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Einfluss von Kernmomenten auf den Zertfall von
dielektrischen Polarisationsechos in Gléasern bei tiefen Temperaturen

Diese Arbeit untersucht den Einfluss von Kernmomenten auf den Zerfall von dielek-
trischen Zweipulspolarisationsechos in Gliasern bei tiefen Temperaturen anhand von
zwoOlf Proben. Einige der Proben, die Atome mit Kernmomenten enthalten, zeigen
einen sehr schnellen Zerfall der Echamplitude bei kurzen Pulsabstinden, der einer
Relaxation basierend auf Kernmomenten zugeschrieben werden kann. Ein detailierter
Vergleich aller Zerfallskurven zeigt, dass die Modulation der Quadrupolkoppelkon-
stanten durch die Tunnelbewegung der entscheidende Parameter fiir einen starken
Beitrag einer auf Kernmomenten basierenden Relaxation ist. Durch die zusétzliche
Zeemanaufspaltung im Magnetfeld konnte fiir das Glas HY-1, entsprechend der Er-
wartung, der Einfluss der kernmomentbasierten Relaxation auf den Zerfall der Echo-
amplitude verringert werden. Die aktuellen theoretischen Modelle kénnen den schnel-
len Zerfall der Echoamplitude bei kleinen Pulsabstdnden nicht beschreiben, was auf
einen weiteren Relaxationsmechanismus, verursacht durch Kernmomente, hinweist.
Zur weiteren Untersuchung des schnellen Zerfalls bei kleinen Pulsabstinden wur-
de im Rahmen dieser Arbeit ein neuer Aufbau, basierend auf mikrostrukturierten
supraleitenden planaren Resonatoren, entwickelt. Dies ermoglichte zum ersten Mal
Pulsabstédnde nahe des theoretischen Limits und die Beobachtung des gaulférmigen
Abflachens der Echoamplitude am Glas N-BK7, wie von der spektralen Diffusion
vorhergesagt.

Influence of nuclear moments on the decay
of dielectric polarization echoes in glasses at low temperatures

This thesis investigates the influence of nuclear moments on the decay of dielectric
two-pulse polarization echoes in glasses at low temperatures based on twelve sam-
ples. Several samples, containing atoms carrying nuclear moments, show a very fast
decay of the echo amplitude at short times, which can be attributed to a nuclear
moment based relaxation. A detailed comparison of all decay curves shows, that
the modulation of the quadrupole coupling constant during the tunneling motion
is the decisive parameter for a significant contribution of a nuclear moment based
relaxation. For the glass HY-1, the additional Zeeman splitting in a magnetic field
reduces the influence of the nuclear moment based relaxation on the decay of the
echo amplitude, as expected. The observed decay behavior cannot be described by
current theoretical models, indicating another relaxation mechanism related to the
relaxation due to nuclear moments. To further study the decay at very short pulse
separation times, a novel setup, based on planar microfabricated superconducting
resonators, was developed. This enabled for the first time pulse separation times
close to the theoretical limit and the observation of the Gaussian shape like leveling-
off of the echo amplitude of N-BK7 glass, as predicted by spectral diffusion theory.
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1. Introduction

Although many models for describing the properties of solids are based on the as-
sumption of perfect crystals, most materials appearing in everyday life are far from
a perfect crystal and many even belong to the substance class of amorphous solids
or glasses. In some fields, an amorphous structure can lead to unintended effects.
For example, in solid-state quantum computing the presence of amorphous mate-
rial in a qubit causes decoherence, limiting the performance of quantum computers
[Sim04, Mar05, Sch19].

Compared to crystals, glasses exhibit only a short range order of their constituents,
which is usually given by the chemical binding situation. The missing long range
order leads not only to a reduced density of amorphous solids compared to their
crystalline counterparts, but also to some extraordinary properties. In particular at
low temperatures, the specific heat and the thermal conductivity of glasses showed
unexpected temperature dependencies [Zel71] which deviate from the Debye model
valid for crystals. Further measurements of the thermal properties of other glasses
in [Ste73, Las75, Ste76] led to the same dependencies. Together with the observed
similarities in other properties at low temperatures, like acoustic attenuation, the
assumption that all amorphous solids behave similar at low temperatures, the so-
called ’universality of glasses’, evolved.

A phenomenological explanation for this behavior was given, independently of each
other, by Anderson et al. [And72] and Phillips [Phi72] with the standard tunnel-
ing model. This model assumes additional low energetic excitations in amorphous
solids and identifies them with atoms or groups of atoms which can populate two
energetically almost equal positions, separated by a potential barrier. At low tem-
peratures a change of position of these atoms is only possible by quantum mechanical
tunneling. Although the standard tunneling model is purely based on the structure
of amorphous solids and does not make any assumption about the composition of
the glass, it describes the low temperature behavior of the specific heat and the
thermal conductivity [Las75| as well as further properties like the dielectric function
[Frel6, WohOla, Lucl6].

However, the model could not explain the observations of the hole-burning experi-
ments in [Arn75], since it takes no interaction between the low energetic exicitations,
called tunneling systems, into account. This observation encouraged an expansion
of the standard tunneling model describing the interaction of the tunneling systems
with each other, the spectral diffusion theory [Kla62, Hu74, Bla77]. Over time,
additional extensions and modifications of the model were introduced to describe
measured data. For example, collective excitations [Bur98, Esq98| and a sub-system
of only weakly interacting tunneling systems |[Burl3, Fic13].

Compared to the deviations from the standard tunneling model, which could often be
modeled by a modified distribution function or by a modification of the interactions
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2 1. Introduction

between the tunneling systems, the observation of magnetic field effects in the dielec-
tric function in [Str98] was unexpected and required new explanations. Also in sub-
sequent dielectric polarization echoes on various multicomponent glasses, a variation
of the echo amplitude with applied magnetic field was visible [Lud02, Lud03]. Fur-
thermore, not every sample showed an influence of the magnetic field on its dielectric
properties, which repealed the universality of glasses. It turned out that the dielectric
properties of glasses at low temperatures depend not only on their amorphous struc-
ture but also on their composition. Finally, detailed studies of polarization echoes, in
which the isotope effect was exploited, showed that the magnetic field dependence is
caused by atoms carrying nuclear quadrupole moments being part of tunneling sys-
tems [Bra04b, Nag04]. The corresponding theories [Wiir02, Wiir04, Par04| explain
the measured data well. Another addition to the existing theory resulted from the
observation, that not only nuclear quadrupole moments but also nuclear magnetic
dipole moments influence the echo amplitude [Baz07, Baz08|. These discoveries re-
vealed that tunneling systems, which were usually treated as two-level systems, are
actually multi-level systems if they contain nuclear moments.

Besides the magnetic field dependence, several glasses containing atoms carrying
nuclear quadrupole moments showed a decay of the echo amplitude faster than ex-
pected [Ens02a, Lud03]. Since dielectric polarization echoes are sensitive to the
phase coherence of the probed ensemble of tunneling systems, a decay of the echo
amplitude faster than expected indicates an additional relaxation mechanism of the
tunneling systems. The missing relaxation channel was detected in measurements of
the dielectric function of glasses containing very large nuclear quadrupole moments
|Luc16]. There an additional non-phononic relaxation mechanism, being dominant
at low temperatures, was observed, which was attributed to the nuclear moments.

As stated above, dielectric polarization echoes are a suitable method for the study of
relaxation mechanisms. In the present thesis this technique is used to systematically
study the influence of nuclear moments on the decay of tunneling systems. Therefore
the decay behavior of twelve glasses is compared to each other. The samples cover a
broad range of different glass types, like organic and inorganic samples and contain
different amounts and kinds of quadrupole carrying atoms. In our study the amount
of atoms with nuclear quadrupole moments covers a range between zero and 40 at.%
and quadrupole moments of about 0.02 barn to approximately 3.6 barn. Thus the
selected materials are suitable for a further investigation of the nuclear moments
based relaxation.

To tackle the criteria for a significant contribution of the nuclear moment based re-
laxation, a detailed comparison of the echo amplitudes’ decay behavior, with respect
to the fraction of quadrupole carrying atoms, the size of the quadrupole moments and
the size of the quadrupole coupling constant, is carried out. Whether the observed
fast relaxation is actually caused by nuclear moments is verified by measurements in
magnetic fields. For a more elaborate examination of the nuclear moment based re-
laxation, measurements at very small pulse separation times are required. To enable
such measurements, a novel resonator technique is developed within this thesis.



This thesis is structured as follows:

In chapter 2, the structural properties of the different examined glass types within
this thesis are addressed. The focus is on the multicomponent oxide glasses and the
implementation of different elements in these materials.

Subsequently, chapter 3 introduces the standard tunneling model, the theory of the
echo experiment and the known relaxation processes of tunneling systems.

Chapter 4 deals with the interaction of tunneling systems and nuclear moments.
Therefore, at first a short introduction into nuclear quadrupole resonance is given,
before the coupling mechanism of the tunneling systems and the nuclear quadrupole
moments and its consequences for the echo amplitude are discussed. Furthermore,
the observed increased relaxation rate of nuclear moments in amorphous samples as
well as the relaxation of tunneling systems due to interactions with nuclear moments
are discussed.

The experimental methods used in the framework of this thesis are presented in
chapter 5. Besides the experimental setup, the limitations and error sources of the
experiment as well as the investigated samples within this thesis are depicted.

In chapter 6, the experimental results are presented. At first, the preparations to
ensure reliable measurement conditions are discussed. Then, the decay behavior of
the different samples is analyzed. Finally, the measurements with magnetic fields
are presented.

The novel resonator technique, together with first test measurements, is introduced
in chapter 7.

In chapter 8 the results obtained in this thesis are summarized and an outlook on
future measurements is given.






2. Structure of dielectric glasses

When talking about glass, most people will think of window glass or drinking glasses,
materials that appear in everyday life. But the substance class of glasses or amor-
phous solids, both terms are used synonymously in the following, contains signifi-
cantly more materials such as metallic or organic glasses.

This thesis deals with a variety of dielectric glasses, inorganic and organic ones. For
interpreting the obtained data, it is helpful to have a basic understanding of the
structural properties of glasses. Therefore, a rough overview of this topic is given in
the following chapter, based on [Vog92, Sch91].

2.1 Basic properties of glasses

Most glasses are made by rapidly cooling their melt. Exceptions are for example
vapour-deposited glasses and some organic materials. When a melt is cooled slowly,
its volume decreases and at a certain temperature, called melting temperature T},
crystallization starts. This is a first order phase transition accompanied by a jump
in the volume (compare figure 2.1). However, if the melt is cooled rapidly, solidifica-
tion does not occur at T,,, instead vitrification takes place at a lower temperature,
which is referred to as the glass transition temperature T, (for most glasses applies:
T, ~ 2/3T;, [Hun87]). In a microscopic picture the constituents of the melt are rear-
ranging very fast, on picosecond timescale |Roy15|, such that the system is always

Supercooled

melt \

Figure 2.1: Schematic illustation of

Volume V

the change in volume during crystalliza-
tion and vitrification of a one-component
melt. T, marks the crystallation tem-
perature of the melt and T, the glass
T T transition temperature. Adapted from
[Hunll].

Temperature T



6 2. Structure of dielectric glasses

in equilibrium. If the melt is cooled, the structural relaxation time becomes larger
and the viscosity increases. In case of crystallization, the constituents start to re-
arrange in an ordered way at the melting temperature, such that the system stays
in equilibrium. If the cooling is too fast, the individual components of the melt
cannot arrange in an crystalline manner and solidification does not happen at Tj,.
The system is in some kind of metastable-equilibrium, called supercooled melt. In
this state the viscosity increases further and at the arbitrarily defined viscosity of
10" Poise [Sch91], corresponding to relaxation times in the order of 100s [Roy15],
the material is called solid. In this context solid means that in experimentally acces-
sible timescales no return to equilibrium can be achieved.! This is also the reason
why glasses are sometimes called frozen liquids. In the V/T diagram, shown in figure
2.1, this process appears as a transformation area at T, and not as a classical phase
transition. Whether a melt develops an amorphous or a crystalline structure upon
cooling strongly depends on the composition of the melt and on the cooling rate. For
good glass formers 1076 X/s are sufficient to develop an amorphous structure, but for
bad ones cooling rates up to 10°X/s are needed [Hun11].

The two classes of solids, crystal and glass, differ significantly in their physical prop-
erties. One significant difference can be seen in figure 2.1. At the same temperature,
the volume of the amorphous material is larger compared to its crystalline counter-
part. Consequently, both materials have different densities even though they consist
of the same constituents. This leads to the question of the actual structural prop-
erties of both materials. For an ideal crystal it is well known that it is built-up of
unit cells, in which every atom has its exclusive place. This leads to an ordered
lattice with short and long range order. In contrast, a hypothetical ideal amorphous
solid would have a completely statistical distribution of its constituents leading to
no detectable order. In reality it is very hard to obtain a single crystal of very high
quality and an amorphous solid will show a certain amount of short range order

g(r) 15t Coordination Shells
3rd

Crystal d
y n 4th 5th

Figure 2.2: Schematic illustration of the

pair correlation function of an ideal crys-

r talline and its corresponding amorphous
solid. The crystal shows distinct lines,
representing its short and long range or-
der. The amorphous material shows
broad maxima just at short distances, in-
dicating short but no longe range order.
Adapted from [Hulb|.

! According to [Roy15] 10-100 relaxation times are needed before the system is in equilibrium.
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defined amongst others by the chemical binding situation of its constituents.

A possibility to visualize the structural difference of these two kinds of solids is the
so-called pair correlation function g (r), which is a measure of the particle number
density in the distance r to a reference atom. In figure 2.2 the pair correlation func-
tion of an ideal crystalline and its corresponding amorphous solid are shown. The
crystal shows due to its long range order delta peak like maxima up to large dis-
tances r. Instead of the delta peak like structure, the vitreous material shows broad
maxima at small . Towards larger r they smear out very fast such that the pair
correlation function saturates at one. This indicates that some short but no long
range order exists in the glass. The resulting structural properties are introduced in
the following section.

2.2 Structural properties of dielectric glasses

The materials studied in the framework of this thesis are all dielectric glasses. They
can be roughly classified into two big groups as shown in figure 2.3. The organic
glasses are based on covalently bound carbon atoms. The samples of this group can
be further divided into molecular and polymer glasses. The former are monomeric
materials and the latter are composed of repeating subunits. The second group
of dielectric glasses are inorganic glasses, which can be separated into those based
on different oxides and those without oxygen. In the following chapters, inorganic
glasses are considered first. Afterwards organic glasses are discussed.

(Dielectric gIasses]

( Organic glasses ) Clnorganic gIasses)

(Molecularglasses) (Polymer glasses) (Non—oxide glasses) ( Oxide glasses )

Figure 2.3: Classification of the glasses examined in the framework of this thesis.

2.2.1 Inorganic glasses

Not only the manufacture of a glass can be a difficult task, which often depends on
details.? Once a glass is made, it is another challenge to determine the structural
properties or rather the arrangement of its constituents. There are two approaches
to investigate this. One of them is following the guiding principle that glass is a
frozen liquid. Thus by studying the melt, information on the actual structure of the
solid can be obtained. Another possibility is to look at the corresponding crystal

2For instance the exact mixing ratio of the individual constituents and the cooling rate.
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and try to draw conclusions about the amorphous version of the solid. This method
was used in 1932 by Zachariasen to successfully judge the glass forming ability of
oxides and to describe the structure of the corresponding glasses [Zac32|. Therefore
the following chapter will focus on this approach.

Oxide glasses

The so-called ‘Random Network Theory’ by Zachariasen |Zac32| describes the glass
forming ability of the at this time known oxide glasses and was used by Warren
to successfully describe his X-ray measurements [War4l|. The theory is based on
the idea that atoms in glasses and crystals are linked together by the same forces.
Consequently, the binding situations found in crystals should also hold for glasses.
Based on this theory amorphous solids consisting of oxides A,O, are random three
dimensional networks of oxygen polyhedra around an atom A. Requirements for such
structures are: One oxygen atom is linked to no more than two atoms A, the co-
ordination number of atom A must be small and the oxygen polyhedra share only
corners with each other. For three dimensional networks not less than three corners
of each polyhedra must be shared. This leads to the assumption that A,O3 oxides,
forming oxygen triangles around atom A, as well as AOy and A5O3 oxides, forming
tetrahedra around atom A, are able to form glasses. In those glasses the orientation
of the polyhedra varies in rather large limits, such that just a short range order is
present, defined by the polyhedra itself and possibly the nearest environment. In the
corresponding crystalline materials, the polyhedra are arranged in an ordered way
to enable short and long range order to develop.

Figure 2.4: Schematic two dimensional representation of crystalline (left) and amorphous
(right) SiO92. Omne oxygen atom of each tetraheder is lying above or below the plain of
projection. The dashed lines show edges of the tetrahedron. Sketch derived from [Zac32,
Vog92].
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For crystalline and amorphous SiO, the basic building module is the [SiOy] tetrahe-
dra, consisting of the Si*' cation in the centre and four O?~ anions in the corners.
It is common practice to speak of ions even though there is no proper ionic bond.
In reality each bond is a mixture of a covalent and an ionic bond. The mix of a
directed (covalent) and undirected (ionic) bond is a typical feature of glass networks.
A schematic two dimensional representation of crystalline and amorphous SiOs is
shown in figure 2.4. One oxygen atom of each tetrahedra is lying above or below
the plain of projection. In the crystalline material rings of six tetrahedra are visi-
ble whereas in the disordered structure rings of different sizes occur. According to
Zachariasen’s theory additional cations of a multicomponent glass (for example from
alkali or alkaline earth oxides) are placed within the holes of the amorphous structure.
In order to form a stable glass, the added cations need to have a large ionic radius
and a small charge to avoid repulsive forces between them and the cations forming
the network. However, it turned out that various observations, like the glass forming
properties of binary mixtures of well known glass formers, could not be explained
with Zachariasen’s theory [Vog92].

To improve the theory, Dietzel developed an extension taking also into account the
actual field strengths between the cation and the anion [Vog92, Sch91|. For oxide
glasses the field strength F of the cation at the position of the anion, the O~ ion,
is relevant. It can be derived from Coulomb’s law. Omitting constant factors, it is

given by
Z

o
CL2

F= (2.1)

with the valence Z of the cation in units of the elementary charge and the distance
of the ions a = Tcation + ro2- I A ris representing the radius of the respective ion
and depends slightly on the coordination number CN. The cations can be classified
depending on their field strengths into three groups: network former, modifier and
intermediate oxides.

Typical network formers are listed in table 2.1. They usually have a small ionic ra-
dius and coordination numbers of 3 or 4. Their field strengths vary from 1 [Sch91| or
1.4 [Vog92| to 2. The difference in field strengths depending on the reference already

Network former

Valence Ionic Coordination Cation oxygen Field strength

Element  of ion  radius number distance a at O*~ ion
Z [A] CN [A] Z/q2
B 3 0.25 3 1.36 1.62
4 1.44 1.45
Si 4 0.39 4 1.60 1.56
P 5 0.34 4 1.55 2.08

Table 2.1: List of cations that traditionally serve as network formers and their field
strengths according to Dietzel. The shown data is a selection of those listed in [Sch91].
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Network modifier

Valence Ionic Coordination Cation oxygen Field strength

Element of ion radius number distance a at O?~ ion
Z [A] CN [A] Z/q2

K 1 1.33 8 2.76 0.13
Na 1 0.98 6 2.30 0.19

8 2.42 0.17
Ba 2 1.43 8 2.86 0.24
Ca 2 1.06 6 2.38 0.35

8 2.48 0.33
Pb 2 1.32 6 2.64 (0.34)

8 2.74 (0.32)

Table 2.2: List of cations that serve as network modifiers and their field strengths according
to Dietzel. The values in parentheses are raised by 20 % due to the highly polarizing effects
on the anions [Sch91|. The shown data is a selection of those listed in [Sch91].

indicates that it is not easy to establish a general set of rules for glass chemistry or
to give a fixed role to a certain cation. Consequently, the conclusions based on these
field strengths are only valid to a certain extent. In a glass, network formers build
the three dimensional network. In the case of silicon, the basic unit of the network is
the already introduced [SiOy] tetrahedra and for boron the basic module is a [BOj)]
group.

Another import group of cations are the so-called network modifier. Several ex-
amples, frequently present in glasses, are shown in table 2.2. These ions have a
comparably large radius and a small charge. Usually, network modifier have a coor-
dination number greater than or equal 6 and their field strength is between 0.1 and
0.4 [Vog92| or not larger than 0.35 [Sch91|. If such oxides are added to a silicate glass

Figure 2.5: Schematic two dimensional
representation of the integration of net-
work modifiers and intermediate oxides
into a silicate glass. The introduced net-
work modifiers have broken the oxygen
bonds and are sitting in the holes of
the glass matrix. The intermediate ox-
ide aluminum strengthens the network.

Adapted from [Sch91]
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network, they split up the so-called bridging oxygen bonds between neighbouring sil-
icon atoms. The additionally introduced oxygen of the oxide is taken by one of the
silicon atoms, such that two non-bridging oxygen atoms arise. The network modifier
cation itself is placed in the hole of the structure. Figure 2.5 illustrates a silicate
glass with added network modifiers. The introduced cation is not lying loosely in
the network but is weakly ionically bound to the negatively charged non-bridging
oxygen. By breaking the bridging bonds, the inserted cations loosen up the network,
which has an effect on many macroscopically measurable properties of the glass. For
example, the glass transition temperature is lowered and the electrical conductivity
increases. Conversely, measurements of different physical properties can give insights
into the embedding of various cations.

The third group of cations are intermediate oxides. A selection of these cations is
shown in table 2.3. Their coordination number is typically between 4 and 6 and

Intermediate Oxides

Valence Ionic Coordination Cation oxygen Field strength

Element of ion radius number distance a at O®~ ion

A [A] CN [A] 7/q2

Ho 3° 1.04° 6° 2.44 0.50
3° 1.16° 8b 2.56 0.46

Zn 2 0.83 4 2.03 (0.59)
6 2.15 (0.52)

Ta 3° 0.86° 6° 2.26 0.59
4b 0.82° 6° 2.22 0.81

5 0.78° 6° 2.18 1.05

5 0.88° 8° 2.28 0.96

Sh 5 0.63 4 1.84 (1.76)
3 0.90 6 2.22 (0.73)

Zr 4 0.87 6 2.19 0.84
8 2.28 0.77
Ti 4 0.64 6 1.96 (1.25)
3 0.69 6 2.01 (0.89)

Al 3 0.57 4 1.76 0.97
6 1.89 0.84

Nb 5° 0.62° 4b 2.02 1.23
0.78° 6° 2.18 1.05

0.88° 8b 2.28 0.96

Table 2.3: List of cations from intermediate oxides and their field strengths according to
Dietzel. The values in parentheses are raised by 20 % due to their highly polarizing effects
on the anions [Sch91|. The shown data is a selection of those listed in [Sch91|. The data
marked with superscript b is taken from [Web| and the corresponding distance is calculated
with an 0%~ radius of 1.4 Ab.



12 2. Structure of dielectric glasses

their field strength is the range from 0.5 to 1 [Vog92] or between 0.35 and 1 [Sch91].
Unlike network formers, intermediate oxides alone do not vitrify, nor do they behave
like classical network modifiers. When they are added into a glass matrix they can
act in different ways. Depending amongst others on the composition of the glass,
they can either break bonds and act as network modifiers or they can be built into
the glass matrix and strengthen the network. A widely used example is Al,O3. If
this oxide is added to a pure SiO, glass the A>T ion is usually in coordination 6 and
acts as a network modifier. However, if other network modifiers, such as sodium,
are present in the glass, the aluminium ion can go into coordination 4. Thereby
the valence compensation of the Al*" ion is established by the additional network
modifier ion. This way, aluminium ions can be implemented into the glass matrix
and close the non-bridging oxygen bonds broken by network modifier. This process
strengthens the glass network (compare figure 2.5).

The rules introduced above serve as general guidelines for the structural properties
of oxide glasses. They allow to establish a rough picture of the structure of many
glasses. In 2011 the atomic structure of amorphous dielectric glass was resolved for
the first time. Lichtenstein et al. [Lic12| measured the structure of a disordered two
dimensional silica bilayer, grown on Ru(001), using scanning tunneling microscopy.
The observed arrangement of atoms agrees well with Zachariasen’s random network
model and it could be confirmed that the glass is built from [SiO4] tetrahedra. The
observed ring sizes in the amorphous structure varied between 4 and 9 silicon atoms,
most rings had a size of 6. In 2012, Huang et al. [Hual2| obtained similar results
by transmission electron microscopy of a two dimensional silica glass on graphene.
Figure 2.6 shows the taken picture from this publication. The rings of different sizes,
which are according to Zachariasen typical for a disordered structure, can be seen
clearly. Furthermore, rearrangements in such glasses could be visualized [Hual3|, of-
fering a promising way to investigate vitrification. In reverse Monte Carlo modelling
of high energy X-ray and neutron diffraction measurements on three dimensional
data of vitreous SiOy [Koh05] a slightly different distribution of ring sizes was found

Figure 2.6: Transmission electron microscope picture of a two dimensional silica glass on
graphene. The rings of [SiOy4] tetrahedra as predicted by the random network model of
Zachariasen can be seen. Picture taken from [Hual2|



2.2. Structural properties of dielectric glasses 13

compared to the two dimensional materials. The ring sizes vary between 3 and 10,
but the most common one is also 6. All of these measurements support the general
guidelines introduced in this chapter. However, these simple ideas do not always
provide the right approach for complex glass mixtures.

Non-oxide glasses

In addition to the group of oxide glasses, there are two other big groups. The so-
called halide glasses, having a halogen (F, Cl, Br,...) as anion, and the chalcogenide
glasses which have an element of the sixth group of the periodic table of the elements
excluding oxygen (S, Se, Te,...) as anion. The non-oxide glass investigated in the
framework of this thesis is arsenic trisulfide (AsyS3) and thus belonging to the second
mentioned group. Since the structural properties of chalcogenide glasses are manifold
just those of the investigated sample will be discussed in the following. In general,
it can be said that the glass forming ability of the chalcogenides decreases with
increasing atomic mass of the anion [Sch91|. Arsenic trisulfide is such a good glass
former that it is difficult to make a crystalline sample in a laboratory |[Yan86|. The
guiding principles from Zachariasen and Dietzel, introduced in the framework of the
oxide glasses, also hold for glasses with a chalcone or a halide as anion. However, the
field strengths of Dietzel have to be calculated with respect to the particular anion.
For arsenic trisulfide the field strength of the As*™ cation in the distance of the
S?~ anion is 1.88, directly implying the good glass forming ability.> Concerning the
actual structure of the solid it is assumed that the chemical binding situation of the
crystal is conserved. However, the bond angles are different, resulting in a disordered
structure. Hence, the basic building unit of the glass is a [AsS3]| group, which is three
dimensionally networked. Attempts to describe the structure of amorphous AssSs
via a computer simulation can be found in [Bra91].

2.2.2 Organic glasses

Organic glasses are made of carbon-based chemical compounds ranging from small
molecules to large polymers. The structure of those compounds or the repeating
units of polymers are usually well known from organic chemistry. Since the variety
of organic materials is very large, it is not possible to establish a simple rule for
the arrangement of the molecules in a solid. However, some aspects are similar for
all organic glasses and are discussed in the following, based on the books [Sch05,
Hunl1, Stal5]. The majority of the mentioned properties apply to small molecules
and polymers, hence they are only separated into these groups where necessary. In
the context of this thesis, the term molecular glass is used for all samples that are
not polymers.

2The values needed for the calculation are taken from [Web]
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The group of organic glasses differs not only in the kind of constituents from inorganic
solids but also in the way they are connected. For the inorganic glasses discussed
within this chapter, the constituents, neglecting network modifier, are bound by
mixed bonds (covalent and ionic), where the covalent part often dominates. There-
fore, inorganic glasses are also called covalent solids. In organic glasses the atoms that
build the molecules or polymers are connected via covalent bonds, too (intramolec-
ular forces). However, the individual molecules and polymers in the solid are not
hold together by covalent bonds but by various weaker forces (intermolecular forces).
Therefore, organic glasses are also called molecular solids. The intermolecular forces
have significant influence on some macroscopic properties of organic glasses. For
example, the melting temperature of inorganic glasses is usually significantly higher
than for organic ones. Since the intermolecular forces in the organic glasses are very
weak compared to the intramolecular ones, the physical properties of the individ-
ual molecules are conserved to a large extend. This is useful, for example, when
discussing nuclear effects. The most dominant intermolecular forces are:

o Van-der-Waals forces between

— two non-polar molecules,
— two polar molecules,

— a polar and a non-polar molecule.

These forces are of short range and depend on the polarizability of the non-
polar molecules.

e Coulomb forces, if both molecules are charged (ionic bond).

e Hydrogen bonds, if a hydrogen atom is covalently bound to a strong electroneg-
ative atom (O, I, ...) in one of the molecules.

The collapse of the solid is prevented by the Pauli exclusion principle and Coulomb
repulsion. For a neutral molecule with filled molecular orbitals the interaction po-
tential is described by the Lennard-Jones-potential.

If an organic melt is cooled, the constituents try to arrange to an energetically
favorable state (crystalline structure). For large enough cooling rates, this state
cannot fully achieved and the melt vitrifies, similar to inorganic melts. There are
also materials, where the melt is vitrifying even at smallest cooling rates. An example
are large polymers, where the large size of the molecule and the associated spatial
obstacle prevent crystallization. A two dimensional scheme of how a polymer glass
could look like is shown in figure 2.7. The individual polymer chains are building a
kind of static bundle.

Another peculiarity of organic glasses is that they can also be made by a chemical
reaction. In this process covalent bonds are created which connect the molecules with
each other. Examples for this kind of glass are so-called thermosetting polymers.
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Those materials are often made by a reaction of a resin with a hardener. When
thermosetting polymers are heated, they do not become liquid again, but they are
dissociated at a certain temperature.

@%@é Repenting unit of the polymer

Figure 2.7: Schematic representation of a polymer glass. The individual polymer chains

consist of a carbon backbone and possbile functional sidegroups R;. Adapted from [Sch17].






3. Dielectric glasses at low temperatures

Based on the structural characteristics of glasses discussed in chapter 2, the following
sections address some of the physical properties of these materials at low tempera-
tures. First, the influence of the disordered structure on heat capacity and thermal
conductance is discussed. The observations in those measurements resulted in the
development of the ‘standard tunneling model’, which is introduced in section 3.2.
The standard tunneling model is the foundation for polarization echo experiments,
which were performed within this thesis. The theory behind these measurements
is introduced in section 3.3. Occurring relaxation processes in dielectric glasses are
described in section 3.4.

3.1 Thermal properties

Due to the missing long rang order in glasses well established methods, like the
Brillouin zone, cannot be used to describe physical properties. However, the concept
of the phonon should be applicable, as long as its wavelength is large enough, such
that the disordered structure can be neglected and the material can be seen as a
continuum [Hunll|. Consequently, the physical properties determined by phonons
should coincide for crystalline and amorphous solids at low enough temperatures.
Nevertheless, experiments showed that this is not the case as outlined in the following.

The specific heat capacity ¢(T) o d@/ar of a sample at a certain temperature T is
defined by the amount of heat dQ) needed to change the temperature of the sample
by d7T. Tt is thus a measure for the excitable degrees of freedom in a material
at the temperature 7. For dielectric crystalline materials the specific heat at low
temperatures is defined by phonons. It can be described by the Debye approximation,
which assumes an isotropic solid with a monoatomic basis [Deb12]. It holds:

Cphonon (") o T3 (3.1)

In figure 3.1 the measured specific heat capacities of crystalline and vitreous silicon
dioxide are shown. It is clearly visible that the crystalline material follows the pre-
dicted T? dependence very well. However, the glass is showing a T dependence and
an absolute value which is considerably larger compared to the crystal. This implies
another excitable degree of freedom in addition to phonons at low temperatures in
disordered materials, so that ¢ = cphonon + Cadditional-

The thermal conductivity « in a dielectric solid is determined by phonons and can
be calculated with the dominant phonon approximation in analogy to the kinetic gas

theory via
1

/{phonon(T) - §Cph0non(T)vsl(T)- (32)

17
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Figure 3.1: Comparison of the specific
heat capacity C' of vitreous and crystalline
SiOy as a function of temperature [Zel71,
Las75]. The specific heat of the amorphous
sample is significantly larger and shows a
T'3 dependency instead of the expected T3,
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Figure 3.2: Comparison of the thermal
conductivity k of vitreous and crystalline
SiOg as a function of temperature [Zel71].
The absolute value of the amorphous sam-
ple is smaller over the whole temperature
range and shows a T? dependency instead

indicating an additional contribution at low of the expected T2 at low temperatures, in-

temperatures. dicating additional scattering centers.

In this equation v, represents the speed of sound of the dominant phonons and [
their mean free path. Thus by studying the thermal conductivity of solids insights
into scattering processes, limiting [, are gained. The temperature dependence of the
thermal conductivity of crystalline and amorphous SiO, is shown in figure 3.2. The
shape of the crystalline curve from high to low temperatures can be explained by
the extinction of Umklapp scattering, leading to an increase of the mean free path
and thus to a higher conductivity. At a certain temperature a maximum is reached.
The subsequent reduction of the thermal conductivity is a consequence of the mean
free path becoming temperature independent. In this regime, it is only determined
by the sample dimension or internal defects (Casimir regime) and from equation 3.2
it follows Kphonon(T') X Cphonon(T") o< T?. In comparison, the course of the thermal
conductivity of vitreous SiOs is completely different. The absolute value is distinctly
lower than the one of the crystalline counterpart and starting from high temperatures
it continuously drops with an plateau at around 10 K. This plateau is not related to
the maximum in the crystalline material, since the flattening is independent of the
sample size or purity. The exact origin for the behavior at temperatures higher than
approximately 1K is still matter of research [Hunll|. For low temperatures it can
be seen, that Kphonon 1S proportional to about 7' 2 hence the Casimir regime cannot
be reached. This indicates that additional scattering centers must be present in the
amorphous material, limiting the mean free path of the phonons.
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The presented differences between crystalline and vitreous silicon dioxide are not
special features of this material but can be found in all amorphous solids, independent
of their composition, at temperatures below about 3K [Sch18a]. This can be well
seen in figure 3.3, where the the specific heat (left) and the thermal conductivity
(right) of various inorganic and organic dielectrics is shown. Considering the thermal
conductivity, it should ne noted that not only the temperature dependencies of the
different materials are equal, but also the absolute values lie within about one order
of magnitude. This striking similarity of the thermal and other properties of glasses,
like acoustic attenuation, at low temperatures led to the often referred to 'universality
of glasses’ [Ber88, Leg91, Poh02, Sch18a|. For the sake of completeness, it should
already be mentioned at this point that not all low-temperature properties of glasses
are universal, compare e.g. |[Dra77, And86, Lud03, Nag04, Lucl6| and the further
course of this work.

A more detailed introduction to the thermal properties of amorphous solids including
the peculiarities and differences in relation to crystals can be found in [Hunl1].

It has been shown that the thermal behavior of amorphous solids at low temperatures
is an universal property. Therefore it is reasonable to assume that the cause for
the additional heat capacity and the reduced thermal conductivity compared to
crystals lies in the disordered structure of these materials. This observation led to
the development of the so-called standard tunneling model [And72, Phi72] introduced
in the next section.
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Figure 3.3: Specific heat (left) and thermal conductivity (right) of various amorphous
dielectric solids as a function of temperature [Zel71, Ste73, Las75, Ste76|. The data of the
different samples has a similar course, indicating universality at low temperatures.
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3.2 Standard tunneling model

Due to their lower density, which is caused by the lack of long range order, glasses are
less densely packed compared to their crystalline counterparts. This circumstance
enables different atoms or groups of atoms to occupy several energetically almost
equal sites. These atoms or groups of atoms can change their position thermally
activated at high temperatures. However, at sufficiently low temperatures a change
in position is only possible by quantum mechanical tunneling through the potential
barrier, separating the two local minima. Different conceivable realizations of this
movement are exemplified for amorphous SiO, in figure 3.4 with colored circles.
As shown, the so-called tunneling system can consist of just one atom or a whole
group of atoms. In a multicomponent glass the large number of different atoms
(see chapter 2) is most likely also reflected in a large number of possible tunneling
systems. It is conceivable, that parts of the glass network, network modifiers in
their gaps, dangling bonds (e.g. non-bridging oxygen) or a mixture of them tunnel.
These tunneling systems can be identified as the low energy excitations providing the
additional degree of freedom seen in the measurements of the specific heat (section
3.1). In addition, they act as immobile scattering centers for phonons, thus reducing
the thermal conductivity of glasses.

Anderson et al. [And72| and Phillips [Phi72|, independently of each other, developed
a microscopic model, the so-called standard tunneling model. This model is based
on these tunneling atoms and is able to describe the behavior of amorphous solids
at low temperatures well. Although the model is based on the atomic level of the
solid, the exact nature of the tunneling particle remains usually unknown. Finally,
it is a phenomenological model. Until today, the nature of the tunneling system is
in most glasses unknown with the exception of for example [Baz08, Barl3|.

Figure 3.4: Schematic two dimensional
illustration of vitreous SiO2 with possi-
ble tunneling systems. The two differ-
ent equilibrium positions are indicated by
red and blue for oxygen and orange and
green for silicon. Sketch derived from
[Zac32, Hunll, Lucl6|.
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3.2.1 Two-level tunneling system

In the standard tunneling model, Anderson et al. and Phillips approximated the
potential landscape of the glass at the tunneling atom or group of atoms, hereinafter
referred to as tunneling particle of mass m, as a double well potential. This potential
is composed of two harmonic potentials Vj,.,.m, which are separated by a distance d
in configuration space. The configuration space is chosen since the actual tunneling
process can be a translation, rotation or a combination of both. The overlap of the
two harmonic potentials leads to a potential barrier of height V. The minima of the
two potentials differ in energy by the asymmetry energy A. This quantity takes the
disordered structure and the resulting potential landscape of the glass into account.
Furthermore, it is assumed that the individual tunneling systems within the glass do
not interact with each other. A schematic representation of the described double well
potential is shown in figure 3.5. In principle, there could also be potentials with a
larger number of minima in the glass. However, shortly after the standard tunneling
model was introduced, various measurements, e.g. [Gol73, Hun72, Hun73, Pic74],
showed that the low temperature properties of glasses can be described by two-level
systems which arise from double well potentials.

To motivate the calculation of the energy levels of the double well potential, the case
of a particle in a single harmonic potential is considered. Solving the corresponding
time independent Schrodinger equation gives the following energy eigenvalues

1 1
E}ﬂ’;ﬁm — h02 (n + 5) + A; E}ﬂ’;zm,b — W (n + 5) (3.3)

with the eigenfrequency [Grol§]

0 \/g _ V(awharm(g/ax?)mo. (5.4)

Figure 3.5: Schematic illustration of a
tunneling particle of mass m in a double
well potential with asymmetry energy A,
barrier height V' and zero point energy
h2/2. The minima are a distance d in con-

figuration space apart from each other.
Mlustration based on [Ens10].

Configuration space ——»
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Equation 3.3 results in the zero point energy of Eﬁglm = 12/5 for the tunneling particle
in either of the isolated wells. The energetic difference to the next excitable level is
AFEyamm = hS2. In amorphous SiOs,, it can be assumed, for a rough estimate, that the
tunneling particle is an oxygen atom, which oscillates in one of the harmonic wells
with a frequency of about 10! to 10 Hz [K#n94]. Therefore the energy difference
AFEpam is about AFham/ky &~ 102 to 103 K. Even if the tunneling particle is heavier,
resulting in a lower eigenfrequency (equation 3.4), the energy difference between the
ground and the first exited state is still large. Since the temperatures used in the
framework of this thesis are well below 1K, it is justified to consider only the ground
states of the individual wells when calculating the energy eigenvalues F of the double
well potential.

Turning to the double well potential, the normalized wave functions of the isolated
left and right well are ¥, and )y, respectively. If the two wells are close enough to
each other, it is possible that the wave function of the particle located in one of the
two wells still has a finite value in the other one. In this case, the particle can tunnel
through the barrier. Thus, a superposition of 1, and v, are a reasonable ansatz for
the wave function of the coupled system

U = ah, + By, a, B €R. (3.5)

To get the energy eigenvalues, the time independent Schrodinger equation HU = EU
is solved via the Rayleigh Ritz method. In the following, only the results and the
used methods according to |[Ensl0| are presented.

_ JUH P o’Ha, + B2 Hyy, + 208y,
AT a? + 2 + 2a8S

with H,, = [ Hep, d*z and Hy, = [4bf Hiy, d*z being the eigenvalues of the tun-
neling particle in the isolated wells, Hyy, = [ 4 Hapy, d*z = [ 4 Hap, d*x representing
the exchange energy and S = [ ¢, = [f1), describing the overlap of the isolated
wave functions. The energy eigenvalues of the double well potential are calculated
by minimizing E with respect to a and § (9E/aa = 0, 9E/93 = 0).

By setting the energetic zero point in the middle of the potential minima, the eigen-
values of the individual wells can be expressed by H,, = ?+4/2 and Hy;, = 2-4/s.
In addition, it is assumed that the overlap of the wave functions is weak, so that

(3.6)

S =~ 0. The resulting energy eigenvalues of the total wave function are given by

1
Bog = 5 (h() +4/A% + A%) (3.7)

with the ground state energy splitting

E=FE,— E,= /A2 + A2 (3.8)

The variable Ay is the so-called tunnel splitting and calculated via the WKB method!

Ay = hf2e™. (3.9)

lafter Wentzel, Kramers, and Brillouin




3.2. Standard tunneling model 23

The tunnel splitting depends on the frequency {2 and the tunnel probability e™>.
The latter is determined by the tunnel parameter A which takes the actual shape of
the potential and the mass of the tunneling particle into account. For the considered
double well potential A it is given by

d

AR —
2h

2mV. (3.10)

Thus the tunneling particle in the double well potential, the tunneling system, can
be described by a two-level system with energy splitting F£.

For further calculations it is suitable to switch to the matrix notation. Redefining
the zero energy point between the ground state E, and the exited state I, the
tunneling system in the basis of the individual wells (¢,,y,) is represented by the

S 1A A
H0_§(_AO _A>. (3.11)

Using the eigenvalues of the total wave function from equation 3.8 yields the Hamil-

Hamiltonian

tonian in the basis of the double well potential (¥, %)

. 1(E 0
HO_ﬁ(o _E>. (3.12)

The eigenfunctions for a double well potential with A = 0 are given by a symmetric
(ground state) and an antisymmetric (excited state) superposition of the wave func-
tions of the isolates wells. A schematic illustration of a double well potential with
A, Ay # 0 is shown in figure 3.6.

Figure 3.6: Schematic illustration of
the eigenvalues and corresponding eigen-
states of a double well potential with
A, Ay # 0. The symmetric ground
state ¥, and the antisymmetric excited
state ¥, are separated by the energy FE.
Scheme in analogy to [Phi81].

Configuration space ——»

3.2.2 Occupation difference of two-level systems

For the analysis of experiments at low temperatures the occupation difference be-
tween the two energy levels ¥, and ¥, is important. Assuming an ensemble of N
tunneling systems with an energy splitting F the occupation difference can be cal-
culated by means of statistical physics. Defining the ground state energy to zero
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(Ey = 0) and the excited state energy as E (E, = E), the partition function of a
single two-level system is given by

2
E; __E_
Z=3 e =14+e T (3.13)
=1

with the Boltzmann constant kg. This leads to the two possible micro states

E

_ Bg 1 1 _ Ee e *BT

pg = —e kBgT — —_— and pe = —e kBT — E— (314)
1+e FT 1+e T
and a difference in occupation probability of
o o B
— e B e B

Ap = pg —pe = = —% — tanh ( ) . (3.15)

l1+e ™T T 41 2kgT

For an ensemble of N non-interacting tunneling systems, all with the energy splitting
E, the resulting occupation difference AN in thermal equilibrium is

E
AN = N tanh <2kBT> : (3.16)

3.2.3 Distribution function of the tunneling systems

Up to this point only tunneling systems with a well defined energy splitting were
considered. However, due to the disordered structure of amorphous solids the actual
shape of the double well potential described through V', d, A as well as the mass
m of the tunneling particle are widely distributed. To describe the macroscopic
properties of glasses all tunneling systems have to be considered. The standard
tunneling model takes this into account by an uniform distribution function P (A, A)
of the independent parameters A and A (V,d, m)

P(A,N\)dAdA = PydAdA. (3.17)

The parameter Py is a constant which depends on the sample, for instance its glass
transition temperature [Hun87|, and must be determined experimentally. The choice
of a flat distribution function might seem arbitrary, but it successfully describes the
temperature dependence of the thermal properties of different glasses (shown in sec-
tion 3.1) and also many other experiments, compare |Zim81, Esq98|.

For the further course of the thesis, it is useful to express the distribution function
in terms of A and E. This is achieved with a Jacobi transformation while making
use of equation 3.8 and 3.9 and yields

P(A,E)dAdE = P(A,\) ‘@‘ dAdE = P, dAdE. (3.18)

oE E? — A?
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In addition, it is helpful to describe the distribution function by E and the dimen-
sionless asymmetry parameter ¢ = 4/E as

P(q,E)dgdE = P(A, E)

dgdE. (3.19)

dq 1—¢
The distribution function P(q, E') is shown in figure 3.7 for an arbitrary, but fixed
energy splitting E as a function of the asymmetry parameter ¢. For a fixed energy
splitting, there are more asymmetric (¢ = 4/e — £1) than symmetric (¢ = 4/ — 0)
tunneling systems in the glass. The divergence of the distribution function for highly

Figure 3.7: Illustration of the distri-
bution function P(q, E') for an arbitrary,
but fixed energy splitting F, as a function

Distribution function P

of the asymmetry parameter g as pre-

dicted by the standard tunneling model.

The parameter Py was set to one. The in-

o | ‘ | \d dicated upper and lower limit +qmax pre-

-1.0 0.5 0.0 0.5 1.0  vent non integrable singularities.
Asymmetry parameter g

asymmetric tunneling systems is contradictory to the finite number of tunneling sys-
tems in an amorphous material. To solve this and to avoid a divergence when
integrating over P(q, F) a lower and upper limit +¢y., is introduced®. These inte-
gration limits are motivated by the existence of a tunneling system with a minimal
tunnel splitting® A" corresponding to a maximal tunnel parameter Ay, present
in every glass sample. Systems with even larger A may not be treated as double well
potentials, but as individual wells which do not contribute to the dielectric response
of the sample. However, in real systems the distribution function will end smoothly
and not abruptly |[Ens10].

3.2.4 Interaction of tunneling systems with external (electric) fields

Since the tunneling systems in an amorphous solid affect the solid’s properties (com-
pare 3.1), it is obvious that tunneling systems are no isolated systems within a solid.

2For the physical properties only the absolute value of the asymmetry energy A and thus of ¢
is relevant and not whether the right or left well is at lower energy. Therefore, as also shown later,
an integration over the distribution function is usually performed as f_q;‘;’;x =2 fo me* exploiting
the symmetry of the distribution.

3 According to [Luclé], Agli“ ~ 1/1000 - Ty, where T}, represents the lowest temperatures used

in the experiment, is a feasible choice.
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For the physical properties discussed in section 3.1 the interaction of the tunneling
systems with the strain field or rather phonons is decisive. All tunneling systems are
embedded in the solid, such that all can interact with phonons.

In the framework of this thesis the coupling of the tunneling systems to the strain
field is relevant in terms of the relaxation processes described in section 3.4. For
the generation of the examined polarization echo the coupling to alternating electric
fields, rather photons, is decisive. For this interaction it is essential that the tunneling
particle carries a permanent electric dipole moment. It does not matter whether it is
caused by ions, like for an OH™ ion, or an intrinsic dipolar unit as it can be formed
for example by the SiO, tetrahedrons in the irregular environment of a silica glass
[Sch76]. Usually only a fraction of all tunneling systems in a solid carries a permanent
electric dipole moment. The size of this fraction is to some extend determined by the
materials composition [Sch75]. Hence the ensemble of tunneling systems probed with
dielectric techniques is a sub-ensemble of the one probed with acoustic techniques.

Quantum mechanically the interaction of the tunneling systems with an external field
can under the assumption of a sufficiently small perturbation be described by first
order perturbation theory. The resulting total Hamiltonian describing the disturbed
tunneling system is thus given by H=Hy+ ﬁpert; with Hy from equation 3.11, and
the perturbation Hamiltonian

~ 1 [ 6A  —§A,
Hyort = 5 (—Mo _M) (3.20)

in the basis (¢, ¥y). According to [Phi81], it is assumed that the weak perturbation
changes the asymmetry energy A, but the variation §4, of the tunnel splitting is
exponentially suppressed. Thus the perturbation Hamiltonian simplifies to

5 1/6A 0
Hyort = 5 < . _M) : (3.21)

This assumption is reasonable, since an external field does not significantly influ-
ence the shape of the double well potential (m, V, d), which determines the tunnel
splitting (compare equation 3.9 and 3.10). However, the local environment of the
tunneling system can vary and thus the asymmetry energy. Accordingly, the energy
splitting of the tunneling system changes with an external applied field to

E=\/(A+64)7+ 43 (3.22)

This hyperbolic dependence of the energy splitting was observed in various measure-
ments with strain and electric fields or a combination of both [Gral2, Lisl5, Sarl6,
Lis19] and supports above introduced approximation.

A transformation into the basis of the double well potential (¥, %) results in*

. 1 (A A
Hpert = — 0A. 3.23
vt ~ 98 (AO —A) (3.23)
*Using the transformation Hpert = Hpere - T with TV = L ( 2 40
Using the transformation Hpert = Hpert - Ty, with T = & A, A
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Using the Pauli matrizes®, the total Hamiltonian of the disturbed tunneling system
in the basis of the double well potential is given by

. . ~ 1 A 1 Ay

= at = | E+ =0A4) 6, + =—0A0. 3.24

H = Ho + Hpert 2( +E >U+2E o (3.24)

This representation shows that a tunneling system can be described by the same

formalism as a spin 1/2 particle in an external magnetic field. In addition, it can be

seen that an external field results in a change of the energy splitting of the tunneling

system by

A
OF = 04, (3.25)

The off-diagonal elements of the Hamiltonian 3.24 (G, -term) cause transitions be-
tween the two eigenstates of the tunneling system. Due to the 4o/ proportionality
this is especially pronounced for symmetric tunneling systems (A — 0 = Ay — E).

If the external field is an electric field F = Fjcos (wert) and the perturbation is
sufficiently small, the asymmetry energy 0A of a tunneling system varies linearly
with the strength of the applied field [Ens10]

6A =26p- F, (3.26)

0p denotes the difference of the dipole moment of the tunneling particle between the
right and left potential well. In the framework of this thesis the tunneling systems are
excited by an alternating electric field with the frequency wes. The total Hamiltonian
of a tunneling system exposed to such an alternating electric field is given by

B _1/(E 0 1 /A A\ . =
H =Ho+ Hpert = 5 (0 —E) +E <Ao —A) 0P’ Fo cos(wert), (3.27)

/

p

with the dipole or polarization operator P [Esq98].

