Thermal Expansion and Transport
Properties of Low-Dimensional
Organic Conductors

Dissertation
zur Erlangung des Doktorgrades

der Naturwissenschaften

vorgelegt beim Fachbereich Physik
der Johann Wolfgang Goethe Universitat
in Frankfurt (M)

von
Valdeci Pereira Mariano de Souza

aus Mogi das Cruzes - SP, Brasilien

Frankfurt am Main (2008)



vom Fachbereich Physik der Goethe Universitit als Dissertation angenommen.

Dekan: Prof. Dr. Michael Huth

Gutachter: Prof. Dr. Michael Lang
Prof. Dr. Naoki Toyota (Tohoku University, Sendai - Japan)
Prof. Dr. Wolf Afimus (als Vertretung von Prof. Toyota in der Disputation)

Einreichung: 04.11.2008
Datum der Disputation: 29.01.2009




Kurzfassung

Die vorliegende Arbeit beschiftigt sich hauptsdachlich mit der thermischen
Ausdehnung niedrigdimensionaler organischer Leiter. Die thermische Ausdehnung
kristalliner Materialien ist ein wohlverstandener physikalischer Prozess [1]. Er beruht
auf der Temperaturabhingigkeit der interatomaren Abstinde, welche wiederum von
der Anharmonizitit der Gitterschwingungen hervorgerufen wird. Bei den hier unter-
suchten organischen Ladungstransfersalzen handelt es sich um stark korrelierte, elek-
tronisch ein- oder zweidimensionale Systeme, deren verschiedenartige Grundzustiande
durch das Wechselspiel von Spin-, Ladungs- und Gitterfreiheitsgraden bestimmt wer-
den. Aufgrund der Grofse der Effekte haben sich thermische Ausdehnungsmessun-
gen als eine duflerst niitzliche Methode erwiesen, um tiefere Einblicke in die Physik
dieser Materialien zu gewinnen. Die hier vorgestellten Ergebnisse wurden an einem
ultrahochauflésenden Dilatometer aus der Arbeitsgruppe von Prof. Dr. Michael Lang
(Physikalisches Institut, Goethe Universitét - Frankfurt (M)) gewonnen [2].

Systematische Untersuchungen zur thermischen Ausdehnung wurden im Rahmen
dieser Arbeit an zwei Materialklassen durchgefiihrt, zum einen an der Familie der quasi-
eindimensionalen = organischen  Leiter = (TMTTF)2X, wobei TMTTF fiir
Tetramethyltetrathiofulvalen steht, und X ein einwertiges Anion (X = PFg, AsFg oder
SbFg) ist, und zum anderen an der Familie der quasi-zweidimensionalen Leiter x-(ET)2X,
wobei ET = BEDT-TTF die Abkiirzung fiir Bis(ethylen-dithiolo)tetrathiofulvalen
(C10SsHg), und X wieder ein einwertiges Anion ist. Diese Materialien stellen Modell-
systeme zur Erforschung elektronischer Korrelationen in einer oder zwei Dimensionen
dar. Insbesondere hat das vollstindig deuterierte Salz £-(D8-ET),Cu[N(CN);]Br (“x-D8-
Br”) Aufmerksamkeit auf sich gezogen, da es sich im Phasendiagramm in unmittelbarer
Néahe zur S-formigen Phasengrenzlinie befindet [3], die den metallischen vom isolieren-
den Bereich trennt. Dies erméglicht es, den Mottschen Metall-Isolator(MI)-Ubergang (1.
Ordnung), eines der Hauptforschungsfelder auf dem Gebiet der stark korrelierten elek-
tronischen Systeme, als Funktion der Temperatur zu untersuchen. Im Rahmen dieser
Arbeit wurden zum ersten Mal experimentelle Resultate gewonnen, welche die wichtige
Rolle belegen, die die Gitterfreiheitsgrade fiir den Mott-MI-Ubergang in den obigen Ma-
terialien spielen [4].

Um die Gittereffekte zu untersuchen, die bei letztgenanntem System am
Mott-Ubergang auftreten, wurden richtungsabhingige thermische Ausdehnungsmes-
sungen durchgefiihrt. Dazu wurde ein ultrahochauflosendes kapazitives Dilatometer
(Konstruktion nach [60]) verwendet, das eine maximale relative Langenauflosung von
Al/l = 10719 besitzt und in einem Temperaturbereich von 1,6 bis 200K betrieben wer-
den kann. Zusétzlich kann ein Magnetfeld mit einer Maximalstdrke von 10T angelegt
werden. Die genannte Auflosung ist im Allgemeinen nur bis zu einer Temperatur von
T ~ 40K erreichbar, weil dariiber eine genaue Temperaturkontrolle aufgrund der Grofe
der auftretenden Zeitkonstante zunehmend schwierig wird. Um externe Schwingun-



gen abzufangen, ist der Kryostat mit Vibrationsddmpfern ausgestattet. Die Messzelle
(fast vollstandig aus hochreinem Kupfer) besteht im Wesentlichen aus einem Rahmen
und zwei parallelen Stempeln, von denen der obere in der Hohe verstellbar ist, um
die Probe zwischen die beiden Stempel platzieren zu kénnen. Der untere Stempel, der
beweglich (iiber Federn) am Zellrahmen aufgehdngt ist, ist fest mit der oberen Platte
eines Plattenkondensators verbunden, wihrend die untere Platte am Zellrahmen be-
festigt ist. Das Messprinzip ist sehr einfach: Eine Anderung der Probenldnge, also
eine Expansion oder eine Kontraktion, bei steigender bzw. fallender Temperatur spiegelt
sich in einer Anderung des Plattenabstands des Kondensators und folglich in einer Ka-
pazititsanderung wider, aus deren Messung auf die Langendnderung zuriickgeschlossen
werden kann. Die bemerkenswerteste Figenschaft des Dilatometers ist die bereits
erwihnte enorm hohe Auflésung von Al/l = 10719, die fiir eine 1 mm lange Probe einer
absoluten Auflosung von 0,01 Angstrom entspricht. Dieser Wert, der vor allem durch die
gute Auflosung der verwendeten Kapazitatsbriicke und die hohe Qualitidt der Messzelle
bedingt ist, {ibertrifft den von konventionellen Methoden wie Neutronen- oder Ront-
genstreuung um etwa fiinf Groflenordnungen, was die Messung winzig kleiner Git-
terainderungen gestattet.

Kiihlt man das System x-D8-Br ab, so zeigt es bei der Temperatur 7}, ~ 30K, am kri-
tischen Endpunkt der 1. Ordnungs-Phasengrenzlinie, eine kontinuierliche Veranderung
der Gitterparameter. Innerhalb der Messgenauigkeit konnten hier keinerlei Hystereseer-
scheinungen beobachtet werden, was auf einen Ubergang 2. Ordnung hinweist. Eine
abruptere Anderung der Gitterparameter tritt bei weiterem Abkiihlen bei der Temper-
atur Thr = 13,6 K, der Mott—MI-Ubergangstemperatur, auf.

Diese Anderung ist entlang der a-Achse (parallel zu den elektrisch leitenden ET-
Ebenen) und entlang der b-Achse (senkrecht zu den Ebenen) am stiarksten ausgepragt,
wihrend man entlang der c-Achse, der zweiten parallel zu den ET-Ebenen liegenden
Richtung, erstaunlicherweise so gut wie keinen Effekt beobachtet. Dies ist ein Anze-
ichen dafiir, dass in diesem System am Mott-MI-Ubergang eine Kopplung zwischen
den Elektronen und den Gitterfreiheitsgraden vorliegt. Die Anisotropie kann nicht im
Rahmen eines rein zweidimensionalen elektronischen Modells erkldart werden, dass aus
Dimeren auf einem anisotropen Dreiecksgitter bestiinde. Die Hysterese in der relativen
Langenidnderung entlang der a-Achse bestitigt, dass es sich um einen Ubergang erster
Ordnung handelt.

Ein weiteres Material, das in den letzten Jahren grofse Aufmerksamkeit auf sich gezo-
gen hat, ist die Verbindung x-(ET)2Cux(CN)3 [5]. Die Spins in diesem System sind in
einem nahezu perfekt frustrierten quasi-zweidimensionalen Dreiecksgitter angeordnet,
das heifit fiir das Verhiltnis der Uberlapp-Integrale (Hiipfamplituden) gilt ¢/¢' ~ 1. Bis
hin zu den tiefsten erreichbaren Temperaturen wurden bislang keinerlei Anzeichen einer
langreichweitigen Ordnung entdeckt. Aus diesen Griinden gilt das System als aussicht-
sreicher Kandidat fiir die Realisierung einer Spin-Fliissigkeit. Ein Vorschlag aus der Lit-
eratur besagt, dass bei T' ~ 6 K ein Crossover, auch versteckte Ordnung genannt, in die
Spinfliissigkeits-Phase vorliegt. Die Natur dieses Crossovers bzw. Ubergangs ist noch
umstritten. ., der thermische Ausdehnungskoeffizient entlang der c-Richtung, nimmt
mit fallender Temperatur zunéchst bis 7,;, ~ 30 K monoton ab. Eine breite Anomalie
ist bei T' ~ 150 K zu sehen. Oberhalb dieser Temperatur haben Y. Shimizu et al. eine Zu-
nahme der Kernspin-Relaxationsrate festgestellt, die sie mit der thermisch aktivierten
Schwingung der Ethylen-Endgruppen in Verbindung brachten [110].

Es sind keine Spuren einer glasartigen Anomalie bei T'=77 - 80 K zu erkennen. Dieses
Verhalten unterscheidet sich deutlich von dem in den Systemen x-(ET)2Cu[N(CN);]Cl
[86], k-D8-Br (in dieser Arbeit untersucht) und x-H8-Br [86] beobachteten, bei denen




der thermische Ausdehnungskoeffizient deutliche Signaturen bei T, ~ 77K zeigt. Dies
deutet darauf hin, dass sich die Gitterdynamik von x-(ET)2Cu2(CN)3 von der der ger-
ade genannten Verbindungen unterscheidet. In der Tat kann das Fehlen einer glasartigen
Anomalie in k-(ET)2Cuz(CN)3 mit Hilfe des Modells der rigid-unit modes (RUM) (siehe
[122] und die darin zitierten Referenzen) verstanden werden: Die Cu(CN)3~-Anionen
bilden ein zweidimensionales Netzwerk aus Cu(I)-Ionen und verbriickenden Cyanid-
Gruppen [92]. Dies stellt einen markanten Unterschied zur Polymer-Anordnung der An-
ionen in k-(ET)2Cu[N(CN)2]Cl und «-(ET)2Cu[N(CN)2]Br dar. Die Schwingungsmoden
der CN-Gruppen sind in x-(ET)2Cu2(CN); demzufolge auf den Bereich zwischen be-
nachbarten Cu(I)-Ionen beschriankt und koénnen sich nicht entlang der Struktur aus-
breiten, wodurch das Auftreten von RUM-Moden unterbunden ist, und folglich keine
Signaturen eines glasartigen Ubergangs auftreten. Eine weitere breite Anomalie in a.
ist bei T4z, >~ 70K sichtbar. Bei etwa dieser Temperatur zeigt auch die magnetische
Suszeptibilitdt ein breites Maximum [110]. Unterhalb von 7" ~ 50K nimmt o, nega-
tive Werte an und durchlduft ein breites Minimum bei T;,,;, ~ 30K, um unterhalb von
T ~ 14K erneut positiv zu werden. Ein mogliches Szenario zur Erkldrung der nega-
tiven thermischen Ausdehnung im Bereich 14K < 7' < 50 K sieht so aus, dass in diesem
Temperaturbereich (héchstwahrscheinlich anionische) Gitterschwingungsmoden weich
werden, der Griineisenparameter daher negative Werte annimmt und sich das Gitter
beim Abkiihlen ausdehnt. Andererseits kann die Hypothese einer von den Spinfreiheits-
graden getriebenen negativen thermischen Ausdehnung nicht ausgeschlossen werden.
So wird in der Literatur von einem Zusammenhang zwischen negativer thermischer
Ausdehnung und Frustration berichtet [143], obgleich eine Theorie zur Erkldrung dieses
Phidnomens noch aussteht. Bei weiterem Abkiihlen wird in .. eine erstaunlich stark aus-
gepragte Anomalie bei 79" ~ 6K sichtbar, die bei derselben Temperatur, wenngleich
deutlich schwicher ausgeprégt, auch in der spezifischen Warme erscheint [5]. Thermis-
che Ausdehnungsmessungen entlang der b-Achse, die genau wie die c-Achse parallel
zu den ET-Ebenen liegt, offenbaren eine bemerkenswerte Ausdehnungsanisotropie bei
Tem™, das heifit, der vorgeschlagene Crossover in den Spinfliissigkeits-Zustand geht
mit einer starken Verzerrung innerhalb der ET-Ebenen einher. Unsere Ergebnisse stellen
den ersten Nachweis von Gittereffekten bei 7" dar. Bei noch tieferen Temperaturen
(I' ~ 2,8 K) zeigen die Daten eine weitere sprungformige Anomalie, zu der in spezifis-
chen Warmemessungen keine Entsprechung gefunden wurde [5], vermutlich aufgrund
der zu geringen Auflosung solcher Experimente.

Die Signaturen in o, haben ihre direkte Entsprechung in der Kernspin-Relaxationsrate
(I, 1 und magnetischen Suszeptibilitdt (x) [110]. Unterhalb von 50 K nehmen beide
GroBen bis zu einer Temperatur von 4 K monoton ab, wonach 7} wieder zuzunehmen
beginnt und ein breites Maximum bei 1K zeigt, wahrend x weiterhin kontinuierlich ab-
nimmt. Thermische Ausdehnungsmessungen bei einem angelegten Magnetfeld von 8 T
entlang der c-Achse liefSen keinerlei Verdnderungen, weder des scharfen Maximums bei
6K noch der Anomalie bei 2,8 K, im Vergleich zu den Nullfelddaten erkennen. Diese
fehlende Magnetfeldabhingigkeit, die sich auch in der spezifischen Warme zeigt [5],
macht eine langreichweitige magnetische Ordnung als Ursache der Anomalie bei 6 K
unwahrscheinlich. Aufierdem ergaben im Abkiihlen und im Aufwarmen durchgefiihrte
Messungen keinerlei Hinweise auf hysteretisches Verhalten, zumindest innerhalb der ex-
perimentellen Auflosung, so dass ein Ubergang erster Ordnung ausgeschlossen werden
kann. Somit bleibt die Ursache der Anomalie bei 6 K unbekannt, wenn auch die vor-
liegenden Ergebnisse zur thermischen Ausdehnung mit einem von Lee et al. vorgeschla-
genen Modell [115] in Einklang zu stehen scheinen. Hiernach wird durch Spinpaarung
auf der Fermifldche eine spontane Brechung der Gittersymmetrie hervorgerufen, was zu




einem Phaseniibergang bei endlicher Temperatur fiihrt, der wiederum mit einer Gitter-
verzerrung gekoppelt ist. Anders ausgedriickt muss die Spin-Entropie beim Abkiihlen
(teilweise) eingefroren werden, was bei Abwesenheit langreichweitiger magnetischer
Ordnung nur iiber eine Verzerrung des Gitters moglich ist. Dieser Prozess weist einige
Ahnlichkeiten zum klassischen Spin-Peierls-Ubergang auf, bei dem die Ausbildung des
Singulett-Zustands und die einhergehende Abnahme der Spin-Entropie ebenfalls durch
eine Gitterverzerrung verursacht werden. Im vorliegenden Fall liegt im Bereich 0,3K <
T < 1,5K nur eine Entropie von wenigen Prozent von RIn 2 vor [5], das heifit, nur ein
kleiner Bruchteil aller Spins ist an der Spinfliissigkeitsphase beteiligt. Bemerkenswert ist
auerdem, dass die Form des Ubergangs bei 6 K der Form derjenigen thermischen Aus-
dehnungsanomalie &hnelt, die mit dem Spin-Peierls-Ubergang in den quasi-
eindimensionalen organischen Leitern (TMTTF)2X (X = PFg oder AsFg) verbunden ist.

Ein weiteres Phinomen von grofiem aktuellen Interesse auf dem Gebiet der stark ko-
rrelierten elektronischen Systeme ist die Ladungsordnung (CO). Der Phaseniibergang zu
einem ladungsgeordneten Zustand ist experimentell schon bei einer Reihe von Materi-
alien beobachtet worden.  Unter ihnen befindet sich die Familie der quasi-
eindimensionalen organischen Ladungstransfersalze (TMTTF)2X [6]. Bemerkenswert-
erweise wurde die Existenz einer ladungsgeordneten Phase in (TMTTF),X mit Hilfe der
Molekularfeldndherung im erweiterten Hubbard-Modell, also unter Berticksichtigung
von on-site und inter-site Coulomb-Wechselwirkungen [7], schon theoretisch vorhersagt,
als die experimentelle Bestdtigung noch ausstand. Bislang fanden sich in der Literatur
keinerlei Hinweise auf strukturelle Verdanderungen als Folge der Ladungsordnung, we-
shalb der CO-Ubergang in den (TMTTF);X-Salzen als “strukturloser” Phaseniibergang,
an dem nur Ladungsfreiheitsgrade beteiligt sind, bekannt wurde. Die erste Beobach-
tung von Gittereffekten am CO-Ubergang und die sich daraus ergebene Erklirung fiir
das Auftreten von Ferroelektrizitit, stellt daher ein zweites wichtiges Ergebnis der vor-
liegenden Arbeit [8] dar. Sie weisen stark darauf hin, dass fiir die (TMTTF),X-Salze mit
X =PFg, AsFg und SbFs sowohl die Ladungs- als auch die Gitterfreiheitsgrade an diesem
Ubergang beteiligt sind . Dariiber hinaus wird in dieser Arbeit der erste Nachweis eines
weiteren Phaseniibergangs bei der Temperatur 7;,; = 0,6 - Tco in den Salzen mit X =
PF¢ und AsFg vorgestellt, welcher aller Wahrscheinlichkeit nach mit dem Ladungsord-
nungsprozess in Beziehung steht.

Im Rahmen dieser Arbeit wurden auch Widerstandsmessungen unter hydrostatis-
chem Druck unter Verwendung einer %He-Gasdruckzelle an der Verbindung
(CH3)0,92ReO3 durchgefiihrt. Diese Verbindung ist das erste Beispiel eines leitenden
polymerischen Oxids. Der elektrische Widerstand verhalt sich metallisch bis 7,7 ~ 30K,
wo ein Metall-Isolator Ubergang stattfindet. Eine Altshuler-Aronov Korrektur basierend
auf die Vorstellung eines Crossovers in der Diffusion von Ladungstrdgern wurde von
E.-W. Scheidt et al. vorgeschlagen, um den Metall-Isolator Ubergang bei T/ ~ 30K zu
beschreiben. Die Ergebnisse von Widerstandmessungen fiir Driicke bis 1kbar zeigen
eine Abnahme des Widerstands im gesamten untersuchten Temperaturbereich, was auf
eine Abnahme des Restwiderstandes hindeutet. Die Lage des Metall-Isolator-Ubergangs
bei Ty ~ 30K bleibt hingegen unberiihrt.

Zusammenfassend sei gesagt, dass es auf dem Gebiet der stark korrelierten elektro-
nischen Systeme eine schon lange wahrende Diskussion dariiber gibt, ob die Gitterfrei-
heitsgrade eine Rolle fiir verschiedene physikalische Phdnomene spielen, darunter der
Mott-Metall-Isolator-Ubergang und der Ladungsordnungs-Ubergang. Die Ladungstrans-
fersalze der k-(ET)2X- und der (TMTTF),X-Familie stellen in dieser Hinsicht Modellsys-
teme dar, erstere fiir die Erforschung von Korrelationseffekten in zwei Dimensionen,
letztere entsprechend fiir eine Dimension. In der vorliegenden Arbeit wurden diese




Fragestellungen mit Hilfe hochaufgeloster Dilatometrie angegangen. Die hier disku-
tierten Ergebnisse offenbaren eine enge Verflechtung der Gitter- und elektronischen Frei-
heitsgrade sowohl beim Mott-Metall-Isolator-Ubergang im vollstindig deuterierten Salz
k-(D8-ET)aCu[N(CN)2]Br als auch beim Ladungsordnungs—Ubergang inder (TMTTF)oX-
Familie mit X = PFg, AsFg und SbFg.
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Chapter 1

Introduction

The present work is dedicated mainly to the study of the thermal expansion of low-
dimensional organic conductors. As a matter of fact, the phenomenon of thermal ex-
pansion in crystalline materials is a well-understood physical process [1]. The latter is
predominantly dominated by the anharmonic vibrations of the lattice, which changes
the interatomic distance as the temperature is increased or decreased and can in turn be
observed at the macroscopic scale. For the organic charge-transfer salts investigated in
the frame of this work, the interplay between spin, charge and lattice degrees of freedom
defines the various ground states of these highly correlated one- or two-dimensional
electronic systems and, due to their large expansivity, thermal expansion measurements
have been revealed as a powerful experimental tool to obtain more insights into the
physics of these materials. In this sense, given its high sensitivity, the experimental
setup existent in the group of Prof. Dr. Michael Lang (Physics Institute - Goethe Uni-
versity - Frankfurt (M)) is an ideal experimental tool for studying the various electronic
phases in organic conductors [2]. Charge-transfer salts of the x-phase-(BEDT-TTF)2X,
here (BEDT-TTF) refers to (bisethylenedithio-tetrathiafulvalene), i.e. (C;0SgHsg), and X to
a monovalent anion, have been recognized as model systems to study electronic corre-
lations in two-dimensions (2D). In particular, single crystals of fully deuterated salts of
k-(BEDT-TTF)2Cu[N(CN)2]Br, have been attracting interest due to their close proximity
to the S-shaped first-order phase transition line in the phase diagram [3], which separates
the metallic from the insulating state, thus enabling the Mott metal-insulator (MI) tran-
sition, one of the key topics in the field of strongly correlated electron systems, to be ex-
plored through temperature sweeps. One important result achieved in the frame of this
work refers to the first experimental observation of the actual role of the lattice degrees
of freedom for the Mott MI transition in the above-mentioned materials [4]. Both the
discontinuity and the anisotropy of the lattice parameters observed via high-resolution
thermal expansion experiments indicate an intricate role of the lattice degrees of freedom
at the Mott transition for the present material which cannot be explained by a purely 2D
electronic model. Furthermore, in the frame of the present work, a model based on the

10



CHAPTER 1. INTRODUCTION 11

rigid-unit modes scenario is proposed to describe the negative thermal expansion above
the so-called glass like transition temperature 7, ~ 77K in fully deuterated salts of x-
(BEDT-TTF),Cu[N(CN)2]Br and parent compounds.

The compound x-(BEDT-TTF),Cu2(CN)3 is another material of great interest in the
last few years [5]. This system has an almost perfect quasi-2D frustrated triangular lat-
tice, i.e. a ratio of hopping integrals of ¢/t ~ 1. No signature of long-order magnetic
ordering has been observed down to low temperatures. Thus, this system has been rec-
ognized as a candidate for the realization of a spin-liquid. At7T" = 6K, a crossover from a
paramagnetic Mott insulating to a spin-liquid phase has been proposed in the literature.
Nevertheless, the nature of the crossover/transition, also called hidden ordering, is still
controversial. Thermal expansion performed on this material in the frame of the present
work revealed a huge phase-transition-like-anomaly at 7" = 6 K, which coincides nicely
with recent specific heat results reported in the literature. Our results provide strong
evidences that this instability at 7" = 6 K is directly linked to the proposed spin-liquid
phase.

