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Non quia difficilia sunt non audemus,
sed quia non audemus difficilia sunt.

Seneca, Epistuale Morales 104.26

It is not because things are difficult that we do not dare;
but it is because we do not dare that things are difficult.

To my family and friends.
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List of Abbreviations

HT high-temperature (peak)
LT low-temperature (peak)
IMT insulator-metal transition
TMTTF tetramethyltetrathiafulvalene
BEDT-TTF, ET bis(ethylenedithio)-tetrathiafulvalene
BEDT-STF, STF bis(ethylenedithio)diselenadithiafulvalene
(dmit) 1,3-dithiole-2-thione-4,5-dithiolate
𝜅-CuCN 𝜅-(BEDT-TTF)2Cu2(CN)3

𝜅-STF𝑥-CuCN 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3

𝜅-AgCN 𝜅-(BEDT-TTF)2Ag2(CN)3

𝜅-CuCl 𝜅-(BEDT-TTF)2Cu[N(CN)2]Cl
ac alternating current
dc direct current
ADR anomalous dielectric response
AFM antiferromagnetic (order)
ARPES angle-resolved photoemission spectroscopy
BEMA Bruggemans’s effective medium approximation
CO charge order, charge ordered or charge ordering
DMFT dynamical mean field theory
EEG ethylene end groups
ESR electron spin resonance
FTIR Fourier-transform infrared spectroscopy
HOMO highest occupied molecular orbital
LUMO lowest occupied molecular orbital
NMR nuclear magnetic resonance
QSL quantum spin liquid
QWL quantum Widom line
RVB resonating valence bond
𝜇SR muyon spin resonance
SQUID superconducting quantum interference device
VBS valence bond state
VBG valence bond glass
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Abstract

Understanding the mutual interaction of electrons in a solid and their impact on its mate-
rials properties is one of the central topics of contemporary condensed matter research [1–
5]. In Mott insulators, the strong Coulomb repulsion among electrons leads to insulating
behavior, which is usually accompanied with anti-ferromagnetic ordering, although simple
band structure calculations would infer metallic transport behavior [6–8]. In proximity
to the Mott transition, many unconventional phenomena are revealed ranging from bad-
metal behavior, quantum criticality to high-temperature superconductivity [9–11]. From
a theoretical point of view, it is hard to capture all relevant aspects of this many body
system and a stringent treatment of the Mott transition is complicated by the various
ordering phenomena next to it [10, 12, 13].

In Mott insulators hosting a quantum spin liquid (QSL) state [14–16], magnetic ordering
is impeded by a combination of geometrical frustration, inherent disorder and quantum
fluctuations, despite a considerable high exchange coupling. They provide the unique
opportunity to investigate the genuine Mott transition [17–20], which is solely mediated by
Coulomb interactions without breaking any symmetry. However, the presence of spinons
- the fermionic spin exciations of the QSL - at the Mott transition and their possible
interference with it is vividly discussed [17, 19, 21, 22]. In that sense, the scenario of a
smooth transformation of a spinon Fermi surface to a charge Fermi surface upon crossing
the phase boundary, eventually resulting in a continuous phase transition was put forward
recently [17, 21, 23]. In contrast, dynamical mean field theory (DMFT) predicts a first
order scenario and negates a coherent merging of the two Fermi surfaces at the Mott
transition [22, 24–26].

The investigations carried out in this thesis unveil a percolating phase coexistence at
the bandwidth-tuned Mott insulator-metal transition (IMT) of the organic spin liquid
compound 𝜅-(BEDT-TTF)2Cu2(CN)3[14–16, 27–30] and unequivocally proof the first oder
nature of the genuine Mott transition. Our findings are in remarkable agreement with
DMFT and finally rebut the controversy of spinons interfering with the Mott transition.
In addition, we shed light onto the anomalous dielectric response (ADR) observed in the
insulating phase of many organic charge transfer salts subject to electronic correlations,
which puzzled the community for a decade.

More specifically, we performed comprehensive dielectric spectroscopy measurements
on the organic dimer Mott insulators 𝜅-(BEDT-TTF)2Cu2(CN)3 (𝜅-CuCN), 𝜅-[(BEDT-
STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 (𝜅-STF𝑥-CuCN) and 𝜅-(BEDT-TTF)2Ag2(CN)3 (𝜅-
AgCN). In addition to varying temperature and frequency as experimental parameters, we
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applied hydrostatic pressure to tune 𝜅-CuCN across the Mott IMT and to scrutinize the
dielectric response in the entire phase diagram. These investigations are complemented by
measuring a set of 𝜅-STF𝑥-CuCN crystals, wherein varying the substitution level 𝑥 is used
to tune the compound across the Mott IMT. Additional pressure-dependent measurements
of 𝜅-AgCN extend our investigations further into the insulating state of the organic spin
liquid compounds allowing us to thoroughly inspect the ADR.

The dielectric response 𝜀1p𝑇 q in the insulating state of the investigated compounds
contains two main dielectric contributions, a high-temperature (HT) peak, showing relaxor
ferroelectric characteristics, and a low-temperature (LT) peak. The HT peak corresponds
to the dielectric response of the Mott insulating fraction. In contrast, the LT peak emerges
due to a small metallic filling fraction already on the insulating side of the phase diagram
and is a precursor feature of the phase coexistence enveloping the IMT.

We identify the HT peak with the ADR previously observed at ambient pressure in var-
ious organic charge transfer salts. The corresponding activation energy ΔHT diminishes
upon intensifying pressure while the relaxation time 𝜏HT in the high-temperature limit
increases. In the framework of domain walls, the former indicates that domains are easier
to move and the latter that their size increases upon approaching the IMT. Despite com-
prehensive considerations, however, the microscopic origin of the domain walls remains
yet unclear while we only can discard quantum electric dipoles or disorder in the anion
network as a possible origin, which were put forward previously in literature [31–34].

The ADR shifts towards lower temperature upon increasing pressure 𝑝 or the substi-
tution 𝑥, showing that it is sensitive to modifying the correlations strength 𝑊 {𝑈 . An
elaborate comparison of our findings with other organic dimer Mott insulators indicates,
that the intriguing ADR is common to organics with correlated electrons. Thereby we also
exclude a purely phononic origin of the ADR. However, we can not rule out a connection
of the ADR to details of the crystal lattice yet, such as the packing motif or a structural
degrees of freedom related to hydrogen atoms.

For both investigated systems, 𝜅-CuCN under increasing pressure 𝑝 and 𝜅-STF𝑥-Cu-
CN with rising the substitution 𝑥, the observed signature of 𝜀1 and 𝜎1 for temperatures
𝑇   𝑇crit below the critical endpoint of the Mott IMT agrees very well with the expec-
tations for a percolating system. Upon approaching the Mott IMT from the insulating
side, metallic puddles start to nucleate and grow upon decreasing the interaction strength
𝑈{𝑊 . In contrast to conventional dc-transport, our measurements of the complex di-
electric permittivity are sensitive to polarization effects at the interface between finite
metallic clusters in the insulting host fraction, which lead to the drastic enhancement
of 𝜀1 up to 105 for 7.5 kHz. The percolative behavior is strongly suppressed for higher
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Figure 1: 3D plot of 𝜀1p𝑝, 𝑇 q probed at 380 kHz and the phase diagram of 𝜅-(BEDT-
TTF)2Cu2(CN)3. Most importantly, we observe a strong increase of 𝜀1 up to
500, centered around 1.8 kbar and below 20 K, close to the first-order Mott
transition (blue line). We ascribe this to a coexistence phase hosting spatially
separated metallic and insulating regions, as predicted by theory [25]. For
temperatures above 16 K, the first-order insulator-to-metal transition becomes
a gradual crossover which is indicated by the quantum Widom line [17, 20,
35]. The Mott insulating phase for 𝑝   1.5 kbar reveals a relaxor ferroelectric
response in 𝜀1p𝑇 q wherein 𝑇B (green circles) is the bifurcation temperature
indicating a change in the relaxation mechanism.
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temperatures where the first-order Mott insulator-to-metal transition becomes a smooth
crossover featuring quantum critical scaling.

These findings confirm the DMFT picture and discard a smooth transformation of a spin
Fermi surface to a conventional charge Fermi surface upon crossing the IMT. Moreover,
we establish pressure-dependent dielectric spectroscopy as a powerful tool to scrutinize the
whole phase diagram of correlated electron systems, revealing relevant physical regimes.
Among them are the presence of phase coexistence or the Brinkman-Rice line, the latter
separating incoherent conduction from bad metal behavior, besides the easily detectable
insulating and metallic regimes.

We apply Bruggeman’s effective medium approximation (BEMA) to determine the
metallic filling fraction 𝑚 and obtain the critical exponent 𝑞 � 1 upon approaching the
threshold from the insulating side. The LT-peak emerges due to a small metallic filling
fraction already on the insulating side of the phase diagram. A drop of ΔLT close to the
IMT indicates an increased coupling between the metallic inclusions. 𝜏LT decreasing from
10�6 to 10�8 s upon increasing 𝑚. The origin of this intriguing behavior has yet to be
clarified, i.e. whether this can be assigned to changes in size and/or shape of the metallic
inclusions.

In the coexistence phase, we observed an unexpected strong power-law decrease of 𝜀1p𝑓q

with increasing frequency, which does not match standard percolation theory. Testing our
data with theory [36, 37] ascribing the peculiar behavior to phonon assisted tunneling
of charge carriers between the metallic inclusions yields rather unrealistic results. Very
recent DMFT calculations [38] with particular emphasis on low frequencies reveal a pe-
culiar frequency-dependence of the spectral function 𝐴p𝜔q in proximity to the Mott IMT.
Whether this can be connected to the intriguing dielectric response observed here has yet
to be clarified, but might provide a route to place the various features in 𝜀1p𝑝, 𝑇, 𝑓q on the
same footing.

The main results of our pressure- and temperature-dependent dielectric spectroscopy on
𝜅-CuCN are summarized in Fig. 1, where a three-dimensional plot of 𝜀1p𝑝, 𝑇 q is produced
from the data taken at 𝑓 � 380 kHz. The bottom area contains a sketch of the phase
diagram constructed on the projection of the 𝜀1p𝑝, 𝑇 q values with the corresponding color
code; the intense dark red area indicates the enhanced values in the coexistence phase
when spatially separated metallic regions grow in the insulating matrix. The percolative
behavior softens as temperature increases: the maximum diminishes and eventually a
gradual crossover remains above 𝑇crit. Additionally, we include the quantum Widom line
reproduced after Ref. [39], the bifurcation temperature 𝑇B marking the change from the
HT to the LT peak and the concomitant change in the relaxation dynamics, and the
Fermi-liquid temperature 𝑇FL.
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Zusammenfassung

Die gegenseitige Beeinflussung von Elektronen und deren Auswirkung auf die Materialei-
genschaften ist eines der zentralen Themen der heutigen Festkörperforschung [1–5]. Die
starke Coulomb-Abstoßung zwischen Elektronen in Mott-Isolatoren führt zu nicht leiten-
den Eigenschaften, die für gewöhnlich mit Antiferromagnetismus einhergehen, obwohl ein-
fache Bandstrukturrechnungen metallisches Transportverhalten vorhersagen würden [6–
8]. Der Mott-Isolator-Metall-Phasenübergang (engl. insulator-metal transition, IMT) ist
von diversen unkonventionellen Phänomenen umgeben, die von schlechten metallischen
(engl. bad metal) und quanten-kritischen Skalierungsverhalten bis zur Hochtemperatur-
supraleitung reichen [9–11]. Aus der theoretischen Perspektive betrachtet ist es kompliziert,
alle relevanten Aspekte dieses Vielteilchensystems in einen stringente Rahmen zu fassen,
was durch die verschiedenartigen Ordnungsphänomene in der Umgebung des Mott-Über-
gangs zusätzlich erschwert wird [10, 12, 13].

In Mott-Isolatoren mit einem Quanten-Spin-Flussigkeit-Zustand (engl. quantum spin
liquid, QSL) [14–16] wird die magnetische Ordnung durch eine Kombination von geome-
trischer Frustration, inhärenter struktureller Unordnung und Quantenfluktuationen unter-
drückt, ungeachtet einer hohen Austauschwechselwirkung. Diese Systeme bieten die ein-
zigartige Möglichkeit den ursprüngliche Mott-Übergang zu untersuchen [17–20], der aus-
schließlich durch Coulomb-Wechselwirkung und ohne Symmetriebrechung herbeigeführt
wird. Allerdings wird eine Beinflussung des Mott-Übergangs durch die Anwesenheit von
Spinonen - den fermionischen Spinanregungen einer Quanten-Spin-Flüssigkeit - kontrovers
diskutiert [17, 19, 21, 22]. Insofern wird das Scenario einer reibungslosen Transformati-
on von einer Spinon-Fermi-Fläche zu einer Ladungs-Fermi-Fläche beim Durchqueren der
Phasengrenze vorgeschlagen [17, 21, 23]. Im Gegensatz dazu prognostiziert dynamische
Molekularfeld-Theorie (engl. dynamical mean field theory, DMFT) einen Übergang ers-
ter Ordnung und negiert ein kohärentes Zusammenwachsen der zwei Fermi-Flächen am
Mott-Übergang [22, 24–26].

Die in dieser Arbeit durchgeführten Untersuchungen enthüllen eine perkolationsarti-
ge Phasenkoexistenz des bandbreitenveränderten Mott-Übergangs in dem organischen
Quanten-Spin-Flussigkeit-Kandidaten 𝜅-(BEDT-TTF)2Cu2(CN)3 [14–16, 27–30] und be-
legen eindeutig die erste Ordnung des ursprünglichen Mott-Übergangs. Die Ergebnisse
stimmen in bemerkenswerter Weise mit DMFT-Berechnungen überein und schließen eine
Beeinflussung des Mott-Übergangs durch Spinonen aus. Darüber hinaus werden die un-
gewöhnlichen dielektrischen Eigenschaften (engl. anomalous dielectric response, ADR) im
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isolierenden Zustand vieler organischer Ladungstransfersalze mit korrelierten Elektronen-
systemen behandelt, die seit einer Decade die Wissenschaftswelt verblüffen.

Insbesondere führte ich umfassende dielektrische Spektroskopiemessungen der organi-
schen Mott-Isolatoren 𝜅-(BEDT-TTF)2Cu2(CN)3 (𝜅-CuCN), 𝜅-[(BEDT-STF)𝑥-(BEDT-
-TTF)1�𝑥]2Cu2(CN)3 (𝜅-STF𝑥-CuCN) und 𝜅-(BEDT-TTF)2Ag2(CN)3 (𝜅-AgCN) durch.
Neben dem Variieren von Temperatur und Frequenz wird hydrostatischer Druck als expe-
rimenteller Parameter verändert um in 𝜅-CuCN den Mott-Übergang herbeizuführen und
die dielektrischen Eigenschaften im gesamten Phasendiagram genau zu untersuchen. Diese
Untersuchungen werden durch Messungen einer Reihe von 𝜅-STF𝑥-CuCN Kristallen kom-
plementiert, wobei ein Erhöhen der chemische Substitution 𝑥 den Mott-Übergang einleitet.
Zusätzliche druckabhängige Messungen an 𝜅-AgCN ergänzen diese Studie weiter in den
isolierenden Zustand der untersuchten organischen Quanten-Spin-Flussigkeit-Kandidaten.

Die Permittivität 𝜀1p𝑇 q im isolierenden Zustand der untersuchten Materialien beinhal-
tet zwei dielektrische Beiträge, einen Peak bei höheren Temperaturen (HT) mit realxor-
ferroelektrischen Merkmalen, und einen Peak bei niedrigeren Temperaturen (LT). Der
HT-Peak entspricht der dielektrischen Antwort des Mott-Isolators. Im Gegensatz dazu
tritt der LT-Peak aufgrund eines geringen metallischen Anteils auf, der bereits auf der
isolierenden Seite des Phasendiagrams vorhanden und eine Vorläufererscheinung der Pha-
senkoexistenz am Mott-Übergang ist.

Wir identifizieren den HT-Peak mit der ADR, die zuvor bei Umgebungsdruck in ver-
schiedenen organischen Ladungstransfersalzen beobachtet wurde. Die dazugehörige Ak-
tivierungsenergie ΔHT schwindet mit zunehmenden Druck während die Relaxationszeit
im Hochtemperaturlimit 𝜏HT ansteigt. Für Domänenwänden zeigt ersteres an, dass diese
leichter zu bewegen sind und letzteres, dass deren Ausmaß mit dem Annähern an den
Phasenübergang zunimmt. Jedoch gelang es trotz weitreichender Betrachtungen nicht,
den mikroskopischen Ursprung von dielektrischen Domänen zu bestimmen während ich
quanten-elektrische Dipole und strukturelle Unordnung in den Anionenschichten, wie bis-
her vermutet [31–34], als möglische Ursache ausschließen konnten.

Die ADR schiebt zu niedrigeren Temperaturen wenn der Druck 𝑝 oder die Substitution
𝑥 erhöht wird und reagiert somit sensitiv auf eine Modulierung der Korrelationssträrke
𝑈{𝑊 . Eine ausführliche Gegenüberstellung meiner Ergebnisse mit der Literatur zeigt, dass
die faszinierende ADR in verschiednen organischen Ladungstransfersalzen mit korrelierten
Elektronensystemen auftritt. Dabei wird auch ein rein phononischer Ursprung der ADR
verneint, während ein Zusammenhang mit Details in der Kristallstruktur, etwa der Dimer-
Anordnung oder strukturelle Freiheitsgrade der Wasserstoffatome in den BEDT-TTF-
Molekülen, nicht ausgeschlossen werden konnten.
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Abbildung 2: 3D Plot von 𝜀1p𝑝, 𝑇 q, gemessen bei 𝑓 � 380 kHz, zusammen mit dem Pha-
sediagramm von 𝜅-(BEDT-TTF)2Cu2(CN)3. Am bedeutsamesten ist der
starke Anstieg von 𝜀1 bis zu 500, der bei 1.8 kbar und unter 20 K in der
Nähe zum Übergang erster Ordnung (blaue Linie) liegt. Wir führen diesen
auf eine Phasenkoexistenz zurück, die metallische und isolierende Regio-
nen separiert aufweist und bereits theoretisch vorhergesagt wurde [25]. Für
Temperaturen über 16 K wird der Übergang erster Ordnung zu einem gra-
duellen Wechsel von isolierenden zu metallischen Eigenschaften, der durch
die Quantum-Widom-Linie (QWL) angezeigt wird [17, 20, 35]. Die Mott-
isolierende Phase für 𝑝   1.5 kbar offenbart eine relaxor-ferroelektrische
Antwort in 𝜀1p𝑇 q wobei 𝑇B (grüne Kreise) die Bifurcationstemperatur ist,
die eine Änderung des Relaxationsmechanismus anzeigt.
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In beiden untersuchten Systemen, 𝜅-CuCN unter wachsendem Druck 𝑝 und 𝜅-STF𝑥--
CuCN mit steigender Substitution 𝑥, entspricht das beobachtete Verhalten in 𝜀1 und 𝜎1

für Temperaturen 𝑇   𝑇crit unter dem kritischen Punkt den Erwartungen für ein perkolie-
rendes System. Führt man das Sysmens von der isolierenden Seite an den Mott-Übergang
heran, so bilden sich metallische Regionen die sich mit ansteigender Korrelationsstärke
𝑈{𝑊 vergrößern. Im Gegensatz zu konventionellen DC-Transportmessungen sind unsere
der komplexen Permittivität empfindlich für Polarisationseffekte die an der Grenzfläche
zwischen meatllischen Regionen in der isolierenden Phase entstehen und letztendlich zu ei-
ner drastischen Steigerung in 𝜀1 führen, bis zu 105 für 𝑓 � 7.5 kHz. Das charakteristische
perkolative Verhalten wird für 𝑇 ¡ 𝑇crit stark unterdrückt, bei denen der Mott-Über-
gang erster Ordnung zu einem graduellen Crossover wird der quantenkritisches Verhalten
aufweist.

Diese Ergebnisse bestätigen die Vorhersagen von DMFT und negieren eine kohären-
te Transformation einer Spinon-Fermi-Fläche zu einer kanonischen Ladungs-Fermi-Fläche
beim Durchqueren der Phasengrenze. Darüber hinaus etablieren wir druckabhängige di-
elektische Spektroskopie als eine wertvolle Messmethode um das gesamte Phasendiagramm
von korrelierten Elektronensystemen zu untersuchen, die alle relevanten Bereiche aufdeckt.
Neben den leicht zu detektierenden isolierenden und metallisch leitenden Bereichen, fallen
darunter das Vorhandensein einer Phasenkoexistenz und die Brinkman-Rice-Linie, wel-
che den Bereich inkohärenten Leitvermögens vom schlechten metallischen Eigenschaften
trennt.

Wir benutzen Bruggeman’s Effektiv-Medium-Theorie (eng. Bruggeman’s effective medi-
um approximation, BEMA) um den metallischen Füllanteil 𝑚 zu bestimmen und ermittlen
𝑞 � 1 als kritischen Exponenten wenn man sich der Perkolationsschwelle von der isolieren-
den Seite nähert. Der LT-Peak bildet sich aufgrund eines kleinen metallischen Füllanteils
der bereits auf der isolierenden Seite des Phasendiagramms besteht. Ein Abfallen von ΔLT

nahe des Phasenübergangs zeigt eine verstärkte Kopplung der Polarisationseffekte an me-
tallischen Einschlüssen an. 𝜏LT verkürtzt sich von 10�6 zu 10�8 s mit steigendem 𝑚. Der
Ursprung dieses Verhaltens muss noch erklärt werden, eine mögliche Ursache wäre eine
veränderte Größe und/oder From der metallischen Einschlüsse.

In der Phasenkoexistenz beobachten wir ein unerwartet startkes Abnehmen von 𝜀1p𝑓q

mit steigender Frequenz, das einem Potenzgesetzt folgt und nicht mit den Erwartungen der
Standardtheorie für perkolierende Systeme übereinstimmt. Beim testweise Anwenden einer
Theorie [36, 37], die dieses Verhalten einem phononen-unterstützten Tunneleffekt von La-
dungsträgern zwischen den metallischen Einschlüssen zuschreibt, liefert eher unrealistische
Resultate. Neuerste DMFT-Berechnungen [38] mit besonderem Schwerpunkt auf niedrige
Frequenzen offenbaren eine sonderliche Frequenzabhängigkeit der Spektralfunktion 𝐴p𝜔q
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in der Nähe zum Mott-Übergang. Ob diese die hier beobachteten verblüffenden dielektri-
schen Eigenschaften schlussendlich erklären können muss noch genauer untersucht werden,
könnten aber eine gemeinsame Basis darstellen um die verschiedenen Besonderheiten in
𝜀1p𝑝, 𝑇, 𝑓q zu beschreiben.

Die Hauptergebnisse unserer druck- und temperaturabhängigen dielektrischen Spek-
troskopiemessungen an 𝜅-CuCN sind in Fig. 2 zusammengefasst, die einen 3D-Plot von
𝜀1p𝑝, 𝑇 q bei 𝑓 � 380 kHz zeigt. Die Grundfläche zeigt eine Skizze des Phasendiagrams,
das auf einer Projektion der Werte von 𝜀1p𝑝, 𝑇 q mit entsprechendem Farbcode basiert;
der Bereich in intensiven rot kennzeichnet die Phasenkoexistenz in der räumlich separierte
metallische Regionen auftreten und wachsen. Mit steigender Temperatur schwindet die-
ses Perkolationsmerkmal; das Maximum nimmt ab und wird schließlich zu einem glatten
Rückgang für 𝑇crit. Zusätzlich is die Quantum-Widom-Linie nach Ref. [39], die Bifurka-
tionstemperatur 𝑇B, die die Änderung der Relaxationsdynamik beim Wechsel vom HT-
zum LT-Peak markiert, und die Fermi-Flüssigkeitstemperatur 𝑇FL eingezeichnet.
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1
Introduction

Electronic correlations - strong Coulomb repulsion among electrons - give rise to a wide
range of fascinating and unconventional phenomena, which are at the forefront of con-
densed matter research. Outstanding among them is the Mott insulator, which is realized
in materials with a 1{2-filled conduction band when strong Coulomb repulsion forces elec-
trons to localize, eventually resulting in insulating behavior although simple band structure
calculations would infer metallic properties. This failure of band theory triggered the pi-
oneering works of Mott and Hubbard [6–8], which explicitly identify a delicate interplay
of the Coulomb replusion among electrons and the bandwidth as the driving force for the
insulating behavior.

In proximity to the Mott-insulting state, many unconventional phenomena are revealed
ranging from bad-metal behavior, anti-ferromagnetic ordering and quantum criticality to
high-temperature superconductivity [9]. Despite great efforts, however, some key fea-
tures of the Mott insulator and its phase transition to a metallic state remain unresolved.
The various ordering phenomena next to the transition pose the question whether they are
associated with symmetry breaking [9], whereas however, their complex environment com-
plicates the identification of the dominant degree of freedom and the corresponding order
parameter. This view is in contrast to the early concept of Mott and Anderson that spin
or charge ordering is not the driving force but the consequence of Mottness. Early theories
based on this approach favor a robust first-order scenario [8, 12, 13] but it has proven dif-
ficult to provide conclusive experimental evidence for the related phase-coexistence region
enveloping the Mott transition [9, 40, 41].

Today, heavy fermion systems [3], transition metal oxides [4, 5] and organic charge
transfer salts [1, 2] are well established systems to study electronic correlations. While
the former two often feature rather complex band structures, the conduction band in
organic salts is solely formed by the overlapping 𝜋-orbitals such that the single band
Mott-Hubbard model is truly realized. Besides that, their modular composition with dif-
ferent sets of donor molecules in combination with various atomic or molecular anions
turns out to be extremely versatile when it comes to modifying the system towards de-
sired properties. Moreover it makes them rather soft, such that pressure of a few kilobars
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1 Introduction

is sufficient to drastically change their bandwidth making them prime candidates to in-
vestigate the bandwidth-tuned Mott transition [42]. This not only enables the systematic
study of phenomena originating from electronic correlations, but their interplay with low
dimensionality, electron-phonon coupling, spin charge separation and Fermi-surface topol-
ogy, as for instance impressively demonstrated in the (BEDT-TTF)2𝑋 or (TMTTF)2𝑋 [1,
43] organic charge transfer salts (where BEDT-TTF stands for bis(ethylenedithio)tetra-
thiafulvalene and TMTTF for tetramethyltetrathiafulvalene).

Recently, the dimer Mott insulators 𝜅-(BEDT-TTF)2𝑋 with X=Cu2(CN)3 and Ag2(CN)3

draw a lot of attention. They feature a spin-1{2 system arranged on a triangular lattice
close to geometrical frustration which, in combination with the inherent disorder in their
anion network and quantum fluctuations, impedes magnetic ordering despite a consider-
able high exchange coupling [27–30]. This is interpreted as the realization of the quantum
spin liquid state (QSL) [14–16]. Most importantly, the absence of long-range magnetic or-
dering provides the unique opportunity to investigate the genuine Mott transition [17–20],
which is solely mediated by Coulomb interactions without breaking any symmetry. The
nature of the highly degenerate QSL state and its exotic spin excitations - spinons - are
subject of intense studies [44, 45] and controversial debate. In particular, the presence of
spinons at the Mott transition and their possible interference with it is vividly discussed
[17, 19, 21, 22]. In that sense, the scenario of a smooth transformation of a spinon Fermi
surface to a charge Fermi surface upon crossing the phase boundary, eventually resulting
in a continuous phase transition opposing a first-order scenario, was put forward recently
[17, 21, 23].

Besides the progress in material synthesis and experiments, remarkably theoretical ad-
vances in studying the Mott transition were achieved by the development of dynamical
mean field theory (DMFT). Its predictions of a strongly renormalized Fermi liquid, bad-
metal behavior and quantum critical scaling at temperatures above its critical end point
were experimentally confirmed in 𝜅-(BEDT-TTF)2Cu2(CN)3 with striking agreement [17,
20, 24–26, 39]. In addition, DMFT predicts a phase coexistence in proximity to the phase
boundary in accordance to a first-order scenario while its extension with resonating valence
bond theory negates a coherent merging of the two Fermi surfaces at the Mott transition
[22]. In this framework, spinons are well defined only deep in the insulating state and are
destroyed by charge fluctuations upon approaching the Mott transition.

Therefore, it is urgently required to finally settle whether a first-order scenario with
an associated phase coexistence is realized for the Mott transition in 𝜅-(BEDT-TTF)2-
Cu2(CN)3. In particular, it is a crucial point for the further examination of experimental
results obtained by non-local probes, such as dc-resistivity measurements which previously
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were interpreted in the framework of spinons interfering with the Mott transition [17], since
they are in particular affected by phase coexistence.

In this thesis, I demonstrate that dielectric spectroscopy is a very sensitive tool not
only to provide conclusive evidence for the phase coexistence at the Mott transition in
𝜅-(BEDT-TTF)2Cu2(CN)3, but also to determine its whole phase diagram and to distin-
guish relevant physical regimes. To that end, a setup to perform dielectric spectroscopy
in dependence of temperature, pressure and frequency was built at our institute, which is
perfectly suited for investigating the dielectric response of organic charge transfer salts over
the whole phase diagram. A crucial point in achieving this was to design and manufacture
of novel electrical feed though for a clamp type pressure cell [46]. The pressure-dependent
investigations on 𝜅-(BEDT-TTF)2Cu2(CN)3 and 𝜅-(BEDT-TTF)2Ag2(CN)3 are comple-
mented with ambient pressure measurements on 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2-
Cu2(CN)3, wherein chemical substitution is used to tune the crystal across the phase
transition. In addition, light is shed onto the anomalous dielectric response observed in
the insulating state of many organic charge transfer salts which puzzled the community
for a decade.

This thesis is organized as follows: In chapter 2, electronic correlations are introduced
on a basic level with particular emphasize on the Mott transition. Also, the currently
competing theoretical viewpoints on spinons interfering with the transition are briefly
summarized. Chapter 3 gives an overview on organic charge transfer salts and why they
are well established model compounds to study electronic correlations. The intension of
the first two chapters is to give a pedagogical introduction rather than a comprehensive,
detailed collection such that they might appear trivial for a reader more familiar with
these topics. In chapter 4, we give the basic definition of the measured observables, review
the mechanism of dielectric relaxation and provide various models necessary to analyze
the obtained data. The experimental setup, technical details on the feed through and
the analyzing procedure are discussed in chapter 5. Chapter 6 gives a first overview
of the collected data which can be divided into the dielectric response observed in the
Mott insulating part and the coexistence region of the phase diagram, which are both
subsequently examined in detail in Chapters 7 and 8, respectively. Finally, chapter 9
summarized the most important findings and gives an outlook for future projects.
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2
Physics of correlated electron systems

In band theory, just a single electron in the periodic potential of the lattice is considered
and the presence of all other electrons is accounted by a modification of this potential
while an explicit electron-electron interaction is neglected. In certain cases, however, these
electronic correlations are the driving force for a variety of phenomena, ranging from the
charged ordered and Mott insulating state, to quantum critical scaling, renormalized Fermi
liquid and bad metal behavior.

In this chapter, we will first introduce electronic correlations in the framework of the
Mott-Hubbard model and briefly discuss the phenomenology of the anti-ferromagnetic or-
dered Mott insulator and its counterpart without long-range magnetic ordering, the quan-
tum spin liquid. Subsequently, we will tackle the Mott transition and briefly summarize
the currently competing theoretical viewpoints on spinons interfering with the transition.
Finally, we give a short overview on the prediction of the dynamical mean field theory for
correlated systems with 1{2-filling.

2.1 The Hubbard model

It turned out, that in many cases the important physics of electronic correlations are very
well described by the extended Hubbard model [47]. Starting from electrons localized
on discrete lattice sites, it considers their hopping between nearest-neighbor sites via the
transfer integral 𝑡, which is a measure for the increase in kinetic energy through the
delocalization of the non-interacting electrons. Needles to mention, that in a single band
system the Pauli principles allows only two electrons on each site. Electronic correlations
are then introduced by considering the mutual Coulomb repulsion among electrons. First
of all there is the Coulomb repulsion which has to be overcome to put two electrons on
the same site, the on-site Coulomb repulsion 𝑈 , and of course there is a considerable
Coulomb repulsion between electrons on nearest-neighboring sites, taken into account by
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the inter-site Coulomb repulsion 𝑉 . In general we consider 𝑈 ¡ 𝑉 . The corresponding
Hamiltonian then reads

𝐻 � �𝑡
¸

 𝑖,𝑗¡,𝜎

�
𝑐:𝑖,𝜎𝑐𝑗,𝜎 � 𝑐:𝑗,𝜎𝑐𝑖,𝜎

	
� 𝑈

¸
𝑖

𝑛𝑖,Ò𝑛𝑖,Ó � 𝑉
¸

 𝑖,𝑗¡

𝑛𝑖𝑛𝑗 , (2.1)

where 𝑐:𝑖,𝜎 denotes the creation operator for an electron with spin 𝜎 at the site 𝑖, 𝑐𝑖,𝜎

the corresponding annihilation operator and 𝑛𝑖,𝜎 the electron number operator. The first
term corresponds to the kinetic energy, the second and third to the electronic correlations
mediated by the on-site and inter-site Coulomb repulsion, respectively.

The resulting physics depends on the band-filling, which in experiment can be adjusted
by charge carrier doping. In course of this very basic introduction, we will considered
a two-dimensional square lattice with 1{4- and 1{2-filling to give a simple picture of the
implication of electronic correlations on the physical properties of the system.

The case of a 1{4-filled system is shown on the left side of Fig. 2.1. The hopping of
an electron to an unoccupied site lowers its energy by �𝑡 while the inter-site Coulomb
repulsion 𝑉 has to be paid for every electron sitting on a nearest-neighbor of the target
site. If the electron hops to an occupied site, then additionally the on-site Coulomb
repulsion 𝑈 has to be overcome. The transport properties depend on the proportion of 𝑡,
or the bandwidth which in this case is 𝑊 � 4𝑡, relative to the strength of the electronic
correlations represented by 𝑈 and 𝑉 .

In case 𝑊 is much larger then 𝑈 and 𝑉 (𝑈, 𝑉 ! 𝑡), the energy cost 𝑈 , for putting
two electrons on the same site, and 𝑉 , for putting an electron on a site where one of its
nearest-neighbors is occupied, are negligible small compared to the energy gain �𝑡 for
delocalizing an electron. As a result, the system is metallic, its density of states remains
unaffected and only the Pauli principle limits the hopping of electrons.

On the other hand for sufficiently narrow bands, 𝑈 and 𝑉 become the dominant energy
scales (𝑈 ¡ 𝑉 " 𝑡) and it is energetically very unfavorable to put two electrons on the
same site. Moreover, the electrons avoid sitting next to each other on nearest-neighbor
sites in order to reduce 𝑉 , eventually leading to their localization in a checkerboard-like
arrangement. Due to this charge ordering, the density of states splits into an completely
occupied lower band and an unoccupied upper band which are separated by the energy
3𝑉 , which is necessary to create a charge excitation by shifting one electron by one site
such that it obtains three nearest-neighbors. An additional band represents the charge
excitation by putting two electrons on one site which is located in a distance of 𝑈 above
the occupied band.

In case of a 1{2-filled system, the main physics is well captured by only considering the
first two terms in Eq. (2.1) with an effective on-site Coulomb repulsion 𝑈 1 � 𝑈 � 𝑉 and

6
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Figure 2.1: Illustration of the extended Hubbard model on a 1{4-filled and a 1{2-filled
square lattice. Obeying the Pauli principle, a maximum of two electrons is
allowed per site. The probability of an electron hopping to a neighboring site
is given by the transfer integral 𝑡. If an electron hops to an unoccupied site,
the delocalization lowers its energy by �𝑡 whereas if it hops to an occupied
site, it additionally has to overcome the on-site Coulomb repulsion 𝑈 . For
a 1{4-filled, also the inter-site Coulomb repulsion 𝑉 has to be considered.
For 𝑈, 𝑉 ! 𝑡 both systems are metallic, since the cost for putting two elec-
trons on the same site or neighboring sites is negligible small compared to
the kinetic energy. For both fillings, the corresponding density of states re-
mains unaffected. For 𝑈, 𝑉 " 𝑡 in a 1{4-filled system, it is energetically very
unfavorable to put two electrons on the same site as well as on neighboring
sites, such that the electrons arrange in a checkerboard pattern in order to
minimize 𝑈 and 𝑉 . For 𝑈, 𝑉 " 𝑡 at 1{2 filling, 𝑈 impedes double-occupied
sites and the electrons are forced to localize, eventually resulting in insulat-
ing behavior. In both cases, the density of states is spitted at the Fermi
energy leading to an completely occupied lower band and an unoccupied up-
per band, which are separated by the energy 𝑈 necessary to create a charge
excitation by putting two electrons on one site. For a 1{4-filled, an additional
band located at 3𝑉 above to occupied one is formed representing the charge
excitation of shifting one electron to a neighboring site, such that it obtains
three nearest-neighbors.
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neglecting the third term. This case is illustrated on the right side of Fig. 2.1 for which in
principle the same energy considerations apply. In case the bandwidth 𝑊 is much larger
then 𝑈 (𝑈 ! 𝑡), the cost for putting two electrons on the same site is negligible small
compared to the energy gain for delocalizing an electron, such that the system remains
metallic with an unchanged density of states. For 𝑈 significantly exceeding 𝑊 (𝑈 " 𝑡),
double-occupied sites are impeded by 𝑈 , such that the 1{2-filling gives one electron per
site. The corresponding density of states is split at the Fermi energy into a completely
occupied lower Hubbard band (LHB) and an unoccupied upper Hubbard band (UHB),
which are separated by the energy 𝑈 necessary to create a charge excitation by putting
two electrons on one site.

2.2 Anti-ferromagnetic and quantum spin liquid state in
Mott insulators

In this thesis, we mainly consider electronic correlations in 1{2-filled systems, such that
we will focus on them in the following where we consider the spin-degree of freedom of the
electrons. In the framework of quantum mechanics, the ground state with strictly localized
electrons may be mixed with the excited state of an electron hopping forth and back to an
neighboring site, which is referred to as virtual hopping. This virtual hopping lowers the
net-energy and, in combination with the Pauli principle, leads to an anti-ferromagnetic
(AFM) spin alignment as illustrated in Fig. 2.1. This is associated with an effective
exchange interaction [47], usually called super exchange, with

|𝐽 | 9
𝑡2

𝑈
. (2.2)

In the last two decades, it turned out that the AFM ordering in the Mott-insulating
state can be suppressed when the electrons are arranged on a lattice featuring geometrical
frustration [44], such as on a triangular [27, 29, 30, 48, 49], Kagome [50–53] or hyperkagome
lattices [54]. In a simple picture this is explained by the fact, that it is impossible to
simultaneously realize the anti-ferromagnetic alignment of all spins, giving rise to an highly
degenerate state as illustrated in Fig. 2.2 for a triangular lattice. Besides this geometrical
frustration [55–57], quantum fluctuations [58] and disorder [34, 59–62] might play a crucial
role to quench magnetic ordering. As a result, the onset of anti-ferromagnetic order, the
Neel temperature 𝑇N, is significantly lower then expected from the exchange interaction
and in some case even suppressed to lowest temperatures. Instead of the ordered state,
a degenerate non-ordered state with highly entangled spins and large entropy is achieved
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Figure 2.2: Spin alignment for 𝐽   0 on a triangular lattice close to geometrical frus-
tration. Since an anti-ferromagnetic arrangement can not be satisfied for
all three spins simultaneously, two of them are aligned in parallel. This is
achieved in six different configurations which all require the same energy,
eventually giving rise to a six-fold degenerate spin state. Reproduced from
Ref. [15].

which is interpreted as the realization of the quantum spin liquid state (QSL) [14, 15, 44,
45].

A theoretical description of the QSL on a fundamental level is far from being settled
with numerous concepts being presented over the last years [44, 45]. Among them, the
resonating valence bond (RVB) theory [14, 15] is mostly used as a framework to approach
the QSL state. It considers valence bonds, i.e. a pair of spins with antiferromagnetic
exchange interaction forming a spin-0 singlet state. The unique feature of the spin liquid
is that the valence bonds are collectively entangled, not only with their neighbors but even
over long distances clearly exceeding the lattice spacing and in principle with every other
counterpart in the system. RVB theory predicts spinons, exotic quasi particles with charge
𝑞 � 0 and spin 𝑠 � 1{2 as excitation of the spin degree of freedom. Spinons are considered
to from a magnetic fluid with fermionic statistics in the Mott insulator [21]. Whether
the spinons are gapped or form a continuum is subject of much controversy, both from
theoretical and experimental side [63–66]. Moreover, theories predict spin charge coupling
via an emergent gauge field in the QSL state [67], invoking a contribution of spinons to
low-energy optical conductivity for which only recently first evidence is provided [19].

However, up to now a smoking gun experiment to unequivocally identify the QSL state
is missing and a variety of different experimental techniques is required [68]. First, one
might look at the magnetic susceptibility, which usually follows the Curie-Weiss law 𝜒 �

𝐶{p𝑇 � 𝑇CWq at high temperatures. Comparing the Curie temperature |𝑇CW| with the
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onset of residual ordering or spin freezing at 𝑇f gives a measure for the degree of frustration
𝑓 � |𝑇CW| {𝑇f. For sufficiently large 𝑓 , a spin liquid region might exist between |𝑇CW| and
𝑇f. In contrast to a spin glass, the QSL neither shows a glassy freezing of spins nor
any magnetic field dependence in the magnetic susceptibility upon cooling. The absence
of magnetic ordering can be confirmed by neutron scattering, which also probes spin
excitations and correlations. Nuclear magnetic resonance (NMR) measurements are also
a tool to rule out the presence of a static ordered state with inequivalent magnetic sites or
a static disordered state and the nuclear spin-lattice relaxation rate 𝑇�1

1 probes low-lying
spin excitations. Thermal transport measurements can be used to distinguish between
localized and itinerant electrons and specific heat measurements to probe the low-energy
density of states.