Spin 1/2 analogy - Bloch sphere representation

In the following the above mentioned analogy of a tunneling system and a spin 1/2
particle in an external magnetic field is demonstrated and used to introduce the Bloch
sphere representation. This concrete illustration is used later in the description of
the dielectric polarization echo in section 3.3. The following argumentation is based
on [Hun76, Jac76, Esq98|.

Unlike a spin /2 particle, which needs an additional static magnetic field to become
a two-level system, a tunneling system is an intrinsic two-level system. However, it
has no real spin, therefore the term "pseudo spin’ is used |[Ens10]. The Hamiltonian

o= (0 ) o= (Y 1), 6= (L Y 6 = (6x,0y,06,)
X_107y_z-07Z_0_17_X7y7Z
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of a particle with spin S = 1/2 and gyromagnetic ratio Yey in a magnetic field B (t) =
By + B'(t) is given by

Hy = —hrygy (é(t) : 5) = Ty (éo : 5*) — Iy (5/@) : 5*) . (3.28)

éo represents the static magnetic field, defined along the z-direction, and g’(t) an
alternating magnetic field perturbing the spin. With S = /25 the equation simplifies
to

- h, . hy, . . R
He = — Zgy B,6, — ;y (Bi(t)ox + B (t)oy + B(t)d,) - (3.29)
Rewriting equation 3.27 to
-~ E 1., = . .
H ~ 502 + Eép - Fo cos(wert) (Agoy + Ad,) (3.30)

allows for a coefficient comparison

_h’ngB:O = (07 0, E)

- 3.31
—hygy B (t) = 26p"+ Fy cos(wert) (Ao, 0, A). (3:31)

This formal equivalence shows that a tunneling system can be described by the same
formalism as a spin /2 particle in a magnetic field, perturbed by a magnetic field in
z- and z-direction. In case of a spin, the static magnetic field in z-direction leads to a
Larmor precession around the z-axis unless the spin is aligned parallel or anti-parallel
to the magnetic field.

The Bloch sphere representation, introduced in the following, is an illustrative way to
show the time evolution of a two-level system, often a spin 1/2 particle in a magnetic
field, and therefore used by many authors e.g. [Hah50, L6s57, Fuk81, Ens10, Fic13].
The orientation of a spin vector on a unit sphere describes the current state of the
system under investigation. In figure 3.8 a Bloch sphere with an arbitrary pseudo spin
vector I precessing around the z-axis is shown. Following the analogy of the spin
/2 particle and the tunneling system derived above, the state with higher energy
¥, corresponds to the spin-up state in the spin formalism and the Bloch sphere
picture [J&c76|. Accordingly, ¥, corresponds to the spin-down state. Therefore
the expectation value (G,) determines the occupation number of the higher energy
state ¥,. Transferred to the Bloch sphere picture, a pseudo spin vector R pointing
downwards represents a tunneling system in its ground state ¥, and a vector pointing
upwards describes a tunneling system in its excited state ¥,. All other positions, for
example the one shown in figure 3.8, correspond to a superposition of ¥, and ¥,.
Considering figure 3.6, a subtraction of both eigenfunctions results in a localization
of the tunneling particle in the left potential well, an addition to one in the right
potential well. In case of a symmetric tunneling system a pure state ¥, or ¥,
results in a complete delocalization. A precession movement of R around the z-
axis is thus interpretable as a microscopic back and forth motion of the tunneling
particle. If such a back and forth motion is carried out in phase by an ensemble of
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Figure 3.8: Bloch sphere representation
of an arbitrary state of a tunneling sys-
tem, represented by the pseudo spin R
precessing around the z-axis. The expec-
tation value (6,) determines the occupa-
tion number of the state ¥, whereas (Gy)
and (6y) define the polarization. Illustra-
tion created according to [Ficl3].

tunneling systems where every system carries a permanent electric dipole moment a
macroscopic measurable polarization of the glass occurs. The polarization of a single
tunneling system is given by the phase dependent expectation values (dy) and (7y).

In general, the wave function of a tunneling system is a superposition of the sym-
metric ¥, and antisymmetric ¥, eigenfunctions of the Hamiltonian 3.12

U = c1(t)¥q + c2(1) W, (3.32)

with |ci(£)]? + |e2(t)|> = 1. To calculate the effect of an alternating electric field onto
a tunneling system the time-dependent Schrédinger equation

SO
HY = i (3.33)

needs to be solved. Equivalent to the spin formalism, the time dependence of the
Hamiltonian can be removed by a transformation to a rotating frame of reference,
which is rotating with an appropriate frequency around the z-axis (¥ +— W™, H—
f}:[rot)_

Following [Bra04a, Baz08, Haal8a|, in the reference frame rotating with the fre-
quency wer, the application of an alternating electric field with the same frequency
wer to a tunneling system is determined by the propagator

ALt QR N (rt Ot
e o e 80 = feos [ R ) - iGysin | — ) | (3.34)
2 2
with the identity matrix 1 and the Rabi frequency
5o (Ao
r = — . 3.35
o= (G (3.35)

This propagator describes a rotation of the pseudo spin vector Rt around the z-
axis of the rotating frame of reference. The Rabi frequency is the rate of transition
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between the two energy levels of the tunneling system caused by the applied alter-
nating electric field. In the formula it can be seen that the transition rate depends on
the tunneling system’s dipole moment, the electric field and the angle between those
two quantities. Furthermore the 40/E dependence shows that symmetric tunneling
systems (A — 0 = Ay — E) have a higher transition rate compared to asymmetric
ones.

If no alternating electric field is applied, the evolution of the tunneling system in the
rotating frame of reference is given by the propagator

.7:L6()tt Lwgt o
e 'Th xe2 (3.36)
with wq = wer — wis and wys = £/n the eigenfrequency of the tunneling system. For

Wef = Wys, the pseudo spin vector keeps its position in the Bloch sphere. For wer # wys,
the pseudo spin vector precesses with the difference frequency wq around the z-axis.

3.3 Dielectric two-pulse polarization echo

Echo experiments were triggered by Hahn in 1950 with the discovery of a coherent
effect of nuclear induction signals of protons and flourine in liquids [Hah50]. He
called this effect ’Spin-echo’. It was followed by the observation of a photon echo in
a ruby crystal in 1964 [Kur64, Abe66|. The first phonon echo was measured in 1976
by Golding et al. in a fused silica glas [Gol76, GraT79|.

Even though the investigated systems (proton/ fluorine spins, dipoles in ruby crystal,
tunneling systems) are very different, the principle behind all the experiments is
the same. An echo signal is a macroscopic measure and thus an echo experiment
probes no single systems but a multitude of them. In an echo measurement the
respective sample or rather the systems within the sample to be examined are exposed
to a special sequence of pulses. With a suitable choice of the pulse sequence a
macroscopically measurable quantity, called echo, appears. To observe a coherent
effect like the echo, the relaxation times of the studied systems need to be sufficiently
long. Therefore, investigating the dependence of the echo signal on e.g. temperature,
magnetic field or pulse sequence is a suitable method to investigate relaxation times
in solids and liquids.

In amorphous solids, as in all other materials, coherence is destroyed by interactions
with the environment. As mentioned in section 3.2.4, tunneling systems can, amongst
others, interact with phonons. If this interaction is sufficiently strong, it can pre-
vent the observation of coherent effects. To avoid this, echo measurements on glass
samples are carried out at very low temperatures to reduce the number of phonons
and thus weakening the interaction with the heat bath. Another requirement for
the observation of echoes is a suitable occupation difference of the two energy levels.
Following equation 3.16 this is also achieved by employing very low temperatures,
such that kgT < E (with E being the energy splitting of the considered tunneling
systems).
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Figure 3.9: Schematic illustration of the pulse sequence used in the framework of this
thesis. It consists of two high frequency electric field pulses (shown in black), which are
called 7/2 and 7 pulse, separated by the pulse separation time 7j2. In red the envelopes
of the dielectric polarization of the sample, which is induced by the two-pulse sequence, is
shown. The time stamps are used for the explanation in section 3.3.1.

In this thesis the two-pulse 7/2 — 7 technique, called Hahn or spontaneous echo, is
used which is in particular sensitive to so-called transversal relaxation processes (see
section 3.4.2). During this echo sequence the examined glass sample is exposed to two
high frequency electric field pulses of frequency wer, separated by the pulse separation
time 7y5. Tunneling systems that carry a permanent electric dipole moment and
that have an energy splitting of F/ ~ hw are resonantly excited. This leads to a
macroscopically measurable polarization after twice the pulse separation time 79,
called echo. In figure 3.9 the respective pulse sequence is shown in black. The
rectangles in this illustration represent the envelopes of the high frequency electric
field pulses. In red the envelopes of the resulting polarizations of the sample are
visible.

The following sections present first a phenomenological derivation of the echo using
the Bloch sphere representation. Afterwards, a quantum mechanical motivation is
presented and the path diagram representation is introduced.

3.3.1 Phenomenological description - Bloch sphere representation

The Bloch sphere representation, introduced in section 3.2.4, offers an easy compre-
hensible way to explain the formation of the dielectric polarization echo. However,
it is necessary to keep in mind that tunneling systems and thus pseudo spins are
considered and not actual spins. This circumstance will be particularly emphasized
at the relevant points. The explanation is based on [Baz08, Ens10, Fic13|.

For simplicity the following assumptions are made:

e All considered tunneling systems have the same Rabi frequency, such that
they experience the same rotation around the z-axis by an applied alternating
electric field.
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e Relaxation processes are not considered. They will be introduced in section
3.4.

e The reference frame of the Bloch spheres (figure 3.10) is rotating with the
frequency of the applied alternating electric field wes around the z-axis, such
that the precession motion of the tunneling systems is compensated.

In the following the occurrence of the echo is explained on the basis of figure 3.9 and
the therein shown timestamps. First, the influence of the two-pulse sequence on the
wave function of the tunneling system is phenomenologically discussed. Afterwards,
it is transferred to the corresponding Bloch sphere, shown in figure 3.10. The wave
function of a tunneling system is given by a superposition of the symmetric ground
state ¥, and the antisymmetric excited state ¥, (compare equation 3.32, figure 3.6).
The current state of the individual tunneling systems that contribute to the echo
are represented by small blue arrows in figure 3.10. The thick red arrow corresponds
to the macroscopic property of the sample (= sum/ integral over all participating
tunneling systems). This discrimination is necessary since the polarization echo is a
macroscopic property at which a lot of tunneling systems participate.

Prior to the first pulse (A’ in figure 3.9 and 3.10) it is assumed that all tunneling
systems are in their ground state ¥,. Thus, all individual pseudo spin vectors and
the macroscopic one point downwards in the Bloch sphere. There is no coherent
movement of the tunneling systems and due to the arbitrary orientation of their
dipole moments the macroscopic polarization is zero.

The first alternating electric field pulse (7/2 pulse) at the time ¢ = 0 forces a coherent
tunneling motion of the tunneling systems with the frequency of the electric field
(wer). Consequently, the ground and excited state mix, causing an increase of the
antisymmetric part of the tunneling system’s wave function. The associated addi-
tion/ subtraction of ¥, and ¥, leads to an oscillating wave function with a higher
amplitude in either of the wells. This coherent increasing localization results in a
non-zero dipole moment average and thus an oscillating macroscopic polarization
emerges. With a suitable 7/2 pulse the localization is maximized at the end of the
pulse, leading to a maximal oscillating polarization of the sample. In the Bloch
sphere picture, the application of an alternating electric field pulse and the subse-
quent mixing of the ground and excited state is associated with a rotation around
the z-axis (compare equation 3.34). Thereby the expectation value in y-direction
increases, corresponding to a growing polarization of the tunneling systems and the
sample. To maximize the polarization of the tunneling systems and the sample the
7/2 pulse is chosen such that the rotation is 90°. This state corresponds to state
'B’ in figure 3.9 and 3.10. The precession motion around the z-axis, which can be
interpreted as the oscillation of the polarization, is not visible in the Bloch sphere
due to its visualization in a rotating frame of reference.

After the alternating electric field is switched off, the forced tunneling motion of
the tunneling systems ends and they oscillate with their eigenfrequencies wi, = '/n,
collecting the phase &, = wi.t. Since the 7/2 pulse is very short (= 100 — 200 ns) its
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Figure 3.10: Bloch spheres in a rotating frame of reference representing the different
stages of echo formation. The labels A’ to ’"H’ correspond to the time stamps shown in
figure 3.9. The thick red arrow indicates the current macroscopic property of the sample
(sum/ integral over all tunneling systems) and the thin blue arrows show the current state
of the individual tunneling systems. The stages are: "A’ t = 0, all tunneling systems are
assumed to be in the ground state prior to the first pulse; ‘B’ after application of the
7/2 pulse; 'C’ free induction decay; 'D’ distribution of the pseudo spins of the individual
tunneling systems in the zy-plane right before the 7 pulse; "E’ right after the 7w pulse; 'F’

Ly

common phase is more and more restored; G’ spontaneous echo; "H’ loss of common phase
after the echo. Illustration created according to [Ensl0, Ficl3]

frequency composition is broad and not monochromatic. Therefore not only tunnel-
ing systems with exactly /' = hwer are resonantly excited, but also those within a
certain energy range around E. Due to the individually developing wave functions
of the tunneling systems the corresponding localizations get out of step and the
macroscopic polarization of the sample decays. In other words, the common phase
of the tunneling systems is gradually lost. This process is called 'free induction de-
cay’ (time stamp ’C’). In the Bloch sphere ’C’ this corresponds to the clockwise and
counterclockwise precession of the individual tunneling systems with the frequencies
W) = wer — wl of the individual tunneling systems around the z-axis. The increasing
distribution of the individual pseudo spin vectors in the zy-plane leads to a reduction
of the polarization of the sample since the sum over all dipole moments shrinks and
finally disappears.

Time stamp D’ shows the situation before the application of the second pulse. The
individual tunneling systems collected different phases &} = w! 715 and thus the cur-
rent localizations are arbitrary such that no macroscopic polarization is detectable.
In the Bloch sphere 'D’ this is indicated by the spread of the pseudo spin vectors
over the complete zy-plane.

The second alternating electric field pulse, applied after the pulse separation time
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T12, is chosen such that during its application the wave functions of the tunneling
systems experience a phase change of 180° or 7. In the pulse sequence, shown in
figure 3.9, this is realized by a pulse twice as long as the 7/2 pulse. By the applica-
tion of the 7 pulse (time stamp 'E’), the development of the phase of the individual
tunneling system changes sign, which is equal to a time reversal. After the pulse,
the wave functions of the tunneling systems evolve freely again and collect the phase
P, = wi (t — T12). In the Bloch sphere 'E’ the application of the second alternating
electric field pulse causes similar to the first pulse a rotation around the z-axis by
180°. Since the precession motions are continued with the same frequencies w’ after-
wards, this rotation is equivalent to a time reversal of the phase evolution.

By the time marked with 'F’, nearly one pulse separation time 7 passed after the
second pulse. Thus the phase differences A®" = ¢ — & decline again and the oscil-
lating wave functions and the corresponding localizations of the individual tunneling
systems gradually adapt to each other. Consequently, a macroscopic polarization of
the sample evolves. At the time t = 275 (time stamp 'G’) @ = &% holds and the
oscillating wave functions of the tunneling systems are in phase causing a recovery
of the maximal macroscopic polarization of the sample, called ’spontaneous echo’.
In the Bloch sphere 'F’ this polarization is visible by the convergence of the individ-
ual pseudo spin vectors. The growing macroscopic expectation value in -y-direction
illustrates the occurrence of the polarization of the sample. In sphere G’ all pseudo
spins are aligned again, forming the maximal macroscopic polarization.

After the maximal echo occurred the individual wave functions loose due to their
free evolution their common phase again, which leads to a decrease and finally a
vanishing macroscopic polarization (time stamp "H’). In the Bloch sphere "H’ this is
visualized by the spread of the pseudo spin vectors similar to ’C” and 'D’, leading to
the reduction of the macroscopic expectation value in -y-direction.

3.3.2 Quantum mechanical motivation - Path diagram visualization

A detailed calculation of the two-pulse echo in a two-level system has already been
performed by several authors, e.g. [Dur89, Gur90, BraO4a, Baz08, Haal8a|. This
paragraph gives a short overview of the calculation and introduces the path diagram
representation, which was established by Parshin in 2004 [Par04]. These diagrams
are a descriptive visualization of the wave function of a single tunneling system and
allow to deduce the echo amplitude. Especially when considering the echo in a multi-
level system, as in section 4.3.3, this representation is helpful. Finally, the influence
of the pulse duration on the echo amplitude will be shortly addressed.

For the calculation a general two-pulse sequence with pulses of same field strength
Fy and the lengths ¢ and ¢, is assumed. The two pulses are separated by the pulse
separation time 77. The time window after the second pulse is represented by the time
7i1. In figure 3.11 the corresponding time ranges are shown. It is further assumed that
the pulse durations £, and ¢, are much smaller than the pulse separation time 77 such
that they can be treated as delta-like pulses. This assumption allows to neglect the
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Figure 3.11: Scheme of a general two-pulse sequence with pulse duration ¢; and to, pulse
separation time 71 and the time window 7y1 after the second pulse. The pulse durations ¢1
and 9 are assumed to be very small in comparison to the pulse separation time such that
they can be treated as delta-like pulses. Illustration adapted from [Sch16a]

precession motion during the pulses and still provides the correct proportionalities
for the echo amplitude. The following outline is mainly based on [Haal8a).

The calculation is performed for one single arbitrary tunneling system and finally
applied to an ensemble of tunneling systems via an integration over the distribution
function. Like in section 3.2.4, it is advantageous to use a reference frame rotating
with the frequency of the alternating electric field of the pulses (wer). The wave func-
tion of a single tunneling system is then given by ¥™(¢), the propagator describing
the evolution of the wave function during the application of a pulse by

. Ort rt
Uet(t) o< 1 cos (TR) — 10y sin <TR) (3.37)

(compare equation 3.34) and the time in between the two pulses is described by
Unt(t) oc ¢ 570 (3.38)

(compare equation 3.36). At the time t = 0, right before the first alternating electric
field pulse is applied, the tunneling system is in its ground state

rot 0) O
wr0t0:<c2<):<). 3.39
(0) () 1 (3.39)
The time evolution of the wave function during the pulse is obtained by applying
the propagator Uy to W*°*(0). This results for the coefficients ¢i° and & in

Cl(tl)mt = —7sin (%)

4
Co(t1)™ = cos (81) . (3.40)

In the time interval 71 between the two pulses the tunneling system evolves freely.
The application of the propagator Uy results in

rott i m 2471
Aty + 1) isin ( 2 )eud; (3.41)

Mty + 71) = cos (4B) e 73
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The second electric field pulse of duration ¢, leads to

B 0 Ont ; Ud T . 2rt :
C€0t<tsp) = —7sin ( PQ{ ) cos ( PQ{ 2) e'"2 —1cos ( 3 1) S whrr (342)
¢5" (tep) = cos (3

n{=
) cos (985) ¢4 — g (%35) i () o

with ¢, = ¢ + 71 +t2. After the pulse the tunneling system evolves freely again. The
coefficients at the time t, = t; + 71 + t2 + 711 are given by

(It (Rt g ()
CIiOt(te):_iSin( Rl)COS( RQ)eZdIQH

2 2
. QRtl . QRtQ _;wa(m—m1)
— i.cos sin e 2
2 2
rot (rt 2rty _;wa(mtmn)
5 (te) = cos 5 Jeos|— e 2

—sin( . 1) sin( ;2> N (3.43)

J

The braces with the labels 'a’ to ’d” are used later for the path diagram visualization.
To obtain the polarization of the tunneling system at the time ¢t = t, the expectation
value of the polarization operator, defined in equation 3.27, has to be calculated.

Beforehand this operator needs to be transformed into the rotating reference frame.
It follows

~ o Ay, . Ay, . A
(P o 220 = Z2(60) + (6 (3.44)
P, P, P,

with the polarization Py, in the z, y and z-direction. An evaluation results in

A Ot
P, = ' sin (rty) cos” (%) sin (wq (71 + 7))

Pﬁ;se
A Ot
+ f‘) sin (£2gt1) sin’ ( ; 2) sin (wa (11 — 711)) (3.45)
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Phase

A
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Phase
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A rt
P, = fosin (£2rty) cos? ( g 2) cos (wa (71 + 7))

Phase

) cos (wq (11 — 1)) (3.46)

Phase

2ty

Ay . :
- fo sin (£2gt;) sin® (
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+ =2 cos (2pt) sin (£2gts) cos (war)
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A
P, = — | sin (£2gt1) sin (£2gt2) cos (wqm) — cos (£2rt1) cos (2rts) | - (3.47)
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Phase

Due to the delta-like pulses the tunneling system collects its phase only during the
times 717, like in the Bloch sphere representation. The corresponding factors in
equation 3.45 to 3.47 are marked by braces. From the previous discussions it is
known, that the tunneling systems need to oscillate with the same phase to form an
echo. Due to the different precession frequencies of the tunneling systems wq this
condition is only fulfilled when each tunneling system collects the same phase before
and after the second pulse. Looking at the trigonometric functions in equation 3.45
to 3.47, just the second term of P, and P, can become zero independent of wq, which
is synonymous to the afore mentioned condition. This is reached when 71 = 771 which
is why the echo appears after twice the pulse separation time 77. At this time only the
P, term remains due to the cosine function. Thus, the second term of P, is the one
representing the polarization of the tunneling system during the echo. By choosing
appropriate pulse durations the terms not contributing to the echo amplitude can be
suppressed. An analysis yields

QRtl = g and QRtQ = T. (348)

By choosing such pulses all terms except the second one of P, vanish and the po-
larization is maximized. Summarizing, for every single tunneling system in a glass
holds

. A (rt
(P™%) o FO sin (£2gt1) sin® ( ; 2) cos (wa (11 — 711)) - (3.49)

Phase

TV
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The expectation value consists of a part describing the actual polarization of the
tunneling system (Ageots) and a part representing the phase. The echo amplitude,
equivalent to the macroscopic polarization of an ensemble of tunneling systems can
thus be calculated by summing up or integrating the single amplitudes over all values
of Ay, according to the distribution function introduced in section 3.2.3.

The obtained result for the echo amplitude is in accordance with the spin 1/2 picture
and the Bloch sphere representation. With the pulses defined in equation 3.48, the
expectation value P, becomes zero, which is equivalent to a rotation by 90° and 180°.
At the time 27, the polarization in y-direction is maximal and the echo appears.
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In equation 3.48, considering the definition of the Rabi frequency in equation 3.35,
it can be seen that the /2 — m condition cannot only be fulfilled by t; = 2t; as
shown in figure 3.9. It is also possible to use different field strengths Fj for the two
pulses, which would lead to an altered Rabi frequency, or a combination of different
field strength and pulse duration. To fulfill the 7/2 — 7 condition, the area of the
pulse is the relevant part. Assuming very small pulses with ¢, = 2t;, such that the
approximation sin (z) ~ x can be used, the echo amplitude (equation 3.49) at the
time 771 = 77 can be rewritten to

A Ao\ /o= \3
AEcho,ts X fo (QRt1>3 X (fo) (5ngt1) . (350)

This approximation is called ’small angle approximation’. Since the measured echo
is a sum over the polarization amplitudes of all participating tunneling systems, a Fj}
behavior is expected for small field strengths, when measuring the echo amplitude at
fixed pulse separation time 7 and with constant pulse duration ¢; in dependence of the
electric field strength Fy. Similarly, a t3 dependence is expected when measuring at
constant electric field in dependence of the pulse duration. This behavior is observed
in several measurements, e.g. [Sch78, Ber79| for dielectric polarization echoes or
|Gra79] for phonon echoes in which similar relations are valid. When measuring such
that the small angle approximation is valid the 7/2— 7 condition is not fulfilled for the
tunneling system. This means that the other terms of the expectation value of the
polarization operator (equation 3.45 to equation 3.47) may not vanish. However, due
to the multitude of different tunneling systems with different precession frequencies
wq in a glass which participate in the echo formation those contributions average
out. Finally, just the term shown in equation 3.49, which is independent of wq at
the time 71 = 7y, is observable.

Another point, which can be seen in equation 3.50, is the (AO/E>4 dependence. It
shows that symmetric tunneling systems contribute more to the echo amplitude.

Path diagram visualization

In equation 3.43 it can be seen that the wave function of the tunneling system
consists of four terms at the time ¢, after the second pulse. Each term describes a
possible response of the tunneling system to the two-pulse sequence. Considering
the propagators given in equation 3.37 and 3.38 the different constituents of the four
terms can be evaluated:

e sin (Q%t) Off-diagonal element of the electric field propagator corresponding
to a mixing of the two energy levels of the tunneling system during the pulses.

Qgti ): On-diagonal element of the electric field propagator representing no

mixing of the two energy states of the tunneling system during the pulses.

L] COS(

e ¢T3 (MEM); Phase accumulated by the free evolution in the time window 7
and TII-
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Based on this classification, the term labelled ’a’ in equation 3.43 represents the
possibility of a mixing up during the first pulse and no mixing during the second
one. The term b’ corresponds to no mixing throughout the first and a mixing up
throughout the second pulse. Term ’¢’ stands for no mixing at all and term 'd’ shows a
mixing up during the first and a mixing down during the second pulse. This evolution
of the wave function of one single tunneling system can nicely be represented in
a path diagram. In 2004 Parshin [Par04] introduced this representation without
explicitly using a rotating frame of reference. However, this is not important since
this representation is only used to get basic proportionalities (e.g. Apcho s Fg’)
and the echo amplitude as a function of the pulse separation time. Therefore the path
diagram representation is directly applicable to the results obtained above. Detailed
information like the shape of the echo signal require detailed calculations as they can
be found e.g. in [Gur90|.

In figure 3.12 the path diagram representing equation 3.43 is shown. The vertical
lines indicate a mixing of energy levels and the horizontal lines a free evolution of the
tunneling system. Analogous to [Baz08|, the wave function of the tunneling system
at times ¢ > 71 can be constructed via

Ut > 1) =Y mit > 7) (3.51)

where i refers to one of the four paths and m; being the corresponding path (’a’ to
'd’). If path i ends in the ground state, m; contributes to |¥,). If the path ends in
the excited state, it contributes to |%.). As before, the polarization of the tunneling
system is given by the expectation value of the polarization operator

(P) = (P20 | Plgrt) = Z<7Ti|15|7fj>- (3.52)

It can be seen that the calculation of the expectation value can be reduced to a
sum over pairs of paths. From previous considerations it is already known that a
tunneling system has to collect the same phase before and after the second pulse to

E . 1.Pulse 2. Pulse
v v Eo
E
d E
g
= - =
T T

Figure 3.12: Path diagram representing the four terms of equation 3.43. Each path
represents one possible response of the tunneling system to the two-pulse sequence. A
vertical line indicates a level mixing. A horizontal line represents a free evolution of the
wave function. Illustration adapted from [Schl6al
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contribute to the macroscopic polarization of the sample. Considering all possible
path pairs only the combinations bd* and db* are contributing to the polarization
of the tunneling system during the echo. All others contain phases which do not
vanish at 71 = 71 independently of wy, analogous to the equations 3.45 to 3.47. In
figure 3.13 the path combination db* is shown. The dashed line in this illustration
indicates the complex conjugation of the path (compare equation 3.52). The area
below a path in the path diagram can be interpreted as the accumulated phase of
the corresponding path during the two-pulse sequence. The phase of the relevant
path pair is marked by @1 in the figure. It can be seen that @1 and Py are equally
large such that the phase of the pair will vanish at ¢t = 2. When calculating the
expectation value with the relevant path pair combinations bd* and db*, the same
proportionalities as in equation 3.49 are obtained.

As already mentioned, the benefit of the path diagram visualization is not only the
visualization of the previous quantum mechanical calculation, but also to derive the
polarization of a single tunneling system as a function of the pulse separation time.
This is shown for the two-pulse echo in a two-level system. The derivation follows
the rules [Par04]:

e To each vertical line, representing a transition from level &k to level [, a factor
(—’L-FO’(LQ)>C(”€ is ascribed. Fp (1,2) represents the electric field strength during
the first and second pulse and _F_:O’(l) I ﬁ07(2). The factors oy, are the off-
diagonal transition matrix elements projections on the direction of the electric
field cyy = (€-0p)A0/E, with €' being the unit vector in the direction of the electric
field ﬁo = Fye. It holds oy, = af;,. It can easily be seen that ayy is defined
similar to the Rabi frequency (see equation 3.35) just without the field strength
dependence and thus ay is proportional to the transition matrix elements of
the quantum mechanical calculation when assuming negligible short pulses.

e To each horizontal line, corresponding to a free evolution of the tunneling

—iEit/h

system, a factor e is ascribed. Ej represents the energy level of the path

during the free evolution.

Applying those rules to the path pair shown in figure 3.13 results in

D ; Lie . . E
PY(t > 1) o (—iFp1))Qeg - € KT (—iFy () )ge - € 7T
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Figure 3.13: One of the path pairs contributing to the polarization of the tunneling system
during the echo. The areas marked with &; 17 reprsent the phase accumulated during the
two-pulse sequence by the corresponding path. The ag ge are needed for the derivation of
the polarization of the tunneling system.

The c.c. indicates the complex conjugate path pair bd*, which needs to be considered
as well to get the complete polarization of the tunneling system. The result is in
agreement with the quantum mechanical calculation, see equation 3.49 and 3.50.
Under the assumption of Fy 1) = Fj ) = Fo the cubic field dependency is visible
and the (4o/5)* dependence follows from the two o2 factors. Furthermore, the phase
factor becomes one at the time ¢t = 277, independent of E. This shows, that the path
diagram representation can be used to derive the correct dependencies of the echo.

It is especially helpful when the echo in a multi-level system is discussed in section
4.3.3.

Influence of the pulse duration on the echo signal

Until now, the two pulses of the two-pulse sequence were treated as delta-like pulses
such that the precession motion during the pulses could be neglected in all calcu-
lations. In a real measurement the tunneling systems precess already during the
pulses. This does not influence the above obtained proportionalities of the echo am-
plitude, but it affects the actual pulse separation time. Thereby the size of the echo
amplitude is also altered due to already acting relaxation processes (see section 3.4).
In figure 3.9 the pulse separation time is defined between the end of the first pulse
and the middle of the second one. This definition of the pulse separation time is
also used within this thesis. However, in a real measurement it is difficult to define
the exact pulse separation time, since the shape and duration of the pulses are influ-
enced by the properties of the employed resonator, e.g. its rise and fall time. Thus,
in measurements of the echo amplitude in dependence of the pulse separation time
a slight systematic offset is expectable.

Another effect of the pulse duration on the echo signal is related to the spectral
width of the pulse. During the electric field pulses not only the tunneling systems
with I/ = hwe are excited, but also those within a certain energy range around F
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Figure 3.14: Absolute values of the
Fourier transformations of two rectangu-
lar pulses with the durations 80ns and
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according to the spectral width of the pulses. This leads to the different precession
frequencies W) = wer — wiy, which are required to observe an echo. According to
|Par04] the spectral width of the pulses is given by:

AE:? & Af= 1

j 27th

(j=1,2). (3.54)

Consequently, the shorter the pulse, the broader its spectral width and thus the
more widely distributed and accordingly higher are the precession frequencies w).
This leads to a faster de- and re-phasing of the individual tunneling systems and
thus to a narrower echo signal. Conversely holds, the broader the pulse, the broader
the echo signal. The connection between the pulse duration and the spectral width is
visualized in figure 3.14 by means of the absolute value of the Fourier transformation®
of normalized pulses with durations of 80 ns and 230 ns.

In a real measurement the pulses cannot be made arbitrarily short due to the rise
and fall time of the used resonator. The frequency composition of the pulses is in
particular important when discussing the echo in a multi-level system, see section
4.3.3.

3.4 Relaxation and interactions between tunneling systems

Up to this point interactions of tunneling systems with photons and phonons were
only discussed in terms of the excitation of those system for the generation of echo

6 According to [Fuk81] the Fourier transformation of a normalized rectangular pulse of duration
tpulse; Starting at ¢ = —teuise/2 is given by

tpulse/2
2 i t ulse
F(f) = cos (27 f) dt = M

tpulse 2 Wftpulse

(3.55)
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signals. However, every excitation channel is also a possible relaxation channel.
Considering the spin 1/2 analogy, Bloch introduced the so-called Bloch equations to
describe the motion of a spin /2 in a magnetic field and added the relaxation times
Ty and T3 to describe the relaxation processes [Blo46]. Transforming those equations
into a reference frame, rotating with frequency w, and translating them to the case
of tunneling systems, it holds [Ens95]

~

dSe(t) 14 i
a _ES"@ (W —wis) 5y(t)
dgy(t) . A 1 . N
G = @ we) i) - S (1) — 2rS,(0) (3.56)
ds,(t) ; 1 /s
o= RS0 - (5. —si)

with the pseudo spin operators’ §X7y,z and the thermal equilibrium value of the pop-
ulation difference S'". The longitudinal relaxation time 7} describes the time an
ensemble of spins needs to return to its thermal equilibrium value after a pertur-
bation. 75 is the so-called transversal relaxation time and governed by processes
destroying the phase coherence of an ensemble of systems. The two processes can
be explained considering the Bloch sphere representation. A longitudinal process
changes the occupation difference given by the expectation value in z-direction. A
transversal relaxation process influences, for example, the precession motion of the
individual spins in the zy-plane and thereby the expectation value in y-direction,
which is proportional to the polarization of the sample. The two-pulse echo se-
quence used in the framework of this thesis is in particular sensitive to 15. 17 can
for example be studied in more detail by three-pulse echoes (also called stimulated
echo).

In the following, the two most relevant relaxation processes for this thesis are in-
troduced, the one-phonon process (longitudinal relaxation) and spectral diffusion
(transversal relaxation). At the end of the chapter other possible relaxation pro-
cesses are shortly addressed.

3.4.1 One-phonon process

According to the standard tunneling model (see section 3.2) the one-phonon process is
the dominating relaxation process at very low temperatures 7' < 2K [Esq98|, when
the thermal energy becomes comparable to the energy splitting of the tunneling
systems kgT < E. This process is characterized by the interaction of the tunneling
systems with the heat bath of the glass via single thermal phonons as shown in figure
3.15.

The corresponding time constant T; was calculated by [Jac76]. In the following the
notation of [Ens10] is employed. The probability for a transition of a single tunneling
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Figure 3.15: Schematic representation

Absorption Emission of the so-called ’one phonon process’.

B The transitions between the energy lev-

hw T hw els are caused by single thermal phonons

NN E NN of energy E = hw. Hlustration created
Wae l Weg according to [Ens10].

system from one level to the other We, (and Wy.) can be calculated using Fermi’s
golden rule. The transition from the ground to the excited state is accompanied by
the absorption of a phonon of energy hw = E and given by

Wi = 2| el P ) D) (B} (s = ). (3.57)
7:[pert represents the perturbation Hamiltonian, given in equation 3.23, for the cou-
pling to phonons with § A = 2yé. The tensorial character of the deformation potential
v and the strain field € is neglected. D(FE) is the density of states of the phonons in
the Debye model and f(F£) the Bose-Einstein distribution function. The relaxation
rate 7, ! is given by T, = Wae + Weg. When calculating W, the Bose-Einstein
distribution function f(E) has to be replaced by [1 + f(E)] to take into account the
emitted phonon in this process.

The total relaxation rate is then given by

2 2 2 3
_ M Vs Ay E E
Ti=(L 4221 )= th 3.58
= () (7)) s () (8.58)

with the speed of sound v and the density p. The subscripts I’ and ’t’ indicate the

longitudinal and the two transversal phonon branches. For a fixed energy splitting
E, the (4/£)? dependence shows that the relaxation rate is maximal for symmetric
tunneling systems (A — 0 = 4o/ — 1). The temperature dependence of the
relaxation rate through coth (£/2ks7) is caused by the rising number of phonons with
increasing temperature. For E < kgT the approximation coth (E/2ks7) ~ T holds,
such that for the temperature dependence of the relaxation time

Tl T (3.59)

is expected.
A decay governed by T} follows the exponential law e %"t with t = 27,. Thus by
rewriting equation 3.58 to

A 2
Tfl = Tf,énn(E) <EO> ) (3-60)

the contribution of the one-phonon process for a tunneling system with fixed £ and
Ap to the echo amplitude is given by

_1 2
WlPhonon(27—12> = e_2T12T1’min(E)(%) . (361)
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The variable Tf,éin corresponds to the relaxation rate of a symmetric double-well
potential with A =0 and Ay = E |Esq98|.

To describe the whole glass sample equation 3.61 has to be integrated according to
the distribution function given in section 3.2.3. Thus there is no simple exponential
decay in a real measurement. An example for the one-phonon decay of an ensemble

of tunneling systems is shown in figure 3.17

3.4.2 Spectral diffusion

The transversal relaxation rate T, * describes the loss of phase coherence and is in

general given by [Phi81|

LR -

T, 2T + Ty’ (3
with the phase memory time Tg. Not only processes influencing directly the preces-
sion motion of the tunneling systems in the zy-plane lead to a loss of phase coherence
as mentioned in the introduction. But also longitudinal processes, described by T,
cause via de-excitations of tunneling systems a loss of phase coherence. However, in
the temperature range considered within this thesis processes influencing the preces-
sion motion directly, described by the phase memory time T3, dominate compared
to the one-phonon relaxation. Consequently, the approximation Ty &~ Tg applies.

The precession motion during the free evolution and the accompanied collection of
phase of a tunneling system during an echo sequence is determined by the eigenfre-
quency of the system and thus by its energy splitting (compare section 3.3). Ac-
cording to section 3.2.4, the energy splitting of a tunneling system can be changed
by a variation of its asymmetry energy A through an interaction with an external
field. During the free evolution of a tunneling system in an echo sequence no electric
field is present, such that the strain field has to be considered. An interaction with
a thermal phonon of appropriate energy would lead to the already introduced T
process. A direct interaction between adjacent tunneling systems, mediated via vir-
tual phonons, is not considered within the standard tunneling model. However, this
direct interaction was observed in 1975 by Arnold and Hunklinger [Arn75| during
a hole-burning experiment. They measured a strong broadening of the hole in the
acoustic absorption spectrum which could not be explained by the natural linewidth.
A theoretical explanation for this observation is given by the elastic dipole-dipole in-
teraction of the tunneling systems, known as spectral diffusion. This theory was
initially developed for spin echoes by [Kla62| and later transferred to polarization
echoes in amorphous solids by |Bla77].

The total amount of tunneling systems in the range 0 < E/ks =~ 1K is about 107
to 10" per cubic centimeter [Ens10]. The density of resonantly excited tunneling
systems during a pulse sequence is approximately 10'? per cubic centimeter [Phi81].
Consequently, the amount of non-excited tunneling systems during an echo sequence
is several orders of magnitude larger than the one of the excited ones. Therefore every
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s Figure 3.16: Simplified representation
\/\/ A HMM of spectral diffusion. A resonantly ex-

\/\/ \/\/ cited A-system (blue) is surrounded by
non-excited B-systems (red). The springs

represent the interaction via the strain

\/\/ \/\/ \/\/ field. Tlustration based on [Esq98).

excited tunneling system, from now on labelled as A-system, is surrounded by several
non-excited ones, called B-systems. A schematic illustration of this situation is shown
in figure 3.16. The A-system (blue) is interacting via the strain field (illustrated by
the springs) with several B systems (red). If one of the B-systems undergoes a
transition between its energy states, via an absorption or emission of a phonon, the
strain field in its proximity is altered. This change of the elastic field is experienced by
a nearby A-system and causes a shift of its asymmetry energy A and thus of its energy
splitting. Therefore its eigenfrequency wis changes and the A-system loses phase
coherence to the other resonantly excited tunneling systems since it does not collect
the same phase before and after the second pulse. Hence the A-system can no longer
contribute to the macroscopic polarization of the sample. According to [Esq98], two
tunneling systems with a distance of 10 nm alter each other’s asymmetry energy by
about 20mK = 0.4 GHz®. With increasing pulse separation time the probability for
transitions of the B-systems increases and thus the echo amplitude decays.

In the following a short motivation of the theoretical calculation is given mainly
based on |[Bla77|. Like before, the spin /2 analogy is employed. The Hamiltonian of
the dipole-dipole interaction of two pseudo spins ¢ and j is given by

Hspin<—>spin = Z UUSZS’; (363)
i>j
with the coupling energy U;; defined as
A A 1
—0 = =) — 64
e (2)6),

C;; represents a material dependent parameter which depends amongst others on the
deformation potential v at site ¢ and j. In the further calculation an averaged value

8For the interaction energy holds i, = ;—)22%3 The value was calculated with typical values

for the sound velocity v and density p. The deformation potential + is in the order of 1€V [Esq98].
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for v will be used. r;; is the distance between spin ¢ and j. The total Hamiltonian
of the A-system ¢ surrounded by B-systems j in the basis (¥, ¥, ) is thus given by

Aéff = Eéffg; (3-65)
with
e=E+> Uys). (3.66)
i]

If S/ is time independent for all B-systems (95./a: = 0) the interaction leads to a time
independent shift of the energy splitting E? of the A-system. However, such a (time
independent) shift can be assumed to be already included in the definition of E*,
since the energy splitting of the tunneling systems in an amorphous solid is a wide
distribution (compare section 3.2.3). If S/ is time dependent (95//a: # 0) the spin
flips of the B-systems cause a change of the energy splitting E's(¢) of the A-system
with time. It will drift away from its initial value E'4(0) = hwg to El4(t) = hw in
the time t.

In a lengthy calculation, given in [Bla77|, the effect of the introduced interaction
between tunneling systems onto the decay of the echo amplitude is determined. In
the derivation the spectral diffusion kernel D(w — wy, t), which gives the probability
that E'y = hw at time ¢, is analyzed. Thereby it is taken into account that B-
systems with an appropriate energy in relation to the sample temperature can flip
so-called thermal tunneling systems with E ~ kgT'. Systems with a too large energy
splitting are frozen in their ground state. In addition, only tunneling systems that
went through an odd number of flips until the time ¢ are relevant for the calculation.
The process leading to flips of the B-systems is the one-phonon relaxation.

In the short time limit, where the pulse separation time 75 is much smaller than the
shortest 77 of the B-systems (72 < Tfmn)7 the contribution of the spectral diffusion
for a single tunneling system is given by

2719
WspecDiH,st(27-12> = e*(ng) = e_mSt(T’%)T%Q (367)
with A A A
T,—=)==m(T) x =T* :

[Bla77, Ens96b, Ficl3]. The 4/k dependence of m shows that the contribution of
tunneling systems with a large asymmetry energy A to the echo amplitude decays
fast with increasing pulse separation time. Symmetric tunneling systems with A — 0
are almost unaffected by spectral diffusion. The strong temperature dependence of
Mg 1S caused by the increasing amount of thermal phonons with rising temperature.
The phase memory time Ty ~ T, shows a

Tyoc T2 (3.69)

dependence |Bla77, Ens96b|. This behavior was experimentally confirmed for exam-
ple in the glass Suprasil I down to about 13 mK [Ens96al. In addition, the decay of
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the polarization echo amplitude measured on the multicomponent glass BK7 can be
well described at short pulse separation times with the model of spectral diffusion
|Ens96b.

According to equation 3.67, a Gaussian shape like leveling-off of the polarization
echo is expected for a single tunneling system towards small pulse separation times.
During a measurement an ensemble of tunneling systems is studied such that the
obtained contribution for a single tunneling system has to be integrated with respect
to the distribution function given in section 3.2.3. Thus, the shape of the decay
of the echo amplitude with increasing pulse separation time is a summation of var-
ious different Gaussian like functions. The Gaussian shape like leveling-off of the
echo amplitude towards short pulse separation times was first observed on the glass
Suprasil I [Ens96b).

Estimations of the minimal relaxation time of B-systems T2 . vary. Based on acous-

1,min

tic experiments the minimal relaxation time of B-systems TP

10 mK is about 5ms, but echo measurements on the glass Suprasil T yielded signifi-

in vitreous silica at

cantly shorter times [Ens02b]. A general estimation of 77, in [Bla77] yields 99 ps at
20mK for thermal B-systems. Towards higher temperatures the relaxation times of
thermal tunneling systems decrease proportional to 773 [Bla77, Esq98].° However,
most measurements in the framework of this thesis were performed at a temperature
of 10mK and pulse separation times of 275 < 100ps. Thus the short time limit
should be valid for these measurements.

In the intermediate time regime, after the short time limit, the echo amplitude falls
more slowly. It holds

WSpeCDiff,it(27—12> —e 2:%2 — e~ %mit(T)%TEII,iI,(T)712 (370)
[Bla77, Hu74, Ens96b|. In this limit the phase memory time 75 shows a T~! depen-
dence [Ens96b|. An approximation for the long time limit can be found in the same
publications but is not discussed here due to the short pulse separation times used
in this thesis.

The course of the decay of the echo amplitude caused by spectral diffusion in the
short time limit, the one-phonon process as well as a combination of both is shown
in figure 3.17. For comparability the decays are plotted relative to the maximal
values. These curves are obtained by integrating the echo amplitude in the small
angle approximation and the contributions of the two relaxation processes over the

9The T3 proportionality results from equation 3.58 and the thermal tunneling system assump-
tion E ~ Ag =~ kgT. Setting E ~ Ag (= A = 0) is caused by the 1/A2 dependence of T} whereby
tunneling systems with this characteristic flip most efficiently (compare section 3.4.1) [Esq98].
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Figure 3.17: Numerical calculation of
the echo amplitude A in dependence
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of the pulse separation time 7o for an
ensemble of tunneling systems follwing
the distribution function given in section
3.2.3. In the calculations only the one-
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ered to illustrate their influence on the
echo decay. The used parameters are
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1
_ Ao/ 1= q241 1 26727—12T1’1(T;ilin,q)e—mq’rl%dq
—q
0

In this formula the relation 40/p = /1 — ¢? was used to rewrite the echo amplitude
and the contributions of the relaxation processes. The factor Ay contains all param-
eters which are independent of ¢ as well as the thermal occupation difference. In the
curves shown in figure 3.17 this parameter is set to one. In addition, no maximal
value for ¢ must be considered in the integration since there is no discontinuity for
g — 1. The integral was calculated numerically with the software Mathematica!®.
For the used parameters (see caption) spectral diffusion dominates the course of the
echo decay.

3.4.3 Further relaxation processes

This section gives an overview of other possible relaxation processes of tunneling
systems. The here listed processes are either relevant at pulse separation times not
reached within this thesis or their influence onto the decay of the echo amplitude
is expected to be weak at the used temperatures compared to other relaxation pro-
cesses. Thus, this chapter is more an enumeration than a detailed explanation. For
further insights references are given. Note, that the list of processes might not be
complete.

OWolfram Research Inc., The Wolfram Centre, Lower Road, Long Hanborough Oxfordshire
0X29 8FD, United Kingdom
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Spectral diffusion caused by electric field variations

Using the terminology from section 3.4.2 the A-system can interact with the sur-
rounding B-systems, if they carry large enough dipole moments, via the exchange of
virtual phonons [Esq98]. A transition of a B-system changes the electric field con-
figuration at the position of the A-system and thus influences the A-systems energy
splitting F and precession frequency wis. Classically, spectral diffusion considers
the interaction via the strain field, since the tunneling systems carrying an electric
dipole moment are a sub-ensemble of all tunneling systems in a sample. However,
the effect of the electric mechanism is qualitatively identical [Esq98| to the elastic
mechanism and can thus be understood as included into the relaxation time 75 when
it is determined for a given data set.

Tunneling systems with weak coupling to phonons

In [Burl3] and [Ficl3| it is shown that at large pulse separation times the echo
amplitude in the multicomponent glass N-BK7 is determined by a small sub-ensemble
of tunneling systems with a negligible relaxation and decoherence due to a very weak
coupling to phonons. Theoretically this is modeled by introducing a distribution
of the deformation potential . The distribution function is Gaussian like with
a modified asymptotic behavior to take the tunneling systems with the negligible
deformation potential (z — 0) and thus very weak coupling to phonons into account.
A plot of the corresponding function is shown in figure 3.18. This distribution of the
deformation potential is added to the derivation of relaxation processes which involve
the coupling of tunneling systems to the strain field (e.g. one-phonon relaxation
(section 3.4.1), spectral diffusion (section 3.4.2)) and collective excitation (see this
section). Without this theory a mean value of the deformation potential is used
for the calculation of the relaxation processes. Since the sub-ensemble of weakly
interacting tunneling systems determines the shape of the echo decay curve at very
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02| | tunneling system. The inset shows the
‘ ‘ ‘ ‘ same function for small values of = semi-
0.0

00 05 10 15 20 25 30 logarithmically. Plot taken from [Fic13].
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large pulse separation times this distribution of the deformation potential is not
considered in the present thesis, which focuses on short pulse separation times.

Direct interaction of two tunneling systems

The direct interaction of two resonant tunneling systems is discussed in [Bla77| and
[Fic13]. In this process one tunneling system is excited or deexcited by a change of
state of another nearby tunneling system via the exchange of a virtual phonon. A
schematic illustration of this relaxation mechanism is shown in figure 3.19.

Figure 3.19: Visualization of the inter-
action of two resonant tunneling systems
via the strain field (illustrated by the
spring). One tunneling system changes
its state due to the excitation or deex-
citation of the other one. The excita-
tion energy is transmitted via a virtual

phonon.

The corresponding Hamiltonian describing the interaction of tunneling system ¢ and
j is given by

N A 1

Hﬂipfﬂop,ij = KUS}Z{S){ with Kz‘j X - (372)

)
with the coupling constant K;; similar to the one given in equation 3.64. Since the
density of resonant tunneling systems is comparatively low, this kind of interaction
is very weak. According to the numbers given in section 3.4.2 the distance between
two resonant systems in an amorphous solid is approximately 1pm. Due to the 1/,
dependency of the coupling constant K;; this interaction is negligible compared to
spectral diffusion.

Collective excitation

In the previous section it was argued that the interaction of two resonant tunneling
systems is negligibly small. However, interacting resonant pairs of tunneling systems
are considered relevant at lowest temperatures, as described in [Bur98|. The actual
existence of such coupled tunneling systems was experimentally confirmed in defect
spectroscopy of single tunneling systems using a superconducting qubit |Lis15|. In
the following, a short motivation of this interaction process and its influence onto
the relaxation of tunneling systems is given, based on [Esq98|.

In the corresponding theory the tunneling systems are, as in spectral diffusion theory,
no longer treated as non-interacting. The strength of the interaction of tunneling
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system ¢ and j is analogous to equation 3.63 given by the coupling energy

Uo
3
ij

Uj== (3.73)
The coupling strength U, is assumed to be isotropic for all tunneling systems and
depends on the kind of interaction (strain or electric dipole interaction).

It is assumed that two tunneling systems, referred to as tunneling system 1 and
2, can form a resonant pair in a so-called flip-flop configuration'! under certain
requirements:

e The lifetime of the individual tunneling systems is longer than the time needed
for one coherent oscillation of the pair (A pair < AT7 ). If one of the tunneling
systems decays earlier the coherent coupling is destroyed.

e Within a cutoff radius R. around tunneling system 1 another appropriate tun-
neling system (tunneling system 2) exists with which it can couple resonantly.
For thermal tunneling systems (E, Ay & kgT'), which are most relevant for this

process, it holds

1
R, x —. 3.74
x = (374

Thus the cutoff radius increases with decreasing temperature.