Charge-ordering (CO) phenomena have been highly topical over the last few years.
The phase transition towards a CO state was already observed experimentally in several
materials. Found among them, is the family of quasi-one dimensional (quasi-1D) organic
charge-transfer salt (TMTTF)2X [6], where (TMTTF) stands for tetramethyltetrathiafulva-
lene and X for a monovalent anion (X = PFg, AsFg and SbFg). For the latter substances,
the transition into the charge-ordered phase is accompanied by the onset of ferroelec-
tricity. Interestingly enough, the existence of a charge-ordered phase in (TMTTF)2X was
predicted theoretically through mean-field calculations in the extended Hubbard model,
i.e. taking into account the on-site and inter-site Coulomb interactions [7], before such
experimental observations could be made. To date, no evidence of structural changes
accompanying the charge ordering has been reported in the literature and, due to this,
the CO transition in these substances has been known as a “structureless” phase tran-
sition. Due to the lack of structural changes it is believed that only charge degrees of
freedom are involved in the CO transition. A second important result obtained in the
present work concerns the first evidence for lattice effects at the CO transition, indicat-
ing that for the (TMTTF)2X salt with X = PFg, AsFg and SbFg, both charge and lattice
degrees of freedom should be involved in the CO transition [8]. In addition, the present
work provides the first evidence of another phase transition at Tj,; = 0.6 - Tco for the X
= PFg and AsFg salts, which is likely to be related to the charge-ordering process.

Following this brief introduction which includes the first chapter, this thesis is sub-
sequently divided into eight chapters, as follows:

e Chapter 2: this chapter is dedicated to a discussion on the basic theoretical aspects
related to this work. Firstly, a discussion about the thermodynamic quantities used
in this work is presented, followed by a discussion of the main characteristics of
first- and second-order transitions and critical behavior. The basic concepts about
the physics of low-dimensional systems, organic conductors and electronic corre-
lation effects are then introduced. The chapter ends with a discussion on the Mott
MI transition.

e Chapter 3: here the experimental methods and techniques, i.e. high-resolution
dilatometry employing the capacitive method and resistivity under ambient and
high pressures employing a He-gas pressure cell are discussed. Details of the
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measurement procedures and data analysis are also presented.

Chapter 4: sample preparation, the existent phases, crystal structures, pressure-
temperature phase diagram and state of the art of the (BEDT-TTF),X based organic
conductors are introduced, followed by the main results which have been obtained
from the above-mentioned organic conductors. High-resolution thermal expansion
experiments on the fully deuterated compound with the anion X = Cu[N(CN)2]Br
and the system with X = Cu(CN)3 are discussed in detail. This chapter embodies
part of the main results of this thesis.

Chapter 5: this chapter is dedicated to the quasi-1D (TMTTF),X with X = PFg,
AsFg and SbFg charge-transfer salts. Firstly, the crystal structure and the gener-
alized phase diagram are discussed. This is followed by a discussion of selected
literature results related to the CO phase transition. The chapter ends with a de-
tailed discussion of the thermal expansion results for the present organic conduc-
tors. This chapter incorporates another important part of this thesis.

Chapter 6: in this chapter, the polymeric methyltrioxorhenium (CHz)g.92ReO3 com-
pound, abbreviated to (poly-MTO), is discussed. Crystalline structure, literature
results and resistivity measurements under ambient and high pressures carried
out on this compound are discussed.

Chapter 7: in this chapter main results and conclusions of the project are summa-
rized.

Chapter 8: perspectives and an outlook are presented here.




Chapter 2

Basic Theoretical Features

In this chapter, a brief discussion about the thermodynamic quantities used in this
work is given. Definitions of the nature and classification of phase transitions, as well as
critical behavior of thermodynamic physical quantities in second-order phase transitions
are presented. A background on the ground states and phase transitions encountered in
the phase diagram of the organic conductors studied in the frame of this work is also
given.

2.1 Thermal Expansion and Thermodynamic Quantities

Thermal expansion at constant pressure quantifies the temperature (7") dependence
of the sample volume (V). Upon increase or decrease of the temperature in the vicinity of
a generic phase transition, which might have its origin in magnetic or electronic effects,
but should be accompanied by some structural effects, the harmonic approximation is
no longer valid and the crystal expands or contracts until it finds the volume where
the total free energy is minimized. In this sense, high-resolution measurements of the
thermal expansion coefficient can be seen as a powerful thermodynamic experimental
tool for detecting phase transitions, since phase transitions of different natures can be
observed by using this method. The volumetric thermal expansion coefficient of a solid
is given by:

1,0V
80 = (575), 2.1)
where,
B(T) = aa(T) + oy (T) + ae(T) 2.2)
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and «; is the linear thermal expansion coefficient along the i = 4, b and c crystal di-
rections. Eq.2.2 holds for all lattice symmetries if a, b and c are perpendicular to each
other [1]. The linear thermal expansion coefficient at constant P reads:

= ;<alﬁ(§)>1) (2.3)

where [ is the sample length. The physical quantity described by Eq.2.3 will be fre-
quently used in this work.
The isothermal compressibility of a solid is defined as follows:

N = _‘1/<g‘]£)T 24

In order to make a link between the volumetric thermal expansion coefficient of a
solid and the isothermal compressibility, Eq. 2.1 can be rewritten in the following way:

10V OP

oP
V3Pl o= o 25)

B(T) =

The volumetric thermal expansion coefficient can still be linked with the entropy (S)
of the system. To this end, it is useful to work with the Helmholtz free energy F(V,T)),
defined as follows:

F=U-TS (2.6)

where U refers to the internal free energy of the system. Making the partial deriva-
tives of Eq. 2.6, one obtains:

g?‘v: s 2.7)
Leading Eq. 2.8 into Eq. 2.5 results in:
ﬂz*%% T[@% <7g§))T”V @9)

Making the derivative of the above equation and substituting Eqs. 2.4 and 2.7, results
in:

ke 0°F _ 95
Torov ~— "Tovir

B(T) = (2.10)
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Eq.2.10 shows the direct connection of the volumetric thermal expansion coefficient
to the volume dependence of the entropy. In the following, the volumetric thermal ex-
pansion coefficient will be related to the specific heat, which is defined as the amount of
heat () necessary to increase the temperature of the sample, as follows:

)

CT) = AT

(2.11)

In terms of the Helmholtz free energy, the specific heat at constant volume is defined
by:

O*F oS
Rewriting Eq. 2.10, one has:
os| or
B(T) = —rran| 50l (2.13)

Substituting the last part of Eq.2.12in Eq. 2.13 and using (V/T)-07/0V = 0InT/0InV
the desired relation between Cy (T') and 3(T) is, therefore, achieved:

1 0lnT

B(T) = —kr-Cv(T)- VvV amVvls (2.14)

Defining a new quantity

OlnT
=— 2.1
b OlnVlis @15)
Eq.2.14 becomes
K

B(T) =Tegs 37—+ Cv(T) (2.16)

The latter equation is called Griineisen-Relation [9], where V,,,,; stands for the mo-
lar volume and I'.; is the effective Griineisen parameter. In general, I'cy s w7/ Vine is
slightly temperature dependent. In the Debye-model, the lattice (or phononic) Griineisen
parameter I',, is given by:

dln®p

— 2.17
dlnV '’ @17)

tho =

where O p stands for the Debye temperature. According to Eq.2.17, the bigger the lat-
tice Griineisen parameter, the higher the volume dependence of the vibration modes of
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the lattice. Strictly speaking, the lattice Griineisen parameter is a measure of the volume
dependence of the anharmonicity of the lattice vibrations, which in turn is responsible
for the lattice contribution to the thermal expansion in a solid. The vibrational free en-
ergy, entropy, specific heat and thermal expansion result from sums of contributions f;,
si, ¢; and «; from independent vibration modes of frequency w;(V'), respectively. Hence,
the mode Griineisen parameter is defined in the following way:

dlnw;
I'y=- TV (2.18)

Thus, according to Eq.2.18, vibration modes whose frequency, w;, decreases or soft-
ens as the volume of the solid decreases will result in a negative Griineisen parameter
and, from Eq. 2.16, such soft modes will be responsible for a negative contribution to the
overall thermal expansion of the material [10].

More generally, in addition to the phonon background contribution to the thermal
expansion of a material, other contributions, whose origin might be electronic or mag-
netic, have to be taken into account. This is the case especially at low temperatures,
where such contributions may dominate the thermodynamic properties [1]. Hence, the
total volumetric thermal expansion coefficient reads:

/8 = Bph + ﬂel + Bmag = %(thcph + Felcvel + Fmangag)7 (219)
mo

where By, (Cpr), Bet (Cer) and Bpag (Cnag) refer to the phononic, electronic and mag-
netic contributions to 3 (C), respectively, while I',;,, I'q; and I'y,,4 are the respective
Griineisen parameters.

If the Griineisen parameter, which, as above discussed, measures the volume depen-
dence of a characteristic temperature, is assumed to be constant and in the temperature
range of interest one of these contributions is predominant, then the same temperature
dependence for Cy (T') and 5(T') should be expected. This is the reason why critical ex-
ponents can be obtained via thermal expansion measurements. For the critical temper-
ature of the superconducting transition in the x-(BEDT-TTF),Cu(NCS); charge-transfer
salt I' ~ 40 is obtained [11], a value which roughly exceeds by a factor of twenty those
obtained for ordinary superconductors such as in Pb, with a I' = 2.4 [12] or even bigger
than those obtained for the layered cuprate YBaaCu3O7 with I' = (0.36 ~ 0.6) [13]. These
findings reveal the high sensitivity of the transition temperature to the pressure in the
family of k-(ET)2X, as discussed in more detail in Ref. [14].

The very basic theoretical aspects related to phase transitions, necessary to under-
stand the results to be discussed in this work, is the topic of the next section.

2.2 Phase Transitions (Basic)

The main focus of this section is to discuss the main differences between first- and
second-order phase transitions, due to the fact that frequently it is very difficult to dis-
tinguish them in real systems. Before doing so, it is adequate to start with a general
discussion about phase transitions. In fact, phase transitions are present in our daily
lives. Heating of water, i.e. boiling, for making a tea or placing a form with water in
a refrigerator in order to make ice means, from the physical point of view, that we are
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changing the state of the matter by changing the temperature. In the same way, phase
transitions are observed every day in the metallurgic industry, for instance, where solid
iron is heated until it becomes liquid (usually over ~ 1000°C), then mixed with certain
amounts of carbon in order to obtain steels. For the materials studied in this work, the
understanding of the nature of the metal-to-superconductor and the Mott MI transitions
in fully hydrogenated and deuterated salts of the x-(BEDT-TTF),Cu[N(CN):]Br organic
conductor, respectively, as well as the understanding of the CO transition in (TMTTF),X
(with X=PFg, AsFg and SbFg) constitute attractive current topics of research. Hence, un-
derstanding the nature of the phase transitions is a very important issue in solid state
physics research. As a matter of fact, classification of phase transitions is usually inten-
sively discussed and can be found in the text books, see e.g. [15,16]. Figs. 2.1 a) - f) depict
a schematic change of the Gibbs free energy (G), entropy (S) and specific heat! (C,) for
a first- and second-order phase transition. According to the Ehrenfest classification, a
first-order transition is characterized by a discontinuity of the entropy of the system at
the transition temperature 7. upon going from a hypothetical phase 1 to phase 2. As can
be seen from Fig.2.1 a), the two phases coexist at 7, so that the transition takes place
right on the crossing of the Gibbs free energy of both phases, which are represented
by straight lines with different slopes. Since the specific heat and thermal-expansion
coefficient are proportional to the first derivative of the entropy of the system, this im-
plies a discontinuity or divergence in these quantities. This is shown schematically in
Fig.2.1 ¢). In contrast to a first-order phase transition, a second-order phase transition,
is characterized by a continuous change of the entropy of the system upon going from
one phase to the other, as schematically shown in Fig.2.1 e). Depending on the nature
of the transition, this continuous change of the entropy can be observed in a broaden-
ing and/or rounding of the phase transition, cf. Fig.2.1 f). Nevertheless, as mentioned
in the introduction of this section, in practice it is sometimes difficult to distinguish a
first- from a second-order phase transition for real materials, as the specific heat and
thermal expansion may present distinct behaviors from those discussed above. Usually,
for a first-order transition instead of a divergent behavior (Fig.2.1 c)) the transition is
accompanied by broadening effects, which in many cases have their origin in the inho-
mogeneities or impurities of the crystal. In the case of second-order phase transition,
there are two particular cases: i) the so-called A-transition, where the shape of C,(T)
diverges and has some resemblance with the Greek letter )\, being the transition from
normal to superfluid in “He one of the most prominent examples of A-transitions; ii)
mean-field-like behavior, characterized by a step-like discontinuity in the specific heat.
In summary, there are materials such as elementary superconductors in the absence of
external magnetic field, in which a mean-field-like transition takes place, while in other
materials, like the organic conductors? studied in this work, transitions roughly similar
to those sketched in Fig. 2.1 f) can be observed.

In the following, a generalization of the first-order transitions is made through the
deduction of the Clausius-Clapeyron equation. The Gibbs free energy reads:

G(P,T,M)=U+PV —TS - MH (2.20)

where M and H refer to magnetization and magnetic field, respectively. These terms

!The specific heat at constant pressure, i.e. (Cp), is used intentionally here because C,, is the quantity
accessible experimentally. The difference between C,, and C is given by (Cp, — Cv) = T-Vinor- 32/ k1.

*For a comparison between experimental specific heat data and theoretical prediction by BCS theory for
the k-(BEDT-TTF)2Cu(NCS); salt at the superconducing transition, see Ref. [2], Fig. 6.34, p.205.
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(d)

Phase 1 Phase 2

(b) ©)

Phase 2 Phase 1 Phase 2
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Phase1 [: Phase 2 Phase 2

T T T T
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Figure 2.1: Schematic representation of the Gibbs free energy (G), entropy (S) and specific heat
(Cp) as a function of temperature for - a), b) and c), first-order and - d), e) and f), second-order
phase transition. T, indicates the transition temperature. In a) different slopes of the free energy
(straight lines) indicate the entropy associated with the different phases, the bullet marks the
crossing of these two lines at the transition temperature 7. Details are discussed in the text.

are only relevant if one is dealing with a magnetic system.

In a first-order transition a discontinuity in G(P, T, M) is expected, therefore, a jump
in the volume of the solid should be observed. Hence, making the partial derivative of
Eq. 2.20 with respect to P, one obtains:

V= (gg)m 2.21)

The volume change on passing from phase 1 to phase 2 is given by:

0G |12 0G |1

AV =V =55 " apl

(2.22)
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which can be interpreted as a discontinuity in the entropy, which is given by:

0G 12 0G|!

AS =5 =5 =55, arlp

(2.23)

At the transition point (closed circle in Fig. 2.1 a)) the Gibbs free energy is the same for
both phases. This means that right at the transition temperature, the chemical potential
(1) should be the same for both phases. However, a small change in the temperature
reflects a change in the chemical potential of the two phases, as follows:

M1 + d/Ll = U2 + dMQ = d,u1 = dug = Vldpl — Td51 = VQdPQ — TdSQ (224)

Rearranging the last part of Eq.2.24, making S, — S1 = ASand Vo — Vi = AV, the
Clausius-Clapeyron equation is finally deduced:

aT. _ AV
dP  AS

(2.25)

The latter equation will be employed in the Section4.6.2 to estimate the entropy

change associated with the Mott MI transition. A finite entropy difference between the
two phases corresponds to the amount of latent heat L = 7" AS, which gives rise to the
presence of hysteresis in a first-order phase transition upon warming and cooling the
system through T..
Based on similar arguments to those discussed above, a relation which makes the con-
nection between the uniaxial-pressure dependence of the critical temperature for pres-
sure applied along the i-axis and the anomalies at 7 in the thermal expansion coefficient
and specific heat for a second-order phase transition can be deduced. This relation is
called Ehrenfest relation and it is given by:

T. Aoy
<d > VT = (2.26)

where Aq; and AC refer to the thermal expansion and specific heat changes at the
transition temperature, respectively. The index i refers to the crystallographic direction,
along which pressure is applied. Strictly speaking, the Ehrenfest relation is valid only
for mean-field-like phase transition, where Ao and AC present step-like behavior.
Another approach for second-order transitions has been proposed by L.D. Landau in a
phenomenological theory, of which more details can be found in Ref. [17], see Chapter
XIV. The assumption of the existence of an order parameter is the basis of his theory,
where the free energy is assumed to be a function of this quantity. The order parameter
is an observable and it is the only physical quantity which describes the behavior of a
system near the critical temperature of a second-order phase transition. As its name sug-
gests, it measures the amount and kind of ordering around T, vanishing continuously
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above T, and having a finite value below 7.3. The order parameters for several phase
transitions are presented in Table 2.1.

’ Phase Transition \ Order Parameter ‘
Liquid-gas P - Pe
Ferromagnetic Magnetization M
Antiferromagnetic Staggered M
Ferroelectricity Lattice Polarization
Phase Separation Concentration
Superconductivity Complex Gap Parameter A
Superfluidity Macroscopic Wave Function ¥
Spin-Glass Measure of the temporal spin freezing
Spin-Peierls Structural Distortion
Charge-Ordering Splitting of the NMR spectra

Table 2.1: List of several phase transitions and their respective order parameters. Here p refers
to the liquid density and p. to the critical density in a liquid-to-gas transition.

2.3 Critical Behavior and Universality Classes

Second-order phase transitions are separated in defined groups, usually called uni-
versality classes. The latter enable us to classify phase transitions in different systems, as
will be discussed in more detail below. In real materials, upon approaching the critical
temperature, fluctuations are no longer negligible. Such fluctuations can be viewed as
an energetic rearrangement of the system to stay in the current phase. The more the crit-
ical temperature is approached, the stronger are the fluctuations. This happens until the
new phase dominates the physical properties and the phase transition takes place. The
transition is, in many cases, accompanied by broadening effects due to crystal defects
or inhomogeneities. This feature will be discussed in Section4.7 in the analysis of the
phase transition at the critical end point of the first-order line in fully deuterated salts
of k-(BEDT-TTF)2Cu[N(CN)2|Br. Amazingly, around 7. some physical quantities tend
to obey power laws in the variable ¢t = |(T' — T,)/T.| which measures the relative dis-
tance to the transition temperature. For example, when water turns to steam at a critical
pressure, its specific heat as a function of temperature has exactly the same power-law
dependence as that of iron when it is demagnetized by having its temperature increased.
These power laws characterize the universality classes and are described by the so-called
critical-exponents, as follows:

|t~
CH(T) ~ A*T,t >04 (2.27)
- e
Cy (T) ~ A=t <0 (2.28)
Mg(T) ~ BJt]’,t < 0 (2.29)

3 A detailed discussion is given also e.g. in Refs. [15,18].

*Usually, « is used in the literature to refer to the specific heat critical exponent. In order to avoid any
confusion with the linear thermal expansion coefficient a(T") here & is used to refer to the specific heat
critical exponent.
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X(T) ~ CJt|™7,t >0 (2.30)
M(H) ~DHY? t =0 (2.31)
a+28+vy=25 (2.32)
v=pB(6-1) (2.33)

Where t = |(T —T.)/T.| is the reduced temperature and A*, A=, B, C'and D are con-
stants. C,,(T"), Ms(T') and x(T') refer to the specific heat at constant pressure, spontaneous
magnetization (M, = M (H = 0)) and magnetic susceptibility, respectively. Egs.2.32 and
2.33 give the relation between the critical exponents.

It is striking to note that in the study of the critical behavior of a second-order transi-
tion, materials displaying completely different crystal structures as well as quite differ-
ent subsystems obey the same critical behavior at 7, giving rise thus to the universality
classes. The theoretical values for the critical exponents of different universality classes
accompanied by an example of phase transition are listed in Table 2.2.

Model a I6] 07 0 | Proposed examples of phase
transition

Mean-field 0 0.5 1.0 | 3.0 | Mott MI transition in
(Vi_zCr;)203 [19]

2D Ising 0 0.125 | 1.75 | 15 | “Preroughening transition” in
GaAs [20]

3D XY 0 0.35 | 1.3 | 4.80 | Superconducting transition in
YBagCu3O7_5 [21]

3D Heisenberg | —0.115 | 0.365 | 1.24 | 4.82 | -

Unconventional -1 1 1 2 | Mott MI transition in x-(BEDT-

Criticality TTF)2Cu[N(CN)2]Cl [22]

Table 2.2: Theoretical models with their respective critical exponents, accompanied by proposed
example of phase transition.

From the experimental point of view, the estimate of the critical exponent is a hard
task. For instance, owing to the specific heat critical exponent &, a reliable estimate
of the phonon background is one of the crucial points. In addition, for a reliable esti-
mate of the critical behavior of a system, fine measurements close to 7. (t < 1073) are
necessary. However, for real materials, a broadening of the transition due to inhomo-
geneities (impurities or crystal defects) is frequently observed in this region. Due to this,
T cannot be measured directly, but rather it is obtained indirectly via self consistent
fittings. Recently, in a stimulating article entitled “Unconventional Critical Behaviour
in a Quasi-2D Organic Conductor” published in Nature (Ref. [22]), F. Kagawa and col-
laborators reported on the criticality at the pressure-induced Mott transition in the or-
ganic k-(BEDT-TTF),Cu[N(CN)2]Cl charge-transfer salt. In this study, the authors made

5This relation is frequently called universal or Rushbrooke relation [15].




22 2.4. PHYSICS IN LOW DIMENSIONS AND ORGANIC CONDUCTORS

use of the isothermal pressure-sweep technique®, using Helium as a pressure transmit-
ting medium, to explore the critical behavior of this organic salt through conductance
measurements. The critical behavior of the conductance data at the critical endpoint
was analyzed in the framework of the scaling theory of the liquid-gas transition [18].
More strictly speaking, pressure and temperature were used as the scaling variables (the
so-called non-mixing approximation), i and ¢, to obtain the critical exponents (4, 3, )
listed in Table2.2. Substituting these values in the Rushbrooke relation one obtains &
= —1. As pointed out by the authors, the obtained critical exponents do not fit in the
known universality classes, indicating the discovery of a new criticality class. As will
be discussed in Section4.7, the Mott criticality of the fully deuterated salt of x-(BEDT-
TTF)2Cu[N(CN):]Br was studied by means of thermal expansion measurements assum-
ing the proportionality of this quantity to the specific heat, cf. Eq.2.16. The specific heat
critical exponent & obtained via thermodynamic measurements markedly deviates from
the unconventional criticality claimed by Kagawa and collaborators. Possible explanations
for this discrepancy will be also presented in Section 4.7.