2.3 The Mott transition

It is straight forward that upon increasing the interactions strength 𝑈{𝑊 , the system
undergoes a phase transition from the metallic to the Mott-insulating state - the Mott
transition. Despite great efforts for several decades, the Mott transition remains poorly
understood on a fundamental level [8, 9, 47], mainly because the relevant degrees of
freedom at the transition cannot be straightforwardly identified. This complicates the
determination of an appropriate order parameter in analogy to the symmetry breaking
principle in conventional critical phenomena, although different competing orders are often
present in the vicinity of the transition. Numerical studies based on the dynamical mean-
field theory (DMFT, cf. Ch. 2.4) favor a first-order transition [12, 13] while only scattered
experimental proof exists for the associated phase coexistence [69, 70].

It is suggested, that the nature of the transition is influenced by the structure of the insu-
lating state in proximity to the Mott-transition. In this respect, the absence of long-range
magnetic ordering in QSL provides the unique opportunity to investigate the genuine Mott
transition [17–20], which is solely mediated by Coulomb interactions without breaking any
symmetry.

In many cases, an enhancement of the bandwidth 𝑊 is experimentally achieved by
applying external pressure 𝑝 [17, 27, 30, 39, 69], effectively decreasing 𝑈{𝑊 , such that
the corresponding phases can be represented in a 𝑝-𝑇 phase-diagram [1]. This is shown in
Fig. 2.3(a) for a Mott insulator with a lattice featuring considerable frustration (𝑡 � 𝑡1),
such that the QSL state is realized, and in panel (b) for a Mott insulator without sufficient
frustration (𝑡 ¡ 𝑡1) maintaining AFM order up to finite 𝑇N [20]. The insulator-metal
transition (IMT), terminating at the critical end point, is indicated by the black solid line
and clearly differs in shape for the two cases.
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(a) (b)

Figure 2.3: 𝑝 � 𝑇 phase diagram for the Mott insulator hosting a QSL state (a) and
a AFM state (b) at low temperatures. Note the different shapes of the
phase boundaries (black solid lines) for the QSL and the AFM ordered case.
Reproduced from Ref. [20].

The slope of the phase boundary is determined by the Clausius-Clapeyron equation 𝑑𝑇
𝑑𝑝 �

Δ𝑉
Δ𝑆 [71], with 𝑉 being the volume and S the entropy of the systems. In the AFM state, the
entropy of the Mott insulator is smaller then in the metallic state, such that the entropy
increases (Δ𝑆 ¡ 0) upon crossing the phase transition from the insulating to the metallic
side while the volume deceases (Δ𝑉   0) as this is achieved with applying pressure.
Consequently Δ𝑉

Δ𝑆   0 and the boundary line exhibits a negative slope. At temperatures
above 𝑇N, the entropy in the insulating state rises due to thermal fluctuations, eventually
exceeding the entropy on the metallic side and resulting in a positive slope of the boundary
line. Overall, a s-shaped phase boundary is achieved for the Mott insulator featuring AFM
order. In the Mott insulator hosting the QSL state, the large entropy of the fluctuating
spins in the insulating state exceeds the one in the metallic side already at 𝑇 � 0, leading
to qualitatively different phase boundary with monotonous positive slope [20].

2.3.1 Spinons at the Mott-transition

In contrast to magnons, the bosonic spin excitations in an AFM, spinons are fermions
obeying the Fermi-Dirac statistics. This poses the questions, whether the spinon Fermi
liquid realized in the insulting QSL state is compatible with the charge Fermi liquid in the
adjacent metallic state [72, 73] and how the conceivable transformation of a spin Fermi
surface to a conventional charge Fermi surface upon crossing the phase boundary might
interfere with the Mott transition in a QSL.

One attempt to theoretically tackled this issue was provided by T. Senthil via a mean-
field approach including fluctuations [23] which yielded the schematic phase diagram shown
in Fig. 2.4. A cross over at 𝑇 � (dashed black line) from a quantum critical region to
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T
*

T
**

Figure 2.4: Possible theoretical scenario for the Mott transition from a spin liquid to
a Fermi liquid. Plotted are the temperature scales 𝑇 � and 𝑇 �� separating
various regimes over the tuning parameter 𝑔, which in experiment can be
pressure. Reproduced after Ref. [21].

a marginal Fermi liquid and to a marginal spinon liquid on the metallic and insulting
side, respectively, is predicted, following the critical scaling 𝑇 �9|𝑔 � 𝑔𝑐|𝜈 with the tuning
parameter 𝑔 and the exponent 𝜈 � 0.67. The Landau Fermi liquid and the Mott insulator
hosting a spinon Fermi surface is achieved at 𝑇 ��9|𝑔 � 𝑔𝑐|2𝜈 (dash-dotted red line). At
zero temperature, a sharp Fermi-surface remains at the critical point although the Landau
quasi particles die out and the Mott transition is considered to be continuous. Moreover,
a divergence of the effective mass and an universal resistivity jump of the order of the
von Klitzing constant 𝑅K � ℎ

𝑒2 [74] right at the transition are predicted [21]. However,
experimental evidence for this scenario is sparse [17].

On the other hand by combining RVB with dynamical mean field theory (DMFT), Lee,
Florens and Dobrosavljević conclude, that the two Fermi surfaces do not merge at the
Mott transition [22]. Spinons are well defined only deep in the insulating state and are
destroyed by charge fluctuations upon approaching the Mott transition, which is predicted
to be of first order even at zero temperature. In an intuitive picture, the spin follows the
charge as soon as the electron start to delocalized, denying the existence of a coherent
spinon Fermi-surface.

2.4 Dynamical mean field theory

The development of dynamical mean field theory (DMFT) yielded a very successful the-
oretical framework to approach electronic correlations and the Mott transition with a
non-perturbative treatment [10, 12, 75]. It considers a single lattice site and estimates its
environment with an self-consistently determined effective medium. In contrast to con-
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Figure 2.5: Dynamical mean field theory considers a single site and replaces its envi-
ronment with a self-consistently determined effective medium. The local
single-particle spectral function Δ𝑖 describes the dynamics of electrons pass-
ing through the cavity around a given site 𝑖. Reproduced after Ref. [10].

ventional mean field theories, the description of the environment is not static but includes
information about the dynamics of electrons passing through the given site. This is done
via introducing a local single-particle spectral function Δ𝑖 in a cavity surrounding the site
𝑖, as illustrated in Fig. 2.5, which can be interpreted as the available electronic states for
an electron when leaving the cavity.

The from of Δ𝑖 is adaptable to capture electronic correlations and/or disorder [12]; in
absence of disorder Δ𝑖 is the same for all sites. Fig. 2.6 shows Δ𝑖 for a metal and a Mott
insulator while the green dashed line indicates the Fermi energy. For broad bands when
the on-site Coulomb repulsion is negligible, a metal is realized and Δ𝑖 is finite at the Fermi
energy. For a Mott insulator, the strong on-site Coulomb repulsion results in a gap of Δ𝑖

at the Fermi energy, thus providing a natural oder parameter description for the Mott
transition [10].

DMFT becomes exact in the limit of large coordination and maximal frustration, i.e.
long-range and frustrating intersite hopping, and denies any magnetic or long-range or-
dering, making it the perfect choice to theoretically investigate the Mott transition in
frustrated systems. Moreover, it is most reliable in the high-temperature region where
incoherent behavior prevails and any spatial correlations effects become negligible. It
therefore is not restricted to the transition region but correctly predicts many features at
elevated temperatures which are experimentally observed in correlated electron systems
at 1{2-filling with striking agreement. They are nicely summarized in Fig. 2.7 presenting
the phase diagram for the maximally frustrated one-band Hubbard model as obtained by
DMFT [25]. In the following, we will shortly overview the most relevant phenomena, such
that we can conveniently refer to them later.
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Figure 2.6: The local single-particle spectral function Δ𝑖p𝜔q captures the dynamics of
electrons passing through a given site and represents an order parameter for
the Mott IMT. (a) For metallic behavior of the electron system, Δ𝑖p𝜔q is
finite at the Fermi energy (green dashed line) indicating available states to
which electrons can delocalize to. (b) In the Mott insulating phase, Δ𝑖p𝜔q
is gapped at the Fermi energy and the electrons are localized on the site.
Reproduced after Ref. [10].

p U/W

Uc2 (T)Uc1 (T)

Figure 2.7: Phase diagram of the half-filled maximally frustrated Hubbard model as ob-
tained by DMFT. The black solid lines 𝑈c1 and 𝑈c2 indicated the spinodals of
the insulating and metallic phases, respectively. Most importantly, a phase
coexistence region is predicted in between the two spinodals and below the
critical point (black circle). The black dashed extension of 𝑈c1 is the quan-
tum Widom line marking a gradual cross over from more insulating to more
metallic transport properties which also features quantum critical scaling.
The deep blue color represents areas of small resistivity and bright red of
large resistivity while the yellowish region indicates quantum critical scaling.
Reproduced after Ref. [25].
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Figure 2.8: Schematic phase diagram of the Mott IMT. The competing energy scales are
the bandwidth 𝑊 and the Coulomb repulsion 𝑈 which both are of the order
103�104 K. For the critical end point of the transition usually 𝑇crit   100 K
is found, giving rise to an intermediate temperature 𝑇crit   𝑇 ! 𝑈, 𝑊 where
the system is on the verge of instability featuring quantum critical behavior.
Reproduced after Ref. [39].

Phase Coexistence at the Mott transition

At low temperatures, the Mott insulating phase (red region) is separated from the metallic
phase with Fermi liquid behavior (blue region) by a phase coexistence region associated
to the first-order nature of the Mott transition. The coexistence region lies in between the
metallic and insulating spinodals 𝑈𝑐1p𝑇 q and 𝑈𝑐2p𝑇 q, respectively, and hosts spatially sep-
arated metallic and insulating puddles. Starting from a purely insulating phase, metallic
puddles nucleate and grow upon decreasing the interaction strength 𝑈{𝑊 , for instance by
applying external pressure. At the associated first-order transition line, a continuous path
of metallic puddles is formed throughout the system in a percolation like manner such
that the transport properties of the systems drastically change. The first oder transition
line terminates at the critical end point at 𝑇 � 𝑇crit (black circle) featuring classical Ising
scaling in its immediate proximity [76]. The phase coexistence was first indicated by a
pronounced hysteresis in resistivity measurements [40, 69] and recently also by spatially
resolved scanning near-field microscopy [77–79]. As a main outcome of this thesis, we
will show that dielectric spectroscopy is an appropriate tool to unequivocally proof the
presence of a coexistence phase and hence the first-order nature of a transition.
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Quantum critical scaling and the Quantum widom line

The competing energy scales at the Mott transition are the bandwidth 𝑊 , as a measure
for the kinetic energy of the electrons, and the on-site Coulomb repulsion 𝑈 . Usually
𝑈 and 𝑊 are of the order of eV, equivalent to 103 � 104 K, while 𝑇crit is in the range
of several tens to a few hundreds K and about three orders of magnitude lower. This
gives rise to a broad intermediate temperature range 𝑇crit   𝑇 ! 𝑈, 𝑊 , as illustrated
in Fig. 2.8, where the system is on the verge of instability featuring quantum critical
behavior. The latter is precisely described by DMFT [24, 25] predicting a more continuous
cross over from the insulating to metallic side for 𝑇 ¡ 𝑇crit. In analogy to supercritical
fluids, where the Widom line loosely separates regions with more liquid-like and more
gaseous-like characteristics, the quantum Widom line (QWL) marks the crossover from
more insulating to more metallic regions in a Mott insulator at elevated temperatures.
A corresponding scaling of the resistivity curves was predicted by DMFT [24, 25] and
recently verified in several organic dimer Mott insulator with remarkable agreement [17,
20, 39, 69].

Fermi liquid and Bad metal behavior

At low temperatures on the metallic side, a Fermi liquid region is found (blue region)
where the effect of correlations is mapped onto well defined Landau quasi-particles (QP)
by renormalization. Experimentally, the Fermi liquid is characterized by 𝜌9𝑇 2 behavior in
dc-transport consisting up to the coherence temperature 𝑇FL and in optics with a scattering
rate 𝛾9𝜔2. At temperatures well exceeding 𝑇FL, the 𝑇 2-behavior in 𝜌p𝑇 q crosses over into
a linear one and the optical conductivity 𝜎p𝜔q reveals a transformation of the Drude peak
at 𝜔 � 0 to a far-infrared peak which significantly broadens and shifts to higher frequencies
upon heating [80]. In the framework of DMFT [11, 26], this temperature range hosts well-
defined QP excitations, so called resilient quasi-particles, which continuously dissolve upon
further increasing 𝑇 . In many correlated materials, such as Cuprates [81, 82], Vanadates
[83] and organics [80], the T-linear increase in 𝜌p𝑇 q upon heating up violates the Mott-
Ioffe-Regel limit [84], where the mean free path between two scattering events of a charge
carriers equals the lattice spacing 𝑙 � 𝑎. This marks the cross over to bad metal behavior
and resilient QP have completely disappeared.
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3
Organic charge transfer salts as model

compounds to study electronic
correlations

In this chapter, we briefly introduce organic charge-transfer salts as model systems to study
electronic correlations. Starting from some general considerations with special emphasis
on their high tuneability, we will then go into detail for the 𝜅-(BEDT-TTF)2Cu2(CN)3, 𝜅-
[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 and 𝜅-(BEDT-TTF)2Ag2(CN)3 salts which
are investigated in this thesis. We briefly summarize their properties and give a collection
of the open questions. Finally, we conclude this chapter with an overview of the anomalous
dielectric response observed in the insulating state of numerous organic charge transfer
salts.

3.1 Organic charge transfer salts

The organic charge transfer salts are a rather young class of materials which became valu-
able model systems in solid state research. Their modular composition with different sets
of organic donor molecules D in combination with various atomic or molecular acceptors
X turned out to be extremely versatile for tailoring systems with desired properties [2].

The electron donors D have a sufficiently low ionization energy 𝐼0, which is the energy
required to remove one electron from the highest occupied molecular orbital (HOMO),
such that they can be easily reduced by the acceptors X with an accordingly high electron
affinity 𝐴, which is the energy released by filling the lowest occupied molecular orbital
(LUMO). Their combination leads to the formation of a charge transfer complex D𝑚X𝑛

according to the reaction scheme [85, 86]

r𝐷𝑚s � r𝑋𝑛s Ñ r𝐷𝑚s
�𝛿 � r𝑋𝑛s

�𝛿 , (3.1)
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Figure 3.1: Sketch of the energy scales involved in the formation of a charge transfer
complex. The distance between the HOMO and LUMO of the donor and
acceptor molecule are denoted as ΔMO,D and ΔMO,A, respectively. In the
illustrated case, one electron is transferred from the HOMO of the donor to
an energy level of the charge transfer complex which is lowered in energy due
to the Coulomb interaction between the donor and acceptor molecule.

with 𝑚 and 𝑛 being integers and the charge transfer ration 𝛿. The resulting electrostatic
attraction between donor and acceptor stabilizes the crystals. The charge transfer requires
the energy

ΔCT � 𝐼0 �𝐴� 𝐶   0 , (3.2)

where C takes into account the Coulomb-, polarization- and exchange-energy contributions
[87].

Fig. 3.1 shows a scheme of the energy scales relevant for the charge transfer. Usually,
the energy separation between the molecular orbitals of the constituents is much larger
then the typical size of the intermolecular transfer integral 𝑡 (not shown in Fig. 3.1), such
that it is sufficient to describe the molecular orbitals with the HOMO and the LUMO.
The distance between the HOMO and the LUMO of the donor and acceptor molecule are
denoted as ΔMO,D and ΔMO,A, respectively, and are usually of the order of several eVs,
whereas ΔCT � 0.5 eV. Hence, the energy scales can be ordered according to

𝑡 ! ΔCT   ΔMO,A À ΔMO,D . (3.3)

As a measure for the overlapping HOMOs and LUMOs between neighboring molecules,
the transfer integral depends on the shape of the donor molecule and their orientation
within the crystal structure which we both did not consider so far. However, in gen-
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eral the overlap between neighboring donor molecules is sufficient for the formation of a
HOMO and LUMO band while their overlap to the acceptors is usually negligible. The
filling and the geometry of the HOMO band determine the electronic properties of the
system, whereas the charge transfer band and the molecular orbital excitations are usu-
ally well above the Fermi energy. Or in other words, the charge transfer from the donors
to the acceptors stabilizes the crystal whereas the electronic properties are governed by
the transfer integrals between the donor molecules.

In principle, any combination of organic donors and any kind of acceptor is possible as
long as Eq. 3.2 is satisfied and thus a large number of compounds could be synthesized
since the beginning of the field in the 1960s. Most of the compounds are grown by
electrochemical crystallization from their solution yielding high quality single crystals [88].
The most common acceptors are molecules with constituents from the chalcogens and
halogens to achieve the required electron negativity, for instance 𝑋 = Br, PF6, AsF6,
SbF6, TaF6, SCN, FSO3, NO3, BF4, ClO4, ReO4 and I3.

Fig. 3.2 gives an overview of different organic donor molecules which are regularly used
as building blocks in synthesizing organic charge transfer salts. Probably among the
most studied are those with TMTTF (tetramethyltetrathiafulvalene) or BEDT-TTF (bis-
(ethylenedithio)tetrathiafulvalene) donors, the latter sometimes is also abbreviated as ET.
Most of them exhibit a planar structure and the orbitals of the constituting atoms are
subject to sp2-hybridization, resulting in molecular orbitals forming 𝜎-bonds, which are
mainly located in between the bonding constituents, as well as 𝜋-bonds extending perpen-
dicular to the planar molecule.

Fig. 3.3 shows the HOMOs of a charge neutral BEDT-TTF molecule which are mainly
centered on the sulfur atoms and the C=C double bonds. Due to the directional shape
of the HOMO, the transfer integral to neighboring molecules strongly depends on the
orientation of the molecules in respect to each other and favors their arrangement in
stacks or layers. Moreover, the extent of the HOMO is small compared to the size of the
donor molecule, usually resulting in the formation of a single, well defined band clearly
separated from the other energy scales. This facilitates the design of compounds with
narrow bands of reduced dimensionality, enhancing the electron density and therefore the
influence of electronic correlations.

Up to now, we kept the discussion on the organic charge transfer slats very general
which was tolerable for a basic introduction. Most of the arguments, however, become
clearer when the actual crystal structure of a compound family is considered. Since the
materials under study in this thesis belong to the (BEDT-TTF)2𝑋 salts, we will focus on
them in the following.
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Figure 3.2: Overview of organic donor molecules which a regularly used in synthesizing
organic charge transfer salts. Note the planar structure of most of the donors.
Reproduced from Ref. [85].
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Figure 3.3: HOMO of a charge neutral BEDT-TTF molecule which are mainly centered
on the sulfur atoms and the C=C double bonds. Reproduced from Ref. [89].
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Figure 3.4: Crystal structure of the quasi-two dimensional organic charge transfer salts
(BEDT-TTF)2𝑋. (a) Sketch of a planar BEDT-TTF molecule. (b,c) Typical
layered structure wherein the BEDT-TTF layers (orange block) are separated
by anion layers (blue blocks). Panel (b) is reproduced from Ref. [90].

3.2 Quasi-two dimensional (BEDT-TTF)2𝑋

Fig. 3.4 shows a scheme of a single BEDT-TTF molecule together with the typical structure
of the (BEDT-TTF)2𝑋 salts. Most importantly, the BEDT-TTF molecules are arranged in
layers alternating with layers of the acceptors X, the latter are also called anion layers. The
layered structure has important implications on the physical properties of the compounds.
First, the orbital overlap of the BEDT-TTF molecules to the anions is negligible small
and their interaction is indirectly mediated via the hydrogen atoms in the ethylene end
groups (EEG) of the BEDT-TTF molecule. On the other hand, the overlap of BEDT-TTF
molecules within one layer gives rise to a quasi-two dimensional conducting layer forming
a single narrow band which governs the electronic properties. This leads to a large in-
plane/out-of-plane anisotropy while an in-plane anisotropy might also occur depending
on the exact packing motif the of the BEDT-TTF molecules within one layer. Secondly,
the reduced dimension of the quasi-two dimensional electron system with a narrow band
enhances the electron density and amplifies the influence of electronic correlations.

3.2.1 Packing motifs

A large number of (BEDT-TTF)2𝑋 salts were synthesized so far while often more struc-
tures of the same composition exist, which are distinguished by the specific pattern of the
arrangement of the BEDT-TTF molecules within one layer. This is usually referred to
as the packing motif which is denoted with a greek letter as a prefix to the salt name.
Fig. 3.5 shows the most common packing motifs in a top view of the BEDT-TTF layer.
The packing motif determines the unit cell, indicted by the gray rectangle, and leads to
different transfer integrals between the molecules giving rise to an in-plane anisotropy of
the electronic properties.
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Figure 3.5: Arrangement of the BEDT-TTF molecules within one layer, also called pack-
ing motif. It determines the unit cell, indicted by the gray rectangle, and
influences the transfer integrals between the molecules. Also, different crys-
tals structures of the same chemical composition exist which are only distin-
guished by the packing motif. The 𝜅 and 𝜆 packings feature a dimerzation
of the BEDT-TTF molecules, such that each dimer can be regarded as one
lattice site resulting in an 1{2-filled system. Reproduced from Ref. [1, 85].

3/4-filling vs. 1/2-filling

Moreover, besides the charge transfer and the stoichiometry, the packing motif can in-
fluence the band filling. Usually, each anion receives one electron from the BEDT-TTF
layer making it monovalent 𝑋�. Then the D2X stoichiometry implies positively charged
cations (BEDT-TTF)�1{2. As a result, most (BEDT-TTF)2𝑋 salts exhibit a 3{4-filled
band which then is subject to electronic correlations. In this case, electronic correlations
in form of the on-site 𝑈 and the inter-site Coulomb repulsion 𝑉 have to be considered. In
case of a sufficiently narrow band this leads to a charge ordered insulting state which is
usually non-magnetic.

On the other hand, in some packing motifs the BEDT-TTF molecules form dimers and
the intra-dimer transfer integral is much larger then the inter-dimer, for instance in the 𝜅

or 𝜆 packing, such that each dimer can be regarded as one entity forming a lattice site.
This doubles the unit cell and opens a dimerization gap leading to an effectively 1{2-filled
system. For a narrow band the on-site Coulomb repulsion of a dimer can be sufficient
to induce a Mott insulting state, also referred to as dimer Mott insulator. Depending on
the geometrical arrangement of the dimers this is accompanied with AFM order or a QSL
state, as discussed in detail in chapter 2. Fig. 3.6 displays selected packing motifs with
the corresponding band filling wherein the dimers in the 𝜅 and 𝜆 packing are indicated by
red circles.
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Figure 3.6: Influence of the packing motif of the BEDT-TTF molecules on the band
filling. The A2B stoichiometry and the charge transfer of one electron to
each anion 𝑋� implies (BEDT-TTF)�1{2. This leads to a 3{4-filled band,
as for instance in the 𝛼 and 𝛽 packing motifs, which subsequently can be
subject to electronic correlations such that a charge ordered (CO) state is
realized. In case of sufficient dimerization, realized for example in the 𝜅 and
𝜆 packings, each dimer can be regarded as one entity forming a lattice site,
which are indicated by the red circles. As a result, the unit cell is doubled
and a dimerization gap opens, leading to to an effectively 1{2-filled band.
Electronic correlations then can lead to a Mott insulting state which can
host an anti-ferromagnetic (AFM) ordered or a quantum spin liquid (QSL)
state.
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Figure 3.7: Generic phase diagram of the 𝜅-(BEDT-TTF)2𝑋 salts and notation of the
lattice parameters and transfer integrals as used in Refs. [91, 92]. Substi-
tuting the anions 𝑋 influences the transfer integrals 𝑏1 and 𝑝, resulting in
a change of the effective strength of electronic correlations 𝑈{𝑡. The same
effect is also achieved by applying external pressure, reducing the band over-
lap by decreasing the lattice parameters 𝑎 and 𝑐, such that the influence of
electronic correlation diminishes upon increasing the pressure. The phase
diagram is reproduced after [92].

Table 3.1: Lattice parameters and transfer integrals of selected 𝜅-(BEDT-TTF)2𝑋 salts
as reported in Ref. [91]. The assignment of the parameters is illustrated
in Fig. 3.7. In particular, the inter-dimer transfer integral 𝑏2 considerably
changes upon substituting the anion 𝑋. Reproduced after Ref. [91].
X 𝑇 𝑏1 𝑏2 𝑝 𝑞 𝑎 𝑏 𝑐

Cu[N(CN)2]Br 127 K 26.5 9.8 10.9 -3.8 12.878 29.681 8.484
Cu[N(CN)2]Cl 127 K 27.3 10.4 10.5 -3.9 12.909 29.658 8.418

Cu(NCS)2 104 K 27.2 11.1 11.9 -3.2 12.855 32.718 8.418
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3.2.2 Tuning electronic correlations by chemical substitution

Up to now, the anion layers were solely considered as spacers in between the BEDT-TTF
layers. Besides the packing motif, however, the arrangement of the BEDT-TTF molecules
is also influenced by the choice of the anions 𝑋, eventually changing the lattice parameters
and the transfer integrals. In this regard, one benefits from the possibilities that come with
the inherent flexibility and control of chemistry for tuning the electronic properties and
the influence of electronic correlations. As a well studied example, we review here the 𝜅-
(BEDT-TTF)2𝑋 salts with X=Cu[N(CN)2]Cl, Cu[N(CN)2]Br and Cu(NCS)2 [39, 69, 90–
99]. Tabel 3.1 lists the lattice parameters and the overlap integrals for X=Cu[N(CN)2]Cl,
Cu[N(CN)2]Br and Cu(NCS)2, as reported by 𝑀𝑜𝑟𝑖 and collaborators in Ref.[91]. Thereby,
we also follow their notation which is illustrated in Fig. 3.7. At this point it is important to
emphasize, that the little change of the overlap integrals 𝑏1 and 𝑝 modifies the influence of
electronic correlation. The on-site Coulomb repulsion on a dimer can be roughly estimated
by 𝑈92𝑏1 [100] and the transfer integral with 𝑡9𝑝. Upon substituting X=Cu[N(CN)2]Cl
with Cu[N(CN)2]Br, the effective Coulomb repulsion 𝑈{𝑡 is reduced and the compound
undergoes a Mott transition. By qualitatively comparing experimental observations, such
as transport and magnetic properties, a generic phase diagram can be constructed, as
shown in Fig. 3.7. Moreover, the salts with X=Cu[N(CN)2]Cl and Cu[N(CN)2]Br are
isostructural and the properties can even be fine tuned by partially substituting Cl with
Br [99].

Another procedure to chemically control the bandwidth is to partially substitute the
donor BEDT-TTF molecules with one of its derivatives, such has the BEDT-STF or the
BETS molecule [103–106]. Fig. 3.8 shows the generic phase diagram of 𝜆-D2GaCl4 which
is based on dc-transport [105] and 13C-NMR measurements [101, 102] together with the
molecular structure of the donor molecules 𝐷. Upon substituting the center S atoms
([Ne]3s23p4) with larger Se atoms ([Ar]3d104s24p4) and thereby replacing 3p with 4p
electrons in the formation of the molecular orbitals, their overlap is drastically enhanced
resulting in an effective increase of the bandwidth 𝑊 . To that end, this provides another
way to realize the bandwidth-controlled Mott transition in the (BEDT-TTF)2𝑋 salts.

3.2.3 Tuning electronic correlations with pressure

In contrast to chemical substitution, hydrostatic pressure allows in principle a continuous
sweeping through the phase diagram and pressure-dependent dc-transport became a com-
mon tool to probe insulator-metal transitions. In that aspect, the organic charge transfer
salts are advantageous because their composition of organic molecules makes them rather
soft. A pressure of a few kilobars is often sufficient to induce a drastic change of their elec-
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BEDT-TTF  (ET)

BEDT-STF  (STF)

BETS  

l-D2GaCl4

Figure 3.8: (a) Generic phase diagram of 𝜆-D2GaCl4 upon substituting the donor
molecules 𝐷, whose molecular structure is shown in panel (b). The center S
atoms are replaced with the larger Se atoms, leading to a drastic enhance-
ment of the molecular overlap and the bandwidth. As a result, substituting
𝐷 provides an additional way to realize the bandwidth-controlled Mott tran-
sition in the (BEDT-TTF)2𝑋 salts. Reproduced from Refs. [101, 102].

tronic properties [2] which can be easily reached with piston type pressure cells or He-gas
pressure cells [107, 108]. A well studied example is again 𝜅-(BEDT-TTF)2Cu[N(CN)2]Cl,
which undergoes a Mott insulator-metal transition (IMT) already at a pressure of 300 bar
[39, 69, 96]. In Fig.3.9, the phase diagram in vicinity of the Mott transition and the under-
lying pressure-dependent dc-transport measurements are reproduced from Ref. [69]. The
transport properties and the observed crossover lines are successfully predicted by DMFT.
In particular renormalization group calculations within the framework of DMFT, indicated
by the solid lines in Fig. 3.9(b), are in good agreement with temperature-dependence of
the in-plane resistivity.

3.2.4 Disorder in the BEDT-TTF configuration

The BEDT-TTF molecules occur in two different configurations in respect to the ori-
entation of their ethylene end groups (EEG), the staggered and the elclipesed configu-
ration, which are both illustrated in Fig. 3.10. Low-frequency fluctuation spectroscopy
measurements reveal a glassy freezing of the EEGs in various members of the 𝜅-(BEDT-
-TTF)2𝑋 family [110, 111] with a slightly compound dependent glass temperature 𝑇g

around 100 K. In 𝜅-(BEDT-TTF)2Cu[N(CN)2]Cl, 𝜅-(BEDT-TTF)2Cu[N(CN)2]Br and
𝜅-(BEDT-TTF)2Cu(NCS)2 it is found, that the glassy freezing of EEGs influences the
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(a) (b)

Figure 3.9: (a) Phase diagram of 𝜅-(BEDT-TTF)2Cu[N(CN)2]Cl as obtained by dc-
resistivity measurements in a He-gas pressure cell. Around a pressure of
300 bar, the Mott IMT is observed. The black shaded area indicates the
region with pronounced hysteresis in the resistivity upon tuning the pres-
sure at constant temperature. (b) The resistivity cures are well fitted with
DMFT. Reproduced from Ref. [69].

Figure 3.10: Eclipsed and staggered configuration of the ethylene end groups (EEG) of
a BEDT-TTF molecule. Reproduced from Ref. [109].
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3 Organic charge transfer salts as model compounds to study electronic correlations

Table 3.2: Lattice parameters of 𝜅-CuCN at 300 K and 𝜅-AgCN at 150 K as reported in
literature.

𝑎 (Å) space group 𝑏 (Å) 𝑐 (Å) 𝛼 p�q 𝛽 p�q 𝛾 p�q

𝜅-CuCN [62] 𝑃1 16.1221 8.591(6) 13.413 89.99(2) 113.43 90.01
𝜅-AgCN [30] 𝑃21{𝑐 15.055 8.7031 13.412 – 91.307 –

electronic properties as demonstrated by cooling rate-dependent transport measurements
[110, 111].

3.3 Organic spin liquid compounds
𝜅-(BEDT-TTF)2Cu2(CN)3 and
𝜅-(BEDT-TTF)2Ag2(CN)3

Recently, the dimer Mott insulators 𝜅-(BEDT-TTF)2𝑋 with X=Cu2(CN)3 and Ag2(CN)3,
in the following abbreviated with 𝜅-CuCN and 𝜅-AgCN, respectively, draw a lot of atten-
tion since they are considered to host a quantum spin liquid state. Both compounds
exhibit the typical layered structure of the (BEDT-TTF)2𝑋 salts (cf 3.2) which is exem-
plary shown in Fig. 3.11(a) for 𝜅-CuCN. For both compounds, the X-ray structural data
are solved in the 𝑃21{𝑐 space group [33, 60]. Very recently, Pouget and collaborators
[62] thoroughly investigated the crystal structure of 𝜅-CuCNand discovered a triclinic 𝑃1
symmetry with two inequivalent dimers in the unit cell, implying a weak charge imbal-
ance between dimers in the whole temperature range. The lattice parameters are listed in
Table 3.2.

Within one BEDT-TTF layer, the donor molecules form dimers, indicated by the red
circles in Fig. 3.11(b), which are arranged on a triangular lattice. Each dimer transfers
one electron to the anion layer, leaving behind one electron (or hole) per dimer. The intra-
dimer transfer integral 𝑡d is clearly larger then the inter-dimer integrals 𝑡 and 𝑡1, which
are listed in Table 3.3, such that each dimer is considered as one lattice site resulting in a
1{2-filled band. Moreover, a spin 1{2 system on a triangular lattice is formed with values
of 𝑡 and 𝑡1 close enough to each other to promote geometrical frustration.

The [Cu2(CN)3]� and [Ag2(CN)3]� anions polymerize constituting two-dimensional net-
works which are depicted in Fig. 3.11(c) and (b), respectively. They from keyholes or
openings with a hexagonal shape for 𝜅-CuCN and a rather rectangular one for 𝜅-AgCN.
Additionally, three dimers from the overlying BEDT-TTF layer are shown to illustrated
their arrangement relative to the anion layers. For 𝜅-CuCN, the dimers are located right
above the hexagonal openings in the anion layer whereas for 𝜅-AgCN, they lie on top of
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Figure 3.11: (a) Scheme of the layered crystal structure of 𝜅-(BEDT-TTF)2𝑋 with
X=Cu2(CN)3 or X=Ag2(CN)3. (b) Top view on one BEDT-TTF layer
with the notation of the transfer integrals. The BEDT-TTF dimers are
indicated by red circles. A single anion layer for X=Cu2(CN)3 (c) and
Ag2(CN)3 (d) together with three dimers from the overlying BEDT-TTF
layer to show their arrangement relative to the anion layer. Phase diagrams
for X=Cu2(CN)3 (e) and X=Ag2(CN)3 (f). Both compounds feature a spin
liquid state at low temperatures in their Mott insulting phase. Note that
the Mott transition is located at higher pressures for X=Ag2(CN)3. Panels
(e) and (f) are reproduced from Refs. [28, 30, 100].
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3 Organic charge transfer salts as model compounds to study electronic correlations

Table 3.3: Transfer integrals in units of meV, which were calculated within a tight-binding
approximation using the extended Hückel method as reported in Ref. [100].
𝑡1{𝑡 is the degree of frustration. The calculated value for the strength of elec-
tronic correlations 𝑈{𝑡 is complemented with an experimentally determined
value 𝑈{𝑊exp as reported in Ref. [20]. The magnetic properties at low tem-
peratures depend on the degree of frustration.
X 𝑡d 𝑡 𝑡1 𝑡1{𝑡 𝑈{𝑡 𝑈{𝑊exp magnetic ordering

Cu[N(CN)2]Cl 200 73 32 0.44 5.5 1.5 AFM with 𝑇N � 25 K
Cu2(CN)3 200 55 45 0.83 7.3 1.52 quantum spin liquid
Ag2(CN)3 264 53 48 0.90 10.5 1.96 quantum spin liquid

the rim next to a CN� group linking the triangular coordination of Cu or Ag atoms. Each
Cu or Ag atom is either neighbored by two N atoms and one C atom or by one N atom
and two C atoms, giving rise to intrinsic disorder in the arrangement of the polar CN�

links.
The combination of geometrical frustration, inherent disorder in the anion network and

quantum fluctuations impedes magnetic ordering down to mK temperatures despite a
considerable high exchange coupling of 𝐽CuCN � 240 K [27, 48] and 𝐽AgCN � 175 [30]
for 𝜅-CuCN and 𝜅-AgCN, respectively. Hence, it is well established that 𝜅-CuCN and
𝜅-AgCN host a QSL state at low temperatures in their Mott insulating phase [28, 29].
In contrast their sibling compound 𝜅-(BEDT-TTF)2Cu[N(CN)2]Cl (𝜅-CuCl) has a less
frustrated trilingual lattice and an anion layer without disorder, such that AFM ordering
is observed below 𝑇N � 25 K. At this point it is worthwhile to mention, that the AFM
order in 𝜅-CuCl can be suppressed upon introducing disorder with x-ray irradiation [59]
while 1H-NMR measurements do not reveal neither spin freezing, a spin gap nor critical
slowing down. This indicates the formation of a QSL state in x-ray irradiated 𝜅-CuCl and
emphasizes the role of disorder for its realization.

Figs. 3.11(e) and (f) present the 𝑝-𝑇 phase diagrams of both compounds as obtained
by pressure-dependent dc-transport measurements [28, 30]. First of all, we emphasize the
similarity to the conceptual phase diagram of a QSL as shown in Fig. 2.3(a) with a positive
slope of the Mott IMT due to the absence of long-range magnetic ordering. The pressure
necessary to induce the IMT is significantly larger for 𝜅-AgCN in comparison to 𝜅-CuCN,
indicating stronger electronic correlations for the former. This is in agreement with the
effective correlation strength 𝑈{𝑡 estimated by means of ab initio density functional theory
and extended Hückel calculations which is listed in Tabel 3.3 [20, 30, 98, 100, 112] and
clearly increases from X=Cu2(CN)3 to Ag2(CN)3.

Upon crossing the IMT, a Fermi liquid with strongly renormalized Landau quasi-particles
is found. A superconducting phase is observed at the critical pressure below 5 K and is
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Figure 3.12: Phase diagrams of 𝜅-(BEDT-TTF)2Cu2(CN)3 (𝜅-Cu2(CN)3) and 𝜅-
(BEDT-TTF)2Cu[N(CN)2]Cl(𝜅-Cl) as obtained by dc-resistivity measure-
ments in a He-gas pressure cell. The low temperature limit is set by the
solidification point of the He-gas. The fan-shaped profile in |𝑙𝑜𝑔10𝜌| above
the critical point, with 𝜌 being a normalized resistivity according to quan-
tum critical scaling, indicates an extended cross over region which is also
denoted as quantum Widom line. The lower panels demonstrate the bifur-
cation of 𝜌 into a metallic and an insulating branch when plotted over an
correspondingly rescaled temperature. Reproduced after Ref. [39].
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3 Organic charge transfer salts as model compounds to study electronic correlations

quenched to lower temperatures with increasing pressure. Upon heating, the systems ex-
hibits signatures of bad metallic behavior with a linear temperature-dependence of the
resistivity violating the Mott-Ioffe-Regel limit [11, 84]. In optics, the onset of bad metal
behavior is accompanied by a transformation of the Drude peak at 𝜔 � 0, originating from
coherent Landau quasi-particles, to a far-infrared peak which significantly broadens and
shifts to higher frequencies upon heating [80], indicating incoherent conduction processes
[20, 113]. At higher temperature, the first-order transition is replaced by the QWL (cf.
Ch. 2.4), a crossover region separating more insulating from more metallic behavior [20].
For 𝜅-CuCN, quantum critical behavior in the vicinity of the QWL is observed in the re-
sistivity measurements [39] and also magnetic torque measurements [114] are interpreted
within this scenario. The former are shown in Fig. 3.12 and reveal a fan-shaped profile
in |𝑙𝑜𝑔10𝜌|, with 𝜌 being a normalized resistivity according to quantum critical scaling,
as well as its bifurcation into a metallic and an insulating branch when plotted over an
correspondingly rescaled temperature [17, 39].

3.3.1 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3

The approach to tune the bandwidth 𝑊 of 𝜅-CuCN via substituting the BEDT-TTF
donors with BEDT-STF molecules (cf. Ch. 3.2.2) was recently applied by Y. Saito and
collaborators [115]. Fig 3.13 shows a conceptual phase diagram of 𝜅-[(BEDT-STF)𝑥-
(BEDT-TTF)1�𝑥]2Cu2(CN)3 (𝜅-STF𝑥-CuCN) which is based on optical spectroscopy and
dc-transport measurements at ambient pressure on 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2-
Cu2(CN)3 samples with various substitution levels 𝑥 [116]. At the critical substitution
𝑥𝑐 � 0.12, the system is close to the Mott insulator-metal transition and becomes metallic
upon further raising 𝑥. The BEDT-STF substitution artificially distorts the triangular
lattice, for low substitution level 𝑥 � 0.04, however, the magnetic properties remain
unchanged still showing the characteristics of a QSL.

3.4 6 K anomaly

Around 𝑇 � � 6 K an anomaly is observed in 𝜅-CuCN in a variety of experiments in-
cluding dielectric measurements [31], thermal expansion [117], specific heat [118], thermal
conductivity [119], ultrasound propagation [120], 13C NMR [48, 115], 𝜇SR [121], ESR
[122], magnetic torque [114] and microwave dielectric properties [123]. In the just recently
synthesized 𝜅-AgCN, a corresponding anomaly was revealed around 20 K by 13C NMR
[30].

Various scenarios were proposed to explain the origin of the anomaly, among them are
a spinon-pairing transition [73, 124–126] or formation of an exciton condensate [127] while
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Figure 3.13: (a) Molecular structure of the BEDT-TTF and the BEDT-STF donors.
(b) Sketch of a donor layer wherein the dimers a indicated by green cir-
cles. The inter-dimer transfer integrals 𝑡 and 𝑡1 are changed in the vicinity
of the BEDT-STF molecule (red color). (c) Conceptual phase diagram of
𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 (𝜅-STF𝑥-CuCN) upon in-
creasing the substitution level 𝑥. The sibling compounds 𝜅-AgCN is located
far in the insulating state of the phase diagram.

a comprehensive explanation of all aspects of the observed anomaly remains a challenging
task.

Another approach considers effects due to local spin defects which may arise from
charged defects due to chemical impurities or a frozen random pattern of valence bonds
[128]. Both scenarios are illustrated in Fig. 3.15, showing the triangular lattice wherein the
valence bonds forming the spin-singlets are indicated by the blue thick lines. A charged
defect (red dashed circle) may break a valence bond and give rise to a quasi-free local spin
(blue arrow at (a)) which would explain the inhomogeneous NMR response [48, 129].

