42452-1600DEH328:εr’’

Figure 4.69: Dielectric properties of 42452-1600 and 42452-1600DEH328

178



4.5 GHz loss contributions

-60

-40

-20

0

20

40

60

0 2 4 6 8 10 12 14 16 18 20
0

10

20

30

40

50

60

70

80

90

100

ε r
’

ε r
’’

f[THz]

εr’
εr’’

εr’-fit
εr’’-fit

CMT
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5 Dielectric loaded antennas (DLA)

5.1 DLA basics

In this chapter the basic working principle of the DLA will be shortly summarized.
The antenna type used for the implementation of the investigated dielectric glass-
ceramic was a dielectric loaded helical antenna (helix antenna, see fig. 5.4(b)). These
antennas are used in GPS applications, where circularly polarized radiation is of
advantage due to the varying orientation of emitter (GPS satellite) and receiver. The
antenna polarization is fixed to either RHCP or LHCP (right/left hand circularly
polarized). The optimal radiation characteristic (directional dependence of the ra-
diation intensity) should be semispherically oriented in upwards direction to cover
the complete hemisphere (see fig. 5.1(a)).

X
Z

Y

(a) Ideal radiation characteristic for GPS antennas
(cardiod pattern)

Y

X
Z

(b) Typical dipole radiation characteristic (toroid
pattern, dipole oriented along the Y-axis)

Figure 5.1: 3D radiation characteristics [Lei11]
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5.2 Antenna manufacturing

To fulfill these requirements an antenna with multifilar helix design can be used. The
working principle can be explained on the basis of the radiation characteristic of a
Hertzian dipole. A resting dipole (resp. dipole antenna) emits linearly polarized (LP)
radiation with maximum intensity in direction orthogonal to the dipole axis resp.
minimum intensity in axial direction (see fig. 5.1(b)). A rotating dipole emits circularly
polarized (CP) radiation, but splitted into 50 % RHCP and 50 % LHCP radiation
depending on the orientation to the plane of rotation (see fig. 5.2(a)). One possibility to
transform the unwanted circular polarization direction is the use of a reflective metal
plate (see fig. 5.2(b)). This method leads to additional losses and is sometimes not
compatible as implementation with other microelectronic components in the device.
A helically rotating dipole can focus the radiation pattern in the direction of the helix
and thereby surpress emission in the opposite direction, creating a mainly RHCP
or LHCP radiation pattern which suits the requirements mentioned above (see fig.
5.2(c)). This helically rotating dipole can be implemented in an antenna by metallizing
a helix structure on a dielectric of hollow cylindrical shape (see tab. 5.1).

(a) Circularly rotating dipole (b) Use of a reflective metal plate
to transform LHCP amount to
RHCP

(c) Helically rotating dipole

Figure 5.2: Explanation of the helix structure (green: RHCP, red: LHCP) [Lei11]

5.2 Antenna manufacturing

The antenna manufacturing and the characterization of the radiation patterns was
performed at the research facilities of Sarantel Ltd. (UK). The glass-ceramics were
prepared mechanically to the required hollow cylindrical geometry (see fig. 5.3). The
metallization is brought on the dielectric blank using a 3D photolithography process.
The 5 steps are shown in tab. 5.1:
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5 Dielectric loaded antennas (DLA)

1. The hole surface is coated galvanically with a copper layer of (≈ 20 µm)

2. Complete coating with a polymer photoresist (blue) and subsequent radiation
with a 355 nm laser along the helix path (laser radiation stabilizes the polymer
against weak acids)

3. Detachment of the non-radiated photoresist using a weak acid

4. Dissolving of the exposed copper with a highly concentrated FeCl3 - solution

5. Complete detachment of the photoresist using a strong acid

6. Assemblage of the antenna feed (cable and matching network)

Table 5.1: Helix antenna manufacturing process

5.3 Comparative measurement with antennas made from

sintered ceramics

For the characterization of the antennas (which are used as receiving antennas in
application) one can benefit from the reciprocity theorem (follows directly from the
symmetry properties of the Maxwell equations). It states that passive components as
antennas have identical receive and transmit properties [Poz04]. The characterization
of the antennas is therefore performed by measuring their radiation emission in a full
4π solid angle (see fig. 5.4(a))
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5.3 Comparative measurement with antennas made from sintered ceramics

(a) Glass-ceramic blank (b) Sintered ceramic blank from CMT

Figure 5.3: Hollow cylindrical dielectric blank (H = 17.75 mm, Dout = 10.0 mm, Din
= 3.1 mm)

DLA

(a) Anechoic antenna measurement chamber for a full 4π solid angle
characterization of the radiation pattern

(b) Model of the hexafilar
artwork

Figure 5.4

Two test series were analyzed using glass-ceramics with similar permittivity but com-
paratively higher dielectric loss than the used sintered ceramic blanks. An identical
artwork (metallization geometry and hexafilar type, see fig. 5.4(b)) was chosen so that
the ohmic/copper losses could be assumed identical for glass-ceramic and sintered
ceramic antennas.
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5 Dielectric loaded antennas (DLA)

5.3.1 First prototype series

The first glass-ceramic antenna series was made to check if any technical problems
(metal adhesion, resistance against the used chemicals, etc.) would appear and
if glass-ceramic dielectric blanks in general are suitable to be used in this type of
dielectric loaded antenna applications. 4 glass-ceramic blanks of an early (non-
optimized) La2O3-TiO2-SiO2-B2O3 system with the dielectric properties εr = 21.2,Qf =
(2100± 200) GHz (measured at 10.6 GHz) were compared with 5 commercial sintered
ceramics (Ca0.05Mg0.95TiO3, abbr.: CMT) with εr = 21.1, Qf = (50000 ± 2000) GHz
(measured at 5.6 GHz). In the further discussion the two systems will be referred
as GC1 and CMT. The data from the best antenna of each ceramic type was selected
and shown in comparison. The antennas were characterized concerning radiation
efficiency η = PR/P0 (PR: total radiated power (RHCP and LHCP) in the full solid
angle, P0 power provided by the source), maximum gain GM and radiation pattern
G(θ, φ) in dependence of polarization (RHCP/LHCP). The radiation efficiency and
the gain (due to its direct dependence on η) needed to be corrected for impedance
mismatch, as the antenna impedance is difficult to adjust to the source impedance of
Z0 = 50 Ω. Due to the impedance mismatch a part (Prefl) of the provided power P0 is
reflected back to the source (analog to eq. (3.8)):

Prefl = |Γ|2P0 , with Γ =
ZA − Z0

ZA + Z0

. (5.1)

The real (for the case of perfect match corrected) efficiency η therefore follows from
the measured efficiency by (analog for the gain):

η = ηmeas ·
1

1− |Γ|2
, with P0 = Prefl + P0,meas . (5.2)

The antenna gain G(θ, φ) = η ·D(θ, φ) is the product of efficiency and directivity D.
D(θ, φ) is the ratio of radiated power P (θ, φ) in direction of (θ, φ) (spherical coordi-
nates) to the over the full solid angle averaged radiated power P̄ = 1

4π

∫
P (θ, φ) dΩ =

PR/4π.

