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Abstract

Unlike normal metals and insulators whose properties are extremely robust and

whose physical behavior is well-studied, systems close to the metal-insulator tran-

sition are more complex, and their properties can be easily tuned by a small change

of control parameters, such as pressure, magnetic field, or temperature. In addi-

tion, due to the interplay of charge, spin, and orbital degrees of freedom, a lot

of exotic states appear on the border of the transitions, for example, supercon-

ducting, charge-ordered, or spin-density-wave states. Tunability, together with

the presence of novel quantum states characterized by new functional properties,

make such systems ideal for technological applications. Thus, understanding the

mechanisms underlying the phase transitions is the central task of current con-

densed matter physics. Organic low-dimensional systems are perfect candidates

to study phase transitions, as they have enormously rich phase diagrams, and can

be easily tuned through different states by applying relatively small pressure, or

by chemical substitution.

In this thesis, we focus on optical and dielectric investigations of charge degrees

of freedom of quasi-two-dimensional organic conductors of the BEDT-TTF family,

in particular on those with the κ- and λ- type arrangements of donor molecules,

where dimerization leads to effectively half-filled bands. The first family of organic

conductors under the study is the series κ-(BEDT-TTF)2Cu[N(CN)2]X with X =

Cl, Br, and I. For these, not only electronic correlations but also the effect of

disorder has to be taken into account. While for Cl- and Br-containing salts the

influence of both parameters was investigated and a universal phase diagram was
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0. Abstract

proposed, the position of κ-(BEDT-TTF)2Cu[N(CN)2]I is still not settled. Here we

have conducted transport, infrared, and dielectric measurements on single crystals

of that compound to clarify its electronic state at low temperatures. The correla-

tion strength was determined as U/W ≈ 2.2; thus, this salt is placed deeper in an

insulating state compared to the two sister compounds. We found that inherent

disorder leads to a Coulomb localized insulating state similar to the moderately

x-ray-irradiated κ-(BEDT-TTF)2Cu[N(CN)2]Cl.

After studying the κ-type salts, we switched to another type of dimerized 2D or-

ganic salts – λ-(D)2GaCl4 (D = BEDT-TTF, BEDT-STF, or BETS). While for λ-

(BEDT-TTF)2GaCl4 the ground state was studied quite well, the low-temperature

properties of the other two members of this family are not completely explained

yet. Thus, we performed comprehensive dielectric and optical studies on insulat-

ing λ-(BEDT-STF)2GaCl4, and optical and transport studies on superconductor

λ-(BETS)2GaCl4. A short summary of our findings is given below.

The dimer Mott insulator λ-(BEDT-STF)2GaCl4 undergoes no magnetic order

down to the lowest temperatures, suggesting the formation of a novel quantum

disordered state. Our frequency and temperature-dependent investigations of the

dielectric response revealed a relaxor-like behavior below T ≈ 100 K for all three

directions, similar to other spin liquid candidates. Optical measurements of the

charge-sensitive vibrational mode ν27(b1u) identified a charge disproportionation

∆ρ ≈ 0.04e on the dimer, which prevails up to room temperature and originates

from inequivalent molecules in the weakly coupled dimers. The linewidth of the

charge sensitive mode is broader than that of typical organic conductors, support-

ing the existence of a disordered electronic state.

Our studies on the superconductor λ-(BETS)2GaCl4 showed that it exhibits
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pronounced charge fluctuations below T ≈ 150 K, in contrast to the sibling com-

pound κ-(BETS)2GaCl4 that remains metallic down to milli-Kelvin. Infrared spec-

troscopy revealed only minor splitting in the vibrational features of the latter com-

pound, common to other strongly dimerized κ-salts. When the organic molecules

are arranged in the λ-pattern, however, a strong vibrational ν27(b1u) mode is

present, that forms a narrow doublet indicating the static charge imbalance of

about 2%. Most important, when cooling λ-(BETS)2GaCl4 below 150 K, two weak

side modes appear due to charge disproportionation that amounts to ∆ρ = 0.14e.

In analogy to the β′′-type organic conductors, we propose that charge fluctuations

play an important role in the emerging of unconventional superconductivity in λ-

(BETS)2GaCl4 at Tc = 4.7 K. We discuss the possibility of a charge-density-wave

that coexists with the proposed spin-density-wave state.
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Zusammenfassung

Im Gegensatz zu normalen Metallen und Isolatoren, deren Eigenschaften extrem

stabil sind und deren physikalisches Verhalten gut erforscht ist, sind Systeme

nahe dem Metall-Isolator-Übergang komplexer, und ihre Eigenschaften können

durch eine kleine Änderung von Kontrollparametern, wie Druck, Magnetfeld oder

Temperatur, leicht manipuliert werden. Darüber hinaus treten aufgrund des

Zusammenspiels von Ladung, Spin und orbitalen Freiheitsgraden viele exotische

Zustände an der Grenze des Übergangs auf, z. B. supraleitende, ladungsgeordnete,

oder Spin-Dichte-Wellen-Zustände. Die Abstimmbarkeit zusammen mit dem

Vorhandensein neuartiger Quantenzustände, die sich durch neue funktionelle

Eigenschaften auszeichnen, macht solche Systeme perfekt für technologische

Anwendungen. Daher ist das Verständnis der den Phasenübergängen zugrunde

liegenden Mechanismen die zentrale Aufgabe der aktuellen Physik der kon-

densierten Materie. Organische niedrigdimensionale Systeme sind perfekte

Kandidaten, um Phasenübergänge zu untersuchen, da sie enorm reichhaltige

Phasendiagramme aufweisen und leicht durch die Anwendung von relativ geringem

Druck oder durch chemische Substitution in verschiedene Zustände gebracht

werden können.

In dieser Arbeit konzentrieren wir uns auf optische und dielektrische Unter-

suchungen der Ladungsfreiheitsgrade von quasi-zweidimensionalen organischen

Leitern, insbesondere von solchen mit κ- und λ-Anordnungen von Donator-

molekülen, bei denen die Dimerisierung zu effektiv halbgefüllten Bändern führt.

Die erste Familie von organischen Leitern, die untersucht wird, ist die Reihe
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0. Zusammenfassung

κ-(BEDT-TTF)2Cu[N(CN)2]X mit X = Cl, Br und I. Für sie sind nicht nur

die elektronischen Korrelationen, sondern auch der Effekt der Unordnung zu

berücksichtigen. Während für Cl- und Br-haltige Salze der Einfluss der beiden

Parameter untersucht und ein universelles Phasendiagramm vorgeschlagen wurde,

ist die Lage von κ-(BEDT-TTF)2Cu[N(CN)2]I noch ungeklärt. Hier haben

wir Transport-, Infrarot- und dielektrische Messungen an Einkristallen dieser

Verbindung durchgeführt, um ihren elektronischen Zustand bei niedrigen Temper-

aturen zu klären. Die Korrelationsstärke wurde wurde mit U/W ≈ 2.2 bestimmt.

Damit befindet sich dieses Salz im Vergleich zu den beiden Schwesterverbindungen

tiefer in einem isolierenden Zustand. Wir haben festgestellt, dass Unordnung zu

einem isolierenden Zustand mit Coulomb-Lokalisierung führt, ähnlich wie bei dem

mäßig mit Röntgenstrahlen bestrahlten κ-(BEDT-TTF)2Cu[N(CN)2]Cl.

Nach der Untersuchung der κ-Salze wechselten wir zu einer anderen Art

von dimerisierten organischen 2D-Salzen - λ-(D)2GaCl4 (D = BEDT-TTF,

BEDT-STF oder BETS). Während für λ-(BEDT-TTF)2GaCl4 der Grundzustand

recht gut untersucht wurde, sind die Tieftemperatureigenschaften der beiden

anderen Mitglieder dieser Familie noch nicht vollständig geklärt. Daher haben

wir umfassende dielektrische und optische Studien am isolierenden λ-(BEDT-

STF)2GaCl4 sowie optische und Transportstudien am Supraleiter λ-(BETS)2GaCl4

durchgeführt. Im Folgenden finden Sie eine kurze Zusammenfassung unserer

Ergebnisse.

Der dimere Mott-Isolator λ-(BEDT-STF)2GaCl4 erfährt bis hinunter zu den

niedrigsten Temperaturen keine magnetische Ordnung, was auf die Bildung

eines neuartigen quantengestörten Zustands hindeutet. Unsere frequenz- und

temperaturabhängigen Untersuchungen des dielektrischen Verhaltens zeigten ein
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Relaxor-ähnliches Verhalten unterhalb von T ≈ 100 K für alle drei Richtungen,

ähnlich wie bei anderen Spinflüssigkeits-Kandidaten. Die optische Messung der

ladungsempfindlichen Schwingungsmode ν27(b1u) ergab eine Disproportionierung

der Ladung ∆ρ ≈ 0.04e auf dem Dimer, die bis zu Raumtemperatur besteht

und von ungleiche Moleküle in den schwach gekoppelten Dimeren ausgeht.

Die Linienbreite der ladungsempfindlichen Mode ist breiter als bei typischen

organischen Leitern, was die Existenz eines ungeordneten elektronischen Zustands

suggeriert.

Unsere Untersuchungen am Supraleiter λ-(BETS)2GaCl4 haben gezeigt, dass er

unterhalb von T ≈ 150 K ausgeprägte Ladungsfluktuationen aufweist, im Gegen-

satz zu seiner Schwesterverbindung κ-(BETS)2GaCl4, die bis zu Milli-Kelvin

metallisch bleibt. Die Infrarotspektroskopie ergab nur eine geringe Aufspaltung

der Schwingungsmoden der letztgenannten Verbindung, wie sie bei anderen stark

dimerisierten κ-Salzen üblich ist. Wenn die organischen Moleküle jedoch im

λ-Muster angeordnet sind, ist eine starke ν27(b1u)-Schwingungsmode vorhanden,

die ein schmales Dublett bildet, das auf ein statisches Ladungsungleichgewicht von

etwa 2% hinweist. Am wichtigsten ist, dass beim Abkühlen von λ-(BETS)2GaCl4

unter 150 K zwei schwache Nebenmoden aufgrund von Ladungsdisproportio-

nierung erscheinen, die ∆ρ = 0.14e beträgt. In Analogie zu den organischen Leitern

vom β′′-Typ schlagen wir vor, dass Ladungsfluktuationen eine wichtige Rolle bei

der Entstehung der unkonventionellen Supraleitung in λ-(BETS)2GaCl4 bei Tc =

4.7 K spielen. Wir diskutieren daher die Möglichkeit einer Ladungs-Dichte-Welle,

die mit dem vorgeschlagenen Spin-Dichte-Wellen-Zustand koexistiert.
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1
Motivation

The metal-insulator transition is one of the most prominent problems in condensed

matter physics. Even though a lot of efforts were devoted to this fundamental prob-

lem, there is still no general agreement on all details behind it. The metal-insulator

transition can be caused by the electronic correlations, disorder, or both of them.

In materials close to a metal-insulator transition physical properties vary drasti-

cally upon crossing the border between metallic and insulating states. Emergence

of novel quantum states on this boundary makes such systems so interesting for

both fundamental science, and technological applications.

Here we would like to pay attention to organic two-dimensional charge-transfer

salts based on BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene) donor molecules

and their derivatives, which are well known for their versatility and enormously

rich phase diagrams. Electronic correlations play an important role in these com-

pounds, and since their properties can be easily tuned by chemical and physical

means, it makes them perfect candidates to study correlations driven Mott metal-

insulator transition.

Despite charge, spin, and lattice degrees of freedom are entangled in or-

ganic conductors, in this thesis we would like to focus on charge dynamics.

In this regard, optical and dielectric spectroscopies showed themselves as the
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1. Motivation

most suitable methods for studying the electrodynamic properties of organic

charge-transfer salts. The systems under investigation are quasi-two-dimensional

D2X salts where donor molecules D can be BEDT-TTF, BEDT-STF, or

BETS (the last two stand for bis(ethylenedithio)diseleniumdithiafulvalene, and

bis(ethylenedithio)tetraselenafulvalen respectively). We restrict ourselves only to

systems where donor molecules are dimerized resulting in effectively half-filled

bands, and these dimers are arranged in κ-, or λ-type patterns.

While a large number of studies were performed to examine the effect of elec-

tronic correlations in (BEDT-TTF)2X salts, not that much attention was paid

to the influence of randomness, which is crucial for the understanding of ground

states of such salts as κ-(BEDT-TTF)2Cu[N(CN)2]I, and λ-(BEDT-STF)2GaCl4.

To cover this issue, it will be useful to perform optical, and dielectric spectroscopies

on these salts.

Another intriguing topic is the unconventional superconductivity observed in

many (BEDT-TTF)2X salts close to the Mott transition. In the case of κ-type sys-

tems pairing mechanism mediated by antiferromagnetic fluctuations was proposed,

in analogy to cuprates. These fluctuations originate from the adjacent antiferro-

magnetic state. The situation is less intuitive in λ-(BETS)2GaCl4 salt, which is

neighboring with a non-magnetic λ-(BEDT-STF)2GaCl4 salt on the generic phase

diagram. Recently detected charge fluctuations in this salt suggest that not only

spin but also charge degree of freedom can contribute to superconductivity. In

order to elucidate charge distribution and its influence on the superconducting

state we perform vibrational spectroscopy on λ-(BETS)2GaCl4 with the focus on

the charge-sensitive ν27(b1u) vibrational mode.
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2
Correlated electron systems

In conventional metals, electrons can move freely, and in the framework of the

band-theory picture their dynamics can be described by motion of a single elec-

tron through the solid, where the effects of other electrons are approximated by

modifying the lattice potential on which it moves. However, when electron-electron

correlations are strong enough, the electron dynamics cannot be considered as sim-

ple net effect of the single-electron contributions; eventually electrons can become

localized resulting in an insulating state, via the so-called Mott metal-insulator

transition (Mott MIT). In such a case, the simple band picture is insufficient to

describe the underlying physics. On the border of the MIT of this type, different

exotic phases can appear, including superconducting, localized insulating, charge-

or spin-density-wave, etc. This makes investigations of the Mott transition one

of the most important topics in modern solid-state physics. In addition to the

electronic correlations, another driving force that can lead to an MIT is disorder

(Anderson localization).

In the following chapter we will first introduce electronic correlations in the

framework of the extended Hubbard model together with a description of the

Mott insulating state and the metallic phase adjacent to it. In addition, quantum

criticality together with the possible phase coexistence near the Mott MIT will be

3



2. Correlated electron systems

Metal-Insulator 
Transition

Electronic Correlations:
Mott Transition

Disorder:
Anderson Localization

Mott-Anderson
Physics

Figure 2.1: In this thesis two mechanisms of electron localization will be discussed,
with the driving forces being either electronic correlations (Mott transition) or
disorder (Anderson localization). The Mott-Anderson physics describes an MIT
when both types of localization are present.

discussed. The second part of the chapter will be devoted to the effect of disorder

on the physical properties of solids without any electronic correlations involved, or

at least they are not crucial and of minor importance. Finally, the situation when

both, electronic correlations and the disorder, are present will be discussed.

2.1 Electronic correlations

In this section we will focus on the MIT caused by electronic correlations where

strong Coulomb interactions lead to electron localization. In particular, we will

emphasize the difference between a simple band insulator and a Mott insulator with

a description of possible ways for tuning Mott-insulating systems through a phase

transition. In addition, an overview of existing models describing metallic and

insulating states in the presence of correlation effects will be given, with particular

attention to the phase-coexisting region in the vicinity of the transition.
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2.1 Electronic correlations

2.1.1 Mott metal-insulator transition

What determines whether a system is a metal or an insulator? To answer this

question we have to recall the band theory of solids [1, 2]. According to it, the

main distinction between metals and insulators is based on the filling of electronic

bands (Fig. 2.2). For metals the Fermi energy EF , which determines the boundary

between occupied and unoccupied states, is located within the band. For such

partially filled bands the charge motion is allowed since it requires occupied and

unoccupied states touching at the Fermi level. In contrast, for insulators EF is

placed within the band gap ∆ between the completely occupied valence band (VB)

and conduction band (CB) 1, and the charge transport requires excitation across

a gap ∆.

Although the band theory was quite successful in many respects, for many

narrow-band materials with partially filled bands, such as transition-metal oxides

[3], the insulating behavior was reported, even though they were supposed to be

metals according to the band filling. These observations launched the long history

of studying the strongly correlated systems with the focus on understanding how

systems with partially-filled bands can be insulators, and in particular how tuning

through a MIT transition by varying some parameters can be achieved.

The theoretical description of such behavior was provided by N. Mott [4], who

suggested that MIT can happen due to strong electron-electron interactions (Mott

transition) which are neglected in the simple band theory. In the pioneering work

of Mott, a lattice model with a single electronic orbital on each site was considered.

1The valence band is the highest completely occupied band, whereas the conduction band is
the non-occupied band lowest in energy. For metals this distinction is meaningless since the
band where the Fermi energy EF is placed is partially occupied.
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Figure 2.2: The schematic density of states (DOS) approximated by a parabola
around the extrema for (a) an insulator, where the Fermi level EF lies between
completely occupied (blue) VB and unoccupied CB with the indicated bandwidth
W and the band gap ∆; and for (b) a metal, where EF is located within the band
allowing charge transport between occupied and unoccupied states.

When there are no electronic correlations, a single band would be formed from the

overlap of the atomic orbitals in the system ; the band becomes full when two

electrons with opposite spins according to the Pauli principle occupy each site.

However, two electrons sitting on the same site feel large Coulomb repulsion (U),

and it can split the band into two, when it exceeds the kinetic energy of the

electrons, which describes the hopping of electrons between different sites. These

two bands are the lower and the upper Hubbard bands. We recall here that the

upper Hubbard band corresponds to adding an electron at a site occupied by

an opposite-spin electron, whereas the lower Hubbard band corresponds to the

situation of sites with absence of an electron. At this point we would like to note,

that in the original formulation of Mott the existence of the insulating state (Mott

insulator) doesn’t depend on whether the system is magnetic or not – spinless
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Figure 2.3: Schematic phase diagram of the Mott MIT based on the Hubbard model
with the control parameters U/W and n. The shaded area corresponds to the Mott
insulating state, where carriers are localized due to strong Coulomb repulsion. The
MIT can be achieved by two routes: FC-MIT (yellow arrow) and BC-MIT (blue
arrow). The figure is adopted from Ref. [5].

fermions are considered in this model.

Bandwidth-control and filling-control of the Mott transition

The Mott transition, which is defined as a transition between a (correlated) metal

and a Mott insulator, is governed by the competition between the optimization of

the kinetic energy and the potential (correlation) energy — that is the wave-like

and particle-like characters of electrons in a solid. The transition can be achieved

in two ways: by filling control (FC-MIT) and by bandwidth control (BC-MIT)

[5]. In this regard, two important control parameters in the Hubbard model,

which describes Mott insulators, are the electron concentration per site (or band

filling) n and the ratio of the electron correlation energy to the bandwidth (or

kinetic energy) U/W (or U/t). By varying the control parameters, the system

7



2. Correlated electron systems

Figure 2.4: Schematic representation of filling controlled Mott MIT (a), (b) and
bandwidth controlled Mott MIT (c), (d). (a) Electron-doping case of filling con-
trol. The increased carrier concentration leads to an increase in the screening of
electron-electron interactions, thus reducing U . Hence, a transition from the in-
sulating to the metallic state occurs. (b) Hole-doping case of filling control. The
hoping to an empty site is possible as there is no on-site Coulomb repulsion U ,
and thus the metallic state sets in. (c) Schematic representation of the intrinsic
Mott insulator with the Fermi energy EF located within the gap between the com-
pletely occupied (blue) lower Hubbard band (LHB) and unoccupied upper Hubburd
band (UHB), where the hopping between the neighboring sights is forbidden, as the
on-site Coulomb repulsion U is greater the electron kinetic energy t. (d) By apply-
ing pressure, we can increase the bandwidth W , which makes possible the hopping
between sites, as t becomes greater than U leading to an insulator-metal transition.
Modified from Ref. [6].
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2.1 Electronic correlations

can be tuned through the Mott transition as shown schematically in Fig. 2.3. A

solid with nondegenerate bands n = 0,2 corresponds to a band insulator, while

for the half-filled case (n = 1) whether the system exhibits metallic (electrons are

delocalized) or Mott insulating (electrons are localized) behavior depends on the

ratio of the Coulomb repulsion U with respect to the kinetic energy t (or W ).

For the FC-MIT and a non-integer filling n, one can change the effective cor-

relation energy U , by adding electrons or removing them (introducing holes). In

such cases, the energy cost for hopping becomes smaller for some electrons, thus

reducing the effective U and leading to a metallic behavior. When we introduce

holes into the system, some of electrons can easily hop to adjacent sites without

overcoming any U , as the neighboring site is empty (Fig 2.4(b)); while by adding

extra electrons into the system we simply increase the screening of the electron-

electron interactions, and hence reduce U (Fig. 2.4(a)). In addition, when the

second electron hops from one site to another, it has to pay U each time, i.e.,

there is no extra U to pay for hopping.

The FC-MIT turned out to be particularly successful in turning semiconductors

metallic and, what is more interesting, in achieving the high-temperature super-

conductivity in the cuprates [7]. In this thesis, however, we will focus on another

way of passing through the Mott transition – the BC-MIT. In such a way the

transition can be induced by tuning the magnitude of the delocalization energy,

i.e. the kinetic energy t, hence the bandwidth W . It can be described by the

following: when U > t, strong on-site Coulomb repulsion prevents electrons from

hopping on the occupied neighboring sites (Fig. 2.4(c)), however, if we reduce the

lattice constant by applying external pressure, we increase W , that leads to a MIT

(t becomes greater than U) at a critical value of Uc (Fig. 2.4(d)). The BC-MIT
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2. Correlated electron systems

according to Mott is a first-order phase transition in contrast to the FC-MIT [4,

5, 8].

Correlated metallic state close to the Mott transition

A great step to describe the approach to the Mott transition from the metal-

lic side was done by Brinkman and Rice in 1970 [9] who predicted an effective

mass enhancement near the transition. Later it was elaborated in the dynamical

mean-field theory (DMFT)[10]. According to the DMFT the effective mass should

continuously diverge when approaching the Mott transition from the metallic side,

m∗

m
∼ (Uc −U)−1. (2.1)

While at low temperatures the metallic state in the presence of electron correla-

tions can be well described by the Fermi-liquid theory (which assumes the adiabatic

continuity of the paramagnetic metallic phase with non-interacting electrons [11]),

the quasiparticles are destroyed above the coherence temperature T ∗ ∼ TF /m∗

by thermal fluctuations. This makes the Fermi-liquid description not valid for

elevated temperatures. The incoherent metallic behavior was observed for many

strongly correlated systems above the Fermi-liquid state. Such ”bad” metal be-

havior prevails up to the so-called Brinkman-Rice temperature TBR, well above

the Ioffe–Regel–Mott limit where metallic transport is supposed to break down

[12], and can be characterized by the linear temperature dependence of resistivity

in contrast to the T 2 dependence expected for a Fermi liquid.

Within the framework of the Brinkman and Rice picture the Mott transition

should be viewed as a quantum critical point at T = 0 with a continuous crossover
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2.1 Electronic correlations

from the metallic to the insulating state at T > 0. On the other hand, the genuine

Mott transition is happening within the paramagnetic phase, i.e. without magnetic

ordering. As it is not related to a spontaneous symmetry breaking associated with

any static order parameter, why then should it be of the second order? In fact,

it doesn’t. The later works [13, 14] suggested that the metal-insulator transition

should generally have a first-order character in agreement with the original idea

of Mott [6]. And the effective mass, even if it doesn’t diverge, should show a

significant enhancement in the close vicinity of the Mott transition.

What is the physical meaning of the large enhancement of the effective mass?

To understand this, let’s take a look at it from a thermodynamical point of view.

For a Fermi liquid at low temperatures the specific heat has a form of C ∼ γT + ...

with the Sommerfeld coefficient γ ∼ m∗. For the strongly correlated limit, where

m∗

m ≫ 1, this behavior holds only below the critical temperature T ∗, which is,

according to the Eq. (2.1), proportional to (m∗)−1. And for T > T ∗, the specific

heat drops to much smaller values, because the quasiparticles are destroyed.

From the general thermodynamical principles, the entropy can be expressed as:

S(T ) = ∫
T

0
dT

C(T )
T

. (2.2)

Now we can estimate the entropy around the coherence temperature T ∗ using

Eq. (2.1), (2.2) and keeping in mind that T ∗ ∼ (m∗)−1:

S(T ∗) ≈ γT ∗ ∼ O(1). (2.3)

This brings us to the following consequences of the effective mass divergence:

near the Mott transition, when m∗ Ð→∞, the coherence temperature T ∗ Ð→ 0+,
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2. Correlated electron systems

resulting in the large residual entropy S(T Ð→ 0+) ∼ O(1), which violates the

Third Law of thermodynamics.

To interpret this, we need firstly to examine the Mott insulating state. Here, the

strong Coulomb repulsion leads to electrons confinement, turning them into the

spin-1/2 localized magnetic moments. If we ignore now the exchange interactions

J between spins, such an insulating state can be viewed as a collection of free

spins, which possess large residual entropy. This is exactly what happens within

the Brinkmann-Rice and DMFT pictures. Despite the previous simplification,

exchange interactions between the localized magnetic moments always exist, and

they generally lead to the lift of the ground state degeneracy, restoring the Third

Law. The temperature scale TJ , below which this happens can be extremely low,

either due to the effects of geometric frustration, or because of additional ring-

exchange processes which lead to competing magnetic interactions.