On the other hand, frozen valence bonds may arise from the disorder in the polar CN�

links which imposes a random electronic potential on the BEDT-TTF layers. This leads
to a slight local modulation of the transfer integrals and thus to a weakly randomized
magnetic interactions among neighboring spins. As a consequence, the fluctuation of the
valence bonds is suppressed, such that they become quasi-static in a random pattern.
Defects in this pattern might be present at the intersection of domains with differently
oriented valence bonds and give rise to a localized quasi-free spin (blue arrow at (b)) [130,
131]. In a recent theoretical work [128], K. Riedl et al. propose that this randomly frozen
pattern of valence bonds represents a valence bond glass (VBG) and that 𝑇 � corresponds
to the onset of the corresponding freezing. For 𝑇 ¡ 𝑇 �, the valence bonds fluctuate
constituting the QSL state, whereas for 𝑇   𝑇 � their freezing gives rise to localized quasi-
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Figure 3.14: An anomaly around 𝑇 � � 6 K is observed in 𝜅-CuCN in a variety of experi-
ments. Here we exemplarily show its signatures in the spin-lattice relaxation
time obtained by 13C NMR measurements (reproduced after Ref. [115]), in
thermal expansion (reproduced after Ref. [117]) and heat capacity (repro-
duced after Ref. [118]) as well as in the real part of the permittivity in the
GHz range (reproduced after Ref. [123]).
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3.4 6 K anomaly

Figure 3.15: Illustration of local valence bond defects. The valence bonds forming the
spin-singlets are indicated by the blue thick lines. A charged defect (red
dashed circle) may break a valence bonds and give rise to a quasi-free local
spin (blue arrow at (a)). In another scenario, fluctuations of the valence
bonds are suppressed at low temperatures due to an interaction of the
BEDT-TTF layer with the disorder in the polar CN� links (not shown)
in the anion layer. As a result, fluctuations of the valence bonds are sup-
pressed at low temperatures leading to a quasi-static pattern of valence
bonds. Local spin 1{2 defects may arise at the intersection of domains with
differently oriented valence bonds (blue arrow at (b)). Reproduced after
Ref. [128].
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free spins which would explain the inhomogeneity in the NMR relaxation [48] and the
peculiar behavior of low-temperature magnetic torque measurements [114].

3.5 Anomalous dielectric response in (BEDT-TTF)2𝑋

Besides the 6 K anomaly, dielectric spectroscopy in the audio and radio frequency also
revealed a broad relaxor-type ferroelectric response (cf. Ch. 4.2.3) below 50 K and 80 K
in 𝜅-CuCN [31, 32, 137] and 𝜅-AgCN[33, 34], respectively. Interestingly, a similar type of
response is observed in various other quasi-two dimensional organic charge transfer salts
which are subject to electronic correlations, mainly in the (BEDT-TTF)2𝑋 family [132,
133] and in compounds of the 𝛽1-type Pd(dmit)2 salts [136]. Fig. 3.16 gives an overview
of experimental findings available in literature, which by no means is complete. The
characteristic signature in the permittivity is denoted as anomalous dielectric response
(ADR) in the community while its explanation on a microscopic level is still lacking.
In case of 𝜅-CuCN, a corresponding feature is also observed as broad maximum in the
magnetic susceptibility around 60 K [27] and in the ESR line width around 40 K [122].
The thermodynamic properties reveal an anomaly which might also be related to the ADE,
in particular the specific heat exhibits a strong drop around 30 K [118] and the thermal
expansion along the 𝑏-axis shows a maximum around 60 K and along 𝑐-axis a minimum
around 30 K [117].

Previous attempts to link the ADR in 𝜅-CuCN and 𝜅-AgCN to charge disproportiona-
tion within the dimers due to intersite Coulomb repulsion, dubbed quantum electric dipole
or paired-electron crystal [138–144], could not be verified in experiment because various
spectroscopic methods have unanimously proven homogeneous charge distribution [33, 48,
61, 90, 145, 146]. At this point it is important to note, that 𝛼-(BEDT-TTF)2I3 undergoes
a charge oder transition at 𝑇CO � 135 K and that the concomitant charge disproportion-
ation is experimentally confirmed [147], whereas the ADR is observed well below 100 K
(Fig. 3.16(d)) indicating that those two phenomena are not necessarily related to each
other.
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Figure 3.16: Overview of the anomalous dielectric response observed in the insulting
state of various quasi-two dimensional organic charge transfer salts. Repro-
duced after Refs. [31](a) [33](b),[132](c),[133](d),[134](e),[135](f),[136](g-i).
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4
Polarization effects

In this chapter, we review basic definitions of physical quantities and the measured observ-
ables, discuss the mechanism of dielectric relaxation and provide various models necessary
to analyze the obtained data. In particular we will elaborate the Debye Model, relaxor
ferroelectricity and Bruggeman’s effective medium approximation.

4.1 Basic definitions

In a medium, an external electric field E induces a polarization field P which is per
definition related to the dielectric displacement D by

D � 𝜀0E�P, (4.1)

wherein 𝜀0 is the electric permittivity of vacuum. Thereby, Eq. 4.1 defines one of the
auxiliary fields and is a necessary amendment to the Maxwell equations in matter. The
relation between E and P is usually determined in experiment and gives a so called
constitutive equation, which in case of a linear and isotropic dielectric medium is

P � 𝜀0�̂�elecE, (4.2)

with the complex electric susceptibility �̂�elec. This leads to 1

D � 𝜀0E�P � 𝜀0 p1� �̂�elecqloooomoooon
𝜀𝑟

E � 𝜀E, (4.3)

1In the SI unit system, 𝜀 has the dimension farad per meter F
m � A2�s4

kg�m3 . The relative permittivity
𝜀𝑟 � 𝜀{𝜀0 is dimensionless and also used, while it happens that sometimes the index 𝑟 is omitted such
that it is mistaken as the permittivity 𝜀. In this thesis, we explicitly plot the permittivity in units of
𝜀{𝜀0, which is dimensionless and corresponds to 𝜀𝑟
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4 Polarization effects

and thereby defines the permittivity 𝜀, which in the general case is a frequency-dependent,
complex number 2

𝜀p𝜔q � 𝜀1p𝜔q � 𝑖𝜀2p𝜔q. (4.4)

Besides {𝜀1,𝜀2}, the electrodynamic properties of a solid are also commonly described via
the complex conductivity3

�̂� � 𝜎1 � 𝑖𝜎2, (4.5)

whose relation to the permittivity is a matter of definition. In dielectric spectroscopy [133,
148, 149],

𝜀 �
�𝑖�̂�

𝜔
(4.6)

is conventionally used. 4 Eq. 4.6 is convenient because in the audio- and radio frequency
range, the medium of interest usually is placed between two plane-parallel electrodes
forming a plate capacitor whose complex admittance

𝑌 �
1
𝑍
� 𝐺� 𝑖𝐵, (4.7)

is measured with an impedance analyzer, wherein 𝑍 is the complex impedance, 𝐺 the
conductance and 𝐵 the susceptance which gives the capacitance 𝐶 � 𝐵{𝜔. With the area
of the plate electrodes 𝐴 and the distance 𝑑 between them, the conductivity is obtained
by

𝜎1 �
𝑑

𝐴
𝐺 and 𝜎2 �

𝑑

𝐴
𝐵, (4.8)

such that the permittivity is determined from the measured observables via

𝜀1 �
𝜎2
𝜔
�

𝑑𝐶

𝐴
and 𝜀2 �

𝜎1
𝜔
�

𝑑

𝐴

𝐺

𝜔
. (4.9)

2Whether a positive or a negative sign is used in Eq. 4.4 is a matter of choice but has to be consistent
with the definition of the harmonic electric field E � E0𝑒	𝑖𝜔𝑡 which goes into the Maxwell equations.
Usually, in optics 𝜀 � 𝜀1 � 𝑖𝜀2 and E � E0𝑒�𝑖𝜔𝑡 is used, whereas in dielectric spectroscopy, mainly
using impedance analyzers to determine the permittivity, 𝜀 � 𝜀1� 𝑖𝜀2 and E � E0𝑒�𝑖𝜔𝑡 are used which
corresponds to the convention in electrical engineering. However, in both cases 𝜀2 ¡ 0 corresponds to
a lossy dielectric whereas 𝜀2   0 represents an active medium (cf. Appendix A).

3The sign in �̂� usually is � and independent of the definition of the harmonic electric field.
4Here, the conventions in dielectric and in optical spectroscopy differ. In the latter, usually 𝜀 � 1� 𝑖 �̂�

𝜀0𝜔

[150] is used. Since the sign of 𝜀1 is consistent across the conventions, the sign of 𝜎2 is not and special
care has to be taken in comparing 𝜎2 values obtained by different methods.
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4.1 Basic definitions

In particular, 𝜀1 is proportional to the measured capacitance 𝐶 as one would expect.

Classical definition of polarization

In the section above, we gave the relation between P and E for a linear dielectric in
Eq. 4.2, thereby defined the electric susceptibility 𝜒𝑒 and finally connected the measured
quantities to 𝜀 while we skipped an explicit and microscopic definition of P itself. The
classic definition is based on the concept of electric dipoles d as finite, well separated
entities, for instance embodied by dipolar molecules. In the ionic limit, the electric dipole
d is considered as a collection of point-shaped charges 𝑞𝑖 at positions r𝑖 and is defined as

d �
¸

𝑖

𝑞𝑖r𝑖. (4.10)

For a continuous charge density 𝑒𝑛prq, with the electronic charge 𝑒 and the 𝑛prq the
number density, the electric dipole is

d �

»
𝑒𝑛prqr𝑑r. (4.11)

Besides the possibility that finite electric dipoles already exist at zero-field, they can also
be induced as a response of the medium to an external E-field. The ability of a medium
to do so is the polarizability 𝛼, which is a complex scalar for an isotropic medium and
defined by

d � 𝛼E. (4.12)

Usually, the polarization in macroscopic systems is introduced as the sum of electric
dipole moments per unit volume 𝑉 according to

P �
1
𝑉

¸
𝑉

d. (4.13)

It can not be emphasized enough at this point, that the above definition of P is based
on the presence of identifiable, polarizable entities. This, however, is not necessarily
appropriate in bulk crystals where the electronic charge has a periodic and continuous
distribution of which a fraction is also shared among ions in a delocalized manner. In
particular, this becomes important when the bonding between the constituents has a
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a

P P

Figure 4.1: One-dimensional ionic crystal with a lattice spacing of 𝑎. The dashed gray
boxes indicated the two possible choices of the unit cell. In the conventional
definition of 𝑃 (Eq. 4.13), its direction depends on the choice of the unit cell
and therefore is not unambiguously defined.

mixed ionic/covalent character and the partitioning into localized polarization centers is
not possible. Moreover, in an ionic periodic crystal, the direction of the polarization
depends on the choice of the unit cell and therefor is not unambiguously defined, as
illustrated in Fig. 4.1 for the most simple case of a one-dimensional chain of ions, which led
to the discussion whether the polarization can be considered as an intrinsic bulk property
or rather is determined by details of the surface termination.

This confusing and counterintuitive consequence of the definition of polarization was
resolved by the development of the so-called Modern theory of polarization [151–154] by
Resta and Vanderbilt in the early 90s. In the following, we shortly outline its main
arguments and features to make the reader aware of this existence while a proper, com-
prehensive treatment of this theory is beyond the scope this experimental work.

Modern approach to polarization

Within the modern approach [151–154], the polarization is not a single-valued equilibrium
property of the crystal in a given broken-symmetry state but rather focuses on the differ-
ence in polarization between an initial and a final state. The change of the system from
the initial to the final state in response to a perturbation, for instance an electric field or
crystal deformation, is considered as an rearrangement of charges which gives rise to an
(adiabatic) charge flow j. The polarization is then defined as

ΔP � P𝑓 �P0 �

» Δ𝑡

0

1
𝑉cell

»
cell

jpr, 𝑡q𝑑r𝑑𝑡, (4.14)

wherein P0 refers to the polarization of an initial, unperturbed state which is mostly of
high-symmetry and P𝑓 to the induced polarization of a final state at time Δ𝑡 which can
be of lower symmetry. This definition is not related to the periodic static charge distribu-
tion inside the bulk unit cell and naturally circumvents the unambiguity of the classical
definition (Eq. 4.13) . Moreover, the modern approach has two main advantages. First,
it is closer to the actual way the polarization is experimentally determined, which is ex-
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4.2 Polarization mechanisms

actly by measuring a macroscopic, transient current flowing through the sample placed
between two plane-parallel electrodes. The time-integrated value then gives the induced,
macroscopic polarization. In that sense, experimental results are not affected by this new
theoretical paradigm which is actually more harmonious with experimental pragmatism.
And second, it naturally includes ionic and electronic contributions to the current. Within
a quantum mechanical description, the latter is closely related to the phase of the elec-
tronic wave function which can be presented either as Bloch wavefunction or as Wannier
wavefunction. Under the restriction, that the system remains insulting all along the path
from the initial state 0 to the final state 𝑓 , the polarization can be expressed as a Berry
phase [151–153, 155, 156] according to

ΔP �
1

𝑉cell

¸
𝑖

�
𝑞𝑓

𝑖 r𝑓
𝑖 � 𝑞0

𝑖 r0
𝑖

�
(4.15)

�
2𝑖𝑒

p2𝜋q3

𝑜𝑐�̧�

𝑛

�»
𝐵𝑍

𝑑3k𝑒�𝑖k�Rx𝑢𝑓
𝑛k|

B𝑢𝑓
𝑛k
Bk y � x𝑢0

𝑛k|
B𝑢0

𝑛k
Bk y

�
, (4.16)

wherein the first summation term accounts for ionic contribution of the nuclei in the unit
cell and the second for the electronic contribution with the sum going over all occupied
bands 𝑛, the integration over the Brillouin zone 𝐵𝑍 and 𝑢𝑛k denoting the lattice periodical
part of the Bloch wavefunction. Usually, the relaxed ionic position and a self-consistent
charge density are calculated with standard electronic structure calculation codes and then
put into Eq. 4.16, whereas, depending on the actual code, special care has to be taken in
averaging the Berry phase over the Brillouin zone [157]. We will, however, not go further
into detail with the modern approach of polarization, refer the reader to the reviews in
literature [154, 158] and conclude for now, that it does not affected the usual experimental
procedure in determining material parameters like 𝜀 but might be helpful in interpreting
them on a microscopic level.

4.2 Polarization mechanisms

Different polarization mechanisms may contribute to P, and thus to the measured 𝜀 of a
dielectric medium, which in general can be divided into relaxation and resonance processes.
They dominate 𝜀p𝜔q around a characteristic frequency which is reciprocal to the timescale
the mechanism takes place. The schematic plot of 𝜀1p𝜔q and 𝜀2p𝜔q for a dielectric material
over a wide frequency range in Fig. 4.2 illustrates the typical characteristic frequencies of
dielectric relaxation as well as atomic and electronic resonance processes.
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Figure 4.2: Sketch of the broad band permittivity spectrum 𝜀p𝑓q of a dielectric. From
audio to the microwave frequencies, the response is governed by a so-called
dielectric relaxation, referring to a finite displacement of charges, as for in-
stance the case in the re-orientational motion of dipoles in an oscillating
electric field. At higher frequencies, various resonances are usually observed.
In the THz range, atomic or lattice (phonon) resonances dominate the spec-
trum while electronic processes are revealed in the visible and UV range.
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Figure 4.3: Sketch of the re-orientational motion of charge in an electric field, eventually
leading to dielectric relaxation. (a) Illustration of a H2O molecule and its
dipole moment. An external electric field induces a re-orientational motion of
the dipolar molecule. Due to its moment of inertia, the molecule can not fol-
low the electric field instantaneously, giving rise to the relaxation time 𝜏 . (b)
Electric charge in a double-well potential. The external applied electric field
can promote a thermally activated motion of the charge from on minimum
into the other. This process neither follows the electric field instantaneously
but takes place on a time scale of 𝜏 after the electric field is applied.

4.2.1 Dielectric relaxation

In general, dielectric relaxation denotes reorientational processes in an external oscillating
E-field, such as the rotation of dipolar molecules or local hopping processes of charged
particles in double- or multi-well potentials 5, for example protons in hydrogen-bonded
materials. In both cases, a permanent dipole moment is present whose rotation includes
the movement of charge on a finite length-scale in response to an external E-field as
illustrated in Fig. 4.3.

This dielectric relaxation process shows a characteristic signature in the temperature-
and frequency-dependence of the permittivity 𝜀p𝑇, 𝑓q [133, 159], which are both illustrated
in Fig. 4.4. In both plots, 𝜀1p𝑇, 𝑓q shows a step-like curve which is usually explained within
the intuitive picture, that at low temperatures or high frequencies, the dipole cannot follow
the applied ac E-field anymore. As a result, the polarization is lowered with decreasing
𝑇 or increasing 𝑓 and 𝜀1 diminishes from its quasi-static value 𝜀stat to its high-frequency
limit 𝜀inf, the latter usually is larger then 1 due to ionic and electronic processes at much
higher frequencies (Fig. 4.2). The peak in 𝜀2 denotes the maximum absorption of electric
energy when the reorientation frequency of the dipoles matches the frequency of the ac
E-field.

5Which can formally also be treated as reorientation of a dipole moment.
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stat

inf

Figure 4.4: Schematic plot of the characteristic temperature and frequency-dependence
of the permittivity for a dielectric relaxation process.

Debye and Havriliak-Negami Model

A simple quantitative description of the relaxation dynamics shown in Fig. 4.4 is given
by the Debye model [149, 160]. It is based on the assumption of rigid, isolated dipoles
fluctuating due to a stochastic force which competes with the alignment of the dipoles
parallel to an external field. This gives rise to the relaxation time which characterizes the
dynamics of the reorientational motion of a dipole after the field is switched off. For a
simple relaxation mechanism with a single, frequency-independent relaxation time 𝜏 , we
can extend this to an external ac field and assume that the change in polarization follows

𝑑Pdip
𝑑𝑡

�
Pdipp0q𝑒�𝑖𝜔𝑡 �Pdipp𝜔q

𝜏
, (4.17)

wherein Pdipp0q is the static polarization which we would obtain for 𝜔 Ñ 0 and Pdipp0q𝑒�𝑖𝜔𝑡

the polarization in the idealization that the dipoles could follow the ac electric field in-
stantaneously. In simple words, the change in polarization scales with the difference
of its actual value Pdipp𝜔q to the idealized one. For instance, if we would abruptly
switch on an electric field at the time 𝑡 � 0, the polarization would rise according to
Pp𝑡q � Pdipp0q

�
1� 𝑒�𝑡{𝜏

�
. Eq. 4.17 is easily solved with the ansatz:

Pdipp𝜔q � 𝜀0�̂�𝑒p𝜔qE0𝑒�𝑖𝜔𝑡 and Pdipp0q � 𝜒e,1p0qE0, (4.18)
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4.2 Polarization mechanisms

wherein we used Eq. 4.2 for a linear dielectric medium and 𝜒𝑒,1p0q denotes the electric
susceptibility of the system to a static field . This straightforwardly gives

𝑖𝜔�̂�𝑒p𝜔q �
𝜒𝑒,1p0q � �̂�𝑒p𝜔q

𝜏
(4.19)

which is solved for �̂�𝑒p𝜔q to

�̂�𝑒p𝜔q �
𝜒𝑒,1p0q
1� 𝑖𝜔𝜏

. (4.20)

Using Eq. 4.3 this becomes the well known Debye model with

𝜀p𝜔q � 𝜀inf �
Δ𝜀

1� 𝑖𝜔𝜏
, (4.21)

wherein we account for high-frequency effects with 𝜀inf and replaced the static contribution
into Δ𝜀 � 𝜀stat�𝜀inf � 𝜒e,1p0q{𝜀0. The same result is obtained in more rigorous derivations
which are based on double-well potential or a memory function [149]. The real- and
imaginary part are

𝜀1 � 𝜀inf �
Δ𝜀

1� 𝜔2𝜏2 and 𝜀2 �
𝜔𝜏Δ𝜀

1� 𝜔2𝜏2 , (4.22)

respectively, and are plotted in Fig. 4.5 as a function of frequency 𝑓 � 𝜔{2𝜋. Upon
increasing 𝑓 , a step-like decrease of 𝜀1p𝑓q is obtained whose frequency of inflection coincides
with the peak position 𝑓max in 𝜀2p𝑓q, as indicated by the gray dotted line. Both give the
characteristic relaxation time via 𝜏 � p2𝜋𝑓q�1.

In many systems, however, the experimentally observed peak- and step-widths are
broader then expected from the Debye model and can become asymmetric. The latter
indicates, that the short time dynamics at high frequencies are stronger pronounced then
the long time dynamics at low frequencies. It is tempting to attribute this to a super-
position of several Debye modes described by Eq. 4.21 while care must be taken in a
straightforward assignment of those to independent relaxation processes [149, 161]. In
contrast, an interpretation in the framework of cooperative relaxation processes is often
more obvious and appropriate, for instance like a collective relaxation of dipoles due to
their mutual interaction which is not considered in the simple Debye model. However, it is
a challenging task to capture this cooperativity in a stringent theoretical description such
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Figure 4.5: Frequency-dependence of the permittivity according to the Havriliak-Negami
Model (Eq. 4.23) for different values of the symmetric broadening parameter
1�𝛼 and the asymmetric broadening parameter 𝛽. Note that the maximum
in 𝜀2 does not coincide with the predefined values of p2𝜋𝜏q�1 � 104 Hz for
𝛽   1.

that an empirical extension of the Debye model to describe the spectra became widely
accepted. This is the Havriliak-Negami model [162]:

𝜀p𝜔q � 𝜀8 �
Δ𝜀

p1� p𝑖𝜔𝜏q1�𝛼q𝛽
, (4.23)

wherein the exponent 1�𝛼 accounts for a symmetric and 𝛽 for a asymmetric broadening of
the step and peak width. Fig. 4.5 demonstrates the broadening in a plot of 𝜀1p𝑓q and 𝜀2p𝑓q

for various values of 1 � 𝛼 and 𝛽. The broadening ascribed to collective relaxation and
cooperativity is often observed in liquid crystals [163], disordered or glassy matter [159],
relaxor ferroelectrics [164], charged ordered systems [147, 165, 166] as well as in systems
with charge- or spin density waves instabilities [167, 168]. The variation of Eq. 4.23 with
different values of 1 � 𝛼 and 𝛽 is often found under specific names which we summarize
in Table 4.1. It should be noted, that for 𝛽   1, the point of inflection in 𝜀1p𝑓q and the
peak position in 𝜀2p𝑓q at 𝑓max is related to 𝜏 according to

𝑓max �
1

2𝜋𝜏

�
sin p1� 𝛼q𝜋

2𝛽 � 2

�1{p1�𝛼q �
sin p1� 𝛼q𝛽𝜋

2𝛽 � 2

��1{p1�𝛼q

, (4.24)

Finally, it is instructive to mention, that the relaxation dynamics can also be determined
in time-domain measurements by means of the response function Ψp𝑡q which is defined via
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Table 4.1: Nomenclature of the various models based on the Debye model to describe
the relaxation dynamics of a dielectric relaxation process.

Debye 1� 𝛼 � 1 𝛽 � 1
Cole-Cole 0   1� 𝛼   1 𝛽 � 1

Cole-Davidson 1� 𝛼 � 1 𝛽   1
Havriliak-Negami 0   1� 𝛼   1 𝛽   1

Dp𝑡q � 𝜀0𝜀statE0p1�Ψp𝑡� 𝑡1qq [149]. For dielectric relaxation processes, a modification of
this response function to

Ψp𝑡q � exp
#�

�
𝑡

𝜏


𝛽KWW
+

, (4.25)

is often experimentally observed, which is also denoted as stretched exponential or Kohl-
rausch-Williams-Watts (FFK) function. The relation between 𝛽KWW of the KKW function
in time-domain and 1�𝛼 and 𝛽 in frequency-domain was determined to 𝛽1.23

KWW � p1�𝛼q𝛽

in Ref. [169].

Arrhenius and Vogel-Fulcher-Tammann law

Let us now come to the temperature-dependent signature of dielectric relaxation processes
which we mentioned above (Fig.4.4). The temperature-induced shift of the step and peak
feature in 𝜀1p𝑓q and 𝜀2p𝑓q, respectively, reflects the slowing down of the reorientational
motion of the dipoles upon cooling. This is made plausible by considering thermally
activated reorientation of dipoles across an energy barrier similar to the case shown in
Fig. 4.3. In the simplest case this energy barrier is temperature-independent and 𝜏 follows
a so called Arrhenius or activated behavior

𝜏 � 𝜏A exp
"

ΔA
𝑇

*
, (4.26)

wherein 𝜏A is the time scale for the response in the high-temperature limit and ΔA the
activation energy, which corresponds to the height of the energy barrier. In super-cooled
liquids and glass formers, a deviation from Eq. 4.26 is observed in from of a diverging
𝜏 upon cooling [159, 170, 171] which instead is well described with the Vogel-Fulcher-
Tammann (VFT) behavior

𝜏 � 𝜏VFT exp
"

ΔVFT
𝑇 � 𝑇VFT

*
, (4.27)
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Figure 4.6: Comparison of the Arrhenius (Eq. 4.26) and the Vogel-Fulcher-Tammann
(VFT) model (Eq. 4.27) for the temperature-dependence of the mean relax-
ation time 𝜏 of a dielectric relaxation process.

wherein 𝜏VFT corresponds to 𝜏A, the energy ΔVFT to an activation energy for reorienta-
tional motion and 𝑇VFT denotes the temperature where 𝜏 diverges. This super-Arrhenius
behavior is often referred to as glassy dynamics and is ascribe to a growing number of
correlated molecules with cooperative motion upon cooling [171]. Moreover, Eq. 4.27
also gives a good parametrization for the slowing down of molecular motion in disordered
systems and the glass-like freezing of dipolar order in relaxor ferroelectrics [164].

In Fig. 4.6 we compare both models by plotting 𝜏 over 1000{𝑇 , wherein we set 𝜏A �

𝜏VFT � 10�13 s, as usually found for molecular dipolar motion [133, 159], ΔA � ΔVFT �

50 K and 𝑇VFT � 10 K. In this representation, the Arrhenius behavior follows a straight
line whereas the VFT is characterized by the super-linear behavior with a diverging 𝜏

upon cooling.

4.2.2 Curie-Weiss law

In general, the temperature-dependence of the relaxation dynamics is determined by a
slowing down of 𝜏p𝑇 q as well as by an increase of Δ𝜀p𝑇 q upon cooling. The most simple
model to capture the latter is the Curie law for the static electric susceptibility, which we
will derive in the following.

The energy of a dipole moment in an external field is given by 𝑊 � �p �E � �𝑝𝐸 cos 𝜃,
with 𝜃 being the angle spanned by p and E. The alignment of p parallel to E is coun-
teracted by the thermal energy 𝑘B𝑇 which in time average favors an equal distribution
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of alignments. In thermal equilibrium and with the assumptions, that the dipoles are
allowed to rotated freely and that their interaction can be neglected, the average value of
the dipole moment along the field direction is

x𝑝y � 𝑝

³𝜋
0 cos 𝜃𝑒𝑝𝐸𝑐𝑜𝑠𝜃{𝑘B𝑇 sin 𝜃𝑑𝜃³𝜋

0 𝑒𝑝𝐸𝑐𝑜𝑠𝜃{𝑘B𝑇 sin 𝜃𝑑𝜃
� 𝑝

�
coth

�
𝑝𝐸

𝑘B𝑇



�

𝑘B𝑇

𝑝𝐸

�
. (4.28)

The term in the brackets is the Langevin function 6 and for small field strengths and high
temperatures, such that 𝑝𝐸 ! 𝑘B𝑇 , we get x𝑝y � 𝑝𝐸{3𝑘B𝑇 . The macroscopic polarization
is given by 𝑃 � 𝑁x𝑝y, with 𝑁 being the number of dipole moments per unit volume, and
we get

𝑃 �
𝑁𝑝2

3𝑘B𝑇
𝐸. (4.29)

The factor 3 in the denominator stems from the assumption, that the dipoles are allowed
to rotate freely which usually does not hold in solids. In case of a crystal wherein two
(anti-parallel) directions of the dipoles are allowed, the factor 3 simple would vanish.
However, comparing Eq.4.29 with the definition of the electric susceptibility for a static
field, P � 𝜀0𝜒𝑒,1p0qE, the Curie law

𝜒e,1p0q �
𝑁𝑝2

3𝜀0𝑘B𝑇
�

𝐶

𝑇
, (4.30)

is obtained, wherein 𝐶 is the Curie constant. The rise of 𝜒e,1p𝑇 q upon cooling is well
documented in literature [164]. While 𝐶 in Eq.(4.30) is defined in the quasi-static field, a
decrease in 𝜒e,1p𝑇 � const.q is observed with increasing frequency of an ac-field. This is ex-
plained by the considerations we made for the Debye model, wherein 𝜒e,1p0q is replaced by
𝜒e,1p𝑓q of Eq.(4.20). It is therefore simpler to capture the observed frequency-dependence
of the peak amplitude in 𝜒e,1p𝑇 q or 𝜀1p𝑇 q within the framework of the Debye model, as
we explicitly do in the following section, and keep 𝐶 constant in frequency.

4.2.3 Relaxor ferroelectricity

In general, the overall temperature and frequency-dependence of a dielectric relaxation
includes the one of 𝜏p𝑇 q, following an activated or VFT behavior, and the one of Δ𝜀p𝑇 q,

6𝐿p𝑥q � cothp𝑥q � 1
𝑥

𝑥!1
� 𝑥

3 �
𝑥3

45 �𝒪p𝑥5q
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Figure 4.7: Schematic plot of the characteristic behavior for relaxor ferroelectricity in
𝜀1p𝑇, 𝑓q. The Curie-like maximum in 𝜀1p𝑇 q at low-frequencies diminishes
in amplitude and shifts to higher temperatures upon increasing frequency.
This behavior is well reproduced by combining the Debye model (Eg. 4.22)
for 𝜀1p𝑓q with the Arrhenius ((a), Eg. 4.26) or VFT ((b), Eg. 4.27) behavior
for 𝜏p𝑡q and the Curie-law for Δ𝜀1p𝑇 q (Eg. 4.30).

following Curie behavior. Assuming an activated behavior for 𝜏p𝑇 q, for instance, and
inserting Eqs.4.26 and 4.30 into Eq.4.22, we obtain

𝜀1p𝑇, 𝜔q � 𝜀inf �
𝐶
𝑇

1� 𝜔2𝜏2
A exp

!
2ΔA

𝑇

) , (4.31)

which is plotted in Fig. 4.7(a) over temperature for different frequencies. The plot in
panel (b) corresponds to the analog behavior wherein VFT behavior for 𝜏p𝑇 q (Eq.4.27)
is assumed. In both cases, a pronounced peak is observed for low frequencies reminiscent
of the Curie behavior which shifts to higher temperatures, decreases in amplitude and
broadens with increasing frequency. For the highest frequencies, the peak is completely
suppressed and only the step feature originating for the dielectric relaxation (Fig. 4.4)
remains. This dispersive behavior and the corresponding temperature-dependence are
referred to as relaxor ferroelectricity which is observed in a wide range of lead based
perovskites [164], polymers and insulating organic charge transfer salts [133].

Eq. 4.31 can be modified with the broadening parameters 1�𝛼 and 𝛽 of the Havriliak-
Negami model (Eq.4.23) instead of assuming a simple Debye model (Eq.4.22) which, how-
ever, leads to rather bulky analytical expressions which we do not give here. Moreover, it
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4.3 Lorentz field approximation and Clausius-Mossotti relation

is instructive to note that the shape of the curves strongly depends on the size of 𝐶 and
ΔA, or ΔVFT, relative to each other and to the investigated temperature region as well as
on the size of 𝜏A or 𝜏VFT relative to the probing frequency 𝑓 . For instance, if 1{𝑓 � 𝜏A

and 𝑇   𝐶 � ΔA, the exponential in the denominator in Eq. 4.31 dominates and the a
step-like increase of 𝜀1 upon raising the temperature is observed. In contrast, for 1{𝑓 ! 𝜏A

and 𝑇 � ΔA   𝐶, the Curie contribution in the numerator in the second term in Eq. 4.31
governs the behavior of 𝜀1 resulting in a peak like increase upon cooling. In that sense,
a pure Curie peak or a simply step-like curve can be regard as the two limiting cases of
Eq. 4.31. For analyzing measurement results with a behavior similar to what is shown in
Fig. 4.7, it is common practice to fit the frequency dependence at constant temperature
with Eq.4.23 and subsequently investigate the temperature-dependence of the obtained
fitting parameters.

4.3 Lorentz field approximation and Clausius-Mossotti
relation

The permittivity 𝜀 is defined within a macroscopic framework which is based on averaging
E and P over a finite volume of the considered medium. A simple classical approach to do
so is the Lorentz-field approximation which estimates the local electric field felt by a probe
charge in a polarized bulk medium. It can be easily extended to the Clausius-Mossotti
relation connecting the macroscopic 𝜀 of a medium to the microscopic polarizability 𝛼 of
the atoms or molecules constituting the medium. The Clausius-Mossotti relation strongly
relies on the concept of electric dipoles d as finite, well separated entities, and therefore is
in strong contrast to the modern approach of polarization. However, in the following we
will shortly introduce the main considerations of the Lorentz-field approximation and the
Clausius-Mossotti relation since they provide a convenient basis for the derivation of the
effective medium approximations in chapter 4.4) which we will need in the results part of
this thesis.

Lorentz field approximation

The main idea of the Lorentz field approximation is that the local field Eloc experienced by
a single probe ion or molecule in a polarized medium differs from the applied external field
Eext due to the polarization of the medium surrounding the considered ion or molecule.

The formally correct way of determining Eloc would be by solving Poison’s equation,
which, however, is extremely difficult because usually a large number of atoms has to be
considered. This is circumvented in the Lorentz field approximation wherein the local field
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EextEPELEnear
Eloc

Q+Q-

s = Q/A

Figure 4.8: Schematics of the Lorentz field approximation and its decomposition of the
electric field. An external electric field Eext is applied to the specimen (pink
medium) by means of two plane-parallel electrodes (gray areas). As a result,
the specimen gets polarized giving rise to a depolarization field EP. In the
Lorentz field approximation, the fields within a small cavity around the probe
ion or molecule (yellow circle) are separately considered. This gives rise to
the Lorentz field EL due to the charge accumulating on the cavity surface
and to the near field Enear due the to ions or molecules neighboring the probe
charge within the cavity.

is divided into different components which can be estimated using a few simplifications.
The single field components are illustrated in Fig. 4.8 showing a dielectric medium in
an external field Eext which is applied by means of two electrodes. Our probe charge is
indicated by the yellow circle.

In response to Eext, the medium gets polarized giving rise to a depolarization field EP.
The artifice of the Lorentz approximation is that we separately examine the fields within
a small cavity around our probe ion or molecules which gives two additional fields to
consider. First, the field at the center of the cavity due to the charge accumulating on
its surface, which is denoted as the Lorentz field. Second, the field at the center due the
to ions or molecules neighboring our probe charge within the cavity, denoted as the near
field Enear. The field components are given by

𝐸ext �
𝜎

𝜀0
, 𝐸P � �

x𝑃 y

𝜀0
, 𝐸L �

x𝑃 y

3𝜀0
and 𝐸near � 0, (4.32)

wherein x𝑃 y is the polarization as an macroscopic average. Moreover, we consider a
spherical cavity giving the factor 1{3 in 𝐸L and an isotropic medium, such that the near
field is averaged to zero. We used the simplification, that the field due to the ions or
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4.3 Lorentz field approximation and Clausius-Mossotti relation

d=aEloc

E
0

Figure 4.9: Simplified view of the Clausius-Mossotti relation, which assumes that the
local field obtained by the Lorentz field approximation Eloc applies to all
ions or molecules, illustrated as the green charge clouds around a yellow
nucleus, in the medium. The ions or molecules get polarized, as illustrated
by a shift of the green charge clouds relative to their a nuclei, giving rise to
a dipole moment d.

molecule surrounding our probe is approximated by a uniform polarization x𝑃 y. This
gives us for the local field

𝐸loc � 𝐸ext � 𝐸P � 𝐸L � 𝐸near � 𝐸0 �
x𝑃 y

3𝜀0
(4.33)

with the homogeneous field 𝐸0 � 𝐸ext � 𝐸P being averaged over the whole medium
without the cavity. This gives the surprising result, that the local field is different from
the macroscopically averaged one which is due to the artifice of locally examining a cavity
wherein we did not account for the electric field of the probe charge itself.

Clausius-Mossotti relation

In a next step, we assume that the expression for the local field is valid for all ions or
molecules in the medium. For a medium consisting of only one species of ions or molecules
with the polariziablility 𝛼 we can set

x𝑃 y � 𝑛𝑑 � 𝑛𝛼𝐸loc, (4.34)

which is illustrated in Fig. 4.9. Using Eqs. 4.33 and 4.34 we eliminate 𝐸loc and get

x𝑃 y � 𝑛𝛼

�
𝐸0 �

x𝑃 y

3𝜀0



. (4.35)
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We insert the constitutive equation

x𝑃 y � 𝜒𝑒𝜀0𝐸0 � p𝜀𝑟 � 1q𝜀0𝐸0 (4.36)

with the relative permittivity 𝜀𝑟 � 𝜀{𝜀0 and finally obtain the Clausius-Mossotti relation

𝜀𝑟 � 1
𝜀𝑟 � 2 �

𝑛𝛼

3𝜀0
(4.37)

relating the macroscopic 𝜀 of the medium with the microscopic 𝛼 of the ions or molecule
constituting the medium. Several simplifications were necessary to finally end up with
Eq. 4.37. We made a point dipole approximation for the ions or molecules, took the
background due to the neighboring dipoles in the cavity as an averaged uniform and
considered the shape and size of the cavity such that Maxwell equations can be averaged.

Shape factor

For non-spherical cavities the local field is modified resulting in an anisotropy of 𝜀r which
then becomes a tensor. This change is taken into account by the depolarization or shape
factor L � p𝐿𝑥, 𝐿𝑦, 𝐿𝑧q with |L| � 1. Consequently, the Clauius-Mossotti relation is
modified to

𝜀𝑟,𝑖𝑖 � 1
𝐿𝑖p𝜀𝑟,𝑖𝑖 � 1q � 1 �

𝑛𝛼

𝜀0
(4.38)

wherein the index 𝑖𝑖 denotes the component of the permittivity tensor. For instance if we
apply an electric field along the x-axis, the shape factor for a sphere is p1{3, 1{3, 1{3q, for
a plane disc in the y-z plane p1, 0, 0q or for a needle with the main axis along the electric
field p0, 1{2, 1{2q. It is important to emphasize, that the shape factor also accounts for the
dimensionality of the cavity and hence of the considered system. For ellipsoidal cavities,
the shape factor components can be determined according to

𝐿𝑖 �
𝑎𝑥𝑎𝑦𝑎𝑧

2

» 8

0

𝑑𝑠

p𝑠� 𝑎2
𝑖 q
b
p𝑠� 𝑎2

𝑥qp𝑠� 𝑎2
𝑦qp𝑠� 𝑎2

𝑧q
, (4.39)

with the principal semi-axes 𝑎𝑥, 𝑎𝑦 and 𝑎𝑧 of the ellipsoid.

4.4 Effective medium approximations

Effective medium approximations (EMA) seek to predict the properties of macroscopically
inhomogeneous or composite materials in which the physical properties, such as conductiv-
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𝜀in

𝜀h

Figure 4.10: Schematic illustration of an inhomogeneous medium which is composed of a
host medium with permittivity 𝜀h and spherical inclusions with permittivity
𝜀in.

ity, permittivity or elastic modulus, vary in space. The most basic way to do so would be
a simple mixing approach wherein the composite is modeled as the sum of its constituents
weighted by their volume or mass ration. This approach, however, neglects polariza-
tion effects at the interfaces between the constituents and has problems in predicting the
percolation threshold in insulator-conductor composites. Therefore, more sophisticated
approaches base on the Lorentz-field approximation and the Clausius-Mossotti relation
were developed already at the beginning of the 20th century. In the following, we will
shortly introduce the Maxwell Garnet and the Bruggeman EMA for the effective permit-
tivity of a composite material. The latter is still often used to predict the properties of a
composite material.

4.4.1 Maxwell Garnett EMA

The Maxwell Garnett approximation is easily deduced from the Clauius-Mossotti relation
in a few steps. First, we take the Clauius-Mossotti relation Eq.4.37 and replace 𝜀r of the
previously pristine material with an effective permittivity 𝜀eff of the now inhomogeneous
composite material. Since we now consider the inhomogeneities in a host material on a
macroscopic scale, we also replace 𝜀0 of free space with 𝜀h of the host material and obtain

𝜀eff � 𝜀h
𝜀eff � 2𝜀h

�
𝑛𝛼

3𝜀h
. (4.40)

In a second step, we assume that the spherical cavities are now filled with another
material with the relative permittivity 𝜀in such that they form inclusions within the host
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material with the relative permittivity 𝜀h, as illustrated in Fig. 4.10. The polarizability of
a single spherical inclusion 7 in the host medium is given by

𝛼 � 𝑎3 𝜀in � 𝜀h
𝜀in � 2𝜀h

, (4.41)

wherein 𝑎 is the radius of the spherical inclusion. We insert Eq. 4.41 into the modified
Clauius-Mossotti relation Eq.4.40 and obtain the Maxwell Garnett EMA [172]:

𝜀eff � 𝜀h
𝜀eff � 2𝜀h

� 𝑓in
𝜀in � 𝜀h
𝜀in � 2𝜀h

, (4.42)

wherein we identify 𝑓in �
𝑛𝑎3

3 with the volume fraction of the spherical inclusions. Eq. 4.42
has several shortcomings. First, it is not symmetric in permuting the host with the
inclusion material. This means, that it has to be known a priori what the receiving host
and what the incorporated inclusion material is and that this does not follow from the
knowledge of the volume fractions. Moreover, Eq. 4.42 predicts the percolation threshold
at 𝑓in � 1. If we assume the inclusions to be conducting and the host to be insulating
and increase 𝑓in Ñ 1 the composite will remain mainly insulating until 𝑓in � 1 is reached
which disagrees with experimental observations. Another odd property of Eq. 4.42 is that
𝜀eff still depends on 𝜀h even in the case of 𝑓in � 1 wherein the host material is completely
replaced by the inclusion material. An straightforward extension of the Maxwell Garnett
EMA to account for several different inclusion materials is the Böttcher formula [173]

𝜀eff � 𝜀h
𝜀eff � 2𝜀h

�
¸
𝑖𝑛

𝑓in
𝜀in � 𝜀h
𝜀in � 2𝜀h

, (4.43)

wherein the summation on the right hand side goes over the number of different inclusion
materials. A main simplification of Eq. 4.43 is that it assumes the same Lorentz field acting
on all inclusions irrespective of their permittivity. This leads to the same shortcoming as
discussed above for the Maxwell Garnett EMA.