2.4 Physics in Low Dimensions and Organic Conductors

The understanding of the macroscopic physical properties of solids, like specific heat,
electrical and thermal conductivity, magnetism and superconductivity is directly related
to the understanding of the electrons’ behavior in this state of matter. Since the discov-
ery of its fundamental charge by Millikan through his wonderful “oil drop experiment”,
followed by the discovery of the electron’s spin by Stern and Gerlach here in Frankfurt
(M), the study of this tiny particle and its interactions have been the subject of ongoing
intensive research. Interestingly enough, many of the electronic properties of solids are
not observed in three dimensional systems, but are intrinsic to systems with reduced
dimensionality, the so-called low-dimensional systems. The term “low-dimensional sys-
tems” here refers to materials, which present strong anisotropy in the electrical conduc-
tivity. This is because their lattice structures resemble chains (one-dimensional (1D)) or
layers (two-dimensional (2D)). In fact, a real 1D-system (quasi-1D), has always a finite
interchain coupling, whereas a real 2D system (quasi-2D), in turn consists of planes with
a weak interplane coupling. Interest in studying quasi-1D molecular materials arose
after publication of Little’s work [23]. In this article it is predicted that properly de-
signed quasi-1D systems would be the promising materials for the realization of super-
conductivity at high temperatures. According to Little, the pairing of electrons via their
coupling to highly polarisable side-chains in organic materials should result in super-
conductors with critical temperatures 7. above room temperature, to date unfortunately
still not observed. Furthermore, 1D systems are interesting because they offer a perfect
scenario for studying electronic correlation effects theoretically. The low dimensionality
makes it possible for such systems to be included in the class of problems which can be
solved exactly according to theory. Several theoretical 1D models with short-range or-
der, including the isotropic Heisenberg model and Hubbard model in 1D, can be treated
exactly using the Bethe-Ansatz [24]. Another important issue in low dimensions is that
quantum fluctuations are important and, due to this, long-range order is destroyed. In
general, the stability of an ordered phase is threaded to the reduction of the dimension-
ality [15]. The character of the fluctuations in 1D is directly related to the absence of

®As a matter of fact, the critical behavior at the Mott critical endpoint was already studied previously
using the same approach by P. Limelette and collaborators [19] on Cr-doped (V1—.Cr.)20O3, which is recog-
nized as the canonical Mott insulator system.
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long-range order at finite temperatures in systems with short-range interactions, as first
pointed out by Landau [17] and later by Mermin and Wagner [25]. The reason for this
is that the stability of a phase, in general, depends directly on the dispute between or-
dering and disordering. On the one hand, in a ferromagnetic system, for instance, the
division of the system in different regions in which the order parameter assumes a fixed
value is, from the energy point of view, unfavorable due to the formation of domain
walls. On the other hand, the above-mentioned division is, from the entropy point of
view, favorable since the number of microscopic configurations is increased. However,
if the dimension of the system is increased, the problem cannot exactly be solved theo-
retically. The Landau Fermi-liquid (FL) [26] theory for electrons in 3D is, up to date, the
most successful theory to describe the metallic state at low temperatures, where a R(T')
~ T? behavior of the resistivity is expected. In the latter theory, the renormalization of
some parameters, such as mass, gives rise to the concept of the quasi-particles. The lat-
ter incorporate the main information of the interacting many-body system and can be
visualized as charged particles which are surrounded by a distorted charge distribution.
The FL theory describes satisfactorily the majority of metals in 3D, but fails in the case
of 1D. A theoretical description of the behavior of electrons in 1D was presented firstly
by Luttinger [27]. One of the most interesting features in the Luttinger’s model, usually
called Tomonaga-Luttinger Liquid (TLL), is that fluctuations of charge and spin density
can behave independently, i.e. in the frame of the TLL model spin-charge separation is
predicted. Although several evidences in favor of Luttinger’s model have been reported
in the literature, see e.g. [28,29], a generally accepted experimental proof of the TLL is
still lacking. Some particularities of the electron gas in 1D are discussed below.

2.4.1 Instabilities of the Electron Gas in 1D

It is well known from the literature that electron-phonon interaction in quasi-1D con-
ductors can induce two distinct kinds of transitions: i) the Peierls phase transition [30],
which is the MI transition accompanied by a characteristic modulation of the electronic
density, also called “charge-density wave” (CDW) transition or ii) a spin-density wave
(SDW) transition, which in turn is characterized by a periodic modulation of the spin
density [31]. In fact, the Peierls transition is a direct consequence of the strong coupling
between vibrational modes of the lattice and electrons in the vicinity of the Fermi en-
ergy level, provoking thus the instability of the electron gas in 1D. This can be better
understood by analyzing the shape of the Fermi surface (FS) in different dimensions. A
schematic representation of the shape of the FS for different dimensionality is shown in
Fig.2.2. As the figure demonstrates, the FS in 1D presents a peculiarity, it consists of
two parallel sheets separated by the wave-vector Q = (2kp, 0, 0) resulting in a perfect
nesting7. Note that for the quasi-1D case, due to the weak interchain coupling, the FS
is slightly warped and the nesting becomes less effective. In contrast to a 1D system,
however, in a 2D system, the FS is a closed cylinder, disfavorable for nesting. For this
reason, the metallic state is stable down to low temperatures in such systems, while for
a three-dimensional system its shape is spherical.

Experimentally, a CDW transition can be detected by means of X-ray diffraction ex-
periments [33]. The presence of a superstructure associated with the CDW gives rise
to an additional periodicity in the diffraction pattern, referred to as satellite reflections.

"Perfect nesting of the Fermi surface means that the dispersion energy Ej = Ex+q for all wave-vectors
k on the Fermi surface. In other words, this means that all the sites which differ by Q = (2kr, 0, 0) have
the same energy and as a consequence the FS can be mapped onto itself by the translation of the 2k wave-
vector.
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T

1D QID 2D Q2D 3D

Figure 2.2: By changing the dimensionality of the system, the Fermi surface assumes differ-
ent topologies. Here 1D refers to one-dimensional, Q1D to quasi-one-dimensional, 2D to two-
dimensional, Q2D to quasi-two-dimensional and 3D to three-dimensional. Picture taken from
Ref. [32].

Unlike a CDW transition, the SDW transition is not accompanied by lattice distortion, so
that X-ray experiments fail to detect it. Hence, to detect a SDW transition experimentally
another method should be employed. In the case of the quasi-1D (TMTSF),X salts with
X = PFg, for example, NMR experiments are adequate for this task. The spatial variation
of the spin density leads to a spatial variation of the internal field at the nuclear sites,
which below the transition temperature changes the resonance line.

2.4.2 Low-Dimensional Organic Conductors

Based on the previous section, it is interesting to note that depending on the dimen-
sionality as well as intensity of the electron-electron and/or electron-phonon or even
spin-phonon interactions, the system can assume distinct ground states. But, in which
materials can such dimensionality effects be observed? The study of the physical prop-
erties of low-dimensional systems in real materials still presents a challenge and is a
fascinating field of research. Among materials in which such properties can be observed
are organic conductors. This class of materials can be viewed as an actual playground for
both experimentalists and theoreticians, see, e.g. [2] for a recent review. In the field of
organic conductors, the most prominent examples of quasi-1D systems are (TMTTF),X
(Fabre-salts) and (TMTSF)2X (Bechgaard-salts), where TMTTE, TMTSF and X, denote
tetramethyltetrathiafulvalene, tetramethyltetraselenafulvalene and a monovalent anion
(X = PFs, AsFg, SbFg, ClOy, Br, etc), respectively. This family is usually referred to as
Fabre-Bechgaard salts, in honor of the scientists ].M. Fabre and K. Bechgaard, who were
the first to synthesize these materials. Concerning the structure, in the Fabre-Bechgaard
salts, the donor molecules (TMTTF or TMTSF) are arranged in a certain fashion so that
they form weakly interacting stacks (quasi-1D structure), favoring the formation of nest-
ing, thus leading the system to an insulating state. By applying a pressure of 6.5 kbar
on the compound (TMTSF);PFg, D. Jérome and collaborators suppressed the SDW state
and observed, for the first time, superconductivity (7, = 1.2K) in an organic compound.
This was in the year 1980 and can be seen as a landmark in the history of organic con-
ductors. Hence, in order to achieve a superconducting state at higher temperatures,
the dimensionality of the system should be increased to avoid the nesting of the FS.
According to this idea, the first organic compound based on the donor molecule BEDT-
TTF which stands for (bis(ethylenedithio)-tetrathiofulvalene) was synthesized. In this
new generation of organic conductors, the above-mentioned face-to-face stacking of the
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Fabre-Bechgaard salts is exchanged by a strong side-by-side overlap between m-orbitals
of neighboring (BEDT-TTF) molecules. The physical properties of xk-(BEDT-TTF)2X and
(TMTTF)2X based charge-transfer salts will be discussed in Chapters4 and 5, respec-
tively. In the following, the mechanism responsible for the metallic behavior of organic
conductor studied here is discussed.

2.4.3 Electronic Transport in Organic Conductors

The generation of charge carriers together with their displacement throughout the
crystal are the two requirements which should be fulfilled to obtain metallic conductiv-

ity.

Figure 2.3: Schematic representation of the charge-transfer process for a AD (one donor
molecule D and one acceptor molecule A) type generic organic conductor. In this example, plates
represent stacked planar donor molecules, which are separated by chains of anions (balls). The
intermolecular 7-orbital overlap between the donor molecules is represented on the right side.
Picture taken from Ref. [34].

In the case of the organic materials investigated in this work, these two requirements
are achieved by means of the so-called charge-transfer process. Fig.2.3 demonstrates
schematically the charge-transfer process for a hypothetical organic conductor. In this
process, a donor molecule - for the organic conductors studied in this work one has
two-donor molecules of (BEDT-TTF) or (TMTTF) (to be discussed in Chapters 4 and 5, re-
spectively) - transfers one electron to the counter ion. For this the donor molecule should
have a low ionization energy and the counter anion the appropriate electronic affinity, so
that the former can be easily oxidized by the latter. Hence, based on this charge-transfer
process, depending on the constitute atoms of the counter ion it can adopt a closed-shell
configuration and, as a consequence, a hole is left in the pair of donor molecules. Due
to the dense crystalline packing, during the process of formation of the solid, an over-
lap of the molecular orbitals of neighboring molecules occurs, cf. shown on the right
side of Fig.2.3, and charge carriers become delocalized giving rise to metallic conduc-
tivity. In the case of organic conductors of the k-(BEDT-TTF)2X family, the conduction
band originates from the overlap of the m-electron orbitals of the (BEDT-TTF) aromatic
rings, which form a conduction band, resulting in a quasi-2D electronic structure. The
dimerization leads to a half-filled conduction band or, strictly speaking, each dimer do-
nates one electron to the counter ion, remaining thus on average +0.5e per (BEDT-TTF)
molecule. Consequently, the conductance band is partly filled and the material is a metal.
The room-temperature conductivity of the quasi-2D «-(BEDT-TTF),Cu[N(CN);]Br salt is
of about 50 Q~'em ™!, which is roughly a factor 10~* lower than the electrical conductiv-
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ity of ordinary metals such as Cu [51]. This relatively low conductivity value is basically
due to two factors: i) There is one, two or more (depending on the anion) conduction
electrons per unit cell (volume is about 3000 A3; this value depends on the anion, see
Table4.1), resulting in a very low conduction electron density of about 102! cm ™3, which
is roughly one order of magnitude lower than that of ordinary metals. ii) The large num-
ber of atoms in the unit cell enhance the scattering processes yielding therefore in a low
electrical conductivity.
The effects of electronic correlation are discussed briefly below.

2.4.4 Electronic Correlation Effects

One of the main challenges of condensed matter physics currently refers to the un-
derstanding of electron-electron and electron-phonon interactions in low-dimensional
materials. The study of these interactions has opened up a new hot field of research:
strongly correlated electron systems. A general aspect of many strongly correlated elec-
tron systems is the nearness of a superconducting to an antiferromagnetically ordered
insulating state. This can be observed in low-dimensional organic systems [35,36] stud-
ied in this work, heavy fermion superconductors [37] and layered high-T. superconduc-
tors [38]. Due to this proximity between superconducting and antiferromagnetic states,
it has been speculated that magnetic fluctuations might play a dominant role in the pair-
ing, see e.g. [39], but whether this is true remains to be seen. An accurate and precise
theoretical description of strongly correlated electron systems is an actual challenge for
theoreticians. An insight into the complexity of describing such systems theoretically
can be gained by analyzing the so-called non-relativistic solid state physics operator
(Eq.2.34) [40], where N,, refers to the nuclei with labelled atomic number Z,, and masses
M, sitting at positions R,, (n =1, ..., Ny), with kinetic energy (T,,) and nuclei-nuclei
electrostatic interaction (V,,_,). Similar terms are assumed for the electrons, i.e. (T,) and
(Ve—e), at positions r; i =1, ..., N.)®. The interaction between electrons and nuclei is
described by the term V._,,. Considering the latter terms and taking the quantum me-
chanic momentum operator p = —id/(9r) and P = —i0/(0R) for electrons and nuclei,
respectively, the Hamiltonian for solid state physics reads:

Nn

P2 e 77 Neep2 2 e 1
H = Z LB Z _ fnfm - _
H2M, "2 4= [Ro—Rm| @ S2m 2 o iy
Ny Ne 7
n
GQZZﬁ (2.34)
n=1 i=1 | Rn a

The first term on the right side of this Hamiltonian describes the motion of nuclei
(T,,), the second one the interaction between nuclei (V,,_,), the third one the motion
of electrons (T.), the fourth one the interaction between electrons (V._.), whereas the
last one shows the interaction between electrons and nuclei (V._,). This Hamiltonian
describes a quantum-mechanical many-particle problem and, due its complicated na-
ture the Schrodinger equation for it cannot be solved exactly, at least without appealing

8The terms Ty, Vio—n, Te, Ve—e and Ve_, do not appear explicitly in Hamiltonian 2.34. These terms are
used here to a better understanding of the physical meaning of each term in Hamiltonian 2.34.
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to approximations [41], as discussed in more details in Ref. [40]. Note that the prob-
lem is complex enough even without taking into account spin-orbit coupling, dipole-
dipole interaction and gravitational effects. Contrasting with the complexity of the above
Hamiltonian (Eq. 2.34), the most successful theoretical approach developed to deal with
electron-electron interaction was introduced by J. Hubbard. The Hubbard-Hamiltonian,
written in second-quantization notation, is given by:

H=> tjalaj, + Y Unyny (2.35)
i, %

where ¢;; is the hopping term from site ¢ to site j in the lattice, aZTU is the creation
operator, which creates an electron on site ¢ with spin ¢ and a;, is the correspondent
annihilation operator; U is the on-site Coulomb repulsion potential®, n;; and n;| refer to
the number operator for spin up and down, respectively, i.e. n;, = aj-aaw. For systems
in which inter-site Coulomb interaction is not negligible, the 1D dimerized extended
Hubbard model has been successfully employed. In this case, the Hamiltonian is given

by:

H=1t Z (G;IUCLH_lo— + h.C.) + to Z (a/jo.ai—}-lo' + h.C.) + UZniTnil +V aniﬂ
ieven,o iodd, o ) )

(2.36)

where ¢; and t, are, respectively, the intra- and inter-dimer transfer integrals and
V is the nearest-neighbor Coulomb repulsion. The Hamiltonian2.36 is called the ex-
tended Hubbard model. The latter has been successfully used in the description of the
properties of several strongly correlated electronic systems. In particular, this model has
been successfully employed in the description of the CO transition, where the inter-site
Coulomb repulsion plays a crucial role (Section2.6). In the following, a background on
the ground states and phase transitions, encountered in the phase diagrams of the or-
ganic conductors studied in this work, is presented.

2.5 Magnetic Properties of Organic Conductors

2.5.1 Bonner-Fisher Model

When an external magnetic field H is applied on a material, a spin magnetization
M 1is then induced. The latter quantity is defined as the spin magnetic moment per
unit volume. In ordinary metals, the spin susceptibility x5 (xs = M/H) of the conduc-
tion electrons is practically temperature independent and well described via the Pauli
susceptibility. For a precise description of the magnetic properties of strongly correlated
systems electron-electron interactions are not negligible and the exchange interaction be-
tween the spins has to be taken into account. In particular, if the system is an insulator,
electrons are localized, but spin degrees of freedom are still active. In such cases, the

The on-site Coulomb repulsion can be seen as the energy that would be necessary to place 2 electrons
on the same site.
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exchange interaction between two spin operators at sites i and 7 + 1, i.e. S; and S;;1, can
often be described by the homogenous antiferromagnetic (AF) Heisenberg Hamiltonian:

- —
H=-JS; Sin (2.37)

with J being the coupling constant of the exchange interaction between S;and §i+1-

If the AF Heisenberg chain of N spins g)z is now placed in a magnetic field ﬁ, it is then
described by the Hamiltonian:

N N
H= —JZ gi ' §i+1 — 9B Z H - gz (2.38)
i—1 i1

where g refers to the g-factor and ;g to the Bohr magneton. The temperature de-
pendence of the spin susceptibility of an isotropic finite spin chain with 3 <N < 11 was
calculated numerically by Bonner and Fisher [42]. The results were extrapolated to ob-
tain the spin susceptibility of the infinite chain (N — o0). In addition, it was found that
for a uniform Heisenberg chain, the spin susceptibility x, has a smooth maximum value
at kpTiiae ~ 0.64-|J|, coinciding with a maximum in specific heat/thermal expansion at
k BTnCw‘?‘D ~ (0.48:|.J], see also Johnston et al. [43]. Later, Eggert, Affleck and Takahashi de-
veloped an advanced theoretical model [44] (the so-called EAT model) using the Bethe
ansatz to describe the spin susceptibility. The EAT model and the model proposed by
Bonner and Fisher differ considerably only at low temperatures, i.e. for 7' < 0.2:|.J|.

2.5.2 Spin-Peierls Transition

In contrast to the CDW and SDW transitions discussed above, the spin-Peierls (SP)
transition is not due to the instability of the FS in 1D. A SP transition is a magneto-elastic
transition which takes place in S = 1/2 quasi-1D AF materials. Due to the formation of
singlets (S = 0), the magnetic free energy decrease exceeds the gain in elastic energy of the
lattice due to the dimerization thus causing the SP transition. A schematic representation
of the SP transition is shown in Fig.2.4.

-
I

Figure 2.4: Circles represent hypothetical lattice sites and arrows indicate the electron spin.
(@) The S = 1/2 AF Heisenberg chain with a uniform exchange coupling constant J; (b) The
dimerized chain below Ts p with two different coupling constants .J; and J5.

The SP transition can be detected experimentally via temperature-dependent spin
susceptibility measurements. The susceptibility of a uniform S = 1/2 AF Heisenberg
chain has a finite value when 7" — 0, indicating thus that for this spin system the energy
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activation spectrum is gapless. However, when the chain is elastically distorted to form
dimers during the SP transition, the susceptibility of the resulting alternated chain goes
exponentially to zero as 7" — 0. This indicates that the dimerization produces an energy
gap between the singlet (S = 0) and the triplet (S = 1/2) states.

2.6 Charge-Ordering Transition

A charge-ordering (CO) transition!? can be defined as the self-arrangement of charge
carriers in a well-defined superstructure. The latter is a direct consequence of strong
electronic correlation effects: if the inter-site Coulomb repulsion V' is sufficiently strong,
electrons will tend to avoid each other. The reduction of the total electrostatic energy of
the system is achieved by the formation of a non-uniformly distributed charge configu-
ration. As discussed above, a Peierls transition requires a metallic state above the critical
temperature. This is not the case for the CO transition. If the system is metallic above the
CO critical temperature (T¢o), the CO transition will be then accompanied by a MI tran-
sition. The latter situation is, for example, observed in the (TMTTF),SbFs compound,
where a CO accompanied by a MI transition takes place at Tco, a1 ~ 154 K. This can be
understood intuitively, since the charge carriers organize themselves in distinct patterns
and therefore the material becomes insulating. More strictly speaking, this is because of
the opening of a gap in the density of states, due to the formation of the superstructure,
see, e.g. [46]. Below T spin degrees of freedom are still active and, at low temperatures
magnetic transitions like SP or AF can take place. The CO transition has been studied
theoretically employing the extended Hubbard model (Hamiltonian 2.36) [7]. Using the
Hamiltonian 2.36 and the mean-field approximation, Seo and Fukuyama predicted the
existence of a CO transition in the quasi-1D organic conductors (TMTTF),X before its ex-
perimental observation. These calculations were carried out at 7" = 0 assuming the band
filling fixed at quarter filling in a weakly dimerized 1D chain, as shown schematically in
Fig.2.5.

In the following the essence of the CO transition is discussed. Fig. 2.5 gives a schematic
description of the CO transition in the (TMTTF),X family. According to Fig.2.5 a) and
the mean-field calculations performed in [7], if ; >> V, the electron will be able to move
within the dimer and therefore the spin of each site will be the same, i.e. S,(1) = 5.(2) =
—5.(3) = —5.(4), with S.(i) being the spin moment at the ith site. In this case, the charge
will be equally distributed within the dimer. However, if the inter-dimer Coulomb re-
pulsion V is not negligible the situation becomes different. Seo and Fukuyama showed!!
(Fig. 2.6) that, for the quasi-1D (TMTTF);X organic conductors, in the presence of finite V/
(Fig.2.5 b)), considering the ratio U/t; = 512 j.e. the on-site Coulomb repulsion (Fig.2.5
¢)) is roughly of the same order of magnitude than the inter-site transfer integral, a CO
phase transition can occur if the inter-site Coulomb repulsion exceeds a critical value V..
Experimentally, V. is achieved by cooling the system or by applying pressure. The con-
sequence of this is that, in order to minimize the total electrostatic energy of the system,
at a critical temperature Tco a charge disproportionation () will occur along the chain,
so that charge-rich sites will alternate with charge-poor sites, as shown in the inset of
Fig. 2.6.

Charge-ordering transition is frequently referred to in the literature as charge-disproportionation.

"n fact, it was already showed by Hubbard over 30 years ago that for the (TCNQ) charge-transfer salts
if the on-site and near-neighbor electrostatic interactions play the major role, a periodic arrangement of the
charge pattern should occur, giving rise to a Wigner crystal [47].

2The ratio U/t is referred to as reduced inter-site Coulomb interaction.
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Figure 2.5: Schematic representation of a quarter-filled dimerized AF spin chain. a) Fori =1,
the pairs of molecules (1-2) and (3-4) form dimers; transfer integrals ¢; and ¢, are the intra- and
inter-dimer, respectively, with ¢; > t5. b) V represents the inter-site Coulomb interaction. ¢) U
represents the on-site Coulomb interaction. Arrows indicate the electron spin. Picture after [45].

This charge modulation is usually referred to in the literature as a 4k CDW. In the
quarter-filled (TMTTF)2X family, this can be easily understood because its periodicity is
twice the distance between the TMTTF molecules along the chain direction (z-axis), i.e.
charge-rich sites alternate with charge-poor sites in a 1010 pattern, where 1 and 0 refer to
charge-rich and charge-poor sites, respectively. More detail on the CO transition in the
(TMTTF)2X family will be presented in Chapter5. Concluding this section, it is useful
to mention that evidence for a CO phase has been also observed in other compounds.
For example, by means of infra-red (IR) spectroscopy, a phase transition to a CO state
was observed in the quasi-2D conductor a-(BEDT-TTF),I3 [48], via NMR studies in the
quasi-1D conductor (DI-DCNQI);Ag [49].