In addition, we would like to mention, that other mechanisms of effective mass

enhancement have also been considered. For one of them, the effective mass can

diverge when approaching a quantum critical point corresponding to some (spin or

charge) long-range ordered state [15]. As this mechanism is produced by the long

wavelength order-parameter fluctuations, it is thus expected to contribute only a

small amount of entropy per degree of freedom, in contrast to the local moments

formation.

Finally, it is needed to note, that even though a lot of efforts have been devoted

to understanding the Mott MIT, nevertheless, there is still no general agreement

on all the details of how it actually takes place.
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2.1 Electronic correlations

Phase coexistence

Since the Mott transition is supposed to be of the first order below the critical

endpoint T ∗, we expect to have a phase coexistence region near to the finite-

temperature first-order phase transition line separating the Fermi-liquid metal and

the paramagnetic Mott insulator, which do not differ on symmetry grounds. In-

deed, recent theoretical studies [10, 16, 17] together with experiments [18, 19] found

such a metal-insulator coexistence region in a clean Mott system. Experimentally,

it can be seen as an appreciable drop of resistivity [19], or from a divergence of

the dielectric constant [20], when tunning the system through the first-order Mott

transition.

Phase diagram of the genuine Mott transition

Fig. 2.5 presents the generic phase diagram for the maximally frustrated one-

band Hubbard model as obtained by DMFT [16]. Below the critical end point

T ∗, the paramagnetic Mott insulating phase (red region) is separated from the

Fermi-liquid metallic state (blue region) by a phase coexistence region associated

with the first-order nature of the Mott transition. The phase coexistence region is

confined between the two spinodals and terminates at T ∗, above which the gradual

crossover from insulating to correlated metallic state is expected. The quantum

widom line here (short-dashed green line in Fig. 2.5) is similar to the one observed

for supercritical fluids, where the widom line loosely separates regions with more

liquid-like and more gaseous-like characteristics.
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U/W

T*

Figure 2.5: Phase diagram of the half-filled maximally frustrated Hubbard model as
obtained by DMFT. The solid black spinodal lines surround the phase coexistence
region associated with the first-order nature of the Mott transition below T ∗. Above
T ∗ the short-dash green line indicates the quantum widom line. Reproduced from
Ref. [16].

2.1.2 Extended Hubbard model

In many low-dimensional systems (1D and 2D) the effect of electronic correlations

can be well described by the extended Hubbard model:

H = −t ∑
<ij>,σ
(c†

iσcjσ +H.c.) +U∑
i

ni↑ni↓ + V ∑
<ij>

ninj, (2.4)

with c†
iσ and ciσ being the creation and annihilation operators of a particle at site

i with spin σ; ni = c†
iσciσ is a number operator. While the first term represents

the kinetic energy of the system, where the transfer integral t (proportional to the

bandwidth W ) is a measure of the probability of hopping between the nearest-

neighbor sites, the second and the third terms correspond to electrostatic contri-
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2.2 Influence of disorder

butions, with U and V being on-site and inter-site Coulomb repulsion interactions

respectively. In general, we consider U > V .

The main physics depends on the band filling, and in the following we will focus

only on 1/2-filled and 1/4-filled cases. At half filling, we consider only the first

two terms in Eq. (2.4), where an effective on-site Coulomb repulsion U ′ = U − V

instead of U is used. When the bandwidth W is much larger than U (U ≪ t),

electrons tend to be delocalized and metallic behavior prevails. In contrast, when

U significantly exceeds W (U ≫ t) the charge motion is suppressed with one

electron localized at each site. Now, in order to hope between the sites, electrons

have to pay large on-site Coulomb energy arising from the double occupancy of a

site by two electrons having opposite spins according to the Pauli principle.

In 1/4-filled systems the sites are occupied just by half an electron in average. As

there are always empty neighboring sites for electrons to hope, inter-site Coulomb

repulsion V , which can be neglected in the half-filled case, becomes dominant.

When V is large enough (V ≫ t) it triggers a charge ordering with different patterns

depending on the lattice geometry.

2.2 Influence of disorder

In addition to the interaction-driven metal-insulator transition (Mott transition)

another reason can lead to charge carrier localization – the disorder (Anderson

localization).

When the amount of disorder (defects) is relatively small, the kinetic energy of

conducting electrons is much larger than the random potential created by the im-

purities, and thus it can be treated as a small perturbation. In this case the Drude
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2. Correlated electron systems

theory can be applied [1], according to which the conductivity is proportional to

the number of charge carriers n and the scattering time τ :

σ = ne2τ

m
, (2.5)

with e being the electron charge andm the band mass. The inverse of the scattering

time, 1
τ , is called the scattering rate2. There are several scattering channels for

electrons, and the total scattering rate is nothing but just the sum of different

contributions according to Matthiessen’s rule [1]:

1

τ
= 1

τel
+ 1

τee
+ 1

τep
+ ..., (2.6)

where the first term describes the elastic scattering of electrons by impurities,

while the second and third terms correspond to inelastic scattering processes by

electrons, and phonons respectively.

Within the framework of this picture, the temperature dependence of resistivity

has the following form:

ρ = σ−1 ≈ ρ0 + αT + βT 2 + γT 3 + .... (2.7)

Here ρ0 is the residual resistivity which arises from scattering on impurities and

dominates ρ at sufficiently low temperatures. As the temperature is raised, the

number of scattering events increases due to the excitation of phonons, electron-

electron collisions, etc.. The coefficients are typically greater than zero, and num-

2Since the resistivity is nothing but the inverse of conductivity, ρ = σ−1, and the conductivity
is proportional to the scattering time, σ ∝ τ , the resistivity is proportional to the scattering
rate, ρ∝ τ−1
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2.2 Influence of disorder

ber of terms containing T depends on scattering processes. Here we restrict our-

selves only to the first two terms (αT corresponds to electron-phonon scattering,

while βT 2 corresponds to electron-electron scattering).

So far, we were considering only the low degree of disorder. What will happen

when the randomness is sufficiently strong, making the impurity potential com-

parable to or greater than the Fermi energy? The answer was firstly proposed by

Anderson [21], who suggested that in this case electrons can get trapped (localized)

by the impurities. At T = 0 it will lead to a sharp MIT, while at elevated temper-

atures electrons will be able to overcome the binding potential through thermal

activation. In the low-temperature limit, the continuous metal-insulator transition

is typically found with the power-law behavior of the conductivity [22]:

σ(T = 0) ∼ (n − nc)µ, (2.8)

with the conductivity exponent µ describing the critical point.

2.2.1 Anderson localization

As was mentioned before, the mechanism of electrons’ localization in the presence

of strong disorder was discussed in detail in Anderson’s pioneer work in 1958 [21].

Here we would like to note, that in the genuine Anderson transition there are no

electronic correlations.

The main idea of Anderson was the following. For a relatively small disorder,

the usual theory of metals can be applied, where the Bloch waves lose their phase

coherence on the length scale of the mean free path l due to scattering by the

random potential, but the wave function still remains extended over the sample
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(b)(a)

Figure 2.6: Typical view of the wavefunction for (a) extended states, where l is a
mean free path, and (b) localized state with localization length ξ. Reproduced from
Ref. [23]

Fig. 2.6(a). Now, if the disorder is very strong, the wave function may become

localized, falling off exponentially from some point in space over the localization

length ξ (Fig. 2.6(b)).

Anderson’s original arguments demonstrated that sufficiently strong disorder is

able to localize all electronic states within a narrow band. But what will happen

in-between these two limiting cases (weak and strong disorder limits)? The answer

was given by Mott, who proposed the concept of ”mobility edge” and discussed

the relevance of such disorder-driven localization with regard to the transport

properties [24, 25]. As a function of energy, the states must change their character

from being localized to being extended, with the mobility edge Ec separating one

case from another (Fig. 2.7). If the Fermi energy lies within the localized states, the

conductivity at T = 0 and ω = 0 will vanish, giving rise to an insulating behavior;

while if EF is within the extended states, a finite zero-temperature conductivity

will be observed. Thus, the mobility edge is the critical energy for the transition

between the metallic and insulating states.

The absence of the gap at EF makes the Anderson insulator completely distinct

from the Mott insulator, for which the clear gap opening can be observed at a

MIT. This leads to a different mechanism of conduction in the Anderson insulator
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Figure 2.7: The concept of the mobility edge. The mobility edge Ec separates the
localized states from extended states. In now the Fermi energy lies in the region of
the localized states, the system is insulating at T = 0, while if it is in the extended-
states region - metallic. Modified from Ref. [26]

at T = 0, which was called the variable-range hopping by Mott [27].

According to Mott, the temperature dependence of dc conductivity in 3D will

follow the relation

σdc = σ0exp{ − (
T0

T
)1/4}, (2.9)

rather than the simple exp{−E0/kBT} behavior observed for normal insulators,

where electrons have to overcome the energy barriers of the order E0 to move

through the system. When generalized for different dimensions Eq. (2.9) will have

the form:

σdc = σ0exp{ − (
T0

T
)1/1+d}, (2.10)

where d is dimension, and σ0 and T0 are appropriate constants.
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We omitted here the lengthy derivation of Eq. (2.9), as it could be found else-

where [23, 26, 27]. However, it is worth to mention that the main assumption,

which was used to obtain it, is that the transport takes place via phonon-assisted

hopping processes between localized states. The validity of this formula was proven

by many experiments, however Efros and Schlovskii were arguing later that when

the Coulomb interactions between the localized electrons are taken into account,

the exponent in the expression for conductivity should be changed from 1/4 to 1/2

in three dimensions [28].

2.2.2 Mott-Anderson physics

As was discussed before, the simple Mott insulator is characterized by the presence

of a well-defined correlation gap in the single-particle DOS; the gap exists only

when there is no disorder. In contrast, a simple Anderson insulator is gapless

and exists when there are no electronic correlations available and only disorder

is present. However, in real systems there are both, correlations and disorder,

which are characterized by correlation strength U/W and the disorder strength

∆ respectively. This brings us to the Mott-Anderson localization theory [29–31].

The main results of this theory are summarized in the phase diagram displayed in

Fig. 2.8, which is based on DMFT calculations of the disordered Hubbard model at

half filling. Two limiting cases can be distinguished: the Anderson MIT driven by

the disorder for small U/W , and the Mott MIT driven by electronic correlations for

small ∆. Both, Anderson and Mott, insulating states are adjacent to the correlated

disordered metallic state.

While the physics is more or less understood for the two limiting cases, the situ-
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ation is rather complicated for intermediate U/W . For the large degree of disorder,

the ground state is the Anderson insulator, which changes to the Mott insulator at

small ∆, and to a metallic state for intermediate ∆. The coexistence region, typi-

cal for a first-order phase transition (the pink area in Fig. 2.8), significantly alters

upon varying U/W and ∆. For small disorder, the coexistence region looks similar

to that one found for a imple Mott MIT. However, for increasing ∆, the coexis-

tence area is drastically shrinking and shifting to the higher correlation strength

due to the Anderson localization effects, until at the critical ∆ the coexistence is

completely gone indicating the change of transition’s nature from the first to the

second order [32].
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Figure 2.8: Mott-Anderson phase diagram with the presence of both correlations
and disorder,as obtained by DMFT calculations on disordered Hubbard model at
half-filling. The red and blue areas indicate Anderson and Mott insulating states,
respectively. The correlated disordered metallic state is represented by the yellow
area. For the intermediated correlation strength U/W , the coexistence region at
the border of the MIT can be found (marked by pink color) which shrinks and
shifts to the higher values of U/W upon increasing the disorder strength and finally
disappears at high ∆. Reproduced from Ref. [33].
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3
Organic conductors as model

systems to investigate the effects of

electronic correlations and disorder

Organic charge-transfer (CT) salts are perfect model systems to study the effects

of electronic correlations, as they can be approximated by a single (extended) Hub-

bard band model in its purest form. This is because only donor bands contribute

to the electronic transport, while the anion bands are far away from the Fermi

level. In addition, due to their high versatility, they can be easily tuned through

the metal-insulator transition (MIT) by both hydrostatic pressure and chemical

substitution, giving rise to the so-called bandwidth-controlled MIT (see Ch. 2).

In this chapter, we will give a brief overview of the structural and physical aspects

of organic conductors with a special emphasis on the quasi-two-dimensional D2X

salts with different donor D and anion X molecules. A more general description

of organic conductors can be found in a series of books [34–38].
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correlations and disorder

3.1 Organic charge-transfer salts

The organic conductors discussed here belong to the donor-acceptor class,

where the creation of unpaired electrons is realized by combining donor

molecules D, such as TMTSF ((tetramethyl)tetraselenafulvalene), BEDT-TTF

(bis(ethylenedithio)tetrathiafulvalene)1, or their derivatives, with an electron

acceptor X. While the donor is the electron-rich molecule with the low ionization

energy I0, the acceptor X has a quite high electron affinity A. As a result, the

donor molecule can be easily oxidized by the acceptor. The combination of D

and X results in the formation of a CT complex DmXn according to the reaction

scheme [34, 38]:

[Dm] + [Xn]→ [Dm]+δ + [Xn]−δ, (3.1)

with m and n being integers and δ the charge-transfer ratio.

The energy required for such a charge transfer is

∆ECT = I0 −A −C < 0, (3.2)

with C taking into account the Coulomb-, polarization- and exchange-energy con-

tributions.

As the molecules forming the CT salts are densely packed, the orbitals of adja-

cent molecules may overlap. In the case of partially-filled orbitals, this can lead to

delocalization of charge carries throughout the crystal and hence to the metallic

behavior. It is worth to mention at this point that the charge transfer in this case

1It can also be abbreviated as ET
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3.1 Organic charge-transfer salts

is intermolecular, in contrast to conjugated polymers or graphite, where it is more

intramolecular.

Molecular Orbitals and Transfer Integrals

HOMO
D0

LUMO
A0

CT complex

ΔECT

(a)

(b)

Figure 3.1: (a) Sketch of the energy levels involved in the formation of a
charge-transfer complex. (b) HOMOs of the BEDT-TTF and BETS, stands for
bis(ethylenedithio)tetraselenafulvalene or BEDT-TSF, donor molecules obtained by
the extended Hückel tight-binding band calculations.

In contrast to simple metals, where electrons can be viewed as a gas of nearly free

fermions, whose movement is slightly perturbed by the periodic potential of a lat-

tice, for molecular CT salts this approach is not appropriate. Instead of the nearly

free-electron approximation, the tight-binding approach should be used, according

to which the conducting electrons are tightly bonded to atoms or molecules, and

the band structure arises from the overlapping atomic or molecular wave functions.

Thus, it is extremely important to determine the orbitals of individual molecules.
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correlations and disorder

This can be done by the molecular orbital (MO) method. According to it, MOs

are nothing but just a linear combination of σ and π orbitals of atoms, from which

the molecules consist of, with maximum two electrons of antiparallel spins. The

π orbitals extend perpendicular to the bonding plane, while the σ orbitals are

localized within it.

The charge transport in CT salts has mainly π character, since π electrons have

lower bonding energy compared to σ electrons; as a result they tend to delocalize.

The contribution of anions X to the charge transport is typically negligible, as

they have a close-shell configuration. It is convenient and sufficient enough to take

into account only the highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO) of π electrons, with all other contributions,

such as the contributions of σ electrons together with that of nuclei and closed-

shell electrons, being assumed a potential, in which these π electrons move. As was

discussed above, when CT complex is formed according to Eq. (3.2), the energy I0

is required, while the energy A is released. I0 is nothing but the energy, which has

to be paid to remove one electron from HOMO of the donor molecule D, and A is

the energy which corresponds to the filling of LUMO of the acceptor X with one

electron. This can be represented by a simplified diagram depicted in Fig. 3.1(a).

Fig. 3.1(b) represents the calculated HOMOs of donors discussed in this thesis,

where the electron density is mainly settled on S or Se atoms.

The overlap between HOMO and LUMO of the neighbouring donor molecules

gives rise to a transfer integral, which strongly depends on the shape of the donor

molecules and their orientation within the crystal, and can be determined by the

extended Hückel method according the formula:
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3.1 Organic charge-transfer salts

tij =
1

2
K(Ei +Ej)Sij, (3.3)

with Ei being the ionization energy at the i-th site and K a constant usually taken

to be 1.75. Sij and tij are the transfer integral and the inter-molecular overlap

integral of the molecular orbitals, respectively. The overlap between the donor and

anion molecules is typically negligible; thus, it doesn’t contribute to the electronic

transport, which is governed by the transfer integrals between the donor molecules.

Figure 3.2: Overview of organic donor molecules typically used as building blocks
of organic conductors.Reproduced from Ref. [38]
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correlations and disorder

Structural aspects

A large number of organic conductors with different kinds of donor and acceptor

molecules have been synthesized by electrochemical crystalization method [39]

since the beginning of the field in the 1960s. The most studied of them are

organic conductors based on tetrathiafulvalene (TTF) or tetraselenafulvalene

(TSF) derived donor molecules, such as TMTTF ((tetramethyl) tetrathia-

fulvalene), TMTSF, BEDT-TTF, BEDT-STF (bis (ethylenedithio) diseleni-

umdithiafulvalene), BEDT-TSF (bis (ethylenedithio) tetraselenafulvalene, often

abbreviated as BETS), BEDO-TTF (bis (ethylenedioxy) tetrathiafulvalene),

DMET ((dimethylethylenedithio) diselenadithiafulvalene), and MDT-TTF

((methyldithio) tetrathiafulvalene) which are shown in Fig. 3.2. The common

acceptors typically contain chalcogens and halogens to achieve the required elec-

tron negativity. In the majority of DmXn organic conductors the donor-acceptor

molecular ratio m ∶ n is fixed to 2 : 1, i.e., two donor molecules transfer one

electron to the acceptor X.

Despite the huge variety of organic donor molecules, the main attention is paid to

organic conductors with TMTTF or BEDT-TTF donors. The principal difference

between these two families is that for the first one the donor molecules form infinite

stacks with a significant intermolecular overlap along the stacking axis and a much

weaker one between them, giving rise to a qusi-one-dimensional structure, while in

case of the BEDT-TTF-based salts both intermolecular overlaps – along the stacks

and between them – are important, resulting in a quasi-two-dimensional electronic

structure. In Fig. 3.3, crystal structures of one-dimensional and two-dimensional

organic conductors are shown.
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Figure 3.3: Examples of the crystal structure of quasi-one-dimensional
(TMTTF)2X and quasi-two-dimensional (BEDT-TTF)2X salts. In (a) room tem-
perature crystal structure of (TMTTF)2AsF6 is represented, and in (b) the room
temperature crystal structure of κ-(BEDT-TTF)2Ag2(CN)3.

So far we kept the discussion quite general to give a basic introduction, however

for discussing physical properties, actual crystal structure has to be considered.

Since in this thesis the materials under study are (BEDT-TTF)2X salts, we will

focus on them in the following.

3.2 Quasi-two-dimensional (BEDT-TTF)-based salts

As was discussed before, (BEDT-TTF)2X salts have a layered structure, where

BEDT-TTF donor layers are alternating with anion X layers (Fig. 3.3(b)). Due to

the transfer integral overlap between the neighboring donor molecules, the BEDT-

TTF layers are conducting, while the anions have in general closed shells, leading

to an insulating behavior in anion layers.

The orbital overlap between anions and cations is negligibly small, leading to a
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large in-plane/out-of-plane anisotropy and, thus, the whole system can be treated

as a quasi-2D electronic system, which shows highly conducting behavior within

the BEDT-TTF layers with a several orders of magnitude smaller conductivity

in the perpendicular direction. The reduced dimension together with a narrow

bandwidth leads to the enhancement of electronic correlations in these systems.

The electronic bandwidth is determined not only by the distance between adjacent

molecules, but also by their spatial arrangement, which we will discuss in the

following section.

Figure 3.4: Schematic representations of spatial arrangements of donor molecules
in the 2D plane for different packing morifs (phases), where the ellipses and the
gray rectangles represent the donor molecules and the unit cells, respectively. Re-
produced from Ref. [40].

3.2.1 Packing motif

In contrast to (TMTTF)2X salts, which share the same crystal structure, in

(BEDT-TTF)2X compounds due to rather loose inter-stack coupling various

polyamorphic phases (packing motifs) can be formed, which differ by the arrange-

ment of the donor molecules in conducting layers. Different packing motifs are

denoted with a greek letter as a prefix to the salt name. In Fig. 3.4, the most
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3.2 Quasi-two-dimensional (BEDT-TTF)-based salts

common packing motifs are shown. The grey rectangles indicate the unit cell,

whose volume depends on the packing of the donor molecules.

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

In the (BEDT-TTF)2X stoichiometry, the monovalent anion X usually receives

one electron from two donors molecules; thus, each BEDT-TTF molecule bears

the charge +0.5 e resulting in a 3/4-filled band of electrons (1/4-filled band of

holes). This is illustrated in Fig. 3.5 (a), and it is exactly the case for α−, β−,

and θ- phases. When such salts with 3/4-filled bands are subjected to electronic

correlations, a charge-ordered insulating ground state appears due to strong inter-

site Coulomb repulsion V. This ground state is usually non-magnetic. However,

in some cases the BEDT-TTF molecules tend to form dimers due to very large

intermolecular transfer integrals. In this case, the dimers are considered as a lattice

site, instead of a single BEDT-TTF molecule. This leads to a dimerization gap

opening and, as a result, to effectively 1/2-filled bands (Fig. 3.5(b)). Such behavior

is observed in κ- and λ- phases. When electronic correlations are present due to

large on-site Coulomb repulsion, a dimer-Mott insulating ground state is realized.

Depending on the geometry, the ground state can be either an antiferromagnetic

or a quantum-spin-liquid state, when the geometrical frustration is high.

3.2.2 Tuning of electronic correlations

The presence of electronic correlations leads to the Mott MIT in (BEDT-TTF)2X

salts, when correlation strength is strong enough (exceeds the kinetic energy of

conduction electrons). To understand the underlying physics, it would be helpful
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(b)

charge-order insulator,
non-magnetic

dimer Mott insulator,
antiferromagnetic order / 

quantum spin liquid

Electronic correlations

(a)

Figure 3.5: Electronic band structures of the two-dimensional (BEDT-TTF)2X
system with (a) and without (b) the dimerization. The first case in realised in α-,
β-, and θ- phases, while κ- and λ- phases belong to the second case. The presence of
electronic correlations leads to the charge-ordered insulating ground state without a
magnetic order in the 3/4-filled systems, and to the dimer Mott insulating ground
state with an antireffomagnetic order or to a realisation of the quantum-spin-liquid
state in 1/2-filled systems.

to tune the system through a MIT transition. This brings us to the question - how

this can be achieved in (BEDT-TTF)-based organic conductors? As was discussed

in Chapter 2, there are two ways to do so: the bandwidth and the filling control.

Typically the first approach is used in organic conductors, while the band filling

stays unchanged. There are two common ways to tune them through the transition:

by chemical substitution, the so-called chemical pressure, or by applying physical

(in particular hydrostatic) pressure. Both cases will be discussed in the following

with some examples and the generic phase diagrams.
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(a) (b) (c)

Figure 3.6: Schematic phase diagram of κ-(BEDT-TTF)2Cu[N(CN)2]BrxCl1−x.
The on-site Coulomb repulsion with respect to the bandwidth U/W can be
tuned by a gradual replacement of Cl atoms with Br. Reproduced from
Ref. [41]. (b) The two inner sulfur atoms in BEDT-TTF donor molecule
can be substituted by selenium, leading to STF = BEDT-STF, which stands
for bis(ethylenedithio)diselenadithiafulvalene, and (c) dc resistivity of κ-(BEDT-
TTF1−xBEDT-STFx)2Cu2(CN)3 for various substitution values x measured as a
function of temperature normalized to the room-temperature values. At two ex-
treme cases x = 0, and x = 1 the system is a Mott insulator, and a metal respec-
tively. Reproduced from Ref. [42]

Tuning by chemical substitution

So far, we didn’t consider how the choice of anion X affects the physical proper-

ties of (BEDT-TTF)2X salts. Besides the packing motif, the choice of anions also

influence the arrangement of BEDT-TTF donor molecules, as they are linked with

the anions by hydrogen bonds [43]. Thus, the anions replacement can sensitively

vary physical properties of the system. By changing the anion size, the spacing

between donor molecules can be varied, and hence the bandwidth. As an example,

we will review here the κ-(BEDT-TTF)2Cu[N(CN)2]BrxCl1−x series [44–48]. With

replacing Cl by Br, the orbital overlap increases and the effective Coulomb repul-

sion U/W , which is the measure of the correlation strength, decreases, leading to
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a change from the antiferromagnetic dimer Mott insulating state to a metallic and

even superconducting behavior at low temperatures, as depicted in Fig. 3.6(a).