The probability for a tunneling system to find an appropriate other tunneling system
within R, is proportional to FyUy, with the tunneling system density F, from section
3.2.3. Since ByUy =~ 107® < 1 holds for all known glasses [Bur98|, the probability
to find a resonant partner is very low. Thus every tunneling system participates at
most in one pair.
A formed resonant pair can be treated as 'new’ two-level system with asymmetry
energy Ap,;, and tunnel splitting Ao pair. A derivation of the distribution function of
the pairs yields
1
Poair (Apair, Ao pair) = (PokBT)(PoUo)AQ—- (3.75)
0,pair
This distribution function has a stronger singularity for small tunnel splittings than
the one of the individual tunneling systems'?, leading for Ag pair < kgT(PoUp) to a
larger density of low-energy flip-flop pairs compared to isolated tunneling systems.

1 Flip-flop configuration means that one of the system is in its ground state and the other one
in its excited. A transition of one of the systems leads to a transition of the other one. The energy
is thereby transmitted in dependence of the coupling via a virtual phonon or photon (compare
figure 3.19). In general a coupled pair has, similar to two coupled spins, four different states | 11),
[14), |41, | 4). However, the levels | 1) and | || ) are energetically separated from the flip-flop
configuration (| 1)), | {1)) and coupled only weakly to them.

12For comparison the distribution function given in equation 3.17 can be rewritten to:
PAA) = B
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Therefore at low enough temperatures the dominant low-energy excitations are flip-
flop pairs. In this case their high density, compared to isolated tunneling systems,
can lead to delocalized excitations between different pairs.

In the further derivation the pairs are considered as effective tunneling systems and
interactions between them are studied analogous to before (equation 3.63 and 3.73).
This results in the following conditions for the appearance of interacting resonant
pairs, so-called clusters, whose occurance enables delocalized excitations.

e The coherent coupling within the pairs Ay i is smaller or equal the coupling
between the resonant pairs A,.

e The distance between pairs R, is smaller than the cutoff radius R,.

From the last requirement the characteristic temperature below which delocalized
excitations are expected can be derived to be

(Folo) (3.76)

with the sound velocity v.

The appearance of delocalized excitations influences the longitudinal and transversal
relaxation time of the tunneling systems which are excited during an echo sequence.
Similar to the argumentation for the case of spectral diffusion (section 3.4.2), transi-
tions within a cluster of resonant pairs as well as breaking and reformation of pairs
change the elastic and electric (if the respective tunneling systems carry electric
dipole moments) field at the positions of the A-systems. The characteristic time
) but
by diffusive transport of the excitations within the cluster. Thus the transversal

scale is no longer given by the tunneling system phonon interaction (o< TP

1,min
relaxation time 75 i is given by

1A, ksT(PyU)? | 5 1
_~ WUV b with b 10°—. 3.77
R R A SK (3.77)

Comparing this linear temperature dependence of the relaxation rate with the quadratic
of spectral diffusion theory (equation 3.69), it can be seen that at very low temper-
atures the de-phasing of the A-systems is governed by delocalized excitations.

In addition, the clusters affect the longitudinal relaxation time. As already intro-
duced, the transitions within a cluster change the elastic and possibly electric fields
at the positions of the A-systems. Besides the influence onto the de-phasing these
rearrangements can also stimulate transitions within the A-systems. For thermal
tunneling systems it holds

1 10ksT
Vo h

(Polo)®. (3.78)
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This linear temperature dependence of the relaxation rate dominates at very low
temperatures the cubic dependence of the one-phonon process for symmetric thermal
tunneling systems (equation 3.58).

The influence of a cluster of resonant pairs onto an A-system, excited during an echo
sequence, is schematically shown in figure 3.20.

In measurements of the polarization echo amplitude on the multicomponent glass N-
BKT7 up to very large pulse separation times a transition in the temperature depen-
dence of T, ! was observed at about 28 mK from T; ' oc T2, as expected according to
spectral diffusion theory, to a reduced exponent. This observation can be attributed
to delocalized excitations. By considering those excitations and the above intro-
duced distribution of the deformation potential the course of the echo decay can be
described [Burl3, Ficl3|. However, measurements down to even lower temperatures
(T < 7.5mK) are needed to clarify the influence of delocalized excitations. In addi-
tion, the possibility that another relaxation mechanism, probably based on nuclear
quadrupole moments, could cause this behavior is shortly addressed in [Fic13].



4. Tunneling systems with nuclear quadrupole
moments

The influence of nuclear moments on the properties of dielectric glasses at low tem-
peratures is the main topic of this thesis. The necessary theoretical background to
follow the discussion of the measured data is conveyed in this chapter. First a brief
outline of the discoveries showing the crucial influence of nuclear quadrupole mo-
ments on the properties of dielectric glasses at low temperatures is given. It follows
an introduction into nuclear quadrupole resonance and the relevant energy and fre-
quency scales. In the subsequent section, the influence of nuclear moments on the
two-pulse echo amplitude is depicted. Finally, possible relaxation mechanisms of and
between nuclear moments and tunneling systems are discussed.

4.1 Magnetic properties of non-magnetic glasses

In 1998, [Str98| reported a magnetic field dependence of the dielectric function of the
multicomponent glass Albasi (BaO-Al,03-SiO9) at temperatures between 5.84 mK
and 0.72 mK and small magnetic fields up to 10 uT, as shown in figure 4.1. This ob-
servation was unexpected since the standard tunneling model predicts no magnetic
field dependency and measurements on the quartz glass Suprasil and other glasses
up to 6T [Rei86], 9T [Wie87] and 20T [Pen95| supported this postulate down to
temperatures of 4 mK [Wie87] and 16 mK [Pen95|. Later measurements, published
in [Str00], showed that the observed magnetic field dependence in Albasi is not lim-
ited to small magnetic fields and very low temperatures. They actually measured a

8B [uT]
|
!

Figure 4.1: Influence of a magnetic

- field on the dielectric function of the

0 | multicomponent glass BaO-Al;03-SiOs.
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change of the dielectric constant up to magnetic field strengths of about 100 mT and
temperatures of circa 80 mK.

After the influence of magnetic fields on the dielectric properties of non-magnetic
glasses was observed for the first time, it was quickly discovered in other glasses and
experiments. In [WohO1b| the magnetic field dependence of the dielectric function
of the multicomponent glass N-BK7 was reported and [Lud02] showed the influence
of magnetic fields on the polarization echo amplitude of Albasi. Subsequent mea-
surements on the multicomponent glasses N-BK7 and Duran exhibited qualitative
similarities |Lud03], as shown in figure 4.2'. At small magnetic fields the echo am-
plitudes oscillate, while at larger field strengths the amplitudes increase and tend to
level off. In contrast, Suprasil I shows no significant magnetic field dependence in
accordance with the measurements at high magnetic fields mentioned at the begin-
ning of this section. The observation of the magnetic field dependency of the echo
amplitude also showed that the magnetic field effect involves the tunneling systems,
since in echo experiments only tunneling systems contribute to the signal [Ens02b|.

T
BK7
15" =~ -
El
®©, Duran
<
o 10 .
°©
2 Albasi
E- Figure 4.2: Influence of a magnetic field
g on the two-pulse echo amplitude of the
5 ST | multicomponent glasses BK7, Duran and
- Suprasil | Albasi as well as the one of the quartz
glass Suprasil 1. Data first published in
or | | | 71 [Lud03]. For the shown plot the data was
200  -100 0 100 200 digitized from [Baz08|.

Magnetic field B [mT]

In the course of those observations various theories were developed to explain the
magnetic field dependence of the dielectric function and the echo amplitude. Short
summaries of these theories can for example be found in [Woh01b, Lud03]. Finally,
investigations showed that nuclear quadrupole moments are the cause of the observed
magnetic field effects in dielectric glasses. In the following, the underlying theory,
based on [Wiir02|, together with the crucial supporting experiments, is shortly sum-
marized. An extensive introduction is given in section 4.3.2.

A tunneling system usually consists of several atoms which can carry a nuclear mag-
netic dipole and an electric quadrupole moment. For simplicity only one atom is

! According to A. Fleischmann, the data shown in [Lud03] may have been shifted and scaled for
a better illustration of the magnetic field effect. For later discussion the unshifted data is required,
which is available in [Baz08].
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considered in the following. The nuclear quadrupole moment couples to the elec-
tric field gradient caused by the binding of the corresponding atom in the solid and
nearby charges. This coupling induces a splitting of the atom’s nuclear spin states.
Consequently, a tunneling system containing an atom with a nuclear quadrupole
moment experiences a fine splitting of its two energy levels into two multiplets cor-
responding to the splitting of the nuclear quadrupole. In an amorphous solid the
electric field gradients in the two wells of a tunneling system usually differ in size and
orientation. Thus the quantization axis of the nuclear moment depends on the state
of the tunneling system. Therefore the nuclear spin Hamiltonian does not commute
with the tunneling system Hamiltonian, leading to a mixing of the nuclear states
during the tunneling motion. If an external magnetic field is applied, the Zeeman in-
teraction between the magnetic field and the nuclear magnetic moment lifts possible
degeneracies and shifts the energy levels. The fine splitting of the tunneling system’s
energy levels and the subsequent mixing between the nuclear levels during an echo
sequence changes the phase accumulation and leads to the oscillatory behavior of
the echo amplitude at small magnetic fields, as shown in figure 4.2. At larger fields
the nuclear magnetic moment aligns along the applied magnetic field, preventing the
mixing of the nuclear levels. Thus, the behavior of a common two-level tunneling
system is recovered and the echo amplitude saturates. The theory is confirmed by the
fact, that only the three multicomponent glasses N-BK7, Duran and Albasi, which
show an influence of the magnetic field, contain atoms which carry nuclear quadru-
pole moments. Whereas Suprasil I is free from atoms carrying nuclear quadrupole
moments.

The experiments showing the crucial role of the nuclear quadrupole moments were
published in |Bra04b| and [Nag04|. In the latter the magnetic field dependence of the
echo amplitude was measured for ordinary glycerol-d0, which contains no quadrupole
moments, and fully deuterated glycerol-d8, in which all hydrogen atoms are replaced
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by the quadrupole carrying isotope deuterium. The observed curves are depicted in
figure 4.3. As predicted by the model, the sample containing nuclear quadrupole
moments shows a strong magnetic field dependence whereas the ordinary glycerol
seems to be largely unaffected. Furthermore, the saturation of the glycerol-d8§ curve
at high magnetic fields, as predicted by the theory, can be seen. This isotope effect
can be seen as proof for the nuclear quadrupole model, since only a single type of
atom is replaced by another while the whole experiment as well as the structure of
the sample remains the same. The small dip around OmT in the measurement of
glycerol-d0 is caused by the interaction of magnetic dipole moments of the hydrogen
nuclei, which will be shortly addressed in section 4.4.1. In addition to the magnetic
field effect, a quantum beating is visible in the decay of the echo amplitude of glycerol-
d8, which is not visible in the decay of glycerol-d0. This beating can be suppressed
by applying a sufficiently strong magnetic field (compare figure 4.4). An explanation
for this behavior is also possible considering the nuclear properties of the tunneling
systems (compare section 4.3.3).

Above outline showed that the influence of nuclear quadrupole moments needs to
be considered for a correct description of dielectric measurements of glasses at low
temperatures. A closer examination of the influence of nuclear quadrupole moments
on dielectric polarization echoes is given in section 4.3. The prerequisites, nuclear
quadrupole resonance and the associated energy scales, are conveyed in the next
section.

4.2 Nuclear quadrupole resonance

The following chapter is mainly based on the reviews [Smi71, Sui06|. Nuclei with a
spin I > 1/2 have not only a magnetic dipole moment but also an electrical quadru-
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Figure 4.5: Schematic representation of
a prolate nucleus with quadrupole mo-
ment aligned along the electric field gra-
dient VF. The two opposed dipoles pre-
cess around the direction of maximal field
gradient.

pole moment. This means that the corresponding nucleus has not a spherical charge
distribution. The deviation from spherical symmetry and thus the quadrupole mo-
ment ) are calculated via

e = /pn (322 —r2) dr®. (4.1)

Here p, represents the nuclear charge density in the volume dr3, e the elementary
charge, z, the axis along the direction of axial symmetry, usually given by the orien-
tation of the nuclear spin, and r, depicts the radius of the nucleus. For nuclei with I
< 1/2 holds z, = r,. Consequently, it is spherical symmetric and has no quadrupolar
moment. For those not being spherical symmetric the shape can either be prolate
or oblate, corresponding to a positive or negative quadrupole moment, respectively.
Usually, @ is given in barn: 1barn = 10~2* cm?.

In a classical picture, the charge distribution of a nucleus with a quadrupole moment
can be imagined by two antiparallel dipoles (compare figure 4.5). If a nuclei with a
nuclear quadrupole moment is at a position in a solid, at which all fields cancel out
each other (for example in a cubic ionic crystal) or at which a homogeneous electric
field is present, no impact is observable. In the first case there is no resulting field
visible for the nucleus and in the latter case the torque of the individual ’dipoles’ will
be the same but with opposite direction and thus there is no net effect. However,
in an electric field gradient the torque experienced by the two ’dipoles’ differs and
results in a torque. The emerging torque depends on the strength of the electric field
gradient, the quadrupole moment as well as the orientation of those quantities with
respect to each other. This leads to a precession of the nucleus around the maximum
electric field gradient.

The anisotropy of the nuclear spin with respect to the electric field gradient results
in a splitting of the nuclear ground state called quadrupole splitting or resonance.

The electric field gradient VF at the position of the nucleus, determined by the
surrounding charge distribution, is calculated by the second derivative of the local
electrostatic potential V,

- o 0?V

VF = — =: Vi (4.2)

arj 8Tk nucleus

with {r;} = {z,y,z}. By using an appropriate set of coordinate axes, known as
principal axes, the electric field gradient can be expressed as VF = Vi + Viy 4+ V,,.
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If further |V,,| > |Vik| > |Viy| is chosen and the charge distribution within the
nucleus is neglected, such that the Laplace equation AV = 0 holds, it is possible to
define the following parameters:

eq =V (4.3)

V;(x_‘/yy

s (4.4)

n =
eq is the electric field gradient and defines for symmetric potentials the orientation of
the quantization axis of the nuclear spin. The asymmetry parameter 7 is a positive
number, 0 < n < 1, and a measure of the electrical field gradient’s deviation from
cylindrical symmetry.

The interaction of the nuclear quadrupole moment with the electric field gradient
can in the principal axes coordination system of the field gradient be expressed by
the Hamiltonian [Abr61]

, e*q@Q

Hn =
T U1l - 1)

N 1 - ~
32— I(1+1)+ 577([_3 +1?)] . (4.5)
The variable [ is the nuclear spin quantum number, I, the corresponding operator
of the z-component of the nuclear spin and I. = I & i/, with I, I, being the spin
operator components in z- and y-direction.
The so-called quadrupole coupling constant

(4.6)

where h is Planck’s constant, as well as the asymmetry factor n contain informa-
tion about the environment surrounding the considered nucleus or nuclei. This is
why nuclear quadrupole spectroscopy is used in material science to study the struc-
ture of matter. For further reading concerning glass structures [Vog92, Sch91| are
recommended.

In the case of a complete axial symmetric electric field gradient (7 = 0) the quadru-
pole Hamiltonian can be diagonalized using the eigenstates of I, with the quantum
numbers m = —I, —I + 1,....,1 — 1, I, leading to 21 + 1 energy levels. For the
described circumstance m is a good quantum number and thus the magnetic dipole
transition rules Am = 0, +1 are valid, leading to the transition frequencies

Unma1 = vq|l(2m £ 1)  with  |m|, mzx1] <[ (4.7)

with the frequency vq
3Cq

v = m (48)
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For n # 0 there are analytic solutions for the energy levels and transition frequencies
for I =1 and I = 3/2. They are given by

2
I=1: = UL vo(l+ g) (4.9)
3 2.
1=3: yzzyQ(H%)a. (4.10)

For other nuclear spins the energy levels and transition frequencies usually have to
be calculated numerically. In addition, more transitions than only Am = 0, +1 are
allowed, but many have a small likelihood. Possible transitions for I = 5/2, 7/2, 9/2
are shown in [Sui06].

In table A.1 the quadrupole moments, coupling constants Cq and splittings v are
given for the isotopes relevant for this thesis. The corresponding studied material
is always mentioned, since the quadrupole interaction strongly depends on the en-
vironment of the respective nucleus. For example, a small change in the binding
situation or coordination number can already lead to a significant different coupling
constant and thus frequency. Especially in inorganic glasses the disordered struc-
ture and the resulting varying bond lengths and field strengths lead to a comparably
broad distribution of quadrupole frequencies compared to the same materials in a
crystalline state. In addition, there are several isotopes where it is unclear how they
are exactly implemented into the glass matrix (compare for example intermediate
oxides in section 2.2.1). Thus if the quadrupole data is not measured in the same
material as used in this thesis it is in general challenging to draw conclusions about
the quadrupole coupling for those samples. Nevertheless, the listed values convey an
overview of the magnitude of the quadrupole interactions. In contrast to inorganic
glasses, organic glasses benefit from the strong intramolecular forces compared to
the intermolecular ones. In those samples the binding situation within the molecule
usually determines the quadrupole splitting.

4.2.1 Magnetic field effects

In the previous section it was shown that the splitting of the nuclear ground state of
atoms carrying quadrupole moments exists intrinsically in materials with electrical
field gradients. Thus, in contrast to nuclear magnetic resonance (NMR), no external
magnetic field needs to be applied to study transition frequencies or relaxation times.
Therefore, these measurements are also called pure or zero-field nuclear quadrupole
resonance (NQR).

If an additional magnetic field is applied, it couples to the magnetic dipole moment
of the nucleus. The resulting Zeeman interaction lifts degeneracies and shifts the

nuclear energy levels as shown in figure 4.6. The associated Hamiltonian is given by
[Abr61]

Hyeo = —7gyhBI, (4.11)
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with the gyromagnetic ratio 7, the magnetic field vector B and the nuclear spin

operator I. The gyromagnetic ratios of the isotopes relevant for this thesis are given
in table A.1.

Depending on the magnetic field strength two different effects are possible. The
Zeeman interaction can be a small correction to the quadrupole splitting or, if the
magnetic field is large enough, the quadrupole interaction can be a correction to the
Zeeman splitting.

In addition to external magnetic fields the nuclei within a solid experience internal
magnetic fields, caused by nearby magnetic moments of other atoms or the own
electron shell. Those effects are especially strong for paramagnetic atoms and can
dominate the quadrupole interaction.

4.3 Two-pulse echo under the influence of nuclear moments

In this section the influence of nuclear quadrupole moments and magnetic dipole
moments on the dielectric two-pulse polarization echo is discussed. First, the gen-
eral theory is introduced and the corresponding Hamiltonians are formulated before
they are applied to the two-pulse echo. Finally, another effect based on the nuclear
properties of the tunneling atoms, the so-called dipole effect, is shortly addressed.

4.3.1 Coupling of nuclear quadrupole moments and tunneling systems

The theory describing the coupling of nuclear quadrupole moments and tunneling
systems was introduced by [Wiir02|. In the following, this coupling mechanism is
discussed with the simplification that only one of the atoms building the tunneling
particle of a tunneling system carries a nuclear quadrupole moment. The obtained
results are later generalized to a multitude of nuclear moments per tunneling particle.
A detailed explanation of the coupling process and the consequences for the dielectric
polarization echo is given in [Wiir04, Par04].
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Phenomenological explanation

Before the quantum mechanical calculation is shown a short phenomenological ex-
planation of the coupling of tunneling systems and nuclear quadrupole moments is
given based on [Wiir02, Wiir04, Nag04, Baz08, Bar13|.

As shown schematically in figure 4.7, the effective electric field gradients ﬁﬁleff in
the two wells of a double well potential, which are caused amongst others by the
binding of the tunneling particle, usually differ in strength and orientation. If the
tunneling particle contains a nuclear quadrupole moment, the coupling of the respec-
tive nucleus to the effective electric field gradient causes a splitting of the two-level
system into a multi-level system according to the nuclear states (compare figure 4.8).
Depending on the asymmetry energy of the tunneling system, as well as the type of
tunneling motion (rotation, translation), this fine splitting of the tunneling system’s
energy levels causes different effects.

Considering the tunneling system with the finite asymmetry energy A # 0 shown in
figure 4.7, the tunneling particle has a higher probability to be in the right well in its
ground state and in the left well in its excited state. Thus, the unperturbed tunnel-
ing particle with a nuclear quadrupole moment will at low enough temperatures be
located mainly in the right well. The quantization axis of its nuclear spin is therefore
given by an effective field gradient caused by a superposition of the field gradients
in the right and left well. Since the tunneling particle’s probability density is in the
example of figure 4.7 higher in the right well, the effective electric field gradient will
mainly be determined by the electric field gradient present in this well (e.g. ﬁﬁ})
If the tunneling system is excited, for example by the electric field pulse of an echo
sequence, a mixing of its ground and excited energy level occurs. Assuming that
the tunneling motion contains a rotary component and that the tunneling particle

Figure 4.7: Illustration of a tunneling
particle carrying a nuclear quadrupole
moment in a double well potential. The
rotating component of the tunneling mo-
tion is indicated by the angle @t. The
small black arrow indicates the quanti-
zation axis of the nuclear moment. The
small arrows labeled V F| (r,)) Tepresent the
direction of the field strengths in the re-
spective well. The field gradients ﬁﬁ(‘?ﬂl)
are the effective field gradients experi-
enced by the nuclear moment. They
are a superposition of ﬁﬁ(r) and ﬁﬁ(l)
weighted by the probability density of the
tunneling particle in the respective well.
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is lifted to the excited state such that it is mainly located in the left well. Thus
the direction of the effective field gradient with respect to the nuclear spin changes.
The orientation of the nuclear spin is maintained, since its relaxation rate 7, * is at
low temperature several orders of magnitude smaller than the tunneling frequency
wis of the tunneling systems considered in echo experiments (wys &~ wer x 1 GHz)
|Sze75]. Given that the initial pure state is no longer conserved a mixing of different
nuclear states happens. This mixing changes the time evolution of the tunneling
system during an echo sequence and consequently the phase collection between the
pulses leading to a quantum beating. For this mechanism it is important that the
tunneling motion contains a rotary component (as shown in figure 4.7), since a pure
translational motion would not change the orientation of the effective electric field
gradient relative to the nuclear spin quantization axis.

If the tunneling system is symmetrical, A = 0, the tunneling particle has the same
probability of being in the right and left well in the ground as well as in the ex-
cited state. Thus, the nuclear spin of the tunneling particle experiences both electric
field gradients equally often and its quantization axis is given by their superposition.
Consequently, an excitation of the tunneling system does not lead to a change of the
effective field gradient experienced by the nuclear spin. Therefore the initial pure
state is conserved and no mixing of the nuclear states occurs.

In short, the finite asymmetry and the rotary component of the tunneling motion
lead to a change of the effective field gradient seen by the tunneling particle and thus
to a mixing of nuclear levels in dependence of the state of the tunneling system.
This phenomenological explanation shows that the unexpected properties of dielec-
tric glasses containing nuclear quadrupole moments in dielectric polarization echoes
are caused by the asymmetric tunneling systems with a rotary component in their
tunneling motion. In the following the effective field gradient in the two wells is just
called electric field gradient.

Quantum mechanical motivation

A detailed quantum mechanical description of the quadrupole interaction can be
found in [Par04, Wiir04, Bra0O4a|. Based on those publications, this chapter motivates
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the calculation and summarizes the results.

The coupled system, tunneling system and nuclear quadrupole moment, is described
by a new Hamiltonian. This Hamiltonian has to take into account that with the
tunneling motion not only the direction of the field gradient changes, but maybe
also its strength in the two wells, leading to different quadrupole coupling constants
Cq. The resulting Hamiltonian is given by

- A - 10 - 0 0 -
Hres = HO ® ILQ + (0 0) & HQr + (0 1) & HQl. (412)

Here Hy is the Hamiltonian of the tunneling system in the basis of the individual
wells (1., ¥y) from equation 3.11, ﬁQr,l the quadrupole Hamiltonian from equation
4.5 in the right and left well, ﬂQ the identity matrix in the space of the nuclear spin
and ® denotes the Kronecker product. If the tunneling motion contains no rotary
component and just the strength of the electric field gradient varies, for example,
because the nuclear quadrupole moment is changing its distance to the electric field
gradient’s source, only the factor Cq of Hq changes. Since Cq is a scalar prefactor
of the Hamiltonians ]:[Qr,l they are diagonalizable simultaneously and no mixing of
nuclear states happens during this tunneling motion.

To get the energy eigenstates of the coupled system, the Hamiltonian H,., has to
be diagonalized. However, the informations needed for calculations with this Hamil-
tonian, e.g. the electric field gradient strength and thus the quadrupole coupling
constant in the individual wells, are usually not available since these quantities can-
not be measured separately. In general, from nuclear quadrupole resonance only
an average value of the whole ensemble of nuclear spins is obtained. Thus, for the
further evaluation of the Hamiltonian some assumptions need to be made and the
distribution of the quadrupole parameters can later be added e.g. by a certain width
of the quadrupole resonance.

In the simplified picture it is assumed that the electric field gradients in the two wells
have the same strength and only differ in their orientation. The angle, enclosed by
the two principal axes of the field gradients is denoted Ot = 20 (compare fig 4.7
and 4.9).

For the further calculation the reference frame of the nuclear moments is changed
from the one defined by the respective principal axes of the electric field gradient
(x,y, z systems) to a common one with the z-component of the spin vector along the
halving axis of the electric field gradient vectors (Z,y, Z system). This corresponds
to a frame of reference which is rotated by an angle 6@ with respect to the principal
axes of the electric field gradients, as illustrated in figure 4.9. Thus in the right well
the projection of I, on the new coordinate system (Z, 7, ) is given by (compare also
[Abr61])

A

1,(0) = I cos () + Iz sin (O) . (4.13)

For the left well @ has to be substituted by —©. If further n = 0 is assumed, equation
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Figure 4.9: Illustration of a tunneling
particle carrying a nuclear quadrupole
moment in a double well potential. The
electric field gradients differ only in ori-
entation. The black arrows represent the
orientation of the z-component of fzj. Il-
lustration based on [Bra04a, Baz08].

4.12 simplifies to

- N 1 0\ _ - 0 0\ _ -
Hres = H() & ]1Q + (0 O) & H,Q(@) + (O 1) ® H/Q<—@)
~——
Tunneling system alone -~ -~
Quadrupole interaction right well — Quadrupole interaction left well
(4.14)
with the quadrupole Hamiltonian
g () = —299 4 (f (O) + I si (@))2 I(I+1) (4.15)
= —— 5 COS % SIn — . .
@ AI(21 — 1)

The only parameter that need to be determined for this Hamiltonian are the quadru-
pole coupling constant Cq and the tunneling angle ©. The first parameter is mea-
sured by nuclear quadrupole resonance (compare table A.1). The second one is
usually a free parameter when describing measured data with this model (com-
pare section 4.4) and may allow insights into the nature of the tunneling systems
|Bra04a, Baz08, Bar13]. A calculation of the energy states in dependence of © for a
system with / = 1 and n = 0 via perturbation theory can be found in [Bra04a, Baz08].

Tunneling systems with several nuclear quadrupole moments

The case of a tunneling system with more than one quadrupole moment is shortly
addressed in [Wiir04, Par04] and more elaborate in |Bra04al. The following overview
is given based on those references. If the tunneling particle consists of several atoms
which carry a nuclear moment the Hamiltonian given in equation 4.15 is extended
by the additional nuclear moments. In case the tunneling particle contains S nuclear
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quadrupole moments ()1 to ()5, it holds

ﬁres = I:IO X ﬂQl ® ]AlQZ & ... (416)

~~
Tunneling system alone

10 B ~ 00 . .
+ (0 0) Q@ Hpi (1) ®1ge ® ... + (O 1) Q@ Hpi(—01) @ 12 ® ...

. J/

~
Quadrupole moment Q1

10 - - 0 0 A .
+ (0 0) ® Lg1 ® Hgpe(O2) ® ... + (0 1) ® Lg1 ® Hge(—62) ® ...

J/

~
Quadrupole moment Q2

+

~
Quadrupole moment Q3 to QS
10 -

iﬂj

Vv
Interactions between nuclear spins

In this general Hamiltonian it is assumed, analogous to before, that the electric field
gradient at the two positions of the respective atoms, carrying nuclear quadrupole
moments, only differ in orientation and enclose an angle @1 = 20. Depending
on how exactly the tunneling motion looks like, it is possible that every nuclear
quadrupole moment experiences a different tunneling angle ©; 5 . At present this
information cannot be obtained such that a common resulting tunneling angle is
assumed. The operator IAQLQJ- describes a possible interaction between the nuclear
moments. Usually this operator is neglected |[Wiir04, BraO4a|. However, with a
high concentration of nuclear quadrupole carrying atoms in a glass this assumption
may no longer be valid. In such a case the formulation of the operators ]AQZ-,QJ-
and of the whole Hamiltonian Hye is challenging since usually the nature of the
tunneling systems as well as the exact structural properties of the amorphous solid,

s A
-7 A ~ ¥ EQ
Eq
RN / b A E
h N \ 2 Q
Figure 4.10: Schematic drawing of the
E level schema of a tunneling system (TS)
alone, of a tunneling system coupled to
-, one nuclear moment of I =1, n =0 and
—_—
s ~ of one coupled to two nuclear moments
— .
N s of the same kind. For I =1 and n = 0
N

the levels m = +£1 are degenerate. Illus-
\ ) ) ) tration created according to [BraO4a].

TS alone TS+ 1 Nucl. TS+ 2 Nucl.
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in particular of multicomponent glasses, are unknown. In general, organic materials
with well known constituents are more eligible for a theoretical description (compare
for example [Bra0O4a, Baz07, Baz08, Barl3|).

The energy states of the coupled system, which are needed to calculate the echo
amplitude in section 4.3.3, are again obtained by a diagonalization of Hiyes.

The level schema for a tunneling system exhibiting two nuclear moments of I = 1
and n = 0 with identical tunneling angles @ and neglected interaction between the
spins is shown in figure 4.10. For tunneling systems with different nuclear spins,
asymmetry factors and interactions this schema becomes very complicated.

4.3.2 Coupling of nuclear quadrupole moments and tunneling systems
with additional magnetic field

If an additional static magnetic field is applied, it couples to the magnetic dipole
moment of the tunneling particle leading to an additional Zeeman splitting of the
nuclear states, see section 4.2.1.

In the following the influence of a magnetic field on the resulting Hamiltonian is
outlined, mainly based on [Bra04a, Wiir04, Par04]. The tunneling systems in an
amorphous solid are randomly oriented. Thus the magnetic field is pointing in arbi-
trary directions with respect to the nuclear spin quantization axis, as illustrated in
figure 4.11. In the (Z, 7, Z) frame of reference the Zeeman Hamiltonian from equation
4.11 can be rewritten to [Bra04a]

Hyeo = —7pyhB |:jg cos (8) + Igsin (8) cos () + Iy sin (&) sin ()| . (4.17)

Figure 4.11: Illustration of a tunnel-
ing particle carrying a nuclear quadru-
pole moment in a double well potential.
The orientation ofthe electric field gradi-
ents and the magnetic field are in the ref-
erence frame (Z,7, Z). Illustration based
on [Bra04a, Baz08|.
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Based on equation 4.14, a tunneling system with an atom carrying a nuclear quadru-
pole moment in an external static magnetic field is described by

N s 10 5 00 - 1 0 N
Hres—Ho®11Q+(0 0>®HQ(@)+<O 1>®HQ( @)+(0 1>®HZ%.

N

TV TV
Tunneling system with one nuclear quadrupole moment Add. mag. field

(4.18)
To get the energy levels of this system, the Hamiltonian is diagonalized as mentioned
previously.
The development from a pure two-level system to a multi-level system, caused by
the interaction of the tunneling system with a nuclear spin of I = 3/2, to a multi-level
system with additional Zeeman splittings is shown in figure 4.12.

Up to this point it was assumed, that the Zeeman interaction is small compared to the
quadrupole splitting Fz.. < Eq. In a sufficiently large magnetic field, the orientation
of the nuclear spin quantization axis is predominantly given by the direction of the
external magnetic field and the quadrupole interaction becomes a small perturbation.
This has a significant influence on the echo amplitude and is discussed in the next
section.

4.3.3 Two-pulse echo in a multi-level system

Previously it was shown that by adding one nuclear quadrupole moment to a tunnel-
ing systems its two energy levels transform into a multitude. Thereby every energy
state of the two-level system splits up according to the nuclear spin states of the
quadrupole carrying atom. The resulting level schema of the coupled system con-
sists of two multiplets of 27 4+ 1 states that are shifted with respect to each other
by the energy splitting E of the tunneling system (compare figure 4.12). Due to
the larger number of energy levels compared to an ordinary two-level system, more
transitions and thus phase evolutions are possible during an echo sequence. Before
the general expression for the polarization in a multi-level system is introduced, the
possible effects caused by the additional energy levels are shortly motivated.

A helpful tool to illustrate the different phase evolutions of a tunneling system during

m=+3/2
L -7 5 — m=-3/2
] ~ Q m=+1/2
m=-1/2
ZE Figure 4.12: Illustration of the level
Zee schema of a tunneling system (TS) alone,
m=+3/2 .
D e m=-3/2 the same tunneling system coupled to a
- ~ m=+1/2 nuclear spin with I = 3/2 and the effect
. o ; m=-1/2 of an additional magnetic field B.

TS alone TS + Nucl. Add.B
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an echo sequence are the path diagrams introduced in section 3.3.2. As an example, a
tunneling system with one atom carrying a spin of I = 1 or I = 3/2 and n = 0 without
an additional static magnetic field is selected. Thus each of the two levels of the
tunneling system splits up into two levels with an energy splitting of Eq = hvj— 3,
such that finally a four-level system is obtained. In dependence of the spin those
levels are degenerate. In figure 4.13 four relevant path pairs of the possible phase
evolutions of the tunneling system during an echo sequence are shown. As a reminder,
every horizontal line in a path diagram represents a phase factor of e *#*/" with the
energy of the evolved path E; and every vertical line illustrates a mixing of energy
levels caused by the high frequency electric field pulses during the echo sequence.
The area below a path can be interpreted as the collected phase during the free
evolution. The resulting polarization of the considered tunneling system is given
by the sum over all pairs of paths. In the multi-level system, there are additional
possible transitions between different nuclear states due to the coupling between
the nuclear state and the tunneling motion. In a two-level system only path pairs
that collected the same phase during the time ¢ = 275, independent of the precession
frequency wy, contribute to the polarization of the tunneling system. In figure 4.13 it
can be seen that in a multi-level system also path pairs with finite phase differences
exist (depicted in green), which are independent of the tunneling system’s energy
splitting & and thus wyq. They only depend on the quadrupole splitting Fq and
the pulse separation time 715. In an echo measurement the path pairs with A® =0
always contribute to the polarization of the tunneling system. The pairs with A® # 0

E E
A A
Eqod : Eqld :
J lEcho E | Echo
1 |
E=0 1 E=0 L
e, >t DA >t
A®=[Et,- Et,]/h=0 AD=[(E+E)7,- (E+E)n,1/h=0
E E
A A
Eqd : Eod l
E :Echo Ej[ :Echo
E=0 . E=0
D A >t DA >t
AD=[(E+EQt,-E1,1/h=EyT,,/h AD=[(E+2E)t,-E7,]/h=2E7,/h

Figure 4.13: Illustration of four path pairs, relevant for the formation of the echo in a
four-level system. The phase difference between the two paths A® accumulated during the
phase evolution is depicted in green. Illustration adapted from [Sch16al.
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contribute only if their phase difference is a multiple of 27. Consequently, the echo
amplitude of such an ensemble of tunneling systems oscillates with the frequencies
Eq/n = wq and 2Eq/n = 2wq in dependence of the pulse separation time. This effect
is called 'quantum beating’ and the explanation for the observations in figure 4.4.

A general formula for the polarization of a multi-level tunneling system was developed
in [Par04]. Analogous to this publication the derivation can be motivated by using a
general multi-level system, as illustrated in figure 4.14, and the path diagram rules
introduced in section 3.3.2. Applying those rules to the shown path pair gives the
following contribution to the polarization of the tunneling system. The polarization
operator Pis thereby expanded by the nuclear spin.

(P)pathpair(t > T12) = <7T|j,1>,|j,2>|p|7T\j,1),\k,1)> (4.19)
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The factor 1/v~, with the number of sub-levels N = 21 + 1, corresponds to the case
where the levels in the lower multiplet are equally populated and the higher multiplet
is empty before the start of the echo sequence. Using that the two multiplets are
shifted with respect to each other by E, the energies can be rewritten to Ejy = E+Ej;
and F;» = E 4+ F;; and equation 4.20 transforms to

(P)Pathpair(t > Ti2) o NFO( )F2(2)042104,15(1*2104,1€? (4.20)
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The phase factor consists of three terms. The first one depends on the energy splitting
of the tunneling system and is always zero at t = 275, similar to a common two-level
system. Factor two and three depend on the quadrupole splitting of the sub-levels
(Ej1—FEk1) and (E; — Ejp), but not on the tunneling system’s energy splitting. These
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Figure 4.14: One of the path pairs with a nonzero phase difference, which contributes
to the polarization of the tunneling system. Each energy level is specified by |m,n) with
m representing the nuclear state and n the corresponding multiplet. The two multiplets
are shifted by the energy splitting F of the tunneling system with respect to each other.
Hlustration created according to [Par04].

factors are responsible for the phase differences A® # 0 mentioned in the framework
of figure 4.13. Summing over all possible path pairs gives the contribution of one
tunneling system to the echo signal as

2

<P> (27_12) FO (1)F Z ol i(E;i—Eg)T12

Zoz}foz};? T2 (4.21)

|[Par04]. Due to the nonzero phase factors at ¢ = 2715, the polarization of the
tunneling system oscillates as a function of the pulse separation time with a frequency
given by the interference of the different oscillating phase factors. The indices i, j, k
range from 1 to the number of sub-levels N. Analogous to the echo in a two-level
system, the echo in a multi-level system also shows a Fjy behavior when it is measured
in dependence of the electric field strength (assuming both pulses have the same field
strength Fo 1y = Fo2) = Fo). The (AO/E)4 dependence of the echo amplitude, see
equation 3.50 for the two-level system, follows from the |aa|? factor and can also be
seen in equation 4.22 for the multi-level system.

The obtained equation 4.21 for the echo amplitude only applies if the following
requirements are fulfilled [Par04]:

e To satisfy the condition of an equally populated lower multiplet (origin of the
/N factor) the temperature of the sample must be smaller than the energy
splitting F of the tunneling system (7' < E) and larger than the energy split-
ting of the lower multiplet (T' > Eq o). If Eqiot < E, these conditions are
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usually fulfilled during an echo measurement. If the condition T < E is not
met thermal occupation numbers need to be introduced.

e In the calculation it is assumed that the nuclear states of the two multiplets
mix equally well during the application of a high frequency electric field pulse.
This is usually the case when all transition factors for the different states are
similar. If the spectral width (%/¢,...) of the pulse is much broader than the
quadrupole splitting of the multiplet this condition is fulfilled. If not, the
transition amplitudes a have to be adjusted. To ensure that this condition is
met, the pulses of the echo sequence must be sufficiently short Eqottpuse/n < 1
(compare also the end of section 3.3.2). This issue is illustrated in figure 4.15.
The excitation pulse with frequency wer = £/n and duration ¢, has a spectral
width smaller than the quadrupole splitting in the multiplet £q.ot/n. Thus no
complete mixing of nuclear states occurs, illustrated by the fading of the blue
path. In a measurement this circumstance would lead to no or a modified
quantum beating of the echo amplitude and the calculated formula cannot
be applied. This issue was observed in [Bra04a| in a measurement on meta-
fluoroaniline.

E

E- | be oo _%
,tot . . .
Qato — “““““ — Figure 4.15: [lustration of possible

spectral width paths according to the spectral width
of excitation

of the excitation pulse in a multi-level
pulse

system. The excitation pulse with fre-
E quency wer = E/n and duration tpyse has
a spectral width which is smaller than the
quadrupole splitting Ea.tet/n. This results
in an incomplete mixing of the nuclear

states.

To calculate the polarization of a single tunneling system, the corresponding Hamil-
tonian (e.g. equation 4.14) has to be diagonalized. This gives the energy eigenstates
and eigenvalues of the multi-level system. Afterwards the transition matrix elements
a are calculated by applying the Hamiltonian of the high frequency electric field
pulse (equation 3.27) to the new eigenstates. For more details concerning the cal-
culation of the transition matrix elements [Par04] (for a general consideration) and
[BraO4a, Baz08| (for the case of I = 1) are recommended.

For a single multi-level system, created by the interaction of one nuclear quadrupole
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moment with a tunneling system with defined Ay and A, a polarization of

Ao\ 64 EQ(nm
(P)(2713) o (%) L= D insin® (Q(Tm)] (4.22)
n,m>n
— Apoa(2712)

is expected [Par04]. Eq(nm) is thereby the quadrupole splitting between level n and
m and

(4.23)

The term A,,,q describes the modulation of the tunneling system’s polarization as a
function of the pulse separation time 715. The modulation frequencies are determined

by the splittings of the tunneling system’s nuclear states Eqnm). The A? propor-

2

- m, shows that just multi-level systems

tionality of equation 4.22, which arises from b
with a finite asymmetry energy contribute to the quantum beating as mentioned at
the beginning of section 4.3.1. The total polarization depends on (40/E)* equivalent
to an ordinary two-level system. Thus in an echo measurement, the more symmet-
ric tunneling systems contribute more. Consequently, the observed modulation in a
measurement is not caused by the tunneling systems with a very large asymmetry
energy, but by those which have besides a finite asymmetry energy also a sizable
tunnel splitting Ay. To get the echo amplitude of an ensemble of tunneling systems
the individual amplitudes, given in equation 4.22, have to be integrated over all Ag

according to the distribution function given in section 3.2.3.

The previous considerations suggest that in an amorphous solid with nuclear quadru-
pole moments a beating of the echo amplitude is visible until the asymmetric tun-
neling systems are decayed. Asymmetric tunneling systems are strongly influenced
by spectral diffusion (compare section 3.4) which is more effective as the one-phonon
process at short pulse separation times (compare figure 3.17). Thus, an echo mea-
surement on a sample containing nuclear quadrupole moments shows a modulation of
the echo amplitude at small pulse separation times. With increasing pulse separation
time, the amount of asymmetric tunneling systems decreases and the modulation of
the echo amplitude becomes smaller. At large pulse separation times just the sym-
metric tunneling systems remain and no beating is visible. Since this simple picture
is not completely correct its limits will be discussed in the following.

It was already pointed out that most samples containing atoms with nuclear quadru-
pole moments also exhibit tunneling systems without nuclear quadrupole moments.
Therefore, an echo measurement on a glass containing nuclear quadrupole moments
shows always a superposition of an ordinary echo decay and one which is modulated
by quantum beating.

As an example, an amorphous solid which contains just one kind of atoms carry-
ing a nuclear quadrupole moment and every tunneling system contains maximal one
of these atoms is considered. In contrast to a crystalline material the electric field
gradients experienced by the different nuclei in an amorphous solid vary due to the
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disordered structure in a large range, leading to different coupling constants Cq and
consequently to a certain broadening of the quadrupole splitting in the whole sample.
During an echo measurement in dependence of the pulse separation time the tun-
neling systems with nuclear quadrupole moment show a quantum beating according
to their nuclear splitting. When measuring the polarization of the whole sample the
individual beating frequencies interfere and a resulting quantum beating is observed.
At small pulse separation times, the constructive interfering parts of the quantum
beating dominate. With increasing pulse separation time the individual quantum
beatings diverge more and more. Consequently, the macroscopic polarization of the
sample shows no quantum beating at large pulse separation times. But the echo
amplitude of the sample experiences a overall reduction due to the destructive in-
terfering quantum beatings. How fast the tunneling systems diverge depends on the
width of the quadrupole splitting. Often this is in the range of 10 % of the resonance
frequency (compare for example [Rub74| for ™As).

The two processes leading to the disappearance of the quantum beating, namely
the decay of asymmetric tunneling systems and the broadening of the quadrupole
splitting, cause two different behaviors of the echo amplitude. The decay of the
asymmetric tunneling systems by relaxation processes (especially spectral diffusion)
causes a reduction of the modulation depth of the quantum beating relative to the
total echo amplitude. The broadening of the quadrupole splitting causes a smearing
of the beating frequency, a reduction of the modulation depth as well as an over-
all reduction of the echo amplitude. These effects are illustrated in figure 4.16 and
were observed and discussed in |Bra04a| and more elaborate in |Baz08|. To take
the broadening of the quadrupole splitting into account a certain distribution of the
transition frequencies is assumed (e.g. Gaussian) and included in the calculation of
the echo amplitude. This possibility is discussed in [Wiir04] and used in [Bra04a|
and [Baz08|. Another way to take the distribution of the quadrupole splittings into

Figure 4.16: Influence of a distributed

1.02 - 1 quadrupole splitting and a fast decay of
the asymmetric tunneling system on the

— 1.00 quantum beating. The influence of the
E broadening was calculated with the sim-
E 0.98 ulation discussed in section 4.4, assuming
B the parameters for glycerol-d5 (given in
5 096 section 4.4) and a broadening of the tran-
§ 0.4 sition frequency of 10 %. For the decay of
5 asymmetric tunneling systems the second
w 0.92 | — Decay asym. tunneling systems _ term of the formula for the echo modula-
' — Broadening quad. splitiing tion (equation 4.24) is for simplicity mul-
0.90 ‘ ‘ tiplied by a factor e~ ¥ Plot created

1
0 10 20 30 40 according to [Baz08|.
Pulse separation time T4, [us]
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account is via a simulation based on Monte Carlo methods, which is addressed in
section 4.4. In a measurement usually both processes are present. In dependence of
temperature and sample composition one of them can dominate.

Special case I =1 and n =0

For the special case of a single tunneling system containing one atom with nuclear
spin I =1 and n = 0, the polarization can be derived analytically via perturbation
theory |Bra0O4a, Baz08|. A two-level system with just one of these nuclear spins
splits, due to the degeneracy of the states m = +1, up in a four-level system. The
lower and the upper doublet has a quadrupole splitting Fq. Possible evolutions of
the wave function of a tunneling system with such a level schema are depicted in
figure 4.13. Two different modulation frequencies are observed considering the phase
differences A® in this illustration.

The analytic calculation of the modulation of the polarization for such a tunneling
system with defined A results in

16 (A > L (Eqr
Apod =1 (2112) =1 — 3 (E sm(?@)) sin* ( 37112) ) (4.24)

The subtrahend is proportional to A% and depends on the rotation angle during
the tunneling motion ©, as expected from equation 4.22. For @ = 0, the modu-

2h
4 cos(Eamiz/n) + cos(2Eamiz/n)) the two frequencies £a/n and 2Eq/h can be seen.

lation of the echo amplitude vanishes. Rewriting the sin® <M> factor to 1/8(3 —

Polarization of a tunneling system containing several nuclear moments

For determining the polarization of a tunneling system containing several nuclear
quadruple moments the Hamiltonian, given in equation 3.16, has to be diagonalized.
The obtained results can be used to calculate the polarization with equation 4.21.

If the tunneling system contains S non-interacting atoms carrying a nuclear quadru-
pole moment with uncorrelated quadrupole potentials the resulting modulation of
the polarization factorizes and is given by [Wiir04, BraO4a, Baz08|

S
Amod,res (27-12) - H Amod,i (27_12) . (425)

i=1
If the tunneling system contains S identical non-interacting atoms carrying a nuclear

quadrupole moment and each nuclear moment experiences the same electric field
gradient as well as the same rotation angle @ during the tunneling motion, it holds

Amod,res (27—12) X (Amod (27—12))5 . (426)

Applying these results to a multicomponent glass which contains several isotopes
carrying nuclear quadrupole moments, the following behavior of the echo is expected.
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First, the nature of the tunneling systems in the glass most likely differs from system
to system and each may contain several atoms carrying nuclear quadrupole moments.
Thus the individual polarizations of these tunneling systems are the result of different
interfering modulation frequencies. Second, the quadrupole splittings of the different
isotopes exhibit a certain broadening, as already mentioned above, leading to an even
larger amount of possible beating frequencies. During a measurement of the echo
amplitude in dependence of the pulse separation time the individual polarizations of
the tunneling systems are ’summed up’. Due to the variety of beating frequencies
caused by the multitude of quadrupole carrying atoms as well as the broadening of
their transitions frequencies, the different quantum beatings are expected to interfere
destructively already at small pulse separation times. Thus, the echo amplitude
measured in dependence of the pulse separation time shows most likely no beating
but the overall echo amplitude is reduced by the destructively interfering parts of
the different quantum beatings.

Echo in multi-level system with additional magnetic field

To calculate the magnetic field dependence of the echo amplitude, the Hamiltonian of
equation 4.18 is diagonalized and the obtained results are inserted in equation 4.21.
Usually two different kind of measurements are performed with additional magnetic
fields. First, the echo is measured in dependence of the pulse separation time to see
if the additional field influences the decay behavior of the echo amplitude. Second,
the echo is measured at fixed pulse separation time and the magnetic field strength
is varied as shown in figure 4.2 and 4.3.

In general, two different regimes can be distinguished when measuring with additional
magnetic field [Par04, BraO4al]. However, before continuing with the discussion,
it is advantageous to recap the 'composition’ of the quadrupole splitting when an
additional magnetic field is applied

Equm) (é) —  Epe (é) v E - (4.27)
~——

Total quadrupole splitting Zeeman splitting Quadrupole splitting caused by el. field gradient

The quadrupole splitting relevant for the time evolution of the tunneling system is
given by Eq(um) and depends on the Zeeman splitting Ez.. as well as the quadru-
pole splitting Eg(nm) caused by the interaction of the corresponding nucleus with
the electric field gradient. The total quadrupole splitting depends through the Zee-
man splitting on the strength of the magnetic field and its orientation relative to the
magnetic dipole moment of the nucleus.

At small field strengths, at which the Zeeman splitting is just a small correction
to the quadrupole splitting Eg(nm), the quantization axis of the nuclear moment is
mainly defined by the electric field gradient. The shifting of the energy levels of
the multi-level system by the Zeeman interaction as well as the lifting of possible
degeneracies increases the amount of possible time evolutions (paths) and changes
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the phase differences A® of the path pairs. This leads to different constructive and
destructive interferences and thus to a modified quantum beating for every tunneling
system. When the echo is measured in dependence of the pulse separation time on a
multicomponent glass with various isotopes carrying nuclear quadrupole moments,
the variation of the quantum beating is most likely not visible since it averages out
like without magnetic field (compare explanations from the previous subsection). If
the same measurement is performed on a glass with defined quadrupole splitting,
such that without magnetic field a quantum beating is visible, the beating frequency
will change since the quadrupole splittings Eqm) are different (compare for exam-
ple the measurement on deuterated glycerol |[Bra04al). In addition, the quantum
beatings of the tunneling systems are altered similar to the case of a broad distribu-
tion of quadrupole splittings. The magnetic moments of the tunneling systems are
oriented arbitrarily with respect to the magnetic field, causing a slightly different
Zeeman splitting for every system. In total the different Zeeman splittings look like
a broadened quadrupole splitting. If the echo amplitude is measured at fixed pulse
separation time in dependence of the magnetic field, the variations in the phase dif-
ferences A® cause the oscillations visible in figure 4.2 and 4.3.