2.7 Neutral-ionic transition

The neutral-ionic (NI) phase transition can, as its name suggests, be defined as the
phase transition from a neutral crystal (van der Waals interaction) to an ionic (ionic bind-
ing) one, for a recent review see, e.g. [50]. In order to gain a better understanding about
the NI transition, let us consider a quasi-1D charge-transfer salt with mixed-stack, i.e.
along the stacks, donor (D) and acceptor (A) alternate in a — DTPA~*DTPA=PD*? —
fashion, where p refers to the degree of charge transfer from the donor to the acceptor.
For an ideal case, p = 0 for the neutral- and p = 1 for the fully ionic-phase. Mixed-stack
is, in principle, a necessary condition for the occurrence of a NI transition. In fact, in
such systems there is direct competition between two energies: the Madelung electro-
static energy (M), which defines the binding energy of an ionic crystal [51], and the
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Figure 2.6: a) Absolute value of the spin moment S, per molecule as a function of the reduced
inter-site Coulomb interaction V'/t,. Inset: circles represent charge distribution with their respec-
tive spin-densities, +0(—0) refers to rich(poor) charge sites. b) Charge disproportionation (¢) as
a function of V/t;. Above the critical value V., a charge-ordering transition takes place. Pictures
taken from Ref. [7].

net ionization energy (I — A) i.e. the necessary energy to ionize the donors (/) less the
electronic affinity of the acceptor A, which correspond to the necessary energy for the
formation of a DT A~ like neutral crystal. The first observation of a NI occurred in the
Tetrathiafulvalene-Chloranil (TTF-CA) charge-transfer salt [52] and since then this ma-
terial has been recognized as the prototype system for studying the NI transition. Up
to now, however, there are a few new materials, in which a NI transition has been ob-
served [50]. According to S. Horiuchi et al. [50], generically a set of signatures in the
physical properties can be checked experimentally to identify a NI transition in a generic
material: a) color change, due to the appearance of a new absorption band in the visible
spectral region; b) jump or kink in the electrical resistivity, due to the change of the band
gap energy provoked by lattice deformation; c) peak or cusp-like anomaly in dielectric
constant caused by change of polarization; d) frequency shift of vibrational modes in the
mid-infrared spectra; e) appearance of new bands of vibronic modes due to the electron-
molecular vibration coupling; f) structural changes. Features a), d) and f) were observed
at the NI transition in (TTF-CA) [53]. A model to describe the NI phase transition for the
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latter material was proposed by J. Hubbard and ]J.B. Torrance [54]. This model can be
easily understood by analyzing Fig.2.7.
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Figure 2.7: Model of the NI phase transition proposed in Ref. [54] for (TTE-CA). (a) Single
mixed-stack along the a direction, D and A refer to donor and acceptor, respectively. (b) Ar-
rangement of the stacks in the ac plane. (c) Arrangement of the stacks in the ab plane, showing
the repulsion between stacks. Picture after Ref. [54].

According to the authors, at a critical temperature 77, a single stack will change from
aneutral to a completely ionized state, discontinuously, thereby undergoing a first-order
phase transition (Fig.2.7(a)). Now, considering a plane of molecules in the structure of
(TTF-CA), as for example the ac plane shown in Fig.2.7(b), one can see that each donor
molecule has acceptors as intrastack and interstack nearest neighbors. According to this
arrangement of the stacks in the ac plane, it is expected that stacks are either fully neutral
or fully ionic, so that upon cooling the system from 7" to Ty, being Ty < T, the plane
ac plane will continuously change from neutral to ionic. In other words, if the stack No.
4 is assumed to ionize as 1" — Ty, it will induce ionization of the neighboring stacks
3 and 5, which in turn will induce ionization on the stacks 2 and 6, and so on. Hence,
according to this model, an attractive Coulomb interaction between stacks in the ac plane
will make the transition in this plane easier. The temperature T is determined by My
=1 — A, being My the 2D sum over the attractive interstack interaction in the ac plane,
as highlighted in Fig. 2.7(b). A distinct situation is encountered in the ab plane, where the
stacks repel each other. Hence, if stack No. 4 were to ionize as T' — Ty, it will not only
inhibit the ionization on the stacks 3 and 5, but also the ionization on any other stacks in
the bc plane, so that at T' = Ty at most one stack in this plane will ionize. Upon further
cooling, more and more stacks will ionize in the ab plane due to the gain of a net energy,
proportional to Ty — T, by ionizing a stack, so that by cooling the system further, the
3D lattice will be completely ionized. The present discussion will be used in Section 5.5,
where evidences for a NI transition in TMTTF salts will be presented.
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2.8 The Mott Metal-Insulator Transition

In the field of strongly correlated electron systems, the Mott transition is one of the
central themes of study. According to Mott’s [55, 56] definition and, in contrast to the
usual insulating state, successfully described in the frame of the band theory, the Mott
MI transition is induced purely by electron-electron interactions. In other words, the
Mott MI transition is directly linked to the competition between kinetic and correlation
energy, i.e. wave-like character (delocalized) states versus particle-like (localized) states,
see, e.g. [57]. This is because at low densities correlations play a crucial role on the
electron gas, as discussed in the following. If one assumes r as the average electronic
spacing in a solid, the Coulomb potential energy reads:

U=— (2.39)
r
Solving the Schrodinger equation for a particle (in our case, the electron) confined in

a box of width r, one obtains a zero-point kinetic energy, which is given by:

h2k?
K —

€

(2.40)

© 2me.

where 1 is the Planck constant divided by 2=, k is the wave-vector and m. is the
electron mass. Eq. 2.40 can still be written as follows:

h2
© 2mer?

K (2.41)

Egs.2.39 and 2.41 tell us that the kinetic and potential energy of the electrons vary
as 1/r and 1/r?, respectively. Hence, at high densities, i.e. for small r values, the kinetic
energy of the electron gas K. is high enough to allow electrons to move from one site
to another. However, at low densities, i.e. large r values, the situation changes. In such
a situation, the charge transport process can be described simply by taking one electron
from one site M, i.e.

M— Mt +e (2.42)

and placing it on the neighbor site:
M+e — M~ (2.43)
The reaction 2.42 requires a certain ionization potential energy (I), while 2.43 gives
back a certain amount of energy, namely the electron affinity energy (A4). Hence, the

necessary energy to transfer one electron from one site to its neighbor in the limit of
large r is given by:

AE=I-A (2.44)
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The interaction between the electron and the hole it left behind occurs via Coulomb
interaction. The more electrons are excited, the stronger the electron gas will screen the
electron-hole (exciton). The screening potential has the following form [58]:

V=N (2.45)

According to Eq.2.45, the hole is exponentially screened by the electron gas. The
physical consequence of this is that at a given critical concentration, screening effects be-
come weaker and correlation effects play the major role. This occurs when the screening
radius A~ ! is larger than the separation between electron and hole, i.e. larger than the
Bohr radius (ag). The latter condition can be written as follows:

AL > ag (2.46)
Employing the Bohr radius and the screening constant [58], which is given by:

B 16m2e2mN1/3

2
A %

(2.47)

where N is the number of electrons per unity of volume, one obtains the critical
electron density (N.) at which the Mott transition occurs:

agNY/3 > i (2.48)
Thus, at low densities, in order to minimize their energy, electrons have the tendency
to occupy localized states. In other words, for an electronic system with 1/2 filled band,
for instance, if the on-site Coulomb repulsion U is comparable to the width of the band
W, then the probability of double occupancy is decreased, i.e. the probability of two
electrons being on the same site will be decreased. At a critical value of U/W = 1 the
metallic state is no longer stable and a Mott MI transition takes place. For the charge-
transfer salts of the k-(BEDT-TTF)2X family, due to the reduced dimensionality and low
electronic density, screening effects are considerably reduced, so that electronic corre-
lation effects are no longer negligible and a Mott MI insulator can be observed. Based
on the above discussion, a genuine Mott MI transition can be viewed as the MI transi-
tion driven purely by electronic correlations effects. Still in debate is the question, first
raised over thirty years ago, of whether lattice degrees of freedom play a role for the
Mott transition in real materials. Recently, theoretical studies in the frame of the dy-
namical mean-field theory (DMFT) have been predicting a lattice anomaly at the Mott
transition in response to the softening of electronic degrees of freedom. In fact, discontin-
uous changes of the lattice parameters at the Mott transition were observed in Cr-doped
V203 [59]. The actual role of lattice degrees of freedom for the Mott transition in the fully
deuterated ~-(BEDT-TTF),X organic charge-transfer salts [4] is one of the central topics
to be discussed in Chapter 4.




Chapter 3

Experimental Features

In this chapter, a description of the experimental aspects related to this work is pre-
sented. In the first part, the main aspects related to high-resolution thermal expansion
experiments, which are the central part of this work, are discussed. The second part
is dedicated to the discussion of the resistivity measurements under ambient and high
pressures using a *He-gas technique.

3.1 Thermal Expansion Measurements

As already mentioned in previous sections, thermal expansion coefficient measure-
ments are a very useful and powerful tool to detect phase transitions in solid state
physics research. The combination of thermal expansion and specific heat data en-
ables us to determine the volume dependence of the characteristic temperatures and
may serve also as a check of their direct measurements as a function of hydrostatic pres-
sure. Furthermore, in contrast to specific heat which is an isotropic property, anisotropic
effects may be studied via thermal expansion measurements. The measurements pre-
sented in this work were performed by employing an ultra-high-resolution capacitance
dilatometer, built after [60], with a maximum resolution of Al/l = 1079, in the tem-
perature range 1.3 (pumping of Helium bath) to 200 K under magnetic fields up to 10 T.
In order to avoid external vibrations, the cryostat is equipped with shock absorbers. A
detailed description of the dilatometer used in this work has been presented in several
works [61-63]. The principle of measurement is described in the following. As sketched
in Fig.3.1, the cell, which is entirely made of high-purity copper to ensure good ther-
mal conductivity and covered with gold!, is constituted basically of a frame (brown

!This gold layer should work like a protection. Nevertheless, after some years in use, two striking
anomalies have been observed at 7' ~ 212K and 230 K. These anomalies are assigned to the formation of
copper-oxide (CuO) [64] in the body of the cell. Due to this, experimental data taken in this 7" window are
not reliable.
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line) and two parallel pistons (orange), the upper one being movable. The sample is
placed between these two pistons and by moving the upper piston carefully the start-
ing capacitance is then fixed. The lower piston is mechanically linked to a parallel plate
capacitor, as schematically represented by springs in Fig.3.1. The variation of the sam-
ple length, i.e. contraction or expansion, as the temperature is lowered or increased,
together with cell effects corresponds exactly to the change of the distance between the
plates of the capacitor? and consequently to a change of the capacitance, so that very
tiny length changes can be detected. The most remarkable characteristic in this capaci-
tance dilatometer is its high resolution (Al/l = 10~'%), corresponding to absolute length
changes of Al = 0.01 Angstrom for a sample of length 10 mm. This resolution is roughly
five orders of magnitude higher than that of conventional methods like neutrons or X-
ray diffraction [1] and is mainly due to the high resolution of the capacitance bridge®
and the high quality of the plate capacitor in the dilatometer cell, which allows the de-
tection of very small changes* in the capacitance of the system. However, the above-
mentioned resolution holds until 7" ~ 40K, where a precise PID temperature control
becomes difficult due to the large time constant involved in the experiment. As deduced
in Ref. [60], the sensitivity of the measurements is proportional to the square of the start-
ing capacitance (C?). This means that the higher the starting capacitance, the higher the
sensitivity. However, samples of the organic charge-transfer salts studied, mainly those
of (BEDT-TTF) based charge-transfer salts, are very sensitive to the pressure exerted by
the dilatometer, so that one cannot set a starting capacitance too high, since this would
consequently lead to a break in the sample. Hence, the starting capacitance® for mea-
surements under normal pressure (see Subsection 3.1.1) was limited to ~18 pF.

Figure 3.2: Sample of the fully deuter-

Figure 3.1: Schematic representation of the cell ated — organic  conductor j‘i'(BEDT'
used for the thermal expansion measurements. TTF);Cu[N(CN).]Br mqunted into  the
Details are discussed in the text. cell of the thermal expansion setup.

For measurements under magnetic fields a magnet power supply (model PS120-3)
from Oxford Instruments was used. In all performed measurements under magnetic

?In this construction, the distance between the plates of the capacitor is about 100 zm. In order to avoid
stray electric fields the capacitor is surrounded by guard rings [60].

*Two different high precision capacitance bridges have been used in these experiments: (i) Andeen
Hagerling - Model 2500A 1kHz and (ii) General Radio - Model 1616.

*Changes of about 107 pF can be detected in such experiments.

>The empty capacitance of the system reads 16.7 pF.
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fields reported here, the field was applied parallel to the measured direction. For the
directional-dependent thermal expansion measurements, the alignment of the crystal
orientation was made using an optical microscope and guaranteed with an error margin
of £5°.

The fixation of the sample into the cell was carried out making use of two Gallium-
spheres (gray ellipses in Fig. 3.1, also indicated in Fig. 3.2) [62]. These spheres work like
holders for the sample. Gallium is an ideal material for this task due its low melting
point T/= 29.78 °C, enabling the sample to be mounted into the cell with the help of a
soldering iron to make liquid Ga.

Furthermore, according to the literature, although Ga presents a small anisotropy
in its expansivity, it does not present any anomalous behavior from room temperature
down to low temperatures, cf. [65] and references therein.

The data were corrected only for the thermal expansion of copper of the cell body
with no further processing like splines or any other kind of mathematical fittings. From
the length changes of the sample Al(T') = [(T") — I(Tp) (Tp is a fixed temperature), which
is the physical quantity measured®, the linear thermal expansion coefficient (Eq. 2.3) was
approximated by the differential quotient, as follows:

Al(Ty) — AI(T})

1(300K) - (Ty — Ty) 3-1)

ao(T) =~

where T=(T1 + 1»)/2, being T} and T two subsequent temperatures of data collec-
tion.

The control of the measurement was made by use of an interface program in ®Test
Point language, supplied by MCC (Measurement Computing Corporation) company. In
fact, this program was written and first used by Dr. Jens Miiller [62] and later improved
and further used by Dr. Andreas Briihl [63].

Unless otherwise stated, in order to guarantee thermal equilibrium in all thermal
expansion measurements reported here, a very low temperature sweep rate of £ 1.5K/h
was used.

3.1.1 Thermal Expansion Measurements Under Quasi-Uniaxial Pressure

One of the challenges in the context of thermodynamic measurements is the realiza-
tion of high-resolution thermal expansion measurements under hydrostatic pressures.
Up to now, no such experiments have been reported in the literature. However, by
changing the starting capacitance and taking into account the area of contact between
the Ga-spheres and the sample, one can perform quasi-uniaxial thermal expansion ex-
periments under pressures up to ~ 100 bar employing the above-described setup. The
term ”quasi-uniaxial” is used here in the sense that one may have a pressure-gradient on
the sample volume, as indicated by the arrows in Fig. 3.3. The upper and lower vertical
arrows indicate the pressure exerted by the dilatometer on the Ga-spheres. The depen-
dence between the force (F') exerted by the springs and the capacitance change (AC) can
be easily measured and is given by:

AF N
— =0.124— 2
AC 0 pF (32)

®Worthwhile to notice is that by means of the capacitance dilatometry used here only length changes are
measurable. The present method does not enable us to measure absolute length changes of the sample.




38 3.2. RESISTIVITY MEASUREMENTS UNDER PRESSURE

Making use of Eq. 3.2 the pressure exerted by the dilatometer on the sample can be
estimated. For example, taking the area (A) of contact between the sample and the Ga
sphere of 0.2x10~%m? and a capacitance change of 2 pF and using the definition of pres-
sure P = F'/A, results in a quasi-uniaxial pressure P of roughly 12 bar.

Hence, a slight change of the contact area
\ and/or starting capacitance results in a sig-
_ _— Cu-piston nificant change of the pressure exerted by the
Upper Ga dilatometer on the sample. The crucial point
—— Sphere of such experiments lies in the assembling
_/ Sample and disassembling of the sample holder from
Lower Ga the cryostat without damaging the sample, as
such procedure is necessary to set the new
starting capacitance (new pressure). As will
be discussed in Chapter 4, for the (BEDT-TTF)
based charge-transfer salts a hydrostatic pres-
Figure 3.3: Schematic mounting of the sam- sure O_f.a few hundred bar is gnough to make
ple into the cell of the dilatometer under @ Significant sweep across a wide range of the
quasi-uniaxial pressure. The arrows indi- pressure-temperature phase diagram. Mea-
cate schematically the pressure distribution surements under quasi-uniaxial pressure, to
on the sample volume. be discussed in Section 4.6.4, will show that a
quasi-uniaxial pressure of a few tenth of bar
changes the shape of the thermal expansion coefficient curves dramatically, indicating
therefore that the properties of this material are altered.

__— Sphere

4 4+ ¢

3.1.2 Cryostat and Thermometry

The above-described dilatometer was placed in a “He glass cryostat, whose sketch is
shown in Fig. 3.4. *He was used as the exchange gas.
3He is appropriate to be used as contact

gas due to its higher thermal conductivity in 1
comparison with He as well as due to the ab- -2
sence of superfluid phase in the Kelvin tem- 1 13
perature range. In order to reduce thermal ra- S 4
diation, the external surface of the inner glass ] —5
dewar is metallized. The sample temperature ;ﬁ/ 6
in the range 7' < 25K was measured by use of E 3 Ki// 7
a calibrated resistance germanium thermome- N ||

ter, whereas for T' > 25K, a calibrated resis- 8

tance platinum thermometer was used. For
measurements under magnetic field, similar 9

Kﬁ
thermometers placed in the compensated zone \ ) 10

of the superconductor magnet were employed.

Figure 3.4: Sketch showing the main part

3.2 Resistivity Measurements Un- of the glass cryostat, in which the dilatome-
ter is assembled. 1) Outer vacuum space; 2)

der Pressure Liquid Nitrogen space; 3) Isolation vacuum
space; 4) Inner vacuum cap; 5) 3He contact

Although it is more than seventy years ago gas space; 6) Heater; 7) Magnet; 8) Copper
that the first studies related to the properties of heat cap; 9) Dilatometer; 10) *He contact

materials under pressure were performed [66] &as (sample space).
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(with P.W. Bridgman being awarded with the Nobel Prize in 1946 for his work in this
area), it was just in 1986 with the discovery of high T,. superconductors, that more in-
terest in the critical behavior of these materials as a function of applied pressure was
shown. Attempts at finding out superconductivity at high temperatures induced by ap-
plication of pressure have increased the interest in this field of research. In fact, due to
their simplicity, the investigation of the transport and magnetic properties at low tem-
peratures is undoubtedly one of the most important tools for the basic characterization
of a new material. In strongly correlated electron systems, pressure application may vary
the effective electronic interactions, thus giving rise to phase transitions. From the ex-
perimental point of view, nowadays, different types of pressure cells have been used to
study the physical properties of materials. As shown by Bridgman [66], cylindrical steel
pressure vessels can be used for hydrostatic pressures up to maximum 50 kbar. Such ves-
sels are usually used for performing electrical [67] and magnetic [68, 69] measurements
in such pressure ranges. However, to achieve higher pressures, diamond pressure cells,
which in general enable the increase of pressure up to 300 kbar, have been successfully
used for performing thermal [70], optical [71] as well X-ray diffraction studies [72]. In
the following, a description of the He-gas pressure cell, which was used in this work
for resistivity measurements under pressure, is presented.

3.2.1 Electrical Contacts and Plug

All resistivity measurements presented in this work were carried out by employing
the standard ac-technique. An ac resistance bridge model LR-700 from the company Lin-
ear Research was used for that purpose. Moreover, the standard four-point contacts were
used in all measurements. As is well known, the advantage of the four-point method is
that one does not take into account the contacts resistance. In this method, current is
applied on the external contacts and the voltage is measured on the internal contacts, as
shown in Fig.3.5.

Gold wires of 25 ym diameter were used

to make the electrical contacts. To fix the gold
wires on the samples, carbon paste (black points @
in Fig.3.5) was used. The specific resistivity @

(p) can be directly obtained by using the well-
known expression p = R - A/, being R the mea-
sured resistance, A the cross section area and [
the distance between the internal contacts.

The sample holder, also called plug, of the
pressure cell is equipped with eight metal pins,
to which the sample contacts are connected us- Figure 3.5: The standard four-point
ing silver or carbon paste. A calibrated InSb probe contacts configuration, as de-
semiconductor pressure sensor is connected to gcribed in the text.
the other additional four pins. After preparing
the sample and connecting it to the sample holder, the plug should be sealed by a metal
seal ring with a diameter of 8mm and then screwed into the pressure cell. The screw
must be inserted very firmly so that the metal seal is crushed, making the connection
very tight. For this task, according to the manufacturer [73], a torque of 34 Nm should
be applied. Since the plug metal seal ring is strongly distorted by this process, it can be
used once only and it must be changed when the cell is disassembled for further mea-
surements.
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3.2.2 Cryostat, Thermometry and *He-Gas Pressure Cell

The pressure cell is placed into a “He continuous flux cryostat supplied by the firm
Cryogenic. For T' < 25K, the temperature of the sample was measured employing a
calibrated Lakeshore Cernox-1080 thermometer, whereas for T' > 25K, a calibrated re-
sistance Pt thermometer was used.

10 kbar
10

“He Solidification

& e
< 6 ‘J 5 kbar
~ 00000000000s0p0n00000N
(0]
> /
g 41 . 3 kbar
o esees®® |"‘
2 w’ 1 kbar
0 . . . I200 bar
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T(K)

Figure 3.6: Pressure as a function of 7" obtained using an InSb pressure sensor. Arrow indicates
solidification of “He, as discussed in the text.

For measuring the electrical resistivity under hydrostatic pressure on the conduct-
ing poly-MTO (Section 6.3), a *He-gas pressure cell - Model GC 10 OD/ID 26/7 mm
purchased from the Unipress-Warsaw company - was employed [73]. By means of a
CuBe capillary tube of internal (external) diameter 0.3(3.0) mm, the latter is connected
to a compressor, supplied by the same company. The compressor is then used to gen-
erate the desired pressure. This pressure cell permits the application of pressure to the
samples within the range from 200 bar, which can be easily generated simply by using
the pressure of a 4He bottle, to 11 kbar, which in turn requires the use of the above-
mentioned compressor. The body of the cell is a thick-walled cylinder with 26 mm outer
diameter, 7 mm inner diameter and 110 mm length. It is made of a good heat-conducting
25 copper /beryllium alloy, being 75% copper, 25% beryllium.

As is known from the literature, one of the main problems, upon performing ex-
periments under pressure using liquid or gas-like pressure transmitter media, concerns
the pressure loss during the cool down. This is because upon cooling, depending on
the applied pressure, the liquid or gas will freeze. Fig.3.6 depicts the dependence of
pressure as a function of temperature for various pressure values. The pressure values
indicated in Fig. 3.6 refer to the applied pressure on the sample at room temperature.
Two remarkable features are observed in this data set: i) Upon cooling, a pressure drop
around 7' ~ 90K is observed in all performed measurements. This feature can be re-
lated to some particular change of the physical properties of the studied sample of the
compound poly-MTO (to be discussed in Section 6.3); ii) The solidification of “He as a
function of temperature and pressure, which implies a reduction of pressure, is clearly
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observed in these experiments, as indicated by the arrow in Fig. 3.6, in agreement with
literature data for the phase diagram of 4He [74]. As will be discussed in Section 6.3,
the solidification of “He can be also observed in an abrupt change of the resistivity of
poly-MTO.

During the realization of the present work, an oil clamped cell, to be used for mag-
netic measurements on inorganic magnetic systems using a commercial SQUID magne-
tometer, was installed and tested. This pressure cell enables magnetic measurements
under pressure up to 10kbar. The most relevant experimental aspects related to mag-
netic measurements under pressure employing this cell are presented in Appendix 1.




Chapter 4

k=-(BEDT-TTF)>X Organic Conductors

This chapter is concerned with the physical properties of the quasi-2D x-(BEDT-
TTF)oX charge-transfer salts. The major part of the chapter is dedicated to the physics
of the fully deuterated salts of x-phase-(BEDT-TTF)2Cu[N(CN);]Br. The motivation for
studying (BEDT-TTF)-based organic conductors has arisen mainly because this class of
materials has been recognized as a prototype system for studying electron-electron cor-
relation effects in 2D. The electronic properties of these substances have been intensively
discussed in several reviews, see e.g. [14,75-85] and more recently [2]. Here the main
literature results linked with the present work will be discussed.