In addition to the anion substitution, there is another chemical approach to the

bandwidth-controlled MIT. This approach involves the modification of BEDT-

TTF donor molecules. By the replacement of two inner sulfur atoms in the

BEDT-TTF donor molecule with selenium, resultin in BEDT-STF (Fig. 3.6(b)),

the increase of the orbital overlap and, as a consequence, of the bandwidth can be

achieved. This approach was successfully applied in a κ-((BEDT-TTF)1−x(BEDT-

STF)x)2Cu2(CN)3 series. While κ-(BEDT-TTF)2Cu2(CN)3 (x = 0) is a Mott in-

sulator, considered as a most prominent realisation of a quantum spin liquid [49],

κ-(BEDT-STF)2Cu2(CN)3 (x = 1)is a good conductor in entire temperature range.

For intermediate substitutions x the behavior gradually changes from insulating

to metallic with an insulator-to-metal transition at x = 0.12 as can be seen from

dc resistivity measurements (Fig. 3.6(c)).

Tuning by hydrostatic pressure

Despite all advantages that tuning by chemical substitution provides in the un-

derstanding of Mott MITs in organic CT salts, a continuous sweeping through the

phase diagram can’t be achieved. In addition, it can also introduce some effects

which influence the genuine Mott transition, such as the quench disorder due to

the asymmetric shape of the BEDT-STF molecules. This issue will become impor-

tant later in λ-(BEDT-STF)2GaCl4. It is possible to overcome these difficulties,

when the transition is achieved by a hydrostatic pressure. Owing to the relative

softness of organic conductors, a rather small hydrostatic pressure of several kbars

is enough to induce drastic changes in the physical properties of these systems. Ex-
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U/W

Figure 3.7: Generic phase diagram of κ-(BEDT-TTF)2Cu[N(CN)2]Cl obtained
from pressure-dependent dc transport measurements. Application of hydrostatic
pressure leads to a decrease of the correlation strength U/W . While κ-(BEDT-
TTF)2Cu[N(CN)2]Cl is a dimer Mott insulator with an antiferromagnetically or-
dered ground state, the pressure of 300 bar induces a insulator-to-metal transition.
The shaded gray area indicates the region, where the metalic and insulating phases
coexist, in agrement with the first-order nature of the Mott transition. Reproduced
from Ref. [19].

tensive studies under pressure have been performed by many groups to construct

the pressure-temperature phase diagrams of organic conductors, with the main

focus on the pressure-dependent dc-transport measurements. In Fig. 3.7 the phase

diagram of κ-(BEDT-TTF)2Cu[N(CN)2]Cl in the vicinity of the Mott transition

obtained from the pressure-dependent dc-transport measurements is shown as an

example [19]. The first-order transition below the critical temperature together

with the coexistence region near the Mott MIT are in agreement with the DMFT
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Figure 3.8: Eclipsed and staggered conformations of the EEG of a BEDT-TTF
molecule. Reproduced from Ref. [50]

calculations.

3.2.3 Disorder

Disorder in ethylene-end groups

Single crystals or (BEDT-TTF)2X salts possess superior quality due to electro-

chemical growth methods. Special growing conditions such as relatively low tem-

perature (300 K or less) and growth rate (months) lead to much lower defect

density compared to, for example, oxides.

One of the possible sources of disorder in pristine BEDT-TTF-based salts is a

conformational disorder in ethylene-end-groups (EEG) of BEDT-TTF molecules.

This can be described by the following. Depending on the relative orientation of

EEG, the BEDT-TTF molecule can be in one of the two possible configurations

- staggered or eclipsed (Fig. 3.8). The comparable stabilities of the eclipsed and

staggered conformations results in disorder, which is present in many BEDT-TTF

salts. Finally, we would like to note, that in the actual crystal structure, the
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intrinsic conformational preferences can be modified by the presence of the nearby

anions, which interact with donor molecules through hydrogen bonds associated

with hydrogen atoms on EEG of BEDT-TTF molecules [50].

Figure 3.9: Influence of externally introduced disorder on the temperature depen-
dence of dc resistivity in (BEDT-TTF)2X salts. For metallic/superconducting
κ-(BEDT-TTF)2Cu(NCS)2 (a) and κ-(BEDT-TTF)2Cu[N(CN)2]Br (b), the in-
crease of disorder leads to an increase of the dc resistivity due to Anderson lo-
calization, while for the Mott isulators κ-(BEDT-TTF)2Cu[N(CN)2]Cl (c) and
κ-(BEDT-TTF)2Cu2(CN)3 (d), the resistivity decreases due to formation of a
Coulomb soft gap state. Reproduced from Ref. [51].

Externally introduced disorder

In addition to the inherent disorder, x-ray irradiation is a common tool to introduce

external disorder in a controlled way. As was shown by Sasaki et al. [51, 52],

when irradiating (BEDT-TTF)2X salts, the defects are mainly introduced in the

anion layers, which contain heavy atoms. For metallic salts, irradiation leads to

increase of resistivity due to the Anderson localization of conducting electrons
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(Fig. 3.9(a),(b)), while for insulating salts, this leads to a decrease of resistivity

(Fig. 3.9(c),(d)). The last was ascribed to a filling of the gap and a realisation of

the Coulomb soft gap state, where there are localized states near the Fermi level

[28, 51, 53, 54], in contrast to simple Mott insulator with a clear-cut gap.
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Experimental techniques

To investigate the temperature- and frequency-dependent charge response of or-

ganic conductors, different techniques were used in this thesis with the main focus

on optical spectroscopy. Our Fourier-transform infrared (FTIR) spectrometers

cover the range from far-infrared to visible. The dielectric-spectroscopy setup

allows us to probe the electrodynamic response in the range from 100 Hz to

10 MHz. For all samples, the spectroscopic measurements were complemented

with temperature-dependent dc transport measurements.

4.1 Optical measurements

A direct way to determine the optical properties of solids is to shine frequency-

tunable monochromatic light on a sample and measure its reflectance or trans-

mittance as a function of photon energy. In this thesis, we restrict ourselves to

reflectance optical spectroscopy. In the following section, the basic principles of

the FTIR spectroscopy and the measurement setups used in this thesis will be

discussed, while the data analysis will be covered in the next section.
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Light source

Detector

Fixed mirror

Moveable mirror

Figure 4.1: Sketch of a Michelson interferometer, which is used in many commer-
cial FTIR spectrometers. The light source and detector can be changed, depending
on the required frequency range. Adapted from ref. [55]

4.1.1 Basic principles of FTIR

FTIR spectroscopy is based on the Michelson interferometer, as shown in Fig. 4.1.

The incoming broad band light from the source is divided into two paths (or rays)

by the beamsplitter. Both rays are reflected from one of the mirrors - the upper

one from the fixed mirror, and the other one from the movable mirror. In this way,

the interference pattern develops at the detector. The interferogram measured by

the instrument is the intensity of the recombined beams as a function of the optical

path difference. By performing a Fourier transformation, the frequency spectrum

of incoming light can be obtained. A detailed mathematical description, together

with the technical implementation used in FTIR spectroscopy, can be found in

refs. [55, 56].

The recombined beam is guided onto a sample, where the measurement can be
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performed. The light coming from the Michelson interferometer has many frequen-

cies, and after reflection from the sample surface we obtain a specific spectrum:

Fsample(ω) = Rsample(ω)F0(ω), (4.1)

where F (ω)1 describes the frequency-dependent intensity, and Rsample is the sam-

ple reflectivity, which we are interested in. By comparing the power spectrum of

the sample with the same of the gold mirror, for which the reflectivity is close to

1, Rsample(ω) can be extracted

R(ω) =
Fsample(ω)
Fmirror(ω)

=
Rsample(ω)
Rmirror(ω)

= Rsample(ω). (4.2)

In order to span a broad frequency range, various light sources, beamsplitters,

detectors, and windows are needed. In Table 4.1, these elements are sorted ac-

cording to the spectral ranges, where they can be used.

4.1.2 Optical response functions and observables

Information presented in the following section is mainly based on Ref. [55, 56].

Therefore, only statements from other sources will be cited specifically.

Optical spectroscopy is a powerful tool to study the electronic properties of

materials. By measuring an observable, for example reflectivity, we can deduct

the fundamental excitation frequencies, the dielectric function ϵ(ω) or the optical

conductivity σ(ω). It is the frequency-dependent complex dielectric function ϵ(ω)

1The wave numbers [ω] = cm−1 are used as the preferred energy unit for optical spectroscopy.
Strictly speaking, we will use the letter ω for any kind of frequency; the units will indi-
cate whether it corresponds to inverse wavelength 1/λ (cm−1 ), frequency ν (Hz) or angular
frequency ω (rad s−1 or just s−1).
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Table 4.1: Combination of the sources, beamsplitters, detectors, and window ma-
terials, appropriate for various frequency ranges of the FTIR spectrometers.

Spectral
range, cm−1

Source Beam
Splitter

Detector Window
material

80-600 Mercury
lamp

Mylar 6µm Si bolometer Polyethylen,
Polypropy-

len
550-8000 Globar Ge on KBr MCT/DTGS KBr, ZnSe,

KRS-5
3500-10000 Tungsten

lamp
Si/CaF2 InSb diode KBr/SiO2

9000-20000 Tungsten
lamp

CaF2 Silicon diode KBr/SiO2

or the complex conductivity σ(ω), which are directly related to the energy band

structure of solids.

For the classical optical spectroscopy the linear response model can be applied,

which assumes that the response of our material to the external field is proportional

to this field. While the dielectric function relates the electric displacement to the

electric field, the optical conductivity simply defines the ratio of an applied electric

field to the induced current.

The above-mentioned response functions can be derived through the Maxwell’s

equations in the presence of a medium. If we assume that the charge density is

zero, they can be expressed as
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∇ ⋅D = 0, (4.3a)

∇ ⋅B = 0, (4.3b)

∇ ×E = −∂B
∂t

, (4.3c)

∇ ×H = ∂D

∂t
+ j, (4.3d)

where E and H are the electric and magnetic field vectors, B is the magnetic

induction vector, D is the electric field displacement vector, and j is the current

density.

The constitutive equations are written as:

D = ϵE, (4.4a)

B = µH , (4.4b)

j = σE, (4.4c)

where µ is the magnetic permeability, ϵ is the dielectric function, and σ is the con-

ductivity of the material. Strictly speaking, these quantities are constant only for

dc or slowly varying fields, while for rapidly varying fields they become frequency

dependent. Later, from the last two quantities, which are defined by equations

(4.4a) and (4.4c), the concept of the complex dielectric function and the complex

optical conductivity will be developed.

From Maxwell’s equations and the constitutive equations, we obtain the wave

equation for the fiels E and H :
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∇
2E = ϵ1µ1

∂2E

∂t2
+ σ1µ1

∂E

∂t
, (4.5a)

∇
2H = ϵ1µ1

∂2H

∂t2
+ σ1µ1

∂H

∂t
. (4.5b)

For optical fields, the solution can be written in a form of a plane wave:

E =E0e
i(K⋅r−ωt), (4.6a)

where K is a complex propagation constant. The real part of it is a wave vector,

while the imaginary part describes the attenuation of the wave inside the solid.

After substitution of the plane wave solution into the wave equation (4.5a) and

solving it for K we get:

K = ω
√

µ1(ϵ1 +
iσ1

ω
); (4.7)

from here we can define the complex dielectric function as:

ϵ̂ = ϵ1 + i
σ1

ω
= ϵ1 + iϵ2, (4.8)

with ϵ1 and ϵ2 representing the real and imaginary parts of it, respectively. Then,

we define the relation between the complex conductivity and the complex dielectric

constant as:

ϵ̂ = ϵ0 +
i

ω
σ̂, (4.9)
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where ϵ0 is the permittivity of vacuum. Now, we can express the complex conduc-

tivity as:

σ̂ = σ1 + iσ2 = iω(ϵ0 − ϵ̂). (4.10)

Now, after we defined the complex ϵ̂ and σ̂, we would like to relate them to an

observable, which we measure in the laboratory, such as the reflectivity. For this

purpose, it is convenient to introduce a complex index of refraction N̂ :

N̂ =
√

µ1

µ0

ϵ̂

ϵ0
, (4.11)

with µ0 being the permeability of vacuum. N̂ also can be written in the form of

its real and imaginary parts:

N̂ = N1 + iN2 (4.12)

N1 and N2 together are called the optical constants of the solids, the first one

is the index of refraction, and the second one is the extinction coefficient, which

vanishes for lossless materials.

With the definition of the complex index of refraction, and taking into account

that µ1

µ0
= 1 for non-magnetic materials, important relations for the real and imag-

inary parts of the dielectric function can be obtained:

ϵ1 = Re{ϵ̂} = ϵ0Re{N̂2} = ϵ0(N2
1 −N2

2 ), (4.13a)

ϵ2 = Im{ϵ̂} = ϵ0Im{N̂2} = 2ϵ0N1N2, (4.13b)
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where all quantities are frequency dependent.

For the normal incident at the interface between the sample and vacuum, the

complex reflection coefficient r̂ is defined as:

r̂ =
√
Reiϕr = 1 − N̂

1 + N̂
= 1 −N1 − iN2

1 +N1 + iN2

, (4.14)

here ϕr is the phase difference between the reflected and the incident wave, and

R = ∣r̂∣2 is defined as reflectivity, which in the experiment is simply the ratio be-

tweenthe intensity reflected from the sample to that one reflected from the perfectly

reflecting mirror.

It is useful to relate the optical constants to the reflectivity R and the phase ϕr:

N1 =
1 −R

1 +R − 2
√
Rcos(ϕr)

, (4.15a)

N2 =
2Rsin(ϕr)

1 +R − 2
√
Rcos(ϕr)

. (4.15b)

Once R and ϕr are found, N̂ can be determined, and later used to get σ1 and σ2,

or ϵ1 and ϵ2, which describe the electronic properties of solids. In this thesis, only

measurements with the normal incident were carried out, allowing us to get just

reflectivity R, which is not sufficient to determine N1 and N2. However, the real

and imaginary parts of the complex reflection coefficient are not independent. Also

the absolut value and the phase of r̂ are connected. They are mutually related via

the Kramers-Kronig dispersion relation due to the causality principle as will be

discussed in detail in Chapter 5. Therefore, it is possible to determine the complex

response functions ϵ̂ and σ̂ by performing the reflectivity measurements only and
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then employing the Kramers-Kronig analysis.

4.1.3 Optical low temperature systems and sample mounting

In this thesis, polarization-dependent reflectivity measurements at normal inci-

dence were performed for all samples in the temperature range 10-300 K. Depend-

ing on the sample size and studied frequency range, two different types of cryostats

were used to investigate the electronic properties of organic conductors.

The main part of the optical measurements was performed utilizing a Bruker

Hyperion infrared microscope attached to a Bruker Vertex 80v Fourier-transform

infrared spectrometer, which can cover a broad frequency range from far-infrared to

visible (200−20000 cm−1). The microscope aperture allows measuring tiny samples

with the minimal size of around 50µm in diameter. To perform the temperature-

dependent measurement, a sample and a reference gold mirror are placed on a

special stage in the Cryovac cold-finger cryostat, which is placed below the mi-

croscope aperture. The stage is designed in such a way that the sample and the

mirror can be aligned to be parallel to each other in the normal incidence geometry

to ensure the same optical path for the sample and reference measurements. The

interior of the cryostat, together with the schematic view of alignment, is depicted

in Fig. 4.2.

Despite all advantages of this setup, when measuring at low frequencies (approx-

imately 20 − 300 cm−1), the reflectivity data become less reliable. This happens

because the sample size is comparable to the wavelength, i.e. diffraction is not

negligible . To overcome this problem and cover the far- infrared spectral range,

a Bruker IFS 113v spectrometer with a gold overcoating technique has to be used
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Figure 4.2: Cold-finger cryostat of Bruker 80. (a) The interior of the cryostat,
where a sample, a mirror, a temperature sensor, and alignment screws are shown.
(b) Sketch of the alignment mechanism of the cryostat. The aperture of the mi-
croscope allows focusing the light on a really tiny spot. While the mirror can be
aligned together with the whole cryostat, the green and blue screws allow aligning
the sample parallel to the mirror inside the cryostat, to ensure the same optical
path for both - the sample and the mirror. By moving the cryostat in plane, we
can shift the measurement spot from the sample (S) to the mirror (M).

[57]. For this technique, the sample is mounted on a copper cone with the light

spot chosen to be bigger than the sample, as shown in Fig. 4.3. In such a way only

light that hits the sample goes to the detector, while other light is reflected away

(Fig. 4.3 (a)). The measurements are performed in two cycles. In the first run, the

reflectivity spectra of the sample and the gold mirror, which is used as a reference,

are collected at all temperatures upon heating from the lowest temperature. After

this, gold is evaporated in-situ on the sample surface at room temperature. For the

second run, we perform the same measurements as in the first one upon cooling,

but instead of measuring the sample itself, we measure the sample with the thin

gold layer (several 100 nm) on the top of it (Fig. 4.3 (b)). Afterwards, the sample

reflectivity is computed as:
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sample

Before gold
evaporation

sample

After gold
evaporation

Figure 4.3: In order to get reliable reflectivity data in far- and far-far infrared
ranges gold evaporation technique was applied. For this technique the sample is
fixed on the copper cone in such a way that only the light which hits the sample
surface can be collected on the detector.The measurements are performed in two
runs: in the first one the reflectivity of the sample is measured (a), and for the
second one - the reflectivity of the sample with the gold evaporated on the top of
it (b). Then the final value is obtained according to Eq. (4.16). We would like to
note, than in order to measure the low frequency range, the sample should be not
smaller than 5 mm in diameter.

R =
Rsample

Rmirror,1st

Rsample+gold
Rmirror,2nd

≈
Rsample

Rsample+gold
, (4.16)

where the indexes 1st and 2nd mean that the measurement of the mirror was done

in the first or second runs, respectively. After all, this technique not only provides

reliable reflectivity values for low frequencies, but also enables us to remove the

influence of the surface imperfections on the measured data, as the sample with

gold acts as a perfect mirror.

49



4. Experimental techniques

4.2 Dielectric spectroscopy

Dielectric spectroscopy (which falls in a subcategory of impedance spectroscopy)

measures the dielectric properties of a medium as a function of frequency and is

based on the interaction of the sample dipole moments with an external electric

field. In this thesis, the electrodynamic response of organic dimer Mott insulators

in audio- and radio-frequency ranges are measured with the help of the auto-

balancing bridge (ac bridge) method, which is described elsewhere [58]. In the

following section, we will discuss basic principles of dielectric spectroscopy, the

used setup, the measuring procedure, and what information we can gain from

such measurements.

4.2.1 The setup

The measurements presented in the thesis were performed using an Agilent A4294

precision impedance analyzer [59], which is based on the auto-balancing bridge

method [58]. The main advantage of this technique is that a wide frequency range

can be covered – in principle from 100 Hz to 110 MHz.

In the case of our low-temperature measurements, we had to guide the signal into

a continuous helium-flow cryostat equipped with a custom-made sample holder

by means of the four RG178 B/U coaxial cables. These coaxial cables pass a

cylindrical sample chamber of the cryostat filled with helium as exchange gas and

terminate in BNC plug connectors which are directly connected to the impedance

analyzer located right next to the sample holder to minimize the required cable

length that was in total 50 cm. All these lead to a significant reduction of the

usable frequency window. The maximum frequency, at which the data can be
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collected with sufficient precision in the entire temperature range, is 10 MHz.

The sample is electrically connected to the sample holder with two-contacts.

The gold wires are attached on both sides of the sample with carbon paste. The

opposite ends of the wires are connected to the sample holder with silver paint.

4.2.2 The measured observables

Besides the complex impedance Ẑ, the response of the sample can also be presented

using the complex admittance Ŷ , which is just a reciprocal to the former one. The

connection between Ẑ and Ŷ can be described by the following relations:

Ẑ = R + iX = 1

Ŷ
= G

G2 +B2
+ i −B

G2 +B2
, (4.17a)

Ŷ = G + iB = 1

Ẑ
= R

R2 +X2
+ i −X

R2 +X2
, (4.17b)

where R and X are the resistance and the reactance of the sample, and G and B

are the conductance and the susceptance, respectively.

In the measured frequency range, the lumped circuit methods are used. In this

methods, the sample can be represented as a parallel circuit of an ideal capac-

itor and an ohmic resistor [58, 60], as shown in Fig. 4.4 . For such a parallel

arrangement, using the admittance is mathematically more expedient.

To describe the electrodynamic response of the system, we have to determine the

complex dielectric constant ϵ̂, and complex conductivity σ̂ from the experimentally

measured admittance, Ŷ = G+iB. Even though these quantities represent the same

information and are interrelated by simple textbook formulae, it is essential to each
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cs, Bs

Rs, Gs

Equivalent circuit 
representation

sample

contacts
A

d

Sample capacitor

(a) (b)

Figure 4.4: (a) Sample capacitor which stands for the sample with contacts attached
to it, where A is the contact area, and d is the sample thickness. (b) Equivalent
circuit representation of the sample as a parallel connected capacitor with capaci-
tance cs (related to measuring quantity Bs), and ohmic resistor with resistance Rs

(corresponds to measured quantity Gs).

of them to describe different processes. Thus, it is more convenient to use the real

part of the conductivity, when we discuss the charge transport in the material,

while the dielectric loss (ϵ2) is more suitable for discussion of relaxation processes.

The real and imaginary parts of complex conductivity can be straightforwardly

determined from the admittance via:

σ1 =
d

A
G, (4.18a)

σ2 =
d

A
B, (4.18b)

where A is the contacts’ area and d is the distance between the contacts as indicated

in Fig. 4.4(a). Similar relations can be obtained for the dielectric function:
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ϵ1 =
d

A

B

ϵ0ω
= d

A

C

ϵ0
, (4.19a)

ϵ2 =
d

A

G −Gdc

ϵ0ω
, (4.19b)

where ω is the angular frequency of the applied ac-field, ϵ0 is the permittivity of

vacuum, and C = B
ω is the capacitance. Gdc here is a contribution of free charge

carriers, which (the contribution) has to be subtracted from ϵ2 in order to analyze

the relaxation mode(s) [61, 62].

4.2.3 Open compensation measurements

To exclude errors originating from the setup and to have a reliable dielectric re-

sponse of the sample, the compensation measurements, such as the open and

short compensation, should be performed. It is important to perform the com-

pensation measurements with the same device and the same settings as for the

sample measurements. In this thesis, all dielectric measurements were performed

in a frequency range 100 Hz-10 MHz and with the applied ac-voltage of 0.5 V,

making sure that we operate in the Ohmic regime.

For this method, it is assumed that the spurious contributions of the setup can

be represented by a simple L/R/C/G circuit, as depicted in Fig. 4.5(a). For the

open compensation measurements, the contacts of the sample holder stay open

(Fig. 4.5(b)), and for the short compensation they are shortened by the means

of a gold wire (Fig. 4.5(c)), the same as used for contacting the sample. In the

first case, we measure just the stray admittance, Y0 = G0 + iωC0, as the residual
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sample

Residual 
impedance (Zs)

Stray 
admittance (Y0)

Spurious contribution
of the setup

(a)

(b) Open compensation (c) Short compensation

Figure 4.5: Spurious contributions of the dielectric setup (a). With the open com-
pensation configuration (b), When the sample holder contacts are open, and the
short compensation configuration (c), when they are shorted by the gold wire. Mod-
ified from Ref. [58].

impedance Zs is negligibly small. In the second one only residual impedance,

Zs = Rs + iωLs, is measured, as Y0 is bypassed [58].

For highly resistive samples, only short compensation measurements are of high

importance, where C0 and G0 should be as small as possible to get reliable results

for the dielectric measurements of the sample and to estimate the frequency limit

of the setup. On the contrary, for a highly conductive sample, it is only the short

compensation measurement that is important. As in this thesis only insulating

samples were measured, we will discuss only the open compensation measurements.

In Fig. 4.6 we plot the frequency dependence of conductance G0 and the calcu-

lated stray capacitance, C0 = B
ω , for different temperatures obtained from an open
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Figure 4.6: Calculated stray capacitance C0 (a) and measured conductance G0 (b)
plotted versus frequency for different temperatures obtained from the open compen-
sation measurement.

compensation measurement. For frequencies below 104 Hz, C0 becomes noisy, as

we are near the limits of an analyzer. For the high frequencies (above 106 Hz),

there is a downturn in G0, which can be ascribed to a reduced phase resolution

of the used impedance analyzer at high frequencies. Thus, the frequency range,

where the dielectric response can be precisely calculated, is restricted to frequen-

cies from 1 kHz to 1MHz. Despite this, we would like to note, that both values,

C0 and G0, are very small and do not depend on temperature.

4.3 dc transport measurements

In addition to optical and dielectric measurements, some crystals were character-

ized by dc transport experiments. In this technique, the sample resistance R can

be obtained from the Ohm’s law utilizing the values of the applied dc current I

and the measured voltage U :
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R = U

I
. (4.20)

The applied current is supposed to be chosen in such a way to stay in the

Ohmic regime2, and kept at the lowest possible value for superconducting samples,

to avoid breaking of the superconducting state. Depending on the property of a

sample, two- or four-probe methods should be chosen to measure resistance, as will

be discussed in the next section. In both cases, samples are electrically connected

to the setup by 20 µm thick gold wires.

Once we know the resistance, the resistivity ρ can be calculated according to

the formula:

ρ = A

l
R, (4.21)

where A is the area of contacts, where current is applied, and l is the distance

between the voltage contacts.