4.4.2 Bruggeman EMA

In the Bruggeman effective medium approximation (BEMA), the effective (homogenised)
medium is consider as the background against which the polarization is determined. Or
in other words, the polarization is considered as a quantity in respect to the effective
medium including the host as well as the inclusions in contrast to the Maxwell Garnett

7In general, the polarizability of an ellipsoidal inclusion with 𝜀in in a host medium with 𝜀h is 𝛼𝑖𝑖 �
𝑎𝑥𝑎𝑦𝑎𝑧

3

�
𝜀in�𝜀h

𝜀h�p𝜀in�𝜀hq𝐿𝑖
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𝜀in

𝜀h

Figure 4.11: Schematic illustration of an inhomogeneous medium which is composed of
a host medium with permittivity 𝜀h and ellipsoidal inclusions with permit-
tivity 𝜀in.

EMA where only the host acts as polarization background. For a two component composite
with spherical inclusions the BEMA gives

p1� 𝑓inq
𝜀h � 𝜀eff
𝜀h � 2𝜀eff

� 𝑓in
𝜀in � 𝜀eff
𝜀i � 2𝜀eff

� 0, (4.44)

wherein the volume fractions sum up to unity such that we used 𝑓h � 1 � 𝑓in. Formally,
Eq. 8.3 is symmetric in permuting host and inclusions. For instance, we would obtain
the same 𝜀eff for metallic inclusions in an insulating matrix as for insulating inclusions in
metallic matrix as long as the volume fractions would be the same.

For non-spherical inclusions which are all aligned in parallel, as illustrated in Fig. 4.11
for ellipsoids, 𝜀eff becomes anisotropic although 𝜀h and 𝜀in are still isotropic. In this case,
the BEMA for 𝜀eff measured along the applied electric field is rewritten to

p1� 𝑓inq
𝜀h � 𝜀eff

𝜀eff � 𝐿p𝜀h � 𝜀effq
� 𝑓in

𝜀in � 𝜀eff
𝜀eff � 𝐿p𝜀in � 𝜀effq

� 0, (4.45)

wherein 𝐿 is the shape factor component of the inclusions along the applied electric field.

The main shortcoming of the BEMA model is, that the shape factor coincides with the
percolation threshold 𝐿 � 𝑓c. This is in contradiction to conventional percolation theory
(cf Ch. 4.5) wherein 𝑓c depends on more factors [174]. In case of spherical inclusions,
for instance, the BEMA model predicts 𝐿 � 𝑓c � 0.33 which turned out to be incorrect
in many real systems. Moreover, upon increasing the filling fraction of the inclusions,
fluctuations of the local electric field are enhanced. Hence, the approximation that all
inclusions are subject to the same local field is not valid anymore.

This has important implications on the predicted dielectric properties, especially in
the case of metallic inclusions in an insulating host material. For a small filling fraction
𝑓in   𝑓c, the system behaves as an insulator. Upon increasing the filling fraction until
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𝑥

𝑃 p𝑥q

p𝑥� 𝑥𝑐q
𝛾

𝑥𝑐 1

1

site percolationbond percolation

(a) (b) (c)

Figure 4.12: Square lattice with (a) bond percolation and (b) site percolation. (c) Plot
of percolation probability 𝑃 p𝑥q in dependence of the probability 𝑥 that a
single element of the lattice is occupied. Note that 𝑥 can also be identified
with the ration of filled elements. 𝑥𝑐 denotes the percolation threshold at
which 𝑃 p𝑥q is non-zero and sharply increases.

𝑓in � 𝑓c, the inclusions percolate forming a continuous path from one side of the composite
sample to the opposite site, abruptly changing its transport properties.

4.5 Percolation

In general, percolation theory studies the characteristics of connected clusters in a random
graph, or in other words, it describes the connectivity of arbitrary objects which are placed
at random in a lattice. It can be used to describe a large number of problems in various
fields ranging from growth models and the spread of epidemics to the motion of particles
through a random medium. Most models can be divided into to two groups depending
whether in the lattice either edges (bond percolation) or nodes (site percolation) are
considered to be randomly occupied. Both cases are illustrated in Fig. 4.12(a) and (b)
using the example of a square lattice whereas in general the lattice geometry can be
arbitrary.

Whether a site or bond is occupied is determined with a probability 𝑥 � 𝑁occ{𝑁all,
with the number of occupied sites 𝑁occ and the total number of lattice sites or bonds 𝑁all.
Hence for 𝑥 � 0, no bonds or sites are occupied while with increasing 𝑥, the likelihood of
occupying nearest-neighbor elements rises, resulting in connected clusters which grow in
size. In doing so, the specific event occurs when one cluster extends from one side of the
lattice to the opposite, called the infinite cluster, such that a continuous path of occupied
elements is spanned. This event, taking place at 𝑥 � 𝑥𝑐, is called percolation threshold.
Finally for 𝑥 � 1, all elements of the lattice are occupied. Fig. 4.12(c) shows a plot of the
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Table 4.2: Overview of the percolation threshold 𝑥𝑐 for various lattices with different
dimensionality. Reproduced after Ref. [175].

dimension lattice 𝑥𝑐 site percolation 𝑥𝑐 bond percolation

1d infinite line 1 1

2d square 0.592746 0.5
2d triangular 0.5 0.34729
2d honeycomb 0.6962 0.65271

3d diamond 0.43 0.388
3d body-centered cubic 0.246 0.1803
3d face-centered cubic 0.192 0.119

percolation probability 𝑃 p𝑥q, i.e. the probability that a cluster spans from one side to the
opposite side of the lattice as a function of 𝑥. For 𝑥   𝑥𝑐, the percolation probability is
zero while for 𝑥 ¡ 𝑥𝑐, 𝑃 p𝑥q9p𝑥 � 𝑥𝑐q

𝛾 is found wherein the exponent 𝛾 depends on the
dimensionality of the considered lattice. Moreover, the value of the percolation threshold
𝑥𝑐 depends on the dimensionality, the size of the lattice and on the percolation model, i.e.
site or bond percolation.

In Table 4.2, we summarize the percolation threshold for common lattices which are
obtained by numerical methods. In general, the lattice specific details are of great impor-
tance for the numerical calculation of 𝑥𝑐. While the calculated values for site and bond
percolation only moderately differ for a specific lattice, a large difference is observed in
comparing different lattices. It is intuitive that for a one-dimensional lattice, the percola-
tion threshold occurs solely at 𝑥𝑐 � 1 since a single unoccupied element already interrupts
the formation of an infinite cluster.

Percolation at a phase transition

It is instructive to note here, that a cluster of occupied elements is easily identified as
an inclusion in a host medium as discussed above in terms of the EMAs. Therefore,
percolation theory is often applied to describe the transport properties of a composite
or inhomogeneous material and is a necessary complement to an EMA discussed above
(Ch. 4.4), since the latter fails to do so at the percolation threshold.

Especially in the case of stark contrast for the transport properties of an occupied and
unoccupied cluster, for instance for metallic inclusions in an dielectric host medium, the
percolation threshold at 𝑥𝑐 marks a drastic change in the physical properties of the entire
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systems. In fact, the percolation threshold embodies very unique conditions at which
special transport and optical phenomena show up. Note that one of the fingerprints of a
first-order transition is the phase coexistence in proximity to the phase boundary which
exactly corresponds to a percolating system. The prime example is the insulator to metal
(IMT) phase transition, where at 𝑥𝑐 the metallic clusters coalesce to an infinite one and
the conductivity of the systems abruptly changes from insulating to conducting.

Divergent dielectric constant

Besides dc transport, the dielectric properties of percolating metal-insulator systems un-
dergo drastic changes upon crossing the percolation threshold as well and have been sub-
ject of numerous investigations for half a century [176, 177]. As pointed out by Efros
and Shklovskii [178], the static dielectric constant of a percolating system depends on the
filling fraction 𝑚 of the metallic phase and diverges at the percolation threshold

𝜀1p𝜔 � 0, 𝑥q9p𝑥𝑐 � 𝑥q�𝑞 . (4.46)

The critical exponent 𝑞 depends on the dimension of the system; in 3D we expect 𝑞 ranging
from 0.8 to 1 [174, 178–180], while 𝑞 � 1.3 is expected for 2D [178]. The BEMA model
predicts 𝑞 � 1 independent of the dimensionality of the percolating system [174].

The behavior according to Eq. 8.2 is illustrated in Fig. 4.13 together with simplified
sketches of a percolating sample which is placed between two plane-parallel electrodes. The
pink areas correspond to the dielectric host material, with 𝜀d ¡ 0, and the blue islands
to the metallic inclusions, with 𝜀m   0. Note that the size of the metallic inclusions
is extremely exaggerated while their number is underestimated. For 𝑥 � 0 (inset A),
the sample corresponds to a homogeneous dielectric and only its inherent polarization
processes, i.e. the finite displacement of charges, contribute to 𝜀1. For 𝑥 ¡ 0 (inset
B), metallic islands emerge which are separated by dielectric regions giving rise to many
small capacitor-like arrangements. Since the charge carriers are mobile in the metallic
puddles, they are allowed to redistribute and accumulate at the puddle boundaries, giving
rise to the internal field Eint in order to compensate the externally applied field. As a
result, the field strength, and hence the polarization, in between two metallic puddles is
strongly enhanced which is illustrated in Fig. 4.13 with the yellow colored regions. Upon
increasing 𝑥, the metallic islands grow in number and size such that the surface of the
capacitors rises and the distance between the metallic puddles decreases. As a result,
the dielectric constant is drastically enhanced according to Eq. 8.2 and finally diverges
at 𝑥 � 𝑥𝑐 (inset C). It is important to note, that although an infinite cluster is already
present, such that the dc conductivity follows metallic behavior, the polarization effects
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Figure 4.13: Divergence of 𝜀1 as a function of the metallic filling fraction 𝑥 in a dielec-
tric host medium. 𝜀d and 𝜀m denote the real part of the permittivity of
the dielectric and the metallic fraction, respectively. The small insets show
illustrations of the nucleation and growth of the metallic inclusions upon
increasing 𝑥. Note that the size of the metallic inclusions is drastically ex-
aggerated while their number is underestimated. With increasing 𝑥, many
capacitor like arrangements occur where a dielectric region is sandwiched
by two metallic regions. The charge carriers in the metallic puddles redis-
tribute and accumulate at the puddle boundaries in order to compensate
the externally applied field, giving rise to the internal field Eint. As a re-
sult, the field strength, and hence the polarization, in between two metallic
puddles is strongly enhanced which is illustrated with the yellow colored
regions. Both effects lead to a drastic enhancement and finally to the di-
vergence of 𝜀1p𝑥𝑐q. Although an infinite cluster is already present, such
that the dc-conductivity follows metallic behavior, the polarization effects
captured by 𝜀1 are still governed by the finite clusters. For 𝑥 ¡ 𝑥𝑐, more
and more clusters coalesce such that the number of capacitor-like arrange-
ment decreases while concomitantly the effective screening in the metallic
puddles of the applied field becomes more pronounced. The divergence at
the percolation threshold 𝑥𝑐 (curve 1) corresponds to the static limit at
zero frequency. In the realistic case of non-zero frequency, the divergence
becomes a finite maximum. For a highly insulating dielectric material with
𝜎𝑑p0q   𝜔𝜀0𝜀1 the amplitude follows curve 2. In case the non-zero conduc-
tivity, 𝜎m ¡ 𝜎𝑑p0q ¡ 𝜔𝜀0𝜀1, of the host material is taken into account the
amplitude of the maximum decreases to curve 3.

63



4 Polarization effects

captured by 𝜀1 are still governed by the finite clusters. Upon further increasing 𝑥 (inset
D), more and more clusters coalesce such that the number of capacitor-like arrangement
decreases while concomitantly the effective screening in the metallic puddles of the applied
field becomes more pronounced. As a result, the dielectric constant declines with rising
𝑥 according 𝜀19p𝑥 � 𝑥𝑐q

�𝑞 until it eventually becomes negative at 𝑥 � 𝑥𝑚, marking the
onset of metallic behavior. Consequently, for 𝑥 Ñ 1 (inset E) we get 𝜀1 Ñ 𝜀m which is
sometimes quantified according to

𝜀1p𝜔 � 0, 𝑥 Ñ 1q9𝜀1,dp𝑥� 𝑥𝑐q
�𝑞 � 𝜀mp𝑥� 𝑥𝑐q

�𝑡 . (4.47)

Frequency-dependence of the dielectric constant

In the real case of non-zero frequency, the divergence of 𝜀1 (curve 1) is replaced by a
finite maximum at 𝑥𝑐, as indicated by the two additional curves in Fig. 4.13. Here, Efros
and Shklovskii [178] distinguish two major cases. The first one corresponds to a highly
insulating dielectric material with 𝜎𝑑p0q   𝜔𝜀0𝜀1 (curve 2) and a frequency-dependent
amplitude of the percolation following the power-law

𝜀1p𝜔, 𝑥𝑐q � 𝜀d

�
𝜎m

𝜔𝜀0𝜀d


1�𝑆

, (4.48)

with the critical exponent 𝑆 � 0.62 for 3D and 𝑆 � 0.5 for 2D. In case the non-zero
conductivity, 𝜎m ¡ 𝜎𝑑p0q ¡ 𝜔𝜀0𝜀1 (curve 3), of the host material is taken into account the
amplitude of the maximum follows

𝜀1p𝜔, 𝑥𝑐q � 𝜀d

�
𝜎m
𝜎d


1�𝑆

. (4.49)

In standard percolation theory [178], the critical exponents 𝑞, 𝑡 and 𝑆 are predicted to
obey

𝑆 �
𝑡

𝑞 � 𝑡
. (4.50)

The exponent 𝑡 determines the behavior of the dc-conductivity

𝜎dc � 𝜎mp𝑥� 𝑥𝑐q
�𝑡 for 𝑥 ¡ 𝑥𝑐, (4.51)

wherein 𝜎m is the dc conductivity in the metallic phase. In literature, various values for
the critical exponents are predicted which are summarized in Table 4.3.
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4.5 Percolation

Table 4.3: Overview of critical exponents for the dielectric and transport behavior in
percolating systems as reported in literature.

Efros et al. [177, 178] BEMA [181] Clerc et al. [174] Bergman et al. [182]
dimension 2 3 2 3 2 3

𝑆 0.5 0.62 0.5 0.5 0.500 0.72 0.5 0.72
𝑡 1.3 1.6 1.0 1.0 1.299 1.90 1.3 2.00
𝑞 1.3 1.0 1.0 1.0 1.299 0.73 1.3 0.76
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5
Experimental setup and data analysis

This chapter introduces the basic concept of dielectric spectroscopy and presents a setup
for corresponding measurements in dependence of pressure, temperature and frequency
which was established at the 1. Physikalisches Institut during this PhD project. In partic-
ular, emphasis is put on the electrical feedthrough providing the necessary high-frequency
characteristics, such as low attenuation and high cut-off frequency, while withstanding
high-pressures. Subsequently, a description of the data analysis and of the investigated
samples are given.

5.1 Dielectric spectroscopy

In general, dielectric spectroscopy refers to a variety of experimental methods determining
the electrodynamic response of a medium in a broad frequency range. Fig. 5.1 gives an
overview of these methods together with the corresponding frequency range and sample
geometry. They can be divided into three groups. First, from the visible range to THz
frequencies, optical methods such as Fourier-transform infrared (FT-IR) or Mach-Zehnder
interferometers are used. Second, in the microwave regime, the sample terminates or con-
nects a transmission line, mostly coaxial cables, and the microwave reflections or transmis-
sion is measured. Third, form several tens of MHz down to mHz frequencies, the sample
is contacted by two plane-parallel electrodes in a plate capacitor like arrangement and the
complex impedance of the sample is determined. In this thesis, the electrodynamic re-
sponse of organic charge transfer salts in the audio- and radio frequency range is measured
by means of the auto-balancing bridge (ac bridge) method which therefore will be shortly
introduced in the following.

Auto-balancing bridge

The measurements presented in this thesis were performed with an Agilent A4294 [184]
precision impedance analyzer, which is based on the auto-balancing bridge method [183].
A simplified view of the corresponding measuring circuit is illustrated in Fig. 5.2. The
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5 Experimental setup and data analysis

Figure 5.1: Overview of the various experimental methods subsumed by dielectric spec-
troscopy together with the corresponding frequency range and sample ge-
ometries. Reproduced from Ref. [159].

impedance analyzer is equipped with four terminals for BNC coaxial cables, denoted as
Hc, Hp, Lp and Lc, which are used to connect the instrument with the sample holder. The
outer conductors of the coaxial cables (blue lines) are put on ground to provide a proper
shielding of the measurement signals, the latter are transported by the inner conductors
(red and green lines). An ac voltage or current signal is applied to the sample via terminal
Hc while the corresponding voltage 𝑈x is independently measured at the Hp terminal.
In order to minimize the spurious contribution from the cables, the terminals Hc and
Hp are connected to each other right before the sample (red lines). The applied signal
drives a current 𝐼x from the Hc terminal through the sample to the Lc terminal, wherein
the sample is represented by its complex impedance 𝑍x. In order to precisely determine
𝐼x with temporal resolution, the virtual ground method is applied. This is realized by
adjusting the potential at the Lp terminal to ground via a so-called null loop (dash-dotted
line in Fig. 5.2). In the most simple case, this is represented by an operational amplifier
(op-amp), whose output is connected to the Lc terminal via the range resistance 𝑅r to
realize the necessary feedback to keep the virtual ground at 𝑈 � 0 V (green line). As a
result of the regulating feedback, the op-amp draws a current 𝐼r through 𝑅r to terminal
Lc while the virtual ground condition 𝑈 � 0 V implies that the currents 𝐼r and 𝐼x are
the same. Or in other words, the currents balance, giving the name to this family of
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virtual ground
sample

contacts

coaxial
cables

ground null loop

outer
conductors

Hc Hp Lc Lp

Figure 5.2: Simplified measurement circuit of an auto-balancing bridge which is usually
employed for dielectric spectroscopy measurements in the audio- and radio
frequency range. The bridge provides four terminals for BNC coaxial cables,
denoted as Hc, Hp, Lp and Lc, which are connected to the sample holder. The
outer conductors of the cables (blue lines) are put on ground and provide a
proper shielding of the measurement signals while the latter are transported
by the inner conductors (red and green lines). The sample impedance 𝑍x is
determined by means of the virtual ground method using a null loop (dash-
dotted line), wherein 𝑈x and 𝑈r are precisely measured with high temporal
resolution while 𝑅r is preset by the instrument. Based on Ref. [183].
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measurement devices. The potential 𝑈r is determined in the null loop between the op-
amp and 𝑅r such that 𝐼r, and hence 𝐼x, is precisely determined. Finally, the measurements
of 𝑈x and 𝑈r with high temporal resolution and the adjusted value of 𝑅r give a precise
value of the sample impedance 𝑍x (see Fig. 5.2). It is trivial to remind, that in general
there is a phase shift between 𝑈x and 𝑈r such that 𝑍x is a complex quantity.

The main advantages of the auto-balancing bridge method are the coverage of a wide
frequency range, in our case from 40 Hz to in principle 110 MHz [184], while the latter
value usually decreases to 10 MHz in case a custom made sample holder is used [183], as
well as a high accuracy over a wide impedance range, usually from 10�3 to 108 Ohm [184].
However, in order to enable the virtual ground method, the terminals have to be pair-wise
connected, the Lc to the Lp and the Hc to the Hp, such that a two-point measurement
configuration is realized. Therefore, spurious effects due to the contacts might contribute
to the measured values and special care has to be taken in analyzing the obtained results
in order to rule out these effects.

5.2 Setup

External pressure is a powerful tuning parameter in solid state research because the in-
duced changes of the interatomic distances modify the electronic properties, such as band-
width, electron and phonon density of states and electron hybridization [185, 186]. Chang-
ing the applied pressure in combination with the conventional temperature variation allows
for exploring the phase diagram of compounds by measuring a single specimen; it became
crucial in the investigation of structural phase transitions [187], metal-insulator transitions
[10], superconductivity [188] as well as quantum criticality [189, 190].

Among the available methods enabling pressure-dependent measurements, dc-transport,
X-ray diffraction and optical spectroscopy are well established [107, 108, 191]. Dielectric
spectroscopy in a broad frequency range, however, has not been realized so far since
it requires electrical connections with good high-frequency characteristics such as low
attenuation and high cut-off frequency that is suitable for high-pressure usage. Therefore,
a main part of this thesis was devoted to the design and manufacture of a novel electrical
feedthrough for four coaxial cables and four copper wires into a piston type pressure cell
ranging up to 10 kbar. In combination with a continuous flow cryostat, the cable length
of the setup is minimized enabling dielectric spectroscopy measurements up to 5 MHz in
frequency and down to 8 K.

In order to perform temperature-dependent measurements, the pressure cell is inserted
into a commercial continuous flow He cryostat (KONTI by CryoVac GmbH & Co KG,
Troisdorf, Germany) by using a custom made sample holder, as illustrated in Fig. 5.3.
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custom made

sample holder

impedance

analyzer
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Figure 5.3: Illustration of the setup used for temperature and pressure-dependent di-
electric spectroscopy. The pressure cell with the electrical feedthrough is
mounted to a custom made sample holder for a commercial continuous flow
cryostat. The sample holder provides four coaxial cables with SMA plug
connectors to connect the feedthrough by means of four SMA jack to SMA
jack adaptors. The coaxial cables of the sample holder pass a custom made
vacuum sealed feedthrough and terminate in BNC plug connectors which
are directly connected to the impedance analyzer located right next to the
sample holder. This way, the total cable length is minimized to 50 cm and
temperatures as low as 8 K are reached. 71



5 Experimental setup and data analysis

The cryostat provides a cylindrical sample chamber with 30 mm in diameter, enough
to receive the pressure cell with a diameter of 26 mm. The sample chamber is filled
with helium as exchange gas. To precisely adjust the temperature, a heating wire and a
temperature sensor are attached to the cell on the outside (not shown in Fig. 5.3).

The sample holder provides a screw thread to receive the cell and four RG178 B/U
coaxial cables terminated with SMA connectors [192]. The coaxial cables of the sample
holder are connected to the ones of the feedthrough via four SMA jack to SMA jack
adaptors. The coaxial cables of the sample holder pass through a custom made vacuum
sealed feedthrough and terminate in BNC plug connectors which are directly connected
to the Agilent A4294 [184] impedance analyzer. The analyzer is located right next to the
sample holder to minimize the required cable length that was in total 50 cm.

5.2.1 Pressure cell and feedthrough

In our setup, we employ a piston type pressure cell LC10 designed and manufactured
by the Institute of High Pressure Physics of the Polish Academy of Sciences in Warsaw,
Poland [193]. Except for the metal sealing rings, the entire cell is made from non-magnetic
CuBe and sketched in Fig. 5.4. We use Daphne oil 7373 as a liquid pressure transmitting
medium which has a good hydrostaticity and is inert to organic charge transfer salts. The
sealing of the plug is ensured by a metal sealing ring, which is squeezed and deformed
between the cell body and the plug while assembling the pressure cell. In addition to a
metal sealing ring, the piston receives a rubber sealing ring to prevent a loss of the pressure
medium while pressurizing the cell initially. The pressure is determined in-situ by an InSb
semiconductor pressure gauge to recored the inherent pressure loss upon cooling.

In order to obtain a low attenuation and a high cut-off frequency of the feedthrough,
it is important to provide proper shielding of the measurement signal along the cable
path through the feedthrough. An incorporation of coaxial cables into a pressure resistant
electrical feedthrough was, to the best of our knowledge, not realized yet, because their
tubular structure is difficult to seal and is easily deformed upon applying pressure.

We solve this task with our newly developed electrical feedthrough for coaxial cables
that achieves both, a pressure resistant sealing, while keeping good high frequency char-
acteristics at the same time. A cross sectional sketch of the feedthrough is shown in the
upper panel of Fig. 5.5. Instead of the commercially available dc-feedthrough, we use an
empty CuBe plug with a drilling of 2 mm in diameter which is merging into a conical
opening at the top.

We introduce four MMK 5001 coaxial cables [194] with an outer diameter of 0.53 mm,
a SMA plug connector on one end and an open cable on the other end going into the
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metal sealing ring
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Figure 5.4: Sketch of the pressure cell used for dielectric spectroscopy measurements
under pressure up to 10 kbar. The upper part shows an exploded-view-
drawing of the cell, the lower part a cross section drawing of the assembled
cell. The piston cell is of type LC10 and is designed and manufactured by
the Institute of High Pressure Physics of the Polish Academy of Sciences in
Warsaw, Poland [193]. Except for the metal sealing rings, it is made from
non-magnetic CuBe; we assigned different colors to the parts to increase the
contrast between the different parts in the picture.
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Figure 5.5: Illustration of the electrical feedthrough for coaxial cables mounted in a CuBe
plug. The upper panel depicts a cross sectional sketch of the feedthrough,
showing only two of the four coaxial cables and four copper wires. A picture
of the feedthrough and the InSb semiconductor pressure gauge is shown in
the lower panel. The inset within the dashed lines shows the outer conductors
of the coaxial cables which are connected to each other by soldering a thin
CuAg wire in a loop around them, and the inner conductors of the coaxial
cables which are pairwise connected to each other and terminate in two pins.
The inset in the solid lines shows the pins of the feedthrough, which are
covered with indium to additionally seal the gap between the pins and the
surrounding epoxy. A single crystalline sample is mounted with carbon paste
and gold wires to the pins.

74



5.2 Setup

pressure cell. For the stretch the coaxial cables are running through the feedthrough,
which is appoximately 50 mm, the outer jacket is carefully extracted, reducing the di-
ameter to 0.43 mm. Moreover, we lay open the inner conductors at the cable end by
carefully removing the outer conductor and the dielectric of the coaxial cables on a length
of approximately 8 mm. As discussed above in Ch. 5.1, the inner conductors of the coax-
ial cables should be pairwise connected to be compatible with the auto-balancing bridge
method used in a wide range of commercially availably impedance analyzers. This way,
two terminals are formed to which the sample will be connected.

In addition to the coaxial cables, four copper wires with polyurethane insulation and a
total diameter of 0.2 mm (AWG 32) are introduced into the feedthrough, forming pins to
which the InSb pressure gauge will be connected by means of thin gold wires in a real four
point configuration, as shown in the lower panel of Fig. 5.5.

In a first step, a pressure-resistant epoxy is filled into the feedthrough up to the conical
opening to permanently glue the coaxial cables and the copper wires in such a way that
the open cable end is still flexible and can be processed. The outer conductors of the
coaxial cables are connected to each other by soldering a thin CuAg wire in a loop around
them. The inner conductors are pairwise soldered to each other such that two pins are
formed by the remaining cable ends, as shown by the dashed lines in the inset of Fig. 5.5.

In a second step, the coaxial cables are fully covered with pressure-resistant epoxy except
the two pins formed by the inner conductors of the coaxial cables. It is very crucial, that
the part where the outer conductor and the dielectric end is well covered with epoxy
and only the two pins formed by the inner conductors protrude. This way, we provide a
pressure-resistant sealing of the coaxial cable and minimize the part of the cable without
the outer conductor. The latter ensures proper shielding of the measurement signal as
close to the sample as possible and hence enhances the high frequency characteristics of
the pressure feedthrough. Finally, when the epoxy is fully cured and hardened, an indium
cover is deposited onto the pins and the surrounding epoxy by means of a soldering iron
to create an additional sealing.

The sample is electrically contacted by attaching two gold wires with carbon paste to
opposite crystal surfaces, on the other end, the gold wires are connected to the two pins
of the feedthrough with silver paste. The InSb pressure gauge is connected to the ends of
the copper wires with thin gold wires and indium as solder.
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Figure 5.6: Equivalent circuit for the spurious effects due to the setup and the commonly
used open and short compensation measurements to determined them. Based
on Ref. [183].

5.2.2 Compensation measurements characterizing the setup

The influence of the setup on the measured dielectric response is determined by means of
the open and short compensation measurements, the corresponding equivalent circuits are
illustrated in Fig. 5.6.

The open compensation refers to a measurement without any sample wherein the two
pins of the feedthrough are just left open. It determines the stray admittance 𝑌stray �

𝐺open� 𝑖𝜔𝐶stray, which can be considered as a measurement of the background due to the
setup, and gives an upper limit of its impedance range, which however, also depends on
the used impedance analyzer.

The short compensation determines 𝑍short � 𝑅short � 𝑖𝜔𝐿short, which is also referred to
as residual impedance, wherein the two contacts are shorted by means of a thin gold wire.
𝑍short provides information on possible spurious resonance in the wiring of the setup and
also on its low impedance limit.

In microwave spectroscopy, an additional load compensation is usually used which refers
to a measurement of a calibrated reference of 𝑍load � 50 Ω. It is used to detect any
artificial reflections of the microwave signal in the transmission lines. In the radio and
audio frequency range, however, these spurious effects are usually neglected and a load
compensation is only recommended in case the impedance of the investigated sample stays
in the range of the load reference [183]. Since the impedance of our sample changes over
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several orders of magnitude upon cooling and applying pressure, a load compensation
would in contrary induce additional errors and is not recommended. Finally, it should
be mentioned here, that the compensation measurements have to be performed with the
same device at the same settings as used for the actual sample measurements.

5.2.3 Open compensation measurement

In Fig. 5.7, we plot the frequency and the temperature dependence of 𝐶stray and 𝐺open for
several temperatures and pressures. The measurements were performed with an Agilent
A4294 impedance analyzer with an applied test signal of 𝑈osc � 0.5 V. The equivalent
circuit of the most simple model for the open compensation is also pictured in the inset of
Fig. 5.7(a). 𝐶stray and 𝐺open should be as small as possible and give an estimate for the
impedance and frequency range of the setup when a highly resistive sample is measured.

In Fig. 5.7(a) and (b), we plot 𝐶stray and 𝐺open as a function of frequency for several
temperatures at 10 kbar. For 𝑓   104 Hz, the measured impedance is at the limit of the
analyzer, resulting in a decreased accuracy and giving rise to the observed fluctuations
in 𝐶stray and 𝐺open. In the frequency range 104 Hz   𝑓   106 Hz, we obtain a value
of 𝐶stray � 40 fF at 𝑇 � 295 K, which is slightly decreasing upon cooling. In the same
frequency range, 𝐺open rises by two orders of magnitude due to cross-talk between the
pins, which increases with frequency but decreases upon cooling by a factor of 5 from
room temperature to 10 K. For 𝑓 ¡ 5� 106 Hz, 𝐶stray slightly decreases and 𝐺open shows
a strong downturn, which we ascribed to a reduced phase resolution of the used impedance
analyzer at high frequencies [184].

In Fig. 5.7(c) and (d), the temperature dependence of 𝐶stray and 𝐺open is plotted for
several pressure values at 𝑓 � 100 kHz , respectively. The decrease of 𝐶stray and 𝐺open

upon cooling is qualitatively the same, whereas only 𝐶stray is pressured-dependent. We
attributed the temperature dependence of both quantities to the thermal contraction of
the coaxial cables and the concomitant change in the cable geometry. The measurement
at ambient pressure is performed with an open pressure cell in helium gas. Upon filling
the oil and densifying it with increasing pressure, the dielectric constant of the matter
between the open contacts is enhanced, resulting in a growth of 𝐶stray whereas 𝐺open is
pressure-independent.

To conclude, the open compensation measurement reveals small values for 𝐶stray and
𝐺open of the sample holder and the electrical feedthrough, making them suitable for low-
temperature high-pressure dielectric spectroscopy measurements up to 5 MHz.
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Figure 5.7: Open Compensation measurement of the setup with pressure cell and electri-
cal feedthrough for the low temperature high-pressure dielectric spectroscopy
measurements. The inset in panel (a) shows a picture of the empty sample
holder with a scheme of the equivalent circuit. The measurements were per-
formed with an Agilent A4294 impedance analyzer with an applied test signal
of 𝑈osc � 0.5 V. Panels (a) and (b) show plots of the frequency dependence
of the stray capacitance 𝐶stray and the conductance 𝐺 at 10 kbar for different
temperatures, respectively. In panel (c) and (d), 𝐶stray and 𝐺 are plotted as
a function of temperature for the different applied pressure values.
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Figure 5.8: Short Compensation measurement of the setup wherein the pins of the pres-
sure cell are shorted with a gold wire. This is shown in detail in the inset
in panel (d) together with a scheme of the equivalent circuit. The measure-
ments were performed with an Agilent A4294 impedance analyzer with an
applied test signal of 𝑈osc � 0.5 V. Panels (a) and (b) show plots of the
frequency dependence of 𝐿short and 𝑅short at ambient pressure for different
temperatures, respectively. In panel (c) and (d), 𝐿short and 𝑅short are plotted
as a function of temperature for various probing frequencies.

79



5 Experimental setup and data analysis

5.2.4 Short compensation measurement

In Fig. 5.8, the frequency and temperature-dependence of a short compensation measure-
ment at ambient pressure is presented. For this measurement, it is important to mimic
the measurement configuration which is usually used for a sample. To that end, a gold
wire with a length of 10 mm and a diameter of 25 𝜇m is attached to the pins by silver
paste as normally used to connect a sample to the feedthrough pins. The measurement
was performed with an Agilent A4294 impedance analyzer with an applied test signal of
𝑈osc � 0.5 V.

𝑅shortp𝑇 q is plotted in Fig. 5.7(d), showing a linear decrease upon cooling, from around
0.5 to 0.1 Ω, as expected for a metallic wire. Interestingly, the corresponding plot of
𝐿shortp𝑇 q in panel (c) shows a strong frequency dependence. While for low frequencies,
𝐿shortp𝑇 q is enhanced upon cooling, it is nearly temperature-independent for high frequen-
cies. To understand this behavior, we should have a look at the frequency dependence
𝐿shortp𝑓q plotted in Fig. 5.7(a) for several temperatures as indicated. 𝐿shortp𝑓q exhibits a
resonant-like feature in form of a pronounced maximum around 1 kHz which is followed
by a weak dip at 10 kHz. This corresponds to the self-resonant frequency (SRF) of the
gold wire loop, i.e. the frequency at which the parasitic capacitance 𝐶para of the wire
loop resonates with its ideal conductance. We have good reason to assume 𝐶para to be
in parallel to the short compensation model, as shown in the inset of panel (d), because
otherwise, 𝐶para would block the current at low frequencies resulting in a high 𝑅short which
obviously is not the case. For this configuration, the SRF is defined as

𝜔SRF �

d
1

𝐿short𝐶para
�

�
𝑅short
𝐿short


2
, (5.1)

wherein clearly 𝑅short gives the dominating contribution. Hence, the change of the resonant
feature in 𝐿shortp𝑓q upon heating originates from the temperature-dependence of 𝑅shortp𝑇 q.
With estimates of 𝐿short � 10 nH as obtained for 𝑓 ¡ 500 kHz, and for instance 𝑅short �

0.5 Ω and 𝑓SRF � 8 kHz at 295 K, we approximate 𝐶para � 40 nF, which is a surprisingly
high value. We attribute this to an imperfect connection of the gold wire to the indium
pins by means of silver paste, whose modeling probably would require a more sophisticated
equivalent circuit. However, the decreasing amplitude of the resonance can be explained
by its dependence on 𝑅shortp𝑇 q, which is captured by the damping factor 𝜉 � 𝑅short

2

b
𝐶para
𝐿short

.
We will, however, not go into detail with this considerations of basic circuit theory (inset
in panel (d)) and conclude, that care has to be taken in analyzing low frequency data
(𝑓   50 kHz) of highly conducting samples with inductive properties, such as metallic
ones.
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5.2.5 Measured observables

Besides the complex impedance 𝑍, the response of the sample can also be presented using
the complex admittance 𝑌 . Whether to use 𝑍 or 𝑌 is a matter of choice, since they are
straightforwardly related to each other. For the sake of completeness,this relation is

𝑍 � 𝑅 � 𝑖𝑋 �
1
𝑌
�

𝐺

𝐺2 �𝐵2 � 𝑖
�𝐵

𝐺2 �𝐵2 , (5.2)

or vice versa
𝑌 � 𝐺� 𝑖𝐵 �

1
𝑍
�

𝑅

𝑅2 �𝑋2 � 𝑖
�𝑋

𝑅2 �𝑋2 , (5.3)

with 𝑅 as the resistance of the sample, 𝑋 the reactance, 𝐺 the conductance and 𝐵 the
susceptance. 𝑍 and 𝑌 are extensive quantities and therefore not suitable to properly
describe the electrodynamic response of the investigated physical system. This is usually
done by determining one of the intensive quantities listed below. While in principle they
all contain the same information, their preferably used to describe different kinds of charge
transport processes inherent to the investigated system. For example, whether dielectric
relaxation or dc-conduction processes prevail in the overall transport properties.

Conductivity and resistivity

In case dc-conduction processes due to quasi-free charge carriers dominate the transport
properties, the resistivity 𝜌 and the conductivity �̂� are usually used, wherein the for-
mer is used for rather insulating and the latter for rather conducting media. 𝜌 or �̂� is
straightforwardly determined from the measured impedance or admittance, respectively,
via

𝜌 � 𝜌1 � 𝑖𝜌2 �
𝐴

𝑑
𝑅 � 𝑖

𝐴

𝑑
𝑋 (5.4)

and
�̂� � 𝜎1 � 𝑖𝜎2 �

𝑑

𝐴
𝐺� 𝑖

𝑑

𝐴
𝐵, (5.5)

with the area of the plane-parallel electrodes 𝐴 and the distance 𝑑 between them. Analog
to the relation between 𝑍 and 𝑌 in Eqs. 5.2 and 5.3, 𝜌 and �̂� are related to each other
according to 𝜌 � 1{�̂�.

Permittivity and dielectric modulus

We already introduced the permittivity 𝜀 in Ch. 4.1 as a main quantity entering Maxwell’s
equation which is preferably used to describe transport processes due to the charge dis-
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placements over a limited distance, i.e. dielectric relaxation. It is obtained from the
measured admittance via

𝜀 � 𝜀1 � 𝑖𝜀2 �
𝑑

𝐴

𝐵

𝜀0𝜔
� 𝑖

𝑑

𝐴

𝐺�𝐺0
𝜀0𝜔

, (5.6)

wherein 𝜔 � 2𝜋𝑓 is the angular frequency of the applied ac signal. In case the sample is
not completely insulating, its dc-conductance 𝐺0 gives a considerable contribution to 𝜀2

such that the low-frequency spectrum is dominated by the corresponding 𝜀29𝜔�1 term.
Therefore, in order to reveal the possible presence of a relaxation mode it is common
procedure to subtract this part [32, 133, 195].

In some materials classes one is interested in the dielectric properties at higher temper-
atures, at which 𝜀1 can increase to rather high values due to increasing dc-conduction or
possible electrode polarization (EP). In this case, analyzing the dielectric modulus

�̂� �
1
𝜀
�

1
𝜀1 � 𝑖𝜀2

�
𝜀1

𝜀2
1 � 𝜀2

2
� 𝑖

𝜀2
𝜀2

1 � 𝜀2
2
� 𝑀1 � 𝑖𝑀2 (5.7)

provides some advantages, which was first introduced in 1967 as an analogy to the me-
chanical modulus in the viscoelastic relaxation of polymers [196]. First, both 𝜀1 and 𝜀2

can become rather large for high dc-conduction and EP effects such that the presence of
a relaxation mode is easily obscured or overseen. Contrary, since both go into the de-
nominator of the dielectric modulus (Eq. 5.7), 𝑀1 and 𝑀2 become small and the possible
presence of a relaxation mode is still easily detectable. Second, the signature of a Debye
relaxation is shifted to higher frequencies in �̂� [197], such that it might get easier to
distinguish it from EP effects which are usually observed at low frequencies 𝑓  1 kHZ and
are not shifted.

Analyzing the dielectric response via �̂� is usually done for the investigation of electrical
relaxation phenomena in vitreous ionic conductors [198] and polymer electrolytes [199] and
recently also for epoxy resins [197].

Subtracting the open and short compensation measurements

The measurement of a sample yields data in from of 𝑌sample � 𝐺sample � 𝑖𝐵sample or
𝑍sample � 𝑅sample�𝑖𝑋sample, which of course also include spurious contribution originating
from the setup. In case for highly insulating samples with 𝐺sample ! 𝐵sample, it is sufficient
to only consider the open compensation measurement yielding 𝑌stray � 𝐺open � 𝑖𝜔𝐶stray.
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𝜀2 �
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𝐴
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𝐺0 � 1.135 � 10�7Ω�1

𝐺0 � 0

Figure 5.9

Hence, the admittance used to calculate the electrodynamic response (cf. Ch. 5.1) of the
sample is corrected according to

𝑌 � 𝑌sample � 𝑌stray. (5.8)

For samples with considerably high conductivity, 𝐺sample Á 𝐵sample, also the short com-
pensation yielding 𝑍short � 𝑅short � 𝑖𝜔𝐿short has to be taken into account, such that the
admittance is obtained by

𝑌 �
1� 𝑌stray

�
𝑍sample � 𝑍short

	
𝑍sample � 𝑍short

. (5.9)

In the ideal case, the measurement parameters and conditions, such as pressure, temper-
ature, probing frequencies and 𝑈osc, of the sample and the compensation measurements
should be the same.

The effect of the compensation corrections is exemplarily demonstrated in Fig. 5.9 for
the frequency-dependence of the permittivity, which is calculated from 𝑌 using Eq. 5.6.
The black solid lines correspond to 𝜀1p𝑓q and 𝜀2p𝑓q as directly obtained from the sample
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measurement, i.e. without any compensation correction. The red lines only take into
account the open compensation (Eq. 5.8) whereas for the blue lines both open and short are
considered (Eq. 5.9). For these variations, a finite dc-conductance of 𝐺0 � 1.135�10�7 Ω�1

is already taken into account in determining 𝜀2p𝑓q. If we neglect the dc-contribution by
setting 𝐺0 � 0 (orange line), 𝜀2p𝑓q is dominated by the corresponding 𝑓�1 obscuring the
presence of a relaxation mode centered around 30 kHz.

In Fig. 5.9, a considerable difference in 𝜀1p𝑓q is observed when comparing the non-
compensated (black line) with the open compensated measurement (red line), whereas
these measurements perfectly match in 𝜀2p𝑓q. This clearly shows, that 𝐶stray has a con-
siderable influence on the obtained data and has to be taken into account, while the
influence of 𝐺open is negligible compared to the samples conductivity, even in the case the
rather lager dc-conductivity 𝐺0 is already subtracted. These findings are confirmed when
comparing the open compensated (red line) with open and short compensated (blue line),
where nearly no difference in observed in 𝜀1p𝑓q as well as in 𝜀2p𝑓q. The short compensation
becomes important in case the sample’s impedance is very, 𝑅short{𝑅sample À 0.1, low and
spurious effects associated with a rather large current flowing through the setup wiring,
𝐿short, have to be considered. However, since 𝑅short À 0.6 Ω, the sample’s impedance
remains high enough to neglect these contributions even in its metallic regime at high
pressures.