At large magnetic fields, where the Zeeman splitting is much larger than the quadru-
m)? the latter can be treated as a perturbation and the total
quadrupole splitting Eqnm) becomes a linear function of the magnetic field. Since

B . 0
pole splitting EQ(n

the parameter b,,, in equation 4.22 is proportional to /Eqqm), bnm reduces with
increasing magnetic field strength. This leads to a vanishing modulation of the po-
larization of a tunneling system A;,q o< 1/B2. Thus, for B — oo the polarization
of a tunneling system without nuclear quadrupole moment is obtained [Par04]. In
this case the quantization axis of the nuclear moment is mainly determined by the
magnetic field. Therefore, the interaction of the nucleus and the magnetic field is
the same in both wells of the double well potential and the mixing of the different

nuclear states m vanishes during the tunneling motion (compare also by, ag,i)).

4.4 Simulating the influence of nuclear quadrupole moments
on the echo amplitude

In the previous sections the necessary Hamiltonians and formulas needed for the cal-
culation of the polarization of individual tunneling systems were introduced. Based
on those equations the impact of nuclear quadrupole moments on the echo ampli-
tude can be simulated. Since an analytical derivation, as for a system with I = 1
and 1 = 0, is for systems with large nuclear spins or additional magnetic fields very
cumbersome a numerical approach is used. A numerical ansatz was used in |Baz08],
based on an effective tunneling system, to calculate the polarization of a tunneling
system with [ = 1, n = 0 and fixed quadrupole splitting. In the framework of this
thesis a new approach was implemented based on Monte Carlo methods, written in
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Python?.

By Monte Carlo an ensemble of tunneling systems is created based on the distri-
bution function introduced in section 3.2.3. Each tunneling system of the ensemble
has an energy splitting within £/ &+ og. The parameter o takes into account that
not only tunneling systems with £ = Aw,s are excited during the electric field pulses
but also some within a certain range around E. Here £ = 1 GHz in all calculations.
An additional AT takes care of the divergence of the distribution function. The
creation of the tunneling systems is based on a module developed in [Fre2l]|. In
addition to E, A, Ay, nuclear properties are assigned to every tunneling system.
Those properties are:

e The nuclear spin of the isotope present in the tunneling system. Values between
I =1 and I = 7/2 are possible.

e The nuclear quadrupole splitting of the isotope. The value of the splitting can
be Gaussian distributed with a broadening of oq

e A tunneling angle Ot in a predefined range of Ot + Ag.
e The gyromagnetic ratio of the isotope.

e An angle 9, between 0° and 180°, and ¢, between 0° and 360°, describing the
orientation of the magnetic field with respect to the magnetic moment.

In the simulation, either a fixed magnetic field is supplied and the dependence of the
echo amplitude on the pulse separation time is calculated or a fixed pulse separation
time is given and the magnetic field dependence of the echo amplitude is calculated.
For every single tunneling system the Hamiltonian given in equation 4.18 is cre-
ated and numerically diagonalized. The obtained results are used to calculate the
transition matrix elements via

(4.28)

R R Tll T21
T = (Eigenvectors| <Hpert ® ILQ> |Eigenvectors) = ( )

T12 T22

with flpert from equation 3.21 (and 3.26) being the Hamiltonian of the high fre-
quency electric field pulse. For simplicity the values dp and F' are set to one. The
matrices T are the transition matrices between the levels of the multi-level system.
To calculate the polarization of a tunneling system only the off-diagonal elements
are relevant which are given by 72! = T'2. This calculation of the transition matrix
elements is equivalent to the one in [Bra04a| with the exception that no perturbation
approach is used.

The obtained energy values and transition matrix elements are then used to calculate
the polarization of every single tunneling system with equation 4.21. The polariza-
tion of the ensemble is obtained by the sum of the individual polarizations. Finally,

2www.python.org
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the resulting echo amplitude is received relative to the maximal amplitude obtained
in the current simulation. When the echo is simulated in dependence of the pulse
separation time no decay processes are considered and just the quantum beating is
calculated.

The current simulation allows no asymmetry parameter n and just one nuclear mo-
ment per tunneling system. An extension to 77 # 0 and multiple nuclear moments
per tunneling system (equation 3.16) is possible due to the modular implementa-
tion. However, in multicomponent glasses, the implementation of many isotopes is
still unknown as well as the nature of the tunneling systems. Most likely there is a
huge amount of different tunneling systems. Thus simulations of such complex ma-
terials are challenging, especially because the increased number of free parameters
maybe cause a good agreement with the data by chance. Organic glasses consisting
of well defined molecules are better candidates to simulate the influence of nuclear
quadrupole moments. It is conceivable that in these materials the nature of the
different tunneling systems is similar. In deuterated glycerol it was, for example,
possible to determine the nature of the tunneling systems by detailed simulations
|Baz08, Barl3|.

For all simulations it has to be taken into account that the spectral width of the
excitation pulses 1/rtpuse) (fpuse = 23008 — Af ~ 0.7 MHz, t,us = 80ns — Af ~
2MHz) used during the measurement has to be much broader than the quadrupole
splitting of the multiplet of the tunneling system. Only this way, the pulse leads to a
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Figure 4.17: Distribution of the 25000
tunneling systems as used for the simula-
tions shown in figure 4.18 and A.1. The
parameter for the simulated tunneling sys-
tems are £ = 1GHz, o = 10MHz and
ASIn = (.15 GHz. A fit of the distribution
function ( equation 3.19), shown in red, pro-
vides good agreement.

Figure 4.18: Measured magnetic field de-
pendence of glycerol-d5 at T2 = 8pus and
T = 12mK in black [Baz08]. The grey data
points are obtained by reflecting the black
ones at x = 0. In red the result of the sim-
ulation is shown.
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mixing of all nuclear states as it is assumed in the simulation (compare explanations
in the context of equation 4.21). The isotopes present in the glasses which were
measured in the framework of this thesis have larger quadrupole splittings (compare
table A.1). Therefore, for the nominal pulse duration of ¢; = 230 ns the simulation
cannot be used to describe the data. Nevertheless, the simulation can be employed
to assign observed effects to nuclear properties.

For samples, where the simulation is valid, the data can be described well. As an
example, the magnetic field dependence of glycerol-d5 as measured in [Baz08| and
the result of the simulation is shown in figure 4.18. Besides a deviation around 0 mT,
caused by the dipole effect which is not considered in the simulation, the simulation
describes the data very well. The simulated distribution of the tunneling systems
is shown in figure 4.17 and agrees well with the distribution function introduced in
section 3.2.3. In the simulation, the minimal tunnel splitting Ap™ is set to 0.15 GHz
at an energy splitting of £ = 1 GHz. Given that the contribution of one tunneling
system scales as (40/g)! (compare for example equation 4.22) tunneling systems with
a small tunnel splitting can be neglected in the simulation. The quadrupole splitting
used for the simulation is 124.5 kHz without any broadening and the tunnel angle is
Or = 16°, as obtained in [Baz08]. Since the simulation considers only one nuclear
moment per tunneling system the obtained result for the polarization is taken to
the power of five, according to equation 4.26. The magnetic field dependence of the
upper multiplet of a tunneling system containing one atom with / = 1 and in which
the magnetic field is aligned parallel to the nuclear spin is shown in figure A.2. In
addition, the simulated quantum beating for glycerol-d5 is shown in figure A.1.

4.4.1 Interacting dipole moments

Besides the interaction of the quadrupole moments of a tunneling system with the
electric field gradient there is another mechanism that leads to a fine splitting of
the tunneling system’s energy levels. This mechanism is based on the anisotropy
of the nuclear dipole-dipole interaction and was introduced in [Baz07, Baz08|. This
coupling mechanism is illustrated in figure 4.19. If a tunneling motion contains a

Figure 4.19: Illustration of three nu-
clear magnetic dipole moments in a dou-
ble well potential. The dipole moments
maintain there orientation during the
tunneling motion. However, the vectors
connecting the three nuclei change. Illus-
tration created according to [Baz08|.
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rotary component, the vectors connecting the different nuclei rotate. In contrast, the
orientation of the spins is maintained due to the long nuclear spin relaxation time at
low temperatures [Sze75|. Since the dipole-dipole interaction depends on the distance
and orientation of the dipoles with respect to each other, the tunneling motion leads
to a change of the dipole-dipole energy and thus to a coupling of the tunneling
motion and the dipole-dipole interaction. This coupling causes an additional mixing
of the nuclear states during the tunneling motion. Not only the dipole moments of
the tunneling particles are relevant for this coupling mechanism. Also nearby dipole
moments are important because the tunneling motion affects their interaction with
the tunneling ones.

The additional levels of the tunneling systems cause a modified quantum beating
and magnetic field dependence. Since an atom with a magnetic dipole moment
does not necessarily have a quadrupole moment (e.g. 'H) this effect cannot only
modify the quantum beating and magnetic field dependence of tunneling systems
carrying quadrupole moments but it can cause a quantum beating and magnetic
field dependences of non-magnetic glasses without nuclear quadrupole moments. As
example, the magnetic field dependence of ordinary glycerol is shown in figure 4.3.
The Hamiltonian describing the interaction of n dipoles is given by [Baz07]

v L~ [ Ay 30 - o) (i - )
R -
J=1 k=1 J

(1
with the distance 7, between two dipoles and the magnetic moment [i;. In table A.2
the nuclear magnetic moments of the isotopes relevant for this thesis are listed. In
contrast to the quadrupole coupling, where usually individual quadrupole moments
are considered, the dipole effect is based on several interacting magnetic dipoles (re-
gardless of whether they are part of the tunneling system or not). The interaction
between two dipoles depends on their distance as well as their orientation relative
to each other and decreases rapidly with the distance. Therefore, depending on the
strength of the magnetic moment only the nearest neighbours are relevant and dipole
moments far apart can be neglected.

The equations introduced in the framework of the quadrupole coupling can be trans-
ferred to the dipole model. However, it has to be considered that results based on
non-interacting quadrupole moments cannot be used for interacting dipole moments.
For a detailed description of the nuclear dipole-dipole interaction the positions and
orientations of the magnetic moments with respect to each other are important.
This information is often not available. For organic glasses with well known molec-
ular structure a modelling is possible under certain assumptions like the nature of
the tunneling systems. For example, the data of deuterated and ordinary glycerol
could be successfully described |Baz07, Baz08, Fic09]. Without detailed knowledge
of the structure of multicomponent glasses a modeling would purely be based on
assumptions.

If an additional magnetic field is applied the Zeeman splitting shifts the energy
levels and lifts possible degeneracies. This affects the interference of possible time
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evolutions (or path paris) and consequently the quantum beating of the tunneling
system’s polarization. Depending on the number of interacting dipole moments a
sufficiently large magnetic field can completely suppress a mixing of nuclear states
as in the quadrupole model or lead to a constant but not maximal echo amplitude.
Simulations with two and three interacting dipoles can be found in [Baz08|.

The strength of the dipole-dipole interaction depends on the size of the magnetic mo-
ments and their distance to each other. Therefore the quadrupole interaction is usu-
ally stronger. In deuterated glycerol-d5 the influence of the quadrupole and dipole-
dipole interaction on the echo amplitude can be seen, compare figure 4.18. Whereas
the quadrupole effect can be observed up to a magnetic field of rougly 60 mT, the
dipole-dipole coupling (mainly caused by the hydrogen atoms in the molecule and
their about six times larger magnetic moment compared to the deuteron) vanishes
at about 5mT. The temperature dependence of the dipole-dipole coupling is inves-
tigated in [Fic09).

4.5 Relaxation between tunneling systems and nuclear mo-
ments

Nuclear moments, embedded in a solid, are in a dynamic interaction with their sur-
roundings. These interaction processes cause transversal and longitudinal relaxation
processes. A classical way to motivate these relaxation times can be done, analo-
gous to section 3.4, via the Bloch equations [Blo46]|. The introduced longitudinal or
spin-lattice relaxation, characterized by the relaxation time 77, leads to a thermal
equilibrium between the nuclear moments and the environment by the exchange of
energy. The term lattice thereby comprises all degrees of freedom, with the exception
of the spin orientation of the respective material (solid, fluid or gas) [L6s57|. The
transversal relaxation, given by the time 75, depicts processes which do not lead to an
energy exchange between the spin system and the environment. They rather change
the component of the polarization that is perpendicular to the external field defining
the quantization axis. Given the coupling between nuclear moments and tunneling
systems, visible as quantum beating, energy can also be exchanged between them.
That this coupling contributes to the relaxation rate is visible in nuclear magnetic
and quadrupole resonance measurements, where an increased relaxation rate is ob-
served in the vitreous state compared to the crystalline state of the same material.
This is discussed in more detail in section 4.5.2.

The so far introduced models do not consider such a relaxation mechanism. They
are all based on the assumption of long spin lattice relaxation times, which is also
supported by several measurements. For example, in [Sze75|, the spin-lattice relax-
ation time of "B in amorphous B,O3 and ?*Na in vitreous (Nay0)o3(SiO3)o.7 was
measured at a temperature of about 1K to be in the order of several minutes. This is
much larger than the duration of an echo sequence, which is most of the times shorter
than 200 ps. Thus, the models of the nuclear quadrupole and magnetic dipole-dipole
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coupling together with the relaxation processes, introduced in section 3.4, should
be able to describe the data measured of miscellaneous glasses containing nuclear
quadrupole moments. However, different measurements showed an unexpected be-
havior indicating the need of additional mechanisms. The observations made on
different glasses containing nuclear quadrupole moments are presented in the follow-
ing. They finally led to the discovery of an additional relaxation process relevant in
amorphous solids at low temperatures. This relaxation mechanism is introduced in
section 4.5.3.

4.5.1 Observations in glasses containing nuclear moments

The introduced quadrupole and dipole model and the associated quantum beatings
are based on the assumption that the relaxation times of nuclear spins at low tem-
peratures are very long so that the orientation of the nuclear moment is maintained
during an echo sequence. Under this assumption, the decay of the echo amplitude
of an amorphous solid can in principle show three different behaviors. These three
possibilities are shown in simplified form in figure 4.20. In this plot, it is assumed
that the materials of all curves are the same, just the broadening of the nuclear
quadrupole splitting is varied. Therefore, the overall decay behavior is the same
vor all curves and determined by the processes introduced in section 3.4. The black
line corresponds to the case of a decay with a quantum beating. For simplicity only
the upper envelope, which is received when all points of maximal echo amplitude
are connected, is shown. The red line represents a decay which shows only a quan-
tum beating at small pulse separation times. In this case the beating de-phases
quickly due to a broad distribution of quadrupole splittings and thus different beat-
ing frequencies of the individual tunneling systems leading to a overall reduced echo
amplitude. The blue curve illustrates the case, where already at smallest pulse sep-
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aration times a purely destructive interference of the different quantum beatings is
present. Thus this curve shows an overall reduced echo amplitude right from the
beginning of the measurement. At some point in the decay curve (marked by the
arrow), all asymmetric tunneling systems decayed by relaxation processes (mainly
spectral diffusion) and just the symmetric ones remain. Therefore, no mixing of nu-
clear states and thus quantum beating is present anymore and all three curves show
the same decay behavior. In addition, a large enough magnetic field which prevents
the mixing of nuclear states during the tunneling leads to the same decay behavior
for all three samples. The curve describing this scenario is equivalent to the black
one. A measurement, in agreement with the black curve, is shown in figure 4.4. In
this plot a measurement of the same material with applied magnetic field can be
seen as well.

However, in reality it is not possible to prepare a sample in three different ways such
that the three curves of figure 4.20 can be measured. If a sample contains nuclear
moments and shows a quantum beating, it is not trivial to determine whether the
red or black situation is present (compare for example [Baz08| for an investigation
on deuterated glycerol). If the sample contains quadrupole moments such that a
beating is expectable, but no beating is visible most likely the case of the blue curve
is measured. If this curve is plotted relative to the maximal echo amplitude, it looks
like a less fast decay compared to a curve measured on a similar sample showing a
beating.

Turning to actual measurements, the decay of the echo amplitude in deuterated
glycerol could, with the exception of very small pulse separation times, be described
qualitatively well by spectral diffusion theory using the exponential decay of the in-
termediate time range, regardless of whether the mixing of different nuclear states
was prevented by an additional magnetic field or not [Bra04a, Baz08|. This obser-
vation supports the assumption regarding the fixed nuclear spin orientation during
echo measurements. In contrast to that, the decay of the two-pulse echo amplitude
of the multicomponent glass Albasi (BaO-Al;03-SiO5), which contains several iso-
topes with nuclear quadrupole moments, showed no quantum beating and a decay
behavior which is neither exponential nor Gaussian and much faster as expected from
spectral diffusion theory (compare figure 4.21) [Ens02a]. This decay behavior points
towards an additional relaxation mechanism at low temperatures, besides the spec-
tral diffusion and the one-phonon process. Collective excitations can only partially
describe the data [Ens02al. The missing quantum beating is most likely caused by
the variety of the atoms carrying nuclear moments in this sample and their broad
distribution of quadrupole splittings. In [Lud02| the same material was investigated
at a temperature of 10 mK with and without a constant magnetic field of 230 mT.
According to the discussion of figure 4.20 an additional magnetic field prevents a
mixing of nuclear states and thus modifies the decay behavior at short pulse separa-
tion times (the decay behavior changes from the blue to the red curve). However, in
Albasi the applied magnetic field showed no or just a minor influence on the decay
behavior of the two-pulse echo. According to figure 4.2 a magnetic field of 230 mT is
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smaller than the saturation field of Albasi where the maximal echo amplitude is re-
covered. Thus the applied magnetic field was probably too small to prevent a mixing
of nuclear states and to influence an additional relaxation mechanism, maybe based
on the nuclear moments of the material.

In addition, a faster decay behavior than expected was observed in studies on sev-
eral multicomponent glasses [Lud03]. Also here an hitherto unconsidered relaxation
mechanism, based on the nuclear quadrupole moments could be the reason.

The influence of nuclear quadrupole moments on the dielectric properties of glasses
cannot only be observed in polarization echoes. As shown in section 4.1, the first
observation of a magnetic field dependence of non-magnetic glasses was in measure-
ments of the dielectric constant. Thus, a possible additional relaxation mechanism,
caused by nuclear moments, should also be observable in measurements of the di-
electric constant. Indeed, a relaxation mechanism between tunneling systems and
the nuclear quadrupole moments was observed in two glasses containing large nu-
clear quadrupole moments [Lucl6]. This relaxation mechanism manifests itself in
a constant temperature of the minimum 7,,;, in the real part of a measurement of
the dielectric function in dependence of the temperature. According to the standard
tunneling model, the minimum temperature between the relaxational and the res-
onant flank of the dielectric function is defined by the temperature dependence of
the dominant relaxation. If only phonons are considered the minimum temperature
shifts proportional to the third root of the measurement frequency T, o< v/* (com-
pare figure A.5). The deviation from this behavior is explained by an additional
relaxation process. The minimum temperature as a function of frequency for various
samples is shown in figure 4.22. The samples HY-1, N-KZFS11 and N-BK7 are mul-
ticomponent glasses. The two first mentioned contain isotopes with large nuclear
quadrupole moments and most likely large quadrupole coupling. N-BK7 contains
also isotopes with nuclear moments, but they have a comparably small quadrupole
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coupling constant. Herasil is a standard quartz glass containing just a negligible
amount of nuclear moments. The exact composition of those glasses can be found in
section 5.4. For the samples with large quadrupole moments (and most likely large
quadrupole coupling), there is a clear indication for an additional relaxation mecha-
nism. This observation shows, that nuclear quadrupole moments actually affect the
relaxation behavior.

It took 14 years from the discovery of the influence of nuclear quadrupole moments
on the dielectric properties to the direct proof that nuclear moments influence the
relaxation behavior of tunneling systems at low temperatures. To further investigate
the influence of nuclear moments on the relaxation of tunneling systems this thesis
studies various glasses containing atoms with small to large quadrupole moments
and quadrupole couplings. The relaxation between nuclear moments and tunneling
systems is also visible in the relaxation behavior of nuclear moments in amorphous
solids. In the following corresponding observations and the underlying models are
addressed. Afterwards the relaxation of tunneling systems due to an interaction with
nuclear moments is introduced. In this section the phenomenological model which
was developed in [Lucl6] is described in more detail.

4.5.2 Relaxation of nuclear moments in amorphous solids

When the nuclear spin-lattice relaxation time of an isotope, for example measured
with nuclear magnetic resonance (NMR) or nuclear quadrupole resonance (NQR)
techniques, is discussed, it has to be considered that the obtained relaxation time
is an average over the whole sample. If for example a reduced relaxation time is
measured in an amorphous solid and the supposed cause is a modulation of the
quadrupole coupling caused by tunneling systems, it is obvious that in general not
every isotope carrying the respective nuclear moment is participating in a tunneling
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Figure 4.23: Illustration of an amor-
phous solid of stoichiometry XYy or
X2Y3 in which the X is carrying a nu-
clear spin, indicated by the small arrow.
In solids of this stoichiometry every tun-
neling system either contains or is con-
nected to a nuclear moment, but not ev-
ery nuclear moment is ’seeing’ a tunnel-
ing system.

system (compare figure 4.23). Just as not every tunneling system usually contains a
nuclei of the respective isotope®. Thus it is conceivable that the relaxation time of a
nuclear moment being actually part of a tunneling system is even lower than the value
obtained by the measurement. The excitation or de-excitation of a nuclear moment
being part of a tunneling system is then transmitted throughout the glass by spin-spin
diffusion. In dependence of the dipole-dipole interaction and concentration of the
respective nuclei this process can either be very fast or take a comparably long time
[San87, BJ88|. There are two processes that lead together with the tunneling systems
to a significantly reduced relaxation time of nuclear moments at low temperatures
(in many glasses these processes dominate below about 100 K [BJ88|). These are the
quadrupole coupling and the magnetic dipole-dipole interaction. In the following,
the influence of quadruple coupling is discussed before the dipole-dipole interaction
is addressed.

The observation that the quadrupole coupling can be the dominant relaxation chan-
nel for the respective nuclei was already made in 1948 by Bloembergen. He reported
a reduced longitudinal relaxation of the deuterons (I = 1) compared to the protons
(I = 1/2) in partly deuterated water although the magnetic moment of the deuteron
is smaller |[Blo48|. In |[Poub0| similar observations were made on crystalline solids.
There are many theories dealing with various aspects of the influence of quadrupole
moments on the relaxation of nuclear spins. For example, in [Kra54| the relaxation
of nuclei due to quadrupole coupling in ionic crystals is discussed and in [Bayb1] a
model considering the influence of quadrupole moments on the nuclear relaxation in
molecular crystals is developed. A list of various models can be found in [Woe63|.
The basic idea behind these relaxation processes is that the considered nucleus, which
has a nuclear quadrupole moment, experiences variations of the electric field gradient
around its transition frequency stimulating a relaxation process. The cause of the

3An exception are solids consisting of just one material with a stoichiometry of X Yy or X5Y3
where at least one of the isotopes carries a nuclear quadrupole moment. In those solids every
tunneling system will be connected to at least one atom with an nuclear moment. But not every
nuclear moment will most likely be part of a tunneling system.
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variation can amongst others be a phonon, a reorientation of a molecular side-group
or a tunneling system.

Since the number of phonons as well as possible rotational degrees of freedom within
the solid are reduced with decreasing temperature it is expectable that amorphous
solids, which have tunneling systems as additional degree of freedom, show a re-
duced relaxation time at low temperatures. Indeed, as already mentioned at the
beginning of section 4.5, measurements on amorphous materials show a reduced nu-
clear spin-lattice relaxation time in the investigated temperature range compared
to their crystalline counterpart. This was for example observed in NQR measure-
ments on vitreous and crystalline As,S3 [Rub74| and, as already introduced, in NMR
measurements on the isotopes ''B in amorphous and crystalline B,O3 and ?*Na in
vitreous and crystalline (NagO)(3(SiOs)o7 [Sze75|. The results of those NMR mea-
surements are shown in figure 4.24. It was determined that at low temperatures
(~ 1K to 100 K) the nuclear spin-lattice relaxation time scales with temperature as
Ty oc T~'3. For comparison, in crystalline solids 7} varies with temperature as 7"
with n between 5 and 9 depending on the type of nucleus-phonon interaction [BJ8S].
The nuclear spin-lattice relaxation time of °Si in amorphous (NagO)g 3(Si03)0.7 was
measured in [Sze75|. However, this isotope shows no drastic reduction of its relax-
ation time. Since "B as well as »*Na are carrying nuclear quadrupole moments in
contrast to 2°Si, which has a nuclear spin of I = /2, it can be concluded that the
relaxation mechanism is based on a modulation of the quadrupole coupling, which is
just present in the amorphous state and might be caused by the influence of tunneling
systems [Sze75|. If the relaxation was based on magnetic interactions, for example
by paramagnetic impurities in the material, which are known to be a dominant relax-
ation channel in crystalline solids, the difference between the 2°Si and 2*Na relaxation
time could not be explained by the different gyromagnetic ratios and spin factors
[Sze75]. In addition, an extensive study of the influence of different paramagnetic
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impurity concentrations and absorbed water content on the spin relaxation in amor-
phous B2Oj3 showed no correlations [Rub75]. Experiments with various amounts of
different paramagnetic impurities on the glass (B2O3).(CaF3);_y showed also only
small changes in the T time of "B compared to an undoped sample [San87].

The mentioned measurement of the spin-lattice relaxation time of 2°Si in amor-
phous (NagO)3(SiO2)7 in [Sze75] might suggest that the quadrupole coupling is
the only interaction which can lead to a significant reduced relaxation time in glasses.
However, a magnetic dipole-dipole coupling can also influence the relaxation behav-
ior. For example, glasses containing fluorine experience a reduced relaxation time
of the ™F isotope (I = 1/2), which shows a similar temperature dependence as
the isotopes with quadrupole moment at low temperatures (about 1K to 100K)
[San87, BJ8S, Est91]. An investigation of the influence of paramagnetic impurities
on the relaxation of 'F in vitreous (By03),(CaF3);_ revealed only a small influence,
similar to the quadrupole case [San87]. A study of the 'H (I = 1/2) and ?H (I = 1)
relaxation in the glasses LiCl - TH,O and LiCl - 7TD2,O showed similar temperature
dependencies (T} ~ T~'3) for both isotopes [BJS8S].

The observed reduced relaxation time of isotopes with a nuclear spin of I = 1/2
is induced by a variation of the dipolar field experienced by the respective nuclei.
This variation can be caused by neighboring nuclei with magnetic moments that
are part of tunneling systems. Their tunneling motion create varying dipolar fields
at the positions of the considered nuclei [San87]. The process should also work if
the considered nuclei are part of tunneling systems and nearby nuclei with magnetic
moment rest. Comparing the obtained results on the glasses containing F and
'H, where the isotopes have a large magnetic moment and occur with high natural
abundance, to 2°Si, which has only a small magnetic moment and occurs with low
natural abundance, it seems to be essential that the magnetic moment as well as
the density of the respective nuclei are large enough. The natural abundances and
nuclear magnetic moments of the isotopes relevant for this thesis are listen in table
A2

The above described observations on the glasses containing isotopes with large mag-
netic moments indicate that the dipolar coupling can influence the relaxation behav-
ior of nuclei in glasses as much as the quadrupole coupling. The relaxation rates of
isotopes with and without nuclear quadrupole moment are shown in figure 4.25. It
can be seen that the low temperature dependence of all curves is similar and it holds

T o T with 0<a <1 (4.30)

|[Est91]. A model describing the low temperature behavior of the relaxation of a
nuclear spin with a quadrupole moment was developed in [Rub75]. In the model, the
dominant mechanism at low temperature leading to relaxations of the nuclear spins
are Raman processes involving two tunneling systems. The decay into one single
tunneling system or phonon is neglected since it gives only a minor contribution to
the nuclear relaxation time 77. The two relevant tunneling systems for the relaxation
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overlap and the nucleus experiences the electric field gradient variation caused by
both tunneling motions. The relaxation of the nuclear spin by a combination of a
single tunneling system and a phonon or two phonons is also considered. However,
their contribution to 7} is weak at low temperatures (7" < 100K) for the studied
materials with a temperature dependence of T} oc 7-* and 77 in contrast to T} o
T—! for the two tunneling system process [Rub75]. This model was extended by
[BJ88] and [Est91]| to describe their NMR measurements and to consider also the
dipolar interaction. According to [Est91], the relaxation rate is given by

Amameax
P(A
1:£/ /dAdV g ’Z) HTQ _ (4.31)
0 0 cosh (W) “Lr

with the distribution function of the tunneling systems P(A, V') in dependence of
the asymmetry energy A and the barrier height V', the Larmor frequency wy,, the
maximum asymmetry energy An.. and barrier height V.., the correlation time 7
and the strength of the tunneling system nucleus coupling £. Depending on the
coupling mechanism it holds:

£ Q* ([AVE)P)

2 2
€ oc 1Llev pip g )
T

Quadrupolar coupling : [Rub75] (4.32)

Dipolar coupling : [San87, Kim77] (4.33)

with the quadrupole moment (), the averaged variation of the electric field gradient
([A(ﬁﬁ)?% the gyromagnetic ratio 74,; of the interacting nuclei and the mean
distance between them r. When equation 4.31 is fitted to data, the coupling strength
€ is usually a free parameter. The correlation rate 77! is at low temperatures given
by the one-phonon processes of the tunneling system (compare equation 3.58) and

by thermally activated processes at higher temperatures [Est91]. The multi-phonon
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processes are not considered in these publications. The 7/(1+w272) dependence of
equation 4.31 shows that the relaxation mechanism is most effective for tunneling
systems which fulfill w7 = 1. For temperatures smaller than Vmax/kz and Amax/kg,
equation 4.31 can be rewritten to 77! o TH%)L_B so that the power law from
equation 4.30 is obtained [BJ88, Est91]. The wiﬂ dependence with 0.6 < g < 1
shows that the relaxation rate observed in NMR measurements usually decreases for

a higher Larmor frequency. This can for example be seen in measurements in [BJ88|
and [Est91].

According to equation 4.32 the ratio of the relaxation rates of two different nuclei
with a quadrupole moment should roughly be given by the ratio of their quadrupole
moments squared, if they experience similar variations of the electric field gradients.
This behavior was observed in [Est91] for “Li and #*Na in fluorozirconate glasses
validating the theory.

Since a nucleus with a nuclear quadrupole moment has also a nuclear magnetic mo-
ment, a relaxation process can happen via quadrupolar and dipolar coupling. In
general both processes occur simultaneously. However, depending on the implemen-
tation of the respective nucleus in the glass and the experienced electric field gradient
one of them usually dominate. For a covalently bound nucleus the quadrupole cou-
pling dominates. For example, in [Woe63|, the quadrupole interaction energy of
35Cl, covalently bound to carbon, is estimated to be 10* to 10° times that of of the
nuclear magnetic dipole-dipole interaction. Since their contributions to 7T} are pro-
portional to the squares of their interaction energies (compare equations 4.32 and
4.33) the quadrupole coupling is in this case 10® to 10'° times more important than
the magnetic interaction.

The model introduced in equation 4.31 describes the case of a NMR measurement.
Of course, both relaxation mechanisms are also present without magnetic field. In
this case the nuclear spin of a nucleus with a quadrupole moment precesses around
the direction of the maximal electric field gradient and thus wy, is replaced by the
respective quadrupole frequency wq.

4.5.3 Relaxation of tunneling systems due to nuclear quadrupole mo-
ments

The previous section showed that tunneling systems influence the relaxation behavior
of nuclear moments at low temperatures significantly. The opposite side, namely the
influence of nuclear quadrupole moments on the relaxation behavior of tunneling
systems was directly observed in measurements of the complex dielectric function
of HY-1 and N-KZFS11 [Lucl6]. Both glasses contain atoms with large nuclear
quadrupole moments (compare section 5.4) and show an additional non-phononic
relaxation mechanism at low temperatures. This relaxation leads to a fixed minimum
temperature T, of the dielectric function’s real part as a function of frequency
(compare figure 4.22). The relaxation becomes dominant at low temperatures when
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the phononic relaxation is less effective due to the decreasing number of phonons
(o< T3). Since the observed effect is in the same order of magnitude as the relaxation
via phonons and shows the same behavior in dielectric and acoustic measurements
on the glass HY-1, it is attributed to the interaction of the tunneling systems and
the quadrupole carrying nuclei.

To describe the measured data a phenomenological model for the nuclear quadrupole
relaxation was developed with the relaxation rate

- (AP E r e
Tadn = Tod (f) coth (2kBT> (1 — ol~=7) ) (4.34)

[Lucl6]. This rate dies out towards very low temperatures. Since the exact tem-
perature dependence is not known a modified exponential decay is used which is for

example purely exponential for a = 1 or Gaussian for a = 2. The coth (£/@2ksT))
factor takes the population of the tunneling system’s energy levels into account and
the factor (AO/E)2 considers that the relaxation occurs in the temperature regime
of coherent tunneling. The rate chol is given by the frequency at which the '/
dependence is crossing the regime of constant minimum temperature in figure 4.22
(T = 2m - 138kHz for HY-1). In the dielectric measurements performed on HY-1,
the relaxation rate decreases significantly at about 15 mK. It is expected that this
temperature corresponds to the quadrupole splitting of the holmium atoms in this
glass. To model this dying out, 07" was set to 10mK and a to 3.5.

Since the strength of the tunneling system nuclear quadrupole moment coupling de-
pends amongst others on the quadrupole splitting, possible paramagnetic impurities,
the implementation of the respective nuclei in the glass or the concentration of the
quadrupole carrying nuclei, the point at which the nuclear relaxation is the domi-
nant relaxation process for the tunneling systems is strongly sample dependent. In
measurements with large magnetic fields, where the nuclear moments align along the
magnetic field and become less sensitive to variations of the electric field gradient
caused by tunneling processes, a recovery of the classical phonon dominated behavior
is expected.

In figure 4.26 the relaxation rate Tl\?éR for a tunneling system with fixed energy
splitting E' is shown as a function of temperature for four different cases. In the
blue curves chol is set to 27 - 138kHz and 67" to 15 mK. In the red ones chol is set
to 27 - 1.38kHz and 07 to 2mK. For the blue and the red case, 40/kz = 15mK and
to 35 mK is considered. It can be seen that in dependence of 67" the dying out of
the relaxation starts at a different temperature. The absolute value of the plateau
region, before the dying out begins, depends on the rate TCTOI and on the tunneling
system’s tunnel splitting. Due to the (4o/£)* dependence of Tl\?éR the relaxation pro-
cess is most effective for symmetric tunneling systems (A — 0 = 4o/ — 1). The
rising relaxation rate towards higher temperatures is caused by the coth (£/2x7). For
E < kgT, the coth(£/2ksT) factor can be approximated by 7.

It is worth mentioning, that the relaxation of tunneling systems due to nuclear
quadrupole moments is, according to equation 4.34, most effective for symmetric
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tunneling systems, although it was shown in section 4.3.1 that the effective field gra-
dient seen by the nuclear quadrupole moment is changing only for tunneling systems
with a finite asymmetry energy A.

In addition to the measurements in [Luc16], the model describes also qualitatively the
course of acoustic measurements on the polymer glass FR-122P (see section 5.4 for
details of the sample) [Sch18¢|. This sample contains bromine in a Br-C bond with
an quadrupole splitting of about 250 MHz ~ 12mK. However, the resonant flank
in these and additional dielectric measurements are only weakly pronounced. Thus,
the non-shifting of the maximum (elastic measurements) and minimum (dielectric
measurements) temperature in dependence of the measurement frequency cannot be
clearly seen.

Assuming an exponential decay of the echo amplitude due to the additional relaxation
based on nuclear quadrupole moments, the contribution of this relaxation mechanism
to the decay of the echo amplitude is given by

Wxqr(2712) = o 2n2Tnon(B), (4.35)

Thereby the relation 40/p = (/1 —¢? is used. The expected decay of the echo
amplitude, as given by equation 4.35, is shown in red in figure 4.27. For comparison,
the blue curve represents the case of spectral diffusion and one-phonon process with
the same parameters as for figure 3.17. The black curve shows the combination
of all three relaxation mechanisms. It can be seen that the Gaussian like leveling-
off of the echo amplitude towards small pulse separation times, as predicted by
spectral diffusion theory, is noticeably suppressed by the influence of the quadrupole
relaxation.

In [Ler88] phonon echoes in the frequency range 10 to 500 MHz were measured on
aluminosilicate glasses ((SiO2),(Al2O3),) doped with different amounts of magnetic
Hot ions (I = 7/2) at temperatures down to 10 mK. The investigated atomic con-
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centrations are in between 1.5% and 10.1%. The sample with a holmium concen-
tration of 10.1 % exhibits a spin glass behavior below about 0.5K. In the samples
with reduced holmium concentration the holmium ions were partly replaced by non-
magnetic La®>T ions (I = 7/2) to obtain good glass forming properties. A measurement
of the echo amplitude at fixed pulse separation time in dependence of the magnetic
field strength for the 1.5 % sample showed that the amplitude increases with increas-
ing magnetic field strength and saturates at about 3T. The investigations of the
relaxation times T} and 75 revealed the following. The longitudinal relaxation time
T} is much shorter compared to a common SiO, glass and independent of the holmium
concentration. With applied static magnetic field the relaxation time increases up
to circa 3T and saturates afterwards, but stays smaller as the one measured in SiO.
The deformation potential v and the density of states of the tunneling systems re-
main constant. The transversal relaxation time 75 is also much shorter than in SiO,
and independent of the holmium concentration. Furthermore, T5 is independent of
an applied static magnetic field at short pulse separation times. However, a kink in
the decay curve, indicating the overlap of at least two different decay processes, is
shifting with the applied magnetic field strength. In addition, the Gaussian shape
like leveling-off towards small pulse separation time, as predicted by spectral diffu-
sion theory, is not observed. An investigation of the temperature dependence of T}
and Ty of the sample containing 1.5 % holmium reveals for both parameters a 7!
dependence independent of the applied magnetic field strength. According to spec-
tral diffusion theory a T2 dependence is expected for Ty (compare equation 3.69).

At the time of this publication, the relaxation due to nuclear quadrupole moments
was not yet known. Therefore just the tunneling system phonon coupling and
magneto-elastic coupling are considered to interpret the data. Since the observa-
tions cannot be described within these mechanisms it is speculated that there are
some magnetic excitations at very low temperatures which can relax tunneling sys-
tems directly.
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Knowing about the properties of the relaxation between tunneling systems and nu-
clear quadrupole moments introduced in this section, the data can to a large extend
be understood qualitatively without an additional magnetic excitation. Under con-
sideration of the relaxation channel via the quadrupole moment of the rare earth ions
(and the aluminium of the aluminosilicate glass), the independence of T; and T on
the concentration of the holmium ions in the glass is probably caused by the replace-
ment of holmium with lanthanum which carries a large quadrupole moment, too.
The increased relaxation time 77 with additional magnetic field is expected in the
quadrupole model as well since the nuclear moments tend to orient along the mag-
netic field and the quadrupole coupling becomes less and less important. Since the
transversal relaxation time 75 shows almost no magnetic field dependence there has
to exist an additional mechanism, maybe also connected to the quadrupole moment,
leading to a very short phase memory time T because the T relaxation becomes
long with rising magnetic field (compare equation 3.62). The missing Gaussian shape
like leveling-off towards small pulse separation times can also be caused by an ad-
ditional relaxation process, as shown in figure 4.27. For E < kT, the coth(£/2kpT)
factor from equation 4.34 can be approximated by 7. Thus a linear temperature
dependence is obtained at temperatures T > £/kg.

Also in [Ficl3] indications for a quadrupole moment relaxation are observed. Here
three-pulse echo measurements with a magnetic field of 200 mT on the multicompo-
nent glass N-BKY7, containing atoms carrying quadrupole moments, showed a slightly
smaller relaxation rate at large pulse separation times compared to a measurement
without magnetic field. A measurement of the two-pulse echo showed no influence
in the scope of the measurement accuarcy. Since three-pulse echoes are sensitive to
Ty processes, this observation is in accordance with |[Ler88|.

An additional relaxation mechanism for multi-level systems is introduced in |Pol05].
There the model of collective excitations, introduced for two-level systems in sec-
tion 3.4.3, is extended to multi-level systems. The obtained relaxation rates 7} *
and T, ' show a linear temperature dependence. This behavior is observed in the
measurements of [Ler88| and also expected in the model of [Lucl6]. Since section
4.5.2 showed that there is a relaxation mechanism based on the direct interaction
of tunneling systems and nuclear moments, the relaxation due to the coupling of
resonant pairs is expected to play only a minor role and is not discussed further.
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This chapter provides an introduction to the experimental methods and setups used
in the framework of this thesis. At first, the arrangements made to achieve conditions
which allow the measurement of coherent properties like the echo are introduced.
Afterwards, the experimental setup, consisting of the resonator and the needed elec-
tronics to excite the tunneling systems and measure the echo signal is explained.
This is followed by a discussion of the limits and the accuracy of the experiment.
Finally, the samples studied in the framework of this thesis are characterized. The
experimental setup used for the echo measurements was, amongst others, already
used in |BraO4a, Baz08, Ficl13, Woll4, Sch16a|. Therefore, the following chapter
partially builds upon their theses.

5.1 Creating the conditions for echo measurements

As mentioned in section 3.3, two main requirements must be fulfilled for the mea-
surement of coherent effects in amorphous solids. First, the occupation difference of
the tunneling systems must be sufficiently large. Second, the relaxation processes of
the tunneling systems must be prevented as much as possible such that they do not
destroy the coherence too fast.

In all measurements, the alternating electric field to excite the tunneling systems
during an echo sequence had a frequency of about 1 GHz. Thus tunneling systems
in the spectral width of the pulse around 1 GHz are resonantly excited, which cor-
responds to an energy splitting E of approximately kg - 50 mK. Consequently, the
samples must be placed in an environment of very low temperatures to obtain a
significant occupation difference. The temperature mostly used in the framework of
this thesis was about 10 mK, leading to a sizable occupation difference of the stud-
ied tunneling systems. In addition, there are only few thermal phonons that cause
relaxation processes. These low temperatures are achieved by a 3He/*He-dilution
refrigerator. The working principle of these cryostats is not discussed in this thesis,
since it is well-known and subject to many literature [Ens10, Pob07].

In figure 5.1 a schematic drawing of the low temperature parts of the used He/*He-
dilution cryostat as well as the built-in components of the echo experiment are shown.
The vacuum pot is situated within a super insulated dewar filled with liquid “He,
thus having a temperature of about 4.2 K. The temperature of the 1 K pot is about
1.3 K and the still reaches approximately 0.7 K. The minimal temperature is achieved
at the mixing chamber and is in the used cryostat about 6 mK. The experiment itself
consists of a reentrant cavity resonator (compare section 5.2.1) mounted onto the
experimental platform, which is in turn connected to the mixing chamber. All parts
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Figure 5.1: Illustration of the *He/*He-dilution refrigerator and the components of the
echo experiment built into the cryostat. Adapted from [Woll4, Sch16a].

of the cryostat which are essential for a good cooling performance and successful
experiments, like the 1K pot, the still, the mixing chamber and the resonator itself
consist of gold-plated copper. The copper has even at low temperatures a compa-
rably high thermal conductance. The gold plating prevents oxidation and ensures a
good thermal coupling. The radiation shield, which surrounds the heat exchanger,
the mixing chamber and the experimental platform consists of two layers and has
two functions. The inner layer is made of copper which guarantees a good thermal
contact to the still. Thus the experiments situated at the experimental platform do
not experience the 4.2 K 'warm’ thermal radiation of the vacuum pot but only the
0.7K from the still which reduces the parasitic heat input. The outer layer of the
radiation shield is made of lead. Lead becomes superconducting at low temperatures.
This protects the components within the shield from external magnetic fields that
can influence the measurement or heat the cryostat by eddy currents.

The electronics creating the two-pulse sequence and recording the echo are situated
at room temperature and discussed in section 5.2.2. In order to guide the high fre-
quency signals from those components to the resonator, located on the experimental
platform in the cryostat, several arrangements must be taken to ensure good exper-
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imental conditions. The main focus is thereby a as much as possible undisturbed
transmission of the two-pulse sequence and the echo signal and the prevention of
heating of the experimental setup, which perturbs the measurement. Therefore, the
cables and the other components are matched to an impedance of 50§2. The room
temperature electronics is connected to the components in the cryostat by flexible
high frequency suitable coaxial cables. At the lid of the dewar they are changed
to semi-rigid coaxial cables. On their way down to the resonator the cables pass
the liquid “He reservoir of the cryostat. Thereby the cables are cooled to liquid he-
lium temperature before being fed into the vacuum pot. Since the 4.2 K cold cables
are still to warm for a direct connection to the experimental setup at millikelvin
temperatures, the heat flow in the input and output cable is reduced further. For
this purpose so-called heat sinks are used at several cooling steps within the cryo-
stat. They gradually reduce the heat carried by the cables in accordance with the
cooling power of the different cooling steps of the cryostat. These heat sinks are
indicated by the yellow rectangles in figure 5.1 and located at the 1K pot, the still
and between the two heat exchangers. They consist of a gold-plated copper box that
contains a sapphire substrate with sputtered niobium lines on top. The microstrips
are matched to an impedance of 50 ) to ensure a good transmission of the signals.
When a coaxial cable is connected via the SMA connector to a heat sink, the outer
conductor is connected directly to the copper box, whereas the inner conductor of
the SMA connector is soldered to the niobium microstrip. The sapphire substrate
insulates the inner from the outer conductor and transfers, due to its good thermal
conductivity at low temperatures, the heat carried by the inner conductor to the cop-
per box. Since the heat sink is mounted at a position in the cryostat where enough
cooling power is available, the heat load carried by the outer and inner conductor is
reduced. To further reduce the thermal conduction between different temperature
levels of the cryostat, the cables below the 1K pot are made from superconducting
materials [Fic13]. They have a low loss transmission and a low thermal conductivity
in the superconducting state. However, during measurements with superconduct-
ing micro-fabricated resonators, where the inner conductor is directly connected to
the sample, it turned out that the heat carried by the cables is despite the already
taken arrangements still to large to measure at lowest temperatures [Poll7|. There-
fore the last 20cm of the cables before the resonator were exchanged by very thin
superconducting semi-rigid coaxial cables made of niobium-titanium, which become
superconducting below about 9 K. The reentrant cavity resonator, used up to this
point, is not as sensitive to a residual heat flow in the cables since the cables are not
directly connected to the sample (compare 5.2.1).

On the input line an additional 20 dB attenuator is located at the level of the still
(green box in figure 5.1). This attenuator damps the incoming signal, but more
importantly the noise of the room temperature components, which have a higher
noise temperature than the attenuator. By this means disturbances of the measure-
ment are reduced. The damping of the two-pulse sequence by the attenuator can be
compensated by a higher input power. To ensure that the attenuator stays cold it
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is connected with a copper rod to the still. The output cable is equipped with an
additional low temperature low-noise amplifier (orange box in figure 5.1). Through
the amplification even very small echo signals can be detected. Furthermore, the
thermal noise on the output line, which can disturb the measurement, is given by
the cold amplifier and not by the room temperature components.

To measure the echo amplitude with an additional magnetic field, the resonator
is situated inside a superconducting coil made of a niobium-titanium wire wound
around a stainless steel cylinder (illustrated in blue in figure 5.1). This coil enables
magnetic fields up to 230 mT.

To ensure the measurements take place at defined and constant temperatures, the
cryostat has a very sensitive temperature regulation consisting of three parts. The
thermometer, which is introduced in more detail in section 5.1.1, a resistance heater
and a PID-controller. The thermometer and the heater are mounted to the mixing
chamber (shown in red and beige in figure 5.1). Since the mixing chamber as well as
the experimental platform are made of gold-plated copper, the thermal connection
between these two components and the experiments located on the experimental
platform is very good. Thus it is assumed that the temperature measured by the
thermometer is equivalent to the temperature of the sample. The PID-controller in
the control software of the cryostat gets the measured temperature and regulates the
current applied to the resistance heater to achieve a stable temperature. All cables
needed for the readout of the thermometer and the regulation of the heater power
and the magnetic field are passing several heat sinks on their way from the room
temperature electronics to the mixing chamber. This prevents a parasitic heat input,
which can influence the temperature determination and limit the minimal reachable
temperature of the cryostat.

5.1.1 Thermometry

In general, there are two classes of thermometers, so-called primary and secondary
thermometers. Primary thermometers are based on well understood physical systems
and allow for a direct determination of the temperature. Known representatives of
this class are fix point and noise thermometers. However, these thermometers often
provide only a few discrete temperature points or they are not easy to use. To mea-
sure the temperature over a wide range secondary thermometers are employed. They
are based on the temperature dependence of various physical properties like the re-
sistance or the susceptibility of a material. Since the exact temperature dependence
of the respective property is device dependent, they need to be calibrated against
primary thermometers before they can be used for temperature determination.

The thermometer used in the framework of this thesis is a carbon resistor and belongs
to the secondary thermometers. This thermometer can be used for temperatures be-
low about 1K. It is based on the temperature dependence of the resistance, which
grows monotonically with falling temperature. To avoid an overheating of the ther-
mometer, which leads to a wrong temperature determination, the readout voltage is
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adapted with decreasing temperature. The device used for the determination of the
resistance is the AC resistance bridge AVS-47°.

5.2 Experimental setup

This section introduces the experimental setup used for the measurement of polar-
ization echoes. At first, the resonator is introduced. Afterwards, the electronics are
discussed.

5.2.1 Resonator

The samples studied in the framework of this thesis are macroscopic. Thus special
resonator designs are needed to measure at frequencies of about 1 GHz. The reso-
nance frequency of a LC resonator is given by wyes = !/vLC. In order to measure at
about 1 GHz very small inductances L and capacitances C' are necessary. In principle
two classes of resonators fulfill these requirements, each of which has its advantages
and disadvantages. The first kind, the so-called reentrant cavity resonator are in-
troduced in the following. This resonator was used for the measurements shown in
section 6. However, made observations induced additional demands and a new tech-
nique based on planar micro-fabricated superconducting resonators was developed,
which is introduced in section 7.