4.3.1 Four- and two-contact methods for dc resistivity

The simplest way to measure the dc resistance of a sample is to apply a constant

current to it through two contacts and to measure the voltage drop between them,

the so-called two-contact method (Fig. 4.7(a)). We used this method only for

insulating samples with high resistance, where additional contributions arising

from the contact resistance and the lead resistance of the circuit are negligible

compared to the sample resistance.

2For each resistance measurement, linearity was checked by applying different currents I1 and
I2 (usually twice smaller than I1) and switching the polarity (−I1 and −I2).
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V

I

V

(a) (b) I

Figure 4.7: (a) The two-contact configuration, where two gold wires are attached
to the sample to apply current and measure voltage. (b) The four-contact method.
Here, two pairs of gold wires are connected to the sample, with the outer set is
being used to apply current, and the inner set to measure voltage.

In contrast, for measuring metallic samples with a relatively small resistance

value, these additional contributions become significant, and to exclude them,

four-contact method should be used (Fig. 4.7 (b)). In this configuration, we are

able to eliminate contacts and leads resistance by using different contact pairs for

the current injection and the voltage drop sensing.

Fig. 4.8 shows photographs of three samples with needle-like and rhombic shapes

and with the contacts. Contacts are placed along certain crystallographic axes,

which were determined from infrared spectra for each crystal. In the first two

cases, the four-contact configuration was used as the samples are metallic, while

for the last insulating one, two contacts were enough. To connect gold wires to the

sample we used the carbon paste, as indicated by the red circle in Fig. 4.8(c). The

area covered with the carbon paste later is used as A in Eq. (4.21) to calculate the

resistivity.

Concluding this Section, it is worth to notice that for organic crystals with ob-

scure shapes, like in Fig. 4.8(b), (c), the evaluation of the absolute value of ρ is not

very precise. Due to this, for analyzing the temperature dependence of resistivity
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(b) (c)(a)

Figure 4.8: (a) and (b) show λ-(BETS)2GaCl4 and κ-(BETS)2GaCl4 , respectively,
in the four-contact configuration. (c) in the two-contact configuration (the same
is used for the dielectric measurements), where the red circle indicates the contact
area. For all crystals, the directions, along which dc resistivity was measured, are
indicated by the blue arrows.

in the next sections we will often use the relative value ρ(T )/ρ(RT ) instead of

simple ρ, where ρ(RT ) is the resistivity value measured at room temperature, and

ρ(T ) is the value measured at a given temperature T.
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Data analysis

After obtaining optical and dielectric data we have to perform data analysis to

extract the valuable quantities, which describe the electrodynamic response of the

systems under investigation. The following section will be devoted to the descrip-

tion of how to process the measured data and to obtain the response functions

from these data, as well as to the analysis of the temperature and frequency de-

pendences of the calculated ϵ̂ and σ̂. The obtained optical and dielectric spectra

will be discussed separately.

5.1 Analysis of optical data

The measured reflectance spectra should be merged and extrapolated properly,

depending on whether a metallic or an insulating behavior is observed before the

Kramers-Kronig (KK) analysis is performed. For interpretation of the data, a

Drude-Lorentz fit on the measured reflectivity and the extracted conductivity is

usually performed. The Mott-Hubbard analysis is used for estimation of electronic

correlations, while from the analysis of the vibrational modes, the information

about the charge distribution can be gained.
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5.1.1 Data merging and extrapolation

As the FTIR spectrometers cannot cover the entire frequency range in one scan,

several measurements in different frequency windows have to be performed on

different setups with different light sources, beam splitters, windows, and detectors

(section 4.1.1). This can cause a slight offset in the raw data obtained in the

neighboring frequency ranges (around 2-3 %). By a multiplicative shifting of the

raw data the merged reflectivity curve was obtained. In the far-infrared the data

are most reliable, as they obtained by the gold-evaporation technique, described

above. Thus, we typically shift the reflectivity curves in the other frequency regions

to get them matching the far-infrared data. Then the gold-mirror correction is

performed on it by multiplying it with the reflectivity curve of the gold [63]. In

Fig. 5.1, an example of the final spectra together with the raw data for different

spectral ranges are shown for metallic and insulating compounds.

The KK analysis, as will be discussed in the next section, implies integration

from ω = 0 to infinity. Thus, we have to extrapolate the data at low and high fre-

quencies. For high frequencies, a characteristic ω−4 decay is used above 40000 cm−1,

with a constant extrapolation in the bridge area (18000 − 40000 cm−1). For low

frequencies, the correct extrapolation depends on the system behavior. For in-

sulators, the reflectivity is extrapolated with a straight line to zero frequency

(Fig. 5.1(b)). In the case of metals, the reflectivity is supposed to go to 1 at zero

frequency according to the Hagen-Rubens formula, R = 1 − αω−2. The coefficient

α here is chosen in such a way that the reflectivity matches the dc conductivity

σdc. Therefore, when we have a value of σdc, the Hagen-Rubens formula can be

modified to R ≈ 1 − ( 2ω
πσdc
)1/2.
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Finally, it is worth to notice, that a slightly different extrapolation doesn’t affect

significantly the behavior in far- and mid-infrared ranges.
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Figure 5.1: The broadband optical reflectivity, obtained from several measurements
covering a different spectral range each. The final spectra (black lines) are obtained
by a multiplicative shifting, as described in the text. (a) The reflectivity of a metal-
lic compound (here, κ-(BETS)2GaCl4 at T = 15 K with the electric field parallel
to the most conducting direction) with the Hagen-Rubens extrapolation used for
the low-frequency limit and the standard ω−4 extrapolation for high frequencies.
(b) Reflectivity spectrum of an insulator (here, κ-(BETD-TTF)2Cu[N(CN)2]I at
T=15K with the electric field along the most conducting direction). While for high
frequencies the ω−4 decay, similar to one described for the metal, is used, for low-
frequencies a constant extrapolation is needed.

5.1.2 Calculating the optical response (Kramers-Kronig

relation)

As was mentioned before, in our optical experiments only reflectivity R, which

enters the real part of the logarithm of the complex reflection coefficient, lnr̂ =

ln
√
R + iϕr, can be measured, with the imaginary part ϕr being unknown. This

difficulty can be overcome by the fact that ln
√
R and the phase shift ϕr are not
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independent, but are linked via the KK relation, which is based on the causality

principle.

We will omit the general and detailed procedures for the derivation of the KK

relation, which can be found elsewhere [55], and in the following just list some

useful formulas that are used in this thesis.

For any complex response function written in terms of its real and imaginary

parts G = G1 + iG2, the KK relations will give the following dependencies between

G1 and G2:

G1(ω) = P
2

π ∫
∞

0

ω ′G2(ω ′)
ω ′2 − ω2

dω ′, (5.1a)

G2(ω) = −P
2ω

π ∫
∞

0

ω ′G1(ω ′)
ω ′2 − ω2

dω ′, (5.1b)

where P is the Cauchy principal value. With these general relations in mind, we

can derive now various expressions for the complex response functions, such as the

dielectric function ϵ̂ = ϵ1 + iϵ2 and the optical conductivity σ̂ = σ1 + iσ2:

ϵ1 − 1 = P
2

π ∫
∞

0

ω ′ϵ2(ω ′)
ω ′2 − ω2

dω ′, (5.2a)

ϵ2 = −P
2ω

π ∫
∞

0

ω ′ϵ1(ω ′)
ω ′2 − ω2

dω ′, (5.2b)

σ1 − 1 = P
2

π ∫
∞

0

ω ′σ2(ω ′)
ω ′2 − ω2

dω ′, (5.2c)

σ2 = −P
2ω

π ∫
∞

0

ω ′σ1(ω ′)
ω ′2 − ω2

dω ′. (5.2d)

Finally, the most important KK relation for our optical investigations, which
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connects the reflectivity R and the phase shift ϕr and thus helps to obtain the

optical response out of the measured reflectivity, is:

ϕr(ω) = −P
ω

π ∫
∞

0

lnR(ω ′)
ω ′2 − ω2

dω ′. (5.3)

Once the phase is calculated from the extrapolated reflectivity, the obtained

complex reflection coefficient can be converted into other response functions.

5.1.3 Fitting optical data

After calculating the optical response, the fitting procedure should be performed

for the measured reflectivity and calculated optical conductivity, where different

theoretical models can be used to describe the electrodynamic response. For the

first interpretation of the data, we exploit the Drude-Lorentz model, where

the Drude peak at zero frequency is due to free charge carriers, and Lorentzians

correspond to localization of electrons and to optical transitions, phonons, and

magnons. While the simple Drude model assumes only non-interacting charged

particles with a specific mass, for systems with strong electron correlations this

approach can fail. In this case, the extended Drude analysis [64] with the

renormalized mass of charge carriers and the frequency-dependent scattering rate

should be used to describe physical properties.

Drude-Lorentz model

The Drude model is a classical model to describe the electrodynamic response

of free electrons in a metal [55, 65–68]. The further development of this model

was done by Arnold Sommerfeld by taking into account the quantum effects of
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Figure 5.2: Frequency-dependent quantities of the Drude model for a fixed plasma
frequency, ωp = 10000 cm−1, and a fixed scattering rate, γ = 100 cm−1. (a) Fre-
quency dependence of the real and imaginary parts of the optical conductivity on a
semi-log scale. The real part (σ1) is almost frequency independent below the scat-
tering rate and reaches the value of the dc conductivity σdc. Below γ σ1 decreases
as ω−2. The imaginary part (σ2) has a maximum at γ and decreases proportion-
ally to ω−1 in both, low- and high-frequency limits. (b) The frequency-dependent
dielectric constant on the semi-logarithmic scale. The plasma frequency can be
determined as a value, where ϵ1 changes its sign from positive to negative. The
imaginary part of the dielectric function ϵ2 is positive everywhere, but changes its
slope at γ. (c) Frequency-dependent reflectivity for a free electron metal. Here, the
drop at the plasma frequency is seen, where the system becomes transparent. The
frequency scale is now linear. In the inset, the low-frequency part is shown with
the square-root frequency dependence of R(ω) following from the Hagen–Rubens
equation, as indicated by the dashed red line. Adopted from Ref. [55].
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electrons (the Drude-Sommerfeld model). However, since the conclusions derived

from both models are quite similar, we will focus here only on the classical Drude

model.

In the framework of the Drude theory electrons are treated as a non-interacting

free electron gas, with electron-electron and electron-phonon interactions being

neglected. Between the collisions with the lattice, electrons move along straight

lines with the average thermal velocity v given only by the local temperature, and

with the velocity direction being arbitrary. The central assumption is the existence

of an average relaxation time τ , which brings the system to an equilibrium.

In the presence of an external electric field E, as a driving force, the equation

of motion can be written as:

m
d2x(t)
dt2

+mγ
dx(t)
dt
= −eE(t), (5.4)

where m is the electron mass, e is the charge of the electron; γ = 1
τ corresponds to

the scattering rate, and E is the external electric field. With an ac electric field in

the form of E(t) =E0e−iωt and after solving the equation of motion, we can derive

the frequency-dependent complex conductivity:

σ̂(ω) = σdc
1

1 + (ω/γ)2
+ iσdc

ω/γ
1 + (ω/γ)2

. (5.5)

Here, σdc = Ne2τ
m represents the dc conductivity, with N being the density of charge

carriers. Together with σ̂(ω), the complex dielectric constant can be derived:

ϵ̂(ω) = 1 −
ω2
p

ω2 + γ2
+ i

γω2
p

ω(ω2 + γ2)
, (5.6)
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where we have defined ωp =
√

4πNe2

m as the plasma frequency.

The integration of the real part of the optical conductivity σ1 from zero to

infinite frequency yields the important sum rule:

∫
∞

0
σ1(ω)dω =

πNe2

2m
=
ω2
p

8
, (5.7)

which indicates that the total spectral weight is finite and conserved.

In Fig. 5.2, σ̂(ω) and ϵ̂(ω) calculated within the frame of the Drude model are

shown, together with the corresponding reflectivity R. As can be seen, in the Drude

model all the various optical parameters are fully characterized by two frequencies:

the plasma frequency ωp and the scattering rate γ.

So far, we were talking only about the free-electron response, which can be well

described by the Drude model. If we now generalize it by introducing a restoring

force, it will bring us to the Lorentz model [55, 66, 69]. It takes into account

localization effects and can be used to describe interband transitions or phonons.

The equation of motion, which is nothing but a simple description of a damped

harmonic oscillator, will have the following form:

m
d2x(t)
dt2

+mγ
dx(t)
dt
+mω2

0x(t) = −eE(t), (5.8)

where the term mω2
0x(t) is a Hooke’s law restoring force. After obtaining the

solution of the Eq. (5.8), the complex dielectric function ϵ̂ and the complex optical

conductivity σ̂ can be derived with the real and imaginary parts following equations

below:
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ϵ1 = 1 + ω2
p

ω2
0 − ω2

(ω2
o − ω2)2 + (γω)2

, (5.9a)

ϵ2 = ω2
p

γω

(ω2
o − ω2)2 + (γω)2

, (5.9b)

σ1 =
ω2
p

4π

γω2

(ω2
0 − ω2)2 + (γω)2

, (5.9c)

σ2 = −
ω2
p

4π

ω(ω2
0 − ω2)

(ω2
0 − ω2)2 + (γω)2

, (5.9d)

(5.9e)

with ω0 is being the resonance frequency. The Drude model can be obtained

directly from the Lorentz model by setting ω0 to zero.

In Fig. 5.3, frequency dependences of the real and imaginary parts of the dielec-

tric function and conductivity with the corresponding reflectivity are shown. ϵ1

and ϵ2 behave rather similar to σ2 and σ1, correspondingly. While σ1 and ϵ2 have

a maximum at ω0, with the width at the half maximum equal to the scattering

rate γ, σ2 and ϵ1 cross the zero line at the resonance frequency ω0. In the reflec-

tivity (Fig. 5.3(c)), four different regimes can be distinguished. The low-frequency

range is characterized by the absence of absorption, while in the range close to

the resonance frequency ω0, electrons are excited, hence absorption is dominant.

It is followed by the range of the high reflectivity for ω0 < ω < ωp. Finally, the

transparent regime sets in above ωp.

Extended Drude formalism

As was mentioned before, for the classical Drude model two parameters – plasma

frequency ωp and scattering rate γ are sufficient to describe the optical constants.
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Figure 5.3: Frequency-dependent quantities of the Lorentz model for a fixed plasma
frequency, ωp = 500 cm−1, scattering rate, γ = 100 cm−1, and the resonance fre-
quency, ω0 = 300 cm−1. Real and imaginary parts of the optical conductivity (a)
and the dielectric function (b), where σ1 and ϵ2 have a maximum at ω0 with the
width at half-maximum γ. (c) The frequency dependence of the reflectivity is cal-
culated according to the Lorentz model, where four regimes can be distinguished.

These parameters can be expressed via the optical conductivity:

γ = 1

τ
= 1

4πω
Re{ 1

σ̂
}, (5.10a)

1

ω2
p

= 1

4πω
Im{ − 1

σ̂
}. (5.10b)

The classical Drude model was derived with the assumption of the free-electron

gas, where electron-electron interactions are neglected. However, in reality elec-

trons interact with each other, and in this case the Fermi-liquid theory should

be used instead of the free-electron gas. In the framework of this theory, when

electron-electron interactions are weak, electrons can be treated as free electrons

with their interactions being put into the renormalized effective mass [64, 70–72].

Thus, the scattering rate and the effective mass become frequency (energy) de-
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pendent. With the mass enhancement factor λ, determined as 1 + λ = m∗/m, the

reduction of the plasma frequency can be expressed as:

ω2
p(ω) =

ω2
p0

1 + λ
= m

m∗
ω2
p0, (5.11)

where m and m∗ are effective mass in the solid without and with the electron-

electron interactions respectively, and ωp0 is the bare plasma frequency of the free

electron gas. Such a decrease in the plasma frequency will obviously lead to the

reduction of the spectral weight of the Drude response.

Mass enhancement of the charge carriers implies slowing down their motion and,

as a result, an increased time between the scattering events. The renormalized

scattering rate will be than given by:

γ(ω) = 1

τ(ω)
= m

m∗
γ0, (5.12)

where γ0 is the scattering rate of the free-electron gas without electron-electron

interactions. Finally, using the equations (5.10), the expressions for the frequency-

dependent effective mass and the scattering rate can be obtained:

m∗

m
=

ω2
p0

4πω
Im{ − 1

σ̂
}, (5.13a)

γ(ω) =
ω2
p0

4π
Re{ 1

σ̂
}. (5.13b)

Combining the influence of the temperature and frequency, the general formula

for the scattering rate according to the Fermi-liquid theory [64] can be given as:
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h̵γ(ω,T ) = γ0 + a(h̵ω/2π)2 + b(kBT )2, (5.14)

where γ0 steams from residual scattering processes resulting in a frequency-

independent background, and a and b are frequency and temperature-independent

parameters.

Vibrational modes

When there is no coupling of vibrational modes to the electronic background

or it is rather small, the vibrational features are symmetric and they can be well

fitted with the Lorentz model described above. However, for organic conductors

vibrational modes are strongly affected by the electronic background and, gener-

ally, acquire an asymmetric shape. Thus, the Lorentz model results in an imprecise

description, and in order to better describe such modes the phenomenological Fano

model has to be used [73]. For the real part of the optical conductivity, the Fano

function gives the following mathematical description:

σ1(ω) = σ0
γω[γω(q2 − 1) + 2q(ω2 − ω2

0)]
(ω2

0 − ω2)2 + (γω)2
, (5.15)

where σ0 is the amplitude of the Fano resonance, and q is a phenomenological

coupling constant in the Fano function. When q = 0 (strong coupling), Eq. (5.15)

gives an antiresonance centered at ω0, while the Lorentzian shape is restored in

the case of q = ±∞ (no coupling).
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5.2 Analysis of dielectric data

Once dielectric measurements are performed, the extrinsic effects, which can affect

the data (such as the influence of wiring, dc contribution, or contribution from

polarization effects at the contacts), have to be taken into account. The first

one can be evaluated from the open compensation measurements (see Ch. 4.2.3),

and easily eliminated. The dc background simply adds a constant offset to the

conductivity of the sample, thus it can also be taken out of measured data quite

easily. In the next section, the contribution due to polarization effects will be

discussed in detail, together with a subsequent analysis of the dielectric data and

the theoretical models used in this thesis.

5.2.1 Electrodes’ contribution subtraction

For the semiconducting samples with the contacts made from amorphous carbon

paste possessing metallic properties, additional spurious contribution can arise due

to the formation of Schottky contacts at the sample-contact interfaces. We will

omit here the lengthy explanation, as it can be found elsewhere (Ref. [74]), and

only mention that when applying a voltage to the sample due to the modified

charge density in the depletion layer created at the sample-contact border, an

addition contribution to the measured capacitance can arise. It can be expressed

by the following equation [20]:

Cdepl ∝ Cexp{ −∆
2kBT

}, (5.16)
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Figure 5.4: Temperature dependence of the dielectric constant of κ-(BEDT-
TTF)2Cu[N(CN)2]I with E ∥ c. (a) Here, the data for intermediate frequencies
are displayed in the entire temperature range. The green line indicates the contact
contribution. (b) Comparison of the dielectric constant before and after subtraction
of contact contributions in the low-temperature range.

where C is just a constant and ∆ is a charge gap. It is worth to mention here that

this contribution becomes dominant at high temperatures, and thus doesn’t affect

significantly the low-T range, where the relaxor-like behavior is observed, as can

be seen in Fig. 5.4.

5.2.2 Dielectric relaxation and frequency-dependent results

The term ”dielectric relaxation” usually stands for reorientational processes in

solids, such as rotation of dipolar molecules, or local charge hopping processes in

multiple-well potentials [61] in the presence of an ac electric field. For both cases,

there is a permanent dipole moment, whose rotation includes the movement of

charge in response to the ac electric field E.

The dielectric relaxation results in a step in ϵ1(ω) and the corresponding peak

in dielectric loss ϵ2(ω), as these two quantities are KK related. Fig. 5.5 represents

72



5.2 Analysis of dielectric data

ε 2

ε i n f

 

Pe
rm

itti
vit

y

F r e q u e n c y  ( H z )

ε s t a t

T 1    <   T 2     <   T 3    <  T 4  

ε 1

 

ε 2

ε 1

 

T e m p e r a t u r e  ( K )

ω 1       <   ω 2         <     ω 3         <    ω 4       

Figure 5.5: Schematic plot of the characteristic temperature and frequency depen-
dences of the permittivity for a dielectric relaxation process, where the solid lines
represent the real part of the permittivity ϵ1 and the dashed lines indicate the imag-
inary part ϵ2.

the frequency and temperature dependences of the complex permittivity. Here,

the drop in ϵ1(ω) with increasing frequency simply implies that the dipoles cannot

follow the ac electric field at high frequencies. At low frequencies, ϵ1 is maximal

and has a quasi-static value ϵstat, while for the high-frequency limit it decreases to

ϵinf , which arises from the ionic and electronic polarizability of the material.

The frequency dependence of the permittivity of a system of independent dipoles

is usually described by the Debye model [75]:

ϵ̂(ω) = ϵinf +
∆ϵ

1 + iωτ0
, (5.17)

where ∆ϵ = ϵstat − ϵinf is a measure of the dielectric strength, and τ0 is the mean

relaxation time. Simply speaking, the dielectric relaxation time is the time scale

of the relaxation of mobile charge carriers in materials.

Although the Debye model is a good approach, experimental results often devi-

ate from it. One of the reasons for this is the collective relaxation of dipoles due
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to their mutual interactions, which is not considered in the simple Debye model.

To take this into account, the generalized Debye model should be used [76]:

ϵ̂(ω) = ϵinf +
∆ϵ

1 + (iωτ0)1−α
, (5.18)

where (1 − α) is the asymmetric broadening due to the dipole interactions. For

α = 0, it gives the simple Debye model.

The temperature-induced shift of the peak in ϵ2(ω) or of the step in ϵ1(ω) reflects

the slowing down of the dipolar motion upon reducing temperature. The mean

relaxation time τ0 can be determined as the frequency of the peak ωp in ϵ2(ω) or

the frequency of the inflection point in ϵ1(ω), and, in the simplest case, it follows

a thermally activated behavior:

τ0(T ) = τAexp{
∆A

kBT
}, (5.19)

where τA is the time scale for the response in the high-temperature limit and ∆A is

the activation energy. In disordered glassy systems, the deviation from Eq. (5.19)

is observed in form of a diverging τ0 upon cooling, which can be well described by

the Vogel–Fulcher–Tammann (VFT) expression [77, 78]:

τ0(T ) = τV FT exp{
∆V FT

T − TV FT

}, (5.20)

where ∆V FT is the activation energy for reorientational motion, TV FT is the tem-

perature, where the mean relaxation time diverges, and τV FT is the time scale for

the response in the high-temperature limit (similar to τA in the thermally activated

Arrhenius model).
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0.5 kHz

1 MHz

(b)(a)

0.5 kHz

Figure 5.6: Temperature dependence of the dielectric constant of BaTiO3 which
belongs to displacive ferroelectrics, measured at 1 kHz (a), and of κ-(BEDT-
TTF)2Cu2(CN)3, which is a relaxor ferroelectric (b). Figures (a) and (b) are
taken from [79] and [80], respectivelly.

5.2.3 Curie-Weiss law and the temperature dependent results

Curie-Weiss law

In displacive ferroelectrics, the temperature dependence of the real part of the

dielectric constant ϵ1(T ) can be well described by the Curie–Weiss law:

ϵ1(T ) =
C

T − TC

, (5.21)

where TC is the Curie-Weiss temperature, which gives an average interaction

strength between the neighboring dipoles, and C is the Curie constant determined

by the number of dipoles per volume and the size of the dipole moment. The Curie

constant can be expressed by the following equation:

C = Np2

V ϵ0kB
, (5.22)
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where p is the average value of the dipole moment and N is the number of the

dipole moments per the unit-cell volume V, with ϵ0 and kB are being, as usual,

the permittivity of vacuum and the Boltzmann constant respectively.

Relaxor ferroelectrics

In contrast to the displacive ferroelectrics, where the real part of the dielectric

constant diverges at the Curie temperature and there is no frequency dependence of

the phase-transition temperature (Fig. 5.6(a)), for relaxor ferroelectrics a smeared-

out diffusive phase transition extends over a relatively-broad temperature range

[81] (Fig 5.6(b)). This behavior is typical for disordered solids, such as glass-

forming liquids or spin-/cluster glasses, and is a fingerprint of the cooperativity.

The best-known relaxor system is the pseudo-cubic perovskite PbMg1/3Nb2/3O3

[82].

For relaxor ferroelectrics, the temperature dependence of the real part of the

dielectric constant for the lowest measured frequencies can be assumed as the

quasi-static, and thus we can exploit the Curie-Weiss law to fit it (the red dashed

line in Fig. 5.6(b)). The Curie constant obtained from this fitting is used for

estimation of the dipole moment p, as will be discussed later in the results.

76



6
Results I: Charge localization in

κ-(BEDT-TTF)2 Cu[N(CN)2]I

In this chapter, we will present the results of transport, optical, and dielectric

studies of κ-(BEDT-TTF)2Cu[N(CN)2]I, which were performed in order to eluci-

date its ground state. In Section 6.1 we will give a brief overview of the material

and results of previous studies together with the motivation for our investigations,

which will be followed by the results and discussion sections, where analysis of the

obtained data will be performed and discussed in the framework of Mott-Anderson

physics. Most of the data and analysis shown in this Chapter have been published

in Ref. [83].