D(θ, φ) =
P (θ, φ)

PR/4π
, with

∫
P (θ, φ) dΩ = PR . (5.3)

D can also be interpreted as ratio of radiated power relative to an (ideal) isotropic
antenna with Piso(θ, φ) = PR/4π. The radiation pattern G(θ, φ) can be represented by
an elevation plot which is a 2D G-θ polar plot for fixed angles of φ. In fig. 5.5 the
radiation patterns of the best glass-ceramic and CMT antenna are shown.
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5.3 Comparative measurement with antennas made from sintered ceramics
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0 deg cut
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177 deg cut

CMT: Elevation Plot (RHCP, 2.165 GHz)

GC1: Elevation Plot (RHCP, 2.128 GHz)

ϕ = 0°
ϕ = 45°
ϕ = 90°
ϕ = 135°
ϕ = 177°

Figure 5.5: Comparison of the elevation plots Gφ(θ) for GC1 glass-ceramic (top) and
CMT ceramic (bottom)
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5 Dielectric loaded antennas (DLA)

It can be seen, that except of the difference in radiation efficiency, both antennas
provide a similar and optimal spatial radiation distribution (cardiod pattern). In tab.
5.2 the maximum (zenith) gain and the efficiency are given (measured and impedance
mismatch corrected). The glass-ceramic antenna already has around 70 % of the
efficiency of the CMT antenna, which is remarkably considering the large difference
in dielectric loss of both materials (QfCMT/QfGC1 ≈ 25). Furthermore, tests concerning
the mechanical stability of the metallization were performed. SEM investigations
on the sintered ceramic blanks showed that their poor metal adhesion is related to
the porosity of the material (see fig. 5.6). The surface grinding process, which is
used to prepare the hollow cylindrical shape leads to a smooth surface but loose and
mechanically unstable surface structure beneath. Parts of the surface can therefore
easily be lifted off with the attached metal. A further problem is outgassing of liquids
(mostly chemicals from the metallization process) which are enclosed in the pores
below the surface. Outgassing can cause a lift off of the metallization and destroy
the device during further manufacturing processes during which temperatures up to
400 °C can be reached. The adhesion tests on the intrinsically pore-free glass-ceramics
and also tests on pure glass cylinders showed a one order of magnitude better metal
to dielectric adhesion.

50 µm

Figure 5.6: SEM image of the CMT surface showing a loose surface structure due to
the high level of porosity

In conclusion it can be stated that in the first series it was proven that the glass-ceramic
antennas could solve the manufacturing related problems mentioned above, but their
efficiency still needed to be increased. Therefore a second antenna series with a higher
Qf material was made.
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5.3 Comparative measurement with antennas made from sintered ceramics

Material fres[GHz] ZA/Z0 ηmeas η GM,meas[dB] GM [dB]
GC1 2.128 0.297-i 0.213 0.193 0.283 -3.72 -2.09
CMT 2.165 0.714+i 0.397 0.368 0.398 -0.98 -0.63

Table 5.2: Direct comparison of maximum gain and efficiency of sintered ceramic
(CMT) and glass-ceramic (GC1) antenna

5.3.2 Second prototype series

In the second series a glass-ceramic with a higher Qf from a BaO-TiO2-SiO2-Al2O3

system was investigated as it showed a higher potential for a commercialization than
the investigated La2O3-based system of this work. But to answer the question, if
the efficiency of a glass-ceramic antenna can reach similar values as a ceramic-based
antenna, the choice of the glass-ceramic system is not relevant. 10 glass-ceramics
blanks with average dielectric properties of εr = 32.2, Qf = (8200 ± 1000) GHz
(measured at 4.7 GHz) were compared with 15 commercial sintered ceramics (BaO-
TiO2-based) with εr = 37.4, Qf = (30000 ± 1000) GHz (measured at 4.3 GHz). In
the further discussion the two systems will be referred as GC2 and BT. In tab. 5.3
a direct comparison of the average results for the antenna efficiency and maximum
gain are shown. For a difference of QfBT/QfGC2 ≈ 3.6 the efficiency difference only
becomes 28.6 to 32.9 %. This shows that for such low dielectric loss values (as in the
case of GC2), the dielectric losses only give a minor contribution to the total losses
of the antenna (mainly dominated by ohmic losses in the copper and the electronic
components). Considering the antenna gain, which is the even more important
performance parameter for antenna engineers, the glass-ceramic antennas are even
slightly better (-2.37 to -2.47 dB). An explanation for the better directivity/gain could
be the better uniformity of the glass-ceramic blanks. The radiation pattern (fig. 5.7)
and the RHCP to LHCP polarization (fig. 5.8) show optimum values (nearly ideal
cardoid pattern and full RHCP polarization). In conclusion it can be stated that
the prototype series proved that glass-ceramics can provide the necessary dielectric
requirements and show in addition superior manufacturing related advantages due
to their intrinsic pore-freeness and homogeneity.

Material f̄res[GHz] ∆f [MHz] η̄ ḠM [dB]
GC2 1.5821 2.14 0.286 -2.37
BT 1.6584 0.66 0.329 -2.47

Table 5.3: Direct comparison of the average results for glass-ceramic (GC2) and ce-
ramic (BT) antenna series (f̄res: average resonance frequency, ∆f : standard
deviation, η̄: average efficiency, ḠM : average maximum gain)
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5 Dielectric loaded antennas (DLA)
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GC2: Elevation Plot (RHCP, 1.583 GHz)

BT: Elevation Plot (RHCP, 1.658 GHz)

Figure 5.7: Comparison of the elevation plots Gφ(θ) of the best prototypes for GC2
glass-ceramic (top) and BT ceramic (bottom)
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5.3 Comparative measurement with antennas made from sintered ceramics
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Figure 5.8: Top: measured antenna efficiency, bottom: measured RHCP and LHCP
gain (both plots not corrected for impedance mismatch, ZA/Z0 = 1.352+i
0.145; plot of the best GC2 prototype)