5.2.6 Comparison ambient pressure and pressure dependent setup

In order to test the performance of our setup, we conducted measurements of a test
sample at ambient pressure in He-gas mounted on the pressure feedthrough and in a
standard ambient-pressure setup serving as a reference. For this purpose, sample #2
of 𝜅-(BEDT-TTF)2Cu2(CN)3 (cf. Ch. 5.4) is used whereby the contacts and the gold
wires contacting the sample were not modified. The sample was first measured in the
standard setup and subsequently in the pressure cell at ambient pressure without using
oil. Both measurements were performed up to 10 MHz with an applied test signal of
𝑈osc � 0.5 V. The pressure-dependent results, their comprehensive analysis and discussion
will be presented in full detail in chapters 7 and 8.

Fig. 5.10(a) displays the temperature dependence of the real part 𝜀1p𝑇 q for 𝑓 � 100 kHz.
Most importantly, there is good agreement between the two experiments in the different
setups. The observation of the broad peak around 𝑇 � 27 K is consistent with literature
[31, 32, 137] proofing the proper operation of our pressure setup. In Fig. 5.10(b), we plot
𝜀1p𝑓q and 𝜀2p𝑓q as a function of frequency at 𝑇 � 27 K, right at the peak temperature
in 𝜀1p𝑇 q. With increasing frequency, 𝜀2p𝑓q shows a roll-off with an inflection point at
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Figure 5.10: Dielectric spectra of 𝜅-(BEDT-TTF)2Cu2(CN)3 of sample #2 recorded
along the 𝑎-axis. The measurements in the pressure cell with our novel
feedthrough (shown in black) are compared to data taken in a conventional
dielectric spectrometer setup serving as reference (red). Panel (a) shows
the temperature dependence of the real part of the permittivity 𝜀1p𝑇 q with
a broad peak at 𝑇 � 27 K; the findings are consistent with reports in the
literature [31, 32, 137]. The frequency dependence of the permittivity at
𝑇 � 27 K is plotted in panel (b) wherein the open compensation for each
setup is considered. We observe an inflection with increasing frequency in
𝜀1p𝑓q and a maximum in 𝜀2p𝑓q which agrees well with previous reports in
literature [31, 32, 137]. The good agreement between both measurements
in the temperature and frequency dependence verifies the proper operation
of our pressure feedthrough.
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𝑓 � 3�105 Hz, right where 𝜀2p𝑓q exhibits a broad maximum. Both features are signatures
of a dielectric relaxation (cf. Ch. 4.2.1) which is well described in the Havriliak-Negami
model. We emphasize the good agreement between the measurements performed with the
pressure feedthrough and the conventional setup serving as a reference.

5.2.7 Conclusion

We have developed an electrical feedthrough for four coaxial cables and four copper wires
into a piston type pressure cell ranging up to 10 kbar. In combination with a continuous
flow cryostat, the cable length is minimized enabling high-pressure dielectric spectroscopy
measurements up to 𝑓 � 5 MHz in frequency and temperatures down to 8 K. We per-
formed open compensation measurements, i.e. background measurements of the response
originating from the pressure setup without sample, to obtain its high frequency charac-
teristics. The stray capacitance of the pressure setup is determined to 𝐶stray � 40 fF,
enabling the measurement of small single crystals with a weak dielectric response. The
proper operation is verified by comparing measurements of a test sample, a single crystal
of 𝜅-(BEDT-TTF)2Cu2(CN)3, in the pressure setup at ambient pressure as well as in a
conventional dielectric spectroscopy setup. Finally it should be emphasized here, that the
custom made sample holder, receiving the pressure cell with the feedthrough, is designed
to be compatible with the Agilent A4294 [184] as well as with the Novocontrol Alpha-A
analyzer [200], whereby the latter has to be equipped with a ZG4 interface.

5.3 Extrinsic effects

Dielectric spectroscopy in general is a two-point method and special care has to be taken
in order to exclude artefacts originating from contacts and/or resonance effects in the
measurement circuit. In the following, we will shortly overview the mechanisms giving
rise these spurious effects and how to evaluate their influence on the obtained data.

5.3.1 Contact contribution

Due to the two-point measurement configuration usually applied in dielectric spectroscopy,
the obtained data may include contributions from polarization effects at the contacts which
have to be conscientiously ruled out or determined. In literature, these contributions are
usually referred to as Maxwell Wagner type relaxation, Schottky contacts or electrode po-
larization. The latter usually denotes peculiar polarization effects at electrodes in liquid
conductors, such as ionic solutions, and should not be used when referring to measure-
ments on single crystals. The Maxwell Wagner relaxation generally describes charge accu-
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mulation at interfaces of any kind, such as in heterogeneous media (cf. Ch.4.4), at grain
boundaries, phase boundaries as well as at contact-sample interfaces. This term captures
a rather broad range of effects whereas here we want to discuss the effects at the interface
of a single crystalline sample with its contacts. In our case, the sample exhibits semi-
conducting behavior and the contacts are formed by amorphous carbon (carbon paste)
with metallic properties, such that Schottky contacts are formed at the sample-contact
interfaces.

Schottky Contact

For a semiconductor-metal junction in thermal equilibrium, the chemical potential 𝜇 of the
charge carriers has to be constant across the interface, resulting in a bending of the valence
band 𝐸n

v and conduction band 𝐸n
c . This band deformation is schematically illustrated for

a n-type semiconductor in Fig.5.11, wherein 𝐸D is the energy level of the donor states,
𝑒ΦM is the work function of the metal, 𝑒𝜒 the electron affinity, 𝑒𝑉n the energy difference
between conduction band and chemical potential with 𝑒ΦH � 𝑒𝜒 � 𝑒𝑉n as the energy
difference between 𝜇 and 𝐸vac.

The band deformation gives rise to a depletion zone right at the interface wherein the
mobile majority charge carries are forced away by the electric field associated with the band
bending, which is illustrated for a n-type semiconductor with ΦH ¡ ΦM in Fig. 5.11(b).
In this case, electrons diffusion from the n-type semiconductor into the metal, such that
the depletion zone is positive in the semiconductor and negative in the metal. This gives
rise to a potential barrier of height 𝑒ΦB which impedes the electron transport across the
interface and results in non-ohmic behavior of the junction. For ΦH   ΦM (not shown in
Fig. 5.11), electrons diffuse from the metal into the n-type semiconductor which bends the
conduction band to lower energies into the Fermi level of the metal and allows coherent
electron transport across the junction.

The same considerations apply for hole transport in p-type semiconductors with the
difference, that ΦH   ΦM gives rise to an effective barrier for holes, impeding coherent
charge transport, and ΦH ¡ ΦM leads to ohmic behavior.

In Fig. 5.11(c,d), we additionally considered a voltage 𝑈 applied to the junction. A
positive voltage (panel (c)) lowers the potential energy of the electrons in the metal,
effectively decreasing the potential barrier and facilitating electron transport across the
junction. Contrary, a negative voltage (panel (d)) lifts the potential energy of the electrons,
enhancing the effective barrier at the interface such that electron transport across the
junction is further suppressed.
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n-type semiconductor metal
(a)

(b)

(c)

(d)

Figure 5.11: Schematically illustration of a Schottky contact in thermal equilibrium. (a)
Band scheme of a n-type semiconductor (left) and a metal (right) which
are still separated from each other. (b) Scheme of the band deformation
at the semiconductor-metal junction. (c) Schottky contact under applied
voltage with positive sign, lowering the energy of the electrons by �𝑒𝑈 . (d)
Schottky contact under applied voltage with negative sign, increasing the
energy of the electrons by �𝑒𝑈 . Reproduced after Ref. [201](pp. 528,
531).
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The depletion zone within the metal is negligible small, usually around 1 nm, due to its
high density of free electrons. In contrast, the thickness of the depletion zone in a n-type
(p-type) semiconductor depends on the charge carrier density 𝑛, the difference ΦM � ΦH

(ΦH � ΦM) as well as on the applied voltage and is given [201] as

𝑑n �

�
2𝜀1𝜀0

𝑒𝑛
pΦM � ΦH � 𝑒𝑈q


1{2
, (5.10)

with 𝜀1 as the real part of the permittivity of the semiconductor. It is intuitive that the
modified charge density in the depletion zone influences the impedance of the junction
and gives rise to the capacitance

𝐶depl 9
1
𝑑n

9

�
2𝜀1𝜀0

𝑒𝑛
pΦM � ΦH � 𝑒𝑈q


�1{2
, (5.11)

which eventually is responsible for the spurious effects attributed to the contact contri-
bution. With the help of Eqs. 5.11 and 5.11 we can easily apply several procedures to
estimate the influence of the contacts to our experimental results.

∙ Modifying ΦM by using a different contact material, such as gold paste. For negligible
contact contribution, the measured dielectric properties should not change.

∙ Comparison of samples with varying contact area 𝐴 while the ration 𝐴{𝑑 is kept
constant, wherein 𝑑 is the sample thickness determining the distance between the
contacts. In case of spurious effects originating from the contacts, the measured
dielectric response should change upon varying 𝐴{𝑑.

∙ The charge carrier density corresponds to the number of electrons that are thermally
excited across the charge gap Δ. For an intrinsic semiconductor without doping it
is given as

𝑛p𝑇 q 9 exp
"
�

Δ
𝑘b𝑇

*
. (5.12)

Upon cooling, free charge carries in the semiconductor freeze out which has an strong
impact on 𝑑n and hence on 𝐶depl. According to Eq. 5.11, the contact contribution
should be dominant at elevated temperatures with large 𝑛p𝑇 q.

∙ For linear dielectrics, tuning the voltage 𝑈 of the applied ac-signal should have an
impact on the measured dielectric response according to 𝜀1p𝑈q9𝑈�1{2 in case of
relevant contact contributions.
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5.4 Investigated samples

In the following, the necessary information on the investigated samples are provided. All
samples were grown by the standard electrochemical synthesis method [35, 202] yielding
high-quality single crystals. The 𝜅-(BEDT-TTF)2Cu2(CN)3 (𝜅-CuCN) sample 1 and sam-
ple A3 were grown at our institute by Ralph Hübner with the assistance of Anja Löhle
while sample 2 was provided by John Schlueter from the Material Science Division at the
Argonne National Laboratory, USA. Table 5.1 summarizes the properties of these two crys-
tals. The entire series of 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 (𝜅-STF𝑥-CuCN)
samples, listed with details in Table 5.2, were synthesized by Yohei Saito at the depar-
ment of physics of the Hokkaido University, Japan. Unfortunately, the synthesize of the
𝜅-(BEDT-TTF)2Ag2(CN)3 (𝜅-AgCN) compound is very challenging and crystals are rare,
such that only one crystal, grown at our institute by Ralph Hübner with the assistance of
Anja Löhle, was available for pressure-dependent dielectric spectroscopy measurements.

In general, the crystals exhibit a plate-like shape with a typical dimensions of 60 �
250� 250 𝜇m3 along 𝑎-,𝑏- and 𝑐-directions, respectively, wherein a large sample to sample
variation is observed in their form and thickness 𝑑, i.e. the extension along 𝑎-direction.
The 𝜅-phase and the crystal directions were determined by means of Fourier-transform
infrared (FTIR) spectroscopy [203].

All samples presented in this thesis were contacted out-of-plane with 𝐸 ‖ 𝑎 by attaching
gold wires with carbon paste covering opposite crystal surfaces, which was done for sample
1 by the author and otherwise by our technician Gabriele Untereiner. Fig. 5.12 shows
photographs of three samples to exemplarily illustrate the contacts and the varying sample
shapes. We roughly estimated the area 𝐴 on the crystal surface covered by carbon paint
and took this as the current cross section in order to determine the intensive quantities
such as 𝜀 or 𝜌 (cf. Ch. 5.1).

All measurements were performed with two contacts in a pseudo four-point configuration
(cf. Ch. 5.1) using an Agilent 4294 Impedance Analyzer. The applied ac voltage was set to
0.5 V, making sure that we operate in the Ohmic regime. The ambient pressure measure-
ment of sample 1 was performed by Annette Böhme during her Bachelor project 1. The
majority of the 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 samples were measured by
Maxim Wenzel during his Bachelor project. Both projects were conceived and supervised
by the author at PI1. All other measurements, especially the pressure-dependent, were
carried out by the author.

1In her Bachelor thesis, sample 1 is denoted as "Probe 7".
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500𝜇m 500𝜇m 500𝜇m

𝜅-CuCN sample 1 𝜅-AgCN sample 1𝜅-STF𝑥-CuCN x=0.16

Figure 5.12

𝜅-CuCN contact contact surface thickness sample grower
(lab name) direction 𝐴 p𝜇mq2 𝑑 p𝜇mq

sample 1 (A1) E || a 184000 80 R. Hübner
sample 2 (A7) E || a 196350 60 J. Schlueter

Table 5.1: 𝜅-(BEDT-TTF)2Cu2(CN)3 (𝜅-CuCN) samples which were investigated in
the pressure-dependent dielectric spectroscopy measurements. 𝑑 refers to the
sample extension along the 𝑎-direction and 𝐴 to the estimated area covered
by carbon paste forming the contacts.

𝜅-STF𝑥-CuCN contact contact surface thickness sample grower
(lab name) direction 𝐴 p𝜇mq2 𝑑 p𝜇mq

x=0.00 (A3) E || a 170000 100 R. Hübner
x=0.04 (4%A) E || a 196351 80 Y. Saito
x=0.10 (10%B) E || a 94248 80 Y. Saito
x=0.10 (10%C) E || a 142600 40 Y. Saito
x=0.12 (12%A) E || a 60000 50 Y. Saito
x=0.16 (16%A) E || a 62800 20 Y. Saito
x=0.19 (19%A) E || a 188500 30 Y. Saito
x=0.25 (25%A) E || a 152000 40 Y. Saito

Table 5.2: 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 (𝜅-STF𝑥-CuCN) samples,
which were investigated in the ambient pressure setup for dielectric spec-
troscopy measurements.
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𝜅-AgCN contact contact surface thickness sample grower
(lab name) direction 𝐴 p𝜇mq2 𝑑 p𝜇mq

sample (A5) E || a 58800 80 R. Hübner

Table 5.3: 𝜅-(BEDT-TTF)2Ag2(CN)3 (𝜅-AgCN) samples which were investigated in the
pressure-dependent dielectric spectroscopy measurements.
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6
Overview of the results

The intent of this chapter is to give a first overview of the dielectric response over the
entire phase diagram of 𝜅-(BEDT-TTF)2Cu2(CN)3 (𝜅-CuCN), 𝜅-[(BEDT-STF)𝑥-(BEDT-
TTF)1�𝑥]2Cu2(CN)3 (𝜅-STF𝑥-CuCN) and 𝜅-(BEDT-TTF)2Ag2(CN)3 (𝜅-AgCN). As we
will see, it is then beneficial for the further proceeding to divide the obtained results into
two parts which are then presented and discussed in detail in the subsequent chapters.
The first part (Ch. 7) deals with the dielectric response observed in the Mott insulating
phase of the investigated compounds wherein special focus is put onto the frequency-
dependent analysis revealing peculiar relaxation dynamics. The second part (Ch. 8) is
dedicated to the polarization phenomena observed in proximity to the phase boundary
which unequivocally reveal a phase coexistence region and verify the first order scenario
for the Mott transition.

6.1 𝜅-(BEDT-TTF)2Cu2(CN)3

Let’s first have a look at the resistivity of 𝜅-CuCN as a function of temperature and
applied pressure. Fig. 6.1(a) displays the 𝜌1p𝑇 q curves probed at 𝑓 � 7.5 kHz for sample
#2. The indicated pressure values were recorded at 𝑇 � 10 K.

Most importantly, our results are in good agreement with four-point dc-measurements
reported in literature [17, 28], although we measured at finite frequency in a two-point
configuration. Up to 𝑝 � 1.22 kbar, the sample exhibits purely resistive behavior with
𝑑𝜌1{𝑑𝑇 ¡ 0. At 𝑝 � 1.45 kbar and above, a maximum in 𝜌1p𝑇 q is observed that shifts to
higher 𝑇 with increasing pressure; concomitantly the resistivity is reduced. The maximum
at 𝑇max marks the onset of the metallic transport regime with 𝑑𝜌1{𝑑𝑇   0 which is
also referred to as Brinkman-Rice line [204]. Its determination is exemplarily shown in
Fig. 6.1(b) for a pressure of 1.69 kbar wherein 𝑇max is indicated by the cyan arrow.

Within the metallic regime, we can further distinguish between the Fermi liquid (FL)
at low temperatures, characterized by 𝜌1,FL � 𝜌0 � 𝐴𝑇 2, and bad metal behavior at
temperatures above (cf. Ch.2.4). We remind here, that the experimental setup did not
allow for cooling below 8 K such that the super-conducting state below 𝑇SC � 4 K could
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Figure 6.1: (a) 𝜌1p𝑇 q of 𝜅-(BEDT-TTF)2Cu2(CN)3 for sample #2 under hydrostatic
pressure, measured along 𝑎-direction and at 7.5 kHz. With increasing pres-
sure, 𝜌1p𝑇 q is reduced, revealing the insulator-metal transition for 𝑝 ¡
1.45 kbar. The inset in panel (a) displays the in-situ measured pressure
loss upon cooling. (b) The maximum in 𝜌1p𝑇 q (cyan arrow) directly indi-
cates the onset of metallic conduction. (c) We define 𝑇FL as the temperature
at which 𝜌1 deviates from 𝜌1,FL � 𝜌0 � 𝐴𝑇 2 by more then 10%. (d) The
quantum Widom line (QWL) is determined by fitting 𝜌1p𝑝q (orange squares)
at constant temperature with 𝑙𝑜𝑔p𝜌1q � 𝑐rp1 � tanhp𝑏p𝑝 � 𝑝QWLqqs (black
line). (e) Phase diagram which is based on a contour plot of 𝜌1p𝑝, 𝑇 q, includ-
ing 𝑇max, 𝑇FL and 𝑝QWL. The yellow line represents an estimate of the Mott
transition line with an critical end point at 𝑇crit=(1.45 kbar,16 K).
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Figure 6.2: Plot of 𝜀1p𝑇 q for sample #2 for several frequencies upon increasing pressure.
(a) At 0 kbar and below 40 K, the HT peak dominates 𝜀1p𝑇 q while the LT
peak is hardly seen as a shoulder like feature around 𝑇 � 15 K. (b-e) Upon
pressurizing, the HT peak shifts to lower temperatures while the LT peak
grows in amplitude and develops into a well pronounced second peak, even-
tually becoming the dominant feature in 𝜀1p𝑇 q above 𝑝 ¥ 0.86 kbar. (f-h) In
the coexistence phase between 𝑝 � 1.45 and 2.23 kbar, an enormous increase
of 𝜀1 is observed which is strongly frequency dependent and attributed to
spatially separated metallic and insulting regions. (i,j) Above 𝑝 � 3.37 kbar,
𝜀1   0 for nearly all frequencies indicating metallic behavior. 95
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not be reached. Following the common procedure, 𝑇FL is defined as the temperature at
which the deviation in 𝜌1p𝑇 q from the characteristic 𝑇 2 behavior of a Fermi liquid exceeds
10%. This is most accurately done in a plot of 𝜌1 (royal squares) and 𝜌1,FL (black line)
over 𝑇 2 which is shown in Fig. 6.1(c) for 1.69 kbar wherein the 𝑇FL is indicated by the
black arrow.

The inset in Fig. 6.1(a) shows the decrease of the in-situ recorded pressure upon cool-
ing. The step like features around 220 K correspond to the solidification temperature of
the pressure transmitting oil. Below 50 K, the pressure saturates and becomes nearly
temperature-independent. For the 0 kbar measurement, the sample was cooled in the
pressure cell which was left opened and filled with He contact gas, such that pressure loss
upon cooling is negligible.

The precise in-situ measurement of 𝑝p𝑇 q enables us to analyze 𝜌1p𝑝q at constant tem-
perature. In particular, we determine the quantum Widom line (QWL) (cf. Ch. 2.4) by
fitting 𝜌1p𝑝q (orange squares) at constant temperature with 𝑙𝑜𝑔p𝜌1,QWLq � 𝑐rp1�tanhp𝑏p𝑝�
𝑝QWLqqs (black line), as examplarily shown in Fig. 6.1(d). This procedure [20] yields the
QWL as the point of inflection at 𝑝QWL which is indicated by the magenta arrow.

Finally, Fig. 6.1(d) shows a contour plot of 𝜌1p𝑝, 𝑇 q based upon which we construct
the phase diagram by including the determined values of 𝑇FL, 𝑇max and 𝑝QWL. At lowest
temperatures and 𝑝   1.45 kbar, the sample remains in the Mott insulating phase as
schematically indicated by the red color. The sharp drop in 𝜌1p𝑇 q for 𝑝IMT,#2 � 1.45 kbar
(panel (a)) marks the Mott transition which we indicate with the yellow line. For temper-
atures and pressures above its critical end point, approximately at 𝑇crit=(1.45 kbar,16 K),
the transition becomes a gradual cross over centered around the QWL. This regime is
characterized with intermediate values of 𝜌1 as indicated by the white color coding. The
area between 𝑇max and 𝑇FL refers to a bad metal while the Fermi liquid is found below
𝑇FL. Overall, our preliminary phase diagram of sample #2 agrees well with previously
published versions [17, 28].

With this detailed phase diagram at hand, we now can turn to the dielectric response
in the different regimes of 𝜅-CuCN. For a first overview, we plot 𝜀1p𝑇 q of sample #2
in Fig. 6.2 for selected frequencies and pressures as indicated. Starting from ambient
conditions, a pronounced peak dominates the temperature dependence of 𝜀1p𝑇 q below
50 K that shifts to higher temperatures with increasing frequency. This behavior resembles
the well-known phenomenology of relaxor ferroelectrics (cf. Ch. 4.2.3) and, referring to
the (BEDT-TTF)2𝑋 family in general, is dubbed anomalous dielectric response (ADE,
cf. Ch.3.5). A corresponding feature in 𝜅-CuCN was first reported in ambient pressure
studies by Abdel-Jawad et al. [31] and later confirmed by Pinterić and collaborators [32,
34, 137]; in this thesis we label it as high temperature (HT) peak.
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6.1 𝜅-(BEDT-TTF)2Cu2(CN)3

Upon increasing pressure, the HT peak shifts to lower temperatures and eventually
moves out of the window of accessible temperatures for 𝑝 ¥ 1.22 kbar. A comparison with
the phase diagram in Fig. 6.1(e) clearly shows, that the HT peak in 𝜀1p𝑇 q is only observed
in the insulating phase.

Moreover, a closer look at the ambient pressure measurement reveals a shoulder-like
feature around 𝑇 � 15 K, which we denote as low-temperature (LT) peak; it evolves into
a small second peak for frequencies between 𝑓 � 53 and 200 kHz. As pressure rises, this
LT feature becomes a well-defined peak, it grows in amplitude and eventually dominates
the spectrum at 𝑝 � 0.86 kbar, as seen in Fig. 6.2(c).

Both peaks shift to lower temperatures with pressure, but this trend is more pronounced
for the HT peak (cf. Fig. 7.9). Although the HT feature seems to maintain its amplitude
and width, it becomes secondary. We will, however, shift the detailed analysis of the
pressure and frequency-dependence of the HT and LT peak to chapter 7.

Most important are the drastic changes of the dielectric response around the insulator-
metal transition (IMT) at 𝑝IMT,#2 � 1.45 kbar [17, 35]. For 𝑝 � 1.45 up to 2.2 kbar, 𝜀1

is strongly enhanced for 𝑇   20 K with a frequency-dependent amplitude even exceeding
105 at 𝑓 � 7.5 kHz (Fig. 6.2(f-h)). As pressure increases further, the onset of the dielectric
anomaly shifts to higher temperatures, reaching about 30 K at 𝑝 � 2.23 kbar, for instance
(Fig. 6.2(h)). We ascribe this observation to a coexistence region centered around the Mott
IMT, wherein spatially separated insulating and metallic regions give rise to a percolation-
like behavior, which we will elaborate on in Chapter. 8. At 𝑝 � 3.37 kbar and higher
[Fig. 6.2(i-j)], 𝜀1 becomes negative and large for nearly all frequencies indicating purely
metallic behavior; only for the lowest frequencies a slight peak remains.

In the following, we apply the same presentation scheme to the results obtained on
sample #1 in order to verify the reproducibility of our findings. Fig. 6.3 shows the 𝜌1p𝑇 q

curves probed at 𝑓 � 10 kHz for sample #1 whereby the indicated pressure values were
recorded at 𝑇 � 10 K. The inset shows the in-situ measured pressure 𝑝p𝑇 q and the panels
(b-d) the determination of 𝑇FL, 𝑇max and 𝑝QWL. The contour plot of 𝜌1p𝑝, 𝑇 q and the
phase diagram of sample #1 are presented in Fig. 6.3(d). Qualitatively, there is good
agreement between both samples of completely different origin and growth conditions
whereas the IMT in sample #1 is observed at a slightly lower pressure of 𝑝IMT,#1 �

1.05 kbar. Consequently, also the QWL line for sample #1 is slightly shifted towards
lower pressures as compared to sample #2. This deviation could be attributed to a
hysteresis effect, since the measurement sequence for sample #1 started with the highest
pressure whereas for sample #2 with the lowest. However, it is not clear if this really holds
here since each measurement starts at room temperature well above the IMT. Therefore,
it might also indicate an enhanced degree of structural disorder in sample #1. Such
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Figure 6.3: (a) 𝜌1p𝑇 q of 𝜅-(BEDT-TTF)2Cu2(CN)3 for sample #1 under hydrostatic
pressure, measured along 𝑎-direction and at 10 kHz. The insulator-metal
transition and the QWL are shifted to lower pressures compared to sample
#2, indicating higher structural disorder in sample #1. The inset in panel (a)
displays the in-situ measured pressure loss upon cooling. (b) The maximum
in 𝜌1p𝑇 q (cyan arrow) directly indicates the onset of metallic conduction.
(c) We define 𝑇FL as the temperature at which 𝜌1 deviates from 𝜌1,FL � 𝜌0�
𝐴𝑇 2 by more then 10%. (d) The quantum Widom line (QWL) is determined
by fitting 𝜌1p𝑝q (orange squares) at constant temperature with 𝑙𝑜𝑔p𝜌1q �
𝑐rp1� tanhp𝑏p𝑝� 𝑝QWLqqs (black line). (e) Phase diagram which is based on
a contour plot of 𝜌1p𝑝, 𝑇 q, including 𝑇max, 𝑇FL and 𝑝QWL. The yellow line
represents an estimate of the Mott transition line with its critical end point
𝑇crit=(1.05 kbar,16 K).
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Figure 6.4: Plot of 𝜀1p𝑇 q for sample #1 for several frequencies upon increasing pressure.
(a-c) Shift of the HT peak towards lower temperatures upon pressure. At
ambient pressure, the LT peak is completely concealed by the HT peak and
becomes visible at 𝑝 � 0.13 kbar. (d-f) The strong enhancement of 𝜀1 is
already observed for 𝑝 � 1.05 and extends to 1.9 kbar. (g,h) The metallic
behavior sets in above 𝑝 � 3.0 kbar where 𝜀1   0 for nearly all frequencies.
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a sample dependence is confirmed by disorder studies on the sister compound 𝜅-(BEDT-
TTF)2Cu[N(CN)2]Cl, which reveal a shift of 𝑝IMT to lower pressures upon x-ray irradiation
[205].

The pressure evolution of 𝜀1p𝑇 q for sample #1 is presented in Fig. 6.4 for selected
frequencies. As usual, the indicated pressure values were recorded at 10 K. Unfortunately,
only a few measurements in the Mott insulating phase could be performed before the
sample broke. Nevertheless, despite the low pressure resolution, it is obvious that the HT
peak in 𝜀1p𝑇 q shifts towards lower temperatures upon increasing pressure resembling the
findings for sample #2. In contrast, the LT peak is barely visible up to 0.45 kbar and
becomes evident at 0.7 kbar. The detailed investigation of the HT and LT peak for sample
#1 is also shifted to chapter 7.

The strong enhancement of 𝜀1 by several orders of magnitude upon entering the coexis-
tence regime is already observed at 𝑝 � 1.05 kbar and extends up to 1.9 kbar (Fig. 6.4(f)).
We emphasize that this is in accordance with the shift of the IMT in sample #1. Interest-
ingly, the plateau-like shape of 𝜀1p𝑇 q is observed only for 𝑓 ¤ 400 kHz whereas for higher
frequencies a slight downturn occurs. Upon increasing pressure further, metallic behavior
with 𝜀1   0 sets in whereas only for the lowest frequencies positive values remain. Except
for the slight shift of the IMT towards lower pressures in sample #1, the findings obtained
from both samples agree well and confirm reproducibility.

6.2 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3

Complementary to tuning the bandwidth 𝑊 of 𝜅-(BEDT-TTF)2Cu2(CN)3 with hydro-
static pressure, we stepwise enhance 𝑊 by partially substituting the BEDT-TTF (ET)
donors with BEDT-STF (STF) molecules (cf. Ch. 3.3.1) and thus obtain 𝜅-[(BEDT-
-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 (𝜅-STF𝑥-CuCN). We remind here, that this substi-
tution does not change the valency of the donor molecule and is distinct from charge carrier
doping. Nonetheless, we can drive the system from the Mott insulating to the metallic
state upon increasing the substitution level 𝑥 (cf. Ch. 3.2.2). This is nicely demonstrated
in Fig. 6.5, wherein we plot 𝜌1p𝑇 q for all measured substitution levels 𝑥 as indicated.

Most importantly, the behavior upon rising 𝑥 resembles what is observed for the pristine
samples upon increasing pressure. For 𝑥   0.12, purely resistive behavior is observed with
𝑑𝜌1{𝑑𝑇 ¡ 0. At 𝑥 � 0.12, a maximum in 𝜌1p𝑇 q appears that shifts to higher 𝑇 upon rising
𝑥 accompanied with an overall trend of diminishing resistivity for 𝑇   150 K. At this
point it is important to mention, that the contact geometry (cf. Table 5.2) shows a strong
sample to sample dependence and gives only a rough estimate for the conduction cross
section, eventually leading to the non-monotonic behavior of 𝜌1 in dependence of 𝑥 for
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Figure 6.5: (a) 𝜌1p𝑇 q of 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 upon increasing
substitution 𝑥, measured along 𝑎-direction and at 10 kHz. The insulator-
metal transition is observed around 𝑥 � 0.12. (b) The maximum in 𝜌1p𝑇 q
(cyan arrow) directly indicates the onset of metallic conduction. (c) We
define 𝑇FL as the temperature at which 𝜌1 deviates from 𝜌1,FL � 𝜌0 � 𝐴𝑇 2

by more then 10%. (d) The quantum Widom line (QWL) is determined by
fitting 𝜌1p𝑥q (pink squares) at constant temperature with 𝑙𝑜𝑔p𝜌1q � 𝑐rp1 �
tanhp𝑏p𝑥 � 𝑥QWLqqs (black line). (e) Phase diagram of 𝜅-[(BEDT-STF)𝑥-
(BEDT-TTF)1�𝑥]2Cu2(CN)3 which is based on a contour plot of 𝜌1p𝑥, 𝑇 q,
including 𝑇max, 𝑇FL and 𝑥QWL. The yellow line represents an estimate of the
Mott transition line with its critical end point 𝑇crit=(0.12,16 K).
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Cu2(CN)3 with different substitution levels as indicated. (a) At 𝑥 � 0 and
below 40 K, the HT peak dominates 𝜀1p𝑇 q and completely conceals the LT
peak. (b-c) With rising the substitution level, the HT peak shifts to lower
temperatures. The LT peak is concealed by the former and becomes apparent
as a weak shoulder around 𝑇 � 15 K only for 𝑥 � 0.10. (f-h) At 𝑥 � 0.12,
the phase coexistence region is reached yielding an enormous increase of 𝜀1
which is strongly frequency dependent. (i,j) For 𝑥 ¥ 0.19, the samples exhibit
metallic behavior at low temperatures with 𝜀1   0 for nearly all frequencies.
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𝑇 ¡ 150 K. Moreover, 𝜌1p𝑇 q of the pristine sample is significantly higher when compared
to the substituted samples, which we also attribute to sample to sample variation since it
stems from another sample grower. Overall, however, the signature of the Mott transition
is clearly revealed while the experimental setup did not allow for cooling below 5 K such
that the super-conducting state below 𝑇SC � 2 K could not be reached.

The determination of 𝑇max and 𝑇FL are exemplarily shown in Fig. 6.5(b) and (c), respec-
tively, and follow the same procedure as applied for the pressure-dependent measurements.
Likewise, panel (d) shows the determination of the QWL by fitting 𝜌1p𝑥q (pink squares)
at constant temperature with 𝑙𝑜𝑔p𝜌1q � 𝑐rp1 � tanhp𝑏p𝑥 � 𝑥QWLqqs (black line), whereby
the point of inflection at 𝑥QWL (magenta arrow) corresponds to the QWL.

In Fig. 6.5(h), we can construct a preliminary phase diagram by including 𝑇max, 𝑇FL

and 𝑥QWL into a contour plot of 𝜌1p𝑥, 𝑇 q. Despite the fact that only seven different substi-
tution levels were available, the result is detailed enough to reveal all regimes which have
been reported previously in 𝜅-CuCN. Moreover, the phase diagram resembles the one
obtained by means of the pressure-dependent measurements (Fig. 6.1(e)), thus demon-
strating that the STF substitution is a proper way to achieve the bandwidth-tuned Mott
transition. The yellow line indicates the estimated transition line with a critical end point
at 𝑇crit=(0.12,16 K). Panels (e,f) illustrate a BEDT-TTF and a BEDT-STF molecule, re-
spectively, while panel (g) shows a sketch of the in-plane dimer packing motif and indicates
the alternation of the transfer integrals upon BEDT-STF substitution.

With this phase diagram in mind, we now can turn to the dielectric response observed in
the various regimes of 𝜅-STF𝑥-CuCN. Fig. 6.6 shows 𝜀1p𝑇 q at different substitutions 𝑥 as
indicated. Upon increasing the substitution level from 𝑥 � 0 to 0.10, the HT peak below
50 K shifts towards lower temperatures (Fig. 6.6(a-c)) similar to the behavior under rising
pressure (Figs. 6.4 and 6.2). When probing with a frequency of 𝑓 � 100 kHz, for instance,
the maximum is observed at 𝑇 � 38 K for 𝑥 � 0 and moves to 22 K for 𝑥 � 0.10. On the
other hand, a considerable gain in amplitude of the HT peak is observed with rising 𝑥,
reaching values of 𝜀1p𝑇 q=80 at 𝑓 � 7.5 kHz for instance, which is absent in the pressure
dependence. Furthermore, the LT peak is not revealed for 𝑥 � 0.04 and becomes apparent
as a weak shoulder around 15 K for 𝑥 � 0.10, rather resembling the pressure-dependent
observations for sample #1. The pressure and frequency evolution of both peaks is shifted
to chapter 7 as well.

Upon increasing the substitution to 𝑥 � 0.12, the IMT is reached and 𝜀1 exhibits
a strong upturn at 10 K with a frequency-dependent amplitude reaching 104 at 𝑓 �

7.5 kHz (Fig. 6.6(d)) which eventually shifts to 30 K for 𝑥 � 0.19 (Fig. 6.2(h)). For
𝑥 � 0.19 and higher substitution, 𝜅-STF𝑥-CuCN becomes mostly metallic with 𝜀1 being
negative for nearly all frequencies and only for the lowest frequencies a slight peak remains.
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6 Overview of the results

Overall, the dielectric response upon rising the substitution is in striking agreement with
the one observed for pristine 𝜅-(BEDT-TTF)2Cu2(CN)3 under increasing pressure. For
this reason, we again split the results for 𝜅-STF𝑥-CuCN into two parts. The dielectric
response of the 𝜅-STF𝑥-CuCN crystals with 𝑥 � 0, 𝑥 � 0.04 and 𝑥 � 0.1, remaining
insulating down to lowest temperatures, is analyzed in detail in Ch. 7 while the behavior
around the IMT, i.e. samples with 𝑥 ¥ 0.12, is elaborated in Ch. 8.

6.3 𝜅-(BEDT-TTF)2Ag2(CN)3

In addition to applying hydrostatic pressure and the substitution of donor molecules, we
modify the bandwidth 𝑊 by replacing the Cu2(CN)3 anion with Ag2(CN)3 (cf. Ch. 3.2.2),
yielding 𝜅-(BEDT-TTF)2Ag2(CN)3 (𝜅-AgCN). This drastically reduces the bandwidth
and enhances the effective Coulomb repulsion 𝑈{𝑡 (cf. Tabel 3.3), such that 𝜅-AgCN at
ambient pressure is located deep in the Mott insulating state (cf. Fig. 3.11). Consequently,
𝜅-AgCN undergoes a Mott transition at a comparably high pressure of 9 kbar, such that
our experimental range only covers its insulting phase. Still, this enables us to scrutinize
the dielectric response in the Mott insulating phase with a higher pressure resolution.

Fig. 6.7 shows 𝜌1p𝑇 q curves for 𝜅-AgCN at various pressures as indicated and probed
at 𝑓 � 10 kHz. The inset shows the in-situ measured pressure. Upon increasing pressure,
𝜌1p𝑇 q continuously decreases while the overall insulating behavior with 𝑑𝜌1{𝑑𝑇 ¡ 0 is
maintained for all measurements. Unfortunately, due to the pressure loss upon cooling
and the fact that our setup is restricted to pressures below 10 kbar, we were not able to
reach the insulator-to-metal transition.

Nevertheless, the signature of the 𝜌1p𝑇 q serve as a good reference point for classifying
the observed dielectric response upon increasing pressure. Figs. 6.8 and 6.9 present the
pressure evolution of the dielectric response of 𝜅-AgCN by plotting 𝜀1p𝑇 q for selected
frequencies and pressures as indicated. At ambient pressure and below 100 K, we observe
a broad peak in 𝜀1p𝑇 q which shifts to higher temperatures and decreases in amplitude for
increasing frequencies (Fig. 6.8(a)). These findings are in full agreement with a previous
ambient pressure report by Pinterić and collaborators [33, 34]. The peak features the same
signature as the relaxor-ferroelectric response observed in the sibling compound 𝜅-CuCN,
with the difference that it is shifted to higher temperatures and exhibits a larger amplitude
for 𝜅-AgCN. It is straightforward to label this relaxor ferroelectric peak as HT peak in
analogy to the nomenclature we introduced for 𝜅-CuCN. A closer look reveals an additional
shoulder like feature below 50 K which is more pronounced for higher frequencies. As we
will see in the following, this shoulder does not correspond to the LT peak but constitutes
an additional, distinct feature, such that we will refer to it as anomaly from now on.
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Figure 6.7: 𝜌1p𝑇 q of 𝜅-(BEDT-TTF)2Ag2(CN)3 for various pressures as indicated, mea-
sured along 𝑎-direction and at 10 kHz. The inset shows the in-situ measured
pressure. Upon increasing pressure, 𝜌1p𝑇 q continuously decreases while the
overall insulating behavior with 𝑑𝜌1{𝑑𝑇 ¡ 0 is maintained. Due to the pres-
sure loss upon cooling and the fact that our setup is restricted to pressures
below 10 kbar, we were not able to reach the insulator-to-metal transition
around 9 kbar.

From ambient pressure up to 𝑝 � 2.1 kbar (Fig. 6.8(a-e)), the HT peak shifts to lower
temperatures and slightly loses in amplitude while the anomaly feature keeps its shoulder
like shape and does not change noticeable as a function of pressure. As pressure rises
further (Figs. 6.8(f,g) and 6.9(a-c)), the HT peak diminishes further while the anomaly
feature gains in amplitude and eventually becomes a well-defined peak which, for instance,
is located around 13 K at 4.1 kbar. Starting from 3.4 kbar, a third feature appears in
between the HT peak and the anomaly, located around 30 K and eventually dominating
𝜀1p𝑇 q at 4.7 kbar (Fig. 6.9(a-d)). Upon increasing the pressure further up to 7.1 kbar
(Fig. 6.9(e-h)), the HT peak continues to move to lower temperatures as pressure rises
while keeping its magnitude. Simultaneously, the third features strongly grows in am-
plitude and shifts towards lower temperatures, masking the anomaly previously observed
around 13 K. There is a striking agreement between the pressure evolution of the third
feature and the one observed for the LT peak in 𝜅-CuCN, clearly identifying it as the LT
peak in 𝜅-AgCN.

We conclude for now, that analogues of the HT and LT peak are revealed in 𝜀1p𝑇 q,
whereas in contrast the anomaly as an additional features is only observed in 𝜅-AgCN. The
detailed analysis of these features, in particular their pressure and frequency-dependence,
is also shifted to Ch. 7.
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Figure 6.8: 𝜀1p𝑇 q of 𝜅-(BEDT-TTF)2Ag2(CN)3 for selected frequencies and at pressures
ranging from 0 kbar to 3.1 kbar. (a) At 0 kbar and below 100 K, a broad
dispersive peak dominates 𝜀1p𝑇 q reminiscent of relaxor-ferroelectricity which
is labeled as HT peak. Additionally, a shoulder like feature is revealed below
50 K labeled as anomaly. (b-g) Upon increasing pressure, the HT peak shifts
towards lower temperatures and slightly diminishes in amplitude while the
anomaly features remains unchanged. 𝜀1p𝑇 q for pressures exceeding 3.1 kbar
is presented in Fig. 6.9
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Figure 6.9: 𝜀1p𝑇 q of 𝜅-(BEDT-TTF)2Ag2(CN)3 for selected frequencies and pressures
ranging from 3.4 kbar to 7.1 kbar. (a-d) Upon increasing the pressure from
3.4 kbar to 4.7 kbar, the HT peak continues to shift towards lower tempera-
tures and the anomaly develops into a well-defined peak which, for instance,
is located around 13 K at 4.1 kbar. Simultaneously, a third feature becomes
apparent in between the HT peak and the anomaly eventually dominating
𝜀1p𝑇 q at 4.7 kbar, which we refer to as LT peak. (e-h) For further pres-
surizing the sample up to 7.1 kbar, the LT peak grows in amplitude and
shifts towards lower temperatures , masking the anomaly features previously
observed around 13 K, while the HT peak remains at it magnitude.
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6 Overview of the results

0 100 200 300

0

50

100

150

0

5

10

15

0 20 40 60 80 100

0

5

10

15

T (K)

 7.5 kHz     380 kHz
 27 kHz      730 kHz
 53 kHz      1.4 MHz
 100 kHz    2.7 MHz
 200 kHz    5 MHz

1 /
 

0

380 kHz contact contribution

(a) (b)

 

1  / 
0

0.52 kbar

(c)

contact contribution subtracted

1  / 
0

T (K)

 

Figure 6.10: (a) Plot of 𝜀1p𝑇 q for the entire temperature range and at 0.52 kbar. Addi-
tionally, we determine the contact contribution by fitting the high temper-
ature part with Eq. (6.1), as exemplarily shown for 𝑓 � 380 kHz (orange
line). (b) Detailed view of the relaxor ferroelectric relaxation at low temper-
atures including the contact contribution. (c) Relaxor ferroelectric response
after the contact contribution has been subtracted, clearly showing that the
contact contribution is negligible below 𝑇 � 60 K.