6.1 Background

Among organic conductors, the κ-phase BEDT-TTF (BEDT-TTF denotes bis-

(ethylenedithio)tetrathiafulvalene) compounds are probably the most studied and

have attracted a great attention as a bandwidth-controlled Mott systems with a

variety of exotic ground states on the border of the transition [44, 46, 47, 84,

85]. We would like to focus, in particular, on the family of isostructural salts
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κ-(BEDT-TTF)2Cu[N(CN)2]X (where X = Cl, Br, I). In the following, they will

be abbreviated as κ-Cl, κ-Br, and κ-I, respectively. These materials were discov-

ered in the early 1990s by J.M. Williams and collaborators [86, 87]. When the

halogen atom size increases, the system is expected to go from an insulating to a

metallic state, as it can increase the chemical pressure, resulting in a decrease of

the correlation strength U/W (see Ch. 3.2.2 ). Indeed, the first two salts follow

this dependence: κ-Cl is a dimer Mott insulator that becomes superconducting

by applying a tiny hydrostatic pressure of only 0.3 kbar (Tc = 12.8 K) [86, 88].

When Cl is replaced by the bigger Br atom, the system shows metallic and even

superconducting behavior (Tc ≈ 11 K) already at ambient pressure [89].

If now we increase the halogen atom size even further, as realised in κ-I, we

naively expect that the system will be even deeper in the metallic state. However,

the trend does not continue: κ-I is a paramagnetic insulator at ambient pressure

and becomes superconducting only under p ≈ 1.2 kbar (Tc = 8 K), which is much

higher than in the case of κ-Cl [90–92]. From previous studies, it was concluded

that the insulating behavior in κ-I is due to a superstructure formation in the anion

layer [90]. In addition, inherent disorder, which originates from the disordered

EEG in this salt, can’t be ignored when describing the low-temperature state

[87, 93–95]. Therefore, in order to completely characterise all three κ-(BEDT-

TTF)2Cu[N(CN)2]X salts, not only electronic correlations, but also disorder has

to be considered.

The influence of disorder in other two members of the family, κ-Cl, and κ-

Br, was extensively studied by Sasaki and collaborators withing last several years

[51, 96–98], and it has been demonstrated, that the randomness severely alters

the physical properties. In contrast to κ-I, this disorder is not inherent, but was

78



6.1 Background

X

κ-(BEDT-TTF)2Cu[N(CN)2]X

κ-(BEDT-TTF)2
Cu(NCS)2

X

Figure 6.1: Schematic electronic phase diagram of κ-(BEDT-
TTF)2Cu2[N(CN)2]X, where X =Cl or Br for temperature T, irradiation
time tirr (degree of disorder) and pressure P (correlation strength or bandwidth).
The blue color indicate the metallic state, while red and orange correspond to
the Mott-insulating, and the Anderson-localized insulating states, respectively.
Reproduced fron Ref. [96].

externally introduced by x-ray irradiation in a controlled manner. Obtained results

are summarized in the phase diagram depicted in Fig. 6.1. However, the position

of κ-I on this phase diagram is still unclear.

To fill this gap and to put κ-I in line with the other two members of the κ-

(BEDT-TTF)2Cu[N(CN)2]X family, we performed the comprehensive investiga-

tion of the physical properties of κ-I by transport measurement, infrared and

dielectric spectroscopies, as presented and discussed in this Chapter.
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Figure 6.2: The largest and high quality sigle crystal used in this study on mm
unit paper. The top surface used for in-plane optical measurements is aproxi-
mately 3× 3 mm2, and the thickness is around 0.5 mm. All samples were provided
by J.A. Schlueter from Materials Science Division, Agronne National Laboratory,
U.S.A.

6.2 Results

The measured single crystals of κ-(BEDT-TTF)2Cu[N(CN)2]I were grown at the

Argonne National Laboratory by a standard electrochemical oxidation method

according to the procedure described in Ref. [92]. Fig. 6.2 shows the photo-

graph of the biggest available single crystal used for the optical measurements.

κ-(BEDT-TTF)2Cu[N(CN)2]I has a quasi-two-dimensional structure composed by

alternating BEDT-TTF donor layers, separated along the b-direction by insulat-

ing Cu[N(CN)2]I− sheets, as depicted in Fig. 6.3. The polymeric anionic zig-zag

chains extend along the a-axis. The BEDT-TTF molecules compose dimers that

are tilted with respect to the b-axis, forming alternating layers in a herring bone

fashion. Their inclination in a-direction results in short contacts between the

ethylene end-groups and the anionic chains.

All κ-(BEDT-TTF)2Cu[N(CN)2]X compounds crystalize in Pnma space group
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(a) (b) (c)

a

c

Figure 6.3: Crystal structure of κ-(BEDT-TTF)2Cu[N(CN)2]I. The lines mark
the unit cell. Carbon, sulfur and hydrogen atoms of the BEDT-TTF molecule are
colored in dark gray, yellow, and light gray; the anion chains, iodine, cooper, carbon
and nitrogen are colored in green, red, blue and orange, respectively. (a) The layers
of BEDT-TTF molecules are separated by planes of anions along the b direction.
The alternating tilting direction of the BEDT-TTF dimers in adjacent layers leads
to a doubling of the unit cell. In panels (b) and (c), one cation and one anion
layer are shown, respectively, where ap denotes the projection of the a axis on
the direction perpendicular to b and c axes. The interdimer transfer integrals are
denoted by t and t′, and the intradimer transfer integral by td.

with Z = 4, i.e. four dimers per unit cell. While at room temperature the c-

parameter increases with size of the halogen atom, the unit cell shrinks along the

a-axis; hence the area a × c needed to pack four donor molecules remains nearly

constant for all three compounds [87]. What is the most important here is the

aspect ratio c/a, which reflects the effect of chemical pressure on the κ-(BEDT-

TTF)2Cu[N(CN)2]X salts [99]. Even though the values of c/a are very similar in all

three salts for T = 295 K, the difference becomes significant at low temperatures,

as can be seen from Table 6.1. T. Mori et al. showed [99] that for c/a in the

range from 0.640 to 0.675, the correlation strength is reduced upon increasing the

axes ratio, in accordance with experimental results for κ-Cl and κ-Br-salts. When

the aspect ratio c/a increases further, the system becomes highly correlated again
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because the overlap integrals change significantly. This could be exactly the case

for κ-(BEDT-TTF)2Cu[N(CN)2]I.

Table 6.1: Room-temperature unit-cell data for κ-(BEDT-TTF)2Cu[N(CN)2]X (X
= Cl, Br, I) listed together with the axes ratio c/a for room temperature and for
the lowest T accessible (taken from Ref. [87])

X = Cl Br I

a (Å) 12.977 12.942 12.928
b (Å) 29.979 30.016 30.356
c (Å) 8.480 8.539 8.683

c/a (T = 295 K) 0.654 0.660 0.672
c/a (T = 127 K) 0.652 0.659 0.685

The in-plane dc resistivity along the c-axis was measured by the two-point

method as a function of temperature. Optical spectroscopy was performed in

a broad frequency range at different temperatures utilizing two Fourier-transform

infrared spectrometers. The measurements were done with light polarized along

two in-plane principal optical axes. For covering the high-frequency range (above

600 cm−1), a Bruker Vertex 80v spectrometer with an attached Hyperion IR mi-

croscope was used, while for the low-frequency range (70-700 cm−1) reflectance

measurements were performed with a Bruker IFS113v spectrometer applying an

in-situ freshly evaporated gold overcoating technique. From the reflectivity spec-

tra, the optical conductivity (σ1(ω)) was calculated employing the Kramers-Kronig

analysis with a constant extrapolation for the low-frequency range, and a standard

ω−4 decay for high frequencies. Detailed procedures about the extraction of the

optical conductivity can be seen in the Section 5.1. The temperature dependence

of the complex dielectric function, ϵ̂ = ϵ1 + iϵ2, was measured with the help of

the dielectric setup described in Sec. 4.2 in the frequency range from 100 Hz to
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10 MHz along the c-axis. Using a home-made sample holder enables us to conduct

reliable measurements from 5-10 kHz to 5-10 MHz; the limits here depend on the

sample resistivity.

6.2.1 dc transport
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Figure 6.4: Temperature dependence of the dc resistivity of κ-(BEDT-
TTF)2Cu[N(CN)2]I measured in-plane along the c-direction. (a) The log-lin repre-
sentation visualizes the pronounced insulating behavior at low tempearturs. From
the Arrhenius plot in the inset a thermally activated transport can be identified
between 50 and 100 K, where the resistivity follows the red line corresponding to a
gap ∆ = 160 K. (b) When plotting the resistivity as a function of T −1/3, ρ(T ) can be
fitted by the dashed blue line representing two-dimensional variable-range-hopping.

Fig. 6.4(a) displays the dc resistivity ρ(T ) of κ-(BEDT-TTF)2Cu[N(CN)2]I

recorded along the c-axis as a function of the temperature. The crystal exhibits a

metallic behavior at high T and becomes insulating below approximately 100 K. A

transformation to an insulating state happens in the intermediate range between

230 and 100 K, most likely due to a superstructure formation, which doubles the

unit cell in the c-direction [90]. Interestingly, a similar formation of a c∗/2 superlat-
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tice was observed in κ-Br below 200 K while it has not been reported in κ-Cl [100,

101]. Tanatar et al. suggested that the real gap in κ-(BEDT-TTF)2Cu[N(CN)2]I

starts opening only below 100 K due to short-range ordering with a wave vector

close to c∗/3, where the resistivity starts to follow thermally activated behavior

[90].

The inset of Fig. 6.4 visualizes the resistivity in an Arrhenius plot illustrating

the thermally activated behavior of ρ(T ) between 100 and 50 K; it starts to deviate

from the straight line at low temperatures. Despite the limited range, we can ex-

tract an energy gap ∆ ≈ 160 K that is in accord with previous studies [86, 90, 95].

Below T = 25 K the resistivity is significantly reduced compared to a thermally ac-

tivated behavior. For systems with inherent disorder, electronic transport can take

place via hopping between neighboring sites; in this case the temperature depen-

dence of the resistivity follows the variable-range-hopping (VRH) model which was

introduced in Section 2.2.1 for σdc = 1/ρdc in general form and for different dimen-

sions d (eq. 2.10). Thus, for quasi-2D systems like κ-(BEDT-TTF)2Cu[N(CN)2]X

salts (d = 2) it takes a form

ρdc =
1

σdc

= σ−10 exp{(T0

T
)1/3}. (6.1)

In Fig. 6.4(b) the dc resistivity is plotted logarithmically versus T −1/3, and, in-

deed, it is clearly seen, that the plot is linear at low temperatures (T < 25 K).

This supports the idea of disorder important in κ-I at low temperatures. It is in

accord with previous findings [90, 93]. However, the temperature where the inho-

mogeneous electronic state appears is slightly lower than was reported previously

(40 K). This can be explained by the different quality of crystals.
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Figure 6.5: In-plane optical reflectivity and calculated from it conductivity spectra
of κ-(BEDT-TTF)2Cu[N(CN)2]I recorded between room temperature and T = 15 K.
Where (a) and (b) correspond to E ∥ a polarization (the most conducting axis),
and (c) and (d) - E ∥ c-axis.

6.2.2 Optical spectroscopy

In Fig. 6.5, the reflectivity and the resulting optical conductivity spectra of κ-

(BEDT-TTF)2Cu[N(CN)2]I are plotted for different temperatures; the light is po-

larized along the two in-plane directions, i.e. E ∥ a and E ∥ c. For E ∥ c the

infrared spectra are dominated by the large absorption peaks centered around

2200 cm−1 and 3200 cm−1. In the perpendicular direction, E ∥ a, both transitions

coincide in energy, resulting in a single feature. These bands correspond to intra-
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band transitions between the lower and upper Mott-Hubbard bands and interband

between the dimer bands, respectively, and are typical for the κ-type phase of the

BEDT-TTF salts [46, 47, 102].
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Figure 6.6: In-plane optical conductivity of κ-I in far-infrared spectral range mea-
sured for different temperatures with the polarization (a) E ∥ c and (b) E ∥ a.

In addition to the electronic features, there are strong vibrational signatures in

both mid-infrared and far-infrared ranges. Fig. 6.6 shows the optical conductivity

of κ-I for both in-plane axes recorded in the far-infrared range at different tem-

peratures. The strong vibrational modes at 280, 310, 440 and 460 cm−1 for E ∣∣ c,

and at 275, 309, 409 and 450 cm−1 for E ∣∣ a are assigned to the ν36(b1u), ν11(ag),

ν10(ag) and ν9(ag) intra-molecular vibrations of BEDT-TTF [67, 103–105].

In the mid-infrared spectral range, for both polarizations the most dominant

features are the totally-symmetric ν3(ag) vibrations of the C=C double bonds ac-

tivated via emv coupling (Fig. 6.7). It appears as a broad resonance between 1250

and 1350 cm−1 for E ∣∣ c, and between 1100 and 1250 cm−1 for E ∥ a. Vibra-
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Figure 6.7: Mid-infrared spectra of κ-I along (a) the E ∥ c and (b) the E ∥ a
polarization for different temperatures.

tions of the ethylene endgroups result in four ν5(ag) peaks observed at the lower

edge of the main resonance for E ∥ a, and antiresonant dips in the E ∥ c spectra

[103, 105]. Here the ν3 mode is shifted to lower frequency compare to κ-(BEDT-

TTF)2Cu[N(CN)2]Br in agreement with higher correlation strength in the former

one [106]. In addition, the other strong modes in Fig. 6.7 were assigned to ν49(b2u),

ν6(ag), and vibrations related to the dicyanamide group of the anion molecules [51,

96, 107].

6.2.3 Dielectric spectroscopy

The temperature dependence of the dielectric constant is plotted in Fig. 6.8(a)

for various frequencies as indicated. A relaxor-like anomaly is observed below,

approximately, 40 K with the maximum around 10 K in the static limit; the
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peak in ϵ1(T ) shifts to higher temperatures as the frequency increases. The ac

conductivity, σ1 = ωϵ2/4π, also exhibits a frequency dependence that becomes

significant below 20 to 25 K, as displayed in Fig. 6.8(b). This relaxational behavior

is widely observed in disordered systems such as glass-forming liquids, spin-/cluster

glasses, and relaxor ferroelectrics.
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Figure 6.8: Temperature dependence of (a) the real part of dielectric con-
stant ϵ1(ω)/ϵ0 and (b) the real part of the ac conductivity σ1(ω) of κ-(BEDT-
TTF)2Cu[N(CN)2]I for E ∥ c-axis measured at different frequencies ω as indicated.
In the insert, the frequency dependence of the low-temperature conductivity σ1(ω)
is shown, where the red line corresponds to a variable-range-hopping fit with the
critical exponent s = 0.8 and the offset is equal to the dc contribution σdc.

In electronic conductors, sufficient disorder can prevent coherent metallic trans-

port and localize charge carriers; nevertheless charge transport can takes place via

hopping between discrete sites. Mott’s VRH model gives a theoretical treatment

of hopping transport; in Sec. 6.2.1 it was already successfully applied to describe

the temperature-dependent dc conductivity. For the frequency-dependence of the

real part of the complex σ̂(ω), hopping conduction results in a power law with an
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exponent s < 1, according to [108, 109]:

σ1 = σdc + σ0ω
s , (6.2)

where σdc denotes the dc conductivity, σ0 is a prefactor, and ω is the applied

frequency in Hz. From the VRH model s ≈ 0.8 is expected [110–112]. Indeed, as it

can be seen from the inset of Fig. 6.8(b), σ1(ω) can be well described by Eq. 6.2

with s ≈ 0.8 for frequencies below 1 MHz; the deviation at high frequencies may

be caused by a weak dependence of s on frequency. It is interesting to compare

these finding with the quantum spin liquid candidates κ-(BEDT-TTF)2Cu2(CN)3

and κ-(BEDT-TTF)2Ag2(CN)3, where exponents s ≈ 0.8−1.2 were reported at low

temperatures [113, 114].

6.3 Discussion

6.3.1 Electronic correlations

For the family of κ-(BEDT-TTF)2Cu[N(CN)2]X (X = Cl, Br, I) both, electronic

correlations and disorder are extremely important for understanding the electronic

properties; the former one can lead to the Mott metal-insulator transition, the

latter one may result in Anderson localization. Sasaki et al. previously showed

[51, 97] that increasing disorder by successive x-ray irradiation does not affect

the fundamental electronic parameters such as on-site Coulomb repulsion U and

bandwidth W . Since the correlation strength U/W remains basically unaffected,

for all three compounds it can be determined from pristine crystals.

A fit of the optical conductivity by the Drude-Lorentz model has previously
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Figure 6.9: (a) Frequency dependence of the optical conductivity of three κ-
(BEDT-TTF)2Cu[N(CN)2]X salts (X=I, Cl, Br) at the lowest accessible tem-
peratures shown on one graph for comparison. (b) Spectrum of κ-(BEDT-
TTF)2Cu[N(CN)2]I at T = 15 K and with E ∥ c. (c) Spectrum of κ-(BEDT-
TTF)2Cu[N(CN)2]Cl at T = 15 K and with E ∥ c, the data are taken from Ref.
[115]. (d) Spectrum of κ-(BEDT-TTF)2Cu[N(CN)2]Br at T = 20 K and with
E ∥ (a,c)-plane. All spectra were fitted according to the Drude-Lorentz model with
indication of different contributions. The red lines correspond to the sum.

[55, 67] been established as a reliable method to determine U/W . Following this

approach we can separate the contributions of conduction electrons, interband

transitions, and vibrational features. For comparison, the low-temperature optical

conductivity of all three salts are displayed in Fig. 6.9(a). All data were recorded

within the highly conducting (a,c) plane, for κ-I and κ-Cl the polarization E ∥ c

is specified. While the Br-compound is a metal with a prominent Drude-like

contribution, κ-Cl is insulating with the Mott gap below approximately 1000 cm−1.

κ-I is an insulator, too, but some pronounced in-gap absorption is present for

frequencies below 1000 cm−1. For the title compound, inherent disorder leads to
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a localized insulating state. In general, Mott insulators exhibit a clear cut gap

with no density of states at the Fermi level; however, here, a finite density of

states extends close to EF [51]. We should recall that the compound is a clear-cut

insulator as far as the dc conductivity is concerned, displayed in Fig. 6.4.

On the first glance, a similar observation was reported for κ-(BEDT-

TTF)2Cu2(CN)3 [116–118], where a rising in-gap absorption upon cooling could

finally be explained by entering the phase-coexistence regime linked to the

first-order nature of the Mott transition. The enhanced conductivity corresponds

to an enormous peak in the dielectric permittivity due to the percolative nature

of the metal-insulator transition [20, 119]. A closer look, however, reveals distinct

differences in the spectral and temperature behavior observed in κ-I. Hence, we

conclude fundamentally different reasons for the appearance of excess absorption

in these Mott insulators.

An enhancement of the conductivity was also reported for κ-Cl after x-ray ir-

radiation [97]. To clarify this point, we compare the low-temperature optical

conductivity of the three sibling compounds in Fig. 6.9(a). The panels (b)-(d)

display the optical conductivity (σ1(ω)) for κ-I at T = 15 K, κ-Cl at T = 15 K,

and κ-Br at T = 20 K with separate contributions and the overall fits according

to the Drude-Lorenz model. For all three compounds, two Lorentzians and a cou-

ple Fano modes (not shown in the plots) are needed to obtain a satisfactory fit

in the mid-infrared spectral range. These contributions correspond to intraband

transitions, i.e. the transitions within the conduction band split into the lower and

upper Hubbard bands (LHubbard); and interband transitions between the dimer

bands (intradimer charge transfer, Ldimer) [102]. Fano contributions describe the

vibrational modes, which are activated due to emv coupling [46, 67]. In addition,
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Table 6.2: Electronic parameter of the Hubbard model extracted from fits of the
low-temperature optical conductivity spectra in Fig. 6.9. The mid-infrared peak cor-
responds to the Coulomb repulsion U . The electronic bandwidth W is determined
by half of the full width of the absorption band. From these experimental values we
calculate the correlation strength U/W of κ-(BEDT-TTF)2Cu[N(CN)2]X.

X = Cl Br I
U (meV) 289 264 294
W (meV) 161 152 132
U/W 1.78 1.40 2.20

a Drude peak was added in the case of κ-Br to account for the contribution of

the conduction electrons, and one extra Lorentzian term for κ-I (Lin-gap), which is

ascribed to the realization of localized insulating state with a partially filled gap

[97].

Most important, from the peak position of LHubbard we can extract the Coulomb

repulsion, while the half-width corresponds to the bandwidth. The values for ef-

fective correlation strength U/W obtained from our fits of the optical data σ1(ω)

[115] are listed in Tab. 7.2. For κ-Cl and κ-Br the values extracted from the fits

of our spectra are higher than those obtained from ab-initio density functional

theory (DFT) and extended Hückel calculations [120]. We explain this by the

sizable renormalization of the bandwidth due to electronic correlations; in general

the experimentally obtained values are larger than the ones calculated by DFT.

The decrease of the correlation strength U/W when going from κ-Cl to κ-Br corre-

sponds to the common picture of a Mott insulator, on the one hand, and a Fermi

liquid, on the other hand, that becomes even superconducting at low tempera-

tures [47, 85, 118]; applying a small amount of pressure enhances the bandwidth

sufficiently to cross the insulator-metal transition. This picture is confirmed by
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the calculations, too. Along these lines, for κ-I one expects metallic behavior, too,

because the size of the anion is bigger. However, the correlation strength obtained

from the optical spectrum is significantly higher. Hence, we have to place the com-

pound deep into the insulating side of the phase diagram, even beyond the Cl-salt.

Our findings are in accordance with larger dc resistivity and previous studies [90,

93].

6.3.2 Disorder

The electronic properties of these molecular conductors are not solely determined

by correlation strength; also disorder has an important influence. In a series of

papers, Sasaki and collaborators showed that x-ray irradiation of κ-Cl and κ-

Br mainly affects the heavy Cu atoms introducing disorder in the anion layers

[51, 96, 121]. This can be monitored by infrared studies because the vibration

modes related to the dicyanamide groups coordinated by the Cu atoms decrease

in intensity upon irradiation. The defects created in the anions’ layers cause a

random potential modulation that also affects BEDT-TTF layers.

In the present case of κ-(BEDT-TTF)2Cu[N(CN)2]I, the crystals are of high-

est quality, pristine and not irradiated; hence, the source of disorder is distinc-

tively different. Let us consider the interactions between the anion chains and

the BEDT-TTF dimers. It is well know that the terminal ethylene groups are

disordered between eclipsed (tilted in the same direction) and staggered confor-

mations (tilted in opposite directions) at room temperature in all three salts, κ-Cl,

Br, and I. Importantly, however, is the different behavior observed upon cooling.

Pouget et al. pointed out [122] that it strongly depends on the donor⋯donor and
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donor⋯anion interactions whether the BEDT-TTF molecules adopt eclipsed or

staggered conformations. When looking at the first two salts – κ-Cl and κ-Br –

both conformations of the ethylene end-groups are present at room temperature,

with a tendency towards the eclipsed conformation (83% for κ-Cl and 67 ± 2%

for κ-Br) [123, 124]. With lowering the temperature, the eclipsed conformation

strongly dominates: for κ-Cl, the end-groups are completely eclipsed below 150 K,

while for κ-Br, 97% of the BEDT-TTF molecules possess ethylene groups in the

eclipsed conformation. In other words, the CH2 groups are basically ordered in

eclipsed configuration at low temperatures and only 3% of the ethylene groups

are tilted in opposite directions (staggered conformation). The stabilization of

the eclipsed conformation in κ-Cl and κ-Br results from inter-dimer interactions,

which dominate over intra-dimer and donor⋯anion interactions. For the former

salt, the CH⋯HC contacts are more strained in the staggered conformation than in

case of κ-Br, and they become even shorter upon cooling. Therefore, no staggered

conformation remains in κ-Cl at low temperatures due to destabilizing repulsive

interactions. For κ-Br these interactions are weaker, and some of the end-groups

are still staggered at the lowest temperature [122].

In contrast to κ-Cl and κ-Br, the behavior is rather different for κ-I because

the terminal ethylene groups stay disordered even at low temperature (70% in

eclipsed and 30% in staggered conformations). This behavior is mainly governed

by the donor⋯donor interactions: while the eclipsed arrangement leads to strongly

strained CH⋯S contacts, the staggered one results in strongly strained CH⋯HC

contacts. In order to reduce the steric strain in the lattice, the ethylene groups

remain disordered even at low temperatures [87]. This disorder causes a random

potential that affects the conducting-BEDT-TTF layers in κ-I. It also prevents
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superconductivity in κ-I at ambient pressure, very similar to the findings in β-

(BEDT-TTF)2I3 [87, 125–127]. It is interesting to note that the donor⋯anion

contacts are shorter in κ-I compare to the Cl and Br-analogues [87].