189



6 Conclusion

The aim of this work was the development and characterization of a dielectric glass-
ceramic material in the La2O3-TiO2-SiO2-B2O3 system. Based on a previous work
[Bra11], the material needed further optimization to achieve suitable dielectric prop-
erties in consideration of the given requirements for DLA applications (εr > 20, Qf >
5000 GHz, |τf| < 20 ppm/K).
The first step was the modification of the glass composition to achieve a stable glass
with a lower amount of glass-forming oxides. A stable glass-forming region could
be identified and the amount of glass-forming oxides could be reduced from 42.1 at%
(36436: best melt of [Bra11]) to 29.9 at% (42014) leading to dielectric properties of
the associated glass-ceramics which could fulfill the given requirements. In fig. 6.1 a
direct comparison between the best melts of this work and [Bra11] is shown. In the
range of |τf| < 20 ppm/K, εr values of 22.5 and Qf = 9590 GHz could be achieved.
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Figure 6.1: Comparison of the dielectric properties (εr: �, Qf : •) of the best melt of
this work (42014) and of [Bra11] (36436)
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The undoped basic glass composition needed to be stabilized against surface devitri-
fication, which could be solved by a partial substitution of the TiO2 content by ZrO2.
The formation of Ti3+, which led to a significant increase of the dielectric loss could
be successfully prevented by using CeO2 as oxidizing agent. The redox interaction of
the polyvalent ions inside the glass could be understood and verified by the use of
combined EPR and optical transmission methods. Sb2O5 was shown to be unsuitable
as oxidizing agent for the use in titanate-based glass-ceramics. The Sb5+ ion is able
to substitute on the Ti-site inside the crystal leading to a reduction of the Ti4+ to
Ti3+ due to charge compensation. The relevant nucleation mechanisms (surface,
Pt, Ti3+) could be identified and correlated to the formation of certain crystalline
phases. The influence of the used dopants and the ceramization process on the
formation of the crystalline phases inside the glass-ceramic was investigated via XRD
and SEM/TEM in combination with EDX/EELS for a compositional analysis. The
GHz characterization was performed using the Hakki-Coleman and the cylindrical
cavity resonance method. The general high frequency loss mechanisms (conductiv-
ity, phonon interaction) and their contribution to the loss in the GHz range were
investigated. Conductivity measurements in the MHz range and THz synchrotron
ellipsometry were made. The evaluated dielectric properties were extrapolated from
the adjacent frequency ranges to the GHz region, showing that conductivity and one-
phonon absorption losses are no major contributions to the dielectric loss in the GHz
range. It was shown that the investigated glass-ceramics are suitable for the use in
DLA applications. Two prototype series were made and evaluated which proved that
glass-ceramic based dielectrics are a suitable alternative to existing sintered ceramics.
Additionally the theoretical description of the Hakki-Coleman method was modified
to enable the measurement of hollow-cylindrically shaped samples. In tab. 6.1 the
most relevant samples of this work are summarized.

Sample εr Qf tan(δ) τf f description
42014 20.1 1900 5.6 -83 10.6 glass
42014DEH373 21.4 9500 1.1 -1 10.4 1 mol% CeO2, 7.5 mol% ZrO2

42014DEH354 22.5 9590 1.1 +18 10.2 1 mol% CeO2, 7.5 mol% ZrO2

42014DEH347 30.1 6860 1.3 +169 8.9 1 mol% CeO2, 7.5 mol% ZrO2

42732DEH357 23.0 6380 1.6 +23 10.1 1 mol% CeO2, 10 mol% ZrO2

42732DEH352 33.7 6140 1.4 >170 8.3 1 mol% CeO2, 10 mol% ZrO2

42452-1450DEH325 26.9 1630 5.7 80 9.2 Ti3+ nucleated
42452-1600DEH328 21.5 9710 1.1 16 10.3 Pt(+Ti3+) nucleated

Table 6.1: Summary of the most relevant samples (Qf in GHz, τf in ppm/K, tan(δ)
in 10−3, f in GHz)
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6 Conclusion

Further optimization of the material properties could be still achieved by minimizing
the doping content of CeO2 in the range between 0.1-1.0 mol% CeO2. The optimum
amount of ZrO2 for a maximum P1 phase content in combination with a low surface
devitrification should be between 5-10 mol%. An important improvement, especially
regarding a possible commercialization of the investigated system, would be the min-
imization of the Pt corrosion. It was shown that with appropriate melting conditions
(Tm = 1500 ◦C, low keeping time, use of oxidizing agents) the Pt content could be
reduced drastically, even though another alternative nucleation mechanism for the
La4Ti9O24/P1 phase would be necessary (e.g. additives as SnO2 showed already in
small amounts a strong effect on the crystallization behavior).
In conclusion, it can be summarized that within the framework of this work, the
suitability of the investigated La2O3-TiO2-SiO2-B2O3-based glass-ceramics for the use
in DLA applications was proved and the macroscopic dielectric properties could be
correlated resp. modified by the control of the microstructure of the material.
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A Appendix

A.1 XRD data

La2Ti2SiO9 La4Ti9O24 TiO2 LaBO3 LaBSiO5

JCPDS(ICCD) 01-082-1490 00-036-0137 01-086-0148 00-012-0762 01-077-0989
CIF(COD) 1008953 80052 9001681 2208746 1511205
Data Source [BMT94] [MOC95] [SSL95] [NOA+06] [MGSL93]
ρ[g/cm3] 5.21 4.97 4.23 5.30 4.72
Crystal system monoclinic orthorhombic tetragonal orthorhombic hexagonal
Space group C2/m Fddd P42/mnm Pnam P31
a[Å] 17.0290 35.4100 4.5922 5.8720 6.8150
b[Å] 5.7415 14.1400 4.5922 8.2570 6.8150
c[Å] 7.6310 14.5800 2.9574 5.1070 6.7580
α[◦] 90.00 90.00 90.00 90.00 90.00
β[◦] 111.22 90.00 90.00 90.00 90.00
γ[◦] 90.00 90.00 90.00 90.00 120.00

Table A.1: XRD reference data

A.2 Sample composition

The chemical composition of the samples can be given in 3 different ways. Consider-
ing an example of a melt of the stoichiometry a AO - b B2O3 - c CO2 - d D2O5:

• mole fraction xi (mol%): xa[%] = a/(a+ b+ c+ d) · 100

• atomic fraction pi (at%): pa[%] = a/(a+ 2b+ c+ 2d) · 100

• weight fraction wi (wt%): wa[%] = xa ·Ma/M · 100 ,

with Mi molar mass of compound i and M =
∑

i xiMi average molar mass.