6.4 Contact contribution

Here we estimate the contract contribution to 𝜀1p𝑇 q. At elevated temperatures, the sam-
ples exhibit semi-conducting transport properties. The contacts are formed by amorphous
carbon (carbon paste) with metallic properties (cf. Ch. 5.4), such that Schottky con-
tacts may form at the sample-contact interfaces (cf. Ch. 5.3). As a result, a depletion
zone builds up at the interface giving an additional contact contribution (Eq. 5.11) to the
measured permittivity with the characteristic temperature-dependence

𝜀1,deplp𝑇 q �
𝑑 𝐶0
𝐴 𝜀0

exp
"
�Δ

2𝑘B𝑇

*
, (6.1)

wherein Δ denotes the charge gap across which charge carries have to be thermally
excited and 𝐶0 is the capacitance of the depletion zone in the high temperature limit. In
Fig. 6.10(a) we exemplarily plot 𝜀1p𝑇 q of 𝜅-CuCN sample #2 up to room temperature,
for 𝑝 � 0.52 kbar and probed at various frequencies as indicated. In the temperature
range 300 K ¡ 𝑇 ¡75 K, we observe a decrease of 𝜀1p𝑇 q upon cooling which is very well
described by Eq.(6.1) (orange line) and hence is attributed to the contact contribution.
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6.4 Contact contribution

0 1 2 3 4 5

200

400

600

800

1000

1200

0 2 4
0

100

200

300

400

  (K
)

Pressure (kbar)

f = 380 kHz

sample #2

-(BEDT-TTF)
2
Cu

2
(CN)

3  (A
 C

0 ) / (d
0 )

 Pressure (kbar)

Figure 6.11: Parameters as obtained by fitting 𝜀1p𝑇 q in the temperature range 300 K
¡ 𝑇 ¡75 K with Eq. (6.1).

Most importantly, the contact contribution is negligible below 60 K (Fig. 6.10(b)) and
does not influence the analysis of the relaxor-like dielectric response performed in the
next chapter. In this thesis, we therefore do not subtract the contact contribution unless
stated otherwise. We also note, that this effect would be too weak to explain the huge
enhancement of 𝜀1p𝑇 q close to the phase boundary. If we have a look at 𝜌1p𝑇 q and 𝜀1p𝑇 q

for 𝜅-CuCN sample #2 at 1.91 kbar, for instance, we see that 𝜌1p𝑝 � 1.91 kbar, 𝑇 �

10 Kq � 𝜌1p𝑝 � 1.91 kbar, 𝑇 � 300 Kq (cf. Fig. 6.1), such that the spurious contact
contribution to 𝜀1 should be the same at 10 K and 300 K. On the other hand, we see that
𝜀1p𝑝 � 1.91 kbar, 𝑇 � 10 Kq " 𝜀1p𝑝 � 1.91 kbar, 𝑇 � 300 Kq (cf. Fig. 6.2), which can
not be explained by solely considering the contacts, corroborating our phase coexistence
scenario.

The obtained fitting parameters are plotted in Fig. 6.11 as a function of pressure for var-
ious frequencies as indicated. There is a jump in both quantities when going from ambient
pressure to 𝑝 ¡ 0 kbar. We attribute this to the effect of pressure loss upon cooling giving
an additional contribution to the temperature-dependence of 𝜀1p𝑇 q, which however, is also
well captured by Eq.(6.1). Upon intensifying pressure, the effective interaction strength
𝑈{𝑊 decreases resulting in an enhanced delocalization of charge carriers which eventually
leads to a reduction of Δ as observed in experiment. Since this effect is equivalent to
increasing the number of free charger carriers 𝑛, also 𝐶0 decreases. A minimum is reached
for both parameters at 𝑝 � 2.7 kbar followed by a subsequent increase, which might reflect
an enhancement of ΦH, the distance between the vacuum level and the chemical potential
of the sample, which turns from a low gapped semiconductor into a metal in this pressure
range.
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7
Dielectric response in the Mott insulating

state

After the short overview of the experimental findings in the previous chapter, we scrutinizes
in this one the dielectric properties of the dimer Mott insulators 𝜅-CuCN ,𝜅-STF𝑥-CuCN
and 𝜅-AgCN on the insulting side of the phase diagram.

Fist we will investigate the dielectric response of 𝜅-CuCN at ambient pressure and
familiarize ourself with the analyzing procedure. By comparing three samples of different
origin, we also get insight into the sample to sample variation of the dielectric response.
Subsequently, we will elaborate the pressure evolution of the dielectric response in 𝜅--
CuCN. We complement our pressure-dependent studies on 𝜅-CuCN with investigating
𝜅-STF𝑥-CuCN in dependence of the substitution 𝑥. Moreover, we analyze the pressure-
dependent measurements of 𝜅-AgCN in detail, extending our investigations further into
the insulating state of the 𝜅-(BEDT-TTF)2𝑋 salts.

7.1 Dielectric response of 𝜅-(BEDT-TTF)2Cu2(CN)3 at
ambient pressure

Let us now have a detailed look at the temperature and frequency-dependence of the
dielectric response of 𝜅-CuCN at ambient pressure to familiarize ourself with the observed
features and the analysis procedure. The ac-resistivity 𝜌1p𝑇 q and 𝜀1p𝑇 q are presented in
Fig. 7.1 exemplarily for sample #2. Below 50 K, 𝜀1p𝑇 q is dominated by the dispersive
HT peak (Fig.7.1(a)), shifting to higher temperatures and diminishing in amplitude for
increasing frequencies. In the same temperature range, 𝜌1p𝑇 q deviates from an exponential
upturn and drops to lower values upon cooling (Fig.7.1(b)) wherein the onset of this
behavior shifts to higher temperatures upon increasing frequencies. Overall, the dispersive
behavior in 𝜀1p𝑇 q and 𝜌1p𝑇 q resemble the characteristics of relaxor-ferroelectricity (cf.
Ch. 4.2.3).

As already mentioned in Ch. 6, a closer look at Fig. 7.1(a,b) reveals the LT peak as a
second shoulder like feature in 𝜀1p𝑇 q located around 15 K as well as in 𝜌1p𝑇 q at sightly
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Ω

(a)

(b)

(c)

(d)

sample #2

Figure 7.1: Overview of the ac-transport and dielectric properties of 𝜅-(BEDT-TTF)2-
Cu2(CN)3 at ambient pressure. (a) The temperature-dependence of the
real part of the permittivity 𝜀1p𝑇 q probed at different frequencies as indi-
cated. Below 50 K, 𝜀1p𝑇 q is dominated by a dispersive peak which shifts
to higher temperatures and decreases in amplitude for increasing frequen-
cies. This peak exhibits the characteristic signature of relaxor-ferroelectricity
and will be label throughout this thesis as high-temperature peak (HT). (b)
Temperature-dependence of the ac-resistivity 𝜌1p𝑇 q for various frequencies
as indicated. Sightly below the temperature of the HT peak, 𝜌1p𝑇 q deviates
from the expected increase upon cooling and drops to lower values instead.
The onset of the drop shifts to higher temperatures upon increasing frequen-
cies which corresponds to the signature of relaxor-ferroelectricity. Around
15 K, the presence of a second feature is revealed as a weak shoulder in
𝜀1p𝑇 q and as a pronounced bump in 𝜌p𝑇 q which we label as low-temperature
peak (LT). Frequency dependence of 𝜀1p𝑓q (c) and 𝜀2p𝑓q (d) at 𝑇 � 14 K re-
vealing two relaxation modes which are best fitted with two Cole-Cole modes
(cf. Ch. 4.2.1). The purple and orange dashed line represent the fit of mode
1 and mode 2, respectively, and the full black line is their sum according to
Eq. (7.1).
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7.1 Dielectric response of 𝜅-(BEDT-TTF)2Cu2(CN)3 at ambient pressure

lower temperatures. As shown in Figs. 6.2 and 6.4, the LT peak grows in amplitude upon
pressurizing and exhibits a distinct pressure evolution compared to the HT peak thus
emphasizing its presence as an independent second feature.

7.1.1 Frequency-dependent analysis

The frequency dependence of the permittivity at constant 𝑇 is plotted exemplarily in
Fig. 7.1(c,d) for 𝑇 � 14 K. We can distinguish two relaxation modes as two roll-offs in
the real part 𝜀1p𝑓q and two broad maxima in the imaginary part 𝜀2p𝑓q. It is instructive
to note, that even at low temperatures 𝜅-CuCN is not completely insulating and hence
the dc-conductivity 𝜎𝑑𝑐 gives a considerable contribution to the imaginary part. Here
we follow the common procedure for organic charge transfer salts and subtract this part:
𝜀2p𝑓q � r𝜎1p𝑓q � 𝜎𝑑𝑐s {2𝜋𝑓𝜀0 [32, 195].

The two relaxation modes are best described by the sum of two Cole-Cole modes:

𝜀p𝜔q � 𝜀inf �
Δ𝜀1

1� pi𝜔𝜏1q1�𝛼1
�

Δ𝜀2
1� pi𝜔𝜏2q1�𝛼2

, (7.1)

wherein 𝜏1,2 are the relaxation times, 𝜔 � 2𝜋𝑓 the angular frequency of the applied electric
ac-field, 1�𝛼1,2 are the parameters describing the symmetric broadening of the relaxation
time distribution functions, Δ𝜀1 and Δ𝜀2 are the dielectric strengths of the corresponding
modes, with Δ𝜀1 � Δ𝜀2 � 𝜀static � 𝜀inf, wherein 𝜀static and 𝜀inf are the values for low and
high frequencies, respectively. In Fig. 7.1(c,d), the purple and orange dashed line represent
the fit of mode 1 and mode 2, respectively, while the full black line is their sum according
to Eq. (7.1). Considering a Cole-Cole mode, the mean relaxation time corresponds to the
point of inflexion in 𝜀1p𝑓q and to the maximum in 𝜀2p𝑓q (Fig. 7.1(d)).

In Fig. 7.2, we compare the dielectric response for three different samples originating
from different batches which are described in detail in Ch. 5.4. For sample #2, the HT
peak is shifted to lower temperatures compared to the other samples. For instance for
𝑓 � 100 kHz, the maximum is observed at 𝑇 � 28 K for sample #2, in contrast to 40 K
for the other two samples which are found to agree with a previous report [31]. No clear
indication for the presence of the LT peak is seen in samples #1 and #3 at ambient pressure
but become evident for the former upon pressurizing as well (cf. Fig. 6.4(b,c)). The sample
dependence is also seen in the parameters obtained from fitting the frequency dependence
with Eq. (7.1) which are plotted as a function of inverse temperature in Fig 7.2(d-f).

Let us first discuss mode 1 in more detail. The dielectric strength Δ𝜀1p𝑇 q resembles
𝜀1p𝑇 q for low frequencies and exhibits a maximum located around 𝑇 � 28 K for sample #1,
𝑇 � 20 K for sample #2 and 𝑇 � 26 K for sample #3 (Fig 7.2(d)). With decreasing tem-
perature, 1�𝛼1p𝑇 q diminishes for all samples indicating a symmetric broadening of mode
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Figure 7.2: Dielectric response of 𝜅-(BEDT-TTF)2Cu2(CN)3 for three samples of dif-
ferent origin. (a-c) Plot of 𝜀1p𝑇 q for selected frequencies as indicated. For
sample #2, the HT peak is shifted to lower temperatures and the LT is more
pronounced in comparison to the other samples. (d-f) Arrhenius plot of the
fit parameters for both modes as obtained from the fits of the frequency-
dependent data according to Eq. (7.1).
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7.2 𝜅-(BEDT-TTF)2Cu2(CN)3 pressure-dependent analysis

1; only for sample #1 a clear restrengthening below a broad minimum around 𝑇 � 25 K
is observed. Simultaneously, the relaxation time 𝜏1p𝑇 q increases upon cooling, providing
evidence for the slowing down of the dielectric relaxation. In relaxor ferroelectrics, the
observed signature in 𝜏1p𝑇 q and 1 � 𝛼1p𝑇 q is usually ascribed to cooperative motion and
glassy freezing [164]. Interestingly, we observe a change in the slope of 𝜏1 which is rather
broad and located around 𝑇 � 28 K for samples #1 and #3; for sample #2 it is shifted
to 𝑇 � 20 K and rather sharp. A similar feature in 𝜏1p𝑇 q was previously observed at
ambient pressure around 𝑇 � 17 K and attributed to a bifurcation temperature 𝑇B [32];
here free charge carries start to freeze out and hopping-like conduction sets in. A closer
look at the pressure-dependent analysis in chapter 7.2 will show, that the kink in 𝜏1p𝑇 q at
𝑇B corresponds to the change over from the HT to the LT peak in 𝑇B.

Mode 2 is observed in samples #1 and #2 only. It’s contribution Δ𝜀2 to the dielectric
response is inferior compared to mode 1 and shows a strong sample dependence. For
sample #1, Δ𝜀2p𝑇 q is by a factor of 5 smaller compared to mode 1 and exhibits a weak
bump around 𝑇 � 32 K whereas it is a factor of 10 smaller and increases monotonously
upon cooling for sample #2 (Fig 7.2(d)). 𝜏2 becomes larger as the temperature is reduced
while 1� 𝛼2 decreases; again indicating that the corresponding relaxation freezes out.

The sample dependence of the dielectric response of 𝜅-CuCN is in agreement with a
previous report and ascribed to a varying degree of disorder [32]. The disorder induced
variations of the peak position and the relaxation dynamics are confirmed by disorder
studies, revealing a shift of the 𝜀1p𝑇 q maximum to lower temperatures upon x-ray irradi-
ation [206]. Thus we ascribe the shift of the HT peak in sample #2 to an increase degree
of disorder. Up to now, only a single relaxation mode was identified in the frequency-
dependent analysis. As we will discuss later in detail (cf. Ch. 7.5.4), the mode 2 becomes
apparent in samples with an increased amount of structural disorder.

7.2 𝜅-(BEDT-TTF)2Cu2(CN)3 pressure-dependent analysis

Here we continue with the pressure evolution of the LT and HT peaks as observed in
sample #2. In Fig. 7.3(a), we plot 𝜀1p𝑇 q at 𝑓 � 100 kHz and fit the HT and LT peaks
with two Gaussian functions according to

𝜀1{𝜀0 � 𝑦0 �
𝐴HTa

𝜋{2𝑊HT
exp

�
�2p𝑇 � 𝑇HTq

𝑊HT


2
�

𝐴LTa
𝜋{2𝑊LT

exp
�
�2p𝑇 � 𝑇LTq

𝑊LT


2
,

(7.2)
where 𝑦0 is an offset, 𝑇HT,LT the center, 𝐴HT,LT the area and 𝑊HT,LT the width of the
Gaussian representing the HT and LT peak. The obtained fitting parameters are plotted
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Figure 7.3: Fits of the HT and LT peak of sample #2 with two Gaussians according to
Eq. 7.2. (a) Plot of 𝜀1p𝑇 q and the respective fitting contributions for various
pressures as indicated. (b-d) Pressure dependence of the offset 𝑦0 (b), the
Gaussian peak width 𝑊 (c) and the peak area 𝐴 (d).
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Figure 7.4: Fitting 𝜀1p𝑇 q of sample #1 with Eq. 7.2. (a) Plot of 𝜀1p𝑇 q and the respec-
tive fitting contributions for various pressures as indicated. (b-d) Pressure
dependence of the offset 𝑦0 (b), the Gaussian peak width 𝑊 (c) and the peak
area 𝐴 (d).
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7 Dielectric response in the Mott insulating state

as a function of pressure in Fig. 7.4(b-e). The increase of the offset 𝑦0 upon pressure
(Fig. 7.3(b)) is in agreement with the growth of a background contribution to 𝜀1p𝑇 q seen
in Fig. 6.2(a-e) for 𝑇 ¡ 40 K. Both peaks exhibit a shift upon pressure which is more pro-
nounced for the HT peak (Fig. 7.3(c)). The width is pressure-independent for both peaks
(Fig. 7.3(d)) while 𝐴HT diminishes and 𝐴LT rises upon pressure (Fig. 7.3(e)), representing
the grows of the LT contribution to 𝜀1p𝑇 q.

In Fig. 7.4(a), we also fit 𝜀1p𝑇 q at 𝑓 �100 kHz for sample #1 with Eq. 7.2 and plot the
pressure dependence of the fitting parameters in panels (b-e). The offset increases from
𝑦0 � 2.5 to 𝑦0 � 6 (Fig. 7.4(b)) while both peak positions shift towards lower temperatures
upon pressure (Fig. 7.4(c)), similar to what is observed for sample #2. From 0 to 0.45 kbar,
the HT peak gives a good description of 𝜀1p𝑇 q while the LT peak is barely present and
gives an imperceptible contribution with increased width and diminished area in respect
to the HT peak. Eventually at 0.75 kbar, the LT peaks becomes evident at 10 K as a
sharp feature with a slight increase in 𝐴LT.

7.2.1 Pressure evolution of mode 1

Similar to the procedure at ambient pressure (Fig. 7.1(c,d)), the frequency dependence of
the permittivity is fitted with two Cole-Cole modes according to Eq. 7.1 for all sets of 𝑝

and 𝑇 values where the crystals are still insulating. The obtained fitting parameters for
mode 1 are plotted as a function of inverse temperature in Fig. 7.5. For both samples,
the peak in Δ𝜀1p𝑇 q shifts to lower temperatures and increases in amplitude as pressure is
applied (Fig 7.5(a,d)) similar to the pressure evolution of 𝜀1p𝑇 q where the appearance of
the LT feature broadens the relaxation. This is less pronounced for sample #1 for which
the LT peak becomes apparent only at 1.0 kbar. The resulting lower values of 1�𝛼1 do not
indicate more cooperativity or glassy behavior compared to ambient pressure. For sample
#1, a restrengthening of 1 � 𝛼1 persists up to 1.0 kbar (Fig. 7.5(e)). Most importantly,
the kink in 𝜏1p𝑇 q at 𝑇B shifts to lower temperatures while the corresponding relaxation
time gets shorter.

For 𝑇 ¡ 𝑇B, we can describe the temperature dependence of the relaxation time 𝜏1 by
an activated behavior

𝜏1 � 𝜏HT exp
"

ΔHT
𝑇

*
, (7.3)

which is represented by the black solid lines in Fig. 7.5(c,f). Likewise for 𝑇   𝑇B, 𝜏1p𝑇 q

also can be fitted with an activated behavior in analogy to Eq. (7.3), which is illustrated
by the red solid lines in Fig. 7.5(c,f).
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e

T(K) T(K)

Figure 7.5: Arrhenius plot of the Cole-Cole parameters of mode 1 for both samples at
different pressures as indicated. (a,d) Dielectric strength Δ𝜀1p𝑇 q, (b,e) dis-
tribution of relaxation times 1�𝛼1p𝑇 q and (c,f) mean relaxation time 𝜏1p𝑇 q.
The black and red lines represent fits with Eq. (7.3) above and below the
kink in 𝜏1p𝑇 q at 𝑇B, respectively.
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Figure 7.6: 𝜏1 of sample #2 at 0 kbar and 0.52 kbar. For these two pressures, 𝜏1p𝑇 q
also can be fitted with the Vogel-Fulcher-Tammann behavior according to
Eq. (7.4) (solid lines). The obtained values are summarized in Table 7.1.

Table 7.1: When fitting 𝜏1p𝑇 q obtained for sample #2 at low-pressure in the tempera-
ture range above 𝑇B with the Vogel-Fulcher-Tammann behavior Eq. (7.4), the
following parameters for the energy barrier ΔVFT, characteristic temperature
𝑇VFT, and relaxation time 𝜏VFT are obtained.

0 kbar 0.52 kbar
ΔVFT (K) 104 � 24 94 � 29
𝑇VFT (K) 12 � 2 10 � 2
𝜏VFT (s) (5.3 � 3.9) �10�10 (3.6 � 4.1) �10�10

At this point we should note, that the temperature dependence of the relaxation time
for sample #2 at 𝑝 � 0 and 0.52 kbar can also be modeled by the Vogel-Fulcher-Tammann
equation (cf. Ch. 4.2.1)

𝜏1 � 𝜏VFT exp
"

ΔVFT
𝑇 � 𝑇VFT

*
, (7.4)

which is illustrated in Fig. 7.6. In general Eq. (7.4) describes the slowing down of molec-
ular motion in disordered systems and the glass-like freezing of dipolar order in relaxor
ferroelectrics. The energy ΔVFT can be interpreted as a temperature-dependent activation
energy for re-orientational motion, 𝑇VFT denotes the temperature where 𝜏1 diverges and
𝜏VFT is the time scale for the ac response in the high-temperature limit. The obtained
values are summarized in Table 7.1.

The parameters obtained by fitting 𝜏1p𝑇 q with the activated behavior (Eq.(7.3)) for the
HT mode (𝑇 ¡ 𝑇B) and the LT mode (𝑇   𝑇B) are plotted in Fig. 7.7 as a function of
pressure. The values of ΔHT at 0 kbar are in good agreement with previous ambient-
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Figure 7.7: Pressure dependence of the parameters obtained from fitting 𝜏1p𝑇 q with
Eq. (7.3) as done in Fig. 7.5(c,f). (a) The activation energy ΔHT nicely
follows a mean field behavior (solid lines) according to Eq. (7.6), whose re-
sults are summarized in Tabel 7.2. (b) The time scale 𝜏HT for the ac response
in the high-temperature limit qualitatively showing the same behavior. (c)
The pressure evolution of ΔLT noticeably deviates from mean field behav-
ior (solid lines), for sample #2 it rather seems to be constant and abruptly
decreases around 1.1 kbar, reminiscent of a first-order phase transition (dot-
ted black line). (d) The high-temperatures relaxation 𝜏LT decreases upon
pressure for both samples.
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7 Dielectric response in the Mott insulating state

Table 7.2: Pressure evolution of the mean field parameters of ΔHT and ΔLT in analogy
to Eq. (7.6) using fixed 𝑝IMT,#2=1.45 kbar and 𝑝IMT,#1=1.05 kbar for sample
#2 and sample#1, respectively.

sample #2 𝐴 𝑧

ΔHT 294 � 16 0.50 � 0.09
ΔLT 75 � 2 0.30 � 0.04

sample #1 𝐴 𝑧

ΔHT 347 � 5 0.46 � 0.03
ΔLT 68 � 4 0.29 � 0.05

pressures studies [32]. Upon increasing pressure, ΔHT decreases for both samples. The
solid lines represent mean field fits according to

Δi � 𝐴 � p𝑝IMT � 𝑝q𝑧 , (7.5)

with i � tTH,LTu, 𝐴 being a coefficient and 𝑧 the critical exponent. The insulator-metal
transition was fixed to 𝑝IMT,#2 � 1.45 kbar [17, 35] and 𝑝IMT,#1 � 1.05 kbar for sample
#2 and sample #1, respectively, as obtained from their phase diagrams (cf. Figs. 6.3(e)
and 6.1(e)). For sample #2, ΔLT noticeably deviates from mean field behavior and
rather seems to be constant until it abruptly decreases around 1.1 kbar, reminiscent of
a first-order phase transition (dotted black line). Nevertheless, we also include tests for
mean-field behavior, represented by the solid lines. For sample #1, due to the low number
of data points it is difficult to pin down, whether ΔLT follows mean-field behavior or
not. However, the obtained mean-field parameters are listed in Table 7.3 and show good
agreement between the samples for the critical exponents. Likewise, the time scale 𝜏HT

seems to be constant up to 0.6 kbar and then increases by several orders of magnitude
when pressure rises further, whereas the absolute values are sample dependent and differ
by two orders of magnitude. For both samples, 𝜏LT decrease upon pressurizing with good
quantitative agreement.

7.2.2 Pressure evolution of 𝑇B

Let us now have a closer look at the relation of mode 1 to the HT and LT peak. In Fig. 7.8,
we plot 𝜀1p𝑇 q probed at 𝑓 � 100 kHz and at various pressures as indicated together with
the fits of the HT and LT peaks from Fig. 7.3. The lower panels present 𝜏1 and 𝜏2 as
a function of temperature including the fits of the former according to Eq. (7.3) for the
temperature range above (black line) and below (red line) the kink at 𝑇B. First of all,
the temperature at which the fits of 𝜏1 intersect precisely determines 𝑇B. Moreover, this
representation emphasizes that for both samples the kink in 𝜏1p𝑇 q at 𝑇B corresponds to
the temperature where the HT peak in 𝜀1p𝑇 q diminishes. We will discuss the pressure
evolution of 𝜏2 in detail in chapter 7.2.3 and note for the moment, that it does not exhibit
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7.2 𝜅-(BEDT-TTF)2Cu2(CN)3 pressure-dependent analysis

Table 7.3: Parameters from fits of the pressure evolution of the high-temperature peak
𝑇HT, the bifurcation temperatures 𝑇B and the low-temperature peak 𝑇LT ac-
cording to Eq. (7.6) using fixed 𝑝IMT,#2=1.45 kbar and 𝑝IMT,#1=1.0 kbar for
sample #2 and sample#1, respectively.

sample #2 𝐴 𝑧

𝑇LT 13.0� 0.1 0.18 � 0.01
𝑇B 18.1 � 0.2 0.26 � 0.02

𝑇HT 23.8 � 0.5 0.41 � 0.08

sample #1 𝐴 𝑧

𝑇LT 26.7� 2.0 0.67 � 0.06
𝑇B 26.1 � 0.7 0.18 � 0.03

𝑇HT 42.5 � 1.0 0.37 � 0.02

a distinct feature at 𝑇 � 𝑇B. In particular this confirms our assignment of the relaxation
dynamics observed in 𝜏1p𝑇 q for 𝑇 ¡ 𝑇B to the HT peak and for 𝑇   𝑇B to the LT peak
in chapter 7.2.1.

In Fig. 7.9, we plot the pressure dependence of 𝑇B, determined from the intersection of
the Arrhenius fits of 𝜏1 (cf. Fig. 7.8), together with the positions of the HT and LT peaks,
as obtained from the analysis of 𝜀1p𝑇 q (cf. Figs. 7.3 and 7.4). Comparing the two samples,
the overall behavior for sample #1 is clearly shifted towards lower temperatures, which is
in agreement with its shift of the Mott transition (cf. Fig. 6.3). Moreover, the LT peak is
weakly pronounced at low pressures resulting in rather large error bars for 𝑇LT. Besides
that, there is good agreement in the qualitative behavior of both samples. The dashed
lines in Fig. 7.9 represent extrapolations according to

𝑇i � 𝐴 � p𝑝IMT � 𝑝q𝑧 , (7.6)

with i � tTH,B,LTu the three characteristic temperatures, 𝐴 being a coefficient and 𝑧 the
critical exponent. Consistent with the procedure for the activation energies in section 7.2.1,
the insulator-metal transition was set to 𝑝IMT,#2 � 1.45 kbar [17, 35] and 𝑝IMT,#1 �

1.05 kbar for sample #2 and sample #1, respectively. The obtained parameters are listed
in Table 7.3 and show good agreement between the samples for the critical exponent of
𝑇HT, whereas for 𝑇B and 𝑇LT the determined exponents exhibit a large discrepancy which
is most likely due to the weak appearance of the LT peak for sample #1. It is important
to emphasize, that for the HT mode there is only little mismatch between the critical
exponents of determined here and the ones obtained by fitting the activation energies
ΔHT (cf. Fig. 7.7).

7.2.3 Pressure evolution of mode 2

In the Arrhenius plot of Fig. 7.10 the parameters of the second mode Δ𝜀2p𝑇 q, 1 � 𝛼2p𝑇 q

and 𝜏2p𝑇 q are shown as obtained from the Cole-Cole fits. The dielectric strength Δ𝜀2
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Figure 7.8: Temperature dependence of the dielectric constant 𝜀1p𝑇 q probed at 𝑓 �
100 kHz including the fits of the HT and LT peak with Eq. (7.2). The lower
panels show the relaxation time 𝜏1p𝑇 q and 𝜏2p𝑇 q, the former with the fits from
Fig. 7.5(c,f) according to Eq. (7.3) for the temperature range above (black
line) and below (red line) the kink at 𝑇B. This presentation emphasizes, that
the crossover from the HT to the LT peak coincides with the kink in 𝜏1p𝑇 q
at 𝑇B.
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Figure 7.9: Pressure dependence of the bifurcation temperature 𝑇B and the positions
of the high and low-temperature peak, 𝑇HT and 𝑇LT. The the dashed lines
represent extrapolations according to Eq. (7.6), whereby the insulator-metal
transition is fixed to 𝑝IMT,#2=1.45 kbar and 𝑝IMT,#1=1.05 kbar.

monotonously grows upon cooling for sample #2 while for sample #1 it exhibits a maxi-
mum around 30 K at 0 kbar which shifts towards lower temperatures and diminishes upon
increasing pressure. Throughout the whole pressure range Δ𝜀2 is smaller than the one of
mode 1 by approximately a factor of 10 and 2 for sample #2 and sample #1, respectively.
For both samples, the mode shifts towards lower temperatures with rising pressure. A
drop in 1 � 𝛼2p𝑇 q indicates a considerable broadening of the mode upon cooling which
gets less pronounced for increasing pressure. The temperature dependence of 𝜏2 is sample-
dependent and strongly influenced by pressure. Sample #2 shows a monotonic increase in
𝜏2p𝑇 q at 𝑝 �0 and 0.52 kbar which is suppressed for 0.86 kbar and eventually becomes de-
creasing upon further increasing the pressure. For sample #1, the monotonic rise is much
steeper and observed down to 15 K at ambient pressure which saturates into a plateau
upon increasing pressure and shows the onset of a shallow minimum around 12 K. In other
words, 𝜏2p𝑇 q depends on pressure in a non-monotonic way.

7.3 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2-
Cu2(CN)3 substitution-dependent
analysis

Although one Gaussian would give sufficient fits of 𝜀1p𝑇 q, we keep the procedure consistent
to the analysis of the pressure-dependent data by fitting 𝜀1p𝑇 q of 𝜅-STF𝑥-CuCN with two
Gaussians according to Eq. (7.2), which is shown in Fig. 7.11(a) for selected 𝑥. This way,
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7 Dielectric response in the Mott insulating state

T(K)T(K)

Figure 7.10: Temperature dependence of the parameters describing mode 2 in 𝜅-(BEDT-
TTF)2Cu2(CN)3 at various pressures as indicated. (a) Dielectric strength
Δ𝜀2, (b) distribution of relaxation times 1 � 𝛼2 and (c) mean relaxation
time 𝜏2 in an Arrhenius plot versus inverse temperature.

126



7.3 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 substitution-dependent analysis

0 25 50 75 0.00 0.05 0.10 0.15
1

10

100

1000

0

10

20

30

40

50
0

10

20

30

40

50

0
3
6
9
12
15

x=0.10

x=0.04

f = 100 kHz

-[(BEDT-STF)x-(BEDT-TTF)1-x]2Cu2(CN)3

x=0

Temperature (K)

1 /
 

0 (
a.

u.
)

 
 Fit HT peak
 Fit LT peak
 Fit sum

(a)

 Fit HT
 Fit LT

 

A
rea (a.u.)

(e)

Pressure (kbar)

 

W
idth (a.u.)

(d)

 

T (K
)

(c)

 sample #3

O
ffset y

0

(b)

Figure 7.11: (a) Fitting 𝜀1 of 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 with two
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7 Dielectric response in the Mott insulating state

we probe the substitution-dependent shift of the HT and estimate the contribution of the
LT peak which we assume to be concealed by the former. The obtained fitting parameters
are plotted in panels (b-e) as a function of 𝑥. With increasing substitution, the offset grows
from 𝑦0 � 4 to 𝑦0 � 15 which is twice as much of the enlargement obtained in the pressure-
dependent analysis. The positions of the HT and LT peak shift to lower temperatures with
rising 𝑥 resembling the corresponding shift upon pressure in pristine 𝜅-CuCN observed for
sample #1. The determined width seems rather sample-dependent though it shows a
trend of increasing width for the HT peak. The area of both peaks strongly increases
upon rising the substitution level consistent with the overall enhancement in 𝜀1p𝑇 q while
the contribution of the LT peak remains below the one for the HT peak.

7.3.1 Substitution-dependence of mode 1 and mode 2

The frequency dependence of the permittivity for 𝑥 � 0, 𝑥 � 0.04 and 𝑥 � 0.10 is fitted
with two Cole-Cole modes according to Eq. (7.1) and is consistent with the analysis for
the pressure-dependent data on 𝜅-CuCN (cf. Figs. 7.1, 7.5 and 7.10). The obtained fitting
parameters for both modes are presented in Fig. 7.12 as a function of inverse temperature.

A peak in Δ𝜀1p𝑇 q is observed for all substitutions (full symbols in Fig 7.12(a)) which
shifts to lower temperatures and increases in amplitude as 𝑥 rises. As expected, this
behavior resembles the one of 𝜀1p𝑇 q in the low frequency limit. For all substitution levels,
the dielectric strength Δ𝜀2p𝑇 q (open symbols in Fig 7.12(a)) seems to follow the one for
mode 1 while remaining one order of magnitude smaller then the latter.

Both modes clearly broaden upon cooling; while with 1 � 𝛼1   0.7 mode 1 is already
rather broad when it enters the experimental frequency window, mode 2 with 1� 𝛼2 � 1
around 30 K is narrow. As already mentioned above, the considerable lower values of 1�𝛼1

upon increasing 𝑥 do not indicate more cooperativity or glassy behavior compared to the
pristine sample but are rather attributed with the growth of the LT peak contribution
broadening the dielectric relaxation.

There is a considerable shift of 𝜏1p𝑇 q towards lower temperatures upon rising the sub-
stitution level from 𝑥 � 0 to 𝑥 � 0.04 (full symbols in Fig 7.12(c)), which, however, halts
upon further increasing 𝑥 to 0.10. This is rather surprising since one would expect a fur-
ther shift towards lower temperatures with rising 𝑥 in analogy to the observations upon
increasing pressure (Fig. 7.5(c)). At this point one should remember the strong sample
to sample variation of the dielectric relaxation which is exposed via different curves in
𝜏1p𝑇 q for different samples (Fig. 7.2). However, a kink in 𝜏1p𝑇 q is still observed for all
substitution levels which indicates 𝑇B and agrees well with the pressure-dependent results
for 𝜅-CuCN (Fig. 7.5(c)). In analogy to the pressure-dependent analysis, for each substi-
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Eq. (7.3) as done in Fig. 7.12(c,f). Unfortunately, crystals with only three
different substitution levels remaining in the insulating phase were available.
(a) The activation energy ΔHT of the HT peak, (b) time scale 𝜏HT for the
ac response in the high-temperature limit, (c) activation energy ΔLT of the
LT peak and (d) the extrapolated ac response in the high-temperature limit
for the LT peak. Overall, the substitution-dependence of the parameters
agrees well with the corresponding pressure-evolution presented in Fig. 7.7.

tution level we fit 𝜏1p𝑇 q above and below the kink with an activated behavior according
to Eq. (7.3) which is represented by the black and red lines, respectively.

For 𝑥 � 0, 𝜏2p𝑇 q remains constant upon cooling whereas a slight increase is observed
for 𝑥 � 0.04 and 𝑥 � 0.1 which is more pronounced for the former. The overall behavior
of 𝜏2p𝑇 q with rising the substitution level is similar to the one observed for the 𝜅-Cu-
CN sample #2 upon increasing pressure (Fig. 7.10(c)).

The parameters obtained by fitting 𝜏1p𝑇 q with Eq. (7.3) are plotted in Fig. 7.13 as a func-
tion of the substitution level 𝑥. The activation energy ΔHT of the HT peak considerably
drops upon rising the substitution from the pristine crystal to 𝑥 � 0.04, whereas increasing
further to 𝑥 � 0.10 has no influence. Contrary, ΔLT stays constant around 50 K up to
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𝑥 � 0.04 and decreases to 30 K upon rising 𝑥 to 0.10, reminiscent of the corresponding
pressure-evolution. For both modes, the time scales of the high-temperature extrapolation
𝜏HT and 𝜏LT are in good quantitative agreement with their pressure-dependent counter-
parts. Overall, the substitution-dependence of the fitting parameters presented in Fig. 7.13
resembles the pressure-dependent behavior for 𝑝   0.8 kbar, whereas for the former the
drastic changes upon approaching the IMT are not revealed due to the lack of suitable
substitution levels close enough to the phase boundary.

In Fig. 7.14, we plot 𝜀1p𝑇 q probed at 𝑓 � 100 kHz and at various substitution levels as
indicated together with the fits of the HT and LT peaks from Fig. 7.11. The corresponding
lower panels present 𝜏1 and 𝜏2 as a function of temperature including the fits of the former
(Fig. 7.12) according to Eq. (7.3) for the temperature range above (black line) and below
(red line) the kink. Consistent with the procedure for the pressure-dependent results, 𝑇B

is determined as the temperature where the fits for 𝜏1 intersect. It is worthwhile to note,
that 𝜏2p𝑇 q does not exhibit a distinct feature at 𝑇 � 𝑇B.

In Fig. 7.14(g), 𝑇B is plotted over 𝑥 together with the positions of the HT and LT peak.
Since only samples with three different substitution levels are located on the insulting side
of the Mott transition, a more comprehensive analysis of the substitution-dependence of
𝑇HT, 𝑇B and 𝑇LT is denied. However, it obviously deviates from the corresponding pressure
evolution observed in pristine 𝜅-CuCN. 𝑇B still is interpreted as the temperature where
the HT peak diminishes, but since the HT and LT peaks strongly overlap for 𝑥 � 0.04
and 𝑥 � 0.10 𝑇B, the latter is difficult to pin down. As a result, 𝑇LT is located above 𝑇B

which is clearly in contrast to the findings for the pressure its pressure evolution.

7.4 𝜅-(BEDT-TTF)2Ag2(CN)3 pressure-dependent analysis

To deconvolve peaks in 𝜀1p𝑇 q and to trace their pressure evolution in more detail, we fit
𝜀1p𝑇 q at 100 kHz with two Gaussians according to Eq. (7.2) accounting for the HT and
the anomaly (A) peak. For pressures exceeding 3.4 kbar, we use an additional Gaussian
to consider the LT peak. This is shown in Fig. 7.15(a) for selected pressures as indicated
and the obtained fitting parameters are plotted as a function of pressure in Fig. 7.15(b-e).
To obtain converging fits, we reduced the number of free fitting parameters by keeping
the offset constant at 𝑦0 � 0 for all pressures investigated (Fig. 7.15(a)). The HT peak
position 𝑇HT continuously shifts to lower temperatures showing a slight bump around
3 kbar (Fig. 7.15(c)). The latter is also observed for 𝑇A where it is even more pronounced.
Most likely, the bump in 𝑇HT and 𝑇A is due to the emergence of the LT peak which is
not considered yet by the third Gaussian. The width appears rather volatile, especially
for the anomaly at low pressures where it is not that strongly pronounced yet. The area
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7 Dielectric response in the Mott insulating state

of the Gaussian is a direct measure for the contribution of corresponding peak to 𝜀1p𝑇 q

(Fig. 7.15(c)). It stays constant around a value of 500 for the HT peak from ambient
pressure up to 7.1 kbar. It exhibits a maximum around 3 kbar for the anomaly which
again is most likely due to the emerging LT peak which is not fitted yet by the third
Gaussian, such that its contribution is included in the anomaly peak. The area of the LT
peak grows upon increasing the pressure from 4.7 to 7.1 kbar, clearly rising above the one
of the anomaly peak.

7.4.1 Pressure evolution of mode 1

The frequency dependence of the permittivity of 𝜅-AgCN at constant temperature is fit-
ted with two Cole-Cole modes according to Eq. (7.1). The obtained fitting parameters for
mode 1 are plotted in Fig. 7.16 as a function of inverse temperature. We observe a pro-
nounced peak in Δ𝜀1p𝑇 q shifting to lower temperatures as pressure is applied, reminiscent
to the pressure evolution of 𝜀1p𝑇 q (Figs. 6.8 and 6.8). Interestingly, the amplitude of the
peak first diminishes upon pressurizing and starts to rise again for 𝑝 ¥ 4.7 kbar (green
spheres) right where the LT peak in 𝜀1p𝑇 q gets enhanced. The broadening parameter
1� 𝛼1 shows a pronounced minimum which is rather shallow from 0 to 3.1 kbar and gets
strongly pronounced and broader above 3.4 kbar (Fig. 7.16(b)). Upon applying pressure,
the position of the minimum shifts towards lower temperatures coinciding with the peak
position in Δ𝜀1p𝑇 q. The relaxation time 𝜏1p𝑇 q slows down upon cooling exhibiting a clear
kink which shifts to lower temperatures as pressure is increased while the corresponding
relaxation time gets shorter. In analogy to the nomenclature introduced for 𝜅-CuCN in
Ch. 7.2.1, we denote the kink position as the bifurcation temperature 𝑇B.

It is important to mention, that upon increasing the pressure from 3.4 to 3.8 kbar a
considerable drop in 𝜏1p𝑇 q for 𝑇   𝑇B is observed which coincides with the appearance
of the LT peak in 𝜀1p𝑇 q. Therefore, it reasonable to attribute the relaxation dynamics
observed in 𝜏1p𝑇 q for 𝑝   3.4 kbar to the anomaly and for 𝑝 ¡ 3.4 kbar to the LT peak.
This assignment will be confirmed later in section 7.4.3.