Although the origin of disorder is different in pristine κ-I with respect to irra-

diated κ-Cl and κ-Br, in all cases randomness leads to Anderson localization and

incoherent transport. To quantify the effect of disorder, let us compare the opti-

cal spectra. They provide an integral and energy-resolved property that is very

sensitive to the amount of disorder introduced by x-ray irradiation and it can be

quantified by the total time of irradiation [51, 96, 97]. It was shown for the insu-

lator κ-Cl that upon increasing the irradiation time there is a significant change

of the optical conductivity: the spectral weight shifts from the mid-infrared to the

far-infrared. As a result, the well-developed Mott-Hubbard gap gradually closes

and fills up, indicating the localized insulating state [97]. When we now compare

the low-frequency optical conductivity (below 1000 cm−1) for κ-I with successively

irradiated κ-Cl salts, we can quantify the inherent amount of disorder.

To that end, the low-temperature optical conductivity of κ-I is plotted in

Fig. 6.10 in comparison with the spectra of κ-Cl after being irradiated for

different amounts of time as indicated. With increasing disorder the gap in

κ-Cl closes gradually; at around 90 hours of irradiation, the optical behavior

almost coincides with the spectra of κ-I. We conclude, that in κ-I crystals – even

without irradiation – inherent disorder is present, strongly affecting the electronic

properties. We trace this effect back to disordered ethylene end-groups of the

BEDT-TTF donor molecules. At elevated temperatures, for all three salts, κ-Cl,

κ-Br and κ-I, dynamical disorder in the terminal ethylene groups dominates with

a mixture of the two possible conformations – staggered and eclipsed. Upon
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Figure 6.10: Values of optical conductivity of κ-(BEDT-TTF)2Cu[N(CN)2]X (X
= Cl, I, Br) at different frequencies with different irradiation time (tirr) at the
lowest temperature (X = Cl data are taken from Ref. [97]).

cooling the motion of the -CH2 groups freezes out, and they become ordered

in the first two compounds with preferred eclipsed conformation. In the I-salt,

however, the ethylene groups remain disordered with both eclipsed and staggered

conformations statistically distributed [87, 93]. This random potential causes a

partial localization of charge seen in the optical spectra.

Our final results are in line with recent investigations of κ-(BEDT-

TTF)2Cu[N(CN)2]I by NMR spectroscopy, where an abrupt line broadening

below T = 40 K indicated an electronic inhomogeneity accompanied by antiferro-

magnetic fluctuations [93]. Angluar dependent studies by electron spin resonance
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spectroscopy also reveal the intrinsic disorder in the spin behavior of κ-I [95].

The transient polarization anisotropy observed by the pump probe spectroscopy

polarized along the c-axis might also be related to the disorder in the terminal

ethylene groups affecting the electronic properties [94].

6.3.3 Phase diagram

For summarizing our findings, we propose a schematic phase diagram for κ-

(BEDT-TTF)2Cu[N(CN)2]X (X = Cl, Br, I) salts in Fig. 6.11 that presents the

temperature-dependent phases as a function of correlation strength (U/W ) and

randomness (tirr). The data from our optical studies are complemented with

previous reports [51], in order to place κ-I together with the other members of

the family; this way we could determine the exact positions of κ-Cl, Br, and I on

the U/W axis.

In the absence of artificial disorder, κ-Br and Cl are placed close to the Mott

transition: on the metallic (superconducting) and Mott insulating side, respec-

tively. Introducing disorder in κ-Br (the plane indicated by the dashed pink line),

firstly the superconducting transition temperature decrease. At some critical value

of disorder, the system enters the localized insulating state. The Mott insulator

κ-Cl, on the other hand, is transformed to a localized insulator only after 60 h

of irradiation, as evidenced by the appearance of an in-gap absorption peak in

the optical spectra [97]. In the case of κ-I, the presence of inherent disorder at

low temperature places the compound in the Anderson-type localization insulator

state even without externally introduced disorder. Applying hydrostatic pressure

(the plane indicated by the green dashed line in Fig. 6.11) tunes κ-I through
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Figure 6.11: Schematic phase diagram of κ-(BEDT-TTF)2Cu[N(CN)2]X (X =
Br, Cl, I) for temperature, effective correlation strength (U/W ), and randomness
(tirr). The thick brown line indicates the border between metallic and insulating
states terminated by the critical end point. The plane indicated by the dashed pink
line shows how the electronic state of κ-(BEDT-TTF)2Cu[N(CN)2]Br is modified
when disorder is introduced; the superconducting (SC) and Fermi-liquid (FL) states
are also marked [51]. The position of κ-(BEDT-TTF)2Cu[N(CN)2]Cl is shown by
the vertical black line at tirr = 0 h. The plane surrounded by the dashed green line
corresponds to the change of the κ-(BEDT-TTF)2Cu[N(CN)2]I ground state by
applying hydrostatic pressure, the superconducting phase is represented by the green
area [128]. The solid black line here corresponds to κ-(BEDT-TTF)2Cu[N(CN)2]I
at ambient pressure.
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the insulator-to-metal transition, with the superconducting state indicated by the

green area [128].

Just to make it clear, this sketch is gross simplified with only borders be-

tween metallic (superconducting), Mott insulating, and localized insulating phases

shown. As the Mott transition is the first-order transition, a phase-coexistence re-

gion is expected at the border of metal and insulator in the absence of disorder

[19]. For a high degree of randomness a Griffiths-like phase was suggested recently

[129–131]. For more detailed exploration of these states, optical and dielectric

investigations under the pressure are highly desirable.

6.4 Conclusions

Our comprehensive investigations of the charge transport, dielectric response and

infrared behavior of κ-(BEDT-TTF)2Cu[N(CN)2]I yield valuable information on

its electronic properties that allows us to locate κ-I in a global phase diagram with

respect to the other members of the κ-(BEDT-TTF)2Cu[N(CN)2]X family. When

going from κ-Br to κ-Cl, and finally to κ-I, the electronic correlations strength

increases monotonously, and reaches U/W = 2.2 for the title compound; in other

words, κ-I is situated deeper in the insulating regime than previously expected.

This contrasts suggestions based on the atomic radius. However, κ-I does not

represent a clear-cut Mott insulator; even below T ≈ 25 K there remains a finite

density of states near the Fermi level. By comparing the optical spectra we identify

κ-I as a Coulomb localized insulator, similar to κ-Cl when severely disordered by

x-ray irradiation for a period of tirr = 90 h. The κ-(BEDT-TTF)2Cu[N(CN)2]X

compounds appear now in a new light, as our findings indicate that not only
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electronic interactions determine the physical behavior but also the role of disorder

is crucial for the understanding of these compounds. These conclusions are more

general and might hold for most correlated electron systems.
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7
Results II: Dielectric anomaly in

λ-(BEDT-STF)2CaCl4

In the following chapter we will present the dielectric and optical data on a dimer

Mott insulator λ-(BEDT-STF)2GaCl4 which has no magnetic ordering down to

the lowest temperature. The origin of dielectric anomaly in this salt will be dis-

cussed together with its relation to the disordered quantum state proposed for this

compound. Results presented in this Chapter were published in Ref. [132].

7.1 Background

Besides the most popular examples κ-(BEDT-TTF)2X, another dimerized fam-

ily has drawn large attention, the λ-salts, where the lattice system consists of

triangular and square tiling as depicted in Figure 7.1(a). In addition to the uncon-

ventional superconducting properties, such as, for example, a Fulde-Ferrell-Larkin-

Ovchinnikov state and field-induced superconductivity at strong magnetic fields

[133–136], a spin-liquid like state was discovered recently [137, 138].

Here, we will focus on λ-(D)2GaCl4 family, where D can be BEDT-TTF, BEDT-

STF or BETS (cf. Fig.7.1(b) for the molecular structure). This is a successful re-
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alisation of chemical tuning through the Mott insulator-to-metal transition (IMT)

(see Ch. 3.2.2). Replacing of two inner sulfur atoms by selenium in BEDT-TTF

resulting in BEDT-STF, and if in addition replace other two inner sulfur atoms

- we will get BETS. When going from BEDT-TTF to BEDT-STF, and finally to

BETS, the orbital overlap and, hence, the bandwidth are increasing, which leads

to an IMT. Physical properties of λ-D2GaCl4 systems can be summarized by the

generic phase diagram depicted in Fig. 7.1(c).

Figure 7.1: (a) The two-dimensional charge transfer salts form different dimer pat-
terns, where two crystallographically independent donors crystallize face-to-face.
In the κ-phase the dimers are rotated with respect to each other, while the λ-
pattern is organized in stacks with two dimers per unit cell; here, the constituent
molecules A and B differ by symmetry. The unit cell given by black contains
four molecules (A, B) and (B′, A′). The triangular arrangement of the dimers
is indicated in green, where—depending on the particular transfer integrals—a
high degree of frustration can be reached. Due to the weaker diagonal interac-
tion, a square tiling occurs, shown by blue lines. (b) The donor molecule ET =
BEDT-TTF, i.e., bis(ethylenedithio)tetrathiafulvalene), is the most common build-
ing block, but sulfur can be replaced by selenium, leading to STF = BEDT-STF,
i.e., bis(ethylenedithio)diseleniumdithiafulvalene, and BETS = BEDT-TSF, i.e.,
bis(ethylenedithio)tetraselenafulvalene. The more extended orbitals cause a larger
bandwidth favoring better conductivity. (c) Generic phase diagram of λ-D2GaCl4
upon substituting the donor molecules D. Reproduced from Ref. [139].
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7.1 Background

While the most insulting compound λ-(BEDT-TTF)2GaCl4 undergoes an an-

tiferromagnetic transition at TN = 13 K, no magnetic order occurs in λ-(BEDT-

-STF)2GaCl4 down to 1.63 K regardless of the strong coupling J = 194 K [140].

The temperature dependence of the magnetic susceptibility can be described by a

S = 1
2 two-dimensional antiferromagnetic Heisenberg model on the triangular lat-

tice, suggesting geometrically frustrated spin-liquid-like behavior. However, a nu-

clear magnetic resonance (NMR) study found an inhomogeneous electronic state;

after an increase of 1/T1, the NMR relaxation rate saturates at a low tempera-

tures, which is in stark contrast to the magnetic properties of other spin liquid

candidates. Hence, λ-(BEDT-STF)2GaCl4 is considered as a realization of a novel

quantum disordered state [138].

Having in mind that numerous organic conductors including antiferromagnets

and spin-liquid candidates exhibit dielectric anomalies [62, 141–151], with the

charge-order driven ferroelectric state detected for some of them [152–154], and the

growing numbers of possible applications of ferroelectric materials [155–159], un-

derstanding the mechanism of the dielectric anomaly and investigating the charge

dynamics of the electronic state in organic conductors are of great interest. In this

study, we focused on the disordered quantum state of λ-type salts.

To this end, we employ dielectric and vibration spectroscopies to explore the

charge state and the presence of the dielectric anomaly in λ-(BEDT-STF)2GaCl4;

in addition, the compound is investigated by infrared spectroscopy, which is a the

standard and very powerful tool to elucidate the charge distribution on organic

donor molecules [67, 160–164].
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7. Results II: Dielectric anomaly in λ-(BEDT-STF)2CaCl4

Figure 7.2: λ-(BEDT-STF)2GaCl4 single crystal on mm unit paper. All crys-
tals were provided by Y. Saito from Department of Physics, Hokkaido University,
Japan.

7.2 Results and discussion

Single crystals of λ-(BEDT-STF)2GaCl4 were synthesized at Hokkaido University

by the standard electrochemical oxidation method [165]. In contrast to BEDT-

TTF molecules, in BEDT-STF, two central sulfur atoms are substituted by Se

atoms, leading to asymmetric BEDT-STF molecules as sketched in Fig. 7.1(b).

The crystals have a needle-like shape parallel to the c-axis and typical dimensions

of 1 mm × 0.2 mm × 0.05 mm, as depicted in Fig. 7.2. The donor molecules are

dimerized with the pairs arranged in the ac-plane. As shown in Fig. 7.3, the

conducting layers of donor molecules alternate with insulating anion sheets along

the b-axis, giving rise to a quasi-two-dimensional structure. The morphology of

the crystals corresponds to the (11̄0), (110), and (001)-planes. For clarity (11̄0)

and (110) planes are depicted in Fig. 6.3(c), while the (001)-plane coincides with

the c-axis.
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(a) (b)
c

a

0
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b

(c) (110)

(110)

Figure 7.3: Crystal structure of λ-(BEDT-STF)2GaCl4. (a) The λ-type arrange-
ment of donor molecules within the highly conducting ac-plane. (b) The layered
structure becomes obvious when looking along the c-direction, where the alternation
of donor and anion layers are seen. (c) Green and blue planes correspond to (110)
and (11̄0), respectively.

Dielectric measurements between T = 295 and 7 K were carried out using dielec-

tric setup (see Sec. 2.2.1) that covers the frequency range 100 Hz–10 MHz. The

spectra of the complex dielectric permittivity ϵ̂ = ϵ1 + iϵ2 were obtained along all

three directions, i.e. [110], [11̄0], and [001]. To have reliable data, the sample

holder open-loop contribution was subtracted [60].

Optical reflectivity measurements off the (110)-plane of λ-(BEDT-STF)2GaCl4

single crystals were carried out with a Bruker Hyperion infrared microscope at-

tached to a Bruker Vertex 80v Fourier-transform infrared spectrometer. The ex-

periments were performed with the light polarized parallel to [11̄0], i.e., in the

direction most sensitive to the charge-sensitive infrared-active intramolecular vi-

brational mode ν27(b1u) [161, 166, 167]. The spectra were recorded only in the

mid-infrared range – from 500 to 8000 cm−1 between T = 295 and 12 K. The optical

conductivity was calculated via the Kramers–Kronig transformation with constant

extrapolation of reflectivity below 500 cm−1, which is common for insulators, and
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7. Results II: Dielectric anomaly in λ-(BEDT-STF)2CaCl4

using a standard ω−4 decay as high-frequency extrapolation.

7.2.1 Dielectric properties

Fig. 7.4(a)-(c) displays the dielectric constant ϵ1/ϵ0 as a function of temperature

measured at various frequencies ω (in Hz) along the three directions [001], [110],

and [11̄0] of a λ-(BEDT-STF)2GaCl4 crystal.

For the orientations E ∥ [001] and E ∥ [11̄0], broad maxima develop below

T = 100 K, which are strongly frequency dependent. With decreasing frequency,

the peak shifts toward lower temperatures and becomes sharper. For E ∥ [110], a

clear step can be seen in the real part of the dielectric constant around T = 60 K,

that shifts toward higher temperatures with increasing frequency. This behavior

is typical for relaxor ferroelectrics, and similar dielectric anomalies are frequently

observed in organic conductors [62, 147, 148, 168, 169].

Dielectric relaxation appears in a rather broad temperature range; for interme-

diate temperatures, the frequency dependence of the real and imaginary parts of

the dielectric permittivity is plotted in Fig. 7.4(d)-(f). The overall behavior can

be described by the generalized Debye model describe by Eq. (5.18). The drop

in ϵ1(ω) with increasing frequency implies that the dipoles cannot follow the ac

electric field at high frequencies [61]. Since ϵ1(ω) and ϵ2(ω) are linked via the

Kramers–Kronig relation, the step in the real part results in a peak in the absorp-

tion ϵ2. The solid black lines in panels (d)-(f) of Fig. 7.4 represent the fit of the

data according to Eq. (5.18), and the dashed green line is the dc contribution σ0.

The main parameters characterising the generalised Debye model are the dielec-

tric strength ∆ϵ, the symmetric broadening 1 − α, and the mean relaxation time
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Figure 7.4: Panels (a)-(c) display the temperature-dependent dielectric constant of
λ-(BEDT-STF)2GaCl4 recorded at different frequencies for the electric field along
the three different directions, i.e., (a) E ∥ [001], (b) E ∥ [110], and (c) E ∥ [11̄0].
Panels (d)-(f) show the double logarithmic presentation of the frequency-dependent
real and imaginary parts of the dielectric permittivity of λ-(BEDT-STF)2GaCl4,
ϵ1 (blue symbols) and ϵ2 (red symbols). The data are recorded along (d) the [001]-
and (e) [110]-directions at T = 70 K and (f) for E ∥ [11̄0] at T = 50 K. The solid
black lines represent fits by the generalized Debye model; the dashed green lines
indicate the dc contribution to the imaginary part of the permittivity.
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Figure 7.5: (a) Dielectric strength ∆ϵ(T ), (b) mean relaxation time τ0(T ), and
(c) symmetric broadening (1 − α) as a function of inverse temperature for all the
directions of λ-(BEDT-STF)2GaCl4, as indicated.

τ0. The temperature dependence of these parameters, obtained from the fit of the

data by Eq. (5.18), is plotted in Fig. 7.5 as a function of inverse temperature

1/T . The dielectric strength ∆ϵ exhibits a broad peak around T = 67 K for the

electric field oriented within the (11̄0)-plane and around T = 40 K for the out of

plane direction, E ∥ [11̄0]. This behavior resembles the temperature dependence

of ϵ1(T )/ϵ0 for low frequencies. At high temperatures, the mean relaxation time

τ0(T ), shows the thermally activated behavior for all three directions; at the same

time, the symmetric broadening (1 − α) decreases with decreasing temperature.
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7.2 Results and discussion

These features are signatures of cooperative behavior and glass-like freezing of

molecular motion [170].

In Fig. 7.5(b) it can be seen that the mean relaxation time τ0 slightly devi-

ates from the simple thermally activated behavior. This is typical for disordered

glassy systems with the critical slowing down. And, instead of τ0 ∝ exp {∆/kbT},

parameterised Vogel-Fulcher-Tamman (VFT) expression, which was introduced in

Sec. 5.2.2, should be used.

In Fig. 7.6, the mean relaxation time τ0(T ) of λ-(BEDT-STF)2GaCl4 is plotted

for all three orientations as a function of 1/(T − TV FT ), with TV FT being the

temperature where the mean relaxation time diverges. The green dashed line

corresponds to the fit according to the VFT expression (Eq. 5.19).
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Figure 7.6: Arrhenius presentation of the mean relaxation time τ0(T ) of λ-(BEDT-
STF)2GaCl4 measured along the [001] (black square), [110] (red circle), and [11̄0]
(blue triangle) axes. The solid green lines correspond to fits by the Vogel–Fulcher–
Tammann expression (5.19).

In general the VFT law explains how the peak seen in the temperature-
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7. Results II: Dielectric anomaly in λ-(BEDT-STF)2CaCl4

Table 7.1: The Vogel–Fulcher–Tammann parameters of λ-(BEDT-STF)2GaCl4:
the mean relaxation time τ0, activation energy ∆VFT, and glass temperature TVFT

obtained for E ∥ [001], E ∥ [110], and E ∥ [11̄0].

Directions of τVFT ∆VFT TVFT

Measurement (s) (K) (K)

[001]-axis 2.5 × 10−10 560 15
[110]-axis 1.85 × 10−10 525 15
[11̄0]-axis 8.2 × 10−10 250 15

dependent plot of ϵ1(T )/ϵ0 in Fig. 7.4(a)-(c) shifts with frequency. The

parameters obtained from the fitting of the mean relaxation time are listed in

Tab. 7.1 for the different axes. We also see that TVFT is equal to 15 K for all three

directions; the value is slightly higher than TVFT ≈ 6 K, extracted for the spin

liquid candidate κ-(BEDT-TTF)2Cu2(CN)3, adjusted to the anomaly observed in

numerous other quantities [169].

The anisotropy of the activation energy ∆V FT extracted in κ-(BEDT-TTF)2-

Cu2(CN)3 also ranged up to a factor of 2 in the VFT fit with remarkable deviations

between different single crystals, reaching up to 510 K and 330 K, respectively [62,

147]. Hence, from the slowing down of the relaxation time according to an Arrhe-

nius behavior, Pinterić et al. obtain values comparable to the ones given in Tab. 7.1

with a glass temperature between 10 and 15 K. Again, the sample-to-sample devi-

ation indicates disorder being important for κ-(BEDT-TTF)2Cu2(CN)3 [62, 148,

149], and also for κ-(BEDT-TTF)2Ag2(CN)3 [62, 148, 149].

Alternatively, the temperature dependence of the real part of the dielectric per-

mittivity displayed in Fig. 7.4(a)-(c) might be described by a Curie–Weiss law

(Eq. 5.21), which is derived for the static dielectric constant as a function of tem-
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perature. In Fig. 7.7, we plot ϵ1/ϵ0(T ) along E ∥ [001] and E ∥ [11̄0] for several

frequencies.
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Figure 7.7: The dielectric constant, ϵ1/ϵ0(T ), plotted as a function of temperature
at certain frequencies for (a) E ∥ [001] and (b) E ∥ [11̄0]. The dashed black lines
correspond to the Curie–Weiss fits according to Eq. (5.21).

The best fit by Eq. (5.21) for frequencies less than 5 kHz is given by the dashed

lines; no clear Curie–Weiss peak is visible for the direction E ∥ [110]. The obtained

parameters, such as the Curie-Weiss temperature TC , and the Curie constant C,

are listed in Table 7.2. From the Curie constant C for E ∥ [11̄0] (out of plane),

we can estimate the dipole strength from Eq. (5.22). Assuming that the dielectric

behavior is a result of the charge imbalance within the dimers, and following the

procedure described by Pinterić et al. [62], we can estimate the amount of charge

disproportionation ∆ρ ≈ 0.05e.

7.2.2 Vibrational spectroscopy

As was pointed out by Girlando [172], Yakushi, and collaborators [173, 174], vi-

brational spectroscopy is the most sensitive and convenient method to explore

possible charge distribution in organic charge-transfer salts. The three modes,
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7. Results II: Dielectric anomaly in λ-(BEDT-STF)2CaCl4

Table 7.2: Parameters C and TC of λ-(BEDT-STF)2GaCl4 obtained from the fit
of ϵ1/ϵ0(T ) by the Curie–Weiss Eq. (5.21) for E ∥ [001] and E ∥ [11̄0].

Directions of C TC

Measurement (K) (K)

[001]-axis 4 × 104 53
[11̄0]-axis 420 15

Figure 7.8: Sketch of the three charge-sensitive C=C stretching modes of the
BEDT-TTF molecule: totally symmetric ν2(ag), ν3(ag), and asymmetric molecu-
lar vibration ν27(b1u).Modified from Ref. [171].

ν2(ag), ν3(ag), and ν27(b1u), mainly involving C=C stretching (Fig. 7.8), can be

utilized to determine the electronic charge per molecule. The two totally symmet-

ric ag modes should usually not be infrared active, but due to electron molecular-

vibration (emv) coupling, they can be observed by infrared spectroscopy in the

conducting plane. As a result of the coupling to the electronic background, the

position of the ν2(ag) and ν3(ag) infrared features are shifted – compared to the

Raman mode – and depends on the mid-infrared charge-transfer band. Hence, this

way for the determination of the charge distribution can become pretty tricky. The

antisymmetric molecular vibration ν27(b1u), on the other hand, is infrared active

and – in first approximation – its frequency depends linearly on the molecular
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charge [172]; this makes it perfectly suited for evaluating the charge per molecule.

Due to the stacking of the donor molecules in these salts, it can be best observed

perpendicular to conducting donor layers, i.e. for E ∥ [11̄0]. Knowing the position

of the ν27(b1u) mode, the charge per donor molecule can be determined [174].

Fig. 7.9(a) displays the optical conductivity of λ-(BEDT-STF)2GaCl4 in the

spectral range of the charge-sensitive ν27(b1u) vibrational mode for several tem-

peratures. The broad band observed around 1465 cm−1 is assigned to the ν27(b1u)

vibration for half a hole per BEDT-STF molecule. This molecular vibration shows

up almost at the same frequency as in the BEDT-TTF based salts, even though

in BEDT-STF two inner sulfur atoms are substituted on heavier selenium atoms.

The feature becomes more pronounced upon cooling, but soon it becomes obvious

that it is composed of two modes; eventually, two peaks are well separated.

For the quantitative characterization, we fitted the conductivity spectra of the

ν27(b1u) mode with one Fano function above T = 90 K, and two Lorentzians be-

low it. The detailed mathematical description of the Fano and Lorentzian models

can be found in Sec. 5.1.3. At high temperatures, the contribution of electronic

background is higher, and, due to its coupling to the ν27(b1u) molecular vibration,

the mode has an asymmetric shape. Thus, the Fano model gives satisfactory de-

scription at elevated temperatures. However, at low temperatures the electronic

contribution is suppressed, and simple Lorentz model can be used to fit the sym-

metric ν27(b1u) modes. In Fig. 7.9(b), (c) we present examples of the fits of the

optical conductivity at T = 295 and 12 K; in addition, a broad Lorentzian accounts

for the electronic background. The peak frequencies and linewidths obtained from

the fitting are plotted in Fig. 7.10 as a function of temperature. While some

hardening is observed for T > 150 K, the mode frequency saturates when cooling
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Figure 7.9: (a) Temperature evolution of the optical conductivity of λ-(BEDT-
STF)2GaCl4 in the region of the molecular vibration ν27(b1u). The data are shifted
with respect to each other by a constant offset for clarity reasons. (b) and (c) Fits
of the vibrational mode at T = 295 and 12 K, respectively. The experimental data
are shown in black, the red lines correspond to the overall fits, and the blue lines
are separate contributions to the mode.

further. This also holds when we fit the spectra by two modes at low temperatures.