A schematic drawing of the used reentrant cavity resonator is shown in figure 5.2.
The resonator consists of a hollow cylinder that is closed at the bottom. On top
the cylinder is closed by a lid with a rod in its center. Thus a cavity is created
where standing waves can develop. In the closed state there is a gap with variable
height between the end of the rod and the bottom of the cylinder in which the
sample to be studied is placed. With the column below the cavity, the resonator is
attached to the experimental platform via one singe screw. The column’s height is
given by the requirement that the sample is positioned in the center of the solenoid,
needed for measurements in magnetic fields (compare figure 5.1), since there the
magnetic field is strongest and most homogeneous. The diameter of the column is
as thick as possible to guarantee a good thermal contact between the resonator and
the experimental platform, which acts as thermal bath. Simultaneously, it is as thin
as possible to cause just small heating effects by eddy currents when the magnetic
field is changed. The chosen diameter is thus 5mm and the height 29mm. The
dimensions of the resonator are: height of the hollow cylinder circa 42.5 mm, inner
diameter 18 mm and diameter of the rod: 8 mm. Since the height of the cavity is
approximately /4 of the basic resonance frequency’s wave length A, this resonator
is also called */4 resonator. The whole resonator is made of oxygen free gold-plated
copper (the gilding is not shown in figure 5.2). The copper ensures a good thermal

OAVS-47, RV-Elektroniikka Oy Picowatt, Veromiehentie 14, FI-01510 Vantaa, Finland
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Figure 5.2: Cross section of the used
reentrant cavity resonator. The gilding
is not shown in this drawing.

conductivity at low temperatures. The gilding prevents the copper from oxidation
which would lead to a bad electric conductivity and thus to a bad thermal contact
to the thermal bath. Furthermore, it would cause additional heating between the lid
and the hollow cylinder when the resonator oscillates.

The electromagnetic standing wave in the fundamental TM-mode [Hil| developing in
the resonator has its maximum electric field strength in the gap between the rod and
the bottom of the hollow cylinder. Therefore this gap can, in the picture of a LC
resonator, be identified as the capacitance. The magnetic field runs parallel to the
cylinder walls and is largest at the top of the cavity. Thus the rod and the hollow
cylinder represent the inductance. Since the electric field is strongest and most
homogenous within the gap the sample to be studied is positioned there. According
to [BraO4al, the electric field is homogenous as long as the size of the gap is much
smaller than the diameter of the rod. The thermal coupling between the sample
and the resonator is realized by firmly pressing the lid and the cylinder together,
while fixing the lid with six screws. In addition, a little bit of vacuum grease' is
put between the bottom of the cavity and the sample. The filling factors of similar
resonators are in the range from 0.45 [Ens91] to 0.7 [Wei95].

In the oscillating resonator the total field energy is continuously transferred from
maximal electric and minimal magnetic field energy to minimal electric and maximal
magnetic field energy. The cases of maximal electric and maximal magnetic field are
illustrated in figure 5.3. The density of the drawn field lines is proportional to the
strength of the respective field. The excitation and readout of the resonator is done
inductively via two loops. To ensure a good coupling, the loops are situated in
the strongest magnetic field, at the top of the cavity. The loops are created by

! Baysilone paste - produced by GE Bayer Silicones
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Maximal electric field Maximal magnetic field

Figure 5.3: Schematic illustration of the oscillation of the field energy between maximum
electric field (left) and maximum magnetic field (right). The strength of the respective field
is indicated by the density of the drawn field lines. The field lines have no direction since
they are oscillating.

connecting the inner and outer conductor of the semi-rigid cables, which enter the
lid through two Teflon insulated holes, with a silver-coated copper wire. This way a
coil with one single winding is created. The strength of the coupling can be varied
either by changing the size of the coupling loop or by changing the orientation of
the loop relative to the magnetic field lines. In the used resonator the loop on the
output side is significantly larger than the one on the input side. In addition, the
coupling out loop is oriented perpendicular to the magnetic field lines, whereas the
coupling in loop has an angle of about 45° relative to the magnetic field lines. Both
arrangements, the difference in size and orientation, ensure that as much signal as
possible is coupled out and thus detected. Simultaneously, the noise from the input
side is less effectively coupled into the resonator.

An important parameter of each resonator is the quality factor Q,.,

energy stored in resonator

QI‘GS 0.8

energy dissipated per oscillation cycle’ (5:1)
It describes how much of the stored energy in the resonator dissipates per oscillation
cycle. The energy dissipation of a resonator depends on various processes, which
vary in strength depending on the chosen design and materials (for example radiation
losses, ohmic losses or dissipation in the dielectric material). In general, when the
quality factor Q.. of a resonator is determined, the obtained value is the reciprocal
sum of the actual resonator Q,. and an additional Q.., caused by the coupling
of the resonator to the readout electronics, such that Q~' = Q! + Q_}. For the
measurements done in the framework of this thesis just the overall quality factor Q is
relevant. The dominating energy dissipation of the used reentrant cavity is caused by
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the ohmic losses of the resonator material. The Q value of the reentrant cavity can
be changed by twisting the input loop relative to the magnetic field lines'*. However,
measurements performed in [Sch16a| at liquid nitrogen temperatures showed only a
minor influence of the twisting angle on the quality factor of the resonator.

The resonance curve of the reentrant cavity resonator filled with Br-DGEBA at a
temperature of 7.5 mK is shown in figure 5.4. The quality factor can be determined
by the quotient of the resonance frequency f..s and the full width half maximum
Af, Q = fres/af. Another way of obtaining the resonance frequency and the quality
factor is fitting a Lorentzian to the resonance curve as it is done in figure 5.4. The
fitted function in the figure is a Lorentzian with a quadratic background and given
by

Q

\/(f2 - r2es)2 Q2 + f2 r26s
The resonance frequency obtained by the fit is about 1122 MHz and the quality

L(f)=A

+ (Cg + le + CQfQ) . (52)

factor 178. In all measurements performed in the framework of this thesis on various
samples the resonance frequency was between about 800 MHz and 1.4 GHz. The Q
factor was between 100 and 200. If a sample is measured across different measurement
cycles, between which the cryostat is warmed up to room temperature, the resonance
frequency and the quality factor can slightly shift. This can be caused, for example,
by different degrees of pressing the lid onto the cylinder during the assembly of the
resonator or by slightly different thermal stress during the cool down process.

Directly connected to the Q factor and the resonance frequency f,.s is the so-called
attack or rise/ ring-down or fall time t,; of the resonator. This time depends on the
characteristic time constant 7,.s of the resonator, which indicates how fast the stored

0.7 T T
Br-DGEBA
0.6 - f
0.5 | fres = 1121.58 MHz
— Q=178
041
©
5031
0 Figure 5.4: Resonance curve of the
0.2 + reentrant cavity resonator filled with Br-
DGEBA measured at a temperature of
0.1 1 7.5 mK. The also shown Lorentz fit yields
a resonance frequency of 1121.58 MHz

| | | | |
1080 1100 1120 1140 1160 and a quality factor of 178.
Frequency f [MHz]

14The quality factor should decrease when the area of the loop projected to the magnetic field
lines increases. Since then more energy should be coupled out of the resonator per cycle.
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energy in the resonator decays to /e or rises to (1 — /) after a change in excitation.
The time constant is given by [Hil]

Q

Tres = .
27Tf res

For the echo measurements presented in this thesis the excitation pulses had usually
a length of 230 ns for the 7/2 pulse and 460 ns for the 7 pulse. Thus the attack time
of the resonator needs to be sufficiently short, such that the resonator can be excited
quickly and enough energy is transferred into the resonator during the pulses. Fur-

(5.3)

thermore, a short attack time is required to measure the echo signal. For a quality
factor of 200 and a resonance frequency of 1 GHz the characteristic time constant
Tres 18 about 30ns and therefore suitable for echo measurements.

5.2.2 Electronics

A sketch of the electronics used for the excitation and readout of two-pulse polariza-
tion echoes is shown in figure 5.5. Simply speaking, the whole circuitry consists of
two sub circuits. In the black one the components used for the excitation and readout
of the echo are shown. In the red part the devices needed for the determination of the
resonator’s resonance frequency are depicted. The components below the switches,
connecting both circuitries, are used by both. In the following, the electronics used
for the excitation of the tunneling systems and the readout of the polarization are
introduced. Afterwards, the determination of the resonance frequency is shortly
addressed.

The circuitry for the measurement of the echo can be divided into two branches, one
responsible for the generation of the two-pulse sequence and one for recording the
data. The left side of figure 5.5 shows the components used for the excitation of the
tunneling systems and the right side those for the readout.

The different steps in the generation of the echo sequence and the recording of the
data are:

e The signal generator (Rohde & Schwarz SMH and SMT06?) provides a high
frequency signal. The frequency is set to the resonance frequency of the res-
onator and the amplitude to 13dBm.

e The 3dB power splitter splits the signal from the signal generator into two
parts. One is following the excitation branch. The other part is guided, via a
phase shifter as a reference signal, to the mixer in the readout branch.

e The pulse generator (Stanford Research Systems INC, Model DG535%), in
combination with a homemade pulse distributor (not drawn), simultaneously

2Rhode und Schwarz, Miihldorfstrasse 15, 81671 Miinchen, Germany
3Stanford Research Systems, 1290-D Reamwood Ave., Sunnyvale, CA 94089, USA
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A

Trigger
Signal generator A
Power splitter
Y Nl
Phase shifter
Pulse 5dB dﬁ
generator AD-Card

Mixer

+20dB +20dB

|;>>j° ,,,,, -70dB +36.5dB

-20/-40 dB —
Network

analyzer

Switch
control

Cryostat
[

i

| Magnet '
Current l l
source ' '

Resonator

L-----J

Figure 5.5: Illustration of the electronic setup used for the measurement of two-pulse
echoes. The components inside the blue box are located inside the cryostat. All other
parts are at room temperature. The devices drawn in orange are remote controlled by
the measurement computer. The black circuitry is used for the excitation and readout of
two-pulse echoes. In red, the part used for the determination of the resonance frequency of
the resonator is shown.

controls the two switches (MITEQ S113BNU1*). Therefore a sequence of TTL
pulses, corresponding to the two-pulse sequence, is sent to the switches. The
5 dB attenuator between the two switches prevents an impedance miss-match

and thereby an increased leak rate. The leak rate of both switches together is
less than 80dB [Ficl3].

e The adjustable attenuator, located behind the switches, reduces the field
strength of the generated high frequency two-pulse sequence. With this device
the echo amplitude can be studied in dependence of the electric field strength,
to find the predicted Fj dependence from equation 3.50.

4L3Harris Narda-MITEQ, 435 Moreland Road, Hauppauge, NY 11788, USA
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e The 20dB attenuator in the cryostat was already introduced in the frame-
work of figure 5.1. It attenuates noise with a higher noise temperature than
itself. This noise originates from the electronics at room temperature.

e Afterwards the two-pulse sequence is coupled into the resonator. The gener-
ated echo, as well as the two-pulse sequence, is coupled out of the resonator
and following the readout branch.

e The low noise 20 dB HEMT amplifier (Kuhne electronic GmbH, LNA 1020
A-Cool®) located in the helium bath of the cryostat amplifies the signal leaving
the resonator in dependence of the supply voltage by 15dB to 20dB [Baz08,
Fic13]. Simultaneously, it protects the resonator and thus the sample from
noise of the readout electronics at room temperature.

e The circulator (Aertech Industries A4C-9011-M) protects the low noise am-
plifier from signals trying to enter the cryostat backwards by diverting them
onto a 50 Ohm resistance.

e The 36.5dB amplifier (Kuhne electronics LS-Band Super Low Noise Broad-
band Amplifier®) is a high frequency suitable amplifier which increases the
readout signal once more.

e By the mixer (MITEQ DM0052LA2%) the high frequency part of the measured
signal is eliminated and just the envelope of the two-pulse sequence, the free
induction decay and the echo remain. Therefore the reference signal from the
phase shifter and the one coming from the cryostat are multiplied. This is
similar to a transformation into the rotating frame of reference in the Bloch-
sphere picture.

e The phase shifter (manufactured by ATMY) is used to adjust the phase of the
reference signal to achieve suitable mixing conditions at the mixer such that
the high frequency part of the measured signal is eliminated completely. In a
measurement the phase is adjusted such that the measured echo amplitude is
maximal.

e The two 20 dB amplifiers (Comlinear Corporation CLC100 Video Amplifier”)
amplify the envelopes obtained by the mixer before they are recorded by the
AD-Card. It is possible to either use one or both amplifiers.

e The AD-card (GaGe CompuScope 14200%) digitizes the signal with 200 MS/s.
The digitized data is then saved and pre-evaluated by the measurement com-
puter.

SKUHNE electronic GmbH, Scheibenacker 3, 95180 Berg, Germany
6L3Harris Narda-ATM, 49 Rider Ave, Patchogue, NY 11772-3915, USA
"Comlinear Corporation, Fort Collins, Colorado 80525, USA - meanwhile part of Texas Instru-

ments
8DynamicSignals LLC, 900 N. State Street, Lockport, IL 60441, USA
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If the resonance frequency of the resonator is measured, the two switches (Agi-
lent N1810UL?), controlled by a switch control (Arduino Uno micro-controller'?),
switch from the echo circuitry to the network analyzer circuitry. This part of the
circuit includes also the 20 dB attenuator and HEMT amplifier located inside
the cryostat as well as the circulator. In addition, a 20 dB or 40 dB attenuator
is placed at the output of the network analyzer (Hewlett Packard 8752A1!!) to pre-
vent a heating of the sample by a too high measurement power. The transmitting
power of the network analyzer is therefore reduced to the minimal value of -20 dBm
as well. The used network analyzer allows for measurements up to 1.3 GHz. One
sample, measured in the framework of this thesis, resulted in a resonance frequency
of about 1.4 GHz. In this case the resonance frequency was determined by a lock-in
amplifier instead of the network analyzer. The respective setup is shown in [Arn19]
and similar to the one used in [Lucl6] for the measurement of the dielectric function
in the gigahertz range. The measurement of the resonator’s resonance frequency
is necessary after every cooldown of the cryostat. In addition, it can also be done
after changing the temperature of the cryostat during one measurement cycle, since
the resonance frequency of the resonator depends on the dielectric constant of the
sample, which in turn depends on the temperature.

All parts mentioned so far are matched to an impedance of 50€) to ensure good
transmission conditions. Besides the used attenuators, the cables cause an additional
attenuation of several decibel. However, for the measurements performed within this
thesis the knowledge of the absolute value of the applied electric field strength on
the resonator is not essential.

For measurements with an additional magnetic field the current source (Keithley
2601 System SourceMeter'?) is used to send a defined current I to the homemade
coil, mentioned in section 5.1. The generated magnetic field is given by

T
B=k-I with k=0.229 mT. (5.4)

The devices drawn in orange in figure 5.5 can be remote controlled via a GPIB or USB
interface. The AD-Card is mounted directly to the mainboard of the measurement
computer. For the actual measurement mainly a software bundle, developed in the
framework of [Sch16a], was used. This is shortly introduced in section A.3.

5.3 Limitations and error sources of the experimental setup

Despite all arrangements, that are made to ensure stable and reproducible mea-
surement conditions, every echo measurement is subject to various statistical and

9meanwhile Keysight, 1400 Fountaingrove Parkway, Santa Rosa, CA 95403-1738, USA

Owww.arduino.cc

1 Hewlett-Packard Company, 3000 Hanover Street, Palo Alto, CA 94304-1185, USA

2meanwhile Tektronix Inc., 14150 SW Karl Braun Drive, P.O. Box 500 Beaverton, OR 97077,
USA
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systematic error sources. However, by taking adequate countermeasures, their im-
pact can be significantly reduced. In the following, the known error sources and
used methods to reduce their influence on echo measurements are presented. For the
discussion, the different error sources are divided into the three topics: temperature,
mechanical disturbances and electric disturbances.

5.3.1 Temperature stability

The relaxation processes, determining the course of the decay of the echo amplitude,
are sensitive to the temperature of the sample. Thus fluctuating temperatures of
the cryostat cause wrong measurements. A general error source is the readout of
the carbon thermometer that regulates the cryostat’s temperature (compare section
5.1.1). At 10 mK the resistance of this thermometer is in the order of 150k(2. Thus
the voltages applied to readout the resistance and to determine the temperature can
lead to an unintended heating of the carbon resistance, such that the determined
temperature is higher than the actual temperature of the cryostat. This effect is
in particular relevant at very low temperatures, since there the specific heat and
thermal conductance of the thermometer is small. Hence a small heat input can gen-
erate a comparatively large temperature change compared to the same heat input
at a higher temperature. If the temperature dependence of the relaxation times of
tunneling systems in glasses is measured under such circumstances, it can cause an
incorrect proportionality. To prevent this parasitic heating, the readout voltages of
the thermometer are as small as possible and the carbon resistance is very well ther-
mally coupled to the mixing chamber and experimental platform. The small readout
voltages cause a scattering of the measured resistance values and consequently of the
calculated temperature. In order to counteract subsequent fluctuations of the heater
current, the PID controller, used for the temperature control, is adjusted properly.
With the used setting the spread of the measured temperature is at 10 mK usually
less than 0.2%. At higher temperatures the spread is a bit bigger, but well below
1%.

To ensure that the echo measurements are stopped if the temperature of the cryostat
fluctuates too much, the measured temperature is compared to the set temperature
before every single two-pulse sequence. If the deviation is more than a predefined
value (e.g. 1% at 10 mK) the measurement is paused and continued after the cryostat
temperature is in the accepted range for several minutes.

However, the extensive monitoring of the cryostat’s temperature cannot guarantee
that the sample has the same temperature as the cryostat. A wide variety of processes
can lead to a higher sample temperature which cannot be detected by the cryostat’s
thermometer. The most obvious are a heating by the high field strengths of the
two-pulse sequence, a high repetition rate and not thermalized cables. If this heat
input is small, it can be compensated by a gradual reduction of the cryostat’s heater
current. In this case the overheated sample takes a part of the heating necessary
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to stabilize the cryostat’s temperature. The spatial separation of the resonator and
the thermometer promotes this effect since the introduced heat at the resonator has
to heat up the whole experimental platform to be recognized by the thermometer.
To prevent such an effect in decay measurements, it is important to adjust the
attenuation and repetition rate accordingly in advance. The influence of warm cables
can for example be checked by measuring the decay of a sample in two different
experimental setups. If the same decay behavior is found, the used heat sinking is
sufficient. In chapter 7 it can be seen, that the decay behavior of N-BK7 measured
in the reentrant cavity resonator and the micro-fabricated setup are equal, proving
the good thermalization of the cables. Both resonators were connected to the same
cables, but in the micro-fabricated setup the cables are directly connected to the
sample, whereas in the reentrant cavity resonator the cables are connected to the
coupling loops of the resonator. A heat input via the cables should cause different
temperature offsets and consequently different decay behaviors, as it was observed in
measurements on micro-fabricated resonators before parts of the cables were replaced
|[Poll7].

Further possible heating effects cause no deviation of the sample temperature over
the whole measurement, but only during a short time and are caused, for example, by
the energy deposition of a muon [Ficl3| or radioactive decays nearby. This manifests
itself in a reduced echo amplitudes over these periods of time.

5.3.2 Mechanical vibrations

As shown in section 3.2.4, a tunneling system couples not only to electric but also
to elastic fields. Consequently, mechanical deformations of the sample lead to a
change of the tunneling system’s asymmetry energy and thus energy splitting E
(compare equation 3.22). Since the phase collection during the free evolution of a
tunneling system in an echo sequence is governed by its energy splitting, a variation
of F leads to a loss of phase coherence of the respective tunneling system, similar
to spectral diffusion. In [Fic07] it was shown that an absolute deformation of the
sample by 1072 A is sufficient to reduce the echo amplitude for two-pulse echoes
with a pulse-separation time of 5ps. Considering the reentrant cavity resonator,
mechanical vibrations are most likely transferred via the rod in the center of the
cavity to the sample. There are various causes of mechanical disturbances in the
cryostat. Some can be reduced by an adaption of the measurement routine, some
have to be considered in the design of the cryostat.

The most dominant source of vibrations in the used setup is the refilling of liquid
‘He into the dewar and the refilling of the cryostat’s 1K-pot. Both processes happen
in a regular term and generate vibrations in the cryostat which are visible in the
echo measurements. The dewar has to be refilled at least every 48 hours. The 1K-
pot is filled for 30 minutes and then closed until the liquid helium reserve in the
pot is empty again. In dependence of the measurement cycle the closing lasted from
about 20 minutes to several hours. In figure 5.6 stability measurements performed on
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various samples can be seen. In these measurements the echo amplitude was recorded
with constant settings over a large period of time to detect possible disturbances. It
can be seen that FR-122P shows a small drift of the echo amplitude towards larger
values. This is discussed in section 5.3.3. The influence of the helium refilling into the
dewar can be seen on the samples FR-122P and N-BK7. Although the temperature
of the cryostat was almost the same, the refilling process has a stronger influence
on the sample FR-122P. A possible reason is that FR-122P is a polymer and thus
softer than the multicomponent glass N-BK7. In addition, the echo amplitude is
not reduced for N-BK7, but increased during the filling process. The same behavior
was observed in [Sch16a| on the same sample. The exact cause for this behavior
is not yet known, but there is a plausible explanation. Right after refilling of the
dewar all cables in the dewar are located in liquid helium. The cold temperature
maybe causes a reduced attenuation of the signals and thus the echo amplitude is
increased. If the mechanical vibrations during the filling process couple less good
to a hard multicomponent glass compared to a polymer, the reduced attenuation
can maybe overcompensate the reduction by phase coherence destroying processes.
To ensure that the refilling of the dewar does not disturb the measurement of the
echo decay, the measurement is paused during the refilling process and additional 3
hours. After this time the helium level in the dewar is usually about 75 % and stable
measuring conditions are achieved. The influence of the 1K-pot refilling cannot be
seen in figure 5.6. In [Sch16a] an investigation of the 1K-pot’s influence onto the
measurement showed that at helium levels in the dewar lower than 20 % the refilling
of the 1K-pot is visible in the data. Thus, in all measurements the dewar is refilled
before the level drops below 20 % and the measurement is paused during the filling
process of the 1K-pot (30 minutes) and additional 5 minutes.

Another source of vibrations, present during the whole measurement, origins from
the pumps that circulate the 3He/*He mix and pump the 1K-pot. These pumps
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can generate mechanical vibrations and sound waves in the pipes and the gas. To
reduce their influence on the measurement, the pumps are located in the basement
under the laboratory. To prevent disturbances via the helium reserve in the dewar,
an exhaust silencer is mounted between the dewar’s exhaust pipe line and the helium
recovery.

In addition, sound waves or vibrations generated in the laboratory can couple to
the cryostat and can be transferred to the sample. A measurement with a micro-
fabricated resonator and a speaker on top of the cryostat showed that especially
low-frequency waves (about 100Hz to 250 Hz) couple to the sample and cause a
reduced echo amplitude. Higher frequencies up to 15kHz showed no influence. This
measurement shows that a silent environment is important for stable measurement
conditions.

Finally, during a measurement with applied magnetic field a vibration of the res-
onator leads to eddy currents and thus to a heating effect near the sample. For
a sample containing nuclear quadrupole moments this effect would hardly be de-
tectable since the echo amplitude changes with the magnetic field, too. Since the
resonator is always mounted at the same position in the cryostat, such a possible
heating effect should also exist in measurements on samples containing no nuclear
quadrupole moments. In measurements on corresponding samples no heating effect
is observed, indicating that this effect is negligible.

5.3.3 Stability and noise of the electronic setup

The electronic components, in particular their noise, used to excite the tunneling
systems and readout the echo can influence the echo measurement in various ways.
Besides a direct impact on the tunneling systems, the noise and stability of the
devices also influence the measured signal and limit the measurement range and ac-
curacy.

In general, noise from the room temperature electronics can enter the resonator via
the coupling loops and lead to a variation of the electric field in the resonator’s capac-
ity, where the sample is located. This additional electric bias shifts the asymmetry
energy of the tunneling systems in dependence of the orientation of their dipole mo-
ments relative to the electric field (compare equation 3.22 and 3.26). Thereby the
tunneling systems can lose their phase coherence similar to spectral diffusion theory.
On the output side of the resonator, noise is caused by the low temperature amplifier.
On the input side the noise from the room temperature electronics is reduced by the
cold attenuator, located in the cryostat. An explicit investigation of the influence of
noise on the echo measurements was done in [Fic13]. Therefore the noise of a 50
resistor was amplified by two high frequency amplifiers and then coupled into the
excitation branch without being pulsed. The recorded echo became more noisy, but
the decay behavior was unaffected. Thus the precautions regarding the noise reduc-
tion are sufficient. In addition, the resonator itself acts as some kind of frequency
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filter by suppressing noise contributions far from the resonance frequency.

Every single recorded echo is subject to noise. Towards large pulse separation times
or at high temperatures the echo becomes very small and can thus become indis-
tinguishable from the noise. If the noise is purely statistical, it can be minimized
by averaging many measurements. In this case the standard deviation is propor-
tional to 1/vN with N being the number of measurements. Due to systematic noise
contributions, the noise cannot be reduced to an arbitrarily small level. A detailed
investigation of the noise reduction by averaging different amounts of measurements
was done in [Sch16a] for the current setup. The standard deviation in dependence of
the averaged number of measurements is shown in figure 5.7. For all shown cases the
uncertainty follows the /v~ behavior up to a certain number of averaged measure-
ments. For large N, the systematic uncertainty prevails. The limiting systematic
contribution depends on the chosen sensitivity of the AD-Card. In most measure-
ments, shown in this thesis, both amplifiers and a sensitivity of £500 mV was used.
Consequently, an averaging of measurements improves the data quality up to several
hundred thousand measurements.

Besides limiting the measurement range, the noise adds an uncertainty to the deter-
mined echo amplitude. The error depends on the number of averaged measurements.
An estimation of the error relative to the signal size is given by the signal to noise
ratio, which is calculated during the measurements (compare section A.3 and figure
A.4). The minimal accepted signal to noise ratio is usually around 5. The signal to
noise ratio is calculated by the ratio of the maximal signal in the time window of
the echo and the standard deviation of the noise in a 5 s window far apart from the
echo. For a signal to noise ratio of 5, the noise contributes with an error of about
20 %. However, this value is only reached at the largest measured pulse separation
times of the respective samples.

A further issue is the long time stability of the electronic components. To check,
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amongst others, their influence onto decay measurements so-called reference echoes
are measured in fixed time intervals during decay measurements. A reference echo
is a regular echo, measured at a short pulse separation time (usually 75 = 2ps or
5ps) so that a small number of measurements is sufficient to reach a good signal to
noise ratio. In figure 5.8, a selection of the, in the framework of this thesis, measured
reference echoes of the samples N-KZFS11, N-BK7 and AsyS3 are shown. The ref-
erence echoes show in general a small tendency towards larger echo amplitudes with
increasing measuring time. For all measurements the largest overall drift was about
2.5 % per 10 hours. This behavior was also observed in previous studies on molecular
and multicomponent glasses e.g. |Riid08, Baz08, Ficl3, Woll4, Sch16a|. The largest
drift reported in [Ficl3| is about 7% in 10 hours. The reason for these drifts is not
fully clarified. Since reference echoes do not allow to distinguish between effects of
the sample and electric artifacts, different causes are possible.

An obvious cause is that the respective sample is not well thermalized and the rising
echo amplitude is caused by the further cooling of the sample. Since this argument
can at this point not easily ruled out, it is discussed in more detail in section 6.2.1.
Another possibility is the long time stability of the electric components in the cir-
cuitry. In measurements done in [Baz08| an additional reference pulse was sent
through the circuitry after every echo. This reference pulse is independent of the
sample and cryostat temperature and thus suitable to investigate drifts in the elec-
tronic setup. A measurement of the reference pulse over time showed a drift towards
larger values as well. Extrapolated to a measurement window of 10 hours the am-
plitude of the reference pulse increases by about 2.8%. For the echo amplitude a
similar increase was observed in this study. A possible reason for the observed drift
is a variation of the gain of the amplifiers in the readout branch over time. This
can either be caused by processes in the amplifiers or in the power supplies of these
devices. A further reason could be varying environmental conditions. For example a
change in the room temperature of the laboratory or the varying helium level in the
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dewar, which directly influences the cables going through the liquid helium reservoir
and the low temperature amplifier. However, the last mentioned possibility should
rather lead to some kind of oscillating behavior.

The drift rate observed in [Baz08| for the electric components is in accordance with
the one observed in the measurements performed in the framework of this thesis. If
the drift would be purely caused by electric artifacts, the echo amplitude could be
corrected. With the known drift rate from the reference echoes and the time stamps
of the measured echo amplitudes, the amplitude can be shifted accordingly. If also
some thermalization effects, like long time heat releases, are present, a correction
is not trivial since the relaxation behavior would slightly change with time. Given
that the origin of the drifts is not completely clarified, the echo amplitudes, shown in
the framework of this thesis, are not corrected and the drift enters as an additional
error on the echo amplitude. Since the echo amplitude changes by several orders of
magnitude during a decay measurement, this error affects the decay behavior only
marginally. For future measurements it would be beneficial to use an additional ref-
erence pulse as well, to discriminate between drifts of the electronic setup and the
sample.

A last point, which can influence the measured echo amplitude are high frequency
signals that couple into the electric circuitry. These signals are caused, for example,
by mobile phones as shown in figure 5.9. If these disturbed echo sequences are incor-
porated into the averaging, they modify the echo amplitude. To prevent this, a fast
Fourier transformation is performed for every single echo sequence by the measure-
ment software. Thereby disturbances of this kind are detected and the corresponding
echo sequence is deleted. Since the Fourier transformation slows down the measure-
ment, it can be turned off after a certain amount of measurements is averaged (e.g.
20000). In this case the error caused by a disturbed signal is negligible.

>
g
2 0
%)
Figure 5.9: Comparison of a measure-
ment which is disturbed by a high fre-
-1 quency signal coupled into the circuitry
(shown in gray) and a regular echo se-
) quence (shown in red). Plot taken from
- | | | | | |

o 2 4 6 8 10 12 [Sch16a].
Time [us]
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5.4 Samples

In the framework of this thesis the influence of nuclear quadrupole moments on the
decay behavior of tunneling systems is investigated. Therefore various glasses con-
taining atoms carrying nuclear quadrupole moments are examined and data, obtained
in previous measurements on further glasses, are collected. All samples are dielectric
glasses and can be roughly classified as shown in figure 5.10. The multitude of exam-
ined glasses contains samples, without atoms carrying nuclear quadrupole moments
up to samples which carry large nuclear quadrupole moments. Thus this selection is
well suited to investigate the influence of nuclear quadrupole moments on the decay
behavior of tunneling systems at low temperatures. In the following, at first the
samples measured in the framework of this thesis are introduced. Several of those
glasses were studied in collaboration with bachelor and master students. Afterwards
the glasses investigated in other publications are shortly addressed.

(Dielectric glasses]

( Organic glasses ) (Inorganic glasses)

(Molecular glasses) (Polymer glasses ) (Non—oxide glasses) ( Oxide glasses )

Br-DGEBA

Metafluor aniline

Figure 5.10: Classification of the glasses studied in the framework of this thesis.

5.4.1 Measured samples
N-BKT7

The multicomponent glass N-BK7 is a standard optical glass, manufactured by the
company Schott!, which is widely used in various low temperature measurements,
e.g. [Arn75, WohOla, Lucl6, Frel6, Auel9, Korl9|. Since also various echo measure-
ments were already performed on this material [Lud03, Fic13, Burl3, Wol14, Sch16a],

'Schott AG, Hattenbergstr. 10, 55122 Mainz, Germany
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it is also a suitable reference sample for the microfabricated resonators presented in
chapter 7. The sample used in the reentrant cavity resonator was a disc with a diam-
eter of 10mm and a thickness of 0.5 mm. The samples used in the microfabricated
resonators were rectangular with thicknesses between 1 mm and 0.2 mm. The mea-
surements on N-BK7, shown in this thesis, were partially performed within [Sch16a].
In the reentrant cavity resonator, the resonance frequency at a temperature of 10 mK
was about 950 MHz and the quality factor approximately 150. The composition of
the glass is given in table 5.1. The bold written atoms have isotopes with a sig-
nificant natural abundance that carry nuclear quadrupole moments (compare table
A.1). According to section 2.2.1, the glass network is most likely build by the silicon,
boron, aluminum and oxygen atoms whereas the sodium, potassium and barium have
the function of network modifiers.

N-BK7
SIOQ NaQO BQOg KQO BaO Aleg
Molar percent 74.8  10.1 9.6 4.7 0.76  0.03

Si Na B K Ba Al O
Atomic percent | 24.9 6.8 3.8 3.1 0.38 0.01 60.9

Table 5.1: Chemical composition of BK7 according to [Lud03]. The bold written atoms
have isotopes with a significant natural abundance that carry nuclear quadrupole moments
(compare table A.1).

N-KZFS11

The glass N-KZFS11 is a multicomponent glass and manufactured by Schott!. Mea-
surements of the dielectric properties of the glass from room temperature to very
low temperatures were conducted amongst other in [Dah10, Wes15, Sch16b, Lucl6,
Auel9]. The low frequency dielectric measurements in [Luc16] showed that large nu-
clear quadrupole moments influence the relaxation behavior of tunneling systems at
low temperatures. The composition of N-KZFS11 is shown in table 5.2. Besides var-
ious isotopes with nuclear quadrupole moments, N-KZFS11 contains about 1.5 at.%
tantalum, which carries a very large nuclear quadrupole moment of 3.14 barn. In the
entirety of all studied samples N-KZFS11 is, together with HY-1, one of the represen-
tatives with large nuclear quadrupole moments. The sample used in the reentrant
cavity resonator was a square with an edge length of 11.5mm and a thickness of
0.5mm. At a temperature of 10mK the resonance frequency of the resonator was
about 871 MHz and the quality factor 208. Some of the measurements on N-KZFS11
shown in this thesis were performed in collaboration with |Tsul7|.

The glass matrix of N-KZFS11 is most likely also build by the classical network
formers silicon, boron and the corresponding oxygen. Sodium is a classical network
modifier. The other elements are intermediate oxides. Thus their position is not easy
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to determine. Different studies showed that niobium and tantalum form a negatively
charged [(Nb/Ta)Og]~ octahedra and act as network former in a glass, if additional
network modifiers with a valence of 1 (like sodium) are present to compensate for
the charge [Ver94].

N-KZFS11
SIOQ NaQO B203 ZI'OQ Ta205 Nb205 Zn0O
Molar percent 40 16 25 12.6 5.1 0.3 0.8

Si Na B Zr Ta Nb Zn O
Atomic percent | 13 11 9.8 4.2 1.5 0.1 0.4 60

Table 5.2: Chemical composition of N-KZFS11 according to [Lucl6]. The given values
have an accuracy of £10%. The bold written atoms have isotopes with a significant natural
abundance that carry nuclear quadrupole moments (compare table A.1).

HY-1

The multicomponent glass HY-1 is manufactured by Hoya Optics?. Its dielectric
properties were studied amongst others in [Haulb, Bollb, Zeil5, Lucl6]. First di-
electric polarization echoes were measured in [Woll4]. The composition of HY-1
is shown in table 5.3. It contains about 0.5at.% holmium which carries a nuclear
quadrupole moment of 3.58 barn. In the low frequency dielectric measurements of
|[Luc16], HY-1 showed besides N-KZFS11, the crucial role of nuclear quadrupole mo-
ments on the relaxation behavior of tunneling systems at low temperatures. Aside
the large nuclear quadrupole moment, holmium has also a strong magnetic moment
and spin orbit coupling. HY-1 even sticks to strong magnets [Rei]. The sample
used in the reentrant cavity resonator was a square with an edge length of 12 mm
and a thickness of 0.5 mm. The resonance frequency of the resonator at a tempera-
ture of 10 mK was about 952 MHz and the quality factor 224. All measurements of
HY-1, shown in the framework of this thesis, were conducted in collaboration with
|Sin16b, Tsul7].

Concerning the role of the holmium atoms in the glass matrix, it is assumed that it
has the role of a network modifier and is embedded loosely in the glass matrix. This
assumption is supported by measurements of the absorption spectrum of holmium
oxide glass which differs only slightly from HooOj3 in solution [Wei85, All07]. Mea-
surements in [Neil5, Del15] showed also an increased ion conductivity of HY-1 com-
pared to N-BKY7 in the temperature range of 80 K to 350 K. Since their composition
is similar, except for holmium, it can be assumed that holmium ions are responsible
for the increased conductivity. This also supports the assumption that holmium acts
as network modifier in HY-1.

2HOYA Candeo optronics corporation, 3-5-24 Hikawa-cho, Toda-shi, Saitama 335-0027, Japan
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HY-1
SIOQ NagO B203 BaO H0203 Sb203
Molar percent 74 18 3.8 3.4 1.2 0.1

Si Na Ba Ho B Sb O
Atomic percent | 25 12 1.7 0.5 1.5 0.03 60

Table 5.3: Chemical composition of HY-1 according to [Lucl6]. The given values have
an accuracy of +2%. The bold written atoms have isotopes with a significant natural
abundance that carry nuclear quadrupole moments (compare table A.1).

ASQS3

The chalcogenide glass As,S3 is produced by the company Schott!. Usually this
material is used in infrared applications due to its good transmission properties in
this wavelength range. Its glass transition temperature is at 197 °C [Sch18b]| and thus
clearly lower compared to the oxide glasses N-BK7, N-KZFS11 and HY-1 which have
transition temperatures above 500 °C [Sch07, Sch14, Hoy16|. Dielectric and acoustic
investigations were performed in [Jac92, Miin19, Miil19, Bli20].

For studying the influence of nuclear moments on the relaxation behavior in glasses
this sample is well suited. Due to its stoichiometry it contains 40 at.% of the quadru-
pole carrying arsenic (compare table 5.4) and every thinkable tunneling system either
contains at least one arsenic atom or is connected to it. The quadrupole splitting of
arsenic in As»Ss is also well known (compare table A.1).

The used sample was a disc with an diameter of 10mm and a thickness of 3 mm.
The resonance frequency of the resonator at a temperature of 10 mK was about
1403 MHz and the quality factor 212. The measurements presented in this thesis
were performed together with [Arnl19).

The structural properties of AsyS3 are addressed in section 2.2.1.

ASQSg

S As
Atomic percent | 60 40

Table 5.4: Composition of AssS3. The bold written atoms have isotopes with a significant
natural abundance that carry nuclear quadrupole moments (compare table A.1).

Poly(vinyl chloride) - PVC

The thermoplastic amorphous polymer poly(vinyl chloride) belongs to the group of
organic glasses. The structural formula of the repetitive unit of PVC is illustrated
in figure 5.11. Tt consists of a carbon backbone with a chlorine atom at every second
carbon atom. Thus /6 of the atoms in the material are quadrupole carrying isotopes
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‘H |

| | Figure 5.11: Structural formula of the
H H repetitive unit of PVC.

of chlorine (compare table 5.5). The material, used in the framework of this thesis,
was produced by the company Goodfellow?.

Dielectric investigations were performed in [Sinl6a, Sch17, Auel9, Sdu2l| and the
thermalization behavior was studied in detail in [Str18|. The used sample was a
disc with a diameter of 10 mm and a thickness of 0.38 mm. At 10 mK the resonance
frequency of the resonator was about 1160 MHz and the quality factor 80. The
structural properties are discussed in section 2.2.2.

PVC

H C Cl
Atomic percent | 50 33.33 16.67

Table 5.5: Composition of PVC. The bold written atoms have isotopes with a significant
natural abundance that carry nuclear quadrupole moments (compare table A.1).

FR-122P

The polymer with the trade name FR-122P is distributed by the company ICL* and
usually used as insulating flame retardant. Its structural formula is shown in figure
5.12. The high content of the quadrupole carrying bromine isotopes, which is often
present in such materials, makes it a suitable material for studying the influence
of nuclear moments on the low temperature behavior of tunneling systems. For
FR-122P the bromine content by weight is minimal 62.5 % [Icl|. This corresponds to
about 11 at.%. The complete composition is given in table 5.6. The exact quadrupole
splitting of this material is unknown, but it can be assumed that it is similar to other
materials in which bromine is covalently bound to a carbon atom. For organic glasses
this assumption is possible since the intramolecular forces are usually significantly
stronger than the intermolecular ones. The isotopes of other elements present in the
material, that carry a nuclear quadrupole moment, have only a negligible natural
abundance (compare table A.1).

The material, obtained from the company ICL, was a powder from which a disc with

3Goodfellow Cambridge Ltd, Ermine Business Park, Huntingdon, England
4ICL Industrial Products, Kroitzer St. 12, Beer Sheva 84101, Israel
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FR-122P

H C Br
Atomic percent | 50 39.1 10.9

Table 5.6: Composition of FR-122P based on the assumption that x =2 and y =2 =5
in figure 5.12. The bold written atoms have isotopes with a significant natural abundance
that carry nuclear quadrupole moments (compare table A.1).

a diameter of 10 mm and a thickness of 0.65 mm was produced under the influence of
pressure and temperature. A detailed description of the sample fabrication is given
in [Sch18¢|. The resonance frequency of the reentrant cavity resonator at 10 mK was
circa 1266 MHz and the quality factor about 130.

Dielectric and acoustic measurements were performed in [Her17, Sch18¢| and showed
the glassy behavior of the material.

Br
. _-Br

H H Br Br H H

[ \ ||
—.’—C—c%:[—-LCH;—C—c—CHf‘—,LCH]—CH c—C—— .

o I 'y ’ \1|{ ] = Figure 5.12: Structural formula of the
T = .

i ] 1 4-isomer 1.2-isomer = “” polymer FR-122P. Picture taken from
. \ J

S e Sy [IC]] .

Brominated Polybutadiene Block

Br-DGEBA

The monomer Br-DGEBA (Bisphenol A diglycidyl ether, brominated) is a bromi-
nated epoxy resin used as an insulating flame retardant for example in electronic
printed circuit boards. The structural formula of the material is shown in figure
5.13. Equivalent to FR-122P, only the bromine atoms are relevant to discuss the
influence of nuclear quadrupole moments on the relaxation behavior of tunneling
systems. The isotopes of the other elements carrying a nuclear quadrupole moment
present in the monomer have only a very small natural abundance. The bromine
content by weight is 48 % [Sig|, which corresponds to about 11at.%. The complete
composition is given in table 5.7. The exact quadrupole splitting of this material is
not known, but should be similar to the one of other materials with a Br-C bond.

Br-DGEBA

H C Br O
Atomic percent | 37.8 42.8 11.2 8.2

Table 5.7: Composition of Br-DGEBA based on the molecular formula C4oH37Br110sg
[Sig]. The bold written atoms have isotopes with a significant natural abundance that
carry nuclear quadrupole moments (compare table A.1).
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The available material was a powder obtained from Sigma Aldrich®. The powder
was carefully molten (melting temperature 55-56 °C [Sig|) and then put into the
reentrant cavity resonator which was heated as well. This type of sample prepara-
tion ensured a very good thermal coupling between the resonator and the sample.
The exact thickness of the sample could not be determined, but it should be about
0.5mm. The resonance frequency at a temperature of 7.5 mK was about 1122 Mhz
and the quality factor 176. The measurements on Br-DGEBA were performed in
collaboration with [Haal8b].

Dielectric measurements on this material showed the glassy behavior and were per-
formed in [Af18, Werl8, Sch18c|. A detailed study of the thermalization behavior
was done in [Low19].

HzC CHj
QU
Figure 5.13: Structural formula of the
\\ NS
W/\O \ O% polymer Br-DGEBA. Picture taken from
Br. Bry .
o) X o) [Sig].

45<(x+y)<7

5.4.2 Further discussed samples
B,0;

Due to its stoichiometry, the inorganic glass BoO3 contains 40 at.% of the quadrupole
carrying boron (compare table 5.8). Equivalent to AsySs, every tunneling system
present in the sample either contains or is connected to a boron atom.
The data shown in the framework of this thesis is taken from [Lud00].

B,Og3

O B
Atomic percent | 60 40

Table 5.8: Composition of B2O3. The bold written atoms have isotopes with a significant
natural abundance that carry nuclear quadrupole moments (compare table A.1).

Suprasil 1

The quartz glass Suprasil T contains about 1200 ppm OH™ ions. Neglecting the
1200pm OH™ ions, its composition is given in table 5.9. Apart from the isotope

5Sigma-Aldrich Chemie GmbH, Eschenstrasse 5, 82024 Taufkirchen, Germany
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170, which has a negligible natural abundance, no elements with nuclear quadrupole
moments are present in the material. Thus it is a well suited reference sample.
The data shown in the next chapter is taken from [Ens96a, Lud03|. The structural
properties of vitreous SiO, are similar to the one shown in figure 2.4.

Suprasil
Si O
Atomic percent | 33.33 66.67

Table 5.9: Composition of the sample Suprasil.

Albasi

The multicomponent glass Albasi or BAS (a-BaO-Al;03-SiO) contains several iso-
topes carrying nuclear quadrupole moments (compare table 5.10). The glass network
is most likely build by the silicon, boron and aluminum atoms together with the oxy-
gen. The other isotopes act as network modifiers.

The data shown in chapter 6 is taken from |Lud02, Arc13|. Further two- and three-
pulse echo measurements were performed in [Ahr13].

Albasi
8102 NaQO B203 KQO BaO A1203
Molar percent 727 028 0.72 0.064 17 8.8

Si Na B K Ba Al O
Atomic percent | 24.2 0.19 0.29 0.04 8.05 3.52 62.79

Table 5.10: Chemical composition of Albasi according to [Lud03|. The bold written atoms
have isotopes with a significant natural abundance that carry nuclear quadrupole moments
(compare table A.1).

Glycerol

Glycerol allows a defined deuteration and thus a systematic study of the influence
of nuclear quadrupole moments on the decay behavior of tunneling systems via the
isotope effect. The structural formulas of ordinary glycerol up to glycerol-d7 are
shown in figure 5.14. In dependence of the degree of deuteration the sample contains
up to 57 % of atoms which carry a nuclear quadrupole moment (glycerol-d8). The
molecules are connected by hydrogen bonds [Baz08] and build thus a molecular glass.
The data shown in section 6 was measured on glycerol-d0 which has the composition
given in table 5.11. The corresponding data is taken from |Bra04a, Nag04]. Further
echo measurements were performed amongst others in [Baz07, Baz08, Fic07, Fic09|.
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OH O|H O|H O|D O|D O|D
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| | | | | | erol, glycerol-d3, -d5 and glycerol-d7.
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Glycerol-dO

H C O
Atomic percent | 21.4 57.2 21.4

Table 5.11: Composition of Glycerol-d0

Meta-fluoroaniline

The molecule m-fluoroaniline forms a molecular glass below a temperature of about
173K [Bra04al. It contains one nitrogen atom per molecule which carries a nuclear
quadrupole moment. This corresponds to about 7at.%. The complete composition
of metaflour aniline is given in table 5.12. The data shown in section 6 is taken
from [Bra0O4a]. More information regarding the sample can be found in the same

publication.

H
I
N —H

Figure 5.15: Structural formula of
m-fluoroaniline. Picture taken from
[Bra04a).

m-fluoroaniline
H C N F
Atomic percent | 42.9 429 7.1 7.1

Table 5.12: Composition of m-fluoroaniline based on the molecular formula FCsH4NHs.
The bold written atoms have isotopes with a significant natural abundance that carry
nuclear quadrupole moments (compare table A.1).
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In this chapter the experimental results obtained in the framework of this thesis are
presented. First, the analysis of the data is introduced. After that, the prepara-
tory measurements, which are performed before the actual decay measurements, are
discussed. These include the thermalization, the measuring rate and the electric
field dependence of the echo amplitude. Subsequently, the decay measurements,
performed on the samples introduced in section 5.4, are shown with a focus on the
influence of nuclear moments on the decay behavior. Thereafter, the magnetic field
dependence of the echo amplitude is discussed.

6.1 Data evaluation

The quantity of interest in all measurements shown in the following is the echo
amplitude. Before the echo amplitude can be determined from the measured echo
sequence, the underlying background has to be subtracted. In figure 6.1 an echo
sequence measured on the sample PVC is shown in black. The small echo after the
second pulse is on top of a nonconstant background which is amongst others caused by
the ring-down of the resonator. The subtraction of this background is in dependence
of the pulse separation time done in two different ways. For pulse separation times
larger or equal 20ps, the ring-down of the second pulse of the echo sequence is
completely over and the echo lies on a flat baseline. Thus for measurements with
T12 > 20 ps an offset correction is sufficient. For pulse separation times smaller than
20 ps, the background is subtracted more elaborately and done in three steps. In the
following all steps needed for the analysis of measurements at small pulse separation
times are introduced.

For every echo measurement a background measurement is performed at a pulse
separation time of 7151° + A7. Usually A7 is set to 50pus or 300ps. This large
pulse separation time ensures that the echo appears far away from the second pulse.
During the measurements for this thesis, the value of A7 changed from 300us to
50 ps, since it turned out that 50 s are sufficient for a good background correction
and the size of the saved data is be reduced. The measured background is afterwards
shifted in time by —Ar, such that the left sides of the second pulses of the echo and
the background sequence align (compare figure 6.1). Then the background sequence
is subtracted pointwise from the echo sequence. Thereby it is assumed that the shape
of the signal after the second pulse is independent of the pulse separation time. In
a second step an offset correction is performed. Therefore the signal in an area far
away from the two pulses and the echo is averaged in a 5 s window and the obtained
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Figure 6.1: Echo sequence measured on
PVC with a pulse separation time of 2ps
(black) and corresponding background se-
quence with a pulse separation time of 52 ps
(red). Both sequences are averages of 5000
single measurements. It can be seen that
the echo lies on a nonconstant background.
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Figure 6.2: Echo sequence after the first
background correction (black) and the fit
used for the subtraction of the remaining
The first background
correction includes a subtraction of the
background sequence and an offset correc-
tion.

background (red).

value is subtracted from every point of the echo sequence (for the two-pulse sequence
shown in figure 6.1 an appropriate time window would be 20 s to 25 ps). This offset
correction ensures that the echo sequence has a baseline of y = 0. The result of
the two introduced background correction steps, applied to the echo sequence shown
in figure 6.1, is depicted in black in figure 6.2. It can be seen that the baseline
is flat and equal to y = 0 at large times, but shortly after the second pulse the
background exhibits still a slope. This slope shows that the assumption of equally
shaped pulses of the echo and the background sequence is not completely correct.
Different effects can cause this discrepancy. One possibility is that the shape of the
second pulse is influenced by the tunneling systems which are already decayed at the
time 705" + A7. Furthermore, the amplifiers in the readout electronics, which are
saturated during the pulses, have more time to recover in the background sequence
compared to the echo sequence. This can influence their performance.

The remaining background is removed in a third correction step. In dependence of
the shape of the signal, either an exponential function of the form

foxp(t) = ae =00 1 ¢ (6.1)
with the free parameters a, b, ¢ and ¢y or a straight line
fime(t) =a-t+0b (6.2)

with the free parameters a and b is fitted to the signal. For the fit only the time
intervals left and right of the echo signal are considered. The fitted exponential
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function can be seen in figure 6.2. The subtraction results in an echo on a flat
baseline as shown in figure 6.3. Since the background component, present after the
subtraction of the background sequence, exists only directly after the second pulse,
the third step of the background correction is not necessary up to a pulse separation
time of 20 us. In dependence of the sample and the measurement settings, the third
step of the background correction is only necessary for pulse separation times smaller
than 5 ps to 10 ps.

After the background subtraction the echo amplitude is determined. In the frame-
work of this thesis the integrated echo amplitude is used which is proportional to
the actual echo amplitude. For the determination of this quantity, the start and end
point of the echo signal is determined by eye. The respective time window is shown
in red in figure 6.3. Then every data point in this time window is multiplied by the
time distance between two points. This time distance is the same for all data points
and given by the sampling rate of the AD-card. The used sampling rate was 200 MS/s
which corresponds to a point distance of 0.005ps. This calculation of the integrated
echo amplitude has the advantage that the noise, superimposed the echo, is auto-
matically averaged. In principle the integrated echo amplitude is the integrated step
function of the echo.