For all pressures investigated, 𝜏1p𝑇 q above and below 𝑇B can be nicely described by
an activated behavior according to Eq. (7.3). Following the arguments above, the black,
orange and cyan lines in Fig. 7.16(c) indicate the fits attributed to the HT, A and LT
peak, respectively. The intersection of fits precisely determines 𝑇B, as we will show in
detail later (Fig. 7.19).

Fig. 7.17(a,b) presents the parameters obtained from fitting 𝜏1p𝑇 q with Eq. 7.3. The
activation energy ΔHT of the HT peak decreases with rising pressure exhibiting a small
bump around 3 kbar. Up to 2 kbar, the activation energy of the anomaly peak stays
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constant with ΔA � 180 K and then slightly drops to 100 K upon pressurizing to 𝑝 �

3.4 kbar. For pressures exceeding 3.4 kbar, the anomaly peak is masked by the growing LT
peak such that the relaxation dynamics observed for 𝑇   𝑇B are governed by the latter;
it’s activation energy remains constant around ΔLT � 80 K up to 7.1 kbar. From ambient
pressure up to 3.4 kbar, 𝜏A is fluctuating between 10�7 and 10�6 s. In the same pressure
range, 𝜏HT is constant around 5 � 10�10 s and then significantly slows down for pressure
exceeding 3.4 kbar, similar to the behavior of it’s analog in 𝜅-CuCN (Fig. 7.7). Starting
from 3.8 kbar up to 7.1 kbar, 𝜏LT decreases by two orders of magnitude reminiscent to
the behavior of the corresponding parameter in 𝜅-CuCN. In Panel (c), we additionally
plot the peak positions 𝑇HT, 𝑇A and 𝑇LT together with 𝑇B to emphasize the assignment
of the relaxation dynamics to the corresponding peak observed in 𝜀1p𝑇 q (cf. Fig.7.15).
The pressure evolution of ΔHT and ΔA resemble the one of 𝑇HT and 𝑇A, respectively. In
contrast to that, ΔLT stays constant while 𝑇LT decreases to 16.5 K upon pressurizing up
to 7.1 kbar.

7.4.2 Pressure evolution of mode 2

Let us now discuss the characteristics of mode 2 in 𝜅-AgCN, which is presented in Fig. 7.18
by plotting the corresponding parameters in an Arrhenius fashion. In general, mode 2
shifts to lower temperatures as pressure rises. The dielectric strength Δ𝜀2p𝑇 q stays well
below its counter part of mode 1 for all temperatures up to 3.4 kbar, whereas upon further
increasing pressure, mode 2 gains in amplitude and Δ𝜀2p𝑇 q approaches the values of its
counterpart Δ𝜀1p𝑇 q.

Mode 2 significantly broadens upon cooling as indicated by a decrease of 1� 𝛼2 which,
however, is shifted to lower temperatures as pressures rises resembling the observed be-
havior of mode 2 in 𝜅-CuCN.

Interestingly, the temperature dependence of 𝜏2p𝑇 q is strongly influenced by pressure.
Up to 3.1 kbar, we observe a rather steep increase which languishes upon further increasing
pressure. While at 3.8 kbar, 𝜏2p𝑇 q increases monotonically upon cooling, a local minimum
is observed around around 20 K for pressures between 4.1 kbar 5.7 kbar. At 6.2 kbar and
above, 𝜏2p𝑇 q regains its strictly monotonic behavior, which however, is not as steep as
before.

We conclude, that the non-monotonic temperature-dependence of 𝜏2p𝑇 q upon applying
pressure is in accordance with the findings for 𝜅-CuCN, whereas in the latter, a recovering
of the purely monotonic behavior is not observed.
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7.4.3 Pressure evolution of 𝑇B

In analogy to the analysis above, we verify in the following the relation of mode 1 to
the HT and LT peak for 𝜅-(BEDT-TTF)2Ag2(CN)3 as well. In Fig. 7.8, we plot 𝜀1p𝑇 q

probed at 𝑓 � 100 kHz and at various pressures as indicated together with the fits of the
HT, LT and anomaly peaks from Fig. 7.15. The lower panels present 𝜏1p𝑇 q and 𝜏2p𝑇 q

as a function of temperature including the fits of the former according to Eq. (7.3) for
the temperature range above (black line) and below (orange and cyan line) the kink at
𝑇B. Consistent with the procedure for 𝜅-CuCN, 𝑇B is determined as the temperature at
which the fits of 𝜏1p𝑇 q intersect. As expected, 𝑇B corresponds to the kink in 𝜏1p𝑇 q. At
the same temperature, the HT peak in 𝜀1p𝑇 q diminishes and the anomaly, for pressures
below 3.4 kbar, or the LT peak, for pressure above 3.4 kbar, are dominant. In particular
this confirms our assignment of the relaxation dynamics observed in 𝜏1p𝑇 q for 𝑇 ¡ 𝑇B to
the HT peak and for 𝑇   𝑇B to the anomaly and the LT peak in section 7.2.1. We note,
that 𝜏2p𝑇 q does not exhibit a distinct feature at 𝑇 � 𝑇B.

7.5 Discussion

Our pressure-dependent investigations unveil that the dielectric response of 𝜅-CuCN, 𝜅--
STF𝑥-CuCN and 𝜅-AgCN contains two main dielectric contributions, the high-tempe-
rature (HT) and the low-temperature (LT) peak. Additionally, a high frequency mode
(mode 2) is observed, whose characteristics shows strong sample to sample variations. In
𝜅-AgCN, the pressure-dependent measurement reveal a third contribution, dubbed here
anomaly (A), which is not seen in the other compounds.

7.5.1 High-temperature peak

The HT peak was first observed by Abdel-Jawad et al. [31] in 𝜅-CuCN and is also referred
to as anomalous dielectric response (ADR) (cf. Ch. 3.5). Our result show, that the HT
peak shifts toward lower temperatures upon approaching the IMT while its amplitude is
not enhanced, in contrast to the LT peak. We therefore assign the HT peak to the dielectric
response of the Mott insulating fraction in contrast to the LT peak, which is attributed
to a growing metallic filling fraction upon entering the coexistence phase. However, there
is no consensus on the intrinsic origin of the HT peak.

In a first approach one considers single BEDT-TTF molecules as lattice points tak-
ing into account the inter- and intra-dimer charge degrees of freedom; in contrast to
the dimer-approach which neglects the intra-dimer degrees. As a consequence, 𝜅-CuCN,
𝜅-STF𝑥-CuCN and 𝜅-AgCN are regarded as a 3

4 -filled systems, making them instable to-
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wards a charge-ordered state, which is competing with the dimer Mott insulating state.
Starting from the 3

4 -filled extended Hubbard model theory predicts fluctuating charge dis-
proportionation within a dimer giving rise to quantum electric dipoles [138, 140]. For
𝜅-CuCN, the dielectric response in the audio and radio frequency range [31] was seen as a
consequence. However, infrared vibrational spectroscopy clearly discards a sizable charge
disproportionation on the dimers [90]. Also excitations in the THz region were erroneously
assigned to collective optical excitations of these quantum electric dipoles [207], but later
found to be lattice vibrations including molecular vibrations and coupling to the anions
[60].

At this point we have to mention, that a recent theoretical study investigates the cross
over from a quarter-filled system with CO ground state to the DMI state due to strong
dimerization [208]. At high energy ( eV, optical frequencies), the DMI is stable whereas
at very low energy (10�10 ev� 10 kHz) CO becomes dominant leading to domains of
different charge polarities. The resulting domain walls are considered to give rise to the
HT peak. Whether this sufficiently explains the absence of a charge disproportionation in
optics is still under discussion. Moreover in Ref. [62], the crystal structure of 𝜅-(BEDT-
TTF)2Cu2(CN)3 was determined to either be P1 or P1 with two unequal dimers per unit
cell, implying a weak charge disproportionation between dimers in the whole temperature
range, instead of the first considered P21/c space group wherein the four dimers in the
unit cell are equivalent by symmetry.

During the last years evidence has accumulated that the interaction between the cationic
(BEDT-TTF)�2 and the anionic Cu2(CN)�3 layer is crucial for the understanding of these
charge-transfer salts [32, 60, 62]. The anion layer exhibits intrinsic disorder since the
Cu atoms are triangularly coordinated by polar CN� links in two different configurations
(cf. Ch.3.3); either Cu is neighbored by two N atoms and one C atom or by one N
atom and two C atoms. The orientation of the CN links within the anion layer might be
coupled giving rise to the presence of domains with differently oriented CN links which are
mapped onto the BEDT-TTF layer via hydrogen bonds. In Refs. [32, 34, 137], Pinteric
et al. consider the phase boundaries separating domains with differently oriented CN
links as point and/or line defects carrying charge responding to the applied ac field. Upon
cooling, the size of cooperatively relaxing region grows, increasing the energy cost for local
rearrangements and eventually slowing down the response. The relaxor ferroelectric and
glassy behavior are attributed to strong lattice effects observed at 6 K, constraining the
effective dynamics of 𝜅-(BEDT-TTF)2Cu2(CN)3 as complex cation-anion system.

To our understanding, however, this picture implies the shift of domain boundaries by
flipping CN links in the anion layer. Recent DFT calculations found, that flipping a CN
link which is mainly oriented along the b-directions costs 174 meV, whereas flipping one
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which is mainly oriented along the c-directions is 10-15 meV [60]. Even for the latter one,
the flipping would freeze out at higher temperatures than the relaxor ferroelectric peak is
observed. So far, the concept of domain walls is put forward in both approaches whereas
their origin is still an open question.

However, the domain wall picture is corroborated by extension of the relaxation time 𝜏HT

and decrease of ΔHT upon intensifying pressure, indicating that the domains increase in
size and are easier to move. In case of 𝜅-STF𝑥-CuCN, a corresponding dependence of 𝜏HT

and ΔHT upon rising the substitution level 𝑥 is not clearly revealed, even not for 𝑥 � 0.10
which is already close to the IMT transition. Here, the substituted BEDT-STF molecules
locally distorting the crystal structure might impede the shifting of domain walls. On the
other hand, a decrease of 𝜏HT and barrier energy 𝐸VFT upon x-ray irradiation, reported
by Sasaki et al. [206] , infer more domains with smaller size. This can be explained by a
larger number of charged defects in the anion layer upon irradiation which act as pinning
centers. The qualitatively similar but quantitatively slightly different behavior found in
our samples #1 and #2 corroborates these observations.

However, we emphasize here again, that the HT peak is also observed in several other
organic dimer Mott insulators [33, 134, 136] with triangular lattice (cf. Ch. 3.5, Fig. 3.16),
showing that its emergence is independent of details in the crystal structure, for instance
disorder in the anion layers. Another approach relates it to configuration disorder in
the ethylene end groups (EEG) of the BEDT-TTF molecules (cf. Ch. 3.2.4). However,
the freezing temperature of the EEGs, whether in a disorder or ordered configuration, in
general does not coincide with the temperature range of the HT peak [111]. In regard
to this it is worthwhile to mention, that a corresponding relaxor ferroelectric peak is also
observed in the 𝛽1-Pd(dmit)2 salts [136]. While Pd(dmit)2 molecules to not exhibit EEGs,
hydrogen atoms are found in their anion layers Me4Pd, Me4Sb and EtMe3Sb, wherein
Et denotes C2H5 and Me CH3. This poses the question, whether the characteristics
of the relaxor ferroelectric response, such as peak temperature and dispersive behavior,
are connected to structural degrees of freedom related to hydrogen atoms, which could
be clarified with dielectric spectroscopy measurements on deuterated samples. Finally we
note, that the pressure evolution of 𝜏1p𝑇 q related to the HT peak (𝑇   𝑇B) is very different
to the pressure evolution of the 𝛼-relaxation observed in glass forming polyalcohols [209],
indicating that these phenomena originate from different physics.

Our results reveal a shift of the HT peak to lower temperatures upon increasing pressure.
It is interesting to recall that also x-ray irradiation leads to a shift of the HT peak to lower
temperatures [206]. High-energy irradiation causes crystal defects mainly in the anion
layer and is supposed to increase the number of charge carriers. Similar to the rising
pressure, the conductivity of the sample is enhanced compared to the pristine case. This
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clearly indicates that the relaxor-ferroelectric HT peak is influenced by screening due to
free charge carriers.

In Fig. 7.20(a), we plot 𝑇HT, as determined from the peak position in 𝜀1p𝑇 q at ambi-
ent pressure and 𝑓 � 100 kHz, over the mass of one stoichiometric unit 𝐷2𝑋 for various
(BEDT-TTF)2𝑋 salts. The values for newly synthesized 𝜆-ET-GaCl4 and 𝜆-STF-GaCl4
compounds were provided by Yohei Saito and Olga Iakutkina from our institute while we
used literature reports for 𝛽1-ICl2 [134] and 𝛼-(BEDT-TTF)2I3[133]. Using this repre-
sentation, we follow an approach applied for the (TMTTF)2𝑋 and (TMTSF)2𝑋 organic
charge transfer salts in order to check a phononic origin of the HT peak. Interestingly,
𝑇HT rises with increasing mass for the pristine compounds 𝜅-CuCl, 𝜅-CuCN and 𝜅-Ag-
CN whereas the opposite trend is observed upon BEDT-STF (STF) substitution. An
decreases of 𝑇HT upon replacing BEDT-TTF (ET) with BEDT-STF is also observed for
𝜆-ET-GaCl4 and 𝜆-STF-GaCl4. This clearly shows, that mass enhancement in the anion
layer has a different effect on the HT peak than in the donor layer, which speaks against
a purely phononic origin common to all compounds. To verify these findings also for the
𝜆-type salts, investigations on compounds with different anions, such as 𝜆-ET-GaBr4 or
𝜆-ET-FeCl4, are required.

On the other hand, replacing the anions or substituting donor molecules has an dramatic
impact on the effective Coulomb repulsion 𝑈{𝑊 (cf. Ch. 3.2.2). Furthermore, the pressure
evolution of 𝑇HT in 𝜅-CuCN and 𝜅-AgCN also clearly reveals, that the HT peak is sensitive
to modifying 𝑈{𝑊 . Therefore, 𝑈{𝑊 is determined by fitting the optical conductivity
spectra 𝜎1p𝜔q at 10 K which were obtained from infra-red spectroscopy measurements
performed by Andrej Pustogow, Mathias Bories, Miriam Sanz-Alonso and Weiwu Li at
our institute [19, 20]. In Fig. 7.21, we follow the common fitting procedure [92, 203, 210]
using the sum of one Fano mode (green line), accounting for the 𝜈3 vibration mode, and
four Lorentzians, capturing contributions of an in-gap contribution (blue line) of unknown
origin, the lower Hubbard band (cyan line), the dimer band (magenta line) and an high
energy contributions (yellow line) from the charge transfer band and inter-band transitions.
The fitting was performed by Ece Uykur and the author. Doing so, we obtain sufficiently
good fits in the frequency range from 1000 cm�1 to 5000 cm�1, as exemplarily shown in
Fig. 7.21(a) for 𝜅-CuCN. The Coulomb repulsion 𝑈 and the bandwidth 𝑊 are determined
from the peak position of the Hubbard Lorentzian (cyan lines) as the maxium position and
the half width at half maxium, respectively, as illustrated in detail in Fig. 7.21 for 𝜅-AgCN.
The thus obtained values are summarized in Table 7.4. Interestingly, 𝑈{𝑊 increases going
from 𝜅-STF0.04-CuCN to 𝜅-STF0.10-CuCN although the latter is closer to the IMT (cf.
Fig. 6.5). We ascribe this to the enhanced in-gap contribution for 𝑥 � 0.10 complicating
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7 Dielectric response in the Mott insulating state

𝜅-CuCl

𝜅-STF0.04-CuCN

𝜅-STF0.10-CuCN

𝛼-I3
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𝜅-AgCN

𝜅-CuCN
𝜅-STF0.04-CuCN

𝜅-CuCl 𝜅-STF0.10-CuCN

𝑈{𝑊 p𝑝q = 𝑈{𝑊 (0 kbar) - 0.07/kbar � 𝑝

𝜆-ET-GaCl4

𝛽1-ICl2

𝜅-AgCN

𝜅-CuCN

𝜆-STF-GaCl4

Figure 7.20: Position of the HT peak, 𝑇HT, probed at 𝑓 � 100 kHz plotted over (a) the
total mass of one stoichiometric unit D2X of two donor molecules 𝐷 and one
anion unit 𝑋, and (b) over the effective Coulomb repulsion 𝑈{𝑊 , as deter-
mined from optical conductivity (cf. Fig.7.21), for various organic charge
transfer salts. (a) 𝑇HT rises with increasing anion mass whereas enhanc-
ing the mass of the donors via BEDT-STF (STF) substitution results in a
drop of 𝑇HT, both for the 𝜆-type and the 𝜅-type salts. (b) Unfortunately,
optical spectroscopy measurements necessary to determine 𝑈{𝑊 are only
available for a limited number of salts. However, in this representation the
ambient pressure values (full symbols) for the 𝜅-(BEDT-TTF)2𝑋 salts fall
onto one line. Our pressure-dependent results (open symbols) are included
by assuming the pressure dependence of 𝑈{𝑊 p𝑝q as denoted in panel (b),
which gives a nice interpolation of the ambient pressure results.
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𝜅-AgCN

𝜅-CuCl

𝜅-CuCN

𝜅-STF0.04-CuCN

𝜅-STF0.10-CuCN

𝜈3

𝜔max9𝑈

𝜎max
𝜎max{2

𝜔1{2

𝜔max � 𝜔1{29𝑊

Figure 7.21: Optical conductivity of various 𝜅-type organic charge transfer salts, mea-
sured at 10 K. The spectra are fitted with the sum (red lines) of a Fano
mode (green line), accounting for the well known 𝜈3 vibration mode, and
four Lorentzians capturing contributions of an in-gap contribution (blue
line) of unknown origin, the lower Hubbard band (cyan line), the dimer
band (magenta line) and an high energy contributions (yellow line) from
the charge transfer band and inter-band transitions. The Coulomb repul-
sion 𝑈 and the bandwidth 𝑊 are determined from the peak position of the
Hubbard Lorentzian (cyan lines) as the maxium position and the half width
at half maxium, respectively, as exemplarily shown for 𝜅-AgCN. 145



7 Dielectric response in the Mott insulating state

Table 7.4
𝑈 [cm�1] 𝑊 [cm�1] 𝑈{𝑊

𝜅-CuCl 2109 780.5 2.70
𝜅-CuCN 1745 613 2.85

𝜅-STF0.04-CuCN 2066 761.5 2.71
𝜅-STF0.10-CuCN 2209 776.5 2.85

𝜅-AgCN 2217 676 3.28
𝛼-I3 1817 472.5 3.85

the fitting which was changed as little as possible for the different compounds to ensure
consistency.

In Fig. 7.20(b), we plot 𝑇HT over p𝑈{𝑊 q. Unfortunately, optical conductivity measure-
ments under pressure are not available for all of our compounds, preventing a determi-
nation of the pressure-dependence of 𝑈{𝑊 p𝑝q. Therefore, we make an educated guess
of 𝑈{𝑊 p𝑝q � 𝑈{𝑊 p0 kbarq � 0.07{kbar � 𝑝 for both, 𝜅-CuCN and 𝜅-AgCN, and include
the thus obtained values 𝑇HTp𝑈{𝑊 q. The open and open dotted red circles represent our
pressure-dependent results for 𝜅-CuCN sample #1 and #2, respectively, and the green
open triangles for 𝜅-AgCN. Under the restriction that our assumptions for 𝑈{𝑊 p𝑝q is cor-
rect, 𝑇HT falls on one line for all compounds. However with this preliminary analysis, we
can not distinguish whether the origin of the HT peak is directly connect to the presence
of electronic correlations, or if this observation is due to the enhanced screening of some
other yet unknown effect by charge carriers, which become more and more delocalized
upon decreasing 𝑈{𝑊 . What speaks against screening is that one also expects a decrease
of the HT peak amplitude upon intensifying pressure, which we do not observe, neither
for 𝜅-CuCN (cf. Figs. 6.2,6.4,7.3 and 7.4) nor for 𝜅-AgCN (cf. Figs. 6.8,6.9 and 7.15).
However, determining 𝑈{𝑊 for 𝜆-ET-GaCl4 and 𝜆-STF-GaCl4 in order to include them in
Fig. 7.4 would provide a good test, whether the HT peak solely originates from electronic
correlations or is also influenced by details of the crystal structure, such as the packing
motif or disorder in the anion layers.

7.5.2 Low-temperature peak

Let us come to the LT peak, which was not observed in previous ambient pressure studies
of 𝜅-CuCN[31, 32, 34, 206]. Consistently in 𝜅-CuCN and 𝜅-AgCN, we see a growth of
the LT peak with pressure and a shift in peak position (cf. Figs. 6.2,6.4,6.8 and 6.9). In
𝜅-STF𝑥-CuCN, however, the LT peak remains weak up to 𝑥 � 0.10 indicating that STF
substitution has an additional effect besides tuning the bandwidth. At the moment, we
can only speculate about this effect, but it might be related to the induced distortion of
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7.5 Discussion

the lattice upon increasing 𝑥, leading to some kind of Anderson localization suppressing
the emergence of the LT peak upon approaching the IMT. However, the clearly distinct
pressure evolution of the LT parameters compared to the HT peak in 𝜅-CuCN and 𝜅-Ag-
CN indicates a different origin (Figs. 7.7 and 7.17).

In Ch. 8, we will provide conclusive evidence that the LT-peak emerges due to a small
metallic filling fraction already on the insulating side of the phase diagram; as the phase
transition is approach, it grows and eventually becomes the enhanced peak at the per-
colation threshold, as is documented in Figs. 6.2,6.4,6.8 and 6.9. As can be seen from
Fig.7.9, in 𝜅-CuCN the peak appears only for 𝑇   𝑇crit with a sharp contrast between the
metallic inclusions and the insulating host. In 𝜅-AgCN, the LT peak becomes apparent
only for elevated pressures and at low temperatures (cf Fig. 7.15). This is in agreement
with its assignment as an precursor feature of the phase coexistence while the IMT in this
compound is located above our accessible pressure range. The detailed discussion of the
polarization effects at the percolation threshold follows in the next chapter.

7.5.3 Anomaly

We identify the anomaly peak in 𝜅-AgCN as the counterpart of the 6 K feature (cf.
Ch.3.4) in 𝜅-CuCN [31], which for the latter is below our experimental temperature range.
Our assignment is corroborated by 13C NMR measurements on 𝜅-AgCN [30] observing
the corresponding feature around 20 K, which fits our findings in 𝜀1p𝑇 q quite well (cf.
Fig.7.15).

The origin of this anomaly is still under debate while recent theoretical studies interpret
it as the onset of a valence bond glass (VBG) at 𝑇 � � 6 K for 𝜅-CuCN [128]. According
to K. Riedl et al. [128], the pattern of frozen valence bonds in the VBG is influenced by
disorder in the polar CN� links, imposing a random electronic potential on the BEDT-
TTF layers, and by charged defects due to chemical impurities. The latter is in accordance
with thermal expansion measurements on 𝜅-CuCN [211], which reveal a strong sample to
sample variation of the anomaly and also suggest, that it is suppressed in crystals with
a large amount of impurities. This could explain why the anomaly is also not observed
in our ambient pressure measurements on 𝜅-CuCN (cf Fig.7.1). Our pressure-dependent
results on 𝜅-AgCN indicate, that the anomaly becomes sharper upon applying pressure
until it is masked by the growing LT peak (cf. Fig.6.8). However, it remains yet unclear
in which way the formation of the VBG affects the dielectric properties of spin liquid
compounds.
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7 Dielectric response in the Mott insulating state

7.5.4 Mode 2

The high frequency mode 2 is observed in all investigated compounds and becomes ap-
parent at low temperatures, when it sufficiently slowed down upon cooling to enter our
experimental frequency window and when mode 1 is shifted towards lower frequencies.
This and its small dielectric strength Δ𝜀2, which is usually one order of magnitude smaller
then its counterpart of mode 1, is probably the reason why it was not reported before in
literature [31–33]. Moreover, mode 2 clearly is subject to a pronounced sample-to-sample
variation, as nicely demonstrated in our comparison of ambient pressure measurements on
𝜅-CuCN in Fig. 7.1. It seems that mode 2 is less apparent for sample #2 which, compared
to the other samples, exhibits a shift of the HT peak attributed to an increased number of
defects in the anion layers. Interestingly, mode 2 is also less developed in 𝜅-STF𝑥-CuCN.

For 𝜅-CuCN at ambient and low pressures, 𝜏2p𝑇 q increases monotonically upon cooling
whereas upon intensifying pressure a minimum is observed that shifts to lower tempera-
tures and gets more pronounced (cf. Fig. 7.10). We note, that similar relaxation dynam-
ics has been widely observed for confined systems as well as in the relaxor ferroelectric
KTa0.65Nb0.35O3 when doped with Cu by approximately 0.1% [212]. This non-monotonic
behavior is most noticeable for sample #1 close to the IMT. Interestingly, 𝜏2p𝑇 q maintains
its monotonicity upon cooling in 𝜅-STF𝑥-CuCN, even for the compound with 𝑥 � 0.10
which is already close to the IMT. In 𝜅-AgCN, it is observed for intermediate pressures
between 4.1 and 5.7 kbar, right where the anomaly peak in 𝜀1p𝑇 q is most pronounced, and
around 20 K, which also fits the position of the anomaly peak.
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8
Phase coexistence at the Mott

insulator-metal transition

In this chapter, we discuss the strong enhancement of 𝜀1 in vicinity of the Mott insulator-
metal transition. We present a detailed analysis of our results obtained on 𝜅-CuCN and
𝜅-STF𝑥-CuCN, wherein the bandwidth tuned Mott transition is achieved by applying
hydrostatic pressure and via chemical substitution, respectively. Our findings provide
unambiguous evidence for a percolative phase coexistence around the first order Mott
transition.

8.1 Phase coexistence in 𝜅-(BEDT-TTF)2Cu2(CN)3

The most surprising observation of our pressure-dependent measurements on 𝜅-CuCN is
the dramatic increase of the dielectric constant upon crossing the phase boundary (cf.
Figs. 6.4 and 6.4). To articulate this more clearly, we plot 𝜀1p𝑇 q and 𝜎1p𝑇 q for sample
#2 in Fig. 8.1 for various pressures as indicated. The enhancement in 𝜀1p𝑇 q occurs simul-
taneously with the sudden increase of 𝜎1p𝑇 q, the latter marking the IMT (cf. Fig.6.1).
Interestingly, the rise in 𝜀1 shifts up to 30 K upon increasing pressure up to 2.23 kbar,
while at the same pressure and below 12 K a drop to negative values is observed, indicating
the onset of purely metallic behavior. We emphasize that the latter is in accordance with
the back-bended phase boundary and quantum Widom line (cf. Fig. 6.1).

To emphasize the pressure evolution of the dielectric properties, we plot in Fig. 8.2 the
pressure dependence of 𝜀1p𝑝q and 𝜎1p𝑝q as obtained for a fixed frequency of 𝑓 � 100 kHz
for different temperatures as indicated. A pronounced peak in the permittivity appears
around 1.8 kbar followed by a drop to negative values evidencing the onset of metallic
conduction. Already at the lowest temperature, 𝑇 � 10 K, the peak maximum occurs at a
pressure slightly above 𝑝IMT; it shifts to even higher pressure values as 𝑇 rises. The peak
in 𝜀1p𝑝q strongly diminishes upon heating and for 𝑇 ¡22 K the anomaly is completely
suppressed. Here a simple drop remains with a change in sign to large negative values of
𝜀1p𝑝 � 43 kbarq � �103 to �104.
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8 Phase coexistence at the Mott insulator-metal transition

p

p

sample #2

Figure 8.1: Temperature dependence of the dielectric properties of 𝜅-(BEDT-TTF)2-
Cu2(CN)3 probed at 𝑓 � 100 kHz and for various pressures as indicated.
Upon intensifying pressure, a strong enhancement in 𝜀1p𝑇 q is observed below
30 K, shifting to higher temperatures as pressure rises. Simultaneously, the
conductivity increases by several orders of magnitude. For 𝑝 ¤ 2.23 kbar, a
drop in 𝜀1p𝑇 q indicates purely metallic behavior.

150



8.1 Phase coexistence in 𝜅-(BEDT-TTF)2Cu2(CN)3

Ω

sample #2

Figure 8.2: Pressure dependence of the dielectric properties of 𝜅-(BEDT-TTF)2-
Cu2(CN)3 recorded for a fixed frequency 𝑓 � 100 kHz at different temper-
atures as indicated. (a) The permittivity 𝜀1 forms a pronounced maximum
followed by a rapid drop to negative values. (b) The conductivity 𝜎1 ex-
hibits a step-like increase with an inflection point located right at the onset
of the peak in 𝜀1. This percolating behavior stems from the nucleation and
growth of metallic puddles spatially separated in an insulating matrix; the
filling fraction increases by applying pressure. With rising temperature the
features shift to higher pressures and diminish in amplitude or step size,
respectively.
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8 Phase coexistence at the Mott insulator-metal transition

We explain this observation by percolation when the insulator-to-metal phase boundary
is approached: metallic puddles develop and grow with increasing pressure. To our knowl-
edge there is no systematic experimental study devoted to this coexistence region at the
genuine Mott transition theoretically predicted by dynamical mean field theory [12, 25]
and experimentally indicated in the sister compound 𝜅-CuCl by a pronounced hysteresis
in pressure-dependent dc-measurements in Ref. [69]. By applying pressure we can now
vary and control the fraction of the metallic phase and thus investigate the percolating
behavior in detail.

The enhancement of the dielectric constant is accompanied by a step-like feature in the
conductivity, plotted in Fig. 8.2(b). With pressure, the metallic fraction grows; conse-
quently 𝜎1p𝑝q rises continuously until a saturation is reached in the metallic phase. The
inflection point 𝑝infl at 10 K is located close to 𝑝IMT. With increasing temperature, the step
feature shifts to higher pressure values, smears out and becomes a more gradual increase
consistent with the change from the first-order insulator-metal transition to the crossover
region upon heating.

8.1.1 Effective medium approach

In a simple picture we could assume an increasing fraction of metallic puddles in an
insulating matrix, as treated by Bruggeman’s effective medium approximation (BEMA,
cf. Ch. 4.4.2):

𝑚
𝜀𝑚 � 𝜀eff

𝜀eff � 𝐿p𝜀𝑚 � 𝜀effq
� p1�𝑚q

𝜀𝑖 � 𝜀eff
𝜀eff � 𝐿p𝜀𝑖 � 𝜀effq

� 0 , (8.1)

where 𝑚 is the volume fraction of the metallic inclusions, 𝐿 is their shape factor, 𝜀𝑖 and
𝜀m are the complex permittivities of the insulating and metallic phases, respectively, and
𝜀eff is the effective permittivity of the composite. Since the insulator-metal transition is
observed at the same value for different crystal directions, we can restrict ourselves to the
simplest case of spherical inclusions in three dimensions: 𝐿 � 1{3.

With the help of Eq. (8.1), we can estimate the metallic filling fraction 𝑚 for particular
pressure values 𝑝, by assuming that for 𝑝 � 0 the system is completely insulating and
for 𝑝 � 4.3 kbar the metallic state is fully established. The measured effective dielectric
function, 𝜀effp𝑝, 𝑇, 𝑓q corresponds to a certain value of 𝑚.

In Fig. 8.3(a-d), the pressure dependences of 𝜀1p𝑝q and 𝜀2p𝑝q are plotted for different
frequencies for 𝑇 � 10 K and 30 K. The solid lines are obtained from simultaneously
fitting 𝜀1p𝑝q and 𝜀2p𝑝q by the BEMA with a single value of 𝑚 for all frequencies.

For 𝑇 � 10 K, the BEMA model gives a reasonable fit for 𝜀1 (Fig. 8.3(a)) except for
pressures from 1.5 kbar to 3 kbar, where the pronounced maximum is observed. The
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8.1 Phase coexistence in 𝜅-(BEDT-TTF)2Cu2(CN)3

m

m

Figure 8.3: (a-d) Pressure dependence of the permittivity (full symbols) of 𝜅-(BEDT-
-TTF)2Cu2(CN)3 at 10 K and 30 K measured at different frequencies as
indicated. The solid lines represent fits according to the Bruggeman’s ef-
fective medium approximation (BEMA, Eq. (8.1)) with a fixed shape factor
of 𝐿 � 1{3 for spherical metallic inclusions and the metallic filling fraction
𝑚 as free parameter. (e,f) The metallic filling fraction 𝑚 in dependence of
pressure as determined from the fits in panels (a-d).
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8 Phase coexistence at the Mott insulator-metal transition

shortcoming of the BEMA in 𝜀1 close to the percolation threshold is inherent to the model
[176, 181], since it considers polarization of the inclusions with a simple dipole approx-
imation, which does not hold anymore when the inclusions get closer to each other, i.e.
with increasing filling fraction respectively pressure. Moreover, inclusions coalesce above
the percolation threshold such that their shape is not spherical anymore. 𝜀2 (Fig. 8.3(c))
relates to the conductivity via 𝜀2 � 𝜎1{𝜔 which is not subject to these limitations and
hence is fitted well for all pressures. This allows us to determine the metallic filling fraction
𝑚 in dependence of pressure, which is plotted in Fig. 8.3(e).

At higher temperatures 𝑇 ¡ 𝑇crit the sharp first-order transition is converted to a
continuous transition in the crossover region. Here, the BEMA model reproduces the
gradual increase in 𝜀2 (Fig. 8.3(d)) and its saturation at high pressures while it fails by
overestimating 𝜀1p𝑝q (Fig. 8.3(b)). The latter is not surprising due to the absence of well
defined inclusions which are prerequisites for applying the effective-medium model as in
Eq. (8.1). Consequently, the resulting filling fraction exhibits a broad plateau between 1
and 2 kbar with values close to the percolation threshold 𝑚𝑐 � 0.33 defined by 𝐿 � 1{3.
This observation is another indication for the failure of the BEMA model for temperatures
above the critical endpoint 𝑇crit.

To find out, up to which temperature the BEMA model gives reasonable results, we fitted
our data for 𝑇   30 K and plot the resulting metallic filling fraction 𝑚 in the pressure-
temperature false-color plot in Fig. 8.4 together with the first-order phase transition (solid
black line), the critical endpoint (𝑇crit, black circle). For 𝑇   16 K, the filling fraction
is 𝑚 � 0.33 (dotted line) right at the first-order transition consistent with the BEMA
model, while for 𝑇 ¡ 16 K, the area around 𝑚 � 0.33 significantly broadens and does not
coincide with the crossover. This gives us a critical point at p1.8 kbar, 16 Kq, which fits
the findings of previous dc-measurements [17, 39].

8.1.2 Divergent dielectric constant

The dielectric properties of percolating systems have been subject of numerous investiga-
tions for half a century [176, 177]. As pointed out by Efros and Shklovskii [178], the static
dielectric constant of a percolating system depends on the filling fraction 𝑚 of the metallic
phase and diverges at the percolation threshold 𝑚𝑐:

𝜀1p𝜔 � 0, 𝑚q9p𝑚𝑐 �𝑚q�𝑞 , (8.2)

where the critical exponent 𝑞 depends on the dimension of the system; in 3D we expect
𝑞 ranging from 0.8 to 1 [174, 178–180, 213], while 𝑞 � 1.3 is expected for 2D [178]. The
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m

Tcrit

m = 0.33

Figure 8.4: Metallic filling fraction 𝑚 as obtained from Eq. (8.1) in a color pressure-
temperature plot. 𝑝QWL is the point of inflection in 𝜌1p𝑝q (cf. Ch. 6.1)
and indicates the first-order insulator-metal transition (black solid line) with
the estimated position of the critical endpoint 𝑇crit (black circle). Above
𝑇crit, 𝑝QWL marks the quantum Widom line. 𝑇LT and 𝑇HT are the positions
of the LT and HT peak from Fig. 7.9. For temperatures below 𝑇crit, the
metallic fraction increases to 𝑚 � 0.33 (dotted line) upon approaching the
first-order transition from the insulating side, as expected for 𝐿 � 1{3, and
rises to 𝑚 � 1 on the metallic side. At temperatures above 𝑇crit, the sharp
first-order transition becomes a gradual crossover such that the formation of
metallic puddles is suppressed. Hence, applying Eq. (8.1) is not well defined
anymore and such that the 𝑚 � 0.33 line deviates from 𝑝QWL.
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Figure 8.5: (a) Dielectric constant 𝜀1 of 𝜅-(BEDT-TTF)2Cu2(CN)3 measured at 𝑓 �
100 kHz for several temperatures in dependence of the metallic filling fraction
𝑚. The solid lines represent fits according to Eg. (8.2). (b) Temperature
dependence of the percolation threshold pressure 𝑚𝑐, as obtained from fits of
𝜀1p𝑝q according to Eg. (8.2). (c) Temperature dependence of the exponents
𝑞. We attribute the drop of 𝑞 above 𝑇 � 20 K to the change from the first-
order insulator-metal transition to a crossover at higher temperatures. For
clarity reasons, we also include 𝑇crit (dashed red line) and the predictions for
𝑞 of the BEMA model (dashed blue line).
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Figure 8.6: The pressure dependence of 𝜀1p𝑝q recorded at the lowest temperature 𝑇 �
10 K by using different frequencies from 53 kHz to 2.7 MHz. The amplitude
of the percolation peak diminishes with increasing frequency. The negative
values of 𝜀1 above 𝑝 � 2.5 kbar (open symbols) mark the onset of the metallic
regime; note that for these data points the value -logp�𝜀1{𝜀0q was taken.

BEMA model predicts 𝑞 � 1 independent of the dimensionality of the percolating system
[174].

In Fig. 8.5(a) the dependence of 𝜀1 on the metallic filling fraction 𝑚 is plotted for the
100 kHz data together with the fit according to Eq. (8.2) shown by the solid lines. The
temperature dependence of the percolation threshold 𝑚𝑐 and the exponent 𝑞 is plotted in
Fig. 8.5(b) and (c), respectively. From our pressure-dependent dielectric measurements
we find 𝑞 � 1 up to 𝑇 � 16 K as expected. For higher temperatures, 𝑞 decreases to 0;
this behavior is consistent with the suppression of the percolation for 𝑇 ¡ 𝑇crit and agrees
with the findings in Fig. 8.4.

8.1.3 Resonance effects

In a next step, we consider the frequency dependence of the percolation peak which is
shown in Fig. 8.6 by plotting 𝜀1p𝑝q at 𝑇 � 10 K and for various frequencies as indicated.
The percolating behavior with a rise of 𝜀1p𝑝q upon crossing the IMT at 𝑝IMT,#2 � 1.45 kbar
and a drop to negative values at 𝑝 � 4.23 kbar is observed for all frequencies. However for
2.23kbar ¤ 𝑝 ¤ 3.7 kbar, a change in the sign of 𝜀1 from positive to negative values occurs
upon going from low to high frequencies. This peculiar frequency-dependent behavior is
not expected within the framework of standard percolation theory.
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Figure 8.7: (a) Scheme of a simple equivalent circuit modeling the measurement system
including contributions from the sample holder and test leads, the contacts
and from the sample, which here is model with a typical insulating response
in parallel to a tyical metallic response to account for the phase coexistence
region. (b-g) Frequency dependence of the resistance 𝑅p𝑓q and the over-
all parallel capacitance 𝐶p or the series inductance 𝐿s of the system. For
𝑝 � 1.7 kbar and 1.91 kbar (b,c), the system shows capacitive behavior as
expected for the phase coexistence region. Although slight oscillations are
present in 𝑅p𝑓q, the resonant condition is obviously not fulfilled here. From
2.23 kbar to 3.7 kbar (d-f), oscillations in 𝑅p𝑓q and a change in sign in 𝐶p
are observed, the latter indicating the presence of resonance effects in the
measurement circuit. At 𝑝 � 4.23 kbar, the system is deep in the metallic
region and, as expected, shows inductive response.
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In dielectric spectroscopy, resonances in the measurement circuit may give rise to spuri-
ous features which erroneously might be attributed to the sample. In general, the measure-
ment circuit includes the sample, the contacts, the sample holder as well as the test leads
and can be modeled by a RLC circuit, which may become rather complex. For instance
a simple scheme of the measurement circuit accounting for the major contributions is de-
picted in Fig. 8.7(a). For any kind of RLC circuit, however, the signature of a self-resonance
is a zero crossing in the frequency dependence of the imaginary part of both the measured
impedance 𝑍p𝑓q � 𝑅p𝑓q�𝑖𝑋p𝑓q and the admittance 𝑌 p𝑓q � 1{𝑍 � 𝐺p𝑓q�𝑖𝐵p𝑓q. In order
to check for the presence of resonance effects in our measurements, we plot in Fig.8.7 the
frequency-dependence of the resistance 𝑅p𝑓q and the parallel capacitance 𝐶p at 𝑇 � 10 K
and for various pressures as indicated, since the latter is more intuitive for an insulator and
the capacitive coupling of spatially separated metallic puddles in the phase coexistence
region, respectively. For 𝑝 � 1.7 kbar and 1.91 kbar, 𝐶pp𝑓q monotonically deceases with
rising frequency as expected fo a percolating system while small oscillations are observed
in 𝑅p𝑓q. At 𝑝 � 2.23 kbar, 𝐶pp𝑓q flips to negative values at 𝑓 � 105 Hz, indicating
inductive behavior, and changes back again to positive values at 𝑓 � 106 Hz. Since this
change of sign occurs several times, we mark positive values of 𝐶p, indicating a capacitive
response, with red color and negative values, indicating an inductive response, with blue
color. Concomitant to the changes of sign in 𝐶pp𝑓q, we observe small oscillations of 𝑅p𝑓q

as well. Similar behavior is observed for 𝑝 � 2.7 kbar and 3.7 kbar whereas here, the
overall behavior is inductive, such that it is more convenient to plot the inductance 𝐿sp𝑓q,
which flips to capacitive behavior at highest frequencies. At 𝑝 � 4.23 kbar, a monotonic
decrease of 𝐿sp𝑓q with rising frequency is observed, indicating purely inductive behavior
without any interfering resonance effects.