Besides some thermal narrowing, when cooling starts at room temperature, the

overall linewidth remains constant at approximately 13 cm−1 below 150 K.

In Fig. 7.10(a), the temperature-dependent results from fitting the ν27(b1u) vi-

brational feature of λ-(BEDT-STF)2GaCl4 by two Lorentzian modes are displayed

by blue symbols. For T < 90 K, the peaks are well separated, but we can also

extend this approach to higher temperatures, as an alternative to the description

by a single Fano-line (red squares). Obviously, there is a kink in the temperature

evolution of the vibrational frequency around T = 100 K that is independent of
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Figure 7.10: Temperature dependence of the resonance frequency and linewidth of
the charge-sensitive mode ν27(b1u). While the red squares correspond to the fit by
a single contribution for T ≥ 90 K , the blue symbols represent the two-mode de-
scription, where triangles and rotated triangles are related to different Lorentzians;
the open blue squares in panel (b) correspond to the sum of both, demonstrating
that the overall width does not change.

the fit procedure. At elevated temperatures, the blue-shift upon cooling follows

the typical thermal hardening. The kink in this behavior at around 100 K infers

some modification in the physical properties. Even though the origin of this kink

is unclear, it can be related to the realization of an inhomogeneous electronic state

suggested from NMR measurements, where an increasing linewidth was observed

in the same temperature range, and the temperature dependence of the dc resis-

tivity follows variable-range hopping or soft Hubbard gap models below 100 K,

characteristic for systems with disorder [175, 176]. It is also interesting to note

that this anomaly occurs exactly at the temperature where the dielectric dispersion

starts to develop, as shown in Fig. 7.4.

Let now have a look at the peaks separation. The splitting of the ν27(b1u)
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molecular vibration is commonly taken as an evidence that there are two dis-

tinct molecules containing unequal charge, and the charge imbalance ∆ρ can be

simply determined as the differences between charges on these two molecules,

∆ρ = ρ(charge rich) − ρ(charge poor). From the separation of the two peaks

by ∆ω = 6 cm−1 extracted from Fig. 7.10(a), we can estimate the charge imbal-

ance ∆ρ according to

∆ν27(b1u) = −(140 cm−1/e)∆ρ , (7.1)

suggested for BEDT-TTF compounds [161, 166]; here we would like to note that,

despite this relation was established for the BEDT-TTF molecules, it will also hold

for BEDT-STF, and BETS, as the replacement of some S ions by Se in BEDT-

STF or BETS leads to only a small shift in ν27(b1u) of less than 3 or 7 cm−1 in

absolute value, respectively [177, 178]. From our data we obtain ∆ρ ≈ 0.043e,

which is independent of temperature. Although the mode is thermally broadened

at higher temperatures, the fit by two terms can be extended up to T = 300 K

without a change in the frequency separation. This implies that the charge dis-

proportionation of ∆ρ is already present at an ambient condition and remains

unaffected by temperature. In other words, there is no charge-order phase tran-

sition in λ-(BEDT-STF)2GaCl4, comparable to the one seen in one-dimensional

charge transfer salts with a mean-field development of the charge disproportiona-

tion [169, 179].

The behavior is also distinct from κ-(BEDT-TTF)2Hg(SCN)2Br, where a second

peak develops around 18 cm−1 below the main peak, which, in fact, also exhibits

a double structure with a sideband 5 cm−1 apart [151]. In the present case, we do
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not see a shoulder on one side gradually developing towards full peaks; instead, we

observe a vibrational feature that is rather broad, and it becomes more pronounced

upon cooling without strongly increasing or decreasing in width.

This observation is in line with the presence of two crystallographically inequiv-

alent donor molecules, A and B, forming the dimer in the λ-type salts, as depicted

in Fig. 7.1(a). We conclude that these molecules are not only distinct by symme-

try but also carry different charges. The charge imbalance is rather small when

compared to the non-dimerized α-(BEDT-TTF)2I3, for instance, where a charge

disproportionation of more than ∆ρ ≈ 0.1e is already present at room tempera-

ture well above the charge-order transition [180]. To our knowledge, there are no

systematic vibrational studies of the family of λ-salts.

Most dimerized charge-transfer systems, such as κ-(BEDT-TTF)2Cu2(CN)3 or

κ-(BEDT-TTF)2Cu[N(CN)2]Cl, do not develop any charge disproportionation be-

yond 1%, which is about the experimental resolution [115]. However, with ap-

proximately 6.5 cm−1, the vibrational features of κ-(BEDT-TTF)2Cu2(CN)3 are

significantly broader than what is observed in typical charge-ordered compounds,

such as α-(BEDT-TTF)2I3, where the linewidth is less than 3 cm−1 [181, 182],

or in κ-(BEDT-TTF)2Hg(SCN)2Cl , where the individual width is around 4 to

5 cm−1 at T = 10 K [151]. This was explained by the intradimer charge fluctua-

tions, using a two-state jump model [162]. A similar conclusion can be drawn from

investigations of the Raman-active fully symmetric vibrations, ν2 and ν3 [183].

As seen from Fig. 7.10(b), for λ-(BEDT-STF)2GaCl4 the width of the ν27(b1u)

modes also decrease only slightly upon reducin the temperature and remains at

about 13 cm−1 in total. If we assume an electronic charge fluctuating within the

dimer, depending on the fluctuation rate, the broadening or splitting of the mode
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can be described by the Kubo formula [162]:

L(ω) = F[(γ + 2vex) − i(ω − ωw)]
R2 − (ω − ω1)(ω − ω2) − 2iΓ(ω − ωav)

. (7.2)

Here, F = f1 + f2, with f1, f2 being the oscillator strengths of the bands at

frequency ω1 and ω2 and halfwidth γ. The charge fluctuation velocity is vex,

Γ = γ + vex is the resulting width, and the abbreviation R2 = 2γvex + γ2. Finally,

we define the average and weighted frequency, ωav and ωw, by

ωav =
ω1 + ω2

2
and ωw =

f2ω1 + f1ω2

f1 + f2
. (7.3)

When the charge oscillations are slow, vex ≪ ∣ω1 − ω2∣/2, Eq. (7.2) yields two

separated bands centered around ω1 and ω2, while for vex ≫ ∣ω1−ω2∣/2, the sloving

down motion will give one single band centered at the intermediate frequency ωav.

Finally, when vex ≈ ∣ω1 − ω2∣/2, we shall observe one broad band shifted towards

the mode with larger oscillator strength. Fig. 7.11(a) illustrates the development

of the Kubo’s mode with the increasing νex according to Eq. (7.2): two peaks

merging gradually to one broad feature and ending up in a single peak in the

center. The width of the mode is affected by the fluctuation frequency, νex. The

fit of the optical conductivity of λ-(BEDT-STF)2GaCl4 at the lowest measured

temperature according to the Kubo’s formula with a splitting of 6.2 cm−1 and a

fluctuation rate νex = 0.3 cm−1 is represented by the green line in Fig. 7.11(b). The

fluctuation rate νex = 0.3 cm−1 corresponds to 9×1010 s−1. This exchange frequency

is certainly slower than estimated for κ-(BEDT-TTF)2Cu2(CN)3but much faster

than the νex = 40 cm−1 obtained from Raman measurements on κ-(BEDT-TTF)2-

Hg(SCN)2Cl [184].
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Figure 7.11: (a) Vibrational feature according to Kubo’s two-state jump model
assuming different exchange rates νex. There is a gradual transition form two
peaks to peak broadened by fluctuations increasing from 2 to 10 cm−1. (b) Optical
conductivity spectra of λ-(BEDT-STF)2GaCl4 at T = 12 K fitted with the two-state
jump model (green line).

Although the estimated charge disproportionation of ∆ρ ≈ 0.043e is in good

agreement with the value obtained from our dielectric measurements, we should

keep in mind that this sort of charge fluctuation is much too fast to be the sole

cause for the dielectric response observed in the kHz and MHz range of frequency.

In addition, we do not observe any significant temperature dependence of the

charge disproportionation among the molecules, which could be related to the sig-

nificant temperature dependence of the dielectric behavior. The important facts

in λ-(BEDT-STF)2GaCl4 are the intrinsic disorder due to the asymmetric BEDT-

STF molecules and the domain wall formation due to charge order, as discussed

previously [169, 181, 182]. The random orientation of the asymmetric BEDT-STF

molecules introduces inhomogeneous charge localization, giving rise to enhanced

linewidth. Hence, it is more plausible that the disordered donor molecule structure

plays a role for the broad linewidth, as it provides a different chemical environ-
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ment.To check the effect of the charge fluctuation in detail, ultrasonic measure-

ments will be useful. Of course, Raman scattering experiments should eventually

be performed to verify our findings.

7.3 Conclusions

Dielectric and vibrational spectroscopies were performed on λ-(BEDT-STF)2-

GaCl4 in order to elucidate the charge degrees of freedom. Our temperature and

frequency-dependent investigations of the dielectric properties reveal relaxor-like

ferroelectric behavior below T ≈ 100 K. The vibration spectroscopy found

two ν27(b1u) modes which can be related to the inequivalent donor molecules.

The amount of the charge disproportionation is consistently estimated to be

approximately ∆ρ = 0.04 – 0.05e, which remains temperature independent, ruling

out a charge-order transition. At this point, we cannot give a final answer as to

what causes the kink in the vibrational properties at around T = 100 K and the

concomitant occurrence of the anomaly in the dielectric constant. The linewidth

of the ν27(b1u) mode is broader than that of typical BEDT-TTF salts, indicating

that the asymmetric BEDT-STF molecules constitute a different chemical

environment. This supports that the electronic state in λ-(BEDT-STF)2GaCl4

is strongly influenced by disorder, leading to some novel quantum state, as

previously suggested.
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8
Results III: Interplay of charge

fluctuations and superconductivity in

λ-(BETS)2GaCl4

This chapter is devoted to investigations of properties of organic superconductor

λ-(BETS)2GaCl4 by means of dc transport and optical spectroscopy. In order

to understand the origin of the superconducting state, the results obtained for

λ-(BETS)2GaCl4 will be compared to the same one measured for the sibling com-

pound κ-(BETS)2GaCl4 which remains metallic down to milli-Kelvin range. The

data and analysis represented in this chapter has been published in Ref. [177].

8.1 Background

Up to now we were mainly discussing insulating ground states of organic conduc-

tors with the κ−, and λ- type arrangements of donor molecules, where correlations

effect is the strongest. Now we would like to shift our attention to a metallic part of

generic phase diagrams of organic charge-transfer salts. Similar to other strongly

correlated systems, such as heavy fermionic systems [185], and transition metal
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oxides [186, 187], unconventional superconductivity is emerging on the border of

insulating and metallic states in organic conductors [35, 188]. The origin of this

superconductivity is a major topic in condensed matter physics. The great interest

is particularly drawn by the interplay between superconductivity and some ordered

state, let it be magnetic or charge order. Concerning the pairing mechanism in

cuprates, for instance, the discussion goes about the importance of spin fluctu-

ations, originating from the antiferromagnetic Mott insulating state, and charge

fluctuations, associated with dynamical stripes [189–192].

There is a far-reaching similarity between two-dimensional organic conductors

and cuprates [193], including the fact that the superconducting state is found at

the border of a metal and a Mott insulator [5]. D2X stoichiometry of organic

conductors implies three-quarter-filled conduction bands, as long as the stacks of

donor molecules are homogeneous; while when donor molecules forming dimmers,

it results in half-filled bands (see Sec. 3.2.1). In the first case, inter-site Coulomb

repulsion V governs the relevant physics, giving rise to a charge-ordered insulating

ground state; for the latter case, the genuine Mott system is completely charac-

terized by the strength of U with respect to the bandwidth W .

For half-filled Mott insulators, spin fluctuations are rather common, possibly

related to superconductivity. The κ-(BEDT-TTF)2X compounds are prime ex-

amples of antiferromagnetic Mott insulators located next to superconductivity,

often with some coexistence regions [85, 194–196]. Charge-ordered materials, on

the other hand, remain non-magnetic at all temperatures; hence any effect of spin

fluctuations on the superconducting ground state next to the charge-ordered phase

can be rules out. Merino and McKenzie suggested [197] that instead superconduc-

tivity is mediated by charge fluctuations here. Subsequently, the importance of
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charge degrees of freedom for these superconducting compounds was proven ex-

perimentally [198–201].

In the κ-type salts the organic molecules are arranged in distinct pairs, while

dimerization is less obvious for the λ-pattern (Fig. 7.1(a)). The interesting ques-

tions now arise: whether here antiferromagnetic order is present in those com-

pounds, how important spin fluctuations are, and whether charge fluctuations or

even charge order can be observed. In this context, the series λ-D2GaCl4 (D =

BEDT-TTF, BEDT-STF or BETS), discussed in the previous chapter, is of par-

ticular interest.

The fact that superconductivity here does not occur next to the antiferromag-

netically ordered phase, but adjust to non-magnetic one instead, calls for further

investigations. 13C-NMR measurements of the superconductor λ-(BETS)2GaCl4

revealed, that the behavior of 1/T1T at high temperature (above 55 K) is domi-

nated by antiferromagnetic fluctuations (Fig. 8.1(a)), similar to what is observed

in the κ-type salts such as κ-(BEDT-TTF)2Cu[N(CN)2]Br (Fig. 8.1(b)). Below

30 K, 1/T1T becomes temperature independent and ρ(T ) ∝ T 2; evidencing a

Fermi-liquid response. In addition, another increase in spin-lattice relaxation rate

of λ-(BETS)2GaCl4 was observed below 10 K and interpreted as sign of Fermi sur-

face nesting, probably related to the spin-density wave formation [139]. More light

is shed on this issue by considering the series λ-(BETS)2GaBrxCl4−x, where the Br

substitution acts as negative pressure, driving the system insulating with rising x

[203, 204]. Fig. 8.1(c) shows the P–T phase diagram of λ-(BETS)2GaBrxCl4−x de-

termined by the resistivity and 13C-NMR spectroscopy measurements [203]. The

most important finding here is the existence of the spin-density-wave (SDW) state

in the vicinity of the superconducting state, which can explain the low temper-
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λ-(BETS)2GaCl4 K-(BEDT-TTF)2X(a) (b)

(c)

Figure 8.1: (a)-(b) Temperature dependence of the spin-lattice relaxation rate
1/T1T of λ-(BETS)GaCl4 (a), and κ-(BEDT-TTF)2X (X = Cu[N(CN)2]Br or
Cu(NCS)2) (b). The similar behaviour is observed in both down to 30 K. Below it,
an additional increase in 1/T1T of λ-(BETS)GaCl4 is observed. Figures (a), and
(b) are reproduced form Ref. [139], and Ref. [202] respectively. (c) Phase diagram
of λ-(BETS)2GaBrxCl4−x as a function of bromine content x. For x = 0.75 the
spin-density-wave ordering was found at low temperatures, indicating the impor-
tance of spin degree of freedom for formation of supeconducting state in λ-type
organic conductors. Adopted from Ref. [203].
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ature enhancement of the 1/T1T in the last one. Thus, 13C-NMR spectroscopy

infers that spin degree of freedom plays an important role in the pairing mech-

anism of λ-type organic superconductors. We would like to note here, that the

detailed nature of non-magnetic insulating state (NMI) adjacent to the SDW is

unknown.

On the other hand, 77Se-NMR measurement of λ-(BETS)2FeCl4 and λ-(BETS)2-

GaCl4 showed linewidth broadening at low temperatures that is assigned to the

charge disproportionation [205, 206], which can also contribute to the mechanism

of superconductivity. In order to elucidate this point, comprehensive NMR in-

vestigations have been performed on λ-(BETS)2GaCl4 probing different isotopes

69Ga and 71Ga to separate contributions of spin and charge dynamics [207]. While

there is no enhancement of charge fluctuations below T = 150 K, spin fluctua-

tions become dominant at low temperatures. Obviously, NMR spectroscopy is

more sensitive to spin than to charge, calling for a detailed investigation of charge

distribution in λ-(BETS)2GaCl4, for instance, by probing the electronic charge

directly.

To elucidate the issue of charge disproportionation and its influence on super-

conductivity, we performed the infrared studies with the focus on the range of

charge sensitive molecular vibrations of λ-(BETS)2GaCl4 . In addition, the find-

ings were compared with those on κ-(BETS)2GaCl4 , which is a strongly dimerized

compound that behaves metallic down to liquid-helium temperatures with no in-

dications of strong correlations and magnetic contributions [204, 208, 209].
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(b)(a)

Figure 8.2: Photos of λ-(BETS)2GaCl4(a) and κ-(BETS)2GaCl4(b) single crystals
on mm unit paper. All crystals were provided by Y. Saito from Department of
Physics, Hokkaido University, Japan.

8.2 Results

Single crystals of the quasi-two-dimensional organic superconductor λ-(BETS)2-

GaCl4 (abbreviated as λ-BETS) and a metal κ-(BETS)2GaCl4 (κ-BETS hereafter)

were grown by standard electrochemical methods [210, 211]. Fig. 8.2 shows high-

quality single crystals of κ-BETS and λ-BETS. The first one has a rhombic shape

and typical dimensions of 1.5 mm × 0.7 mm × 0.05 mm, while the second one is

needle-like, as all λ-type salts, and dimensions are 8 mm × 0.2 mm × 0.1 mm.

In these salts, BETS donor molecules are dimerized, forming a triangular lattice

in the κ-type, and for the λ-type they are arranged on a square lattice, as illustrated

in Fig. 7.1(a). κ-BETS crystalizes in orthorhombic Pnma space group. Layers of

donor molecules tilted in opposite directions with respect to each other, leading to a

doubling of the unit cell along the b-axis. The unit cell contains four dimmers, and

two BETS molecules in a dimer are connected by a center of symmetry (Fig. 8.3).

λ-BETS has lower symmetry and belong to the triclinic P1̄ space group. In contrast

to κ-BETS, here, the donor layers of BETS molecules are identical. As a result,
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anion
layer

BETS
donor 
layer

κ-BETS λ-BETS

Figure 8.3: The BETS donor layers are separated by layers of GaCl−4 anions. The
organic molecules are slightly tilted in alternating directions in case of κ-BETS,
while uniform in case of λ-BETS. Rectangles are indicating the unit cells.

it has two dimmers per unit cell as shown in Fig. 8.3. An interesting difference

between both BETS-salts is that in λ-BETS two molecules forming a dimer are

not identical, but have a slightly different length of C=C double bonds.

For both compounds the temperature dependence of the dc resistivity was mea-

sured along the most conducting axis using the conventional four-contacts method.

The applied current was limited in the range of 100-200 µA; the resistivity data

were recorded while warming up from 3 to 295 K.

Optical reflectivity measurements were performed with the light polarized per-

pendicular to the highly-conducting BETS planes (Fig. 8.3), where the charge

sensitive molecular vibration ν27(b1u) can be detected [67, 167, 172]. The spec-

tra were measured with the help of a Hyperion infrared microscope attached to a

Bruker Vertex 80v Fourier-transform infrared spectrometer in the spectral range

500-8000 cm−1 between T = 295 and 9 K. The optical conductivity were calculated

according to the procedure used for λ-(BEDT-STF)2GaCl4 (Sec. 7.2)
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8.2.1 dc transport
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Figure 8.4: (a) Double logarithmic plot of the normalized resistivity ρ(T )/ρ(295K)
of λ-(BETS)2GaCl4 (blue dots) and κ-(BETS)2GaCl4 (red circles) measured as a
function of temperature along the most conducting axes. The maximum in ρ(T ) for
λ-(BETS)2GaCl4 can be best determined from the zero-crossing of the derivative
dρ/dT at Tmax plotted in panel (b) using arbitrary units. The superconducting
transition occurs at Tc = 4.7 K as illustrated in panel (c).

In Fig. 8.4(a) the temperature dependence of the dc resistivity ρ(T ) of κ-

(BETS)2GaCl4 and λ-(BETS)2GaCl4 is plotted, normalized to the room tem-

perature value ρ(T = 295K). The behavior of the two salts is rather different.

κ-(BETS)2GaCl4 remains metallic in the entire temperature range: ρ(T ) drops

monotonously with minor changes in slope at elevated temperatures. For the λ-

salt a pronounced maximum is observed at Tmax = 91 K (Fig. 8.4(b)); while below

approximately 40 K, the ρ(T )∝ T 2 dependence indicates a Fermi-liquid behavior.

The compound becomes superconducting at Tc = 4.7 K (onset at 4.8 K) as shown

in Fig. 8.4(c). These results are consistent with previous publications [211].
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Figure 8.5: Out-of-plane optical conductivity of (a) κ-(BETS)2GaCl4 and (b) λ-
(BETS)2GaCl4 in the spectral range of the ν27(b1u) mode measured in the tempera-
ture range from 295 to 9 K. For clarity reasons, the curves are shifted with respect
to each other. While for κ-(BETS)2GaCl4 two ν27-related peaks are observed at
low temperatures, which are gradually smeared out upon warming up; there are
two additional satellite features (⋆) identified in the λ-salts, which appear only be-
low approximately 150 K.

8.2.2 Vibrational spectroscopy in out-of-plane

Similar to λ-(BEDT-STF)2GaCl4 we exploit here vibrational spectroscopy, and ,in

particular, position of the charge sensitive ν27(b1u) mode, to explore the charge

distribution (see Sec. 7.2).

Fig. 8.5 displays the optical conductivity of κ- and λ-(BETS)2GaCl4 in the

spectral range of the ν27(b1u) mode, recorded at different temperatures, as in-

dicated. Compared to the BEDT-TTF salts, this molecular vibration shows up

slightly lower in frequency because four of the eight sulfur atoms are substituted

by heavier selenium atoms in BETS (see Fig. 7.1(b)) [178]. At room temperature,

a broad peak is observed around 1453 cm−1 in κ-(BETS)2GaCl4, which is assigned

to ν27(b1u). When the temperature is lowered, the feature becomes narrower and

below 200 K two peaks can be clearly distinguished. The behavior found in the
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λ-compound is rather different: here the ν27(b1u) mode appears as a doublet with

frequencies 1454 and 1458 cm−1 already at room temperature. Upon cooling a

typical narrowing and blue shift occurs, but the separation of the two peaks does

not change in the entire temperature range. We explain the presence of these

two distinct peaks by the lower crystal symmetry. This observation is in line

with the presence of two peaks corresponding to the ν27(b1u) mode in λ-(BEDT-

STF)2GaCl4, which we assigned to two nonequivalent types of donor molecules.

Most important, however, are the two side peaks at 1451 and 1471 cm−1 that ap-

pear next to this doublet when the temperature is reduced below T = 150 K, i.e.

when the resistivity ρ(T ) starts to develop its maximum reached at Tmax = 91 K

(Fig. 8.4).
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Figure 8.6: Comparison of the low-temperature (T = 9 K) optical conductivity of κ-
(BETS)2GaCl4 and λ-(BETS)2GaCl4 in the range of the charge-sensitive ν27(b1u)
modes. For κ-(BETS)2GaCl4 (red) a splitting of approximately 9 cm−1 occurs due
to the double-layer structure. In the case of λ-(BETS)2GaCl4 (blue), the pro-
nounced doublet at 1459.1 and 1462.7 cm−1 results from crystallographically dis-
tinct molecules; the static separation is temperature independent. In addition two
broad modes appear at 1453.5 and 1473 cm−1 due to fluctuating charge.
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The ν28(b1u) mode, which is related to the ethylene-end groups, is present in

both compounds. It shows up as a small peak around 1400 cm−1 in κ-(BETS)2-

GaCl4, and as a doublet around 1405-1410 cm−1 in the λ-analogue due to the

lower P1̄ symmetry of the latter salt. It is interesting to note, that the peak

seen around 1423-1425 cm−1 is very similar to one observed in the quantum spin

liquid κ-(BEDT-TTF)2Cu2(CN)3 [171]. The tiny features near 1480 cm−1 in both

compounds might correspond to ν2(ag). No temperature dependence was observed

for these modes nor for the shoulder at 1442 cm−1.

8.3 Discussion

8.3.1 Charge sensitive ν27(b1u) mode

Fig. 8.6 illustrates the significantly different shape of the vibrational modes in the

κ- and λ-salts by comparing the T = 9 K spectra in the same graph. While for λ-

(BETS)2GaCl4 the modes can be fitted by simple Lorentz functions, the excitations

in κ-(BETS)2GaCl4 are surprisingly asymmetric, indicating some influence of the

electronic background. Typically, no sizeable conductivity occurs in the out-of-

plane direction, however, for κ-type salts the donor molecules are tilted within

the plane, leading to some appreciable coupling to the in-plane conductivity. In

order to account for the interaction of the vibrational modes with the electronic

background, the Fano model should be applied in the case of κ-(BETS)2GaCl4

(Sec. 5.1.3).