The pointwise subtraction of the background from the echo sequence as well as the
offset correction is performed by the measurement software. In the framework of
this thesis, the further steps are performed by hand to simultaneously check the
data quality, decide whether a background fit is needed and define the time window
for the the calculation of the integrated echo amplitude. In addition, the software is
also capable to determine the integrated echo amplitude on the basis of the pointwise
and offset corrected data. These values are amongst others used for the signal to noise
determination. On the basis of this value is decided how many measurements are
averaged at a respective pulse separation time (compare section A.3). Furthermore,
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the automatically calculated echo amplitudes are sensitive to drifts in the background
or the echo itself and are thus sufficient to check the stability of the measurement.

In the following the integrated echo amplitude is for simplicity just called echo am-
plitude. All data which was obtained together with the bachelor and master stu-
dents [Tsul7, Sinl6b, Arnl9, Haal8b| (compare section 5.4.1) or in the framework
of [Sch16a] were re-analyzed since the background correction improved.

6.2 Preparatory measurements

Before the decay behavior of the echo amplitude can be measured, the experimental
setup has to be adjusted accordingly. The procedure is shortly introduced in section
A.3. In the following, the results of the different steps are discussed. At first, the
thermalization behavior is addressed. Next, the influence of the measuring rate is
shortly mentioned. Finally, the pulse duration and electric field dependence of the
echo amplitude are discussed.

6.2.1 Thermalization

Since the relaxation processes, causing the decay of the echo amplitude, are sensitive
to temperature a defined and stable temperature is essential. As experimental setups
used in low temperature experiments usually do not allow to determine the sample
temperature directly, thermalization measurements are performed. Thereby usually
the to be investigated quantity, here the echo amplitude, is measured in dependence
of the temperature. For lower temperatures a larger echo amplitude is expected,
since relaxation processes are less effective and the occupation difference increases.
In figures 6.4 and 6.5 the thermalization measurements on AsyS3 and PVC are shown
as examples. In both measurements the temperature steps and the steps in the echo
amplitude coincide very well, showing that the samples follow the temperature of
the cryostat. However, these measurements usually need a lot of measurement time
since the sample needs time to adapted to the new temperature. In addition, for
most of the samples investigated in the framework of this thesis the echo amplitude
is very small such that many measurements need to be averaged (compare section
6.4.1). For example, the measurement of AsyS3 needed 80000 single measurements
per data point for the echo and the background sequence each. Due to limited overall
measurement time it was hence not always possible to measure the thermalization
behavior in such detail.

For the samples studied within this thesis, it was sometimes possible to investigate
the thermalization behavior during temperature ramps of another experiment, mea-
suring the temperature dependence of the dielectric constant, located in the same
cryostat.

This was for example the case for PVC, shown in figure 6.5, and is the reason for the
high amount of different temperature steps in this measurement. However, this is
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Figure 6.4: Thermalization measurement Figure 6.5: Thermalization measurement
of the sample AsyS3 between 25 mK and of the sample PVC between 30mK and
about 7.5mK. The echo amplitude is de- about 8 mK. The echo amplitude is depicted
picted on the left y-axis and the temper- on the left y-axis and the temperature on
ature on the right. The black lines are the right. The course of the echo amplitude
a guide to the eye. It can be seen that is in accordance with the variation of the
the echo amplitude follows the temperature temperature.

well. Due to the very samll echo amplitude

there is a comparably large scattering of the

data points.

only possible if the sample thermalizes comparatively fast. Especially samples con-
taining isotopes with a large nuclear spin or a quadrupole splitting in the high MHz
range, such that it becomes comparable with the measuring temperature, have long
thermalization times at low temperatures. These are HY-1, N-KZFS11, Br-DGEBA
and FR-122P. For the two last mentioned the quadrupole splitting of the contained
bromine is most likely about 250 MHz, which corresponds to about 12 mK. In figure
6.7 two temperature steps measured on FR-122P are shown. It can be seen that
the sample thermalizes fast at a temperature of 20 mK. But after the temperature is
lowered to 10 mK, a drift in the data can be seen which only flattens after about 80
hours.

The long thermalization times are caused by the nuclear properties of the atoms
contained in these samples. In [Pob07]| this behavior is explained for the case of
nuclear moments in a magnetic field. The additional degrees of freedom introduced
by a nuclear moment [, which can orient itself in 27 + 1 ways with respect to the
magnetic field, lead to a significant contribution to the specific heat of the sample,
called Schottky anomaly. Thereby the maximal contribution to the specific heat is
the larger, the larger the nuclear spin /. The temperature of the maximum of the
additional specific heat is determined by the nuclear splitting AE of the respective
isotope. In dependence of I the maximum occurs at a temperature between about

Temperature [mK]
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C/R

Figure 6.6: Molar heat capacity C in units of the gas constant R as function of ks7/AE
for different nuclear spins I. AF represents the energy splitting between the sublevels of
the respective isotope. In case of magnetic interaction, the energy splitting is given by the
Zeeman splitting and in case of quadrupole interaction by the quadrupole splitting Eq.
Picture taken from [Pob07].

0.42E/kp and 1.2 AE/ky. The shape of the Schottky anomaly and the position of the
maximum is shown in figure 6.6 for different nuclear spins I.

Without magnetic field the isotopes with I = 1/2 show no additional heat capacity.
Atoms with a nuclear quadrupole moment (I > 1) which are located in a electric
field gradient exhibit a nuclear splitting. Thus their contribution to the specific heat
is described by same theory as nuclear moments in a magnetic field. In the case
of quadrupole coupling, an additional magnetic field modifies the energy splitting
AF by the Zeeman interaction. Thereby the temperature where the additional heat
capacity occurs is shifted to higher temperatures. This was observed in [Woh0la] on
N-BK7.

The bromine atoms contained in Br-DGEBA and FR-122P (about 11at.%) have a
nuclear spin of 3/2. This leads together with the nuclear splitting of about 12 mK to
a significant contribution to the specific heat of the sample at 10 mK causing long
thermalization times. The holmium and tantalum atoms contained in HY-1 and
N-KZFS11 have a nuclear spin of 7/2. Their nuclear splitting is not known exactly,
but a detailed investigation of their thermalization times in [Lucl6] showed a strong
increase at about 15 mK which is attributed to the nuclear moments. The other sam-
ples, investigated in the framework of the present thesis, showed no large additional
heat capacity in the investigated temperature range. The atoms carrying nuclear
moments contained in those samples have usually nuclear spins smaller or equal 3/2
and their nuclear splitting is distinctly smaller than 10 mK.

To ensure a good thermalization of the samples containing atoms with large nuclear
spin or splitting, they were kept at the desired measurement temperature for sev-
eral days, up to a week, until the maximal drift in the data was not larger than
the expected one from the electronics (compare section 5.3). Only afterwards the
decay of the echo amplitude was measured. In the meantime some of the prepara-
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tory measurements were performed, for example the measurement of the electric
field dependence. A large drift of the echo amplitude during these measurements
would cause a deviation from the expected behavior. Given that no anomalies were
observed, the samples’ thermalization was sufficient (compare section 6.2.4). Mea-
surements of the dielectric function of HY-1, N-KZFS11, Br-DGEBA and FR-122P
in a reentrant cavity resonator or in a MHz-resonator with similar thermal coupling

resulted at low temperatures in thermalization times usually smaller than 50 hours
[Haulb, Wesl15, Zeil5, Sch16b, Werl8].

A detailed investigation of the thermalization behavior is, depending on the sample,
very time-consuming. However, whether a sample has reached the desired temper-
ature can also be checked more quickly by a small change of the temperature. An
example of such a test is shown in the inlay of figure 6.7. The sample follows the
temperature as expected and is thus thermalized.

Despite a careful investigation of the thermalization it can never be excluded that the
sample exhibits a certain offset with respect to the cryostat temperature. Thus, the
temperatures mentioned in the framework of this thesis always refer to the cryostat
temperature.

To investigate the actual thermalization behavior of a sample, which means to moni-
tor its actual temperature in comparison to the cryostat temperature, a separate ex-
periment was developed and implemented in collaboration with [Str18] and [Low19].
In this experiment an additional thermometer, which was calibrated against the
cryostat thermometer beforehand, was placed in-between two pieces of the sample
to be studied (compare figure 6.8). The rest of the experimental setup is designed to
be similar to the other resonators used for echo and other dielectric measurements,
such that the thermal properties are similar. By monitoring the thermometer of the
cryostat and the one between the samples it can be checked if the sample reaches the
cryostat temperature. Since it was ensured by suitable cables for the thermometer
readout that the thermometer between the samples can only thermalize through the
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Figure 6.8: Setup to determine the ac-
tual thermalization behavior of a sam-
Thermometer ple. The two copper blocks are pressed
to each other by two threaded rods made
Sample from brass. The thermalization rod,
Thermalization made from silver coated copper, ensures
rod a good thermalization of the copper block

above and below the sample.

samples, a thermalization of the thermometer is synonymous with a phononic ther-
malization of the sample.

Up to now three samples were investigated in detail. Thereby it could be shown
that the sample poly(vinyl acetate) does not thermalize completely, which explains
the unexpected behavior observed in [Poll7, Sch17|. The samples PVC as well as
Br-DGEBA follow the cryostat temperature well.

6.2.2 Influence of the repetition rate

A possible source of unintended heating of the sample is the repetition rate of the
echo sequence. Every application of a high frequency electric field pulse leads to
dissipative effects in the sample and the resonator. Therefore, there must be enough
time in between two single measurements that the sample and the resonator can
re-thermalize. If the repetition rate is too high, the tiny heat inputs accumulate and
lead to a significant higher temperature of the sample, influencing the relaxation
processes of the tunneling systems and thus the decay behavior.
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To prevent this heating effect in decay measurements, the echo amplitude is mea-
sured in dependence of the repetition rate at the lowest temperature used in the
respective measurement cycle. In the current measurement setup it is not possible
to define an exact measuring rate, but the waiting time between two single two-pulse
sequences can be adjusted. Since the measurement itself needs some time as well as
the processing of the data in the measurement computer, the waiting time cannot
be directly translated into a measuring rate. To investigate the echo amplitude in
dependence of the waiting time, the waiting time is varied from long to short, to
avoid disturbances by heating effects that are likely to occur at short waiting times.
In figure 6.9 the results obtained for the measurements on PVC and As,S3 are shown.
In this plot the echo amplitude is depicted relative to the average value of the plateau
region at large waiting times, where the echo amplitude is independent of the measur-
ing rate. Since the echo amplitude of As,S3 is very small and only 5000 measurements
were averaged, the spread of the data is comparatively high. A heating might occur
for waiting times smaller than 75 ms. For PVC the spread of the data is considerably
smaller and a weak heating effect is visible for waiting times below 50 ms. Whether
and when a heating effect occurs depends on the dissipation of the sample and on
the electric field strength of the excitation pulses. Therefore it is important that this
measurement is performed with the same or less attenuation than the decay mea-
surement. In figure 6.10 the influence of the attenuation on the heating effect can
be seen for Br-DGEBA. With the highest attenuation (23dB) no heating effect is
visible, even for the smallest waiting times. An reduction of the applied attenuation
to 17dB causes a reduction of the echo amplitude by about 10 % for short waiting
times. If only 11 dB are applied the echo amplitude is reduced by up to 35 % and a
heating is already present at waiting times smaller than 400 ms.

In all measurements carried out within this thesis, the applied attenuation allowed a
waiting time of at least 100 ms. This corresponds to an upper limit of the measuring
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rate of 10 Hz. The actual repetition rate was due to the data processing usually in
the range of 7 to 8 Hz.

6.2.3 Pulse duration dependence of the echo amplitude

According to the small angle approximation, the echo amplitude is proportional to
the pulse duration ¢} (compare equation 3.50). To check this prediction, the echo
amplitude of N-BK7 was measured in dependence of the pulse duration by keeping
all other parameters fixed. The function

Agao(t) = aty  — log(Ageo(t1)) = blog(ty) + log(a) (6.3)

with the free parameters a and b is afterwards fitted to the linear regime in a double
logarithmic plot. In figure 6.11 the obtained echo amplitudes and fit results can be
seen. In dependence of the temperature and the pulse separation time the prediction
of the small angle approximation is either fulfilled or not. This behavior is caused by
the assumption of delta like pulses in the derivation of the echo amplitude in section
3.3.2 and by the definition of the two-pulse sequence (compare figure 3.9).

In a real measurement the pulses have a finite length. Thus during the pulses the
tunneling systems do already precess and relax. Due to the definition of the echo
sequence in figure 3.9, an increasing pulse duration leads to an overall prolonged two-
pulse sequence. This is caused by choosing the end of the first excitation pulse as the
reference point for the pulse separation time 75 (compare also the discussion at the
end of section 3.3.2 concerning the actual pulse separation time). Since the relaxation
processes also act in this overall increased time, more tunneling systems undergo re-
laxation processes in measurements at large pulse durations. Consequently, the echo
amplitude becomes smaller. This changes the dependence of the echo amplitude on
the pulse duration and leads to a reduced pulse duration dependency. The dominant
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e N-BK7 and temperatures. The data at 40 mK
10™ S ! was measured with the microfabricated
10° 10° resonator D [Haal8al (see section 7.2).
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relaxation mechanism at short pulse separation times in N-BK7 is spectral diffusion®.
Since spectral diffusion is due to its strong temperature dependence more effective
at higher temperatures, the measurement at 40 mK shows the strongest deviation
from the expected ¢? dependence. At a temperature of 10 mK, the influence of spec-
tral diffusion is significant lower. For larger pulse separation times, like 30pus, the
impact of spectral diffusion is even further reduced since the tunneling systems with
large asymmetry energy, which are especially sensitive to this relaxation mechanism,
already decayed. Thus the expected t3 dependence can be observed.

Another possibility to observe the 3 dependence should be a redefinition of the two-
pulse sequence such that the overall extension of the two-pulse sequence, due to the
increasing pulse duration, is compensated by a reduced pulse separation time. This
would, for example, be possible by defining the two-pulse sequence from the start of
the first excitation pulse to the middle of the second one.

In figure 6.12 the influence of the pulse duration on the shape of the echo signal is
shown. With increasing pulse duration the echo becomes larger and broader. The
shift of the maximal echo amplitude to larger times is caused by the overall extension
of the two-pulse sequence with larger pulse duration, as discussed above.

The broadening of the echo signal is caused by the changing frequency composition of
the excitation pulses. The frequency composition of the excitation pulses is broader,
the shorter the pulse duration (compare figure 3.14). The de-phasing of the tunnel-
ing systems after the first pulse, as well as the re- and de-phasing at the time of the
echo depend on the tunneling systems’ energy splittings. A broad energy spectrum
results thus in a broad distribution of the energy splittings E of the excited tunneling
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@ Figure 6.12: Echo signal in dependence
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tained at a temperature of 10mK and a
pulse separation time of 5us. The cor-
0.0 | ‘ | ‘ responding echo amplitudes are shown in
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! Besides spectral diffusion there is another relaxation mechanism, probably based on nuclear
quadrupole moments, effective at low temperatures in N-BK7 (compare further course of this chap-
ter and section 7.3.2). However, for the discussion regarding the deviation from the expected t3
dependence this is not relevant.
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systems, leading to a fast de- and re-phasing, corresponding to a narrow echo.

Considering the Bloch sphere picture, the increased echo amplitude can be under-
stood qualitatively. Since all measurements were performed on the same sample
with the same pulse separation time (neglecting the prolongation by the increased
pulse duration) and the same field strength, the mean value of the ensemble’s Rabi
frequency should be similar for all measurements (compare also the discussion in
the framework of figure 6.16). Thus, during a longer pulse the contribution of the
excited state to the total wave function of the resonant tunneling systems increases
more compared to a short pulse. In the Bloch sphere this corresponds to a larger
rotation of the pseudo spin vectors around the z-axis and thus to an increased ex-
pectation value in y-direction, which corresponds to the polarization. If the pulse
becomes too large, the tunneling systems become ’overexcited’ leading to the char-
acteristic shoulders of the echo signal and a reduction of the maximum height.

6.2.4 Electric field strength dependence of the echo amplitude

Besides the ¢t} dependence, the echo amplitude is also expected to show a F; propor-
tionality, with F being the field strength of the excitation pulses (compare equation
3.50 and 4.21). The measurement of the electric field dependence has the advantage
over the pulse dependency that the overall echo sequence is not elongated by a vari-
ation of the electric field strength. Thus neither the relaxation processes present in
the different samples, nor their temperature dependence distort this measurement.
The electric field dependency of the echo amplitude was checked for every sample
measured in the framework of this thesis to determine the regime in which the small
angle approximation is fulfilled. Therefore the echo amplitude is measured in depen-
dence of the applied field strength, which can be varied by the adjustable attenuator
in the circuitry. To prevent an influence by heating effects, which can be caused by
high field strengths, the measurement is performed from small electric field strengths
(high attenuation) to high electric field strengths (small attenuation). All other pa-
rameters are kept constant. A pulse duration of t; = 230ns was used, like in the
decay measurements. The pulse separation time was set to 2ps such that a small
number of measurements is sufficient for a good data quality.

The results of the measured electric field dependence are depicted in figure 6.13.
Some samples show a scattering of the data at the smallest electric field strengths.
This is caused by the very small echo amplitude at those field strengths and the
limited number of averaged echo sequences. The data in the plot is shifted in y-
direction for better visualization. All measurements were performed in the reentrant
cavity resonator with a similar coupling to the excitation and readout electronics.
Neglecting the differences in the resonance frequencies, the quality factors and the
dielectric constants of the materials, it can be assumed that the energy stored in
the resonator was the same for each attenuation. Since the samples had different
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thicknesses, the actual electric field in the sample was different for the same attenu-
ation. However, the known sample thicknesses allow a rough correction for the field
strength and thus a shift of the data in z-direction to a common reference point.
Thereby it is assumed, similar to a classical plate capacitor, that the field in the gap
of the resonator is homogeneous and inverse proportional to the distance between
the end of the rod and the bottom of the cavity. This distance is given by the sample
thickness.

The absolute field strength, present in the resonator, is difficult to determine since
the attenuation of the cables is not known. In addition, the coupling quality factor
of the resonator is unknown. A rough approximation, with an attenuation of 23 dB
at the adjustable attenuator, leads to a field strength in the order of 100V/m. In
figure 6.13 the data point of N-BK7 measured with an attenuation of 23dB at the
adjustable attenuator is marked by an arrow.

To check the validity of the small angle approximation the function

Apeno(Fp) = aFy  — log(Ageno (Fp)) = 3log(Fy) + log(a) (6.4)

with the free parameter a is fitted to the linear regime of the data in figure 6.13. It
can be seen that the small angle approximation is fulfilled for every sample at small
electric field strengths. This good agreement shows also that the samples were well
thermalized. Since the echo amplitude becomes very small at small field strengths,
the whole electric field dependence measurement usually takes at least one day, and
up to several days for samples containing atoms with large quadrupole coupling
constants. A significant drift in the data, caused by a non-adequate thermalization,
would therefore cause a deviation from the expected electric field dependence.

The point from which the small angle approximation is valid depends on (2gt; o
sFoAot1/1; (compare equation 3.49 and 3.50). Thus it is in principle possible to ex-
tract information on the ensemble of tunneling systems contributing to the echo from
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a measurement of the electric field dependence. Since for the measurements shown
in figure 6.13 the exact field strengths in the resonator and the dipole moments of
the tunneling systems are unknown, it is not possible to extract information on the
ensemble’s averaged 4o/p. However, if the electric field dependence is measured for
the same sample in the same measurement cycle at different pulse separation times
all parameters except for the ensemble’s averaged 4o/ are constant?. Therefore 4o/
can be studied in dependence of the pulse separation time and the temperature.
This in turn can provide information on the relaxation mechanism present in the
sample. Due to relaxation processes the ensemble of tunneling systems contributing
to the echo signal changes with increasing pulse separation time. Symmetric tun-
neling systems relax via the one-phonon processes (see section 3.4.1). Asymmetric
tunneling systems are predominantly relaxed by spectral diffusion, which is signif-
icantly stronger than the one-phonon process at short pulse separation times (see
section 3.4.2). Therefore the ensemble of tunneling systems contributing to the echo
at large pulse separation times is on average more symmetric and the ensemble’s
mean value of 4o/g is larger. Thus it is expected that the point from which the
small angle approximation is valid shifts to smaller field strengths at larger pulse
separation times.

To check this expectation, the electric field dependence of the echo amplitude of N-
BK7 was measured at different pulse separation times in the same measurement cycle.
Thus the coupling of the resonator to the excitation and readout electronics as well
as the size of the gap where the sample is located were equal for all measurements.
This ensures that the electric field strength at a certain attenuation of the signal
was the same. In figure 6.14 the obtained data as well as a fit of equation 6.4 to the
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2Tt is assumed that the dipole moment 07 is independent of the asymmetry energy of the

tunneling system.
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linear regime is shown. The small angle approximation is fulfilled independent of the
pulse separation time. However, no significant difference in the point from which the
small angle approximation is valid can be observed. Even at 70 mK, where spectral
diffusion is significantly stronger, no change is observed.

Considering the distribution of tunneling systems contributing to the echo amplitude,
at the respective pulse separation time, this behavior can be understood. In figure
6.15, the relative contribution of tunneling systems with asymmetry energy A to the
echo amplitude is shown in dependence of the asymmetry parameter ¢ = 4/g for
different pulse separation times 715. Therefore the argument of the integral given
in equation 3.71 is calculated in dependence of q. The area below the curve is
proportional to the echo amplitude at this pulse separation time. In the calculation
the one-phonon process and the short time limit of spectral diffusion are considered?.
At 10 mK the assumed minimal relaxation time is 7} y,in = 220 s and m = 10-10° /g2,
For the curve at 70 mK it is 7' jin = 60 ps and m = 2660-10° /2. The values of 70 mK
were determined in [Fic13] and those for 10 mK are motivated by the relaxation times
determined in the same publication at 7.5 mK and 15mK®*. In general, the tunneling
systems with large asymmetry energy contribute only little to the echo amplitude
even at low temperatures and small pule separation times. This is caused by the
(AO/E)4 dependence of the echo amplitude. With increasing pulse separation time
the asymmetric tunneling systems (large ¢ values) decay due to spectral diffusion.
Thus their contribution to the echo amplitude reduces very fast. In figure 6.15 this
can be seen by the shift of the curves towards small ¢ values. The influence of the
one-phonon process is visible by a reduction of the y-axis intercept with increasing
pulse separation time. In figure A.7 the same plot is shown in a semi-logarithmic
representation, pronouncing the influence of the relaxation processes even more. The
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3The influence of a possible nuclear quadrupole moments bases relaxation is only weakly pro-
nounced in N-BK7 (compare section 6.4.2) and thus neglected in this discussion.
4For the following discussion a rough estimation of the relaxation time is sufficient.
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Figure 6.16: 4o/E as a function of
the asymmetry parameter ¢ = 4/E. It
holds 40/E = /1 —¢?. The arrows at
the z-axis indicate the mean ¢ values
weighted with the relative contribution to
the echo for the ensembles according to
figure 6.15.
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small arrows at the z-axis in figure 6.15 indicate the mean ¢ values weighted by the
relative contribution to the echo of the ensembles of tunneling systems at the different
pulse separation times. Due to the cutting-off of the asymmetric tunneling systems
by spectral diffusion, the average ¢ value shifts towards smaller q. A small averaged
q value corresponds to an ensemble with proportionally more symmetric tunneling
systems. As mentioned above, the point from which the small angle approximation is
valid depends on (2gt;. In the measurements shown in figure 6.14 only the ensemble’s
mean value of 4o/E (which is part of (2r) changes. Therefore this is the relevant
parameter for the onset of the small angle approximation. In figure 6.16, 4o/E is
plotted in dependence of the asymmetry parameter g. It holds 40/E = /1 — ¢2. The
arrows on the z-axis indicate the mean ¢ value weighted by the relative contribution
to the echo for the different ensembles of tunneling systems, see figure 6.15. In this
plot it can be seen that the value of 4o/E changes only a little although the g value
changes in total from about 0.35 to 0.0075. In numbers, the value of 4o/E changes
from its smallest value 0.937 to about 1. Translated into the electric field strength
dependence, this means that for the ensemble of tunneling systems probed at a pulse
separation time of 100 ps the onset of the small angle approximation is at an electric
field strength that is 93.7 % of the one at 2ps.

This rough estimation shows, that this small change in the onset of the validity of
the small angle approximation cannot be resolved with the data shown in figure
6.14. Even higher temperatures do not change the composition of the ensemble of
tunneling systems in a way that it can be observed. Furthermore, the change in
the onset is challenging to resolve with the current electronic setup. The adjustable
attenuator which controls the electric field strength of the excitation pulses can
be varied minimally in steps of 1dB corresponding to changes in the electric field
strength of about 12%. Thus, to study the onset of the validity of the small angle
approximation, a more precise control of the electric field strength is required. The
rough electric field strength steps in the current electronic setup can also not be
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compensated by very small pulse separation times. Since the echo is proportional to
(AO/E)47 even very small pulse separation times and low temperatures do not shift
the ensembles weighted mean value of ¢ significantly more to larger values than the
10mK and 2ps curve. If a precise control of the electric field strength is possible,
the measurement of the electric field dependence at different pulse separation times
enables a study of the change of the ensemble of tunneling systems contributing to
the echo. This in turn enables conclusions about the relaxation processes present in
the respective sample.

If the electric field dependence is measured on the same sample with different pulse
durations ¢, the onset of the small angle approximation shifts due to its (2gt; de-
pendence to smaller field strengths with increasing pulse duration. This behavior
was observed in [Sch16a| in measurements on N-BK7.

The change in the shape of the echo with increasing field strength (reduced at-
tenuation) is depicted in figure 6.17. The echo signal has the same width for all
measurements and only the size of the echo depends on the field strength. The
right flank may exhibit a small additional broadening for very large echoes which is
amongst others caused by the ring-down of the resonator. The echoes have the same
width because the pulse duration stayed constant and thus the frequency spectrum
of the excitation pulses. Only the Rabi frequency, which depends on the applied
field strength, was varied during the measurement. In the measurements with high
attenuation (small field strength) the echo seems more narrow. This observation
is caused by the disappearing of the echo’s flanks in the noise. If a small echo is
scaled to the size of a large one, their widths are the same. In the Bloch sphere pic-
ture, the increase of the echo amplitude with reduced attenuation can be understood
qualitatively. In the measurements shown in figure 6.17, the pulse duration ¢; and
thus the time during which the pseudo spin vectors are rotated around the z-axis
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stays constant. The reduced attenuation and thereby increased electric field strength
causes an increase of the Rabi frequency and thus an increase of the rotation speed
(degree/time) around the z-axis. Consequently, the expectation value in y-direction
is larger after the same pulse duration and therefore the polarization. If the field
strength is too large, the tunneling systems get ’overexcited’ and the shape of the
echo is distorted. This is visible in the measurement with an attenuation of 8 dB.

6.3 Reproducibility of the measurements

The data shown in this thesis was collected over several years. Thereby most sample
were measured in various measurement cycles. The results obtained in the different
cycles agree well. However, for most samples these measurement cycles were done one
after the other such that the resonator was neither dismounted nor disassembled. For
some samples the different measurement cycles were performed within several years.
These data sets are suitable to verify the reproducibility of the measurements. In
addition, these data sets can be used to check whether modifications in the electronic
setup influence the decay behavior of the echo. During the time of this thesis the low
temperature amplifier was removed and reinstalled (2017) and the cables between
the last heat sink and the resonator were exchanged to superconducting niobium-
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Figure 6.18: Measurement of the echo am-
plitude in dependence of the pulse separa-
tion time for the samples HY-1 (15 mK) and
N-KZFS11 (2016: 10.1mK, 2019: 10mK)
performed within an interval of several
years. The respective data sets are scaled
to each other. Within the measurement ac-
curacy the decay behavior agrees well. The
data from HY-1 2014 is taken from [Woll4].

Figure 6.19: Measurement of the echo am-
plitude in dependence of the pulse separa-
tion time for N-BK7 at a temperature of
10 mK within an interval of several years.
The different decays are scaled to each
other. Within the measurement accutacy
the decay curves align very well.
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titanium semi-rigid coaxial cables (2016).

In figure 6.18 measurements on HY-1 and N-KZFS11 are shown. Between these
measurements the sample was removed from the resonator, stored under normal
ambient conditions and reinstalled into the resonator. In case of HY-1, the sample
used in 2014 was not the same piece as the one used in 2016. Since the absolute
value of the echo amplitude was not always the same (for example because a different
attenuation was used for each of the measurements), the different data sets are scaled
to each other. In the plot it can be seen that the decay behavior measured at the
different times is equal. Thus it can be assumed that the overall electronic setup as
well as the temperature control of the cryostat showed no large variation over these
years and that the modifications of the cables do not influence the decay behavior.
Figure 6.19 shows different measurements performed on N-BK7 over several years.
The different data sets are scaled to each other as well. The good overlap of the data
confirms that the modifications of the electronic setup do not influence the decay
behavior of the samples measured in the reentrant cavity resonator.

6.4 Decay behavior

In the following section the decay behavior of the samples measured in the framework
of this thesis is discussed in terms of an additional relaxation mechanism based on
nuclear moments and compared to previously obtained data. Thereby the decay
behavior is analyzed qualitatively and general properties of the relaxation based on
nuclear quadrupole moments are deduced. Afterwards the decay curves of selected
samples are compared to the existing theory. Before discussing the decay behavior,
the size of the echo amplitude of the different samples is compared.

6.4.1 Size of the echo amplitude

All measurements within this thesis were performed in the regime where the small
angle approximation is valid. To have still a large echo signal the field strength was
chosen as large as possible within the linear regime, see figure 6.13. The echo signals
of the samples measured in the framework of this thesis are shown in figure 6.20. All
measurements were performed with a pulse separation time of 2 us and a pulse dura-
tion of t; = 230 ns (equal to the decay measurements). Although the temperature at
the different measurements was similar (10 mK) the size of the different echo signals
varies clearly. The signal of N-BK7 is scaled with a factor of 0.4 to fit into the plot.
The signal of As,S3 is scaled by a factor of 2, such that the echo signal is visible
at all in this figure. Several reasons are possible for the varying echo signal sizes.
Since all measurements were performed at 10 mK (except for Br-DGEBA which was
measured at 7.5 mK) the thermal occupation factor can be neglected and the echo
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0.08
—— N-BK7-0.4
—— N-KZFS11
0.06 - B
—— Br-DGEBA
%0_04 L — FRoop A Figure 6.20: Echo signals measured at
5 —— As,S; - 2 712 = 2ps and ¢ = 230ns. The electric
« field strength was chosen such that the
0.02 small angle approximation was just ful-
filled. The data of N-BK7 is scaled by
‘ a factor of 0.4 and the one of AsySs by
0.00 paiiwipfec '“ . IR 2. The temperature was 7.5 mK for Br-
35 40 45 50 55 6.0 6.5 7.0 DGEBA and 10 mK for all other samples.
Time [us]

amplitude at the pulse separation time 75 is given by

. B,

A(7'12) X / V1—¢? SIH(QRt1)3 . _0q2 Wiphonon Wspecnift Wngrdg. (65)
AEcho,tss (e‘qtlation 3.49) S=—~—

' P(E,q)

The electric field strength for every sample was chosen such that the small angle
approximation was just fulfilled. Consequently, the argument ({2rt¢;) of the sine
function in equation 6.5 is similar for the different samples. Therefore only the den-
sity of states P, of the tunneling systems carrying permanent electric dipole moments
in the different samples and relaxation processes remain as possible reasons for the
different echo sizes. Considering N-BK7, N-KZFS11 and HY-1, these samples are all
multicomponent glasses which have a similar basic composition such that the glass
matrix is most likely build by the same atoms (compare section 5.4). Therefore it
is expected that the coupling of the tunneling systems to the phonons and thereby
the strength of the one-phonon relaxation, spectral diffusion and possible collective
excitations is similar in these samples. However, N-KZFS11 and HY-1 contain, com-
pared to N-BK7, also a small amount of atoms with a large nuclear quadrupole
moment that have, as far as it is known, also a large nuclear quadrupole coupling
constant. This may cause an additional fast relaxation (compare section 4.5.3) and
thus a small echo amplitude already at a pulse separation time of 2ps. The other
samples showing small echo amplitudes contain atoms with comparatively large nu-
clear quadrupole coupling constants, too.

However, the measurement of the absolute echo size does not allow to distinguish be-
tween a small density of states and a fast relaxation process. For this differentiation
the decay behavior of the echo amplitude of the different samples needs to be studied,
which is presented in the next section. The performed measurements show that the
glasses containing atoms with large nuclear quadrupole coupling indeed show a fast
decay of the echo amplitude at small pulse separation times.
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6.4.2 Decay of the echo amplitude - qualitative discussion

The previous section states that the echo amplitude of the samples containing atoms
with large nuclear quadrupole coupling constants is small compared to N-BK7, which
contains only atoms with a comparatively small nuclear quadrupole coupling. To
study whether nuclear moments influence the relaxation of tunneling systems, de-
cay measurements were performed. In figure 6.21 the decay of the echo amplitudes
measured on the multicomponent glasses N-BK7, N-KZFS11 and HY-1 are shown
semi-logarithmically. The temperature was 10 mK for N-BK7 and HY-1 and 10.1 mK
for N-KZFS11. Since the relaxation processes in amorphous samples are temperature
dependent, the following discussion considers only the case of about 10 mK. Given
that the absolute values of the echo amplitude are sample dependent (compare sec-
tion 6.4.1), the curves are aligned at a pulse separation time of 1.5ps for better
comparison®. This was the shortest measurable pulse separation time for all sam-
ples. In figure 6.21 it can be seen that the echo amplitudes of N-KZFS11 and HY-1
decay in the investigated time window very fast at short pulse separation times and
cross over to a linear behavior between about 5 to 10ns. The linear decay character-
istic in this semi-logarithmic plot corresponds to an exponential decay of the echo
amplitude. The characteristic of the fast decay at short pulse separation times seems
to be linear as well, but this cannot be clearly verified in this narrow time window.
In contrast to N-KZFS11 and HY-1, N-BK7 shows a linear behavior already at short
pulse separation times. The cross over in the decay curves of N-KZFS11 and HY-1
at about 5ps to 10 s indicates a change in the dominant relaxation mechanism. At
this point most of the tunneling systems sensitive to the process leading to the fast
decay of the echo amplitude at short pulse separation times already decayed and
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another relaxation mechanism dominates which relaxes the remaining tunneling sys-
tems. The decay of the echo amplitude and thus the relaxation rate of the tunneling
systems of N-KZFS11 in the time window above about 10 ps is similar to N-BK7, in-
dicating that at this time probably the same relaxation mechanism dominates. The
relaxation rate of the tunneling systems of HY-1 in the same time window is still
larger. The decay of the echo amplitude of N-BK7 at 10 mK and short pulse sepa-
ration times is determined by spectral diffusion and probably collective excitations.
In addition, a relaxation based on nuclear moments is possible [Fic13].

The basic composition of N-BK7 and HY-1 is similar, but the latter contains 0.5 at.%
holmium (HY-1) which has a very large nuclear moment and most likely a large nu-
clear quadrupole coupling constant resulting in large nuclear splitting. The glass
matrix of N-KZFS11 is most likely also similar to the one of N-BK7, but this ma-
terial contains 1.5at.% of tantalum and several other isotopes than N-BK7 which
carry a nuclear quadrupole moment. Tantalum carries a very large nuclear quadru-
pole moment and exhibits most likey a large nuclear quadrupole coupling. Given the
similar basic composition of HY-1 and N-BK7, it is expected that the coupling of the
tunneling systems to the strain field is similar. Therefore the one-phonon process,
spectral diffusion and collective excitations should be similarly pronounced in the
samples N-BK7 and HY-1°. In dielectric measurements on N-KZFS11 and HY-1 an
additional relaxation mechanism was observed which was attributed to the nuclear
quadrupole moments present in these samples [Lucl6| (compare section 4.5.3). Thus
it is reasonable that the fast decay of the echo amplitude of N-KZFS11 and HY-1 at
short pulse separation times is caused by the same relaxation mechanism. Since the
main difference in the composition of N-KZFS11, HY-1 and N-BK7 are the elements
tantalum (N-KZFS11) and holmium (HY-1), which have a large nuclear quadrupole
moment and as far as known a sizable quadrupole coupling constant, it could be
assumed that the fast relaxation is caused by the atoms with a large quadrupole mo-
ment or quadrupole coupling constant. However, further considerations show that it
is neither the absolute value of the quadrupole moment, nor the one of the quadru-
pole coupling constant that is decisive for the strength of the relaxation mechanism.
The most relevant parameter seems to be the variation of the quadrupole coupling
constant during a tunneling motion. In the fast decay, visible on N-KZFS11 and HY-
1 in figure 6.21, the tunneling systems, that are sensitive to the relaxation mechanism
based on nuclear quadrupole moments, decay on short timescale. Therefore, after the
crossover at around 5 ps to 10 s only tunneling systems which contain atoms with a
nuclear quadrupole moment being less sensitive to the quadrupole moment based re-
laxation or such without nuclear moment remain. These tunneling systems are then
relaxed by a less strong relaxation mechanism based on nuclear quadrupole moments
and the other known relaxation mechanisms (spectral diffusion, one-phonon). The

6Spectral diffusion and collective exciatations depend also on the density of tunneling systems
in the material (compare for example the equations given in [Ens96b]). But it is unlikely that the
difference in the density of tunneling systems is large enough to explain the observed deviations in
the decay behavior.
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observed fast decay at small pulse separation times is also in accordance with mea-

surements in [Ler88| on holmium doped aluminosilicate glasses, mentioned in section
4.5.3.

In contrast to figure 4.4, in which the measurement of the echo amplitude in depen-
dence of the pulse separation time of deuterated glycerol is shown, the decays of the
echo amplitudes of the samples shown in figure 6.21 exhibit no quantum beating.
There are various possible causes for the absence of the quantum beating. These are
the spectral width of the excitation pulses, the level schema of the tunneling systems
and the beating frequency. In section 4.3.3 these causes are shortly addressed. In the
following, they are discussed in more detail with a focus on the investigated samples.
All measurements shown in figure 6.21 were performed with a pulse duration of
t; = 230 ns for the 7/2 pulse. According to equation 3.54, this corresponds to a spec-
tral width of only about 0.7 MHz. The spectral width of the 7 pulse with a duration
of 2¢; is even more narrow. Considering the composition of N-BK7, N-KZFS11 and
HY-1 (section 5.4) and the nuclear quadrupole splittings from table A.1, it can be
seen that the smallest quadrupole splittings of the isotopes in these materials are in
the order of 1 MHz. Therefore the spectral width of the excitation pulses is signif-
icantly too small to cause a complete mixing of the nuclear states of the tunneling
systems during the echo sequence. Thus, in dependence of the actual level schema
of the tunneling systems no or only a modified quantum beating compared to the
case of complete level mixing can arise.

The level schema of the tunneling systems present in these multicomponent glasses is
not known since the nature of the tunneling systems and thus the number of atoms
containing a nuclear quadrupole moment per tunneling systems is unknown. In ad-
dition, possible asymmetry factors n of the quadrupole coupling which would lead
to even more nuclear levels are unknown as well. Together with the broadening of
the quadrupole splittings due to the amorphous structure of the samples it is con-
ceivable that every tunneling system has a different level schema. The excitation
pulses, which have only a small spectral width, are potentially able to mix parts of
the nuclear levels of the tunneling systems such that a modified quantum beating
can arise. However, due to the different quantum beatings of the tunneling systems,
caused by the different level schemata, there is destructive interference already at
smallest pulse separation times. Thus no macroscopic quantum beating is visible.
Even if the spectral width of the excitation pulses would be sufficient for a complete
mixing of the nuclear states most likely no quantum beating would be observable. In
this case the overall echo amplitude is reduced as long as the asymmetric tunneling
systems are not completely decayed (compare figure 4.20).

The frequency or frequencies of the quantum beating(s) are given by the splittings
of the nuclear states of the tunneling system. Due to the large quadrupole splittings
present in N-BK7, N-KZFS11 and HY-1 the beating frequencies are potentially also
high. Even supposing similar level schemata of the tunneling systems in these ma-
terials and that they exhibit only a broadening due to the amorphous structure, the
arising modified quantum beating is most likely not observable at pulse separation
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times larger 1.5ps. The high beating frequency would together with the broaden-
ing due to the amorphous structure lead to a smearing of the macroscopic quantum
beating already at short pulse separation times, such that after some oscillations
only an overall reduced echo amplitude remains. The same also happens if the spec-
tral width of the excitation pulses would be sufficient for a complete mixing of the
nuclear states. This case is illustrated in figure 6.22, where the quantum beating of
an ensemble of tunneling systems, in which each contains only one atom with a spin
I =3/2 and n = 0, is simulated (see section 4.4). The distribution of tunneling sys-
tems is similar in all plots, only the quadrupole splitting is varied from 100 kHz in the
left plot, to 1 MHz in the center and 10 MHz in the right one. The used broadening of
the quadrupole splitting is 10 %. The size of the broadening is motivated by nuclear
quadrupole resonance measurements on amorphous materials, e.g. [Rub74]. Since
every tunneling system contains only one atom with a nuclear quadrupole moment,
the level schema is comparatively simple (compare figure 4.8) and every tunneling
system exhibits only one beating frequency. But as can be seen in figure 6.22, the
high beating frequency together with the broadening causes the quantum beating to
disappear already at short pulse separation times. Thus in a multicomponent glass,
in which several different isotopes carrying nuclear quadrupole moments are present
and where the tunneling systems may carry several atoms with nuclear quadrupole
moments, the variety of different beating frequencies cause the macroscopic quantum
beating to disappear already at very short pulse separation times. Furthermore, a
very fast quantum beating in the frequency range of about 1 MHz, if still present
at pulse separation times larger than 1.5 ps, is difficult to detect with the temporal
resolution of the data in figure 6.21.

The absence of any quantum beating in the measured decay curves is most likely
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Figure 6.22: Simulated quantum beating for an ensemble of tunneling system with one
atom carrying a spin of I = 3/2 each. The quadrupole splittings are varied from 100 kHz
in the left plot, 1 MHz in the middle to 10 Mhz in the right one. The broadening of the
quadrupole spitting due to the amorphous structure is set to 10%. All other parame-
ters (E = 1GHz, op = 10Mhz, AP® = 0.15GHz, O = 18°) are kept constant. The
higher beating frequencies lead to a faster disappearing of the observable quantum beating
(compare the z-axes of the different plots).
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caused by a mixture of all these reasons. Due to limits in the experimental setup,
which are discussed in section 7.1, it was not possible to measure reliable data at
pulse separation times much smaller than 1.5 ps to test if a quantum beating is ob-
servable at shorter times. In addition, a lot of the tunneling systems containing
nuclear quadrupole moments, which can contribute to a quantum beating, already
decay at short pulse separation times in N-KZFS11 and HY-1 by the fast relaxation
based on the nuclear quadrupole moments.

Another observation which can be made in figure 6.21 is the missing Gaussian shape
like leveling-off of the echo amplitude towards small pulse separation times, as pre-
dicted by spectral diffusion theory. The numerical calculation of the influence of the
different relaxation processes on the decay behavior of the echo amplitude in figure
4.27 shows that an additional relaxation mechanism, based on nuclear quadrupole
moments, can suppress the Gaussian shape. In N-KZFS11 and HY-1 the strong
relaxation, visible in figure 6.21, may suppress the Gaussian shape very effectively
such that it is only observable at very short pulse separation times. For N-BK7 a
relaxation based on nuclear moments is less pronounced. Thus the Gaussian shape
can be observed at shorter pulse separation times. The case of N-BK7 is discussed
more elaborate in section 7.3.2.

In summary, figure 6.21 shows a fast decay for samples containing atoms with a large
nuclear quadrupole moment and most likey a large quadrupole coupling constant.
In addition, no quantum beating and Gaussian shape like leveling-off of the echo
amplitude is observed.

To verify these observations and the conclusions, like an additional relaxation mech-
anism based on nuclear quadrupole moments, more samples containing atoms with
large nuclear quadrupole coupling constants were investigated. In figure 6.23 the
corresponding decay curves are shown.

All measurements were performed with a pulse duration of t; = 230ns and a field
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strength fulfilling the small angle approximation. The temperature was 7.5 mK for
Br-DGEBA, 10.1 mK for N-KZFS11 and 10 mK for the remaining samples. All de-
cay curves are aligned at a pulse separation time of 1.5pus. The small difference in
the temperature of Br-DGEBA to the other samples should not influence the decay
behavior significantly. But if it has a significant influence it should rather lead to
a less fast decay since the number of phonons is reduced. In the plot it can be
seen that all decay curves show a very fast decay of the echo amplitude compared
to N-BK7 above a pulse separation time of 1.5ps. This behavior is independent of
whether the sample is an inorganic oxide or non-oxide glass (shown with full sym-
bols) or an organic molecular or polymer glass (depicted with open symbols). All
the samples showing the fast decay have in common that they contain at least one
kind of atom with a large nuclear quadrupole coupling constant (compare section
5.4 and table A.1). In contrast to the multicomponent glasses N-KZFS11 and HY-1
the other samples (AsyS3, FR-122P, Br-DGEBA and PVC) contain only one kind of
atom carrying a nuclear quadrupole moment (compare section 5.4). Thus the relax-
ation based on nuclear quadrupole moments can be attributed to one specific kind
of atom. In addition, the properties of the nuclear quadrupole coupling in these ma-
terials are often well known (compare table A.1) which allows a closer examination
of the properties of the relaxation mechanism in the further course of this section.
As already anticipated, the variation of the quadrupole coupling constant seems to
be more important than its absolute value. Thus it is in principle possible that the
fast decay at short times, observable in N-KZFS11 and HY-1, is not caused by the
obvious isotopes tantalum and holmium, but by another isotope with a quadrupole
moment present in these glasses. However, these additional isotopes are to a large
extent also present in N-BK7. In N-BK7 they cause no fast decay of the echo ampli-
tude at short times. Since the basic composition of N-KZFS11, HY-1 and N-BK7 is
similar these atoms are expected to be at similar positions in all three glasses. Thus
the fast decay of the echo amplitude for N-KZFS11 and HY-1 is indeed caused by
tantalum and holmium. Nevertheless, due to missing nuclear quadrupole studies on
these materials, it cannot be completely ruled out that the local environment of the
quadrupole carrying atoms and probably their coupling to the tunneling motion is
different in these glasses.

The absence of the quantum beating and the Gaussian shape like leveling-off at small
pulse separation times for these samples is caused by the same effects as discussed
in the framework of figure 6.21. However, for the organic molecular samples it is
due to the strong intramolecular forces, compared to the intermolecular ones, more
likely that the level schemata of the different tunneling systems look similar. Thus
for the organic molecular samples the absence of the quantum beating is most likely
caused by the broadening of the quadrupole splittings due to the amorphous struc-
ture and the large beating frequencies leading to a fast smearing of the quantum
beating (compare figure 6.22).

The observed fast decay at short pulse separation times of the samples with a large
quadrupole coupling in figure 6.23 explains to a large extent the small echo ampli-
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tudes, shown in figure 6.20. Besides a fast decay of the echo amplitude, a small
density of states Fy reduces the observed echo signal. For As,Ss3 this is suggested by
dielectric measurements [Miin19|. The fast decay together with a small density of
states can explain the very tiny echo of this sample in figure 6.20. The fast relaxation
of the glasses containing atoms with large nuclear quadrupole coupling is also the
reason why it was not possible to investigate the decay behavior of these samples at
pulse separation times larger than about 30 ps. For the samples with very small echo
amplitudes, like AsyS3 and FR-122P, a measurement was only possible up to about
10 ps.

Based on the decay behavior at pulse separation times larger than 1.5 pis, only basic
properties of the nuclear quadrupole based relaxation can be extracted. Definite
conclusions on the actual strength of the relaxation process and a correlation to
the properties of the contained nuclear moments in the samples are not possible,
since the amount of tunneling systems that already decayed until 75 = 1.5us is
unknown. Thus, indications for potential correlations between the nuclear properties
and the relaxation rate need to be crosschecked with data at smaller pulse separation
times. With the measurement setup used for the measurements in figure 6.23 it is
not possible to measure reliable data below a pulse separation time of about 1.5ps
(compare section 7.1). The issue of the missing data at very small pulse separation
times is illustrated in figure 6.24 by four numerically calculated decay curves. In the
left plot four complete curves are shown, starting at a pulse separation time of 0ys.
In the right plot the same decay curves are shown, but without the data at pulse
separation times smaller than 1.5 s to imitate an actual measurement. The curves
are aligned at a pulse separation time of 1.5ps to compare their decay behavior.
Without the data at pulse separation times smaller than 1.5 ps, the ’fast decay’ (red)
and the ’intermediate decay 1’ (green) show a similar decay behavior, because they
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Figure 6.24: Left: Numerical calculation of four arbitrary decay curves. Right: The
decay curves of the left plot are aligned at a pulse separation time of 1.5 ps.
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have a similar relaxation rate in this time window. However, up to a pulse separation
time of 1.5 ps, the tunneling systems in the ’fast decay’ case relax significantly faster
(see figure 6.24 left). This comparison underlines, that with data at pulse separation
times larger than 1.5ps only conclusions on the relaxation mechanism in this time
regime can be drawn. Whether they are also true for smaller pulse separation times
needs to be verified by additional measurements.

Transferring the problem to the decay curves shown in figure 6.23, the only definite
conclusion is that the echo amplitudes of all samples containing atoms with a large
nuclear quadrupole coupling constant decay, at pulse separation times larger than
1.5 ps, fast compared to N-BK7. In the group of the samples showing a fast relax-
ation at short time, the crossover from the fast decay to the linear regime and the
slope of the decay curve at short times could indicate the strength of the relaxation
based on nuclear quadrupole moments. Considering this case, a crossover at smaller
pulse separation times corresponds to a stronger nuclear quadrupole moment based
relaxation mechanism since the tunneling systems sensitive to this relaxation process
decay faster and other relaxation mechanism dominate earlier. In addition, a steep
slope indicates a high relaxation rate of the tunneling systems and thus probably a
large influence of the nuclear quadrupole moments. If this relation is correct, the
decay curves of N-KZFS11, HY-1 and PVC show the strongest relaxation. How-
ever, it is also thinkable, even if it is very unlikely, that the relaxation in As,Ss is
such strong that the crossover region is already at pulse separation times smaller
than 1.5us and the decay curve only seems to be not so influenced by the nuclear
quadrupole moments in the sample. After all, As,S3 contains 40 at.% arsenic with a
comparatively large quadrupole coupling constant resulting in a nuclear splitting of
about 70 MHz. In addition, the stoichiometry of AssS3 causes that every tunneling
system either contains a nuclear quadrupole moment or is connected to one which
could potentially cause a very fast decay. Nevertheless, it is unlikely that As,Ss
exhibits a very fast decay and a strong leveling-off of its echo amplitude, all below a
pulse separation time of 1.5 ps.