A.3 Mathematica8.0 scripts for the GHz characterization
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H* HAKKI-COLEMAN SCRIPT *L
H* Definition of J'mHxL �� K'mHxL �� yHf,a,h,pL �� xHf,e,a,h,pL *L

dj = FunctionB8x, m<,
1

2
HBesselJ@-1 + m, xD - BesselJ@1 + m, xDLF ;

dk = FunctionB8x, m<,
1

2
H-BesselK@-1 + m, xD - BesselK@1 + m, xDLF;

y = Function@8f, a, h, p<, Sqrt@Ha � h * p * PiL^2 - H20 � 3 * Pi * f * aL^2DD;

x = Function@8f, e, a, h, p<, Sqrt@-Ha � h * p * PiL^2 + H20 � 3 * Pi * f * aL^2 * eDD;

H* Definition of F1HTML, F2HTEL, F3HHEML and the eigenvalue equation ew *L
f1 = Function@8f, e, a, h, p, m<,

dj@x@f, e, a, h, pD, mD � x@f, e, a, h, pD + dk@y@f, a, h, pD, mD *

BesselJ@m, x@f, e, a, h, pDD � He * y@f, a, h, pD * BesselK@m, y@f, a, h, pDD LD;

f2 = Function@8f, e, a, h, p, m<, dj@x@f, e, a, h, pD, mD � x@f, e, a, h, pD +

dk@y@f, a, h, pD, mD *

BesselJ@m, x@f, e, a, h, pDD � H y@f, a, h, pD * BesselK@m, y@f, a, h, pDD LD;

f3 = Function@8f, e, a, h, p, m<, p * Pi � h * m � HH20 � 3 * Pi * fL * Sqrt@eDL
BesselJ@m, x@f, e, a, h, pDD * H1 � x@f, e, a, h, pD^2 + 1 � y@f, a, h, pD^2LD;

ew = Function@8f, e, a, h, p, m<, f1@f, e, a, h, p, mD * f2@f, e, a, h, p, mD -

f3@f, e, a, h, p, mD^2D;

H* Definition tan∆ = A�Qu - B *L
aq = Function@8f0, Ε, a, h, p<,

1 + HBesselJ@1, x@f0, Ε, a, h, pDD � BesselK@1, y@f0, a, h, pDDL^2 � Ε *

HHBesselK@0, y@f0, a, h, pDD * BesselK@2, y@f0, a, h, pDD -

BesselK@1, y@f0, a, h, pDD^2L � HBesselJ@1, x@f0, Ε, a, h, pDD^2 -

BesselJ@0, x@f0, Ε, a, h, pDD * BesselJ@2, x@f0, Ε, a, h, pDDLL D ;

rs = Function@8f0, Σ<, H20 * Pi * Sqrt@f0 � ΣDLD;

bq =

Function@8f0, Ε, a, h, p, Σ<, p^2 * 9 * rs@f0, ΣD � H8 * 10^4 * Pi^2 * f0^3 * h^3 * ΕL *

H1 + HBesselJ@1, x@f0, Ε, a, h, pDD � BesselK@1, y@f0, a, h, pDDL^2 *

HHBesselK@0, y@f0, a, h, pDD * BesselK@2, y@f0, a, h, pDD -

BesselK@1, y@f0, a, h, pDD^2L � HBesselJ@1, x@f0, Ε, a, h, pDD^2 -

BesselJ@0, x@f0, Ε, a, h, pDD * BesselJ@2, x@f0, Ε, a, h, pDDLLL D ;

H* Measurement parameters *L
a = 0.01000 � 2 ; H* Sample radius a@mD *L
h = 0.00400 ; H* Sample height h@mD *L
p = 1 ; H* Node number p H0np-ModesL *L
Σ = 5.8 * 10^7;

H* Conductivity of metal plates Σ@S�mD: copper: 5.8*10^7silver: 6.3*10^7 *L
H* Determination of permittivity from

measured TE011 resonance frequency f0@GHzD *L
f0 = 10 ;

FindRoot@f2@f0, Ε, a, h, p, 0D � 0,

8Ε, H3 � 20 � Pi � f0L^2 H3.13979^2 � a^2 + Hp * Pi � hL^2L<D;

Ε =

Ε �.

%



H* Determination of tan∆ from measured Q-

loaded Qm and insertion loss S21@dBD *L
Qm = 500 ;

S21 = -30.0 ;

tan∆ = aq@f0, Ε, a, h, pD � HQm � H1 - 10^HS21 � 20LLL - bq@f0, Ε, a, h, p, ΣD
Qf = f0 � tan∆

Qd = 1 � tan∆

H* OPTIONAL: Identification of the resonance modes for unknown samples *L
ContourPlot@8f2@f, e, a, h, p, 0D � 0, f1@f, e, a, h, p, 0D � 0,

ew@f, e, a, h, p, 1D � 0, ew@f, e, a, h, p, 2D � 0<, 8e, 10, 30<, 8f, 5, 15<D
H* mode chart to estimate permittivity � identify modes *L

10 15 20 25 30

6

8

10

12

14

e0 = 20; H* Estimated Ε' *L
H* Calculation of fHHEM111L@GHzD, fHTE011L@GHzD,

fHHEM211L@GHzD, fHTM011L@GHzD for estimated Ε' *L
FindRoot@ew@fr1, e0, a, h, p, 1D � 0,

8fr1, 3 � 20 � Pi * Sqrt@2.210997^2 � a^2 + Hp * Pi � hL^2D � Sqrt@e0D<D;

fr1 = fr1 �. % ;

FindRoot@f2@fr2, e0, a, h, p, 0D � 0,

8fr2, 3 � 20 � Pi * Sqrt@3.139790^2 � a^2 + Hp * Pi � hL^2D � Sqrt@e0D<D;

fr2 = fr2 �. % ;

FindRoot@ew@fr3, e0, a, h, p, 2D � 0,

8fr3, 3 � 20 � Pi * Sqrt@3.604967^2 � a^2 + Hp * Pi � hL^2D � Sqrt@e0D<D;

fr3 = fr3 �. % ;

FindRoot@f1@fr4, e0, a, h, p, 0D � 0,

8fr4, 3 � 20 � Pi * Sqrt@3.775222^2 � a^2 + Hp * Pi � hL^2D � Sqrt@e0D<D;

fr4 = fr4 �. % ;

8fr1, fr2, fr3, fr4<
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H* MODIFIED HAKKI-COLEMAN SCRIPT HFOR HOLLOW CYLINDRICAL SAMPLESL *L
H* Definition of radial wave vectors qHf,h,pL �� kHf,e,u,h,pL *L
q = Function@8f, h, p<, Sqrt@H1 � h * p * PiL^2 - H20 � 3 * Pi * f * 1L^2DD;

k = Function@8f, e, u, h, p<, Sqrt@-H1 � h * p * PiL^2 + H20 � 3 * Pi * f * 1L^2 * e * uDD;