41 The (BEDT-TTF) Molecule

The basic entity which furnishes the structure of the present class of organic conduc-
tors is the (BEDT-TTF) molecule, usually abbreviated simply to ET (hereafter ET will be
used instead of BEDT-TTF), shown in Fig.4.1. Due to the two different possible con-
figurations of the ethylene groups in their extremes, known as staggered and eclipsed
configurations, the ET molecule is not completely planar. It is believed that the degrees
of freedom of the ethylene groups can influence the electronic properties of the salts
of the x-family, cf. [86] and references therein. Another remarkable aspect related to
this molecule is that by means of infra-red real-space imaging spectroscopy on partially
deuterated x-(ET)2Cu[N(CN):]Br, it was observed that the vibration mode a,4(r3), which
is a symmetric stretching mode of the central C=C bonds, is very sensitive to the differ-
ence between metallic and insulating states [87].

In the following, the various phases, in which ET charge-transfer salts can crystallize,
are discussed briefly.
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Figure 4.1: (BEDT-TTF), or simply ET, molecule, which is the basic entity that furnishes the
quasi-2D (BEDT-TTF)-based charge-transfer salts studied in this work. Picture after [79].

4.2 Phases and Triangular Dimer Model

During the crystallization process, the ET molecules can assume different spatial ar-
rangements giving rise to different phases. Several thermodynamically stable phases,
usually referred to by the Greek characters «, 3, 6, A and «, are known. This work is
focussed on salts of the x-phase family. Interestingly enough, different crystalline ar-
rangements imply different band filling and consequently different physical properties.
A detailed discussion about each phase is presented in Refs. [2,85]. A schematic rep-
resentation of the main known phases is sketched in Fig.4.2. As can be seen from the
tigure, the packing pattern of the x-phase differs distinctly from the others in the sense
that it consists of two face-to-face ET molecules. The two molecules interact with each
other via overlap between the highest occupied molecular orbitals (HOMOS), as the HO-
MOS of each molecule are partially occupied [85].

Due to the intrinsic strong dimerization in the x-(ET)2X family, pairs of ET molecules
can be treated as a dimer unity and the system can be described by the Hubbard model
on an anisotropic triangular lattice, as shown in Fig.4.3. The anion X defines the ratio
between the interdimer hopping terms ¢ and ¢, as for example, for the x-(ET)2Cuz(CN)3
salt t'/t = 1.06 [78], suggesting an almost perfectly frustrated triangular lattice in this
compound, to be discussed in more detail in Section 4.5.

It is well to note that, more recently, a new phase, called mixed phase, with alternat-
ing a- and k-type arrangements of the ET molecules, has been synthesized [89]. More
details of the structure of the x-(ET)2X family, which is the phase studied in this work,
are discussed in the next section.

4.3 Crystal Structure

The crystallographic structure of x-(ET);Cu[N(CN)2]Br [90] is displayed in Fig. 4.4.
The structure of the latter substance is orthorhombic with the space group Pnma with
four dimers and four anions in a unit cell. An interesting aspect is that although the com-
pounds x-(ET)2Cu(NCS), and s-(ET)2Cuz(CN)3 [92] also belong to the x-phase family,
their crystallographic structure is monoclinic. Since the counter anion
X~ = Cu[N(CN)2]Br~ assumes a closed-shell configuration, metallic properties are ob-
served only within the ET layers, which lie in the crystallographic ac-plane and cor-
respond to the large face of the crystal. In the perpendicular direction to the referred
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a-Phase

Figure 4.2: Schematic top-view, i.e. view along the long axis of the ET molecule, of the a-, -
, k- and #-phase of the ET-based organic conductors. The ET molecules and the unit cells are
represented by blue and red rectangles, respectively. The dashed lines indicate the m-orbital
overlaps. Picture after [45].

layers, i.e. b-direction!, the insulating anion layer partially blocks charge transfer, so that
the conductivity along this direction (perpendicular to the layers) is reduced by a factor
~100 - 1000, depending on the anion. For that reason these materials are called quasi-2D
conductors.

As displayed in Fig. 4.5, the Cu[N(CN)2]Br~ polymeric anion structure is composed
of planar triply-coordinated Cu(I) atoms with two bridging dicynamide [(NC)N(CN)]~
ligands, forming a zig-zag pattern chain along the g-axis. The terminal Br~ ions, which
overlap slightly with the central N atoms of neighboring polymeric chains, make the
third bond at each Cu(I) atom [75].

As Fig.4.6 demonstrates, the anion Cuz(CN); differs distinctly from the
Cu[N(CN)2]Br~ anion in that it does not form chains, but a planar network of trian-
gularly coordinated Cu(I) ions and bridging cyanide groups. One of the cyanide groups
(labelled N /C11 in Fig. 4.6) is located on an inversion center and therefore must be crys-
tallographically disordered [92]. As will be discussed in the Section 4.8, this particular
arrangement is likely to be responsible for the absence of the so-called glass-like transi-
tion in k-(ET)2Cuy(CN)s.

Directional-dependent thermal expansion experiments, to be discussed in Section 4.6,
will show that the more pronounced lattice effects, associated with the Mott MI transi-
tion for k-D8-Br, occur along the in-plane direction which is parallel to the anion chains
direction (a-axis). In addition, in Section4.6 a model based in the collective vibration
modes of the CN groups of the polymeric anion chains will be proposed to explain the
negative thermal expansion along the a-axis above T, ~ 77 K.

The lattice parameters of the k-(ET)2X charge-transfer salts investigated in this work
are listed in Table 4.1.

!For the x-(ET)2Cu2(CN); salt, a-axis is the out-of-plane direction.
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Figure 4.3: Top view of the crystal structure of the x-(ET),X salt. The largest hopping terms
between the dimers are indicated by ¢ and ¢'. Note that the hopping terms ¢, ¢’ and ¢ form a
triangular lattice. Picture taken from Ref. [85].
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Figure 4.4: The crystallographic structure of £-(ET)2Cu[N(CN);|Br. a and c are the in-plane
axes, while b is along the out-of-plane direction. ET and polymeric anion indicate layers of ET
molecules and anions, respectively. The various atoms are represented by different colors, as
indicated in the label. For clarity, protons at the end of the ET molecules are omitted.

4.4 Sample Preparation

Deuterated (98%) bis(ethylenedithiolo)-tetrathiofulvalene (D8-ET) was prepared ac-
cording to Hartke et al. [93] and Mizumo et al. [94] by reduction of carbon disulfide with
potassium in dimethylformamide and subsequent reaction with deuterated (98%) 1.2-
dibromoethane. The intermediate thione C5D,S5 was coupled with triethylphosphite in
inert atmosphere at 1200°C and recrystallized several times from
chlorobenzene. By investigating the CHs and CD; stretch vibrations mode, no signs
of any CHjy or CDH vibrations could be detected, cf. [95]. Hence, the grade of deutera-
tion of xk-(D8-ET)oCu[N(CN)2]Br is at least 98 % [96]. As discussed in details in Ref. [97],
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Figure 4.5: Structure of the Cu[N(CN)]X~ (X here refers to Br or Cl) polymeric anion layers
in k-(ET)2Cu[N(CN).]X, view along the b-axis. Dashed lines highlight the X...N weak contacts
between the anion chains. Rectangle indicates the contour of the unit cell. Picture taken from
Ref. [91].

Figure 4.6: Polymeric anion layer of Cuy(CN);3 in £-(ET)2Cus(CN)s, view along the a-axis. Rect-
angle indicates the contour of the unit cell. The various atoms are represented by ellipsoids with
50% probability. Picture taken from Ref. [92].

by employing the preparation technique described above, hydrogenated single crystals
of the same substance resulted in samples whose resistivity revealed reduced inelastic
scattering and enhanced residual resistivity ratios. In general, the crystals have bright
surfaces in shapes of distorted hexagons with dimensions of approximately 1 x 1 x 0.4
mm?. Due to the small size of the crystals, the experimental challenge lies in assembling
them in the dilatometer, as described in the Section3.1. The samples of the deuterated
and hydrogenated x-(ET)2Cu[N(CN)2]Br, x-(ET)2Cu[N(CN)2]Cl and s-(ET)2Cus(CN)3
salts used for measurements in this work are listed in Table 4.2. The fully deuterated
(hydrogenated) salts of x-(ET)2Cu[N(CN)2]Br will be subsequently referred to as ~-D8-
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[ Anion | a(d) [ bAA) [ cA) [ VA [a]| B [+ ]| Structure |
D8-Br - - - - L il 1 | Orthorhombic
HS8-Br 12.949 | 30.016 | 8.539 3317 | L 1 1 | Orthorhombic
HS8-Cl 12.977 | 29.977 | 8.480 3299 | L 1L 1 | Orthorhombic

Cuy(CN)3 | 16.117 | 8.5858 | 13.397 | 1701.2 | L | 113.42° | L Monoclinic

Table 4.1: Lattice parameters at room temperature and structure of the investigated x-(ET)>X
salts [91,92]. Data for x-D8-Br are not available in the literature. L corresponds to 90°.

Br (xk-H8-Br). Samples of x-(ET)2Cu2(CN)3 studied here were prepared according to
Ref. [92].

| AnionX | Crystal Number | Measured Direction |  Batch |

D8-Br 1 a,b,c A2907*
DS-Br 2 a,b A2995*
D8-Br 3 a,b,c A2907*
DS8-Br 1 - A2907*
H8-Br 7 b A2719*
H8-Cux(CN); 1 a SKY 1050**
H8-Cu,(CN); 1 c KAF 5078
H8-Cu,(CN); 2 b KAF 5078*
H8-CI 1a b MJB1020**

Table 4.2: Samples of the organic conductor x-(ET),X on which thermal expansion measure-
ments were performed. * refers to samples provided by Prof. Dr. D. Schweitzer (University of
Stuttgart) and ** to samples provided by Dr. ]. Schlueter (Argonne National Laboratory - USA).
Crystal #4 was used to perform preliminary studies of Raman spectroscopy. In Ref. [4] crystal #2
is referred to as crystal #3.

In the next section, the phase diagram and main literature results of the x-(ET)>X
family connected to this work are introduced.

4.5 k-(ET),X: State of the Art

Charge-transfer salts of the x-(ET)2X family have been recognized as strongly cor-
related electron systems. Among other features, the latter statement is based on the
unusual metallic behavior inherent to these systems, as will be discussed below. Band
structure calculations suggest that these materials should be metals down to low tem-
peratures [85]. However, due to correlation effects, the phase diagram embodies various
phases, including paramagnetic (PI) and antiferromagnetic (AF) Mott insulator, super-
conductor and anomalous metal, see Fig.4.7.

A remarkable feature is the competition between antiferromagnetic ordering and su-
perconductivity, cf. Fig.4.7. The similarities between the present charge-transfer salts
and high-T. superconductors have been discussed in the literature, see e.g. [78, 98, 99].
The major difference between these two classes of materials is that while for the high-
T. superconductors one deals with a doping-controlled Mott transition, for the charge-
transfer salts to be discussed here one has a bandwidth-controlled Mott transition. In ad-
dition, no spin-glass phase between the two above-mentioned phases is observed in or-
ganic conductors. A possible explanation for this feature is the higher quality of organic
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Figure 4.7: Conceptual P-T phase diagram for the x-(ET).X family, after [106]. Arrows indicate
the positions of the various salts with their anion X at ambient pressure. Application of hydro-

static pressure implies a reduction of the ratio of the on-site Coulomb repulsion relative to the
bandwidth U/W.

single crystals in comparison with those of cuprates [99]. The symmetry of the super-
conducting order parameter in these materials, i.e. s- or d-wave typez, is still a topic
of debate in the literature, see e.g. [100] and references therein. From the experimental
point of view, a remarkable feature is the tunability of such systems. In contrast to the
high-T. superconductors, where the ground states are tuned by doping, i.e. band filling,
and therefore disorder is unavoidable, the ground states of organic conductors can be
tuned by chemical substitution and/or applying external pressure. Pressure mainly af-
fects the bandwidth W and as a consequence the ratio U /W is changed. A pressure of a
few hundred bar, which is easily attainable in our laboratory, is enough to make a wide
sweep over relevant regions of the pressure-temperature (P-T) phase diagram?.

4.5.1 Phase Diagram and Experiments

The phase diagram shown in Fig. 4.8 has been mapped by NMR and ac susceptibility
[36], transport [102] and ultra-sonic [101] measurements under helium gas pressure on
the salt with X=Cu[N(CN)z]CL. In this phase diagram, the antiferromagnetic transition

2For an s-wave superconducting state, the order parameter is finite at every point on the Fermi surface,
while for a d-wave type it vanishes at certain points (nodes) on the 2D Fermi surface and changes its sign.
Experimentally, the distinction between s- and d-wave type can be made by measuring the specific heat at
very low temperatures. As for an s-wave state the order parameter parameter presents finite values at every
point on the Fermi surface, it is expected that for 7' << T the specific heat obeys an activated behavior, i.e.
Cv x exp(—Ao/kp T), where Ay is the gap value at T' = 0. For a d-wave state, the situation is different:
given the existence of nodes at the Fermi surface, the density of states D(E) grows linearly as one moves
away from the Fermi energy, i.e. D(E) « | E — Ep |for | E— Er | << A. As Cv /T x D(E), it follows that
at very low temperatures Cy oc T [85].

3For the Mott insulator V203, for example, a pressure of a few kbar is required to cross the first-order
line in the P - T phase diagram [19].
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line, not observed in ultra-sound experiments [101], was obtained by NMR relaxation
rate [36]. From the splitting of NMR lines, the estimated magnetic moment per dimer
is (0.4 - 1.0) up. The superconductivity line was determined from ac susceptibility [36]
whereas the S-shaped first-order MI transition line via ultra-sound [101], transport [102]
and ac susceptibility [36] measurements.
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Figure 4.8: Phase diagram of x-(ET);Cu[N(CN):]Z, with Z = Br or Cl. Lines indicate the re-
spective phase transitions. D8-Br and H8-Br (position estimated according to [103]) refer to the
positions of x-D8-Br and x-H8-Br, respectively. Orange broken line indicates the anomalous
metal region. Thin solid lines (red), delimiting the hatched area, denote positions of anoma-
lies observed via ultrasonic measurements (see Fig.4.10). Vertical (black) dotted line indicates
T sweeps, illustrating a crossing of the S-shaped line. PI, AFI and SC refer to paramagnetic in-
sulator, antiferromagnetic insulator and superconductivity, respectively. Closed circle refers to
Tarr coinciding with Ty at this point in the phase diagram, cf. the discussion in the Section 4.6.2.
Positive and negative slopes of dT,;/dP are shown, indicating that upon crossing the MI line
when dTr/dP > 0, i.e. going from the PI state to the metallic state, the entropy of the system
is increased, while crossing the MI line when dT;;/dP < 0, i.e. going from the metallic state
to the AFI state, the entropy associated with the metallic state is decreased due to the magnetic
ordering.

This first-order MI line ends in a critical point (P, Tp), which has been studied by
several groups [36,101,102,104]. A conclusive understanding of the latter feature is still
lacking. Among possible scenarios, this critical end-point has been discussed in anal-
ogy with the liquid-gas transition, see e.g. Ref. [105]. In this scenario, above (Fy, 1)
the metallic state cannot be distinguished from the paramagnetic insulating state. The
latter scenario seems, however, to be unlikely, since above (P, Tp) distinct anomalies
reminiscent of phase transition lines are observed. By means of resistivity measure-
ments under pressure, the critical behavior in the vicinity of (P, Tp) was investigated
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by Kagawa et al. [22]. As already mentioned in Section 2.3, these authors found critical
exponents which do not fit in the known universality classes, and they assigned this to
the quasi-2D structure of the present substances. This will be discussed in more detail
in Section 4.7. The tunability of the system from the insulating to the metallic side of the
phase diagram, crossing the first-order MI line by application of pressure, is indicative of
a bandwidth-controlled Mott transition. Owing to the position of the salts with different
anions X, as shown in Fig. 4.8, the fully hydrogenated salt with X = Cu[N(CN)2]Br is a
superconductor with T, ~ 12 K, the highest 7. under ambient pressure among all organic
compounds up to now, whereas the ground state of the salt with X = Cu[N(CN)]Cl is
an antiferromagnetic insulator with 7 ~ 27 K. Interestingly enough, exchanging the
hydrogen atoms of the ethylene end groups of the ET molecules by deuterium in the
compound with X = Cu[N(CN)2]Br results in a shift of the latter towards the boundary
of the S-shaped first-order line. It is due to their close position to this line [3], that -
D8-Br hereafter, have been attracting particular interest. Deuterium substitution implies
a slight difference between the C-H and C-D bond lengths. Since D has a higher mass
than H, C-D bonds have a smaller stretching frequency than the C-H bonds. Hence, dur-
ing the stretching vibration the D-atoms displacement from their equilibrium position is
smaller than that estimated for H atoms. Therefore, the C-D bonds are slightly smaller
than the C-H bonds. Furthermore, the contact between the C-D; end groups and the an-
ions is weaker than that between the C-H; end groups and the anions. As a consequence,
the lattice of the fully deuterated salt is softer than the lattice of the fully hydrogenated.
This process is usually called “chemical pressure”. In fact, application of pressure (chem-
ical or external) leads to a variation of the distance between the ET molecules and, as a
consequence, the bandwidth (W) is changed. The ratio U/W is believed to be the key
parameter which defines the ground states of these substances [106].

Interestingly enough, for the salt with the anion X = Cuy(CN)3 magnetic ordering is
absent in the whole insulating region. The pressure-temperature phase diagram of the
x-(ET)2Cu2(CN)j3 salt is shown in Fig. 4.9.

The main literature results of the x-(ET)2X family are discussed below.

4.5.2 Literature Results

As mentioned in the introduction of this section, the metallic state of x-(ET)2X presents
some distinct properties as compared to those of conventional metals. For instance, in
the x-H8-Br salt, the out-of-plane resistance as a function of temperature has a non-
monotonic behavior [97] with a maximum around 90 K, which was observed to be sample-
dependent. This maximum is followed by a sudden drop and the resistivity sharply
changes its slope around 7" ~ 40K. At 7,, ~ 11.5K superconductivity is observed. On
applying pressure, T* shifts to higher temperatures and disappears at roughly 2 kbar.
From about 7" ~ 40K down to 7, ~ 11.5K the resistance obeys a T? behavior fre-
quently assigned to a coherent Fermi liquid state. NMR studies revealed a peak in the
spin-relaxation rate divided by temperature (1/7'7}) around 7™ for the present com-
pound [107]. The anomalous metallic behavior around 7* was also observed by thermal,
magnetic, elastic and optical measurements, cf. [97] and references therein. The origin of
the 7™ anomaly is still controversial. Ultrasonic velocity measurements under pressure
on the compound k-(ET)2Cu[N(CN)2]Cl performed by Fournier et al. [101] revealed the
existence of two new lines in the phase diagram (not indicated in Fig.4.8). The exper-
imental findings obtained by Fournier et al. are shown in Fig.4.10. From this data set,
pronounced anomalies, depending on the pressure, are observed below around 40K.
The maximum amplitude of the softening in the sound velocity (T' =~ 34K, P ~ 210bar)
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Figure 4.9: P-T phase diagram of the x-(ET)2Cu2(CN)j3 salt, obtained from resistance and NMR
measurements under pressure using an oil pressure cell. The Mott transition and crossover lines
correspond to the temperature, at which the maximum in the quantities spin-lattice relaxation
rate divided by temperature (1/7,7) and dR/dT are observed, cf. labels indicated in the figure.
The upper limit of the Fermi-liquid region (yellow area) was fixed as the temperature where the
resistance R no longer follows the Ry + AT? relation and (1/717) is constant. The supercon-
ducting transition line was obtained via in-plane resistance measurements. Picture taken from
Ref. [111].

marks the critical end point (P, 7p) and corresponds to a softening of roughly 20 % of
the sound velocity. On increasing the pressure, the peak position shifts its position to
higher temperatures. Below F, the anomaly becomes gradually less pronounced and
saturates at around 32 K. The peak position was thus used by the authors to draw the
two crossover lines in the phase diagram (Fig.4.11).

As can be seen in Fig. 4.11, these two lines merge into the critical end-point of the first-
order line. Interestingly enough, the line above (Fy, Tp) coincides with the 7 anomaly
mentioned above. The authors assigned these two lines to crossover lines. However, as
discussed in Refs. [75,97] the proposed crossover hypothesis seems to be inconsistent,
since the transition temperature 7 obtained from resistivity measurements coincides
with the correspondent signatures in thermal expansion experiments, as expected for a
real phase transition. The large anomalies in the sound velocity observed by Fournier
et al. were discussed in terms of a diverging compressibility of the electronic degrees of
freedom. As a matter of fact, acoustic and lattice anomalies are, according to dynamical
mean-field theory (DMFT) calculations, expected at the Mott MI transition as a reaction
to the softening of the electronic degrees of freedom, cf. [108,109]. The explanation for
this is that in the metallic state the conduction electrons contribute more to the cohesion
of the solid than in the insulating one. Based on this argument, according to Ref. [108],
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Figure 4.10: Main panel: Relative ultrasonic velocity as a function of temperature under pres-
sure for the k-(ET)2Cu[N(CN)2]Cl salt. The various pressure values are indicated in the label of
the figure. Inset: Data for pressures below 230 bar. Picture extracted from [101].
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Figure 4.11: Phase diagram obtained from ultrasound experiments under pressure for the x-
(ET)2Cu[N(CN)2]Cl1 salt. Different symbols refer to the various anomalies observed on three
different samples. The critical point (P, Tp) is indicated by the gray circle. SC-I and -II indicate
metastable superconductivity, while SC-III indicates bulk superconductivity. Dotted hexagon
indicates the pressure point, obtained from microwave resistivity measurement at ambient pres-
sure. Picture extracted from Ref. [101].

as an effect of the localization, discontinuous changes of the lattice parameters are ex-
pected at the Mott transition. The actual role of lattice degrees of freedom for the present
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material is one of the main topics of the present study and will be discussed in the Sec-
tion4.6.

Owing to the magnetic properties of the x-(ET)2X family, several studies employing
different experimental methods have been carried out on the salt with X = Cu[N(CN);]Cl
[127-129]. By means of resistance measurements, for instance, varying temperature,
pressure and magnetic field, a magnetic-field-induced Mott MI transition was observed
by F. Kagawa et al. [130]. From the analysis of their NMR line shape, relaxation rate and
magnetization data, K. Miyagawa et al. [129] were able to describe the spin structure of
this state. Below T" = 26 - 27K, they found a commensurate antiferromagnetic order-
ing with a moment of (0.4 - 1.0) up/dimer, as already mentioned in Section4.5.1. The
observation of an abrupt jump in the magnetization curves for fields applied perpendic-
ular to the conducting layers, i.e. along the b-axis, was discussed in terms of a spin-flop
(SF) transition. Furthermore, a detailed discussion about the SF transition, taking into
account the Dzialoshinskii-Moriya exchange interaction, was presented by D.F. Smith et
al. [131,132]. Similarly to that for the pressurized chlorine salt, a magnetic-field-induced
MI transition was also observed in partially deuterated x-(ET)2Cu[N(CN)2]Br [133]. In
addition, a discussion on the phase separation and SF transition in x-D8-Br was also re-
ported in the literature [116].

The Mott insulator x-(ET)2Cuz(CN)3 is another system that has been intensively
studied in the last five years [5,110,111]. Among all charge-transfer salts of the x-family,
the latter compound presents a peculiarity: the ratio of the hopping terms ¢ and ¢’ is
close to unity, more precisely 1.06 [78], leading to a nearly perfect isotropic S = 1/2 tri-
angular lattice with the coupling constant* .J = 250 K. Magnetic susceptibility and NMR
measurements revealed no traces of long-range magnetic ordering down to 32 mK [110].
Based on these results, this system has been proposed to be a candidate for the realiza-
tion of a spin-liquid state [112]. Amazingly, upon applying pressure (see Fig.4.9), the
system becomes a superconductor [111], i.e. superconductivity appears in the vicinity of
a spin-liquid state! Recently, however, specific heat experiments revealed the existence
of a hump at 6 K, insensitive to magnetic fields up to 8 T (Figs.4.13 and 4.12).