Considering the knowledge about the relaxation of nuclear moments in amorphous
solids (section 4.5.2, in particular equation 4.31 and 4.32), the relaxation rate of the
nuclear quadrupole moment depends not on the absolute value of the quadrupole
coupling constant, but on its variation. In the calculation of the nuclear quadrupole
moment relaxation rate, the variation of the quadrupole coupling constant enters
quadratically and is given by the quadrupole moment and the variation of the elec-
tric field gradient, caused by the tunneling motion. If the same relation holds for
a relaxation of the tunneling systems due to interactions with nuclear quadrupole
moments, the variation of the electric field gradient is, besides the magnitude of the
quadrupole moment, a very important parameter. This may also explain to some
extent why the relaxation of HY-1 and N-KZFS11 is so strong. The quadrupole
moment of holmium and tantalum is about one order of magnitude larger than the
one of all other atoms contained in the other samples shown in figure 6.23. Thus



6.4. Decay behavior 153

Estimation of electric field gradient

As;S;  FR-122P  Br-DGEBA PVC
Electric field gradient VF [auw] 366 1750 - 2000 1750 - 2000 795

Table 6.1: Estimation of the electric field gradient seen by the nuclear quadrupole moments

present in the respective samples. For the calculation VF Ca/Q was used (compare
equation 4.6). The values for the coupling constants and the quadrupole moments are
taken from table A.1.

the variation in the electric field gradient caused by the tunneling motion can be
about one order of magnitude smaller to cause a similar relaxation strength. If these
assumptions are correct and the relaxation in PVC is indeed stronger than the one in
As,S3, the electric field gradient variations present in PVC have to be significantly
larger than those in AsySs, since the quadrupole moment of chlorine is distinctly
smaller than the one of arsenic. An estimation of the electric field gradient, seen
by the different nuclei of the organic samples, is given in table 6.1. The values
are obtained using equation equation 4.6 and the quadrupole coupling constants and
quadrupole moments from table A.1. For the multicomponent glasses this estimation
is not possible, since there are no measurements of the quadrupole coupling constants
in these materials available. The table shows, that the electric field gradient expe-
rienced by the chlorine atoms is about twice as large as the one experienced by the
arsenic atoms. Thus, it is possible that there is also a large variation of the electric
field gradient by a tunneling motion which overcompensates the small quadrupole
moment. If the nuclear splitting of the bromine in Br-DGEBA and FR-122P is as
expected in the range of 250 MHz (there is no exact value for these materials) this
would imply that the electric field gradient experienced by the bromine atoms in
these materials is even larger than the one seen by chlorine in PVC. If the strength
of the nuclear relaxation in Br-DGEBA and FR-122P is indeed between the one in
PVC and AsyS3, as it seems to be in figure 6.23, this would mean that the electric
field variation by the tunneling motion is comparatively small although the absolute
electric field gradient is very large.

It should be mentioned again, that the above discussion on figure 6.23 is based
on the decay at 10 mK and at pulse separation times larger than 1.5ps. To verify
and check the actual strength of the nuclear moments based relaxation mechanism,
measurements below a pulse separation time of 1.5 s are necessary.

A comparison of the decay behavior with further data, published in previous theses
and different papers, is shown in figure 6.25. Since here also decay curves of samples
containing atoms with a comparatively small nuclear quadrupole coupling constant
are shown, the assumption of the variation of the nuclear quadrupole coupling con-
stant as the relevant parameter for the nuclear quadrupole moment based relaxation
can be tested.

The decay curves were measured at temperatures between 7.5 mK and 15 mK. The
exact temperatures are given in the caption of the plot. The small temperature
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Figure 6.25: Fcho amplitude as a function of the pulse separation time for various sam-
ples. The curves were measured at temperatures between 7.5 mK and 15mK. For better
comparison they are aligned at a pulse separation time of 2us. The data of Suprasil T is
taken from [Ens96b|, Albasi from [Lud02], glycerol-d0 and m-fluoroaniline from [Bra04al
and B2O3 from [Lud00].

differences should not influence the decay behavior significantly. Since the smallest
pulse separation time measured for all samples is 2 s, the decay curves are aligned
at this pulse separation time. At pulse separation time larger 2 ps the decay behavior
and thus the relaxation rates of the tunneling systems of the different samples cluster
roughly in three groups.

The sample showing the smallest relaxation rate is Suprasil I. This sample also shows
a very broad Gaussian shape like leveling-off of the echo amplitude at short pulse
separation times. Suprasil I is, except for very rare isotopes, completely free of
quadrupole moments (compare section 5.4) and consequently no influence of a nu-
clear quadrupole moment based relaxation is expected.

The second group contains the decay curves of N-BK7, Albasi and glycerol-d0. The
first two mentioned contain atoms which have as far as known only a comparatively
small nuclear quadrupole coupling constant. Glycerol-dO contains apart from traces
of rarely occurring isotopes, no atoms which carry nuclear quadrupole moments. In
this plot the decay curve of glycerol-d0 (ordinary glycerol) is shown instead of deuter-
ated glycerol, since the quantum beating of the deuterated samples makes the plot
confusing. Furthermore, it was shown in [Bra04a, Baz08| that the overall decay be-
havior is similar for deuterated and ordinary glycerol. Thus the quadrupole moment
of the deuteron atoms in deuterated glycerol do not influence the decay behavior
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strongly in the investigated time window and at the investigated temperatures. The
estimated electric field gradient seen by the deuteron atoms in deuterated glycerol is
given in table 6.2. Compared to the electric field gradients of the samples showing
a fast decay in figure 6.23 the absolute value is small. Since the strength of the
nuclear quadrupole moment based relaxation of the tunneling systems is expected
to be proportional to the quadrupole moment and the variation of the electric field
gradient (compare equation 4.32) it is reasonable that the deuterons have only mi-
nor influence. The quadrupole moment of deuteron is very tiny such that a very
large variation of the electric field gradient would be necessary to cause a strong
contribution. This large variation is with this small absolute value of the electric
field gradient probably not possible. For N-BK7 and Albasi no nuclear quadrupole
data is available. Compared to N-BK7 and Albasi, the decay curve of glycerol-d0 is
influenced by a quantum beating with a very small frequency, caused by the dipole
effect (compare |[Baz08]). Thus the decay curve looks a bit steeper. In N-BK7 and
Albasi the quantum beating is smeared such that the overall echo amplitude is re-
duced. Considering the decay behavior, N-BK7 and Albasi show a faster decay than
Suprasil I with a linear behavior. Glycerol-d0 shows a similar fast decay with a linear
behavior, too. At very short pulse separation times a Gaussian shape like leveling-off
of the echo amplitude can be guessed for glycerol-d0, but not for N-BK7 and Albasi.
Whether the faster decay of the echo amplitude of N-BK7 and Albasi, compared to
Suprasil I, is indeed caused by a comparatively weak influence of a nuclear quadru-
pole moment based relaxation or only by a different coupling to phonons cannot be
determined from figure 6.25. The absence of the Gaussian shape like leveling-off of
the echo amplitude towards small pulse separation times points towards an addi-
tional relaxation mechanism besides one-phonon relaxation and spectral diffusion.
Later, it is shown that there is also substantive evidence for an additional relaxation
process being dominant at low temperatures in these samples.

The third group consists of the samples AsyS3;, FR-122P, Br-DGEBA, PVC, N-
KZFS11, HY-1, m-fluoroaniline and ByO3 and shows a very fast decay of the echo
amplitude at short pulse separation times. All samples, except for m-fluoroaniline
and B,Oj3, contain atoms with a comparatively large nuclear quadrupole coupling
constant and were already discussed in the framework of figure 6.23. The nitrogen
atoms in m-fluoroaniline have, as far as known, only a small quadrupole coupling
constant. Since their quadrupole moment is very small, too, the electric field gradi-
ent experienced by the nitrogen atoms is comparatively large but still significantly
smaller than the one experienced by the chlorine atoms in PVC or the bromine
atoms in Br-DGEBA or FR-122P (compare table 6.2). Compared to deuteron, the
quadrupole moment of the nitrogen atoms is about one order of magnitude larger.
Thus a variation of the electric field gradient of the same size in deuterated glycerol
and m-fluoroaniline causes an about 100 times’ stronger contribution to the relax-
ation. In addition, the electric field gradient experienced by the nitrogen atoms in
m-fluoroaniline is about 2.5 times stronger than the one seen by the deuterium atoms

"It is assumed, that equation 4.32 holds also for the case of tunneling systems
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Estimation of electric field gradient - continuation of table 6.1

m-fluoroaniline ByO3  Glycerol-db
Electric field gradient VF [a.u.] 190 65 73

Table 6.2: Estimation of the electric field gradient seen by the nuclear quadrupole moments

present in the respective samples. For the calculation VF Ca/Q was used (compare
equation 4.6). The values for the coupling constants and the quadrupole moments are
taken from table A.1.

in glycerol. In principle, it is also easier to create a larger variation of the electric
field gradient if its absolute value is large as well. However, comparing the decay rate
of the tunneling systems in m-fluoroaniline with the one of the tunneling systems in
As,S3, it can be seen that neither the size of the quadrupole moment (the one of
arsenic is more than one order of magnitude larger than the one of nitrogen) nor a
high absolute value of the electric field gradient is a guarantee for a strong contribu-
tion of the quadrupole moment based relaxation. Hence, the variation of the electric
field gradient by the tunneling motion seems to be the most relevant parameter. The
kink in the data of m-fluoroaniline below a pulse separation time of 2ps is caused
by a quantum beating in this material at pulse separation times smaller than 2ps
|Bra04a).

The sample B,O3 contains 40 at.% of boron, which carries a comparatively small
quadrupole moment. Since the boron atoms in BoO3 have only a small quadrupole
coupling constant, the electric field gradient experienced by them is even smaller than
the one seen by the nitrogen atoms in m-fluoroaniline (compare table 6.2). However,
the modulation of the electric field gradient in BoOj seems to be large enough to
cause a fast relaxation of the tunneling systems. This observation is in accordance
with NMR measurements of 1'B in glassy B,Os3, discussed in the framework of figure
4.24, where a reduced relaxation time was observed, too. The value for the relaxation
time at a temperature of about 1K, measured in this investigation, is in the range
of several minutes and thus much larger than the relaxation time observed in figure
6.25 for the tunneling systems in BoOg3. As discussed in the framework of figure 4.23,
the relaxation time measured in NMR experiments is determined by all boron nuclei
in the respective solid. Since not every boron atom is part of a tunneling system
the relaxation time of those which are actually part of a tunneling system could be
significant lower. In addition, due to the stoichiometry of BoO3 every tunneling sys-
tem in this material either contains at least one boron atom or is connected to one.
Therefore it is possible that the averaged modulation of the quadrupole coupling by
the tunneling motions of the tunneling systems and thus the relaxation time of the
ensemble of tunneling systems is significantly smaller than the one measured for the
boron atoms in NMR.

In [Lud00| the fast decay of the echo amplitude of BoOj3 compared to Suprasil 1
is described by an enhanced coupling to thermal phonons, which leads to shorter
relaxation times 7} and T,. Of course, an enhanced coupling to the phonon bath
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is, for all samples showing a fast decay on short pulse separation times, a possible
explanation. However, the comparison of the different samples in figure 6.25 and the
observation of a nuclear quadrupole moment based relaxation in [Lucl6] also point
towards a significant contribution of a nuclear quadrupole moment based relaxation
in BoOs.

It is noteworthy that BsOs shows a rapid relaxation, whereas N-BK7, which also
contains about 4 at.% boron, does not show any major influence in the relaxation
behavior. The quadrupole coupling constant of boron in N-BK7 is not known exactly,
but should be similar to BoO3 or Pyrex (compare table A.1). Since the structure
of the multicomponent glass N-BK7 and of pure B,Oj is different, the boron atoms
in BoOg3 could experience a larger change in their electric field gradient by a tunnel-
ing motion compared to N-BK7. Besides the variation of the electric field gradient,
the absolute fraction of boron in the composition of the sample could be a relevant
parameter. But if the fast decay of N-KZFS11 and HY-1 is indeed mainly caused
by the 1.5at.% tantalum (N-KZFS11) and 0.5 at.% holmium (HY-1), the absolute
fraction seems to be less important. The remaining possibility is thus the variation of
the electric field gradient, which is directly connected to the nature of the tunneling
systems in the respective materials.

Based on the observations in figure 6.25 at pulse separation times larger than 2ps
and at a temperature of about 10 mK, the relaxation mechanism based on the atoms
carrying nuclear quadrupole moments is:

e Independent of the nuclear spin I of the atom (e.g. I = 7/2 for holmium and
tantalum; I = 3/2 for chlorine, bromine, boron; I = 1 nitorgen).

e Independent of whether the sample is a pure material, a multicomponent glass,
a molecular glass or a polymer glass.

e Independent of the size of the quadrupole coupling constant. Although most
samples showing a fast decay have a comparatively large coupling constant,
B>0O3 and m-fluoroaniline show that this is not mandatory.

e Depending on the nature of the tunneling systems in the respective samples.
This includes the different atoms which are actually part of a tunneling system
and the variation of their quadrupole coupling constant, or rather of the electric
field gradient, during the tunneling motion.

The discussion so far showed, that the relaxation based on nuclear quadrupole mo-
ments is neither depending on the size of the quadrupole coupling constant of the
atoms nor on their fraction in the sample. The implementation of the respective
atoms in the sample is more important. To validate this assumption, figure 6.26
shows the isotopes carrying nuclear quadrupole moments and their fraction in the
composition of the samples depicted in figure 6.25. The isotopes contained in N-
BKT7 and Albasi are highlighted in gray for better discrimination since those isotopes
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Figure 6.26: Fraction of the isotopes carrying a nuclear quadrupole moment of the samples
shown in figure 6.25. The fraction was calculated by the composition of the sample (compare
section 5.4) and the natural abundances of the respective isotopes (compare table A.1). The
data points belonging to N-BK7 and Albasi are highlighted in gray since they do not show
strong contribution to the relaxation processes of the tunneling systems in these materials
at a temperature of 10 mK.

showed no or just little influence on the relaxation of the tunneling systems in these
samples at a temperature of 10 mK. Tt is interesting that N-BK7 shows no large influ-
ence although it contains beside the boron atoms also a sizable amount of 2Na and
39K. Albasi, where also no large influence is observed, contains comparatively large
amounts of 13%/137Ba and 2"Al. The fraction of these atoms in N-BK7 and Albasi
is comparable to the fraction of quadrupole carrying atoms in the other samples,
which show a fast decay on short pulse separation times. Considering section 2.2.1,
sodium, potassium and barium act as a network modifier in the multicomponent
glasses. Thus the Na™, K* and Ba?" ions ly more or less loosely in the holes of
the glass network and it is thinkable that they experience only a small or no elec-
tric field gradient and hence no or only a small change during a tunneling motion.
Aluminum is an intermediate oxide. Since there are several ions with a valence of
one in Albasi, it is possible, that aluminum acts as a network former. Therefore
it should experience a large electric field gradient, but the nature of the tunneling
systems in Albasi is probably such that the modulation of the quadrupole coupling
constant of aluminum is small and no large contribution to the relaxation of the
tunneling systems arises. In all non-multicomponent glasses the atoms carrying nu-
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clear quadrupole moments are bound covalently and thus experience a large electric
field gradient and possibly also a large variation. The tantalum atoms in N-KZFS11,
which are supposed to be the main reason for the fast decay of the echo amplitude
at short pulse separation times, are most likely part of the glass matrix and bound
covalently such that they experience a large electric field gradient (compare section
5.4). The holmium atoms in HY-1 act most likely as a network modifier (compare
section 5.4). Since the remaining composition of HY-1 is similar to N-BK7, the fast
decay of the echo amplitude at short pulse separation times in HY-1 is attributed to
the holmium atoms. The electric field gradient experienced by the holmium atoms
in the holes of the glass network is unknown. It is possible that the electric field
gradient is not very large, as mentioned in above discussion for the Nat, K™ and
Ba?* ions in N-BK7 and Albasi, but this information is not accessible without NQR
studies on the glass HY-1. If the electric field gradient, experienced by the holmium
atoms, is indeed very small, the quadrupole coupling constant cannot be large, as it
was assumed so far. However, due to the large quadrupole moment of holmium com-
pared to sodium, potassium or barium a small change of the electric field gradient
could be sufficient for a fast decay of the echo amplitude at short pulse separation
times.

This consideration confirms that the implementation of the quadrupole carrying atom
in the respective solid and the nature of the tunneling systems is relevant for the
contribution of these atoms to the nuclear quadrupole moment based relaxation of
tunneling systems. In addition, in multicomponent glasses the atoms acting as net-
work modifiers usually contribute less to the relaxation based on nuclear quadrupole
moments. A possible so far not clarified exception could be holmium.

Finally, figure 6.26 also underlines the difficulty to attribute a fast relaxation, ob-
served in the decay of the echo amplitude of a multicomponent glass, to a specific kind
of atom in this material. Pure materials like AsyS3 or BoO3 and organic compounds
which contain only one kind of atom carrying a nuclear quadrupole moment are
more suited for these investigations. Since the contribution of a nuclear quadrupole
moment to the relaxation of the tunneling systems seems to be strongly dependent
on the nature of the tunneling systems, the fast decay observed in N-KZFS11 and
HY-1 could also be the result of the plurality of isotopes carrying nuclear quadrupole
moments in these materials.

Until now only the contribution of a relaxation mechanism based on the nuclear
quadrupole moments of the atoms contained in the different samples to the decay
of the tunneling systems was considered. In section 4.5.2 it is shown that a fast
relaxation of nuclear moments in an amorphous solid can also be caused by a mag-
netic dipole-dipole interaction. Thereby the tunneling motion of an atom with a
magnetic moment causes a varying magnetic field at a nearby nucleus which stimu-
lates a relaxation of this nucleus. The magnetic moment of an atom is given by the
nuclear magnetic moment and the magnetic moment of its electron shell. A fully
occupied orbital of an atom has no permanent magnetic moment. Thus the covalent
bound atoms of the organic samples and those building the glass matrix in the inor-
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ganic samples exhibit only a nuclear magnetic moment and no permanent magnetic
moment of the electron shell. Only the network modifier ion Ho3*t, present in the
multicomponent glass HY-1, has a not fully occupied orbital and hence also a per-
manent magnetic moment of the electron shell. From the observation of the dipole
effect in glycerol, it is known that there is a coupling of the nuclear magnetic dipole
moment and the tunneling systems. Hence it is obvious that the magnetic dipole
moment of the atoms in the different samples, shown in figure 6.25, can also cause a
relaxation of the tunneling systems. For atoms which also carry a nuclear quadrupole
moment the nuclear dipole-dipole interaction is usually significantly smaller than the
quadrupole interaction and thus negligible (compare section 4.5.2). However, if the
electron shell has a magnetic moment, it is much larger than the nuclear magnetic
moment, and this assumption may no longer be valid.

In the following the possible influence of the dipole-dipole interaction on the relax-
ation behavior of the samples shown in figure 6.25 is examined. The fraction of the
atoms carrying nuclear magnetic moments of the different samples is summarized in
table 6.3. In addition, the averaged magnetic moment, weighted by the fraction of
the respective isotopes, and the most abundant isotopes are given for every sample.
It is apparent that Suprasil I contains only a very small percentage of atoms which
carry a nuclear magnetic moment, leading to a comparatively large distance between
these atoms in the sample. The dipole-dipole interaction reduces strongly with the
distance between the magnetic moments (compare equation 4.33). Therefore no in-
fluence of the magnetic moments in the decay behavior of Suprasil I is expected. This
is in accordance with the small decay rate observable in figure 6.25. Furthermore,
measurements of the 29Si relaxation rate in amorphous (Nay0)g.2(SiO3)0.7 showed no
reduced relaxation rate in the amorphous state (compare figure 4.24).

About a fifth of the atoms in glycerol-d0 carry a nuclear magnetic moment, almost
exclusively hydrogen. In this sample and in deuterated glycerol, a quantum beating
caused by the dipole effect is observed [Baz07, Baz08]. Besides the echo reduction by
the quantum beating, the dipole-dipole interaction could also cause a small additional
relaxation of the tunneling systems. Since the overall decay behavior of deuterated
and ordinary glycerol is similar [Bra04a, Baz08|, the contribution of the dipole mo-
ments to the decay could be similar to the contribution of the deuteron with its
small nuclear quadrupole coupling (compare also the comment regarding hydrogen
and deuteron in section 4.5.2). The other organic samples (FR-122P, m-fluoroaniline,
Br-DGEBA, PVC), AsyS; and ByO3 contain a high percentage of atoms carrying a
nuclear magnetic moment, too. Thus there is most likely a dipole-dipole interaction
similar to glycerol. The influence on the relaxation behavior should therefore be of
the same order of magnitude. In the decay of the echo amplitude of these samples
no quantum beating caused by the dipole-dipole coupling is observed. This quantum
beating is either smeared, as the one caused by the quadrupole interaction, or its
frequency is too small to be observed in the time window of figure 6.25.

The multicomponent glasses N-BK7, Albasi and N-KZFS11 contain atoms which
carry only a nuclear magnetic moment, since the network modifier ions (e.g. Na™,
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Nuclear magnetic moments in the samples

Fraction of atoms carrying Averaged Most
Sample a magnetic moment. magnetic moment abundant
lat. %] 0N isotopes |at.%)|
Suprasil I 1.59 0.577 2Si- 1.6
Glycerol-d0 22.02 2.734 H-21
2Na - 6.8
N-BK7 14.97 1.794 0B -3
MK - 2.9
Albasi 6.64 2.404 2TAL - 3.52
AsySs 40.46 1.43 As - 40
H - 39.8
FR-122P 61.32 2.642 ™Br - 5.5
81Br - 5.4
1H - 43
m-fluoroaniline 57.53 2.462 UN -7
19F -7
10
B,0; 40.02 2.512 11]?3'_382
'H-39.8
Br-DGEBA 51.46 2.642 “Br - 5.7
81Br - 5.6
'H-50
PVC 70 2.21 35C1 - 12.6
31C1 - 4
BNa - 11
N-KZFS11 22 2.3 0.7
UBr-2
BNa - 12
HY-1 15.53 2.159 0B .12
2Gi-1.18

Table 6.3: Table of the fraction of atoms carrying a magnetic moment in the samples
investigated in the framework of figure 6.25. The fraction is calculated based on the com-
position of the sample (section 5.4) and the natural abundances given in table A.2. The

given averaged magnetic moment is weighted by the fraction of the respective isotopes in

the samples and calculated by the values given in table A.2.

KT, Ba®T) in these glasses have fully occupied orbitals. Thus the dipole-dipole inter-
action between these atoms should not influence the decay behavior more than the

dipole-dipole coupling present in glycerol. Since the absolute fraction of the atoms

carrying nuclear magnetic moments is distinctly smaller than in the organic samples,

the impact could be also even less pronounced. In contrast to these multicomponent
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glasses, HY-1 contains 0.5 at.% holmium which is supposedly a network modifier. Tts
ion, Ho*, has due to its not fully occupied 4f orbital a permanent magnetic moment
of the electron shell. The magnetic moment of the electron shell is much larger than
the one from the nucleus®. This large magnetic moment causes large varying mag-
netic fields at other nearby nuclear spins and may induce relaxation processes. If the
relaxed nuclear moments are part of tunneling systems, the relaxation behavior of
the tunneling systems is influenced as well. If holmium influences the relaxation of
the tunneling systems via such a magnetic dipole-dipole coupling, it is independent
of whether the holmium atom tunnels or the nearby nuclear spins. Furthermore, it
is independent of the size of the electric field gradient experienced by the holmium
atoms in HY-1. Thus, if the fast decay of the echo amplitude of HY-1 at short
pulse separation times is caused by the holmium atoms, this coupling mechanism
could also explain why holmium influences the relaxation behavior of the tunneling
systems significantly more compared to the other network modifiers, which are also
present in N-BK7 and Albasi. To classify the influence of holmium on the relaxation
of tunneling systems, more information concerning the implementation of holmium
in HY-1 and its NQR properties are needed. The large thermalization time of HY-
1 at low temperatures (compare section 6.2.1), which is most likely caused by the
holmium atoms, does not allow to draw conclusions concerning the implementation
of holmium. Due to the permanent magnetic moment of the electron shell, the nu-
clear spin exhibits a nuclear splitting independent of an electric field gradient. Thus
holmium always contributes to the specific heat of the sample.

Temperature dependence

In the previous section it was shown that several samples show a very fast decay of
their echo amplitude at 10 mK at short pulse separation times. This fast decay is at-
tributed to tunneling systems which carry a nuclear quadrupole moment. According
to the model, developed in [Lucl6], the nuclear quadrupole moment based relaxation
dies out towards low temperatures, when the temperature becomes comparable to
the nuclear quadrupole splitting of the respective isotope. After all nuclear quadru-
pole moment based relaxation processes died out, the decay of the echo amplitude
should, under the assumption that only the one-phonon process and spectral diffu-
sion remain, be similar for all samples independent of the amount of atoms carrying
quadrupole moments. The remaining differences of the decay curves are then caused
by the different couplings to the phonon bath and the strength of spectral diffu-
sion. This prediction could not be tested, since the needed temperatures cannot be
reached with a 3He/*He-dilution refrigerator for most samples investigated within
this thesis.

However, if the echo decay is measured at higher temperatures the course of the
decay curve of the different samples should also become more similar at short pulse

8For comparison: The nuclear magnetic moment is usually given in units of ux ~ 5.05-10727J/,
the magnetic moment of the electron shell in units of pup &~ 9.27- 10724 /7
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separation times. The origin for this assumption is exemplary illustrated in figure
6.27. The plot shows the temperature dependence of the relaxation rates caused
by the one-phonon process (equation 3.58), the relaxation based on nuclear quadru-
pole moments (equation 4.34) and spectral diffusion (equation 3.67 and 3.68) for
tunneling systems with an energy splitting £/k; = 50mK and a tunnel splitting of
Qo/rg = 25mK. The parameters used for the calculation of the relaxation rate of
the one-phonon process and spectral diffusion are the same as in figure 3.17. For
the relaxation rate based on the nuclear quadrupole moments arbitrary values are
used. These are chol = 10kHz, 0T = 1mK and a = 2. Figure 6.27 shows that the
relaxation rate caused by spectral diffusion increases fast with rising temperature
due to its T? dependence. At a certain temperature it becomes the dominant re-
laxation mechanism and determines the relaxation of the tunneling systems at short
pulse separation times. The temperature from which spectral diffusion determines
the course of the decay curve at short pulse separation times depends on the strength
of spectral diffusion and the strength 7T, Cfol of the quadrupole based relaxation rate,
since this value determines the heigth of the plateau visible in figure 6.27.

The dominant relaxation is especially visible at short pulse separation times, because
a strong spectral diffusion causes a fast decay of the asymmetric tunneling systems at
short times. At a certain pulse separation time most of the tunneling systems with a
large asymmetry decayed and the more symmetric remain. These decay afterwards
via the one-phonon and the nuclear quadrupole based relaxation. Small variations
in the strength of the one-phonon relaxation and the quadrupole based relaxation
cause noticeable difference of the decay curves at large pulse separation times. This
is visible in figure 6.28. In this plot decay curves at a temperature of 25 mK are
shown. The samples are a selection of those shown in figure 6.25, since not for every
sample a decay curve at a temperature of 25 mK is available. The different decay
curves are aligned at a pulse separation time of 1.5 us. Comparing the overall course
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Figure 6.28: Echo amplitude as a function of the pulse separation time for various samples.
The curves were measured at temperature of 25 mK. For better comparison they are aligned
at a pulse separation time of 1.5 ps. The data of Suprasil I is taken from [Ens96b]| and the
one of Albasi from [Arcl3].

of the decays shown in figure 6.28 and 6.25, the curves look more similar in figure
6.28. In addition, the clustering in three groups, visible in figure 6.25, is less pro-
nounced in figure 6.28. The width of the different decay curves measured at 25 mK,
which is given by the difference of the highest and lowest echo amplitude at a fixed
pulse separation time, is also smaller. This can, as expected, be seen very good at
short pulse separation times. The smaller width shows, that the relaxation rates are
more similar at a temperature of 25 mK than at 10 mK. A more detailed comparison
regarding the strength of the quadrupole moment based relaxation is not meaning-
ful. Indeed, the absolute relaxation rate experienced by the tunneling systems is
higher for a stronger relaxation based on nuclear quadrupole moments and thus the
echo amplitude experiences a faster decay. But as the number of phonons is much
higher at 25 mK than at 10 mK, the tunneling system phonon coupling determines
the course of the echo decay more at 25 mK than at 10 mK. In addition, the data at
very small pulse separation times is missing, which makes a comparison difficult.

Since the temperature change from about 10 mK in figure 6.25 to 25 mK in figure
6.28 is comparatively small, there is still a large spread in the decay behavior of
the different samples. Due to the small echo amplitudes of the samples showing a
very fast decay of the echo amplitude, no decay curves at higher temperatures were
measured given the limited measurement time. But for BK7°, Suprasil I and Albasi,
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decay curves up to about 50mK are available. At 10mK (figure 6.25) the decay
behavior of Albasi and N-BK7 differs significantly from Suprasil I. At 25 mK (figure
6.28) the difference between N-BK7 and Suprasil is already smaller and at about
50 mK the relaxation behavior of BK7, Albasi and Suprasil I is in the investigated
time window very similar, as visible in figure 6.29. The small residual differences
in the decay behavior are caused to a large extent by the difference in temperature
(compare the caption). Since the relaxation rate of spectral diffusion, which is the
dominant relaxation process at 50 mK, raises with 72, the absolute temperature of
the samples influence the decay of the echo amplitude significantly more than at
about 10 mK. The data of Albasi was measured at a temperature of 55 mK, which
corresponds to the highest temperature of the three shown curves. Thus it is ex-
pected that Albasi shows the fastest decay of its echo amplitude. Nevertheless, the
high similarity of the decay behavior of BK7, Suprasil I and Albasi at about 50 mK
shows that their coupling to the phonon bath and the strength of spectral diffusion
is comparable. This is confirmed by measurements at 100 mK (see figure A.8), where
the decay behavior of Suprasil I and BK7 is within the measurement accuracy equal.
Thus the difference at low temperatures visible in figure 6.25 and 6.28 is not caused
by a different coupling to phonons but by an additional relaxation mechanism.

The observations regarding the dominant relaxation mechanism are also in accor-
dance with investigations of the temperature dependence of the phase memory time
in N-BK7, Albasi and Suprasil. The temperature dependence of T, ' in N-BK7
[Fic13] and Albasi [Arc13] yielded a discrepancy from the expected T? dependence
of the short time limit of spectral diffusion theory (equation 3.69) to a maybe linear
temperature dependence at low temperatures. The exact temperature dependence
in this temperature regime could in the framework of these publications not be de-

9The composition of BK7 and N-BK7 is except for probably some impurities similar. According
to Schott AG the 'N” in N-BK7 stands for lead and arsenic free glasses. These elements were used
for refining the molten glass.
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termined. However, the change in the temperature dependence shows that there is
another relaxation mechanism dominant at low temperatures. For N-BK7 and Albasi
the change in the temperature dependency is between 30 mK and 40 mK. Possible
mechanisms are the relaxation based on the nuclear quadrupole moments contained
in the respective samples or collective excitations. The temperature dependence of
the phase memory time 75 of Suprasil I shows a T2 dependence in the whole in-
vestigated temperature range (about 100 mK to 10 mK) [Ens96al. Since Suprasil I is
compared to N-BK7 and Albasi free of atoms carrying nuclear quadrupole moments,
the discrepancy from the expected temperature dependence observed in N-BK7 and
Albasi is probably caused by a relaxation based on nuclear moments.

The investigations of the temperature dependence of the relaxation based on nuclear
quadrupole moments is in accordance with the model developed in [Lucl6|. With
rising temperature the coupling of the tunneling systems to the phonons becomes
more important than the nuclear quadrupole moment based relaxation. But at low
temperatures, when the number of phonons is small, the relaxation due to the nuclear
quadrupole moments dominates the course of the echo decay.

6.4.3 Decay of the echo amplitude - comparison to theory

To test whether the observed fast decay at short pulse separation times coincides
with the theoretical expectation, the data is compared to existing theory. According
to these models, the echo amplitude in the limit of the small angle approximation is
given by the integral

A<7—12> = Occ AEcho,tsP (E7 Q) WlPhononWspecDiff,stWNQqu (66)
1
= AOOCC (1 - (]2) WlPhononWspecDiffWNQqu-
0

To test whether the data can be described, the integral is fitted to the data. Thereby
the relaxation times 77 and 75 are obtained. The factor Ay in equation 6.6 represents
the echo amplitude at the temperature 7' = 0 and a pulse separation time of 75 = 0.
The factor O, gives the occupation difference of the tunneling system. For a two-
level system it is given by equation 3.16. Since in the following only measurements
at a fixed temperature are considered, this factor can be neglected.

To describe the measured data with equation 6.6 various issues need to be taken
into account. The factor Aj is not known. To describe echo decay curves at differ-
ent temperatures, Ag is usually determined based on data measured at the lowest
temperature which was measured in the respective measurement cycle. For the de-
scription of the echo decay curves at the other temperatures, A is kept constant, the
occupation difference O is adapted and the relaxation times are varied to get a good
agreement of the data and the calculated curve. As shown in the context of figure
6.24, the missing data at short pulse separation times introduces a large uncertainty
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in the determination of Ag. Furthermore, the reduction of the echo amplitude by
destructive quantum beating influences Ay. Since Ag is an important reference point,
its correctness is crucial for a correct determination of the relaxation times and their
temperature dependence. In addition, various combinations of Tiphonon, Tspecnift and
Tnqr can most likely describe the data well. Deciding whether the obtained values
are reasonable for a sample, in which, for example, not much about the tunneling
system phonon coupling is known, is not trivial.

Hence, the following examination considers the decay curves measured on N-KZFS11
and HY-1. These are multicomponent glasses with a similar composition as N-BK7.
The consideration of the temperature dependence in the last section showed that the
coupling to phonons is similar in the two oxide glasses N-BK7 and Suprasil I. Thus
for the following rough estimation, it is assumed that the coupling of the phonons
to the tunneling systems and hence the one-phonon relaxation and spectral diffu-
sion is in N-KZFS11 and HY-1 similar to N-BK7 and Suprasil I'°. This assumption
is also supported by similar minimum temperatures'! of the dielectric functions of
these glasses at high frequencies, where the influence of the nuclear quadrupole mo-
ment based relaxation is very small (compare figure 4.22)2. Since Suprasil I is free
from quadrupole moments and shows the temperature dependence of T, as predicted
by spectral diffusion theory down to very low temperature |[Ens96al, it is used to
determine the relaxation times 7 and 75. These are T7 = Tiphonon = 125 ps and
Ty = Tipeeit = 31.61s (compare figure A.9). The data of Suprasil I, used for the
determination of T} and 75, was measured at a temperature of 13 mK, which is a bit
higher than the 10 mK of N-KZFS11 and HY-1. However, the difference is negligible
for the following estimation. The relaxation rate based on nuclear quadrupole mo-
ments for N-KZFS11 and HY-1 was determined in [Lucl6] to be T_, = 2 - 5.4kHz
for N-KZFS11 (no dying out of the rate was observed) and T..) = 2 - 138 kHz for
HY-1 (with 67 = 10 mK).

With the given relaxation times and rates the expected decay curves of the echo
amplitude of N-KZFS11 and HY-1 can be calculated according to equation 6.6. The
results are shown in figure 6.30 and 6.31. It is obvious, that the calculated curves
do not describe the measured data. Furthermore, the curvature of the measured and
calculated decay curve differs. This indicates that either equation 4.34 is not ap-
propriate for describing echo measurements or that the decay, caused by the nuclear
moments, cannot be described by an exponential decay behavior (compare equation
4.35). A third possibility is that there is another relaxation mechanism in these sam-
ples causing the fast decay at short pulse separation times. Especially the difference

10Gpectral diffusion depends not only on the tunneling system phonon coupling but also on the
density of states (compare for example the equations given in [Ens96b]). However, it is unlikely
that the differences in the density of tunneling systems is large enough to explain the discrepancy
observed in figure 6.30 and 6.31

11 The minimum temperature is defined by the strength of the one-phonon or two-phonon process
in the respective sample.

12The sample Herasil, shown in this figure, is a standard quartz glass and thus similar to
Suprasil I, but with a lower amount of OH™ ions.
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Figure 6.30: Echo amplitude of HY-1 in
dependence of the pulse separation time,
measured at a temperature of 10 mK. The
curve is calculated according to equation 6.6
with the relaxation times given in the text.
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between the calculated and the measured decay curve in N-KZEFS11, which is too
large to be explainable by a larger influence of spectral diffusion or the one-phonon
relaxation compared to N-BK7 or Suprasil I, points towards another relaxation mech-
anism.

In principle, every effect modifying the phase collection of the tunneling systems
during the two-pulse sequence leads to an increased relaxation rate. For example,
if a tunneling system contains atoms with a nuclear dipole moment that are in a
dipole-dipole interaction with nearby atoms carrying nuclear dipole moments, a spin
flip of one of the nearby atoms causes a change of the dipole-dipole interaction.
Thereby the level schema of the tunneling system is slightly altered and the phase
coherence lost. This effect is also present in glycerol-d0 and should therefore be weak
in all samples shown in figure 6.25. An exception is HY-1, since the large magnetic
moment of holmium potentially leads to an increase of this effect.

A more effective way to influence the phase collection of the tunneling systems should
be a mechanism similar to spectral diffusion. But instead of transitions of nearby
tunneling systems by interactions with phonons, the transitions are caused by the
nuclear moments in the solid. The argumentation is similar to spectral diffusion the-
ory (compare section 3.4.2). The resonantly excited tunneling system (A-system) is
surrounded by many B-systems, which are not excited during the echo sequence. If
one of the nearby B-systems undergoes a transition due to an interaction with its nu-
clear quadrupole moment, the strain field in its proximity is altered. This change in
the strain field shifts the asymmetry energy A of the A-system and changes thereby
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its energy splitting E, such that it loses phase coherence to the other resonantly
excited A-systerms.

Properties of a possible spectral diffusion, based on nuclear quadrupole relaxation
of the tunneling systems could be extracted from the temperature dependence of
the longitudinal and transversal relaxation time of the samples that show a fast de-
cay at small pulse separation times in figure 6.25. However, this information is not
available. From the measurements performed within this thesis a determination of
the temperature dependence of T and 75 is not possible, due to two reasons. First,
the factor Ay cannot be precisely determined without data at pulse separation times
712 — 0. Second, the decay curves at the different temperatures were measured in
various measurement cycles. However, if the faster decay of N-BK7 and Albasi com-
pared to Suprasil I, shown in figure 6.25, is indeed caused by the influence of nuclear
quadrupole moments, the mechanism causing the additional loss of phase coherence
in figure 6.30 and 6.31 is also present in these samples, although less strong. As
already mentioned at the end of the last section, the transversal relaxation time of
the tunneling systems in Albasi and N-BK?7 is proportional to 7-2 at high temper-
atures, as predicted by the short time limit of spectral diffusion theory. At about
30mK to 40 mK, the proportionality changes, probably to T—! [Fic13, Arcl3]. In
phonon echoes on aluminosilicate glasses doped with holmium, a 7! dependence
of the transversal relaxation rate was observed over the whole investigated temper-
ature range (about 10 mK to 50 mK) [Ler88| (compare also the discussion in section
4.5.3). If the reduced temperature dependence of the transversal relaxation time in
N-BK7, Albasi and the aluminosilicate glasses doped with holmium is caused by an
additional mechanism based on the relaxation due to nuclear quadrupole moments,
it must fulfill two conditions. It is the dominant phase coherence destroying process
at low temperatures. From a certain temperature on spectral diffusion dominates.
The transition temperature depends on the strength of the quadrupole based relax-
ation in comparison to the strength of spectral diffusion. In N-BK7 and Albasi the
transition temperature is reached at about 30 mK to 40 mK. In the measurements
on aluminosilicate glasses doped with holmium the transition temperature could not
be reached. If the cause for the reduced temperature dependence is indeed a mecha-
nism similar to spectral diffusion, the underlying mechanism has to be a bit different
compared to the ordinary spectral diffusion. Assuming that due to the quadrupole
moments the relaxation time of the B-systems becomes such short, that not the short
time limit, but the intermediate time limit of spectral diffusion is valid in the investi-
gated time window, a 7! dependence of the transversal relaxation time is expected
(compare discussion to equation 3.70). However, if this assumption is correct, the
transition to the 72 dependence at higher temperatures cannot be explained with-
out a dying out of the nuclear quadrupole based relaxation at high temperatures,
which is not expected and in contradiction to measurements (compare section 4.5.2).

To get an impression of the strength of the additional relaxation process, figure 6.32
shows the decay curves measured on N-KZFS11 and HY-1 at about 10 mK and one
measured on N-BK7 at a temperature of 70 mK. The decay curves are aligned at
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a pulse separation time of 1.5p1s. It can be seen that the decay rate is similar for
these samples after a pulse separation time of 1.5us. Thus in this time window, the
strength of the nuclear moments based relaxation in HY-1 and N-KZFS11 is similar
to spectral diffusion in N-BK7 at 70 mK.

6.5 Magnetic field dependence

Section 6.4 shows that several glasses experience a fast decay of their echo amplitude
at short pulse separation times. This fast decay behavior is attributed to a relaxation
based on the nuclear moments in these glasses. The variety of different samples,
which contain atoms with large and small nuclear quadrupole moments, show that
the absolute size of the quadrupole moment is not crucial for the strength of the
relaxation, but the modulation of the quadrupole coupling constant. To verify that
the fast decay of the echo amplitude is indeed caused by a relaxation process based
on the nuclear moments in the solid, measurements in magnetic fields are necessary.
Due to the Zeeman interaction of the nuclear magnetic dipole moments with the
magnetic field, the energy levels of the tunneling systems are shifted. This shift
influences the echo amplitude and the decay behavior if the fast relaxation is caused
by an interaction of tunneling systems and nuclear moments. Therefore the following
sections investigate the magnetic field dependence of the echo amplitude (section
6.5.1) and of the decay behavior (section 6.5.2).

6.5.1 Magnetic field dependence of the echo amplitude

To verify that the tunneling systems in the samples are multi-level system, which
means that they indeed contain atoms with a nuclear moment, the echo amplitude
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was measured in dependence of the applied magnetic field strength for several of
the samples shown in figure 6.25. The interaction of the magnetic field and the nu-
clear dipole moment causes a shift of the energy levels and lifts possible degeneracies
(compare figure 4.12), independent of whether the multi-level system is caused by a
quadrupole or dipole coupling. Due to the shift of the energy levels, the phase col-
lected by the tunneling systems during the two-pulse sequence changes in dependence
of the applied magnetic field strength. This in turn influences the echo amplitude
(compare for example figure 4.2 or 4.18). In the following, the obtained results are
shown. Thereby the samples showing a similar decay behavior in figure 6.25 are
depicted in the same plot. Every figure shows also BK7 as reference.

The magnetic field dependence of the echo amplitude of Suprasil I is shown in figure
6.33. Since Suprasil I contains no quadrupole moments and shows no dipole effect,
no influence of the magnetic field on the echo amplitude is expected, which is also
observed. The small dip at around 150 mT originates most likely from drifts in the
experiment.

In figure 6.34 the magnetic field dependencies of the glasses showing an increased re-
laxation rate compared to Suprasil I are depicted. Glycerol-d0 is free of quadrupole
moments, but shows a strong dipole-dipole coupling. Thus there is a small influence
of the magnetic field visible at very small field strengths. This influence can be seen
more clearly in figure 4.3. From about 5mT on the mixing of the nuclear levels of
the tunneling systems in glycerol-d0 is prevented. Thus at larger magnetic fields the
echo amplitude is independent of the applied magnetic field strength. The multi-
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Figure 6.33: Echo amplitude of Suprasil 1
and BK7 in dependence of the applied mag-
netic field. The temperatures and pulse sep-
aration times are given in the caption. The
data is taken from [Baz08].

Figure 6.34: Echo amplitude of BK7, Al-
basi and glycerol-d0 in dependence of the
applied magnetic field. The temperatures
and pulse separation times are given in the
caption. The data of BK7 and Albasi is
taken from [Baz08]. The data of Glycerol-
dO0 from [Nag04].
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component glasses BK7 and Albasi show a varying echo amplitude in dependence
of the applied magnetic field strength. As expected from section 4.3.3, the echo
amplitude becomes larger with increasing field strength, since the mixing of nuclear
states is reduced. Considering the composition of BK7 and Albasi (compare section
5.4) and the nuclear properties of these isotopes (table A.1), it can be seen that the
Zeeman splitting at a magnetic field of 230m™T is in in the low megahertz range.
The quadrupole splittings due to the interactions with the electric field gradients in
these samples are most likely of similar size. This explains the emerging leveling-off
of the echo amplitudes of Albasi and BK7 at large magnetic fields. Furthermore,
it is noteworthy that Albasi and BK7 consist of the same elements, but in different
proportion. Although the decay behavior of both samples is similar (compare for
example figure 6.25) the influence of an additional magnetic field causes a significant
larger effect in Albasi. The reason for this different behavior is not known, but be-
sides the number and kind of atoms carrying a nuclear quadrupole moment also the
tunneling angle is relevant (see section 4.3.3).

The magnetic field dependence of several samples showing a fast decay in figure 6.25
is depicted in figure 6.35 and 6.36. The samples N-KZFS11, Br-DGEBA and FR-
122P, shown in figure 6.35, experience only a small influence of the magnetic field on
their echo amplitude compared to BK7. At small magnetic field strengths, the echo
amplitude of these samples reduces by about 5%. This behavior is similar to BK?7.
After that the echo amplitudes drift monotonically towards smaller values indepen-
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Figure 6.35: Echo amplitude of BK7, N-
KZFS11, Br-DGEBA and FR-122P in de-
pendence of the applied magnetic field. The
temperatures and pulse separation times
are given in the caption. The arrows in-
dicate the direction of the magnetic field
sweep. The data of BK7 is taken from

[Baz08].
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Figure 6.36: Echo amplitude of BK7 and
HY-1 in dependence of the applied mag-
netic field. The temperatures and pulse sep-
aration times are given in the caption. The
arrow indicates the direction of the mag-
netic field sweep. The data of BK7 is taken
from [Baz08].
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dent of the sweep direction of the magnetic field, which is given by the arrow in the
figure caption. Thus the change of the echo amplitude with varying magnetic field
is not caused by heating effects of the sample by eddy currents, but by the Zeeman
effect. The increased scattering of the data measured on FR-122P with increasing
magnetic field is caused by a reduced number of measurements per data point.

The gyromagnetic ratios of the isotopes present in N-KZFS11, Br-DGEBA and FR-
122P are similar to those of BK7. However, the nuclear splittings, caused by the
interactions of the quadruple moments with the electric field gradients, in these sam-
ples are much larger compared to BK7 (compare table A.1). Thus the additional
shift of the energy levels due to the Zeeman splitting is only a small perturbation
and consequently no large influence is expected. Another circumstance, which might
influence the observable magnetic field dependence is the fast relaxation of these
samples at short pulse separation times. Thereby a lot of the tunneling systems con-
taining nuclear quadrupole moments in the respective samples already decayed and
can no longer contribute to the echo amplitude. This probably reduces the visible
magnetic field effect of the echo amplitude up to the point where the magnetic field
is large enough to prevent the relaxation via the nuclear moments.

Figure 6.36 shows the magnetic field dependence of HY-1. In contrast to the samples
depicted in figure 6.35, HY-1 shows a large influence of the magnetic field on its echo
amplitude. The variation of the echo amplitude is of similar size than in Albasi. Like
all other samples, HY-1 shows a strong magnetic field dependence at small magnetic
field strengths which turns to an approximately linear behavior at about 20mT.
Compared to Albasi, HY-1 shows no oscillations of the echo amplitude. The small
fluctuations are caused by the measurement procedure. As introduced in section
5.3, the dewar of the cryostat was refilled with liquid helium at least every 48h.
After the refilling process the measurement was paused for 3h. FEvery step, visible
in the magnetic field dependence of HY-1 corresponds to one filling process. Since
the measurement was performed from large to small magnetic fields, the subsequent
lowering of the magnetic field caused an additional magnetic cooling effect and thus
an increasing or stable echo amplitude. During the 3h waiting time after the filling
process of the dewar, the sample thermalizes again such that afterwards the echo
amplitude is reduced. This effect is only observed in HY-1. Thus it is most likely
caused by the large magnetic moment of the holmium atoms. The overall course of
the echo amplitude of HY-1 in dependence of the magnetic field corresponds to the
one of aluminosilicate glasses doped with holmium [Ler88|.

A description of the magnetic field dependencies of the echo amplitudes with the
equations introduced in section 4.3.3 or the simulation discussed in section 4.4 is not
possible. The electric field pulses for the measurements performed in the framework
of this thesis had a duration of ¢t; = 230 ns. Therefore the spectral width of the first
excitation pulse is about 0.7 MHz. The nuclear splittings of the atoms carrying nu-
clear moments in the investigated samples are significantly larger. Thus no complete
mixing of the nuclear states occurs during the application of an electric field pulse
and consequently the formulas cannot be applied. To achieve a complete mixing
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of the nuclear levels for all samples, very short pulse durations are required, which
cannot be achieved with the current experimental setup (compare section 5.2.1).
Nevertheless, the magnetic field dependence of the echo amplitude shows that the
tunneling systems in the different samples actually contain nuclear moments and
that there is a coupling of the tunneling motion and the nuclear moment.

6.5.2 Magnetic field dependence of the decay behavior

The application of a magnetic field leads to an additional splitting of the nuclear
levels by the Zeeman interaction. If the magnetic filed strength is sufficiently large,
the nuclear moments in the glass orient along the magnetic field and the quadrupole
interaction is only a small correction. From this critical magnetic field on, a relax-
ation based on nuclear moments is prevented or at least significantly reduced.
Measurements of the decay of the echo amplitude with and without an additional
magnetic field for the samples Br-DGEBA, N-KZFS11 and HY-1 are shown in figure
6.37. The measurements for each sample were performed at the same temperature
and with the same pulse duration. For a better comparison the decay curves of the
same sample are aligned at a pulse separation time of 1.5ps. The data of the dif-
ferent samples is shifted with respect to each other for clarity. The measurements
on N-KZFS11 show, in the investigated time window, no significant influence of the
magnetic field on the decay behavior of the echo amplitude. For Br-DGEBA the de-
cay behavior with applied magnetic field was measured only in a small time window.
In this window no significant influence is observed. For these samples a negligible
influence of a magnetic field with 230 mT is expected. As shown in section 6.5.1,
the nuclear splitting caused by the Zeeman interaction is very small compared to
the quadrupole splitting. Thus there should not be a large influence of the magnetic
field.
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Also in the glass Albasi (not shown within figure 6.37) no significant difference in
the decay behavior is observed with and without a magnetic field of 230 mT [Lud00].
In contrast to Br-DGEBA and N-KZFS11, the echo amplitude of Albasi changes
notably as a function of the magnetic field strength (see figure 6.34). However, con-
sidering figure 6.34, the slope at 230 mT indicates that there is still a mixing of the
nuclear levels during the tunneling motion. Thus the coupling of the tunneling mo-
tion and the nuclear quadrupole moments is not yet negligible and therefore also the
relaxation based on nuclear moments. Since this kind of relaxation is only weakly
pronounced in Albasi at 10 mK, as visible in figure 6.25, no strong difference in the
decay behavior with and without magnetic field can be expected at all. Measure-
ments of the echo amplitude on N-BK7 with and without a magnetic field of 200 mT
also show no difference [Fic13]. The reason is the same as for Albasi.