H* Definition of eigenvalue equations F1HTM0npL, F2HTE0npL *L
f1 = Function@8f, e, u, a, b, h, p<,

HBesselI@1, b * q@f, h, pDD * BesselJ@0, b * k@f, e, u, h, pDD - q@f, h, pD � k@f, e,

u, h, pD * e * BesselI@0, b * q@f, h, pDD * BesselJ@1, b * k@f, e, u, h, pDDL *

HBesselK@1, a * q@f, h, pDD * BesselY@0, a * k@f, e, u, h, pDD +

q@f, h, pD � k@f, e, u, h, pD * e * BesselK@0, a * q@f, h, pDD *

BesselY@1, a * k@f, e, u, h, pDDL -

HBesselI@1, b * q@f, h, pDD * BesselY@0, b * k@f, e, u, h, pDD -

q@f, h, pD � k@f, e, u, h, pD * e * BesselI@0, b * q@f, h, pDD *

BesselY@1, b * k@f, e, u, h, pDDL *

HBesselK@1, a * q@f, h, pDD * BesselJ@0, a * k@f, e, u, h, pDD +

q@f, h, pD � k@f, e, u, h, pD * e * BesselK@0, a * q@f, h, pDD *

BesselJ@1, a * k@f, e, u, h, pDDL D;

f2 = Function@8f, e, u, a, b, h, p<, HBesselI@1, b * q@f, h, pDD *

BesselJ@0, b * k@f, e, u, h, pDD - q@f, h, pD � k@f, e, u, h, pD *

u * BesselI@0, b * q@f, h, pDD * BesselJ@1, b * k@f, e, u, h, pDDL *

HBesselK@1, a * q@f, h, pDD * BesselY@0, a * k@f, e, u, h, pDD +

q@f, h, pD � k@f, e, u, h, pD * u * BesselK@0, a * q@f, h, pDD *

BesselY@1, a * k@f, e, u, h, pDDL -

HBesselI@1, b * q@f, h, pDD * BesselY@0, b * k@f, e, u, h, pDD -

q@f, h, pD � k@f, e, u, h, pD * u * BesselI@0, b * q@f, h, pDD *

BesselY@1, b * k@f, e, u, h, pDDL *

HBesselK@1, a * q@f, h, pDD * BesselJ@0, a * k@f, e, u, h, pDD +

q@f, h, pD � k@f, e, u, h, pD * u * BesselK@0, a * q@f, h, pDD *

BesselJ@1, a * k@f, e, u, h, pDDL D;

H* Definition of W2=Ud, W13=Ua Hnecessary for A,BL and tan∆ = A�Q0 - B *L
W2 = FunctionB8f, e, u, a, b, h, p<,

1

2 k@f, e, u, h, pD
a2 k@f, e, u, h, pD BesselJ@0, a k@f, e, u, h, pDD2

-

b2 k@f, e, u, h, pD BesselJ@0, b k@f, e, u, h, pDD2
-

2 a BesselJ@0, a k@f, e, u, h, pDD BesselJ@1, a k@f, e, u, h, pDD +

a2 k@f, e, u, h, pD BesselJ@1, a k@f, e, u, h, pDD2
+

2 b BesselJ@0, b k@f, e, u, h, pDD BesselJ@1, b k@f, e, u, h, pDD -

b2 k@f, e, u, h, pD BesselJ@1, b k@f, e, u, h, pDD2
+

HBesselJ@0, b * k@f, e, u, h, pDD * HBesselI@1, b q@f, h, pDD �
BesselI@0, b q@f, h, pDD * k@f, e, u, h, pD � q@f, h, pD � uL -

BesselJ@1, b * k@f, e, u, h, pDDL � H-BesselY@1, b * k@f, e, u, h, pDD *

HBesselI@1, b q@f, h, pDD � BesselI@0, b q@f, h, pDD *

k@f, e, u, h, pD � q@f, h, pD � uL + BesselY@1, b * k@f, e, u, h, pDDL^2 *

1

2 k@f, e, u, h, pD
Ia2 k@f, e, u, h, pD BesselY@0, a k@f, e, u, h, pDD2

-

b2 k@f, e, u, h, pD BesselY@0, b k@f, e, u, h, pDD2
-

2 a BesselY@0, a k@f, e, u, h, pDD BesselY@1, a k@f, e, u, h, pDD +

a2 k@f, e, u, h, pD BesselY@1, a k@f, e, u, h, pDD2
+

-

+



2 b BesselY@0, b k@f, e, u, h, pDD BesselY@1, b k@f, e, u, h, pDD -

b2 k@f, e, u, h, pD BesselY@1, b k@f, e, u, h, pDD2M +

2 * HBesselJ@0, b * k@f, e, u, h, pDD * HBesselI@1, b q@f, h, pDD �
BesselI@0, b q@f, h, pDD * k@f, e, u, h, pD � q@f, h, pD � uL -

BesselJ@1, b * k@f, e, u, h, pDDL � H-BesselY@1, b * k@f, e, u, h, pDD *

HBesselI@1, b q@f, h, pDD � BesselI@0, b q@f, h, pDD *

k@f, e, u, h, pD � q@f, h, pD � uL + BesselY@1, b * k@f, e, u, h, pDDL *

1

2 Π

a2 MeijerGB::0,
1

2
>, :-

1

2
>>, :80, 1<, :-1, -1, -

1

2
>>,

a k@f, e, u, h, pD,
1

2
F - b2 MeijerGB::0,

1

2
>, :-

1

2
>>,

:80, 1<, :-1, -1, -
1

2
>>, b k@f, e, u, h, pD,

1

2
F F;

W13 = FunctionB8f, e, u, a, b, h, p<,
1

2 q@f, h, pD
b

I-b q@f, h, pD BesselI@0, b q@f, h, pDD2
+ 2 BesselI@0, b q@f, h, pDD

BesselI@1, b q@f, h, pDD + b q@f, h, pD BesselI@1, b q@f, h, pDD2M *

HBesselJ@0, b * k@f, e, u, h, pDD � BesselI@0, b * q@f, h, pDD +

BesselY@0, b * k@f, e, u, h, pDD � BesselI@0, b * q@f, h, pDD *

HBesselJ@0, b * k@f, e, u, h, pDD * HBesselI@1, b q@f, h, pDD �
BesselI@0, b q@f, h, pDD * k@f, e, u, h, pD � q@f, h, pD � uL -