This feature was assigned to a crossover® from the paramagnetic Mott insulating to
the quantum spin-liquid state [5]. Below 6K, the specific heat presents a distinct 7'-
dependence, including a T-linear dependence in the temperature window 0.3 - 1.5K, as
predicted theoretically for a spin-liquid [113]. The spin entropy in this T-range is roughly
2.5% of RIn2 [114], indicating that below 6 K only 2.5% of the total spins contribute for
the supposed spin-liquid state. Extrapolating the low-T" specific heat data, the authors
found a linear specific heat coefficient v = (20 + 5) mJ mol~! K~2, which is sizable given
the insulating behavior of the material and contrasts with a vanishing v value for the
related compounds k-(ET)2Cu[N(CN)2]Cl and fully deuterated x-(ET)2Cu[N(CN)2]Br,
cf. [5] and references therein. A sophisticated theoretical model entitled Amperean Pair-
ing Instability has been proposed by Lee et al. [115] to describe a possible spin-liquid
state in k-(ET)2Cu2(CN)s. In this model, a pairing of excitations with fractionary spins
(spinons) should occur on the Fermi surface at low temperatures. Using a complicated
theoretical approach the authors deduce that this pairing of spinons accompany a spon-
taneous break of the lattice symmetry, which in turn should couple to a lattice distortion
(analogously with the Spin-Peierls transition, discussed in Section 2.5.2) and should be

*This coupling constant (J = 250K) was obtained by fitting the magnetic susceptibility using the
triangular-lattice Heisenberg model.
>This “crossover” has been frequently referred to as “hidden ordering”.




54 4.5. k-(ET)2X: STATE OF THE ART

MO T oT ot 08T Q‘J
L] 0 o
&
1,250 | .jg
= 1,000
=]
i
X - V150
g 2
w < 100}
o -
500 2
= 50
(=
250 3
T
U i | N 1 : N .
0 20 40 60 80 100

T2(K2)

Figure 4.12: Main panel: Specific heat data for x-(ET)2Cu>(CN)3 in a C, 7~ * versus T2 plot until
10K. A broad hump anomaly around 7" = 6 K can be clearly observed. Inset: Specific heat data
for k-(ET)2Cus(CN)s, considering that the data of x-(ET),Cu(INCS), give a phonon background.
Picture extracted from Ref. [5].
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Figure 4.13: Low-temperature specific heat data for x-D8-Br, x-(ET)2Cu[N(CN)2]Cl and &-
(ET)2Cu2(CN); salts ina C, T~ ! versus T? plot. Red solid line indicates the existence of a T-linear
contribution. Data under magnetic fields for the x-(ET);Cu2(CN); salt are also shown. Picture

taken from [5].

detectable experimentally via X-ray scattering. Nevertheless, Ramirez [114] pointed out
that before a final declaration of the realization of a spin-liquid, some points should
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be clarified, among them the transition observed in the specific heat at 6 K. In order to
obtain more information about this exciting system, high-resolution thermal expansion
measurements have been performed in the frame of this work. The results will be dis-
cussed in the Section 4.8.

4.6 Thermal Expansion Measurements on Fully Deuterated Salts
of x-(ET)5Cu[N(CN),IBr (“x-D8-Br”)

As part of this research, intensive investigations on the thermal expansion of the en-
titled organic compound were performed [4]. As otherwise stated, in order to reduce
cooling-rate dependent effects, a cooling rate of ~ —3 K/h through the so-called glass-
like transition around 80 K was applied®. Fig.4.14 shows the linear thermal expansion
coefficient (upper part) along the in-plane a-axis for crystals #1 and #3 together with the
out-of-plane resistivity p, 7 (lower part) for crystal#1. Upon cooling, p, passes over a
maximum around 45K, then rapidly drops and flattens abruptly around 30 K. The resis-
tivity remains metallic down to about 20K, below which the slope sharply increases (cf.
upper inset in Fig. 4.14) indicating the transition to an insulating state. An almost iden-
tical p; behavior was found for crystal#3 and the crystal studied in Ref. [103], except
for small differences around the maximum and some details in the insulating regime.
For all three crystals, p; vanishes below about 11.5K. A zero resistivity accompanied by
a tiny signature in the «;(7) data is consistent with percolative superconductivity in a
minor metallic phase coexisting with an antiferromagnetic insulating ground state for
1-D8-Br [116]%, cf. the phase diagram in Fig.4.8.

As can be seen from Fig.4.14, the main features in the resistivity have their clear
correspondence in the coefficient of thermal expansion. The rather abrupt flattening of
p. is accompanied by a huge maximum in a(7") centered at a temperature 7}, ~ 30 K°. As
will be discussed below, this effect can be assigned to a second-order phase transition.
Upon further cooling, «(7") reveals an even bigger negative peak indicating yet another
phase transition. The accompanying change in p; from metallic to insulating behavior
suggests this peak to be due to the MI transition!’. A similar o, (7") behavior is observed
for crystal #2 although with slightly reduced (~ 20%) peak anomalies at 7}, and 7). This

®This cooling speed (~ —3K/h) was employed in the temperature range ~85 - 65K. From room tem-
perature down to ~85K as well as from 65K down to 4.2K, an average cooling speed of —40K/h was
employed.

"Resistivity measurement shown in Fig. 4.14 was carried out by Christian Strack, Ph.D. thesis (in prepa-
ration), Goethe University - Frankfurt (M) - Germany.

5In Ref. [3], Kawamoto et al. performed ac susceptibility measurements on -D8-Br after slow
(0.2K/min) and rapid (100 K/min) cooling. From the measurements after slow cooling, below the onset
of superconductivity at 7. = 11.5K, they did not observe a jump in the real part of the ac susceptibility, as
expected for bulk superconductivity, but a gradual transition towards low temperatures. From the latter be-
havior they estimated the superconducting volume fraction of 20 % at most. In the case of the measurements
after rapid cooling, according to the authors, the superconducting fraction is reduced to 1 - 2 %.

°In order to avoid any confusion, T, is used here to refer to the anomalous behavior of a(T") and R(T)
in the vicinity of the critical end-point (P, Tp) for x-D8-Br.

In employing o = —80 - 107°K™!, obtained from the height of the anomaly in the thermal expansion
coefficient for crystal #1 (Fig.4.14), using the entropy change AS = —0.074 Jmol 'K~ at the Mott MI
transition, whose detailed deduction is presented in Section4.6.2, results in a jump of the specific heat of
about 0.2Jmol~'K™!. Details of this estimate are provided in Appendix 2. This value corresponds roughly
to 0.4% of the background at T in the specific heat (specific heat measurements on x-D8-Br crystal #1
performed by Sebastian Kohler - Physics Institute - group of Prof. Dr. Michael Lang - Goethe University -
Frankfurt (M) - Germany), employing ac calorimetric method, so that no signatures in the specific heat at
Twnr could be detected.
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Figure 4.14: Thermal expansion coefficient (left scale) along the in-plane a-axis, o, (7'), for crys-
tals #1 (red) and #2 (blue) and out-of-plane resistivity (right scale), p,, for xk-D8-Br crystal #1.
Upper inset shows a zoom of the low temperatures p, (T') data on the same T scale as used in the
main panel.

reduction might be related to small misalignments of the crystal as well as to different
pressures exerted by the dilatometer on the crystals, approximately 4 bar for crystal #1
and 6bar for crystal #2. More information on the character of the transitions can be
gained by looking at the relative length changes Al;(T')/l; = (I;(T) - 1;(300K))/1;(300 K),
(¢ = a, b, c), shown in Fig. 4.15.

As Fig.4.15 demonstrates, the dominant effects occur along the in-plane a-axis, i.e.
parallel to the polymeric anion chains, see Fig. 4.5. Here a pronounced S-shaped anomaly
is revealed at 7}, which lacks any sign of hysteresis upon cooling and warming, at least in
the resolution of the present experiments, a generic feature of a second-order phase tran-
sition with strong fluctuations. On further cooling through T';, the a-axis shows a rapid
increase of about Aa/a = 3.5 - 10~ within a narrow temperature range, indicative of a
slightly broadened first-order transition. For the latter feature, the observation of a small
but significant hysteresis of about 0.4K, shown in the lower inset of Fig.4.15, which
complies with the hysteresis in p| (T") (upper inset Fig.4.14), confirms the first-order
character of the transition. The corresponding anomalies along the out-of-plane b-axis
are less pronounced. Surprisingly, for the second in-plane c-axis, anomalous behavior
in Al/l can neither be discerned at 7}, nor at T)s;. The reliability of the previous results
is supported by the same anisotropy observed for crystal #3, investigated in Ref. [103].
Based on the quasi-2D electronic structure of the present material, as shown in the upper
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Figure 4.15: Relative length changes for x-D8-Br crystal #1 along the in-plane a- and ¢- and
out-of-plane b-axis. The data have been offset for clarity. Lower inset shows hysteretic behav-
ior in Aa/a at T measured at very low sweeping rates of £1.5K/h. Upper inset depicts the
2D triangular-lattice dimer model with transfer integrals ¢ and t’, dots represent dimers of ET
molecules.

inset of Fig. 4.15, which is characterized by dimers on a triangular lattice, the observed
anisotropic lattice effects at the Mott transition is a very remarkable and unexpected re-
sult and deserves to be analyzed in more detail. The dominant effects in the a-axis, along
which no dimer-dimer overlap exists, comply with the hypothesis that the diagonal hop-
ping terms, ¢, play an important role in this process. Since these hopping terms have a
component along the c-axis, which is likely to be even softer than the out-of-plane b-axis
and second in-plane a-axis!!, a pronounced effect along the c-axis would then be auto-
matically expected at Th/7. Note that along the c-axis a direct dimer-dimer interaction
t', as indicated in the upper inset of Fig. 4.15, exists, making a zero-effect along this axis
even more amazing. A possible explanation for this feature would be an accidental can-
cellation of counteracting effects associated with ¢ and t/, which seems to be unlikely.
In addition, it is not clear how these in-plane interactions may produce comparatively
strong effects in the out-of-plane b-axis. Another remarkable aspect is that the negative

11According to Ref. [117], the uniaxial compressibilities k; = 1/l;(dl;/dP) for the parent compound
K(ET)2Cu(NCS)2 are strongly anisotropic with k1 : ko : k3 =1: 0.53 : 0.17 (ratio estimated under 1bar),
where k; refers to the compressibility along the in-plane ¢ direction, k2 along the second in-plane b-axis and
k3 along the direction parallel to a projection of the long axis of the ET molecules, i.e. along the out-of-plane
a-axis.
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effect along the out-of-plane b-axis corresponds to a negative Poisson ratio [118]. These
findings provide strong evidence that there should be a coupling of the 7 electrons to
other degrees of freedom, namely to the lattice, thus indicating that the Mott MI transi-
tion in the present material cannot be understood by only taking into account a purely
2D electronic scenario [4].

4.6.1 Anisotropic Lattice Effects in xk-D8-Br and Rigid-Unit Modes

The relative length changes up to 200K along the a-, b- and c-axes are shown in
Fig.4.16'2. In the following, a possible explanation for the unusual anisotropic lattice
effects observed in k-D8-Br is presented.
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Figure 4.16: Main panel: Relative length changes along the in-plane a- and c-axis, and out-
of-plane b-axis for x-D8-Br crystal#1 up to 200K. Data along the b- and c-axes are shifted for
clarity. Position of T estimated according to [86]. NTE indicates negative thermal expansion
along the in-plane g-axis in the range T, < T' < 150K. Inset: Relative volume change AV/V =
Aa/a+ Ab/b + Ac/c versus T. Low temperature data will be used for estimating the entropy
change associated with the Mott MI transition (Section 4.6.2).

Upon cooling, strongly anisotropic effects are observed. Note that more pronounced
effects are observed along the in-plane a-axis, which is marked by a minimum around
150K and an abrupt change in slope at 7. This feature will be discussed in more detail
below. An interpretation in terms of disorder due to the freezing-out of the orientational

2The correspondent thermal expansion coefficient for this data set can be encountered in Ref. [119].
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degrees of freedom of the terminal ethylene groups was proposed by J. Miiller et al. [86].
By substituting the terminal [(CHz)2] groups by [(CDz)2], one observes a shift of T to
higher temperatures. A feature that is expected due to the higher mass of the [(CDz2).] in
comparison to the mass of the [(CHz)2] groups, which in turn implies a higher relaxation
time at a given temperature. Hence, the model proposed by J. Miiller et al. is supported
by the isotope effect, but it does not explain the negative thermal expansion along the
in-plane a-axis observed above T}, namely in the interval 7;, < T" < 150 K. Recently, high-
resolution synchrotron X-ray diffraction experiments [120] have provided indications
that such an anomaly is not solely linked to the freezing-out of the ethylene groups. The
claims of the authors are based on the comparison between the estimated number of
the disordered ethylene groups (staggered configuration) at 100K (~11 %) with those
at extrapolated zero temperature (3 & 3 %). They conclude that such transition is most
likely related to structural changes, probably involving the insulating polymeric anion
chains. Upon further cooling, the anomalies at 7, and T, already discussed in detail
in the previous section, show up. From Fig.4.16 it becomes clear that the lattice effects
at Ty, T, and Tsr are more pronounced along the polymeric anion chain a-axis, being a
negative thermal expansion (NTE), i.e. a decrease of length with increasing temperature,
observed below T/ (due to charge carriers localization) and also in the temperature
window T, < T' < 150K. It should be noted that the in-plane anisotropy at both Tjr
and T} corresponds to an orthorhombic distortion. Recently, NTE was also observed by
Goodwin et al. in other materials containing cyanide bridges in their structures, cf. [121,
122] and references therein. These authors proposed a simple model [122] to explain the
origin of this unusual behavior!3. In this model, the transverse vibrational displacement
of the CN units, away from the metal-metal axes (Fig.4.17 b) and c)), is assigned to be
the mechanism responsible for NTE in these materials.

Metal
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\
/

Metal

(a) (b) (c)

Figure 4.17: Schematic representation of the M-CN-M linkage. a) Linear configuration. b) Dis-
placement of the C and N atoms away from the metal-metal axis in the same direction. c) Dis-
placement in the opposite direction. Note that the total length along the metal-metal axis is
reduced due to the displacement of the C-N atoms. This is the mechanism which gives rise to
negative thermal expansion. Picture after Ref. [122].

BIn fact, NTE is also observable in other materials. For example, the NTE of liquid water below 4 °C is
connected with a breaking of the tetrahedral H bonding. Below 4 °C, NTE is required to overcompensate the
increase of entropy due to such structural transition [10]. Another example can be found in ZrW;Os. This
material exhibits NTE over a wide temperature window of 50 - 400 K [123]. The origin of this anomalous
behavior is assigned to its structural arrangement, which is composed of rigid ZrOg octahedra and WO,
tetrahedra. Rigid-unit modes in this material show up due to the fact that each WO, unit has one vertex not
shared by another unit.
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As can be seen from Fig.4.17 b) and c), the displacement of the C and N atoms away
from the metal-metal axis has the effect of decreasing the distance between the metal
atoms as the temperature is increased. According to the authors of Ref. [122], in poly-
meric crystalline materials, these vibrational modes will not occur separately, but rather
they will affect the vibration modes of other metal-CN-metal linkages, giving rise to NTE
phenomenon. Nevertheless, the deformation of the metal-cyanide bridge will carry a
high energy penalty. Hence, assuming that the metal coordination geometries are pre-
served, the vibration modes illustrated in Fig. 4.17 b) and c) can be observed only if they
are coupled with the crystal lattice in the form of phonon modes. Yet, according to Good-
win et al., such modes are referred to as rigid-unit modes (RUM) and can be experimen-
tally observed in the low energy window 0 - 2THz, i.e. in the range of typical phonon
frequencies [124]. Given the polymeric nature of the anion Cu[N(CN)|Br~ (Fig.4.5),
the above-described model is a good candidate to explain why NTE is observed only
along the in-plane anion chain a-axis. The latter might have their origin in the RUM
of dicynamide [(NC)N(CN)]~ ligands along the anion polymeric chain. Note that the
contraction of the lattice with growing 7" above T, along the a-axis is accompanied by
an expansion along the b- and c-axes (Poisson effect). In addition, preliminary Raman
studies (not shown here) carried out on x-D8-Br (crystal #4) in cooperation with Prof. Dr.
Peter Lemmens and Patrick Scheib - Physikzentrum - TU Braunschweig - revealed the
appearance of a double peak structure in the frequency window 50 - 200cm™! at 20K
(below Tj), not observed at 130K (above T,, but below the onset of NTE)!. Note that
this frequency window fits roughly into the above-mentioned energy window predicted
for RUM. Interestingly enough, the double peak structure is not observed at 5K (below
Twrr), indicating that vibration modes in this energy window are no longer active below
Trrr. A more complex process should be involved in the negative thermal expansion
expansion below T/7, where a negative Poisson effect is observed. Hence, these results
support the idea of strong coupling between lattice and electronic degrees of freedom at
the Mott transition. Still owing to the anomalous lattice effects above T}, based on the
above discussion, it seems that the freezing out of the orientational degrees of freedom
of the ethylene end-groups alone!® cannot be responsible for a NTE along the a-axis.
A possible scenario to explain this feature would be the existence of a complicated en-
twinement between the ethylene end groups and the vibration modes of the polymeric
anion chain, not knowingly reported as yet in the literature. According to this idea, the
ethylene end groups delimit cavities, where the anions are trapped [91], so that below
Ty an anion ordering transition occurs in a similar way to the anion ordering transition
observed in the quasi-1D (TMTCF),X charge-transfer salts [146]. Further systematic Ra-
man and infra-red studies are necessary to provide more information about the nature
of the glass-like transition.

4.6.2 Entropy Change Associated with the Mott MI Transition

More information about the physics in the vicinity of the Mott MI transition can be
obtained on estimating the entropy change associated with the MI transition. Employing
the Clausius-Clapeyron equation (Eq.2.25) with AV = (V7 — Vi) and AS = (S; — Swm),

Y“Further studies are required to verify if such splitting shows up above or below T},.

15As pointed out in Ref. [11], the glass-like anomaly is not observed in the organic superconductors 3"-
(ET)2SFsCH2CF2SOs3 (T%. = 5K, large discrete anion) and in x-(ET)213 (T = 3.5K, linear anion) as well as in
the nonsuperconducting a-(ET).KHg(SCN)4 (polymeric anion), but a smooth Debye-like behavior along the
three crystallographic directions up to 200 K. It is appropriate to mention here that the glass-like anomaly is
not observed in the k-(ET)2Cu2(CN)3 salt, to be discussed in Section 4.8.
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the respective difference in volume and entropy between the insulating (I) and metallic
(M) states, and using dTy;/dP = (—2.7 £ 0.1) K/MPa, which is obtained from the slope
of the S-shaped line at T); in Fig.4.8 and AV/V = (4.2 £ 0.5) - 10~%, derived from in-
set of Fig.4.16, one finds AS = —0.074 Jmol~'K~!. This small entropy change at Ths
represents only a fraction of the entropy associated with the metallic state of the x-H8-
Brsaltat T ~ 14K of S = v - T ~ 0.375Jmol 'K~!, with a Sommerfeld coefficient ~
= 0.025Jmol 'K~2 [125]. Electronic specific heat data published in the literature [126]
revealed that by means of gradual deuteration it is possible to tune the system from
the metallic to the insulating side of the phase diagram, thereby ~ decreases towards
zero in the insulating phase. Based on these literature results, one can assume that v of
the fully deuterated salt discussed here, above the T},; should actually be significantly
smaller than that of the fully hydrogenated salt. Hence, the small entropy change of
—0.074Jmol!K~! obtained here indicates that the high spin entropy of the paramag-
netic insulator at elevated 7" must have been almost completely removed. In addition,
this finding is consistent with the Néel temperature Ty coinciding with T/ at this point
in the phase diagram [119].

4.6.3 Magnetic-Field Effects on x-D8-Br

Based on the previous sections, more insights into the role of the lattice degrees of
freedom for the Mott insulating state in x-D8-Br can be gained by thermal expansion
experiments under magnetic fields. In the following, the effects of magnetic fields in the
vicinity of the Mott MI transition are discussed. Before doing so, it is advisable to care-
fully analyze the low-temperature range in zero magnetic field. The thermal expansion
coefficient along the out-of-plane b-axis in zero magnetic field is displayed in Fig.4.18
together with the resistance!® data normalized to its value at room temperature. Upon
cooling, a negative anomaly around 7" = 13.6 K is observed. The latter is associated with
the Mott MI transition and reflects the change of the lattice parameter upon crossing the
first-order Ml line, as discussed in previous sections. The anomaly in «(7") is directly cor-
related with an increase of the resistance around the same temperature, which confirms
that the anomaly in «(7T) is undoubtedly related to the Mott MI transition. The drop
of the resistance at 7. = 11.6 K, accompanied by a tiny kink (indicated by the arrow) in
a(T'), are signatures of percolative SC in minor portions of the sample volume coexisting
with the AFI ordered state, see e.g. [134]. In the temperature range 13K <7 < 15K, a
jump in the resistivity data is observed. In fact, such jumps in resistivity measurements
are frequently observed in organic charge-transfer salts. The huge expansivity of the
crystal induces stress on the electrical contacts giving rise to such jumps. In general, the
appearance of jumps in resistivity data are attributed to cracks. For the (TMTTF)2X and
(TMTSF)2X salts, in particular, such jumps in resistivity are assigned to stress caused by
localized defects and/or by mechanical twinning [76].