As was discussed before, in Ch. 7, a doubling of charge sensitive modes is taken

as an evidence for inequivalent bonds due to donor molecules containing different
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amount of charge, and the observed peak separation ∆ν27 allows us to evaluate the

charge imbalance ∆ρ according to Eq. 7.1. Despite the fact that the spectrum is

shifted to lower frequencies by almost 10 cm−1 due to the heavier selenium atoms

in κ-BETS, our finding can be compared with the observations Sedlmeier et al.

made on several κ-phase BEDT-TTF compounds [171]. Such as occurrence of

minor satellite peaks in κ-(BEDT-TTF)2Cu[N(CN)2]Br and κ-(BEDT-TTF)2Cu-

[N(CN)2]Cl which were ascribed to Davydov-like splitting. Maksimuk et.al. gave

a detailed description of this phenomenon including symmetry considerations and

selection rules [173]. The situation is similar for κ-BETS, where the unit cell is

doubled due to alternating tilting of the BETS molecules within the planes, as

depicted in Fig. 8.3. We conclude, therefore, that the two maxima separated by

∆ν = 9 cm−1 are due to structural reasons. This splitting is well resolved at low

temperatures but can be followed all the way up to room temperature where it

is smaller by about 30%. We exclude the presence of static or dynamic charge

disproportionation at any temperature.

The case of λ-(BETS)2GaCl4 is more complex because there are two rather sharp

central peaks, which are distinct by only 3.6 cm−1. This is slightly lower than in

the sister compound λ-(BEDT-STF)2GaCl4 where ∆ν27 = 6 cm−1 , but similar

to that one, we assign the central doublet in λ-(BETS)2GaCl4 to the ν27(b1u)

mode of the BETS molecules bearing +0.5 e charge. As well as in λ-(BEDT-

STF)2GaCl4 the two features are due to the low symmetry of the λ-compounds –

there are two inequivalent molecules in the unit cell, resulting in a doubling of the

charge sensitive mode; the unequal bonds correspond to a static charge imbalance

of only 0.02 e. No variation with temperature is observed for these features,

except of the common thermal smearing above 100 K. The surprising observation
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is that in addition to this central doublet, two side bands appear below T ≈ 150 K,

right when the resistivity behavior changes from metallic to semiconducting upon

cooling (Fig. 8.4). The emergence of these features is attributed to the noticeable

reorganization of charge and will be discussed in all detail in the following.

From Fig. 8.7(c) we see that the width of central and side peaks in λ-(BETS)2-

GaCl4 differs significantly. While the central modes are very narrow, with more

than 5 cm−1 linewidth, the side bands are quite broad, even at low temperatures.

We suggest that the satellite peaks are due to a dynamic charge imbalance of

∆ρfluct = 0.14e emerging only for T < 150 K. As a matter of fact, each satellite

peak should contain a doublet, as well 1;however, our data do not allow such

an assignment reliably due to the broad features. The splitting of the sidebands

was calculated using the average frequency of the central doublet. In addition, we

should note, that from 77Se-NMR measurements on λ-(BETS)2GaCl4 a charge dis-

proportionation ∆ρ = 0.15e was concluded considering the low-temperature Knight

shift [206], rather similar to the charge disproportionation we found. It is inter-

esting to compare our observations with those reported for the superconductor

β′′-(BEDT-TTF)2SF5CH2CF2SO3, where at low temperature broad fluctuation

modes coexist with localized charges, seen in well separated sharp peaks [162,

164].

Finally, we want to point out that the ν27(b1u) molecular vibrations involve

the inner C=C double bonds. These should not be significantly affected by the

freezing-out of the ethylene end-groups motion, that was suggested as a source

of charge imbalance by Kobayashi et al. [207]. Varying the cooling rate is a

1There are some indications of a doublet at the high-frequency satellite, but these features are
too weak to make a strong point.
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Figure 8.7: Temperature dependence of the fitting parameters obtained from
fitting of the charge-sensitive ν27 mode of λ-(BETS)2GaCl4 and κ-(BETS)2-
GaCl4 .(a) Temperature evolution of peak positions. The red crosses correspond to
the modes of κ-(BETS)2GaCl4. The blue solid dots represent the fluctuating modes
of λ-(BETS)2GaCl4, while the open blue circles are related to the static modes of
this compound. (b) Temperature dependent charge imbalance ∆ρ for λ-(BETS)2-
GaCl4, calculated from the resonance frequencies of panel (b). (c) Linewidth of all
modes plotted as a function of temperature on a logarithmic scale.

common approach for investigating freezing effects. Yakushi et al. report that

the width of the ν2(ag) Raman mode is affected by the cooling rate in κ-(BEDT-

TTF)2Cu2(CN)3 and relate that to the disorder of ethylene end-groups at low

temperature [212]. However, we could not identify any dependence of the charge

sensitive ν27(b1u) infrared mode on the cooling rate [213]. In addition, the ν28

mode, which involves the terminal CH2-groups, is also seen up to room temperature

(Fig. 8.5) with no strong variation around 100 K. Since in the present compound

the ethylene end-groups are closely linked to the GaCl−4 anions, investigation of

infrared active ν3 vibrational mode of the tetrahedral GaCl−4 anions (located in the

far-infrared range) is highly appreciable to shed light on the influence of ethylene

motion on physical properties of λ-(BETS)2GaCl4.

As far as the mode strength is concerned, the intensity of vibrational modes

generally increases with electronic charge, corresponding to a shift to lower fre-
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quencies, as shown by quantum mechanical calculations [161, 162]. Indeed, the

peak observed in λ-(BETS)2GaCl4 at 1453 cm−1 has a much higher intensity com-

pared to one at 1573 cm−1.

We have seen in Fig. 8.4 that the κ-phase salt is a metal at all temperatures;

therefore it is not surprising to find only broad vibrational modes even in the per-

pendicular direction. The non-monotonous resistivity ρ(T ) for λ-(BETS)2GaCl4

that goes through a maximum around Tmax = 91 K upon cooling, indicates that

electronic charges are prone to localization, because electronic correlation are more

important [208]. The presence of superconductivity right at the metal-insulator

transition in the phase diagram raises the question about possible mechanisms.

Now we want to draw the attention to the series of β′′-(BEDT-TTF)2X salts,

that was subjected to extended investigations for many years [85, 164, 214, 215], in-

cluding comprehensive optical studies that were focused on the interplay of charge

order and superconductivity. By variation of the all organic anions X, completely

insulating, charge-ordered, superconducting and metallic systems can be achieved.

In the latter compound, β′′-(BEDT-TTF)2SF5CHFCF2SO3, only a very low de-

gree of charge fluctuations is seen, resulting in a very broad feature in the optical

conductivity. The superconductor β′′-(BEDT-TTF)2SF5CH2CF2SO3, on the other

hand, exhibits well distinct peaks corresponding to fluctuating charges [198, 200,

201]; very much fostering the idea of charge fluctuations as glue for superconduc-

tivity.

For a more quantitative analysis, the vibrational features were fitted by one Fano

function each in case of κ-type; for the λ-type salt one Lorentzian each suffices. The

temperature evolution of the peak positions and the calculated charge imbalance

∆ρ are plotted in Fig.8.7(a) and (b), respectively. It is surprising that ∆ρ does
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not change significantly upon cooling for any of the features. This behavior is

completely different to quasi-one-dimensional (TMTTF)2X compounds where the

charge imbalance increases below TCO in a mean-field manner [179, 216–218]. The

present behavior instead resembles the finding in the superconducting β′′-(BEDT-

TTF)2SF5CH2CF2SO3 and metallic β′′-(BEDT-TTF)2SF5CHFSO3 [201].

The temperature dependence of the linewidth is displayed in Fig.8.7(c) for all

modes considered. The peaks of the κ-salt are mainly affected by the electronic

background and thermal broadening. A similar behavior is observed for the narrow

static modes in λ-(BETS)2GaCl4. The temperature evolution of the sidebands is

much smaller, they remain rather broad even at low temperatures. In the following

we elaborate on the possible origin of charge fluctuations below T = 150 K.

8.3.2 Interplay of broken symmetry ground states in spin and

charge sectors

In λ-type salts, the Fermi surface comprises cylindrical portions with one-

dimensional flat sections [219, 220], thus, nesting effects and possible instabilities

are expected. Indeed, the spin-density-wave (SDW) state accompanied by the

metal-insulator transition was recently observed in λ-(BETS)2GaBrxCl4−x series

with x = 0.75 [203] (Fig. 8.1(c)). No doubt that this state of itinerant antiferro-

magnetism certainly affects electronic properties of adjacent λ-(BETS)2GaCl4,

where the increase of 1/T1T just above the superconducting transition was

ascribed to the SDW fluctuations [139], and as a result, magnetic fluctuations

were considered as a pairing mechanism of superconductivity.

Our current infrared measurements reveal that in λ-(BETS)2GaCl4 not only
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magnetic fluctuations but also charge fluctuations are present at low temperatures.

In this case, the simple Hubbard model is insufficient to describe the underlying

physics. Instead, both, on-site Coulomb repulsion U and inter-site interaction V ,

has to be takes into account. The properties of a square lattice at half-filling by

using the extended Hubbard model, infer coexistence of spin and charge density

waves (SDW and CDW) near the superconducting state when V = U/4 [221].

Along this lines, we may now explain how superconductivity arises when both

charge- and spin-fluctuations are present.

For the one-dimensional Bechgaard salt (TMTSF)2PF6, for instance, several

groups have established the low-temperature SDW phase next to superconductiv-

ity [222–225]. X-ray scattering experiments revealed features associated with a

CDW state even for temperatures below TSDW [226, 227]; thus Clay, Mazumdar

and collaborators concluded that charge and spin density waves coexist [228, 229].

Since for (TMTSF)2PF6 and λ-(BETS)2GaBr0.75Cl3.25 a qualitatively similar situ-

ation is observed, we expect that in the latter compound a CDW state can coexist

with a SDW ground state. This implies that charge fluctuations and spin fluctua-

tions may occur next to and even cause the superconducting state. Interestingly,

several of the strongly dimerized κ-type salts with dominant magnetic fluctuations

exhibit superconducting transition temperatures of 10 K and more, while in those

systems with no or weak dimerization Tc barely exceeds 5 K. We might speculate

that in the present case of λ-BETS the charge imbalance prevents a larger Tc.

Further investigations of the neighboring insulating state are required to eventu-

ally prove this suggestion. Pressure-dependent studies could be an option to tune

the systems continuously albeit rather challenging. Beside a few examples in the

field of quantum spin liquids [20, 230, 231], here we want to mention the dimer
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Mott insulator β′-(BEDT-TTF)2ICl2 where superconductivity under pressure is

discussed near spin- and charge-density-wave phases [232].

Finally, let us recall the series α-(BEDT-TTF)2MHg(SCN)4, with M = K, Tl,

Rb, NH4, which is a typical quarter-filled system with clear indications of the

charge order. Interestingly, M = NH4 is superconducting while for the other com-

pounds various density-wave scenarios have been suggested because the electronic

structure contains quasi-one-dimensional bands at EF [67, 233–241]. As the sys-

tem is at the verge of a charge-ordered phase, the effect of charge fluctuations on

superconductivity is evident and should become subject of further investigations,

including the recently synthesized modified compounds, which also show density

wave states [242, 243].

At this point, we see that both, charge and spin fluctuations, may be present at

low temperatures in λ-(BETS)2GaCl4, but their influence on superconductivity is

not completely clear. In the case of the half-filled κ-(BEDT-TTF)2X salts, where

V = 0 and only U is present, charge fluctuations were found to be insignificant.

For the quarter-filled β′′-type systems, where V is strong, a link between charge

fluctuations and superconductivity were suggested theoretically and proven exper-

imentally [197, 198, 200]. This is consistent with the phase diagram proposed

by Onari et al. [221]. When both U and V are present, it is difficult to say

whether spin- and charge- fluctuations compete, whether they enhance each other,

and in which way their interplay leads to superconductivity. Further investiga-

tions are needed to draw firm conclusions. Nevertheless, the present study clearly

shows that when going from the bare metal κ-(BETS)2GaCl4 to the supercon-

ductor λ-(BETS)2GaCl4, the influence of the charge degrees of freedom increases.

The λ-type salts are another example for the idea that charge fluctuations affect
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superconductivity.

8.4 Conclusions

In summary, infrared optical spectroscopy was carried out in the range of the

charge-sensitive ν27(b1u) mode in order to learn about the interplay of charge order

and superconductivity in the two-dimensional organic conductor λ-(BETS)2GaCl4,

using κ-(BETS)2GaCl4 as a reference. In the latter compound, alternating layers

and metallic conductivity results in Fano-shaped slightly distinct modes. When

we go to the superconducting λ-(BETS)2GaCl4, we observe slight splitting of the

ν27(b1u) mode due to the lower symmetry structure. Most important, two side

modes appear upon cooling, which are assigned to a dynamical charge imbalance

of ∆ρ ≈ 0.14e. We suggest a situation similar to α- and β′′-type salts, where charge

fluctuations are closely linked to superconductivity and contribute to their pairing

mechanism. In accord with theoretical proposals, we suggest that these charge

fluctuations originate in a dynamic charge-density-wave state, which coexists with

the dynamic spin-density-wave state evidenced by NMR measurements. A com-

plete picture should eventually explain the properties of charge-ordered α- β′- and

β′′-compounds together with the observations in λ-(BETS)2GaCl4.
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Summary

The experimental results obtained within the framework of this thesis unambigu-

ously demonstrate that the infrared spectroscopy implemented with the dielectric

spectroscopy are uniquely powerful techniques for investigating charge degrees of

freedom of organic conductors. They not only allow to examine electronic correla-

tions strength, and the degree of disorder but also can provide valuable information

on the charge distribution.

In the first two results chapters we focus on quasi-two-dimensional BEDT-TTF

based organic salts, where electronic correlations are the strongest, resulting in

insulating ground states. The last results chapter is devoted to the investigation

of metallic λ-(BETS)2GaCl4 salt, which becomes superconducting at low temper-

atures.

In Chapter 6 we studied the low-temperature state of κ-(BEDT-TTF)2Cu[N(CN)2]I

by optical and dielectric spectroscopies and compared it to sibling compounds

κ-(BEDT-TTF)2Cu[N(CN)2]Cl, and κ-(BEDT-TTF)2Cu[N(CN)2]Br. We showed

that the inherent disorder, originating from disordered ethylene-end groups,

in κ-I significantly affects electronic properties, making the Mott-Hubbard

model insufficient for a complete description of all three salts, and instead

Mott-Anderson theory should be used to take into account not only electronic
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correlations but also effect of randomness. With our optical studies we identified

κ-(BEDT-TTF)2Cu[N(CN)2]I as a Coulomb localized insulator and determined

the correlations strength, and the degree of disorder. Those allow us to put it

on the global phase diagram with the other two salts for which disorder can be

introduced externally by x-ray radiation.

In Chapter 7 we elucidated the importance of charge degree of freedom in λ-

(BEDT-STF)2GaCl4. Vibrational spectroscopy performed on this salt revealed

that there is no charge-order transition, and only small charge disproportionation

exists, which arises from the presence of inequivalent donor molecules. What is

the most important, our optical studies confirmed the realization of the quantum

disordered state in λ-(BEDT-STF)2GaCl4 suggested previously. This quantum

disordered state may be a reason for the absence of magnet order in the system

under investigation. Even though the disorder in λ-(BEDT-STF)2GaCl4 is not

strong enough to bring us to the Mott-Anderson physics, however, it can be related

to the relaxor-like anomaly observed in our dielectric studies.

In Chapter 8 we discussed optical and dc transport studies of metallic λ-

(BETS)2GaCl4 salt which is adjacent to λ-(BEDT-STF)2GaCl4 in the generic

phase diagram [139] and showing superconducting behavior below 4.7 K. The

metallic κ-(BETS)2GaCl4 salt was used as a reference to understand the origin

of the superconductivity in λ-(BETS)2GaCl4 . Optical studies of charge-sensitive

ν27(b1u) molecular vibration revealed a dynamical charge imbalance in the latter

one, which is not present in the κ-type salt. From this we concluded that not only

spin fluctuations but also charge fluctuations are important for the emergence of

superconductivity in λ-(BETS)2GaCl4 salt.
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Jérome, C. Mézière, and P. Batail, “Mott transition and transport crossovers

in the organic compound κ−(BEDT−TTF)2Cu[N(CN)2]Cl”, Phys. Rev.

Lett. 91, 016401 (2003).
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[27] A. Lösche, “N. F. MOTT, E. A. DAVIS. Electronic Processes in Non-

Crystalline Materials Clarendon-Press, Oxford 1971 437 Seiten. £ 7,50”,

Krist. Tech. 7, K55 (1972).

[28] A. L. Efros and B. I. Shklovskii, “Coulomb gap and low temperature conduc-

tivity of disordered systems”, J. Phys. C: Solid State Phys. 8, L49 (1975).

[29] K. Byczuk, W. Hofstetter, and D. Vollhardt, “Mott-hubbard transition

versus anderson localization in correlated electron systems with disorder”,

Phys. Rev. Lett. 94, 056404 (2005).
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Hamzić, S. Tomić, T. Hiramatsu, Y. Yoshida, G. Saito, J. A. Schlueter, M.
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M. Dressel, and S. Tomić, “Anisotropic charge dynamics in the quantum

spin-liquid candidate κ-(BEDT-TTF)2Cu2(CN)3”, Phys. Rev. B 90, 195139

(2014).

[63] E. D. Palik, Handbook of Optical Constants of Solids (Elsevier, Academic

Press, 1985).

[64] S. J. Youn, T. H. Rho, B. I. Min, and K. S. Kim, “Extended drude model

analysis of noble metals”, Phys. Status Solidi B 244, 1354 (2007).

[65] L Degiorgi, “The Drude model in correlated systems”, Annalen der Physik

15, 571 (2006).

[66] F. Wooten, Optical properties of solids (Academic press, 2013).

[67] M. Dressel and N. Drichko, “Optical properties of two-dimensional organic

conductors: signatures of charge ordering and correlation effects”, Chem.

Rev. 104, 5689 (2004).

[68] P. Drude, “Zur elektronentheorie der metalle”, Annalen der Physik 306,

566 (1900).

152

https://doi.org/10.1088/0953-8984/27/37/373001
https://doi.org/10.1103/PhysRevB.90.195139
https://doi.org/10.1103/PhysRevB.90.195139
https://doi.org/https://doi.org/10.1002/pssb.200642097
https://doi.org/10.1021/cr030642f
https://doi.org/10.1021/cr030642f
https://doi.org/https://doi.org/10.1002/andp.19003060312
https://doi.org/https://doi.org/10.1002/andp.19003060312


Bibliography

[69] H. A. Lorentz, “Ueber die beziehung zwischen der fortpflanzungs-

geschwindigkeit des lichtes und der körperdichte”, Annalen der Physik

245, 641 (1880).

[70] D. Pines, Theory of quantum liquids: normal fermi liquids (CRC Press,

2018).

[71] L. Landau, “On the theory of the fermi liquid. sob. phys”, Jetp 8, 70 (1959).

[72] P. B. Allen, “Electron-phonon effects in the infrared properties of metals”,

Phys. Rev. B 3, 305 (1971).

[73] U. Fano, “Effects of configuration interaction on intensities and phase

shifts”, Phys. Rev. 124, 1866 (1961).
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[77] A. Levstik, Z. Kutnjak, C. Filipič, and R. Pirc, “Glassy freezing in relaxor

ferroelectric lead magnesium niobate”, Phys. Rev. B 57, 11204 (1998).

[78] L. E. Cross, “Relaxor ferroelectrics”, Ferroelectrics 76, 241 (1987).

[79] C. J. Johnson, “Some dielectric and electro-optic properties of BaTiO3 single

crystals”, Appl. Phys. Lett. 7, 221 (1965).

153

https://doi.org/10.1103/PhysRevB.3.305
https://doi.org/10.1103/PhysRev.124.1866
https://doi.org/10.1088/0022-3727/32/14/201
https://doi.org/10.1088/0022-3727/32/14/201
https://doi.org/10.1103/PhysRevB.57.11204
https://doi.org/10.1080/00150198708016945
https://doi.org/10.1063/1.1754387


Bibliography

[80] M. Abdel-Jawad, I. Terasaki, T. Sasaki, N. Yoneyama, N. Kobayashi, Y.

Uesu, and C. Hotta, “Anomalous dielectric response in the dimer mott

insulator κ-(BEDT-TTF)2Cu2(CN)3”, Phys. Rev. B 82, 125119 (2010).

[81] C. W. Ahn, C.-H. Hong, B.-Y. Choi, H.-P. Kim, H.-S. Han, Y. Hwang, W.

Jo, K. Wang, J.-F. Li, J.-S. Lee, and I. W. Kim, “A brief review on relaxor

ferroelectrics and selected issues in lead-free relaxors”, J. Korean Phys. Soc.

68, 1481 (2016).

[82] A. A. Bokov and Z.-G. Ye, in Prog. Adv. Dielectr. (WORLD SCIENTIFIC,

Singapore, July 2019), pp. 105–164.

[83] O. Iakutkina, L. N. Majer, T. Biesner, E. Uykur, J. A. Schlueter, and M.

Dressel, “Charge localization in strongly correlated κ−(BEDT−TTF)2Cu−

[N(CN)2]I due to inherent disorder”, Phys. Rev. B 104, 205127 (2021).

[84] K. Miyagawa, K. Kanoda, and A. Kawamoto, “NMR Studies on Two-

Dimensional Molecular Conductors and Superconductors: Mott Transition

in κ-(BEDT-TTF)2X”, Chem. Rev. 104, 5635 (2004).
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Berthier, S. Uji, H. Tanaka, B. Zhou, A. Kobayashi, and H. Kobayashi,

“Evidence of charge disproportionation in λ-type BETS based organic su-

perconductors”, J. Phys. Soc. Jpn. 79, 074711 (2010).

[207] T. Kobayashi, K. Tsuji, A. Ohnuma, and A. Kawamoto, “Selective

observation of spin and charge dynamics in an organic superconductor

λ-(BETS)2GaCl4 using 69,71Ga NMR measurements”, Phys. Rev. B 102,

235131 (2020).

[208] S. Pesotskii, R. Lyubovskii, N. Kushch, M. V. Kartsovnik, W. Biberacher,

K. Andres, H. Kobayashi, and A. Kobayashi, “de Haas-van Alphen oscil-

lations and angular magnetoresistance oscillations in the organic metal κ-

(BETS)2GaCl4”, JETP 88, 114–117 (1999).

[209] F. L. Pratt, S. J. Blundell, I. M. Marshall, T. Lancaster, S. L. Lee, A.

Drew, U. Divakar, H. Matsui, and N. Toyota, “µSR studies of magnetic

superconductors based on the BETS molecule”, Polyhedron 22, 2307 (2003).

[210] L. Montgomery, T. Burgin, J. Huffman, J. Ren, and M.-H. Whangbo, “Syn-

thesis, superconductivity, x-ray structure and electronic band structure of

λ-(BETS)2GaCl4”, Physica C 219, 490 (1994).

[211] A. Kobayashi, T. Udagawa, H. Tomita, T. Naito, and H. Kobayashi, “New

organic metals based on BETS compounds with MX−4 anions (BETS =

bis(ethylenedithio)tetraselenafulvalene M = Ga, Fe, In; X = Cl, Br)”,

Chem. Lett. 22, 2179 (1993).

172

https://doi.org/10.1143/JPSJ.76.124708
https://doi.org/10.1143/JPSJ.79.074711
https://doi.org/10.1103/PhysRevB.102.235131
https://doi.org/10.1103/PhysRevB.102.235131
https://doi.org/10.1103/PhysRevB.86.245103
https://doi.org/10.1016/S0277-5387(03)00254-7
https://doi.org/https://doi.org/10.1016/0921-4534(94)90404-9
https://doi.org/10.1246/cl.1993.2179


Bibliography

[212] P. Foury-Leylekian, V. Ilakovac, V. Balédent, P. Fertey, A. Arakcheeva, O.

Milat, D. Petermann, G. Guillier, K. Miyagawa, K. Kanoda, P. Alemany,

E. Canadell, S. Tomic, and J.-P. Pouget, “(BEDT-TTF)2Cu2(CN)3 Spin

Liquid: Beyond the Average Structure”, Crystals 8, 158 (2018).

[213] M. S. Alonso, “Effect of disorder on the optical proper- tiesof organic quan-

tum spin-liquid compounds”, MA thesis (Stuttgart University, Stuttgart,

2016), p. 245103.

[214] B. H. Ward, J. A. Schlueter, U. Geiser, H. H. Wang, E. Morales, J. P.

Parakka, S. Y. Thomas, J. M. Williams, P. G. Nixon, R. W. Winter, G. L.

Gard, H.-J. Koo, and M.-H. Whangbo, “Comparison of the crystal and elec-

tronic structures of three 2:1 salts of the organic donor molecule BEDT-TTF

with pentafluorothiomethylsulfonate anions SF5CH2SO−3 , SF5CHFSO−3 , and

SF5CF2SO−3”, Chem. Mater. 12, 343 (2000).

[215] J. A. Schlueter, B. H. Ward, U. Geiser, H. H. Wang, A. M. Kini, J. Parakka,

E. Morales, H.-J. Koo, M.-H. Whangbo, R. W. Winter, J. Mohtasham, and

G. L. Gard, “Crystal structure, physical properties and electronic structure

of a new organic conductor β′′-(BEDT-TTF)2SF5CHFCF2SO3”, J. Mater.

Chem. 11, 2008 (2001).

[216] T. Knoblauch and M. Dressel, “Charge disproportionation in (TMTTF)2X

(X = PF6, AsF6 and SbF6) investigated by infrared spectroscopy”, Phys.

Status Solidi C 9, 1158 (2012).
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