BesselJ@1, b * k@f, e, u, h, pDDL � H-BesselY@1, b * k@f, e, u, h, pDD *

HBesselI@1, b q@f, h, pDD � BesselI@0, b q@f, h, pDD * k@f, e, u, h, pD �
q@f, h, pD � uL + BesselY@1, b * k@f, e, u, h, pDDLL^2 +

Π MeijerGA98<, 9 3

2
==, 880, 0, 2<, 8<<, a2 q@f, h, pD2E
4 q@f, h, pD2

*

HBesselJ@0, a * k@f, e, u, h, pDD � BesselK@0, a * q@f, h, pDD +

BesselY@0, a * k@f, e, u, h, pDD � BesselK@0, a * q@f, h, pDD *

HBesselJ@0, b * k@f, e, u, h, pDD * HBesselI@1, b q@f, h, pDD �
BesselI@0, b q@f, h, pDD * k@f, e, u, h, pD � q@f, h, pD � uL -

BesselJ@1, b * k@f, e, u, h, pDDL � H-BesselY@1, b * k@f, e, u, h, pDD *

HBesselI@1, b q@f, h, pDD � BesselI@0, b q@f, h, pDD * k@f, e, u, h, pD �
q@f, h, pD � uL + BesselY@1, b * k@f, e, u, h, pDDLL^2F;

aq = Function@8f, e, u, a, b, h, p<, 1 + Hk@f, e, u, h, pD � q@f, h, pDL^2 � e � u^2 *

W13@f, e, u, a, b, h, pD � W2@f, e, u, a, b, h, pDD;

rs = Function@8f, Σ<, H20 * Pi * Sqrt@f � ΣDLD;

bq = Function@8f, e, u, a, b, h, p, Σ<,

p^2 * 9 * rs@f, ΣD � H8 * 10 000 * Pi^2 * f^3 * h^3 * e * u^2L *

H1 + Hk@f, e, u, h, pD � q@f, h, pDL^2 *

W13@f, e, u, a, b, h, pD � W2@f, e, u, a, b, h, pDL D ;
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H* Measurement parameters *L
u = 1 ; H* µ:=1 �� Non-magnetic sample *L
a = 0.01000 � 2 ; H* Outer sample radius �� a@mD, a > b *L
b = 0.00100 � 2 ; H* Inner sample radius �� b@mD, b > 0 *L
h = 0.00400 ; H* Sample height h@mD *L
Σ = 5.8 * 10^7; H* Conductivity of metal plates Σ@S�mD: copper: 5.8*10^7 ,

silver: 6.3*10^7 *L
p = 1 H* Node number p H0np-ModesL *L ;

H* Determination of permittivity from measured TE0np resonance frequency

f0@GHzD ��remark: n solutions, start value needs to be adapted *L
f0 = 10 ;

FindRoot@f2@f0, Ε, u, a, b, h, pD � 0,

8Ε, H3 � 20 � Pi � f0L^2 H3.139790^2 � a^2 + Hp * Pi � hL^2L<D;

Ε =

Ε �.

%

H* Determination of tan∆ from measured Q-

loaded Qm and insertion loss S21@dBD *L
Qm = 500 ;

S21 = -30.00 ;

tan∆ =

aq@f0, Ε, u, a, b, h, pD � HQm � H1 - 10^HS21 � 20LLL - bq@f0, Ε, u, a, b, h, p, ΣD
Qf = f0 � tan∆

Qd = 1 � tan∆

H* OPTIONAL: Determination of permittivity

from measured TM0np resonance frequency fm@GHzD ��
remark: n solutions, start value needs to be adapted *L

fm = 11 ;

FindRoot@f1@fm, Ε, u, a, b, h, pD � 0,

8Ε, H3 � 20 � Pi � f0L^2 H3.775222^2 � a^2 + Hp * Pi � hL^2L<D;

Ε =

Ε �.

%

H* OPTIONAL: Estimation of the resonance modes for unknown samples *L
ContourPlot@8f2@f, e, u, a, b, h, 1D � 0, f1@f, e, u, a, b, h, 1D � 0,

f2@f, e, u, a, b, h, 2D � 0, f1@f, e, u, a, b, h, 2D � 0<, 8e, 17, 30<, 8f, 4.5, 11<D
e0 = 20; H* Estimated Ε' *L
H* Calculation of fHTE0npL@GHzD, fHTM0npL@GHzD for estimated Ε' *L
FindRoot@f2@fte, e0, u, a, b, h, pD � 0,

8fte, 3 � 20 � Pi * Sqrt@3.13979^2 � a^2 + Hp * Pi � hL^2D � Sqrt@e0D<D;

fte = fte �. % ;

FindRoot@f1@ftm, e0, u, a, b, h, pD � 0,

8ftm, 3 � 20 � Pi * Sqrt@3.775222^2 � a^2 + Hp * Pi � hL^2D � Sqrt@e0D<D;

ftm = ftm �. % ;

8fte, ftm<
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H* CYLINDRICAL CAVITY RESONANCE SCRIPT *L
H* Definition of eigenvalue equation cew and cewΦ *L
cew = Function@8k, q, a, b<, BesselJ@0, k * aD � BesselJ@1, k * aD +

q � k � BesselK@1, q * aD * HBesselK@0, q * aD + BesselK@1, q * bD � Hq * aLLD;

cewΦ = Function@8Β, Α1, Α2, L, L1, L2<,

Tan@Β * LD - HΑ1 * Coth@Α1 * L1D + Α2 * Coth@Α2 * L2DL �
HΒ - Α1 * Α2 * Coth@Α1 * L1D * Coth@Α2 * L2D � ΒLD ;

H* Measurement parameters *L
a = 0.010 � 2 ; H* Sample radius a@mD *L
L = 0.004 ; H* Sample height L@mD *L
e1 = 3.8 ; H* permittivity of support e1: Fused Silica: 3.8 *L
e2 = 1 ; H* permittivity of top support e2: air: 1 *L
b = 0.02622 � 2 ; H* Cavity radius b@mD �� standard diameter: 26.22 mm *L
h = 0.02025 ; H* Cavity height h@mD �� standard height: 20.25 mm *L
L1 = 0.00793 ; H* Support height L1@mD �� standard height: 7.93 mm *L
L2 = h - L1 - L ; H* Top support height, determined from h1, h and L *L
f = 7 ; H* Measured TE01∆ resonance frequency f@GHzD *L
Σ = 6.3 * 10^7 ; H* Conductivity of metal walls Σ@S�mD: copper: 5.8*10^7 ,

silver: 6.3*10^7 *L
rs = 20 * Pi * Sqrt@f � ΣD ; H* Calculation of RS *L
H* Determination of q from measured fTE01∆ *L
q = Pi * Sqrt@H1 � hL^2 - H2 � H3 * 10^8L * f * 10^9L^2D ;

fgr = 0.15 � h H* cut-off frequency fgr@GHzD *L
H* Permittivity determination *L
H* Graphical determination of k to find start value for

the numerical solution *LPlot@cew@k, q, a, bD, 8k, 400, 600<D
FindRoot@cew@k, q, a, bD, 8k, 510<D H* Numerical determination of k *L
k = k �. %