Fig.4.19 shows the thermal expansion coefficient along the b-axis at low tempera-
tures under magnetic fields of 0.5, 1, 2, 4, 6 and 10T. The first physical information ob-
tained from these data is that upon cooling under magnetic field up to 10 T, 7;; remains
unaffected, at least within the resolution of our experiments. Upon further cooling un-
der a low field of 0.5T, however, a second anomaly around Tr; = 9.5K (FI refers to
field-induced) takes place. The latter becomes even more pronounced under 1 and 2T
and saturates under a field of ~4T. A careful analysis of the data in Fig.4.19 reveals
the existence of a double-peak structure for fields exceeding 1T. Nevertheless, further

!6Resistance measurement shown in Fig. 4.18 was carried out by Christian Strack, Ph.D. thesis (in prepa-
ration), Goethe University - Frankfurt (M) - Germany.
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Figure 4.18: Thermal expansion coefficient along the b-axis (left scale) together with the resis-
tance data normalized to its value at room temperature (right scale) for x-D8-Br crystal#3. Ty
refers to the MI transition temperature and 7. denotes the percolative SC critical temperature.
Jumps in the resistance around 13K and 15K are most likely related to the large expansivity of
the material in this temperature range, as discussed in the text.

experiments are required in order to obtain more information on this issue. No such
tield-induced effects were observed along the a- and c-axis (not shown). As known from
the literature, orientational field-dependent magnetic phenomena may indicate a spin-
flop (SF) transition. The SF transition occurs when the system is in an AFI state and a
magnetic field, exceeding a certain critical value (critical field), is applied parallel to the
easy-axis. In the present case, this field dependence of «(7') is indicative of a SF tran-
sition with strong coupling between the spin and lattice degrees of freedom. As can be
seen from Fig.4.19, H. < 0.5T (H. refers to the critical field) for x-D8-Br, which is con-
sistent with a critical field H. ~ 0.4T for the chlorine salt, deduced in Ref. [129]. The
reason why the anomaly in «(T) at 7" = T becomes more pronounced for fields higher
than H,., however, cannot be explained by the hypothesis of a SF transition, so that an
additional phenomenon should be related to this feature. As pointed out by Ramirez et
al. in Ref. [136], the appearance of sharp peaks in thermodynamic quantities, like spe-
cific heat or thermal expansion, under finite magnetic fields have been observed in a few
systems and constitute a rare physical phenomenon. In the following, two possible sce-
narios are discussed to explain this unusual feature: i) Resistance measurements on 50 %
and 75 % deuterated x-(ET)2Cu[N(CN)2]Br under field sweep (field applied along the
out-of-plane b-axis) at 7' = 5.50 and 4.15 K, respectively, revealed an abrupt change from
SC to high resistive states for fields exceeding 1T [135]. This behavior is interpreted
by the authors as being evidence of a FI first-order SC-to-Insulator transition. Hence,
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Figure 4.19: Thermal expansion coefficient perpendicular to the conducting layers under se-
lected fields, as indicated in the label of figure, for xk-D8-Br crystal#3. T refers to the metal-
insulator transition temperature and 77y to the field-induced phase transition temperature, as
discussed in the main text.

based on these observations, for fields exceeding H. the present results may be inter-
preted as evidence for the suppression of the percolative SC, giving rise to an insulating
state induced by magnetic field, which in turn is accompanied by an abrupt change of
the lattice parameter. ii) A second interpretation for these sharp peaks in «; induced by
magnetic field is that upon exceeding the critical field H., percolative superconductivity
is destroyed, the remaining electrons spin do not couple with the applied magnetic field
due to the correlated motion among them. These field-decoupled spins'” are strongly
coupled to the lattice and give rise to the minimum at 7;. The present results do not en-
able us to determine the exact orientation of these field-decoupled spins. It is important

7The term field-decoupled spins is used in Ref. [136] to refer to similar effect (double peak structure)
observed in specific heat measurements under magnetic field for the “spin ice” compound Dy»Ti2O7. Ac-
cording to the authors of Ref. [136], when a magnetic field is applied parallel to the [100] crystallographic
direction, due to correlated motion among the spins, half the spins have their Ising axis orientated perpen-
dicular to the magnetic field. The latter are called decoupled-field spins. It was observed that magnetic
fields exceeding a certain critical value lead to the ordering of these field-decoupled spins. Monte Carlo
calculations, also reported by the authors in Ref. [136], support the proposed model. The term “spin ice”
is used by the authors to refer to the spin orientations in analogy with the degeneracy of ground states ob-
served in ice (H2O in solid phase), where hydrogens atoms are highly disordered and gives rise to a finite
entropy as 7' — 0. This is because the oxygen atoms form a well defined structure, but the hydrogen atoms
remain highly disordered due to two inequivalent O-H bond lengths, as first pointed by L. Pauling [137].
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to stress here that the above-discussed scenarios are “possible scenarios”, so that the ac-
tual physical origin of the features observed at Tr; remains unclear. Another remarkable
feature in Fig. 4.19 is, that for fields H > H, in a temperature window between T),; and
Trr, an intermediary phase appears, probably paramagnetic, indicated in the schematic
phase diagram shown in Fig.4.20. It could be speculated that this feature can be seen
as a separation of the Ty and 77 lines in the phase diagram. A possible physical de-
scription to this would be related to the energetic competition between the AFI ordered
and the paramagnetic phases after crossing the MI first-order line, resulting thus in a
decrease of Ty with increasing of magnetic field. Similar experiments were carried out
in two other xk-D8-Br crystals (crystals #1 and #2). For both crystals, however, in contrast
to the sharp anomaly at Tr; ~ 9.5 K under magnetic fields shown in Fig. 4.19, the effects
of magnetic fields result in a smooth change of «(7") around the same temperature. Two
factors should be considered as a possible explanation to this: i) crystal alignment upon
mounting the sample into the dilatometer. As reported in the literature, see e.g. [138],
SF transitions are strongly dependent of the direction of the applied magnetic field. A
minute misalignment between the magnetic field and the easy-axis can give rise to a sup-
pression of the transition; ii) sample inhomogeneities. This would imply, for instance,
that portions of percolative SC vary from sample to sample, reflecting therefore differ-
ences in their magnetic properties [3].
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Figure 4.20: Speculative H-T' diagram for ~-D8-Br for magnetic fields applied along the easy-
axis (b-axis). Symbols refer to the peak anomaly in «a(T). Lines represent the various phase
transitions discussed in the main text. PM and PI denote paramagnetic metal and paramagnetic
insulator, respectively. Hatched region indicates 7" window in which a double-peak structure in
a(T) is observed. SF stands for spin-flop and Mixed States refers to a possible coexistence of
spin-flopped and field-decoupled spins, as discussed in the text.

The present findings are summarized in the schematic diagram depicted in Fig. 4.20.
The dashed line around ~0.5T separates the AFI from the SF phase, while the thick
line marks the (partial) suppression of percolative SC giving place to field-decoupled
and/or flopped spins, referred to as mixed states. Concluding this section, the thermal
expansion findings on x-D8-Br under magnetic field reveal the insensitivity of the Mott
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MI transition temperature under fields up to 10 T, which is in accordance with the pro-
posal of a Mott insulating state with a hole localized in a dimer. A field-induced phase
transition at Tx; = 9.5K is observed, indicative of a SF transition with strong magneto-
elastic coupling, accompanied by an enhancement of «(7") due to the suppression of the
percolative SC under magnetic fields above 1T. Further experiments, like magnetostric-
tion measurements, will shed more light on the above-discussed magnetic field-induced
effects.

4.6.4 Thermal Expansion Under Quasi-Uniaxial Pressure

Given the high anisotropy of the x-(ET)2X charge-transfer salts, thermal expansion
measurements under quasi-uniaxial pressure could provide more insights to better un-
derstand the transitions at T, T, and T,. The effect of quasi-uniaxial pressure on the
sample was studied for crystal #2 as shown in Fig. 4.21. In these experiments, a pressure
of (65 + 5)bar was applied along the out-of-plane b-axis. Roughly speaking, pressure
application along the b-axis means a change of the contact between the polymeric-anion
chains and the ET molecules and /or enhancement of the tilt of the ET molecules.
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Figure 4.21: Main panel: Thermal expansion coefficient along the out-of-plane b-axis for £-D8-
Br crystal #2 under ambient (10 bar) and quasi-uniaxial pressure of 65bar. Dashed lines are guide
for the eyes. Data are shift for clarity. Inset: blowup of the low-T" o (T") data together with
measurement under pressure (65 bar) and magnetic field of 10 T. ZF refers to zero magnetic field.
Black dashed arrow indicates the peak position under quasi-uniaxial pressure of 65bar, while
pink dashed arrow highlights a shift of the peak position to lower 7" when a magnetic field of
10T is applied.
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As can be seen in the main panel of Fig.4.21, a quasi-uniaxial pressure of 65bar is
enough to change the shape of the thermal expansion curves at 7,7 and 7, dramatically.
These findings reveal that the anomalies in «(T") at Th;; and T, are strongly affected
upon applying pressure, while T;; remains practically unaffected. Since x-D8-Br is lo-
cated on the boundary of the Mott MI insulator transition (Fig.4.8), this feature might
be associated with a shift of its position from the insulating to the metallic side of the
phase diagram. Assuming the peak position T/; = 13.6K as the transition tempera-
ture under ambient pressure (actually under roughly 10bar) and Tys; = 11.8K'8 as the
transition temperature under quasi-uniaxial pressure (65bar), one obtains d1y;/dP; =~
—33 K/kbar. This value is roughly one order of magnitude smaller than the hydrostatic
pressure dependence of T (d1nr/dP ~ —380K/kbar), estimated from the slope of the
MI line in Fig.4.8 at " = 11.8 K. Such discrepancy might reflect the anisotropy in the
uniaxial-pressure effects. However, the shift of 7, (Tr) to high (low) temperatures is
in prefect agreement with a positive (negative) pressure dependence of T}, (Ths) in the
phase diagram (Fig.4.8). Applying a magnetic field of 10T (pink curve in the inset of
Fig.4.21), the peak position of the transition, indicated by black and pink dashed ar-
rows, shifts to lower temperatures. As Ty, is insensitive to magnetic fields up to 10T
(Section 4.6.3), this observation suggests that the anomaly in a(T") under quasi-uniaxial
pressure should be triggered by superconductivity. The present thermal expansion re-
sults under quasi-uniaxial pressure can be seen as a starting point for experiments under
hydrostatic pressure (in preparation), which will provide important information about
the physics in the vicinity of the Mott MI transition region in the phase diagram.

4.6.5 Influence of the Cooling Speed on 7}, in x-D8-Br

In this section, the influence of the cooling speed through the glass-like (T, ~ 77 K)
transition on 7/r and 7T}, is discussed. In fact, the role of the cooling speed on the phys-
ical properties of fully and partially deuterated salts of x-(ET)2Cu[N(CN)2]Br has been
intensively discussed in the literature, e.g. in Refs. [134,139]. As shown in Fig.4.22,
the thermal expansion coefficient along the in-plane a-axis for a crystal of x-D8-Br was
measured after cooling the sample through the so-called glass-like phase transition by
employing two distinct cooling speeds (—3 K/h and —100K/h).

A broadening of the transition, accompanied by a reduction in the size of the peak
anomaly at 7}, ~ 30 K, which is related to the critical end point of the first-order line in the
phase diagram, and the Mott MI temperature T/ ~ 13.6 K, is observed for fast cooling (-
100 K/h). Another remarkable feature is that the peak position of the 7}, = 30 K anomaly
shifts toward lower temperatures, while the anomaly at T,; = 13.6 K shifts slightly to
higher temperatures. Based on these observations, one can conclude that the increase of
the cooling speed through 7}, results in an opposite effect to that observed upon applying
quasi-uniaxial pressure (Section 4.6.4). The observed shift of T, towards higher tempera-
tures under fast cooling is in agreement with literature results [86]. Resistivity measure-
ments on x-D8-Br salts [96,140], synthesized by employing the same method as that used
for the salts studied in this work, revealed that by fast cooling speed!® the resistance in-
creases dramatically below T, ~ 80K, superconductivity is suppressed giving way to a
residual resistance ratio of ~5. This feature together with the observed enhancement of

8701 is used here to refer to the MI transition temperature. However, this transition might eventually be
related to the pressure-induced bulk superconduting transition, i.e. a shift of x-D8-Br from the insulating to
the metallic side in the phase diagram induced by quasi-uniaxial pressure.

9In Ref. [96] Griesshaber refers to a cooling rate of ~ —1K/min as a slow cooling, while the rapid cooling
rate is not mentioned.
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Figure 4.22: Thermal expansion coefficient as a function of temperature for x-D8-Br crystal #3
along the in-plane g-axis. Measurements taken on warming after employing different cooling
speeds (—3K/h and —100K/h). Data are shifted for clarity. Arrows indicate the respective phase
transitions for the slowly cooled crystal. Dashed lines are used to show the shift of T;; (towards
higher temperatures), T, (towards lower temperatures) and 7}, (towards higher temperatures)
under fast cooling across T}.

the anomaly in «, on fast cooling (Fig.4.22) can be assigned to an increase of the scat-
tering provoked by the randomly distributed potential of the polymeric Cu[N(CN)2]Br~
anion. A similar situation is encountered in the quasi-1D (TMTSF),ClO,4 superconductor
salt, where by rapid cooling (>50 K/min) superconductivity is destroyed giving way to
a first-order anion-ordering transition at 7' = 24K, which in turn is accompanied by a
SDW transition around 6 K [76].

4.7 Mott Criticality

In this section the critical behavior at the end-point of the first-order line will be
discussed. As mentioned in the previous section, the thermal expansion coefficient is
related to the specific heat via the Griineisen relation (Eq.2.16). This implies that in the
vicinity of the transition at 7},, the same scaling laws apply and, as a consequence, the
same critical behavior should be obeyed for both quantities. This approach has been ver-
ified by various groups, see e.g. [21,141]. Hence, the observation of the huge anomaly
observed in the thermal expansion coefficient at T}, cf. Fig.4.14, exceeding the back-
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ground expansivity by a factor 3 - 4, has prompted the study of the critical behavior
by means of a thermodynamic probe?® with high sensitivity. Fig.4.23 shows the phase
transition anomaly in o, (7T’) for crystals#1 and #2 on expanded scales. As can be seen,
for both samples the transition is not very sharp, rather yielding some broadening in a
temperature window of several Kelvin.
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Figure 4.23: Expansivity along the a-axis for x-D8-Br crystals #1 (¢) and #3 (/) near 7},. Solid
lines are fits as described in the text for & = 0.8 with a Gaussian distribution of 7},. Dashed
line represents the pure singular contribution for crystal #1. Straight lines show background
contributions implied in fits for & values given in the figure. Star marks the universal background
point discussed in the text.

In the outer flanks of the maximum, the slope of a(T") increases steeply. Closer to the
center of the peak, however, the slope is significantly reduced giving rise to a rounded
maximum. Such broadening effects are generally encountered in the immediate vicin-
ity of the transition and are attributed to sample inhomogeneities. In the following, the
fitting procedure employed to study the criticality around (7p, Pp) is discussed in de-
tails. The anomalies will be analyzed in terms of a power-law behavior in the reduced
temperature variable ¢. The smearing of the transition is accounted for by a Gaussian dis-

YEmploying the Ehrenfest relation (Eq.2.26), the size of the anomaly expected at T}, in the specific
heat can be estimated. Taking the anomaly height Aa = 80 X 10"¢K~!, the molar volume Vo = 5 X
10~* m?*/mol, dT,,/dP = 100 K/kbar estimated from the slope in Fig.4.8 and 7}, = 30K results in AC' =
1.2Jmol ™" K™!. Specific measurements around 7}, have not been reported in the literature.
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tribution for 7, with width 67,,2. The function used in the fittings of the linear thermal
expansion coefficient in the temperature range 24 - 36 K is given by:

A* & i
a(T) = / ¥ |t |7 “G(Tp,Tp,01p)dT, + B+ ET 4.1)
A’_/%,_/ ~—
Singular Distribution of Non-singular
contribution  the transition contributions
temperatures including
phonons

As indicated in Eq. 4.1, the first term in the integral describes the singular contribu-
tions with the amplitudes A" and A~ for ¢t > 0 and ¢ < 0, respectively, while the linear
term comes from the phonons, but can also include a small non-singular electronic con-
tribution. The estimation of this linear term deserves special attention. Fig.4.24 shows
the expansivity for samples #1, #2, #3 and ~-H8-Br #7. A careful analysis of these data
sets reveals that, independent of the presence and size of the critical contribution at 7},
all curves intersect at a single point (T, o) ~ (21K, 16 x 1079K™1), indicating thus that
this point should reflect the pure non-singular background contribution. Hence, a con-
straint to a meaningful background is that it should extrapolate to this point.

Using Eq. 4.1, simultaneous fits were performed on crystals #1 and #2 assuming the
same linear background, same amplitude ratio A™/A~, same critical exponent &, but in-
dividual 7}, values, since the critical temperatures for both crystals differ slightly. A good
tit for both data sets, also satisfying the above-mentioned background, is obtained for &
=08, AT /A~ =0.79, and T, = 30.1K, 07}, = 1.59K for crystal #1 and T, = 29.6K, 6T}, =
1.74K for crystal #2, cf. solid line in Fig. 4.23. It should be mentioned that & values in the
range 0.65 - 0.95, with small changes in the other parameters accordingly, result in fits of
similar quality and still comply with the background constraint. In contrast, the residual
of the fit increases substantially upon decreasing & to well below 0.65. This is accom-
panied by a suppression of the background to even negative values for & < 0.5, clearly
incompatible with the background constraint (see for example, the background implied
by the fits for & = 0.5 and 0.3 in Fig. 4.23). As clearly indicated by these simultaneous fits,
and confirmed by independent fits to the individual data sets for crystals#1 and #2, a
large positive critical exponent & is the only possible, physically meaningful description
of the expansivity data. The critical exponent derived here of (& ~ 0.8 + 0.15) is much
larger than those of known universality classes with —0.12 < & < 0.14 (Table 2.2) and the
mean-field value & = 0 observed at the Mott critical endpoint of Cr-doped V203 [102].
In particular, it greatly conflicts with the criticality reported in Ref. [22] from conductiv-
ity measurements on pressurized X = Cu[N(CN)2]Cl. Employing the universal relation
(Eq.2.32), the exponents found there of (4, 3,7) ~ (2, 1,1) give & = —1. The reason for this
discrepancy is unclear but might be related to the significant broadening effects, which
have not been included in the analysis in [22]. The exponent found here, however, is

*'This analysis is consistent with the idea that in the critical region, the internal energy of the lattice
depends strongly upon T' — T}, while T}, in turn depends on the lattice constant. This is equivalent to
assume that ¢ = (T' — T, (T")) /Ty, so that in the critical region a distribution of T}, values has to be taken into
account in order to look for a power law to compare with a theoretical approach which assumes fixed lattice
constants. This aspect was discussed by Kadanoff et al. in Ref. [18] p.408.
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Figure 4.24: Blow-up of the expansivity data along the in-plane a-axis for three different sam-
ples of xk-D8-Br and one sample of x-H8-Br (data taken from [103]). Dotted line represents the
background for the critical exponent & = 0.8, shown in Fig.4.23. Star indicates the universal
background point, as discussed in the main text.

rather close to & = 0.5 expected for a tricritical?? point [15]. Such a scenario would imply

a symmetry breaking associated with the Mott MI transition. Interestingly enough, an
even larger exponent & = 0.93 was reported for the compound Lag 7Cap 3sMnOs [141], also
characterized by a strong electron-phonon coupling, showing a similar o(7") anomaly to
the one observed here for x-D8-Br.

4.8 Thermal Expansion Measurements on x-(ET),Cus(CN);

Fig.4.25 shows the thermal expansion coefficient along the in-plane c-axis for crys-
tal #1 of the entitled salt. Upon cooling, . decreases monotonously down to T},
~ 30K. Around T = 150K, indications of a small and broad hump are observed. In
Ref. [110], Shimizu and collaborators observed an enhancement of the spin relaxation
rate above 150 K, which was attributed to the freezing of the thermally activated vibra-
tion of the ethylene end groups. Note that no traces of a glass-like anomaly around
T =77 - 80K are observed. This behavior is quite distinct from that observed in &-

22 A tricritical point is defined as the point where a first-order transition evolves into a second-order phase
transition [15].
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(ET)2Cu[N(CN)2]Cl [86] and «-D8-Br (discussed in previous section) and «-H8-Br [86],
where clear signatures in the thermal expansion coefficient show up at T;, ~ 77 K. This
discrepancy indicates that the lattice dynamic for the x-(ET)2Cus(CN)3 salt is different
from that of the above-mentioned compounds. In fact, according to the RUM model,
discussed in previous sections, the absence of a glass-like anomaly in x-(ET)2Cu2(CN)3
can be understood in the following way: the anion Cu(CN); (Fig.4.6) consists of a
2D network of Cu(I) and bridging cyanide groups [92]. As the Cuz(CN); anion is ar-
ranged in a network fashion, which is quite different from the polymeric arrangement of
Cu[N(CN)2]Cl~ and Cu[N(CN)]Br~ (Fig.4.5), the vibration modes of the CN groups are
confined between nearest Cu(I) atoms, so that they cannot propagate along the structure.
Hence, the formation of RUM in k-(ET)2Cuy(CN)s3 is very unlikely and as a consequence
no signatures of the glass-like transition can be observed. Cooling the system further, an-
other broad hump is observed at T}, ~ 70 K. The latter coincides roughly with a broad
maximum observed in magnetic susceptibility measurements [110]. Below 7" ~ 50K, a
assumes negative values. Cooling the system further, a broad minimum is observed at
Tnin ~ 30K. Below T' ~ 14 K, «. starts to assume positive values. A possible scenario for
explaining the negative thermal expansion in the range 14K < 7' < 50K is discussed in
the following. In this temperature range, lattice vibration modes (most likely from the
anion) become soft, the Griineisen parameter in turn assumes negative values and the
lattice expands upon cooling®®. However, the hypothesis of negative thermal expansion
driven by spin degrees of freedom cannot be ruled out. In fact, the connection between
negative thermal expansion and frustration has been reported in the literature, but a
theory able to describe this phenomena is still lacking [143]. Amazingly, upon further
cooling, a huge anomaly is observed at 7%"°"" ~ 6 K. The latter coincides with the hump
anomaly observed in specific heat measurements [5]. This finding constitutes the first
observation of lattice effects associated with the transition (or crossover/hidden order-
ing) at 6 K. A further analysis of the present data is difficult because the actual phonon
background cannot be estimated. The low-temperature data will be discussed in more
detail in the following. Fig.4.26 (a) shows the thermal expansion coefficient below 14 K
on expanded scales.

Upon cooling below 6K, a hump at 7' ~ 2.8 K is observed. Several runs were per-
formed in order to check for reproducibility. The latter feature has not been observed in
specific heat measurements [5], most likely due to the lack of resolution of such experi-
ments.

The signatures observed in o, have their direct correspondence in the spin-lattice
relaxation rate (7] ') and magnetic susceptibility (x) [110]. Below 50K, both quanti-
ties decrease monotonously with temperature down to 4K, where 7} ! starts to increase
and shows a broad maximum at 1K, while y varies smoothly [110]. Thermal expan-
sion measurements under magnetic fields (inset of Fig. 4.27) revealed that under 8 T, the
peak position around 6 K as well the hump at 7" ~ 2.8 K remains unaltered, in agreement
with specific heat measurements under magnetic field [5], indicating therefore that the
anomaly at 6 K is unlikely to be due to long-range magnetic ordering, at least for mag-
netic fields applied parallel to the c-axis?*. In addition, measurements on cooling and
warming (main panel of Fig.4.27) revealed no traces of hysteretic behavior, at least in
the resolution of the present experiments, so that the hypothesis of a first-order transi-

ZInterestingly enough, negative thermal expansion has been also observed in amorphous Yigo—zFes (x
= 92.5 and 84) alloys over the temperature range, in which these systems go from the paramagnetic to the
spin-glass state. The latter feature is assigned to the thermal variation of spin fluctuations [142].

1t is worthwhile mentioning that for the “spin ice” system Dy>Ti»O7 [136], already mentioned previ-
ously, the spins disorder is suppressed when magnetic field is applied perpendicular to the their Ising axis.
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Figure 4.25: Expansivity along the in-plane c-axis for a single crystal of x-(ET)2Cuy(CN)3. "™
indicates the temperature at which, according to Ref. [5], the crossover (hidden ordering) to a
spin-liquid state occurs. The dashed line is used to indicate an hypothetical linear background.
Broad hump anomalies at 7" ~ 150 K and T}y, =~ 70 K are indicated by the arrows, cf. discussed
in the text.

tion can be ruled out.