For ordinary and deuterated glycerol the magnetic field strength necessary to pre-
vent a mixing of the nuclear levels during the tunneling motion is well below 200 mT
(compare for example figure 4.18). By a measurement with applied magnetic field
of sufficient strength the quantum beating, caused by the quadrupole and the dipole
moments, is suppressed (compare for example the measurement of glycerol-d8 in fig-
ure 4.4 or |[Bra04a, Baz08]).

In contrast to Br-DGEBA, N-KZFS11, N-BK7 and Albasi, the sample HY-1 shows
a large change of its decay behavior at a magnetic field of 230 mT, compare figure
6.37. This behavior is remarkable, since figure 6.36 showed, that a magnetic field of
230mT is too small to cause a decoupling of the nuclear state from the tunneling
motion and thus a leveling-off of the echo amplitude. The measurement also shows,
that the increasing echo amplitude in figure 6.36 is not only caused by a shift of the
nuclear levels and a varied mixing of nuclear states due to the tunneling motion, but
also by a reduction of the relaxation rate of the tunneling systems. This behavior
is probably caused by the large magnetic moment of the electron shell of holmium,
which increases the effect of the applied magnetic field. Thus, in dependence of the
actual quadrupole interaction of the holmium atoms in the glass, a magnetic field of
230mT is for some of them already sufficient to cause a decoupling of the nuclear
states from the tunneling motion. Another possibility for the reduced relaxation
rate by an applied magnetic field could be that besides the quadrupole interaction,
also the dipole coupling in HY-1 influences the relaxation behavior of the tunneling
systems. A small magnetic field is probably already sufficient to align the magnetic
moments with the magnetic field, which reduces the influence of the dipole-dipole
interaction on the relaxation of the tunneling systems. This may also explain the
strong increase of the echo amplitude at small magnetic fields, visible in figure 6.36.

Independent of the exact mechanism of the nuclear moment based relaxation, the
reduced relaxation rate of HY-1 with applied magnetic field proves that the fast decay
of the echo amplitude, seen in figure 6.25, is caused by the influence of the nuclear
moments. To get further insights into the relaxation and to prove, that the fast
decay of the other samples presented in figure 6.25 is caused by the nuclear moments
as well, measurements in large enough magnetic fields are necessary to reach the
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condition where the relaxation is suppressed by the magnetic field. Furthermore,
additional three-pulse echo measurements, which are more sensitive to T} processes,
can help to get more information on the properties of the nuclear quadrupole moment
based relaxation. With this measurement technique it was for example possible to
observe a small change of the relaxation rate in N-BK7 with applied magnetic field,
although the decay of the two-pulse echo was not altered [Fic13].

6.6 Conclusion

In summary, a detailed consideration of the fast decay behavior of different glasses at
a temperature of 10 mK with regard to their composition and the nuclear properties
of their atoms reveals that the cause for the fast decay of the echo amplitude is neither
the absolute size of the quadrupole moments of the atoms contained in the glasses
nor the absolute size of the quadrupole coupling constant. The observations point
towards the modulation of the quadrupole coupling constant during the tunneling
motion, which is connected to the nature of the tunneling systems in the respective
solid, as the most relevant parameter for a strong influence of a nuclear quadrupole
moments based relaxation on the decay of the echo amplitude. With the exception
for HY-1, the influence of the dipole-dipole coupling on the relaxation of tunneling
systems is, if existing at all, only weakly pronounced. HY-1 contains holmium which
has a large permanent magnetic moment of its electron shell. Thus for this sample
the impact of the dipole-dipole coupling on the decay of the echo amplitude may be
stronger. The observation of a modulation of the echo amplitude in dependence of
the magnetic field proved that the tunneling systems in the respective samples indeed
contain nuclear moments and that there is a coupling of the nuclear moment and
the tunneling motion. This observation shows that the assumed connection between
the nuclear moments in a sample and the fast decay of the echo amplitude at short
pulse separation times is very likely. The proof for this assumption is provided for
the sample HY-1 by a measurement of the decay behavior of the echo amplitude in a
magnetic field where a reduced relaxation rate was observed. For the other samples
showing a fast decay of the echo amplitude larger magnetic fields are necessary to
validate that the nuclear moments influence the relaxation of tunneling systems.
To further characterize this relaxation mechanism measurements at pulse separation
times smaller 1.51s are necessary. For this purpose a novel resonator technique is
presented in the following chapter.



7. Microfabricated superconducting resonator
technique

To further investigate the influence of nuclear moments on the relaxation of tunnel-
ing systems, measurements at very short pulse separation times are required. To
enable such measurements, a novel microfabricated resonator technique was devel-
oped in the framework of this thesis, which is introduced in this chapter. At first,
the circumstances that prevent measurements at very short pulse separation times
with the reentrant cavity resonator are demonstrated. Afterwards the microfabri-
cated superconducting resonator technique is introduced. Finally, the first results
obtained on the sample N-BKT7 are presented.

7.1 Measuring at small pulse separation times

For the comparison of the echo amplitude’s decay of various samples, data at very
short pulse separation times is essential, as visualized in figure 6.24. This data is
also substantial for a reliable description of the decay behavior with theory to limit
the uncertainty on the parameter A, (see equation 6.6).

If the echo amplitude is measured with the reentrant cavity resonator at pulse sepa-
ration times small than 1.5 ps, the echo signal and the second pulse overlap, as shown
in figure 7.1. In principle, it is up to a certain degree of overlap still possible to de-
termine a value for the echo amplitude with the methods introduced in section 6.1.
However, these echo amplitudes are subject to large uncertainty and thus not suited
for a discussion of the echo decay behavior. Considering the two-pulse sequence sent

T T
10 N-KZFS11,10.1 mK |
q_w — Pulse sequence
08 —— Echo sequence |
>
%‘ 0.6
5 Figure 7.1: Echo sequence measured on
04 N-KZFS11 (black) at a temperature of
10.1mK, a pulse duration of t; = 230ns
0.2 | and a pulse separation time of 1ps. The
«l right flank of the second pulse and the
0.0 ‘ ‘ ‘ | echo signal overlap. In red the actual two
o 1 2 3 4 5  pulse sequence is shown.
Time [us]
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into the cryostat (shown in red), it can be seen that the pulses of the measured echo
sequence (shown in black) are distinctly broader. At a height of about 0.8V the
broadening of the second pulse is about 300ns, which is much more than the char-
acteristic time constant of the resonator 7. ~ 30ns (compare section 5.2.1). This
broadening is predominantly caused by two components in the experimental setup,
namely the resonator and the low temperature amplifier in the cryostat (compare
section 5.2.2). In addition, the free induction decays after the pulses lead to a certain
broadening as well.

The influence of the low temperature amplifier on the pulse broadening was inves-
tigated by removing the amplifier in one measurement cycle. The measurements
showed that without the low temperature amplifier the pulses are significantly nar-
rower, but the echo signal is due to the missing amplification very tiny. However, the
reduced width of the pulses is not linked to the recovery time of the low temperature
amplifier after its saturation by the pulses. The reason for the broadening is the
amplification of the resonator’s ring-down. The signal size in the readout branch,
caused by the ring-down after the excitation pulses, is still so large, that despite the
short characteristic time constant of the reentrant cavity resonator, it is sufficient to
cause a saturation of the low temperature amplifier.

Thus one possibility to measure echo signals at small pulse separation times with
the reentrant cavity resonator is to remove the low temperature amplifier. However,
with this possibility the echo signals measured at small pulse separation times are
still sitting on the ring-down of the resonator. Therefore the echo signals have to be
corrected for this non-linear background, which increases the uncertainty. In addi-
tion, it is possible that the ring-down causes a systematic deviation of the echo signals
to larger values with reducing pulse separation time, since there is more and more
energy of the excitation pulses left in the resonator. Furthermore, the echo signal of
N-BKY7 is without the low temperature amplifier about a factor of 33 smaller. Since
N-BKY7 is a sample having a large echo signal, it is questionable whether samples
with small echo signal are measurable at all without the low temperature amplifier
(compare section 6.4.1).

Another possibility to reach smaller pulse separation times are smaller field strengths
of the excitation pulses. If the pulse sequence is attenuated more by the adjustable
attenuator, the maximal energy in the resonator is reduced and consequently the
ring-down of the resonator lasts less long. This effect can be observed in measure-
ments of the electric field dependence of the echo amplitude as exemplarily shown
for a measurement on N-KZFS11 in figure 7.2. However, the effect is limited since
the echo signal becomes very small and can at some point no longer be evaluated.
In addition, the slope after the second pulse decreases less fast than the echo signal,
such that a possible error through a non-perfect background correction has a stronger
influence on the echo amplitude.

Above considerations show that a new resonator for the measurement of dielectric
polarization echoes at short pulse separation times has to fulfill two requirements.
The resonator needs a very small characteristic time constant and work with small
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field strengths to prevent a saturation of the low temperature amplifier during the
ring-down. The different resonators that have been developed to meet these require-
ments are introduced in the following section.

7.2 Resonator designs

To measure at smaller pulse separation times, the new resonator needs to have a
reduced characteristic time constant. According to equation 5.3, this parameter can
be reduced either by a higher resonance frequency or by a low quality factor. In the
present case, the resonance frequency of about 1 GHz is maintained to ensure compa-
rability to previous results and to be able to use the same electronics. Consequently,
the quality factor of the resonator is adjusted.

Instead of a modified reentrant cavity resonator, the new measurement technique is
based on planar microfabricated superconducting resonators. This has several ad-
vantages. Due to an in-house clean room the time from the design to the ready to
run resonator is very short. In addition, the frequency response of the resonator and
therewith its resonance frequency and quality factor can be simulated with confi-
dence in advance by the software Sonnet!. The resonator design is transferred via a
one-layer lift-off process directly to the sample and consists of sputter deposited nio-
bium. Niobium becomes superconducting at temperatures below about 9 K, which
prevents a heating of the sample by ohmic dissipation in the resonator. The required
reduction of the resonator’s quality factor is obtained by a strong coupling to the
feed line.

Compared to the reentrant cavity resonator, where the sample is located in a homo-
geneous electric field, the electric field in the microfabricated setup is inhomogeneous.
In addition, there is a magnetic probing of the sample caused by the magnetic field

!Sonnet Software Inc. 126 N Salina St., Syracuse, NY 13202
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surrounding the striplines. This circumstance is illustrated in figure 7.3. However,
measurements of polarization echoes in [Poll7, Haal8a| and those shown in section
7.3.2 as well as measurements of the dielectric function in [Frel6, Korl9, Fre21] show
that the additional magnetic probing does not affect the measurement.

To find the optimal layout for the measurement of dielectric polarization echoes,
different resonator designs were tested, which follow different ideas. In collaboration
with [Poll7, Haal8a], the resonator designs shown in figure 7.4 were developed. De-
sign A and B are */2 resonators with a capacitive coupling, design C is a hard coupled
Ma resonator and design D is a /2 resonator with an inductive coupling. Based on
the experience with those resonator designs, the lumped element resonator, which is
shown in figure 7.5 was developed.

The designs shown in figure 7.4 were tested on N-BK7 due to the large amount of ref-
erence data available for this material. The ready resonator was placed on a specially
developed sample holder and connected to the excitation and readout electronics via
bond pads. This connection was realized by a copper wire which was glued with
silver conducting glue? to the bond pad. For more information on the sample holder
see [Poll7, Haal8a].

Concerning the further development of microfabricated resonators for dielectric po-
larization echoes, the measurements with the resonators, shown in figure 7.4, yielded
the following two main results.

1. All contours of the design have to be rounded.

2. An inductive coupling is preferred to a direct coupling and both are preferred
to a capacitive coupling.

In measurements with design A and B the small angle approximation could not be
reached. Detailed simulations showed that the high electric field strengths in the
coupling gap and at the corners of the design prevent a reaching of the small angle
approximation (compare section 6.2.4). Design C and D take the experience from the
measurements on A and B into account and test the direct and inductive coupling. In
these measurements the small angle approximation could be reached. Furthermore,
it turned out that the inductive coupling is better suited for echo measurements,

Figure 7.3: Cross section through a
T JTT\\ - stripline with associated electric field E
% € ( ( /(w\\ ) \ é and magnetic field B. Picture adapted
from |[Poll7].
C )

2Leitsilber ACHESON 1415, Plano GmbH, Ernst-Befort Str. 12, D-35578 Wetzlar
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Figure 7.4: Resonator designs for the measurement of dielectric polarization echoes.

since it led in the tested resonators to less standing waves in the cable path and a
larger echo signal compared to the direct coupling. With all four resonator designs
it was possible to measure at pulse separation times smaller than 1.5ps. Especially
design C and D which have quality factors of about 10 allow for measurements at
very small pulse separation times, yet the electric field strength of the excitation
pulses, necessary for sizable echo signals, is comparably large.

The lumped element design, shown in figure 7.5, is based on these experiences. The
actual resonator consists of an interdigital capacitor (IDC) with a 10pm spacing
between adjacent fingers and a single loop as inductor, which is also used to couple
the resonator to the feed line (the width of the coupling gap is 10 pm). The feed
line is matched to an impedance of 50 {2 to guarantee a good signal transmission and
has a bond pad in the top left and right corner. All structures are made of 400 nm
sputtered deposited niobium on a 200 pm thick sample of N-BK7. By choosing small
structure sizes, the electric field strengths in the capacity of the resonator, needed for
echo measurements, are achieved by smaller voltages. Thus the electric field strength
of the excitation pulses can be reduced. Since the coupling to the feed line is realized
in an inductive way, no spatially limited large electric field strengths, which prevent
a reaching of the small angle approximation, occur. The resonator chip is mounted
with GE 7031 varnish into a box made of OFHC copper. The inside of the box
is covered with niobium to omit heating effects by eddy currents. The full-surface
gluing on the sample backside creates a good thermal contact of the sample and
the cryostat, leading to short thermalization times. The electric contact is realized
by aluminum bonds, which makes it much more reliable than the silver conducting
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Figure 7.5: Design of the lumped element resonator chip. The resonator consists of an
interdigital capacitor (IDC) with a spacing of 10 um between the fingers and a single loop
as inductor. The distance between the inductor and the feed line is 10 um, too.

glue, used before. In addition, the aluminum bonds complete the superconducting
shielding of the resonator.

For the measurement the resonator in the copper box is mounted to the experimental
platform of the cryostat and connected to the same readout and excitation electronics
as the reentrant cavity resonator (compare section 5.2.2).

7.3 Results of the lumped element resonator

This section presents the results obtained with the lumped element resonator. First,
the general properties, like its resonance frequency, quality factor or electric field
strength dependence are discussed. Afterwards, the decay behavior is compared to
measurements performed with the reentrant cavity resonator.

7.3.1 General properties
Resonance frequency and quality factor

The simulation of the resonator’s properties yields a resonance frequency of about
1065 MHz and a quality factor of about 40. At 10mK the measured resonance fre-
quency was 981 MHz and the quality factor about 40. The deviation of the measured
resonance frequency from the simulation is most likely caused by a reduction of the
spacing between adjacent fingers of the IDC during the production of the resonator.
Thereby the capacity is increased and the resonance frequency is lowered. Simula-
tions show that a reduction in the spacing from 10 pm to about 7pum is sufficient to
cause such a frequency shift.
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7.3. Results of the lumped element resonator

Rate dependency

Investigations of the waiting time dependence of the echo amplitude with an atten-
uation of 44 dB at the adjustable attenuator showed no significant dependence. The
measurement of the decay behavior, shown in section 7.3.2, was performed with an
attenuation of 52dB and a waiting time of 100 ms. Thus no influence of the repe-
tition rate on the measurement is expected. The good performance of the lumped
element resonator design in this field is caused by the small electric field strengths of
the pulses, the superconducting shielding which prevents heating by eddy currents
and the good thermal contact of the sample to the copper box.

Thermalization

The thermalization behavior of the lumped element resonator on the glass N-BK7
is shown in figure 7.6. It can be seen that the echo amplitude adapts very fast
to an altered cryostat temperature, proving the excellent thermal contact of the
sample. The scattering of the data points is caused by the small amount of averaged
measurements.
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Electric field strength dependence of the echo amplitude

To test whether the small structure sizes of the lumped element resonator prevent
a reaching of the small angle approximation, the electric field strength dependence
of the echo amplitude was studied. The procedure is analogous to the reentrant
cavity resonator (compare section 6.2.4). The result of the measurement, which was
performed at a temperature of 10 mK, a pulse separation time of 2ps and a pulse
duration of 230 ns, is shown in figure 7.7. To validate the small angle approximation,
equation 6.4 is fit to the data. As can be seen, the small angle approximation is
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fulfilled in a large range. The echo amplitude measured with an attenuation of 52dB
at the adjustable attenuator is marked by an arrow. This attenuation was used for
the decay measurements presented in figure 7.9. Compared to the reentrant cavity
resonator, where the commonly used attenuation is 23 dB for N-BK7 (with a sample
thickness of 0.5 mm), the field strength of the excitation pulses is 29 dB smaller in
the measurements with the lumped element.

Measuring at small pulse separation times

The characteristic time constant of the lumped element resonator is about 6.5 ns and
thus distinctly smaller than the 30 ns of the reentrant cavity resonator. Together with
the small amount of energy stored in the resonator during the pulses, this allows for
measurements at very short pulse separation times. In figure 7.8 a pulse sequence
measured with the same field strength of the excitation pulses as used for the decay
curves is shown together with the pulse sequence. Due to the inductive coupling,
the signals from the resonator have a phase difference of 180° compared to those
just passing the feed line. Therefore the pulses of the echo sequence give a negative
signal and the ring-down of the resonator as well as the echo a positive. In the plot
it can be seen that the ring-down after the pulses is much shorter compared to the
reentrant cavity resonator (see figure 7.1). The elongation of the second pulse at a
signal height of 0.05V is only 60 ns. Since the free induction decay, which is accord-
ing to theory mainly present after the first pulse, leads to an elongation as well, there
is always a certain broadening. In addition, the switches in the circuitry create no
perfect rectangular pules (compare pulse sequence in figure 7.8), which can cause a
broadening as well. The baseline of the echo sequence after the second pulse has no
slope, such that the echoes are even at small pulse separation times not affected by
the ring-down of the second pulse. The obtained echo signal is comparatively small,
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but still over a factor of 2 larger than the one measured under comparable conditions
with the reentrant cavity resonator on N-BK7 without low temperature amplifier.
Together with the flat baseline this setup is very suitable for measurements at short
pulse separation times. The minimal achieved pulse separation time with the lumped
element resonator was 0.4 s at a pulse duration of 230 ns and 0.3 ps at 80 ns.
Given the small echo amplitude, only measurements at small pulse separation times
are possible. Therefore decay studies are performed in two independent measure-
ment cycles. The reentrant cavity resonator is used for measurements at large pulse
separation times and the lumped element for those at small ones. To align both
curves, certain pulse separation times are measured with both experimental setups
(compare section 7.3.2).

7.3.2 Decay behavior

In the previous section it was shown that the lumped element resonator fulfills all
requirements for the measurement at small pulse separation times. To validate,
that the decay behavior of the echo amplitude is not altered by the microfabricated
design, decay measurements were performed. A comparison of the obtained decay
curves at different temperatures with decay curves measured with the reentrant cav-
ity resonator is depicted in figure 7.93. The decay curves measured with the lumped
element resonator and those measured with the reentrant cavity resonator agree very
well, showing the suitability of the lumped element resonator for the measurement
of dielectric polarization echoes.

3The analysis of the decay curves presented in this section is analogous to section 6.1. However,
for very small pulse separation times it was due to the position of the echo signal not possible to fit
a background (step 3 of the background correction). In this case the background fit from a larger
pulse separation time was shifted. This is possible since the background showed no dependency on
the pulse separation time.
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Through the measurement at very short pulse separation times the Gaussian shape
like leveling-off of the echo amplitude as predicted by spectral diffusion theory on the
glass N-BK7 was observed for the first time this clearly (compare figure 3.17). At
25 mK and 40 mK the leveling-off can be seen unambiguously. At 40 mK it occurs at
smaller pulse separation times compared to 25 mK since spectral diffusion is stronger
at this temperature. For 70 mK the leveling-off appears most likely at even shorter
pulse separation times such that it is not observable in the measurable time window.
At 10 mK no Gaussian shape like leveling-off is observable at all. The linear behavior
of the echo decay is visible down to the smallest accessible pulse separation time.
This shows that at a temperature of 10 mK another relaxation mechanism and not
spectral diffusion dominates the decay of the echo amplitude. This relaxation mech-
anism leads to an exponential decay of the echo amplitude instead of a Gaussian.
Based on current knowledge, this relaxation is either caused by collective excitations
(compare [Fic13]) or by nuclear quadrupole moments in the sample (compare this
thesis).

Due to the shorter characteristic time constant the lumped element resonator is
more suited for measurements with shorter excitation pulses compared to the reen-
trant cavity resonator. Thereby the spectral width of the pulses is broader, which
causes a better mixing of the nuclear levels of the tunneling system during the tun-
neling motion. In a measurement on N-BK7 with a pulse duration of ¢; = 80ns,
corresponding to a spectral width of about 2 MHz (compare equation 3.54), an oscil-
lating echo amplitude is observable at very small pulse separation times, see figure
7.10. The oscillation is significantly larger than the scattering of the data points
at larger pulse separation times. Due to the limited amount of averaged measure-
ments, the signal to noise ratio at the smallest pulse separation times was about
25, corresponding to a statistical error of approximately 4 %. The variation of the
echo signal at small pulse separation is in the order of 10 % and thus significantly
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larger. The nuclear quadrupole splitting of the boron atoms in N-BK7 is expected
to be about 1.3 MHz. Thus the broader spectral width of the excitation pulses can,
depending on the actual nature of the tunneling system, cause a complete or at least
larger mixing of the nuclear levels of the tunneling systems in N-BK7 such that a
quantum beating is observable. The pattern in the echo amplitude at small pulse
separation times, visible in figure 7.10, can be an indicator for a quantum beating
in N-BK7. The disappearing of the oscillation at pulse separation time larger than
1ps is in accordance with the expectation. Due to the broad distribution of the
quadrupole splittings, caused by the amorphous structure and probably different
natures of tunneling systems, an arising quantum beating smears very quickly and
should therefore only be observable at very small pulse separation times (compare
figure 6.22). To validate that the oscillating echo amplitude is indeed caused by a
quantum beating, measurements with a higher time resolution and probably even
reduced pulse duration are necessary.

In summary, the experimental results obtained with the lumped element resonator
prove that this resonator technique is suited for the investigation of the decay of the
echo amplitude at very small pulse separation times. In first measurements pulse
separation times of 0.4 ps were achieved at a pulse duration of 230 ns, which is almost
the theoretical limit with regard to the definition of the two-pulse sequence (com-
pare figure 3.9). This enabled the observation of the Gaussian shape like leveling-off
of the echo amplitude, as predicted by spectral diffusion theory for the first time.
Compared to the other designs (figure 7.4) and the possibility of removing the low
temperature amplifier, the lumped element resonator shows the best overall perfor-
mance with minimal influence on the echo amplitude due to its very flat baseline.
For the investigation of the fast decay of the echo amplitude of organic samples,
which cannot be microstructured, a 'flip chip’ technique is thinkable. Thereby the
resonator design is transferred to a substrate which shows not much signal in dielec-
tric measurements. The organic material is afterwards placed on top of the resonator
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structure such that both materials, the substrate and the organic material, are mea-
sured simultaneously. Through a previously performed measurement of the echo
decay of the substrate alone, the measured echo decay can be separated into the one
caused by the organic material and the one of the substrate material.

The minimal accessible pulse separation time can be further reduced by a further
reduction of the quality factor of the lumped element resonator. Therefore the cou-
pling to the feed line has to be increased, either by a reduced coupling gap or by a
modified design with a larger inductor and smaller capacity. Another way to reach
shorter pulse separation times is a change of the pulse sequence from two pulses
with equal field strength and ¢, = 2¢;, to a pulse sequence with equally long pulses
t1 = to and different field strengths Fj o = 2F} ;. By this technique even the minimal
pulse separation time accessible with the reentrant cavity resonator is significantly
lowered. However, the suggested altered pulse sequence requires an adaption of the
circuitry.



8. Summary and outlook

It is well known that the decay of dielectric polarization echoes is determined by the
one-phonon process and spectral diffusion. In measurements of the dielectric func-
tion on glasses containing atoms carrying large nuclear quadrupole moments a further
relaxation mechanism was observed that is dominant at low temperatures. This re-
laxation mechanism was attributed to the nuclear moments in the glass [Lucl6].
Within this thesis, the influence of nuclear moments on the decay of dielectric two-
pulse polarization echoes was studied to further characterize the nuclear moment
based relaxation. Twelve glasses were investigated, from which seven were measured
in the framework of this thesis. These samples cover a wide range of different glass
types, from organic molecular and polymer glasses to inorganic oxide and non-oxide
glasses. Furthermore, they contain a broad variety and different fractions of isotopes
carrying nuclear quadrupole moments of different sizes and coupling constants, mak-
ing them a suitable selection for the study of the nuclear moments based relaxation.

Several glasses exhibit, independent of the type of glass, an extraordinary fast decay
of the echo amplitude at small pulse separation times and a temperature of about
10mK. A detailed investigation of the composition of the glasses and the nuclear
properties of the contained atoms with regard to the fast decay yields that all glasses
containing atoms with large nuclear quadrupole moments and large quadrupole cou-
pling constants show a fast decay on short timescales. However, also several samples
with small quadrupole moments and comparably small coupling constants exhibit a
fast decay. All observations together point towards the modulation of the quadrupole
coupling constant during the tunneling motion as the most relevant parameter for
the strong contribution of a nuclear moment to the relaxation of tunneling systems.
This criterion is connected to the implementation of the respective isotope in the
solid and the nature of the tunneling systems in the different glasses. Due to this
material dependence, the relaxation based on nuclear moments eludes the so-called
universality of glasses.

In addition, a python based code was developed to simulate the influence of nu-
clear quadrupole moments on the echo amplitude. By means of this simulation, the
absence of a quantum beating in the measured decay curves can be understood.

The temperature dependence of the decay curves shows, as expected, that the nuclear
moments based relaxation is most dominant at low temperatures. With increasing
temperatures the decay rate of the investigated samples becomes more similar at
small pulse separation times.

The measured decay of the echo amplitude cannot be described considering only the
one-phonon process, spectral diffusion and the nuclear moments based relaxation
introduced in [Lucl6|. The echo amplitude decays much faster at short pulse separa-
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tion times than expected from these models. A possible explanation is an additional
phase coherence destroying process. A conceivable mechanism is an interaction of
the non-resonantly excited tunneling systems with the nuclear moments, similar to
spectral diffusion.

The observed magnetic field dependence of the echo amplitude proves that the tun-
neling systems in the respective samples are indeed multi-level systems. This con-
firms that nuclear moments are part of the tunneling systems and experience a
change of the electric field gradient during the tunneling motion. Since a variation
of the electric field gradient causes a modulation of the quadrupole coupling con-
stant, a relaxation via nuclear moments is very probable. The maximal magnetic
field strength, possible with the experimental setup, is for the investigated samples
too small to allow the quadrupole interaction to become a small perturbation, such
that the influence of the nuclear moments on the relaxation of tunneling systems is
significantly reduced. Nevertheless, the multicomponent glass HY-1 shows already
at a magnetic field of 230 mT a significantly reduced relaxation rate compared to the
case without magnetic field. This proves that the fast decay of the echo amplitude
in HY-1 at small pulse separation times is indeed caused by the nuclear moments.

For a more elaborate analysis of the fast decay of the echo amplitude at small pulse
separation times, measurements at very small pulse separation times are required.
The reentrant cavity resonator, used so far, is amongst others due to its characteristic
time constant, limited to pulse separation times larger than about 1.5ps. Therefore
a novel resonator technique, based on planar microfabricated superconducting res-
onators, was developed in the framework of this thesis suitable for the measurement
of dielectric polarization echoes at very small pulse separation times. Essential for
the design are rounded contours. Otherwise the high electric field strengths at the
corners of the design and the strong coupling of the tunneling systems in these ar-
eas disturb the measurement. This insight does not only improve the resonators for
dielectric polarization echoes, but also other microfabricated designs, for example
[Auel9, Korl9, Fre21]. In first measurements with the lumped element resonator,
presented in this thesis, the pulse separation time was reduced to 0.4 us at a pulse du-
ration of 230 ns, which is close to the theoretical limit given the definition of the pulse
sequence. Thereby it was possible to observe the Gaussian shape like leveling-off of
the echo amplitude of N-BK7 glass, as predicted by spectral diffusion theory.

The novel resonator technique enables an extended characterization of the fast decay
of the echo amplitude at short pulse separation times and a quantitative compar-
ison between the different samples. Since the strength of the relaxation process is
related to the modulation of the quadrupole coupling constant, this can also give
insights into the nature of the tunneling systems. Especially, the multitude of avail-
able organic glass formers potentially allows a more detailed understanding of the
relaxation process. For example, individual atoms can be replaced by others which
carry a nuclear quadrupole moment (e.g. brominated and unbrominated variants of
the same material).



191

Furthermore, for samples with quadrupole splittings in the low MHz-range a com-
plete mixing of the nuclear levels is achievable with shorter pulse durations. In this
case, the measurements can be described by the simulation, developed within this
thesis (see section 4.4). Hence measurements of the magnetic field dependence of the
echo amplitude at different pulse separation times along with detailed simulations
allow to detect changes in the distribution of the tunneling systems. This in turn
can give insights into the kind of tunneling systems (symmetric or asymmetric) most
sensitive to a nuclear moments based relaxation. A suitable sample would be B5Os.
This sample shows a fast decay at small pulse separation times and contains only
one kind of quadrupole moment carrying atoms with a quadrupole splitting of about
1.3 MHz.

The lack of NQR data for most samples is encountered by an cross experiment de-
veloped in collaboration with [Auel9, Bli20, Sdu21|. Thereby the dielectric function
of the sample is measured while simultaneously a magnetic bias field with variable
frequency is applied to the sample. If the frequency of the bias field and the nuclear
splitting agree, energy is transferred to the nuclear moments. If a strong relaxation of
the nuclear moments via the tunneling systems is present the energy input is visible
in the dielectric function. This measurement technique does not only allow a deter-
mination of the nuclear quadrupole frequency, but also an identification of a strong
relaxation. First measurements on N-KZFS11, AsySs and PVC showed promising
results.

Another possibility to further investigate the nuclear moments based relaxation are
three-pulse echo measurements with and without magnetic field. In phonon echo
experiments the longitudinal relaxation time 7} was more sensitive to an applied
magnetic field [Ler88|. For those measurements as well as for verifying that the
fast decay observed in two-pulse echoes is indeed caused by nuclear moments, the
maximal magnetic field of the experimental setup has to be increased, such that the
quadrupole interaction becomes a small perturbation.






A. Appendix

A.1 Nuclear properties

Nuclear quadrupole properties

The nuclear quadrupole properties of the isotopes relevant for this thesis are listed
in table A.1. The table is amongst others based on those given in [Lucl6, Auel9|.
Other fruitful sources are [Chi88a, Chi88b, Chi89|.

Not in every publication the quadrupole coupling constant as well as the transition
frequency are given. In those cases the missing parameter is calculated with equation
4.7 and 4.8 by assuming n = 0. If I > 3/2 only the highest and lowest possible
transition frequency is given. For Am = 0, +1, all other transition frequencies
are within these. For n # 0 transitions with Am = +2 become possible which
have larger transition frequencies [Sui06]. In [Sui06] are some diagrams showing the
possible transition frequencies in dependence of n for I = 5/2, 7/2 and 9/.

Since this table gives only a rough overview about the energy scale of the quadrupole
coupling, the temperatures at which the listed coupling constants and transition fre-
quencies were measured are not given. However, both values depend on the sample
temperature. Usually the transition frequency increases with decreasing tempera-
ture. Staying in the simple picture of 7 = 0 this effect is caused by an increasing
electric field gradient eq, leading to a larger quadrupole coupling constant Cg and
thus to higher transition frequency. In simplified terms, it can be understood by
the thermal contraction of solids with decreasing temperature, whereby the atoms
approach each other. By this movement the electric field gradient that an atom
with a quadrupole moment experiences increases, since the electric field gradient is
caused by the surrounding atoms and its binding. A theory treating the shift of
the transition frequency with temperature for molecular crystals can be found in
[Bay51]. However, this shift is usually not very large. In [Rub74] the shift of the
™5 As resonance frequency in crystalline As,Ss is given. It changes from 69.8 MHz at
300K to 70.38 at 4.2 K. This example shows, that those shifts should be negligible
compared to the uncertainties with respect to the implementation of the respective
atoms within a glass.

In addition, the broadening of the transition frequencies caused by the disordered
structure is also not considered.
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Nuclear properties of different isotopes

Natural Gyromag. Quadrup. Coupling Transition
Isotope abund. Spin® ratio moment? constant n frequency /ies Material
%] 1 ey Myr] Q[bar]  Cg [MHZ] vg [MH7]
’H 0.015° 1 6.54° 0.00286 0.210* 0.1¢ 0.158° O-2H in Glycerol (solid)
0.165* < 0.02¢ 0.124¢ C-?H in Glycerol (solid)
108 19.6° 3 4.58° 0.0845 2.594/ 0.5157 0.55 - 1.37/  CaO - BO3 (polycryst.)
5.51¢ 0.12¢ 0.21 - 1.38¢ B,03 glass
1B 80.4° 3/5 13.66° 0.04059 0.300% 04 0.15* BO, in Pyrex (glass)
2.2 - 2.65¢ 0.2 - 0.8¢ 1.1-1.33" BOj3 in Pyrex (glass)
2.64¢ 0.12¢ 1.32¢ B,03 glass
N 99.6° 1 3.08° 0.02044 3.899 0.279 0.54 - 3.269 Metafluor aniline
70 0.048"  5/o 5.77¢ -0.0256 2.35 - 5.0" 0.1 - 0.55" 0.35- 1.5*  Alkali disilicate glasses
%Na 100° 3/2 11.26° 0.104 1.79 - 3.3 0.1-1° 0.9 - 1.65*  diff. crystallized glasses
2TAl 100° 5/2 11.09° 0.1466 3.5 - 4.54 n/a 0.53 - 1.35* Pyrex (glass)
339 0.75° 3/2 3.27° -0.0678 - - - -
BC1 75.5 3/2 4.17° -0.0817 65* n/a 32.57 powdery PVC
37C1 24.5 3/5 3.47° -0.0644 51.2* n/a 25.67 powdery PVC
K 93.26°  3/2 1.99¢ 0.0585  0.028 - 0.978F 0- 1k 0.056 - 0.978%  diff. 3°K-salts (cryst.)
0K 0.01° 4 2.47¢ 0.073 - - - -
UK 6.73¢ 3/2 1.09¢ 0.0711 1.84* n/a 0.922° salt
677n 4.1¢ 5/2 2.66° 0.15 - - - -
As 100° 3/5 7.29° 0.314 114 - 11759 0.15 - 0.4240 70.75¢ amorphous AsySs
“Br 50.5° 3/5 10.67° 0.313 508 - 604* n/a 254 - 302™  diff. organic compounds
617 - 641" 0.1-0.16" 309 - 322" diff. C-Br- - -N bindings
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Nuclear properties of different isotopes - continued

Natural Gyromag. Quadrup. Coupling Transition
Isotope abund. Spin® ratio moment? constant i frequency /ies Material
% 1y ] Qbam]  Cq [MHz v [MHz]

81Br 49.5° 3/2 11.50° 0.262 515 - 535" 0.1-0.16" 258 - 269" diff. C-Br- - -N bindings
N7y 11.22¢ 5/2 3.97°¢ -0.176 20.47" n/a 3.07 - 6.14* ZrSiOy crystal
%Nb 100° 9/2 10.41¢ -0.32 ~TT.5 ~0.36' 5.7-12.8"  Niobium pentachloride
121Sh 57.3¢ 5/2 10.19¢ -0.543 - - - -
123Sh 42.7°¢ /2 5.52¢ -0.692 - - - -
135Ba, 6.59°¢ 3/2 4.23° 0.160 17.17 n/a 8.55¢ BaCly,Og¢ - H,O
137Ba 11.23¢ 3/2 4.73° 0.245 7-25.4° 0-0.5° 3.5 -12.7 diff. crystals
165Ho 100° /2 8.73¢ 3.58 736.44 04 52.6 - 157.84 HoO4,V
181Ta  99.99¢ /2 5.09¢ 3.17 266° 0.05° 19.2 - 56.9° LiTaOg

TV

soryredord IesonN

Table A.1: Table of the stable isotopes and their nuclear quadrupole properties relevant for this thesis. Data taken from a [Sto13], b [Sui06],
¢ [Sch92|, d [Pra06], e [Chi88al, f [Bra99|, g [Bra04a], h [Mae96], i [Xue93|, j [Kim77], k& [Bas91|, I [Rub74], m [Lud56], n [Viol8], o [Ham10],
p [Chi88b], ¢ [Chi89], r [Bas90], s [Zhu78], t [Oku84]. The properties marked with an additional OJ are measured for the corresponding crystal.
The coupling constants or transition frequencies marked with * are calculated by assuming n = 0. If various transition frequencies are possible
(e.g. I > 3/2) only the lowest and highest are given. For Am = 0, +1 all other transition frequencies are within these.

G6T
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Nuclear magnetic moments of different isotopes

Natural Magnetic Natural Magnetic

Isotope abund. Spin moment || Isotope abund. Spin moment
7] 1 [in] 2] I [n]
H 99.99 /2 2.793 K 93.26 3/2 0.391
’H 0.01 1 0.857 0K 0.01 4 1.298
1B 80.1 3/2 2.689 UK 6.73 3/ 1.458
Hp 19.9 3 1.801 67Zn 4.1 5/2 0.875
13C 1.07 /2 0.702 As 100 3/2 1.439
UN 99.63 1 0.404 “Br 50.69 3/2 2.106
15N 0.37 1/2 0.283 81Br 49.31 3/2 2.271
170 0.04 5/2 1.894 N7y 11.22 5/2 1.304
YR 100 1/2 2.629 93Nb 100 9/2 6.171
2Na 100 3/ 2.218 12181 57.21 5/2 3.363
2TAL 100 5/2 3.642 1235h 42.79 /2 2.55
29Gi 4.7 /2 0.555 135Ba 6.59 3/2 0.838
39 0.76 3/2 0.644 B"Ba  11.23 3/ 0.937
51 75.78  3/2 0.822 165Ho 100 /2 4.173
3701 24.22 3/ 0.684 181 99.99 /2 2.371

Table A.2: Table of the stable isotopes and their nuclear magnetic moments relevant for
this thesis. All data is taken from |[Web|.

A.2 Supplementary plots for section 4.4

Figure A.1 shows the simulated quantum beating of glycerol-d5. The distribution of
tunneling systems used for the simulation is shown in figure 4.17. The quadrupole
splitting is 124.5 kHz and the tunneling angle ©1 = 16° in accordance with the results
obtained in [Baz08|. Since the simulation introduced in section 4.4 considers only
one nuclear moment per tunneling system the result is taken to the power of five
equivalent to the magnetic field dependence shown in figure 4.18.

Figure A.2 shows the magnetic field dependence of the energy levels of the upper
multiplet of a tunneling system with I = 1. The other settings are equivalent to the
simulation of the magnetic field dependence and the quantum beating. The nuclear
spin of the shown tunneling system and the magnetic field are parallel to each.
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Figure A.l: Simulated beating of the Figure A.2: Simulation of the magnetic
echo amplitude for Glycerol-d5. The values field dependence of the energy levels of
used in the simulation are given in section  the upper multiplet of a tunneling system
4.4. The obtained result is in accordance containing one nucear quadrupole moment

with measurements and simulations done in with I =1.

[Baz03].

A.3 Software and measurement procedure

The software to control the different remote controllable devices is written in Lab-
VIEW! and was developed in [Sch16a]. In the course of this thesis these routines
were extended to meet the current needs.

Before an actual measurement of an echo sequence starts all devices are initialized.
This means, that the signal generator is set to the resonance frequency of the res-
onator, which was determined by the network analyzer. The amplitude of the high
frequency signal is set to 13dBm. The pulse durations ¢; and t, as well as the pulse
separation time 715 are sent to the pulse generator. The magnetic field is ramped up
to the desired value. Thereby the current sent to the coil is varied in small steps with
small breaks in between to reduce the introduced heat by eddy currents and to give
the resonator and the sample time to thermalize. Finally, the AD-card is initialized
according to the needed time window for the measurement of the two-pulse sequence
and the expected signal height of the echo.

Afterwards, the actual measurement is initiated by the AD-card. It starts the record-
ing of the data and sends a trigger impulse to the pulse generator. The two switches
are opened simultaneously in the predefined manner of the two-pulse sequence. Then
the pulses pass the adjustable attenuator, where their field strength is reduced such
that the small angle approximation is fulfilled. After passing the attenuator in the
cryostat the two-pulse sequence is coupled into the resonator. Since the oscillating

13National Instruments, 11500 N. Mopac Expwy, Austin, TX 78759-3504, USA
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magnetic field within the resonator is also coupled out during the pulses through
the coupling-out loop, the signal in the readout branch consists of the two-pulse
sequence and the corresponding echo. Subsequently the signal is amplified by the
low and the room temperature amplifier before the high frequency part is eliminated
by mixing with an appropriate adjusted reference signal. The envelopes are further
amplified and finally recorded by the AD-card. Afterwards, the measuring software
preliminary analyzes the data and triggers another two-pulse sequence. Thus the
repetition rate of the echo sequence is defined by the the measuring computer.

An example of an echo sequence measured on the glass N-BK7 is shown in figure
A.3. In addition, the two-pulse sequence, as generated by the pulse generator, is
depicted in red. The offset, which can be seen in the echo sequence, of about 0.3V is
caused, amongst others, by the amplifiers in the readout branch. In the background
correction of the analysis procedure this offset is considered and subtracted (see
section 6.1). In figure A.3 the red curve is shifted by the same offset for clarity. The
maximal signal height of the two pulses in the echo sequence is set by the AD-card.
In the measurement, shown in figure A.3, the signal was limited to £0.5 V. Actually,
the voltage is considerably larger and leads usually to a saturation of the amplifiers in
the readout branch at a voltage of about 2 V. In addition, figure A.3 shows that the
recorded envelopes of the two pulses of the echo sequence are significantly broader
than the generated two-pulse sequence. This broadening is mostly caused by the
ring-down of the resonator but also by other components in the electronic setup and
is discussed in section 7.1. The non-straight baseline after the pulses is caused by
similar effects and considered in the background correction.

The preliminary analysis of the data by the measurement computer, mentioned
above, is similar to the final analysis introduced in section 6.1. However, in the
final analysis a more advanced background correction is applied. The analysis rou-
tine in the measurement software is used to determine how many measurements at
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one pulse separation time and temperature have to be averaged to obtain a prede-
fined signal to noise ratio for the echo signal. For this purpose the height of the echo
signal is compared to the standard deviation of the signal far apart from the pulses
and the echo (for the echo sequence, shown in figure A.3, a suitable window is for
example between a measurement time of 15 ps and 20 ps). Until the predefined signal
to noise ratio or a maximal number of measurements is reached more echo sequences
are averaged. This procedure ensures that only the number of measurements needed
for a suitable data quality is measured, which saves measurement time. With increas-
ing pulse separation time the echo amplitude decreases due to relaxation processes
and thus the needed number of measurements for a suitable signal to noise ratio
increases. In figure A.4 this is exemplarily shown for an echo decay measurement
on the glass N-BK7. In black the obtained signal to noise ratio is shown and in
red the corresponding number of measurements. In this measurement the minimal
number of measurements to be averaged is set to 5000, the maximal to 100000 and
the minimal signal to noise ratio to 7. At small pulse separation times the minimal
number of measurements is sufficient to reach a good signal to noise ratio. With
increasing pulse separation time the signal to noise ratio drops while the number
of measurements stays constant. At a pulse separation time of 30 ps the minimal
number of measurements is too small to reach the defined signal to noise ratio of 7.
Thus further 5000 measurements are averaged. Subsequently the number of mea-
surements increases with larger pulse separation time to obtain the desired signal
to noise ratio until the maximal number of measurements of 100000 is reached at
T12 = 60 ps. From this point on the signal to noise ratio drops. The maximal number
of measurements is no arbitrary number, but motivated by the minimal reachable
standard deviation of the measurement setup (compare section 5.3). The step in the
signal to noise ratio in figure A.4 at a pulse separation time of 20 ps is caused by a
change in the background correction (compare section 6.1).

After the procedure behind every measurement is introduced the different kind of
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measurements usually done in a measurement cycle are shortly summarized.

1.

Determination of resonance frequency
After the cryostat is cooled to the desired temperature and the sample has ther-
malized for several hours, the resonance frequency of the resonator is measured
with the network analyzer.

Adjust phase shifter

The phase of the reference signal, used to remove the high frequency part of
the echo sequence at the mixer, is adjusted by the phase shifter. This can
either be done systematically by measuring the echo amplitude in dependence
of the phase shift or by adjusting it by eye, such that the echo amplitude is
maximal. For these measurements arbitrary values of the pulse duration and
the field strength are used and the small angle approximation is neglected.
However, the pulse duration and field strength should not be chosen too large
to prevent heating effects, which can disturb the measurement. In addition,
the repetition rate of the two-pulse sequence should not be too high since this
can also cause heating effects. A rate of about 101/s is usually a good value. If
the frequency applied to the resonator is changed during a measurement cycle,
for example due to a temperature change, the phase of the reference signal has
to be adjusted again.

Adjust attenuation

With the used electronic setup the field strength of the 7/2 and the 7 pulse is
not adjustable independently. Thus to achieve the small angle approximation
(equation 3.50) the field strength and the pulse duration are adjusted under
the condition ¢y = 2t;. Since the pulse duration defines also the frequency
spectrum of the pulses usually a fixed pulse duration is chosen and the field
strength is adapted accordingly. Therefore the echo amplitude is measured in
dependence of the field strength of the excitation pulses to find the regime in
which the amplitude is proportional to F.

. Repetition rate

After the desired measuring parameters (pulse duration and field strength) are
found, it is checked whether the repetition rate used for the determination
of these parameters was too high and led to unintended heating effects that
influenced the measurement. Therefore the echo amplitude is measured in
dependence of the repetition rate from small to large rates. A heating effect
leads to a decrease of the echo amplitude. If a heating effect is detected at the
same rate which was used to adjust the phase shifter and the attenuator, these
measurements have to be repeated with a lower repetition rate.

Thermalization
As last step, after all measurement parameters are defined it is checked whether
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the sample is thermalized to the desired temperature. To check this circum-
stance, the echo amplitude is measured in dependence of the cryostat tempera-
ture at several temperatures. A reduction of the temperature thereby leads to
an increased echo amplitude and vice versa. In addition, these measurements
allow to determine the thermalization time needed by the sample to adapt af-
ter a change in temperature. However, these measurements do not allow to
determine the absolute temperature of the sample. In principle it is possible
that a constant offset to the cryostat’s temperature exists. But if the thermal-
ization measurement shows the expected behavior, it can be presumed that the
sample has the same temperature as the cryostat. To determine the absolute
temperature of the sample a thermometer has to be mounted directly on the
sample, which is not possible in most experimental setups.

Another possibility to check the thermalization of the sample is via the reso-
nance frequency of the resonator. A change in temperature leads to a change of
the dielectric constant. Thus measuring the resonance frequency in dependence
of the temperature gives the same information as measuring the echo amplitude
in dependence of the temperature. However, in dependence of the sample, the
resonance frequency and the temperature range, the change in resonance fre-
quency is unsuited to determine the sample’s thermalization. Considering the
standard tunneling model, the dielectric constant is for a frequency of about
1 GHz and very low temperatures in a plateau region (compare figure A.5) such
that there is no significant change of the resonance frequency with temperature.
Thus in the framework of this thesis the echo amplitude is used as indicator
for the thermalization.

6. Measure decay and magnetic field dependence of the echo amplitude
After all parameters are defined and the thermalization is checked, the decay
of the echo amplitude in dependence of the pulse separation time at different
temperatures as well as its magnetic field dependence can be measured.

A.4 Dielectric function in the standard tunneling model

In figure A.5 and A.6 the course of the real part of the dielectric function (which is
proportional to 1/f..s) and the loss tan(d) (being proportional to '/9) in dependence of
temperature is shown for different frequencies. The curves are based on the standard
tunneling model and calculated numerically. Regarding more details on the dielectric
function and the numerical calculation see [Lucl6]. For the topics discussed in the
framework of this thesis the real part of the dielectric function at about 1GHz
is relevant. It can be seen that the curve exhibits a plateau region at very low
temperatures. Thus a determination of the samples thermalization via the shift of the
resonance frequency as mentioned in section A.3 is not possible in this temperature
region. The loss tan(d) shows a plateau as well. The reentrant cavity resonator has
a high intrinsic loss and is thus not suited to measure the sample’s loss.
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Figure A.5: Numerical calculation of the
real part of the dielectric function in the
standard tunneling model as a function of
temperature for frequencies between 1Hz
and 1 GHz. Plot taken from |Lucl6|.
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A.5 Supplementary plots for chapter 6

Electric field dependence of the echo amplitude

In figure A.7 the relative contribution of tunneling systems with asymmetry energy A

to the echo amplitude is shown in dependence of the asymmetry parameter ¢ = 4/E
for different pulse separation times 75. For this illustration the argument of the
integral given in equation 3.71 is calculated in dependence of ¢q. The shown plot
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Figure A.7: Relative contribution of
tunneling systems with asymmetry pa-
rameter ¢ = 4o/E to the echo amplitude
at different pulse separation times and
temperatures.
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is the semi-logarithmic version of figure 6.15. In this plot the influence of the one-
phonon relaxation and spectral diffusion on the ensemble of tunneling systems can
be seen better. Spectral diffusion leads to a shift of the curve towards smaller ¢
since it is more effective for tunneling systems with a large asymmetry energy. The
one-phonon process leads to a reduction of the plateau region.

Temperature dependence of the relaxation

In figure A.8 the echo amplitude of Suprasil I and BK7 is shown in dependence of
the pulse separation time at a temperature of about 100 mK. It can be seen that
the decay behavior is within the scope of the measurement accuracy equal. This
indicates an equal strength of spectral diffusion and thereby a similar coupling of the
tunneling systems present in these materials to phonons and the strain field.
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S - <. and Suprasil I. The curve of BK7 was
w10y e | measured at a temperature of 96 mK, the
" one of Suprasil I at 100 mK. For better
‘ ‘ ‘ ‘ ‘ comparison the decay curves are aligned

0 1 2 3 4 5 6  to each other. Data taken from [Ens96b].
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Determination of T'pponon and Typecpig for Suprasil 1

Figure A.9 shows the data measured on Suprasil I at a temperature of 13 mK and
a curve based on the one-phonon relaxation and spectral diffusion in the short time
limit (compare equation 3.71). The obtained relaxation times are: 77 = T pponon =
125ps and Tipecpir = 31.6ps. The value for 15 ~ Tipecpin is similar to the one
obtained in [Ens96b].
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