Α1 = Sqrt@ k^2 - H2 * Pi � H3 * 10^8L * f * 10^9L^2 * e1D ; H* Calculation of Α1 *L
Α2 = Sqrt@ k^2 - H2 * Pi � H3 * 10^8L * f * 10^9L^2 * e2D ; H* Calculation of Α2 *L
H* Graphical determination of Β to find start value for the

numerical solution *LPlot@cewΦ@Β, Α1, Α2, L, L1, L2D, 8Β, 370, 460<D
FindRoot@cewΦ@Β, Α1, Α2, L, L1, L2D, 8Β, 415<D H* Numerical determination of Β *L
Β = Β �. % ;

Ε = 9 � 400 � Pi^2 * HΒ^2 + k^2L � f^2 H* Calculation of Ε' *L
H* Determination of the necessary volume &

surface integrals for the tan∆ calculation,

E0�H0=2pi f µ0 �ik, all E fields were expressed as E�E0 *L
Φ = ArcTan@Α1 � Β * Coth@Α1 * L1DD - Β * L � 2;

S = Function@8Β, L, Φ<, HΒ * L + Sin@Β * LD Cos@2 * ΦDL � 2 � ΒD;

Z = Function@8Β, L, Φ, Αi, Li<, HCos@Β * L � 2 + ΦD � Sinh@Αi * LiDL^2D;

P = Function@8Αi, Li<, -Li � 2 + Sinh@2 * Αi * LiD � 4 � ΑiD;

F = Function@8a, k<,

a^2 � 2 * HBesselJ@1, k * aD^2 - BesselJ@2, k * aD * BesselJ@0, k * aDLD;

G = FunctionB8a, b, q<, -a^2 � 2 * HBesselK@1, q * aD^2 -

BesselK@2, q * aD * BesselK@0, q * aD + BesselK@1, q * bD^2L +

-



b^2 � 2 * H2 * BesselK@1, q * bD^2 - BesselK@2, q * bD * BesselK@0, q * bDL -

2 * BesselK@1, q * bD
1

4
-a2 MeijerGB880<, 8<<, ::-

1

2
,

1

2
>, 8-1<>,

a q

2
,

1

2
F +

b2 MeijerGB880<, 8<<, ::-
1

2
,

1

2
>, 8-1<>,

b q

2
,

1

2
F F;

W1 = Function@8Ε, Β, L, Φ, a, k<, 8.8542 * 10^H-12L Ε � 2 *

2 * Pi * F@a, kD * S@Β, L, ΦDD;

W23 = Function@8ei, Β, L, Φ, Αi, Li, a, k<, 8.8542 * 10^H-12L *

ei � 2 * 2 * Pi * F@a, kD * Z@Β, L, Φ, Αi, LiD * P@Αi, LiDD;

H* W2=W23@e1,Β,L,Φ,Α1,L1,a,kD , W3=W23@e2,Β,L,-Φ,Α2,L2,a,kD *L
W45 = Function@8ei, Β, L, Φ, Αi, Li, a, b, k, q<,

8.8542 * 10^H-12L * ei � 2 * 2 * Pi * HBesselJ@1, k * aD � BesselK@1, q * aDL^2 *

G@a, b, qD * Z@Β, L, Φ, Αi, LiD * P@Αi, LiDD ;

H* W4=W45@e1,Β,L,Φ,Α1,L1,a,b,k,qD , W5=W45@e2,Β,L,-Φ,Α2,L2,a,b,k,qD *L
W6 = Function@8Β, L, Φ, a, b, k, q<, 8.8542 * 10^H-12L � 2 * 2 * Pi *

HBesselJ@1, k * aD � BesselK@1, q * aDL^2 * G@a, b, qD * S@Β, L, ΦDD;

M45 = Function@8rs, f, Β, L, Φ, Αi, Li, a, b, k, q<, b * 1 � 2 * 2 * Pi *

rs � 64 � H10 * PiL^4 � f^2 * Hq * BesselJ@1, k * aD � BesselK@1, q * aDL^2 *

HBesselK@0, q * bD + BesselK@1, q * bD � Hq * bLL^2 *

Z@Β, L, Φ, Αi, LiD * P@Αi, LiDD;

H* M4=M45@rs,f,Β,L,Φ,Α1,L1,a,b,k,qD , M5=M45@rs,f,Β,L,-Φ,Α2,L2,a,b,k,qD *L
M6 = Function@8rs, f, Β, L, Φ, a, b, k, q<, b * 1 � 2 * 2 * Pi *

rs � 64 � H10 * PiL^4 � f^2 * Hq * BesselJ@1, k * aD � BesselK@1, q * aDL^2 *

HBesselK@0, q * bD + BesselK@1, q * bD � Hq * bLL^2 * S@Β, L, ΦDD;

O23 = Function@8rs, f, Β, L, Φ, Αi, Li, a, k<,

1 � 2 * 2 * Pi * rs � 64 � H10 * PiL^4 � f^2 * Αi^2 * F@a, kD * Z@Β, L, Φ, Αi, LiDD;

H* O2=O23@rs,f,Β,L,Φ,Α1,L1,a,kD , O3=O23@rs,f,Β,L,-Φ,Α2,L2,a,kD *L
O45 = Function@8rs, f, Β, L, Φ, Αi, Li, a, b, k, q<,

1 � 2 * 2 * Pi * rs � 64 � H10 * PiL^4 � f^2 *

HΑi * BesselJ@1, k * aD � BesselK@1, q * aDL^2 G@a, b, qD * Z@Β, L, Φ, Αi, LiDD;

H* O4=O45@rs,f,Β,L,Φ,Α1,L1,a,b,k,qD , O5=O45@rs,f,Β,L,-Φ,Α2,L2,a,b,k,qD *L
H* Calculation of A and B *L
Pc = M45@rs, f, Β, L, Φ, Α1, L1, a, b, k, qD +

M45@rs, f, Β, L, -Φ, Α2, L2, a, b, k, qD + M6@rs, f, Β, L, Φ, a, b, k, qD +

O23@rs, f, Β, L, Φ, Α1, L1, a, kD + O23@rs, f, Β, L, -Φ, Α2, L2, a, kD +

O45@rs, f, Β, L, Φ, Α1, L1, a, b, k, qD + O45@rs, f, Β, L, -Φ, Α2, L2, a, b, k, qD;