The results plotted in Fig. 8.7 show, that spurious resonance effects are present in the
pressure range from 2.23 kbar to 3.7 kbar and interfere with the percolating behavior, thus
giving rise to a peculiar frequency dependence of the dielectric properties. In this region,
the metallic fraction prevails upon to insulating and the capacitive behavior is expected to
be weak, such that the resonance contribution to the measured response is not negligible
anymore. However, for 0 kbar ¤ 𝑝 ¤ 1.7 kbar and 3.27 kabr ¤ 𝑝 ¤ 4.7 kbar, resonance
effects are insignificant for frequencies below 1 MHz. We note, that the determination
of the metallic filling fraction in Fig. 8.3 does not suffer from these resonances. First,
because in the corresponding pressure range the BEMA model is not able to capture 𝜀1p𝑝q

anyway and 𝑚 is determined by fitting 𝜀2p𝑝q. Second, because the fits of 𝜀1p𝑝q and 𝜀2p𝑝q

are averaged in frequency over a many orders of magnitude.
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Figure 8.8: Double-logarithmic plot of 𝜀1p𝑓q at 1.7 kbar for various temperatures 𝑇 , as
indicated. For 𝑇 ¤ 16 K a power-law behavior is observed, which saturates
above 𝑓 � 2 MHz. The percolating behavior of 𝜅-(BEDT-TTF)2Cu2(CN)3 is
suppressed for 𝑇 ¡ 16 K where the first-order transition becomes a gradual
crossover. The inset shows the temperature dependence of the exponent 1�𝑆
obtained from fits by Eq. (8.3).

8.1.4 Frequency dependence at the percolation threshold

The results obtained at 1.7 kbar are not influenced by resonances. From the data recorded
at various temperatures, the values of 𝜀1p𝑝 � 1.7 kbarqp𝑓q are plotted in Fig. 8.8 as a
function of frequency in a double logarithmic fashion. For 𝑇 ¤ 16 K, we observe a strong
reduction of 𝜀1p𝑓q with increasing frequency and a saturation for 𝑓 ¡2 MHz. Surprisingly,
rather high values remain for temperatures above 𝑇crit � 16 K which could be attributed
to the onset of phase segregation upon approaching the coexistence region from high
temperatures. Another possible scenario would be the restrengthening of the contact
contribution at the IMT, which is masked by the dominating percolation contribution
below 𝑇crit and becomes apparent upon leaving the coexistence region. However, the
behavior in 𝜀1p𝑓q can not be modeled with the simple equivalent circuit shown in Fig. 8.9,
wherein 𝐶depl and 𝐶sample are considered as frequency-independent. The application of a
more complex model goes hand in hand with an increased number of unknown variables,
which can not be determined with the available data set. At 𝑇 � 30 K, the decline with
rising frequency vanishes and merges into a frequency-independent response.

160



8.1 Phase coexistence in 𝜅-(BEDT-TTF)2Cu2(CN)3

Cdepl

Rcontact Rsample

Csample

Figure 8.9: Most simple model considering contact contribution to the measured
impedance.

Standard percolation theory [178] predicts a power law decrease of the permittivity upon
rising frequency

𝜀1p𝑓, 𝑚𝑐q �

�
1
𝑓


1�𝑆

, (8.3)

with the critical exponent 𝑆 � 0.62 for 3D and 𝑆 � 0.5 for 2D.

For each temperature we have fitted the data in Fig. 8.8 according to Eq. (8.3), and plot
the obtained parameter 1� 𝑆 in the inset. Obviously the observed frequency dependence
deviates from standard percolation theory [178]. Sarychev and Brouers [37] extended these
considerations by taking into account tunneling between finite metallic clusters in order to
explain the low-frequency response of percolating systems [36, 214–216]. The strong rise
of 𝜀1p𝑓q with decreasing frequencies we observe in our data resembles similar frequency
dependence found in percolating granular metal films sputtered onto a SiO2 substrate [36].
The kink in 𝜀1p𝑓q marks the cut-off frequency 𝑓0 of phonon assisted tunneling processes
and is estimated [36, 37] to

𝑓0 � 𝑓ph expr�2𝑑t{𝑎locs , (8.4)

with the phonon frequency 𝑓ph, the localization length 𝑎loc and the upper limit for the
tunneling distance 𝑑t. In 𝜅-(BEDT-TTF)2Cu2(CN)3 the charge carriers are localized on
dimers in a distance 𝑎loc � 3.47 Å and 𝑓ph � 1 THz is the frequency range of low-lying
phonons that incorporate BEDT-TTF dimers and anion layers [60]. With 𝑓0 � 1.5 MHz
extracted from our data, we obtain 𝑑t � 23 Å at 𝑇 � 10 K as an upper limit for the
tunneling distance, which is only slightly larger then the spacing between BEDT-TTF
layers with 𝑎 � 16.072 Å. However, it remains unclear on which length scale metallic
regions are clearly distinguishable from insulating regions, or in other words, how sharp
the phase segregation occurs in spatial dimension. That this could happen on a length scale
comparable to the lattice constants is hard to believe and challenges the tunneling scenario
as a possible origin of the unexpected strong decrease in 𝜀1p𝑓q with rising frequency.
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Figure 8.10: Temperature dependence of the dielectric properties of 𝜅-[(BEDT-STF)𝑥-
(BEDT-TTF)1�𝑥]2Cu2(CN)3 probed at 𝑓 � 100 kHz and for various sub-
stitution levels 𝑥 as indicated. Upon increasing 𝑥, a strong enhancement in
𝜀1p𝑇 q is observed below 30 K, shifting to higher temperatures as 𝑥 rises. Si-
multaneously, the conductivity increases by several orders of magnitude. At
𝑥 � 0.25 kbar, a drop in 𝜀1p𝑇 q to negative values indicates purely metallic
behavior.

8.2 Phase coexistence in
𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3

In Fig. 8.10, we plot 𝜀1p𝑇 q and 𝜎1p𝑇 q of 𝜅-STF𝑥-CuCN for various substitution levels 𝑥

as indicated. Rising the substitution up to 𝑥 � 0.19 results in a strong enhancement of
𝜀1p𝑇 q up to 103, whereas for 𝑥 � 0.25 a drop to large negative values of the order of
�103 is observed. Concurrently, 𝜎1p𝑇 q increases by several orders of magnitude while the
development of a minimum at 𝑇 � 22 K for 𝑥 ¤ 0.12 indicates the crossing of the phase
boundary into the metallic regime, as we already described in detail in chapter 6.2.

To highlight the dependence of the dielectric properties of 𝜅-STF𝑥-CuCN on the sub-
stitution, we plot 𝜀1p𝑥q and 𝜎1p𝑥q in Fig. 8.10 for 𝑓 � 100 kHz and at various fixed
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temperatures as indicated. We observe a similar evolution of 𝜀1 and 𝜎1 upon increasing 𝑥

as observed for intensifying pressure. In particular, the strong upturn in 𝜀1p𝑥q sets in right
after the Mott IMT is crossed at 𝑥IMT � 0.12 (cf. Fig. 6.5) , followed by a drop to negative
values for 𝑥 � 0.25 evidencing the onset of metallic conduction. The peak in 𝜀1p𝑥q declines
upon heating and is completely suppressed for 𝑇 ¡30 K. Here a simple drop remains with
a change in sign to large negative values of 𝜀1p𝑥 � 0.25q � �103. The enhancement of the
permittivity occurs after the step-like increase in 𝜎1p𝑥q at the IMT. With rising 𝑥, 𝜎1p𝑥q

increases continuously until a saturation is reached for 𝑥 � 0.25. Upon heating, the step
feature smears out and becomes a more gradual increase consistent with the change from
the first-order IMT to the crossover region above 𝑇crit.

Most importantly, the observed substitution dependence of the dielectric properties
agrees with the expected signature of a phase coexistence region enveloping the first-order
IMT and resembles the results from our pressure-dependent measurements (cf. Ch. 8.1).
When the IMT phase boundary is approached with increasing 𝑥, metallic puddles nucleate
and grow in number and size upon further advancing into the metallic phase. In contrast
to the pressure-dependent analysis, however, the substitution-dependence is obtained by
comparing various different samples, which besides the intentionally altered substitution
𝑥, are subject to sample-to-sample variations as discussed in Ch. 7.1. The latter is found
most pronounced in the insulating region and explains the increased value of 𝜀1p𝑥q for
𝑥 � 0.04 compared to the expected percolation behavior. Moreover, we also suffer from
a limited number of available substitution levels 𝑥 impeding a more detailed analysis of
our results with percolation theory in analogy to the procedure for the pressure-dependent
results on 𝜅-CuCN.

8.2.1 Resonance effects

In Fig. 8.12, we plot 𝜀1p𝑥q of 𝜅-STF𝑥-CuCN at 𝑇 � 10 K and for various frequencies as
indicated. The enhancement of 𝜀1p𝑥q upon approaching the IMT with increasing 𝑥 and
the subsequent drop to negative values is observed for all frequencies. The percolation
peak around 𝑥 � 0.16 exhibits a pronounced frequency dependence while at 𝑥 � 0.19 a
change of sign occurs in 𝜀1 for frequencies exceeding 100 kHz which is not expected for the
percolation scenario and indicates the presence of resonance effects in the measurement
circuit.

In order to determine to what extent and in which frequency range the resonances
contribute to the measured impedance, we plot in Fig. 8.13 𝑅p𝑓q and 𝐶pp𝑓q at 𝑇 � 10
and for various substitution levels 𝑥 as indicated. For 𝑥 � 0.12 and 0.16, slight oscillations
of 𝑅p𝑓q indicate the onset of resonance effects which, however, are not apparent in 𝐶pp𝑓q,
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Ω

xIMT

Figure 8.11: Dielectric properties of 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 in
dependence of the substitution level 𝑥, recorded for a fixed frequency 𝑓 �
100 kHz at different temperatures as indicated. (a) The permittivity 𝜀1p𝑥q
forms a pronounced maximum followed by a rapid drop to negative values.
(b) The conductivity 𝜎1p𝑥q exhibits a step-like increase at 𝑥IMT � 0.12,
indicating the Mott IMT. The observed behavior matches the signature of
a percolating system. At the IMT, the nucleation and growth of metallic
puddles sets in which are spatially separated in an insulating matrix. Upon
increasing 𝑥, the metallic filling fraction grows until the metallic state is
completely established at 𝑥 � 0.25. With rising temperature the features
diminish in amplitude or step size, respectively, consistent with the change
from the first-order IMT to the crossover region at elevated temperatures.
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Figure 8.12: Substitution dependence of 𝜀1p𝑥q for 𝜅-STF𝑥-CuCN recorded at 𝑇 � 10 K
by using different frequencies from 53 kHz to 2.7 MHz. The amplitude of
the percolation peak diminishes with increasing frequency. The negative
values of 𝜀1 at 𝑥 � 0.25 (open symbols) mark the onset of the metallic
regime; note that for these data points the value -logp�𝜀1{𝜀0q was taken.

since here the monotonic decrease is in agreement with the expectations. It seems that
the high resistance and the strong capacitive coupling between the metallic inclusions are
prevailing upon the resonance contribution to 𝐶pp𝑓q. At 𝑥 � 0.19 and 𝑓 � 2 � 105 Hz, a
change in sign to negative values is observed in 𝐶pp𝑓q evidencing a dominating resonance
effect, which shifts to 𝑓 � 4 �104 Hz upon increasing the substitution to 𝑥 � 0.25. It seems
that the resistance has to be low to fulfill the resonance condition and for the available
substitution levels the systems remains subject to resonance effects. In order to check
whether purely inductive behavior is achieved in 𝜅-STF𝑥-CuCN samples with 𝑥 ¡ 0.25
have to be investigated.

8.2.2 Frequency dependence at the percolation threshold

The results shown in Fig. 8.13 confirm the absence of noticeable resonance effects for
0.12 ¤ 𝑥 ¤ 0.16 and allow for further analysis of the frequency-dependence. Fig. 8.14
shows double logarithmic plots of 𝜀1p𝑓q at 𝑥 � 0.12 and 𝑥 � 0.16 for various temperatures
as indicated.

For 𝑥 � 0.12, 𝜀1p𝑓q strongly diminishes with increasing frequency following a power
law behavior with a saturation to a constant value for frequencies exceeding 𝑓0. Upon
heating, 𝑓0 shifts to lower frequencies and 𝜀1p𝑓q is reduced by several orders of magnitude.
Interestingly, for the latter rather high values remain for 𝑇 ¥ 18 K which is clearly above
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Figure 8.13: The frequency dependence of of the resistance 𝑅 and the parallel capaci-
tance 𝐶p at 𝑇 � 10 K and for various substitution levels as indicated.
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Figure 8.14: Double-logarithmic plot of 𝜀1p𝑓q for 𝑥 � 0.12 and 𝑥 � 0.16 for various
temperatures 𝑇 as indicated. The observed power-law behavior saturates
at 𝑓0, which clearly shifts to higher frequencies upon heating. The inset
shows the temperature dependence of the exponent 1�𝑆 obtained from fits
by Eq. (8.3).
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Figure 8.15: Temperature-dependence of the saturation frequency 𝑓0 and the upper limit
for the tunneling distance 𝑑t, determined according to Eq. (8.4). For both
substitutions, 𝑓0 shifts to lower frequencies upon heating. Concomitantly,
𝑑t increases from 24 Å to above 30 Å which is approximately the same
length scale as determined for the pristine compound under pressure. The
obtained values for 𝑑t are rather small compared to the hopping distance
usually obtained in semiconductors, up to 100 nm, and is only slightly larger
than the lattice constant 𝑎 � 16.072 Å along the measurement direction.

the first-order transition and hence not expected in the phase coexistence picture. For
𝑓   103 Hz, 𝜀1 slightly increases upon rising temperature.

A similar shift of 𝑓0 and a reduction of 𝜀1p𝑓q upon increasing 𝑇 is observed for 𝑥 � 0.16
as well while 𝜀1p𝑓q remains at even higher values for temperatures above 𝑇crit � 16 K.
A possible origin of this behavior could be the additional contact contribution to the
measured capacitance which becomes apparent upon leaving the coexistence region (cf.
Ch. 5.3).

To compare the observed behavior with simple percolation theory, we fit 𝜀1p𝑓q with
Eq. (8.3). The obtained exponent 1 � 𝑆 is plotted over 𝑇 in the inset of Fig. 8.13 and
strongly deviates from the expectations, 1�𝑆 � 0.38 for 3D and 1�𝑆 � 0.5 for 2D. While
for 𝑥 � 0.12, 1 � 𝑆p𝑇 q resembles the behavior of the pressure-dependent investigations
(cf. Fig. 8.8) with slightly higher values, the obtained values for 1 � 𝑆p𝑇 q increase upon
heating, indicating a steeper decrease of 𝜀1p𝑓q.

In analogy to the analysis for the pressure-dependent results, we test the phonon assisted
tunneling approach and determine 𝑑t according to Eq. (8.4) for 𝜅-STF𝑥-CuCN as well. The
temperature dependence of 𝑓0 and 𝑑t is plotted in Fig. 8.15. For both substitutions, 𝑑t

rises from 24 Å to above 30 Å which is approximately the same length scale as determined
for the pristine compound under pressure.
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8.3 Discussion

For both investigated systems, 𝜅-CuCN under increasing pressure 𝑝 and 𝜅-STF𝑥-Cu-
CN with rising the substitution 𝑥, the observed signature of 𝜀1 and 𝜎1 in the low temper-
ature part of the phase diagram agrees very well with the expectations for a percolating
system (cf. Ch. 4.5). Upon approaching the Mott IMT from the insulating side, metallic
puddles start to nucleate and grow upon decreasing the interaction strength 𝑈{𝑊 . Right
at the phase boundary, a part of the metallic clusters from a continuous path from one side
of the specimen to the opposite, i.e. the infinite cluster, and the conductivity of the sys-
tems changes from insulating to conducting. In contrast to conventional dc-transport, our
measurements of the complex dielectric permittivity are sensitive to polarization effects at
the interface between finite metallic clusters in the insulting host fraction, which lead to
the drastic enhancement of 𝜀1. We therefore unequivocally confirm the sharp first-order
character of the Mott transition and the concomitant phase coexistence in the investigated
organic spin liquid compounds.

In fact, the first-order nature of the Mott transition was already revealed by Limelette
et al. in the antiferromagnetically ordered sister compound 𝜅-CuCl, but this was not so
clear for Mott insulators hosting a quantum spin liquid state. For the latter, the magnetic
excitations are spinons obeying the Fermi-Dirac statistics, in contrast to magnons, the
bosonic spin excitations in an AFM. Hence, the scenario was put forward of a smooth
transformation of a spin Fermi surface to a conventional charge Fermi surface upon crossing
the phase boundary [21], leading to a quasi-continuous Mott transition [17]. In contrast to
that, DMFT predicts a phase coexistence in proximity to the phase boundary in accordance
to a first-order scenario [12, 13, 25] while its extension with resonating valence bond theory
negates a coherent merging of the two Fermi surfaces at the Mott transition [22]. In this
framework, spinons are well defined only deep in the insulating state and are destroyed by
charge fluctuations upon approaching the Mott transition [19].

The findings of this thesis provide conclusive evidence for the DMFT picture and finally
settle this debate. In accord with our experiments, DMFT calculations [204] reveal that
the permittivity varies only little as the transition is approached from the insulating side by
reducing the Mott gap. The enhancement of 𝜀1p𝑈{𝑊 q – corresponding to 𝜀1p𝑝q – is sharply
confined to the coexistence region, where it exceeds the values of the (homogeneous) Mott
insulator by orders of magnitude. We show that dielectric spectroscopy as a bulk method
is sensitive to phase segregation at IMTs and provides information on the formation and
growth of metallic regions in vicinity to the phase boundary.

Moreover, it also reveals the occurrence of quasi-particles upon entering the metallic
transport regime, as can be nicely seen in Fig. 8.16. Panels (a,d) show the phase diagrams
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Figure 8.16: The phase diagrams of 𝜅-(BEDT-TTF)2Cu2(CN)3 and 𝜅-[(BEDT-STF)𝑥-
(BEDT-TTF)1�𝑥]2Cu2(CN)3 are constructed on the values of 𝜀1 and 𝜎1
simultaneously measured at 𝑓 � 380 kHz. Additionally, we include 𝑇max,
𝑇FL and the QWL as determined in Ch. 6. For the former (a,b) the cor-
relation strength is experimentally varied with applying hydrostatic pres-
sure 𝑝, while for the latter (c,d) the system is tuned across the Mott IMT
upon changing the substitution 𝑥. For both compounds, the plots of 𝜎1
resemble corresponding dc-measurements. Upon approaching the IMT, a
strong enhancement of 𝜀1 is clearly seen upon applying pressure as well as
with varying the substitution, evidencing the percolating phase coexistence
concomitant to the first order nature of the Mott transition. We also em-
phasize that the change in sign of 𝜀1 coincides with 𝑇max, which indicates
the Brinkman-Rice line, while an equivalent feature is missing in 𝜎1.
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of 𝜅-CuCN and 𝜅-STF𝑥-CuCN based on contour plots of 𝜎1p𝑝, 𝑇 q and 𝜎1p𝑥, 𝑇 q, respec-
tively, wherein we include 𝑇max, 𝑇FL and the QWL as determined in chapter 6. For both
compounds, our results reproduce corresponding dc-measurements in minute detail [17].
Panels (b,d) show the corresponding plots of the simultaneously determined 𝜀1, wherein
the contract contribution is subtracted as describe in detail in chapter 6.4. The strong en-
hancement of the permittivity in the phase coexistence region is clearly seen upon applying
pressure as well as with varying the substitution. We also emphasize that the change in
sign of 𝜀1 coincides with 𝑇max, which indicates the Brinkman-Rice line, while an equiva-
lent feature is missing in 𝜎1. At the Brinkman-Rice line, so called resilient quasi-particles
[11, 26] form upon cooling or increasing the correlation strength 𝑈{𝑊 which eventually
become the well known Landau quasi-particles in ther Fermi liquid regime at even lower
temperatures. This proofs dielectric spectroscopy as powerful technique combining the
determination of complex conductivity/permittivity with detailed pressure and tempera-
ture tuning which is capable of distinguishing all relevant conduction regimes of correlated
electron systems.

Let us now come back to the LT peak. As can be seen from Fig. 7.9, it appears only for
𝑇   𝑇crit with a sharp contrast between the metallic inclusions and the insulating host.
For these temperatures, the pressure evolution of 𝜀1p𝑝q in 𝜅-CuCN upon approaching the
phase boundary includes the LT-peak and perfectly fits the expectations for a percolating
system (Fig. 8.5). Applying the BEMA model to our results yields the metallic filling
fraction 𝑚 in dependence of pressure and a critical exponent of 𝑞 � 1 upon approaching
the threshold from the insulating side. A closer look on Fig. 8.4 also reveals a slightly
enhanced metallic filling fraction 𝑚 at the LT-peak position. The LT-peak emerges due
to a small metallic filling fraction 𝑚 already on the insulating side of the phase diagram,
corroborating the previous suggestion of metallic quantum fluctuations drawn from optical
spectroscopy studies at ambient pressure [20]. As the phase transition is approach, it grows
and eventually becomes the dominant peak at the percolation threshold, as is documented
in Figs. 6.2 and 6.4.

The energy ΔLT corresponding to the LT peak stays constant up to the IMT, right where
𝜀1p𝑝q is reproduced very well by the BEMA model (Fig. 8.3), the latter is not considering a
capacitive coupling of the metallic inclusions. Hence, we attribute the drop in ΔLT close to
the percolation threshold to an increased coupling between the metallic inclusions. With
values of 𝜏LT decreasing from 10�6 to 10�8 s, the LT relaxation is clearly slower than the
HT peak; it hardens upon increasing 𝑚. The origin of this intriguing behavior has yet
to be clarified, i.e. whether this can be assigned to changes in size and/or shape of the
metallic inclusions. Such a behavior was revealed by ellipsometric studies of VO2 films
[217]. At this point it is worthwhile to mention, that the LT peak is reminiscent of the
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8 Phase coexistence at the Mott insulator-metal transition

dielectric response in the sibling compound 𝜅-CuCl, for which a pressure of 0.4 kbar is
already sufficient to reach the IMT. In particular, the reported dielectric response in 𝜅-Cu-
Cl [133] is less dispersive when compared to its siblings and rather resembles the signature
of the LT peak. Hence 𝜅-CuCl enables investigations of the LT peak and the nature of the
metallic inclusions at ambient pressure via a broad spectrum of experimental techniques,
such as scanning near-field infrared microscopy [77].

What remains puzzling is the unexpected frequency-dependence of 𝜀1p𝑓q in the coex-
istence phase which does not match standard percolation theory. In addition, the high
values of 𝜀1p𝑓q at temperatures above 𝑇crit and for frequencies 𝑓   10 kHz are rather
surprising and might either indicate fluctuations in the onsetting formation of metallic
inclusions [20] or a restrengthening of the contact contribution concomitant to the in-
crease in conductivity upon approaching the phase boundary. We also tested another
approach [36, 37] ascribing the peculiar behavior in 𝜀1p𝑓q to phonon assisted tunneling
of charge carriers between the metallic inclusions. Applying this framework ot our data
yields 𝑑𝑡 � 23 Å as an upper limit for the tunneling between adjacent metallic regions,
which is rather small. Anyway, this poses the question on which length scale metallic
regions are clearly distinguishable from insulating regions, or in other words, how sharp
the phase segregation occurs in spatial dimension. This issue is beyond the scope of this
thesis. We note, however, that the depletion zone can extend up to several hundreds of
nm in semiconductor heterojunctions [218] as well as in Schottky diodes based on organic
p-type semiconductor [219], which is clearly above our estimated tunneling distance and
challenges this scenario.

Finally, we draw attention to recent dynamical mean-field-theory calculations [38] re-
vealing a crossover (non-asymptotic) power law behavior in the spectral function 𝐴p𝜔q and
the self-energy �ImΓp𝜔q extending from low to elevated temperatures. Concomitantly,
consistent scaling of the resistivity is found both above and below 𝑇crit as well. Both are
traced back to the metastable insulating phase in the coexistence region, suggesting local
quantum criticality of the Mott transition below 𝑇crit, which eventually is also responsible
for its well-known counterpart at elevated temperatures. Besides these fundamental find-
ings, this study reveals a peculiar low-frequency behavior of 𝐴p𝜔q in proximity to the Mott
transition. Whether this can be connected to the intriguing dielectric response observed
here has yet to be clarified, but might provide a route to place the various features in
𝜀1p𝑝, 𝑇, 𝑓q on the same footing, such as the pressure evolution of the HT peak and the
anomalous power-law decrease of 𝜀1p𝑓q in the coexistence region.
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9
Summary

The findings of this thesis unveil a percolating phase coexistence at the bandwidth-tuned
Mott insulator-metal transition (IMT) of the organic spin liquid compound 𝜅-(BEDT-
TTF)2Cu2(CN)3 (𝜅-CuCN) [14–16, 27–30] and thereby unequivocally proof the first oder
nature of the genuine Mott transition, which is solely mediated by Coulomb interactions
without breaking any symmetry [18–20]. Moreover, we shed light onto the anomalous
dielectric response (ADR) observed in the insulating phase of many organic charge transfer
salts subject to electronic correlations, which puzzled the community for a decade.

We performed comprehensive dielectric spectroscopy measurements on the organic dimer
Mott insulators 𝜅-CuCN, 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 (𝜅-STF𝑥-CuCN)
and 𝜅-(BEDT-TTF)2Ag2(CN)3 (𝜅-AgCN). In addition to varying temperature and fre-
quency as experimental parameters, we applied hydrostatic pressure to tune 𝜅-CuCN across
the Mott insulator-metal transition (IMT) and to scrutinize the dielectric response in the
entire phase diagram. Additional pressure-dependent measurements of 𝜅-AgCN extend
our investigations further into the insulating state of the organic spin liquid compounds
allowing us to thoroughly inspect the ADR. These investigations are complemented by
measuring a set of 𝜅-STF𝑥-CuCN crystals, wherein varying the substitution level 𝑥 is
used to tune the compound across the Mott IMT.

The first part ot this PhD project was dedicated to establishing a setup for dielectric
spectroscopy measurements in dependence of temperature, pressure and frequency at our
institute. A crucial point in achieving this was to design and manufacture a novel electrical
feedtrough for a clamp type pressure cell. Our feedthrough provides outstanding high-
frequency characteristics, such as low attenuation and high cut-off frequency, and a very
low stray capacitance of 𝐶stray � 40 nF while withstanding pressures up to 10 kbar.
Moreover, it provides the means for in-situ monitoring of the inherent pressure loss upon
cooling, significantly improving the accuracy in analyzing our pressure-dependent results.

After a short overview of the experimental results (see chapter 6), the main findings are
divided into the investigation of the dielectric response in the Mott insulating phase (see
chapter 7) and the study of polarization effects due to the percolating phase coexistence
at the Mott IMT (see chapter 8).
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9 Summary

Dielectric response in the Mott insulating phase

The dielectric response 𝜀1p𝑇 q in the insulating state of the investigated compounds con-
tains two main dielectric contributions, a high-temperature (HT) peak, showing relaxor
ferroelectric characteristics, and a low-temperature (LT) peak. The HT peak corresponds
to the dielectric response of the Mott insulating fraction. In contrast, the LT peak emerges
due to a small metallic filling fraction already on the insulating side of the phase diagram
and is a precursor feature of the phase coexistence enveloping the IMT. Additionally, a high
frequency mode (mode 2) is observed, whose characteristics show strong sample-to-sample
variations.

We identify the HT peak with the ADR previously observed at ambient pressure in var-
ious organic charge transfer salts. The corresponding activation energy ΔHT diminishes
upon intensifying pressure while the relaxation time 𝜏HT in the high-temperature limit
increases. In the framework of domain walls, the former indicates that domains are easier
to move and the latter that their size increases upon approaching the IMT. Despite com-
prehensive considerations, however, the microscopic origin of the domain walls remains
yet unclear while we only can discard quantum electric dipoles or disorder in the anion
network as a possible origin, which were put forward previously in literature [31–34].

The ADR shifts towards lower temperature upon increasing pressure 𝑝 or the substi-
tution 𝑥, showing that it is sensitive to modifying the correlations strength 𝑊 {𝑈 . An
elaborate comparison of our findings with other organic dimer Mott insulators indicates,
that the intriguing ADR is common to organics with correlated electrons. Thereby we also
exclude a purely phononic origin of the ADR. However, we can not rule out a connection
of the ADR to details of the crystal lattice yet, such as the packing motif or a structural
degrees of freedom related to hydrogen atoms.

Phase coexistence at the Mott insulator-metal transition

For both investigated systems, 𝜅-CuCN under increasing pressure 𝑝 and 𝜅-STF𝑥-Cu-
CN with rising the substitution 𝑥, the observed signature of 𝜀1 and 𝜎1 in the low temper-
ature part of the phase diagram agrees very well with the expectations for a percolating
system (see chapter 4.5). Upon approaching the Mott IMT from the insulating side, metal-
lic puddles start to nucleate and grow upon decreasing the interaction strength 𝑈{𝑊 . In
contrast to conventional dc-transport, our measurements of the complex dielectric permit-
tivity are sensitive to polarization effects at the interface between finite metallic clusters
in the insulting host fraction, which lead to the drastic enhancement of 𝜀1 up to 105 for
7.5 kHz. The percolative behavior is strongly suppressed for higher temperatures where
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the first-order Mott insulator-to-metal transition becomes a smooth crossover and the
contrast in conductivity between metallic and insulating fraction diminishes. We there-
fore unequivocally confirm the sharp first-order character of the Mott transition and the
concomitant phase coexistence in the investigated organic spin liquid compounds.

The findings of this thesis are in striking agreement with dynamical mean-field theory
(DMFT) calculations, predicting the Mott IMT to be of first order with concomitant
phase coexistence, and discard a smooth transformation of a spin Fermi surface to a
conventional charge Fermi surface upon crossing the IMT, as recently put forward in
literature. Moreover, we establish pressure-dependent dielectric spectroscopy as a powerful
tool to scrutinize the whole phase diagram of correlated electron systems, revealing relevant
physical regimes. Among them are the presence of phase coexistence or the Brinkman-
Rice line, the latter separating incoherent conduction from bad metal behavior, besides
the easily detectable insulating and metallic regimes.

We apply Bruggeman’s effective medium approximation (BEMA) to determine the
metallic filling fraction 𝑚 and obtain the critical exponent 𝑞 � 1 upon approaching the
threshold from the insulating side. The LT-peak emerges due to a small metallic filling
fraction already on the insulating side of the phase diagram. A drop of ΔLT close to the
IMT indicates an increased coupling between the metallic inclusions. 𝜏LT decreasing from
10�6 to 10�8 s upon increasing 𝑚. The origin of this intriguing behavior has yet to be
clarified, i.e. whether this can be assigned to changes in size and/or shape of the metallic
inclusions. Such a behavior was revealed by ellipsometric studies of VO2 films [217].

In the coexistence phase, we observed an unexpected strong power-law decrease of 𝜀1p𝑓q

with increasing frequency, which does not match standard percolation theory. Testing our
data with theory [36, 37] ascribing the peculiar behavior to phonon assisted tunneling
of charge carriers between the metallic inclusions yields rather unrealistic results. Very
recent DMFT calculations [38] with particular emphasis on low frequencies reveal a pe-
culiar frequency-dependence of the spectral function 𝐴p𝜔q in proximity to the Mott IMT.
Whether this can be connected to the intriguing dielectric response observed here has yet
to be clarified, but might provide a route to place the various features in 𝜀1p𝑝, 𝑇, 𝑓q on the
same footing, such as the pressure evolution of the HT peak and the anomalous power-law
decrease of 𝜀1p𝑓q in the coexistence region.

The main results of our pressure- and temperature-dependent dielectric spectroscopy on
𝜅-CuCN are summarized in Fig. 9.1, where a three-dimensional plot of 𝜀1p𝑝, 𝑇 q is produced
from the data taken at 𝑓 � 380 kHz. The bottom area contains a sketch of the phase
diagram constructed on the projection of the 𝜀1p𝑝, 𝑇 q values with the corresponding color
code; the intense dark red area indicates the enhanced values in the coexistence phase
when spatially separated metallic regions grow in the insulating matrix. The percolative
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Figure 9.1: 3D plot of 𝜀1p𝑝, 𝑇 q probed at 380 kHz and the phase diagram of 𝜅-(BEDT-
-TTF)2Cu2(CN)3. Most importantly, we observe a strong increase of 𝜀1
up to 500, centered around 1.8 kbar and below 20 K, close to the first-
order Mott transition (blue line). We ascribe this to a coexistence phase
hosting spatially separated metallic and insulating regions, as predicted by
theory [25]. For temperatures above 16 K, the first-order insulator-to-metal
transition becomes a gradual crossover which is indicated by the quantum
Widom line [17, 20, 35]. The Mott insulating phase for 𝑝   1.5 kbar reveals
a relaxor ferroelectric response in 𝜀1p𝑇 q wherein 𝑇B (green circles) is the
bifurcation temperature indicating a change in the relaxation mechanism.
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9.1 Outlook

behavior softens as temperature increases: the maximum diminishes and eventually a
gradual crossover remains above 𝑇crit. Additionally, we include the quantum Widom line
reproduced after Ref. [39], the bifurcation temperature 𝑇B marking the change from the
HT to the LT peak and the concomitant change in the relaxation dynamics, and the
Fermi-liquid temperature 𝑇FL.

9.1 Outlook

We provided conclusive experimental proof for the phase coexistence at the genuine Mott
transition in organic spin liquid compound 𝜅-(BEDT-TTF)2Cu2(CN)3, which in the future
has to be considered in the interpretation of non-local probes. Some aspects of the phase
coexistence remain unclear and require more investigations. First of all, the evolution of
size and shape of the metallic inclusions upon approaching the IMT is still open and goes
hand in hand with the question, on what length scale metallic regions can be clearly distin-
guished from insulating regions. Or more precisely, how sharp is the phase segregation in
spatial dimension? Scanning near-field optical microscopy (SNOM) [77–79] as well as el-
lipsometry measurements in dependence of polarization and temperature [217, 220] turned
out to be proper tools to shed light onto these questions. Thus, low-temperature SNOM
and ellipsometry measurements on 𝜅-[(BEDT-STF)𝑥-(BEDT-TTF)1�𝑥]2Cu2(CN)3 for var-
ious substitutions levels would provide the unique opportunity to investigate and monitor
the morphology of the phase segregation in dependence of the correlation length 𝑈{𝑊 .

Besides tuning the 𝑈{𝑊 , BEDT-STF substitution in 𝜅-STF𝑥-CuCN introduces additional
disorder which might give rise to Anderson localization, as indicated by an in-gap con-
tribution in the optical conductivity for 𝑥 � 0.04 and 𝑥 � 0.10. Extending BEDT-STF
substitution to other compounds, for instance 𝜅-(BEDT-TTF)2Ag2(CN)3, is a route to
explore the interplay of electronic correlations and Anderson localization.

Moreover, our comprehensive analysis of the dielectric response observed in the insu-
lating part of the phase diagram suggest electronic correlations as the driving force of the
intriguing ADR with relaxor ferroelectric characteristics. We suggest pressure-dependent
dielectric spectroscopy measurements on 𝜆-type compounds, such as the newly synthesized
𝜆-ET-GaCl4 and 𝜆-STF-GaCl4, to test whether the ADR solely stems from electronic cor-
relations or is also related to details in the crystal structure. To that end, also 𝜆-ET-GaBr4

or 𝜆-ET-FeCl4 should be investigated, the latter also features ferromagnetic ordering of
Fe-atoms in the anion layer. It would be interesting to test, whether the signature of
the ADR changes in this case or if an organic multi-ferroic system could be obtained. A
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9 Summary

connection of the ADR to structural degrees of freedom of the hydrogen atoms in the
BEDT-TTF molecules should be completely ruled out, which is best done by studying
deuterated samples with dielectric spectroscopy and compare the results with their proto-
nated counterparts. Finally, the ADR in organic charge transfer slats should be compared
in detail with the dielectric properties in the Mott insulating state of other material classes,
like transition metal oxides, to check for a common signature and oppose the dielectric
response of single-band to multiple-band correlated electron systems.
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A
Appendix A

A.1 Maxwell’s equations

The interaction of electromagnetic fields with matter on an atomic scale is captured by
the set of Maxwell’s equations1 in vacuum:

∇ �E �
𝜌

𝜀0
, (A.1)

∇ �B � 0, (A.2)

∇�E �
BB
B𝑡

, (A.3)

∇�B � 𝜇0j� 𝜇0𝜀0
BE
B𝑡

(A.4)

with the electric field E and the magnetic flux density B. The charge density 𝜌 and
the current density 𝑗 used in the vacuum version of the MW equations refer to the total
quantities.

In presence of a medium, the propagation of E and B is modified by the charges and
magnetic moments constituting the medium while in return, E and B may induce currents,
electric dipoles, magnetic moments and polarization charges. The number of charged
particles embodying the medium and participating to 𝜌 and 𝑗 is usually huge (𝑁A � 1023),
such that the above set of equations is unmanageable. This is circumvented in the version
of Maxwell’s equation in matter via building the response of the solid into the structure
of the equations:

1Throughout this thesis, we will use the SI unit system.
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∇ �D � 𝜌𝑐𝑜𝑛𝑑, (A.5)

∇ �B � 0, (A.6)

∇�E �
BB
B𝑡

, (A.7)

∇�H �

�
J𝑐𝑜𝑛𝑑 �

BD
B𝑡



(A.8)

The modification of the electromagnetic fields by the solid is taken into account by the
dielectric displacement D and the magnetic field H. The induced entities are divided
into two parts: the first due to the motion of free electrons in the presence of an electric
field, with the charge density 𝜌𝑐𝑜𝑛𝑑 and current density J𝑐𝑜𝑛𝑑; the second due to the
redistribution of bound charges on a microscopic scale, with the bound charge density
𝜌𝑏𝑜𝑢𝑛𝑑 and the bound current density j𝑏𝑜𝑢𝑛𝑑. In case there is no other additional external
charge or current, the total charge density 𝜌𝑡𝑜𝑡𝑎𝑙 and the total current density j𝑡𝑜𝑡𝑎𝑙 in the
medium follow

𝜌𝑡𝑜𝑡𝑎𝑙 � 𝜌𝑐𝑜𝑛𝑑 � 𝜌𝑏𝑜𝑢𝑛𝑑 (A.9)

j𝑡𝑜𝑡𝑎𝑙 � j𝑐𝑜𝑛𝑑 � j𝑏𝑜𝑢𝑛𝑑. (A.10)

The dielectric displacement D and the magnetic field H are defined by

D � 𝜀0E�P (A.11)

H �
1
𝜇0

B�M, (A.12)

and are therefore by definition related to the polarization P and the magnetization M,
which embody the response of the medium to the E and B field. By considering the set
in vacuum (A.1-A.4) and subtracting the set in matter (A.5-A.8), we obtain the relations

∇ �P � �𝜌𝑏𝑜𝑢𝑛𝑑 (A.13)

∇�M�
BpPq
B𝑡

� j𝑏𝑜𝑢𝑛𝑑 (A.14)

which have to be fulfilled in order to keep both sets consistent.

The dependence of PpE, Bq and MpB, Eq on E and B has to be determined in ex-
periment and gives a so called constitutional equation, which defines an experimental
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A.2 "+" or "-" in 𝜀

observable, also called a material parameter. For instance, in case of a linear and isotropic
dielectric material, the constitutional equation

P � 𝜀0𝜒elecE, (A.15)

defines the electric susceptibility 𝜒elec, which is a linear response function. In case of
a non-linear and isotropic dielectric material, for instance, this constitutional equation
would be

𝑃 � 𝜀0
�
𝜒1

elec𝐸 � 𝜒2
elec𝐸

2 � 𝜒3
elec𝐸

3 � ...
�

, (A.16)

containing the coefficients 𝜒𝑛
elec of the 𝑛-th-oder of the Taylor expansion in 𝐸 and wherein

we omitted the fact that in 𝜒𝑛
elec is a tensor and the vector nature of 𝑃 and 𝐸. In presence

of a magnetoelectric effect, additional terms in dependence of an magnetic field would
arise. So while the Maxwell equations describe the propagation of electromagnetic fields
in a medium, the response of the medium to the E and B fields is contained in the
constitutional equations defining experimental observables.

A.2 "+" or "-" in 𝜀

For a linear and isotropic medium, the permittivity 𝜀 is

𝜀 � 𝜀1 � 𝑖𝜀2. (A.17)

Whether a � or a � is used in Eq. A.17 is a matter of choice but has to be consistent with
the definition of the harmonic electric field E � E0 exp	𝑖𝜔𝑡 which goes into the Maxwell
equations.

To show this explicitly, we first have to consider the total current density

jtot � jcond � jD, (A.18)

which is split into a displacement current density jD, arising from a microscopic displace-
ment of bound charge carries in an external E-field, and a conduction current density jcond

embodying the transport of mobile charge carriers in the medium in response to E. The
former is given by

jD �
BD
B𝑡

� 	𝑖𝜔𝜀E, (A.19)
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and the latter, in absence of any magnetoresistive effects and within the limit of linear
response, is given by Ohm’s law

jcond � 𝜎1E, (A.20)

with the conductivity 𝜎1 of the medium.
The time average over one period 𝑇 � 2𝜋{𝜔 of the dissipated energy 𝑊 diss per unit

volume 𝑉 in the medium is given by

𝑊 loss
𝑉

�
1
2𝑅𝑒 rjtot �E�s �

𝐸2
0

2 𝑅𝑒 r𝜎1 �	𝑖𝜔𝜀s �
𝐸2

0
2 𝑅𝑒 r𝜎1 �	𝑖𝜔p𝜀1 � 𝑖𝜀2qs , (A.21)

wherein 𝑅𝑒 takes the real part and E� denotes the complex conjugate of the electric
field. The term scaling with 𝜀1 does not contribute to 𝑊 diss and represents the energy
which is stored in the medium while the term quantified by 𝜎1 is the loss due free charge
carries and the one proportional to 𝜀2 the loss due to bound charge carries, for instance
arising from dipole relaxation. The losses add up as long as the sign in 𝜀 � 𝜀1� 𝑖𝜀2 and in
E � E0 exp	𝑖𝜔𝑡 are set consistently. In both cases 𝜀2 ¡ 0 corresponds to a lossy dielectric
whereas 𝜀2   0 represents an active medium.
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