B = Pc � H2 * Pi * 10^9 * f * W1@Ε, Β, L, Φ, a, kDL ;

A = 1 + HW23@e1, Β, L, Φ, Α1, L1, a, kD + W23@e2, Β, L, -Φ, Α2, L2, a, kD +

W45@e1, Β, L, Φ, Α1, L1, a, b, k, qD + W45@e2, Β, L, -Φ, Α2, L2, a, b, k, qD +

W6@Β, L, Φ, a, b, k, qDL � W1@Ε, Β, L, Φ, a, kD ;

H* Determination of tan∆ from measured Q-

loaded Qm and insertion loss S21@dBD *L
Qm = 500 ;

S21 = -30.0 ;

tan∆ = A � HQm � H1 - 10^HS21 � 20LLL - B

Qf = f � tan∆

Qd = 1 � tan∆

2   CavityResonance.nb
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A.4 Publications and conference contributions

A.4.1 Publications

• Patent: "Glass-ceramic as dielectric in the high-frequency range", H. Braun;
M. Letz; B. Rüdinger; D. Seiler, Publication No. (WO 2013076114 A2, DE
102011119804 A1, US20140256530, CN 103958428 A)

• Publication: "Glass-ceramics as dielectrics for antennas in microwave electron-
ics", H. Braun, Y. Zheng, R. Jakoby, O. Leisten, M. Letz, European Microwave
Conference (EuMC), Oct. 2013, 1167-1170, IEEE

• Publication: "Compact dual-band hybrid dielectric resonator antenna based on
new glass-ceramic material", A. Mehmood; Y. Sun; Y. Zheng; O.H. Karabey; H.
Braun; M. Hovhannisyan; M. Letz; R. Jakoby, European Microwave Conference
(EuMC), Oct. 2013, 763-766, IEEE

• Publication: "Liquid crystal based phased array antenna with improved beam
scanning capability", O.H. Karabey; A. Mehmood; M. Ayluctarhan; H. Braun;
M. Letz; R. Jakoby, Electronics Letter, Mar. 2014, 50, 6, 2436-2439, IET

• Publication: "Dual Band Dielectric Resonator Antenna For Hiperlan Based on
Transparent Glass Material", A. Mehmood; Y. Zheng; H. Braun; M. Hovhan-
nisyan; M. Letz; R. Jakoby, German Microwave Conference (GeMIC), Mar. 2014, 1,
4, 10-12, VDE (Best Paper Award GeMIC 2014)

• Publication: "Reconfigurable dualband antenna module with integrated high
voltage charge pump and digital analog converter", E. Gonzalez-Rodriguez; A.
Mehmood; Y. Zheng; H. Maune; L. Shen; J. Ning; H. Braun; M. Hovhannisyan;
K. Hofmann; R. Jakoby, 8th European Conference on Antennas and Propagation
(EuCAP), Apr. 2014, 2749-2753, IEEE

• Publication: "Dielectric resonator antenna phased array with liquid crystal
based phase shifters", A. Mehmood; O.H. Karabey; M. Ayluctarhan; Y. Zheng;
H. Braun; M. Hovhannisyan; M. Letz; R. Jakoby, 8th European Conference on
Antennas and Propagation (EuCAP), Apr. 2014, 2436-2439, IEEE

• Publication*: "Titanate-based paraelectric glass-ceramics for applications in
GHz electronics", H. Braun; A. Mehmood; M. Hovhannisyan; H. Zhang; D.
Sohrabi Baba Heidary; M. Lanagan; I.M. Reaney; M. Letz; H.J. Elmers (*: in
preparation)
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A.4.2 Conferences, seminars & research visits

• Research visit: 03/15/2014 - 06/15/2014, Penn State University (State College
(PA), USA), Department of Materials Science and Engineering (Collaboration
with the groups of Michael Lanagan and Clive Randall)

• Conference: 03/25/2012 - 03/30/2012, DPG Frühjahrstagung (Berlin, Ger-
many),
Talk: "Dielectric pore-free glass-ceramic materials with good metal adhesion
properties for GHz applications"

• Conference: 07/23/2012 - 07/27/2012, 2nd Global Congress on Microwave
Energy Applications (Long Beach (CA), USA),
Talk: "Dielectric pore-free Glass-ceramic Materials for mobile Applications in
the GHz Frequency range"

• Conference: 03/10/2013 - 03/15/2013, DPG Frühjahrstagung (Regensburg, Ger-
many),
Talk: "Titanate glass-ceramics for mobile applications in the GHz range"

• Conference: 06/02/2013 - 06/07/2013, 10th Pacific Rim Conference on Ceramic
and Glass Technology (San Diego (CA), USA),
Talk: "Titanate glass-ceramics for mobile applications in the GHz range"

• Conference: 05/12/2014 - 05/16/2014, 2014 Joint IEEE International Sympo-
sium on the Applications of Ferroelectric, International Workshop on Acoustic
Transduction Materials and Devices & Workshop on Piezoresponse Force Mi-
croscopy (ISAF/IWATMD/PFM) (State College (PA), USA),
Talk: "Titanate Glass-Ceramic Materials for Mobile Applications in the GHz
Frequency Range"

• Conference: 06/01/2014 - 06/04/2014, MMA2014: Microwave Materials and
their Applications (Boise (ID), USA),
Talk: "Titanate glass-ceramic materials for mobile applications in the GHz
frequency range"

• Conference*: 03/15/2015 - 03/20/2015, DPG Frühjahrstagung (Berlin, Ger-
many),
Talk: "Titanate-based paraelectric glass-ceramics for applications in GHz elec-
tronics" (*: abstract accepted and talk confirmed by the DPG)
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• Workshop: 11/08/2011, TICMO (Tunable Integrated Components in Microwave
Technology and Optics) workshop on glass ceramics and ceramic antennas
(Darmstadt, Germany),
Talk: "La-Ti-Si glass-ceramics as microwave dielectric materials"

• Workshop: 05/16/2014 - 05/17/2014, Center for Dielectrics and Piezoelectrics -
Spring 2014 Meeting (State College (PA), USA),
Poster: "Dielectric Glass-Ceramic Materials for Microwave Applications"

• Summer school: 07/02/2012 - 07/06/2012, 4th ICG Summer School (Montpellier,
France), "Glasses: Formation, Structure and Strength"

• Summer school: 08/17/2013 - 08/25/2013, RACIRI Summer School (St. Pe-
tersburg, Russia), "Advanced Design of New Materials at X-Ray and Neutron
Facilities: Soft Matter and Nanocomposites"
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