Hence, the actual origin of the anomaly in «. at 6 K remains unclear. However, at first
glance, the present thermal expansion findings appear to fit in the model proposed by
Lee et al. [115]. As discussed briefly in Section 4.5, according to this model, spin pairing
on the Fermi surface generates a spontaneous break of the lattice symmetry giving rise to
a phase transition at finite temperature, which in turn is coupled to a lattice distortion.
In other words, upon cooling, the spin entropy has to be (partially) frozen. The only
way for this, without long-range magnetic ordering, is to introduce a lattice distortion.
This process presents some similarities with a classical Spin-Peierls transition, where
the formation of a singlet state requires that the spin entropy of the triplet state goes
to zero by introducing a lattice distortion. In the present case, the amount of entropy
in the temperature range 0.3K < 7' < 1.5K corresponds to a few percent of RIn2 [5],
indicating therefore that only a minor part of the total number of spins contribute to
the spin-liquid phase. Interestingly enough, the shape of the transition at 6 K (Fig. 4.26
(a)), resembles the shape of the anomaly in the thermal expansion coefficient associated
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Figure 4.26: (a) Blow-up of the low-temperature expansivity data along the in-plane c- (crystal
#1) and b-axis (crystal #2) of x-(ET)2Cu2(CN)3 on expanded scales, showing the sharpness of the
transition at 7°"°™ ~ 6K and a hump in o, at Thyump ~ 2.8K along the c-axis. (b) a./T versus
T2 plot for k-(ET)2Cuz(CN); and fully deuterated x-(ET)2Cu[N(CN)2]Br (data along the in-plane
a-axis). Solid lines correspond to linear fittings.

with the Spin-Peierls transition for the quasi-1D organic conductors (TMTTF)X (X = PFg
and AsFg), see inset of Figs.5.10 and 5.11 in Section 5.4. Hence, the sharp lattice distor-
tion at 79" ~ 6K seems to be associated with a real phase transition and not with a
crossovet, as proposed in Ref. [5]. During the preparation of this thesis, preliminary
thermal expansion measurements along the second in-plane b-axis?® revealed striking
anisotropic in-plane lattice effects. Interestingly enough, along the in-plane b-axis (see
Fig.4.26) a negative anomaly is observed at 77" ~ 6K, indicating that below T%"°™ a
lattice expansion (shrinkage) along the c-axis (b-axis) occurs. The observed distinct in-
plane anisotropy implies that the hopping integral terms ¢ and ¢’ are strongly affected.
In Fig. 4.26 (b), the thermal expansion coefficient of x-(ET)2Cuy(CN)3 is shown in a a,./T
versus T2 plot together with data for a fully deuterated x-(ET)2Cu[N(CN)2]Br crystal
(crystal #1). As can be seen from the linear fits (solid lines in Fig. 4.26 (b)), while the in-T'
linear term vanishes as T' — 0 for the Mott insulator x-D8-Br salt, consistent with vanish-
ing Sommerfeld coefficient, a./T remains finite (a./T = v = (0.19 + 0.02) - 1079 K~2)
for the k-(ET)2Cu2(CN)s salt. Similar fits along the second in-plane b-axis results in y*
= (—0.082 £ 0.006) - 1079K~2, a value which corresponds roughly to half of y%. Since
corresponding data along the out-of-plane a-axis are missing?®, the difference vy + v

BThermal expansion measurement along the in-plane b-axis (gray data in Fig. 4.26 (a)) was carried out by
Rudra Sekhar Manna - Physics Institute - Group of Prof. Dr. Michael Lang - Goethe University - Frankfurt
(M) - Germany, under supervision of the author of this thesis.

*Measurements along the out-of-plane a-axis in the temperature range 4.2K - 200K have been carried
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Figure 4.27: Main panel: Relative length changes (in arbitrary units) for x-(ET),Cuz(CN)3 along
the in-plane c-axis measured at very low sweeping rates of £1.5K/h, showing the absence of
hysteretic behavior. Inset: Thermal expansion data under zero magnetic field and 8 T. Such mea-
surements were taken on warming, while the magnetic field was applied at 1.3K.

=0.11 - 1079K~2 will be used to make a crude estimate? of the “spin-fluctuation” (sf)
Griineisen parameter 'y for this salt, assuming that below 1.3K (lowest temperature
accessible in the present experiments) a./T behaves linearly as 7' — 0. Using a Som-
merfeld coefficient of v = (20 mJmol~'K~2), obtained from specific heat measurements
on a crystal from the same batch as the one studied here 28 a bulk modulus B = 1/kp
= 122 kbar [117] taken from k-(ET),Cu(NCS),, and using the molar volume V,,,,; = (2.6 -
10~*) m3/mol, results in I'yf ~ 15. This value is roughly one order of magnitude higher
than those found for other organic conductors. For example, for the x-(ET);Cu(NCS),
and 3"-(ET)2SF5CHCF2SO3 salts, T'esp ~ 3.5 and 1 [11], respectively. The value ob-
tained here (I';; ~ 15) is, however, not so far from typical values obtained for heavy
fermion compounds®. As the Griineisen parameter is a measure of the pressure depen-
dence of the characteristic temperature, the large value of I's; ~ 15 estimated here for

out in the frame of the present work. Nevertheless, it was revealed that drift effects were involved in such
experiments. Given the tiny thickness (~60 um) of the crystal along this direction, the measured length
changes (capacitance changes) were in the limit of the resolution of the capacitance bridge employed in the
present experiments.

“The analysis made here is, obviously, no longer valid if a vanishing 3/7 is observed as T — 0.

28Specific heat measurements on x-(ET)2Cu2(CN)3 down to 1.8 K have been performed by Dr. Andreas
Briihl, Group of Prof. Dr. Michael Lang, Physics Institute - Goethe University - Frankfurt (M) - Germany. The
Sommerfeld coefficient obtained from the latter experiments is somehow higher than v = (15 mJmol 'K ~2),
obtained by S. Yamashita et al. [5].

*For example, I' = 57 is obtained for the heavy-fermion compound CeCug [144].
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the x-(ET)2Cuz(CN)3 salt indicates that the characteristic energy which determines the
ground state is very sensitive to external pressure. It remains to be seen whether the
latter is in fact a spin-liquid state. In this sense, thermal expansion measurements along
the out-of-plane a-axis, as well as measurements at very low temperatures along the a-,
b- and c-axes are required in order to achieve a better understanding of the physics of
this exciting material. Such experiments will reveal, for example, whether below 1.3K
a/T behaves linearly and remains finite as 7' — 0, as observed in specific heat measure-
ments [5] or if o/ T decreases exponentially®® as 7' — 0. If the latter scenario is confirmed,
perhaps the idea of a spin-liquid phase in xk-(ET)2Cu2(CN)3 has to be reviewed.

¥During the preparation of this work, it was reported [187] that the thermal conductivity of -
(ET)2Cu2(CN)3 is described by an activated behavior with a gap A, =~ 0.46 K. The latter results are at odds
with the specific measurements performed by S. Yamashita ef al. [5] (discussed in Section 4.5.2) and, if con-
firmed, a new window is opened to the understanding of the ground state of this system.




Chapter 5

The Quasi-1D Fabre-Bechgaard Salts

This chapter is dedicated to the study of the quasi-1D (TMTCF);X charge-transfer
salt family. In the materials of this family, the interplay between strong electron-electron
and electron-phonon interactions gives rise to a variety of ground states. By applying
pressure or exchanging the anion X, the above-mentioned interactions together with the
bandwidth are altered and the system can, for example, be tuned from the non-magnetic
Spin-Peierls state to superconductivity. The charge-ordering (CO) phase transition, al-
ready introduced in Section 2.6, is one of the main subjects of the present chapter. The
chapter is organized in the following way: firstly the main features of the crystal struc-
ture of the (TMTCEF)2X family are recalled. This is followed by a discussion of the main
literature results. Thermal expansion measurements obtained in the frame of the present
work are then presented and discussed in detail. This chapter presents two highlights:
i) observation of lattice effects associated with the CO (structureless) transition in the
(TMTTF)2X family with X = PFs, AsFg and SbF; ii) evidence for a second-order tran-
sition suggestive of neutral-ionic (NI) transition in the same family due to the charge
disproportionation.

5.1 Crystal Structure of the Fabre-Bechgaard Salts

The building block of the Fabre-Bechgaard family of organic conductors is the
(TMTCF) molecule (shown in Fig.5.1); here C stands for the chalcogenes S or Se atoms.
Irrespective of the counter ion, all (TMTCF),X salts crystallize in the triclinic structure
P1 with two donor molecules and one anion in the unit cell, cf. Fig.5.2.

As can be seen from Figs. 5.2 and 5.3, the planar (TMTCF) molecules are arranged in a
zig-zag configuration forming stacks along the a-axis, where the highest conductivity in
these materials is observed. The stacks form layers in the a - b plane, which are separated
by the anions along the c-axis, so that the shortest separation between the sulfur (for the
TMTTF family) or selenium (for the TMTSF) atom is along the crystallographic b-axis.

76
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Figure 5.1: The (TMTCF) molecule, which is the basic entity that furnishes the Fabre-Bechgaard
charge-transfer salts. C stands for S or Se atoms.

The methyl groups of the donor molecules TMTCF delimit cavities, in which the anions
are lodged. The anions are classified according to their symmetry. For example, X = Br
(spherical); PFs, AsFg and SbF¢ (octahedral) are centrosymmetrical anions, while BF,,
ReOy (tetrahedral) and SCN (linear) are non-centrosymmetrical. As will be discussed in
Section 5.3, the counter ions are not only responsible for making the charge balance of
the (TMTCF)5 donor molecule, but they also influence dramatically the electronic prop-
erties of the present materials. In the TMTSF salts, the interstack interaction is stronger
than in the TMTTF salts. This is because the shortest Se-Se distance along the b-axis in
the TMTSF family is less than twice the van der Waals’ radii of the Se atoms, whereas
in the TMTTF family the shortest S-S distance along the b-axis is more than twice the
van der Waals’ radii of the sulfur atoms. For this reason TMTTF based salts are more
1D than the TMTSF based salts. The hopping terms are roughly given by ¢, : t; : t. =
250 : 10 : 1, cf. [145] and references therein. As the crystal structure is triclinic, thermal
expansion measurements were carried out along three orthogonal axes, namely along
the a-, b’- and c* axes. The a-axis is along the stacks, the b’-axis is perpendicular to the
a-axis in the a-b plane and c*-axis is perpendicular to the a-b (a-b") plane!. An important
aspect in the structure of these materials is that the stacks are not equally spaced. There
are two varying distances between consecutive molecules in the same stack, as indicated
by di and d» in Fig.5.2, with d; > d». This feature gives rise to the formation of dimers
of TMTCF molecules along the stacks. Dimerization? plays a very important role in the
band filling and consequently in the electronic properties of these salts. Without taking
into account dimerization effects, the band is quarter-filled in terms of holes, while an
effective half-filled band has to be considered if dimerization is relatively strong. Upon
cooling, dimerization is increased and the consequence of this is that, for (TMTTF),X
with X = PFg4 and AsFg, a crossover to a Mott localized state, to be referred to as localiza-

!The crystals of the salts (TMTTF)2X (X = PF, AsFs and SbFg) have the following shape: the long crystal
axis is parallel to the g-axis, the intermediate axis parallel to the b"-axis and the short one parallel to the
c*-axis. This was the criterium adopted to align the crystals.

*Dimerization is usually defined as 2(d: - d2)/a, with a being the average distances between TMTCF
molecules along the stacks, cf. Fig.5.2. Dimerization effects are more pronounced in the TMTTF family and
enhanced as the temperature is decreased [146].
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tion (loc) in Section 5.3, takes place®. It is worthy of note that without taking into account
the dimerization, the lattice periodicity 7/a along the stacks in reciprocal space corre-
sponds to the 4k wave-vector of the correlated electron gas in 1D. This new periodicity
is related to the charge-ordering phenomena in the TMTTF family. The dimensions of
the unit cell of the salts (TMTTF)>X (X = PFg, AsFg¢ and SbFs) investigated here are listed
in Table 5.1.

| X [ PFs | AsFs; | SbF; |
a(A) | 7146 | 7.178 | 7.195
b(A) | 7583 | 7.610 | 7.622
c(A) | 13218 | 13.317 | 13.45
a®) | 8269 | 82.03 | 81.19
B | 8487 | 95.75 | 96.65
v(©®) | 72.42 |107.11 | 106.19
V(A3 | 676 | 5982 | 643.3
d; (A) | 354 3.52 -

d, A) | 3.64 3.62 -

Table 5.1: Lattice parameters of the (TMTTF),X salts at room temperature for X = PFq [147],
AsF; [148] and SbFy [149,150].

5.2 Sample Preparation

The samples studied in this work, synthesized by the standard constant-current (low
current density) electrochemical method, were provided by the group of Prof. Dr. J.-P.
Pouget4. The list of the (TMTTEF),X salts investigated via thermal expansion is presented
in Table 5.2. The crystals are needle-shaped with dimensions of about 10 x 1 x 0.5 mm?.
For measurements along the a-axis, due to the inherently large expansivity of the present
materials, the sample was cut into pieces at lengths of about 1 mm. The data for the X
= PFg salt discussed here refer to crystal #1. In order to check for reproducibility of the
data, several runs were performed and, in particular, along the c*-axis a second crystal
(crystal #2) from the same batch was measured. For the X = AsFg salt, crystals #2 and #1
from the same batch were measured along the V'~ and c*-axes, respectively. For the latter
salt a-axis data are missing because the crystals spontaneously cleaved as soon as a small
force was exerted by the dilatometer. This seems to be due to the highly 1D character of
this salt.

[ Anion X | Crystal Number | Measured Direction | Batch |

PFq 1 a,b,c EII 93(2)
PFs 2 c* EIT93(2)
AsFg 1 c* EIl 95
AsFq 2 % EII 95
SbFq 1 c* EIl 131

Table 5.2: Samples of the quasi-1D organic conductor (TMTTF);X on which thermal expansion
measurements were carried out.

%In contrast with the continuous transition into the Mott localized state observed for the (TMTTF), X salts
with X = PFg and AsFg, in Section 5.4, evidence for a first-order MI transition in the (TMTTF)3SbFg salt will
be provided.

“Laboratoire de Physique des Solides, Université Paris Sud, CNRS UMR 8502, Orsay, France.
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Figure 5.2: a-c plane projection of the crystallographic structure of the (TMTTF),X charge-
transfer salts. d; and dy are the interdimer and the intradimer spacing, respectively, being d;
> do. The unit cell outline (black) is shown.

C

Figure 5.3: b-c plane view of the structure of (TMTTF),X charge-transfer salts. The anion (X
= PFg, AsFg or SbFg) is shown in an octahedron representation. Red lines indicate the shortest
distance between the F and S atoms. The unit cell outline (yellow lines) is shown.
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5.3 (TMTTPF),X: State of the Art

The origin of the organic superconductors era can be traced back to the observation
of superconductivity in (TMTSF),PFg by D. Jérome et al. [151] in the early 80s. Since then,
charge-transfer salts of the (TMTCF),X family, whose generalized P - T phase diagram is
shown in Fig. 5.4, have been intensively studied and revealed to be ideal model-systems
for studying electronic correlation effects in 1D. Here, the focus of the discussion will
be on the properties of (TMTTF),X family. As discussed in Section 2.4, quasi-1D con-
ductors are inherently more susceptive to certain electronic instabilities than 2- or 3-D
conductors. Due to the instability of the electron gas in 1D, together with the interplay
of electron-electron and electron-phonon interactions, the phase diagram of such sub-
stances covers a wide variety of ground states.

(TMTTF),AsFg (TMTTF),Br HLIE 2-E .
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Figure 5.4: Generalized P - T phase diagram of the Fabre-Bechgaard charge-transfer salts. The
position of the different compounds under ambient pressure is indicated by arrows. The various
phases are Charge Localization (loc), Charge-Ordering (CO), Spin-Peierls (SP), Antiferromag-
netic (AFM), Spin-Density Wave (SDW), Superconductivity (5C). Dimensional crossover passing
through 1- to 2- or even 3D is indicated by the dashed lines. Picture taken from Ref. [46], cf. the
generic phase diagram proposed by D. Jérome [77]. For details on the pressure dependence of
Tco for the X = SbFg and AsFg salts, see Fig. 5.8.

As Fig.5.4 highlights, the ground states can be tuned by anion substitution, exchange
of the chalcogen atom of the donor molecule (C = Se or S) and/or external pressure ap-
plication. In fact, pressure application increases the inter-stack interactions (¢; and t.)
and, as a consequence the dimensionality. As mentioned in Section 5.1, the (TMTTF),X
family, located on the left side of the phase diagram, is more 1D than its selenium anal-
ogous (TMTSF)2X, located on the right side of the phase diagram. The phase diagram
shown in Fig.5.4 suggests that the members of the TMTTF family can be tuned to the
TMTSF family by applying pressure. For example, by cooling the (TMTTF),PFg salt un-
der ambient pressure, a smooth MI transition at 7}, ~ 240K (see curve 3 in Fig.5.5) is
observed. Upon further cooling, a CO phase transition coinciding with the onset of fer-
roelectricity takes place at Tco ~ 65 K. Cooling down to lower temperatures, a lattice
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Figure 5.5: Resistivity versus temperature for several (TMTCF),;X salts. Upon cooling, a contin-
uously charge localization, marked by a broad minimum at 7}, = 200 - 250K, is observed for the
(TMTTE)2AsF¢ (curve 1) and (TMTTF),PFs (curve 3) salts before the onset of the charge-ordered
phase. For the (TMTTF);SbFg salt (curve 2), a CO transition accompanied by a MI transition takes
place at Tco,mr ~ 150 K. The (TMTSF);PF; salt (curve 8) remains metallic down to T, = 1.2K,
where the resistance vanishes and superconductivity takes place. Picture taken from Ref. [46].

distorted SP state at Tsp ~ 18K occurs. On applying pressure, the CO phase and the
SP state are suppressed. The latter gives way to an antiferromagnetic ordering, similar
to the one found in (TMTTF)yBr salt under ambient pressure. Applying further pres-
sure (~ 15kbar), the Mott localized (loc) state is then suppressed and the salt becomes
metallic. Atlow 7', a SDW phase transition takes place. Under a pressure of 52 - 54 kbar
the SDW is then removed and superconductivity occurs at 7' = 1.4 - 1.8 K [152], closing
the sequence of ground states in the phase diagram. As can be seen from Fig. 5.4, the
(TMTSF)2ClOy salt is the only ambient pressure superconductor. Interestingly enough,
for some non-centrosymmetrical anions, another phase transition called anion-ordering
(AO) transition, which is a first-order phase transition, not shown in the phase diagram,
can take place. At room temperature, the anion cavities delimited by the methyl groups
of the TMTCF molecule are disordered. Upon cooling, the change of the spacing be-
tween TMTCF molecules is altered, implying thus a change of the contact between the
anion cavity and its vicinity. Due to this the non-centrosymmetrical (tetrahedral) anions,
such as ClOy4, ReO,4 and (linear) SCN, have to choose one of the two possible orientations
in the cavity. A double potential barrier model®, originated from the anions surround-
ing, was proposed by Pouget et al. to describe this transition [146]. Nevertheless, one of
the most exciting results of past years in the (TMTTF)2X family was the observation of
a CO phase transition at T coinciding with the onset of a ferroelectric (FE) transition

®A similar model to treat the orientational degrees of freedom of the ethylene end-groups of the ET
molecules in the quasi-2D organic k-(ET)2X charge-transfer salt family was proposed by J. Miiller [62].
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for the X = PFg (Too ~ 65K [6]), AsFg (Tco ~ 105K [6]) and SbFg (Tco ~ 154K [153])°
salts. In fact, some indications for the existence of the latter transition in the (TMTTF)2X
family were observed more than 20 years ago. Resistivity measurements on the X =
SbF¢ salt [150]” revealed a sharp MI insulator transition at 7' = 154 K, coinciding with
a dramatic change in the thermopower [156] and peak divergence in the real part of
the dielectric constant [157]. The absence of signatures in magnetic susceptibility [156]
leads to the belief that only charge degrees of freedom are involved in this transition.
Until now, no evidence of structural changes [150] associated with this transition has
been reported in the literature and due to this it has been labelled structureless transition.
However, it was only in 2000 that a new piece of the puzzle was found, when NMR mea-
surements performed by Chow et al. [6] revealed a splitting of the spectral line below the
structureless transition, cf. Fig. 5.6. This spectral splitting is brought about because above
the transition temperature T, all the TMTTF molecules are equivalent, while below
Tco charge-rich TMTTF molecules alternate with charge-poor molecules (see inset of
Fig.5.6), giving rise to two inequivalent hyperfine couplings and a doubling of the spec-
tral lines®. Hence, based on this observation, Chow et al. deduced that the structureless is
associated with a CO phase transition.
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Figure 5.6: Spectral ('3C NMR line) splitting versus temperature due to two inequivalent donor
molecules with unequal electron densities in (TMTTF);X charge-transfer salts, with X = PFg (red
curve) and AsFg (blue curve). Picture taken from Ref. [6]. Inset shows that above T¢o the charge
(p = 0.5¢) is equally distributed along the stacks. Gray rectangles represent equally charged
TMTTEF molecules. Below T an alternated charge pattern £4 is found. Black and white rectan-
gles represent, charge rich- and charge poor-sites.

Almost at the same time, dielectric measurements® [153,154] probed the FE character
of the transition. This is due to the presence of electric dipoles generated by charge dis-
proportionation along the stacks. Indeed, the absence of structural effects accompanying

%In fact, the CO transition was later also observed in the X = Br (Tco ~28K), BF4 (Tco ~28K) and ReOy
(Teo ~ 227.5K) salts [155].

"In Ref. [150] the existence of the structureless transition in the X = PFs and AsFg salts was also mentioned.

8The spectral splitting associated with the CO transition observed by Chow et al. was interpreted as the
order parameter of the transition.

°In fact, the first observation of divergence of the dielectric constant at the structureless transition was
reported in Ref. [157].
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Figure 5.7: Inverse of the real part of the dielectric constant ¢’ of the (TMTTF),X charge-transfer
salts, with X = PFs (stars), AsFs (circles) and SbFg (triangles down), measured at 100 Hz. Picture
taken from Ref. [153].

the CO transition is particularly puzzling as atomic displacements, breaking the inver-
sion symmetry, are prerequisite for ferroelectricity to occur in these materials. According
to the authors of Ref. [153], the FE phase is stabilized by subtle anion displacements, re-
sulting in a 3D FE behavior. However, no such anion displacements have been reported
until now in the literature. As Fig. 5.7 demonstrates, the transition is described nicely by
a Curie-like behavior of the real part of the dielectric constant, i.e. € = A /| T - Tco |,
consistent with a second-order phase transition with a mean-field character, indicating
that fluctuations are suppressed by the 3D long range Coulomb interactions [153]. Nev-
ertheless, a careful analysis of the dielectric constant data reveal precursor effects already
at T' ~ 200K for the X = PFg salt [154]. Interestingly enough, below 7" ~ 200K the spin
susceptibility decreases monotonically [170]. Hence, the observation of pronounced sig-
natures in the dielectric constant, but absence of magnetic signatures at 7o, offer strong
evidence for spin-charge separation in these materials.

The effect of pressure on the CO transition was studied in detail via NMR measure-
ments [158, 159], cf. Fig.5.8. It was observed that by applying pressure, Tco decreases
dramatically. For example, for the X = AsFg salt (data in blue in Fig.5.8), a pressure of
roughly 1.5 kbar is enough to suppress the CO phase. The authors interpret this feature
as the result of the increase of the bandwidth relative to the strength of the inter-site
Coulomb repulsion within the stacks, which is recognized as the driving force for the
CO transition to occur. As can be seen from Fig. 5.8, under low pressures (P ~ 1.5 kbar)
both SP and CO phases coexist. For the X = SbFg salt (data in red in Fig. 5.8), a pressure
of roughly 5 kbar is necessary to suppress the CO phase. At low temperatures, pressure
application destroys the AF ordering giving rise to a singlet ground state. This is not a
surprise, as the the SbFy counter ion is much larger than PF; or AsFy, implying thus
a more compact packing in the b - ¢ plane and consequently stronger interactions be-
tween counter ion and stack. These results demonstrate the inadequacy of the idea of a
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Figure 5.8: Pressure versus temperature phase diagram for (TMTTEF),X, X = AsFg (blue) (data
taken from Ref. [158]) and SbFg (red) (data taken from Ref. [159]) obtained from NMR measure-
ments under pressure. Lines are guides to the eyes for both set of data. X = SbFs: Ta; = Tco
indicates that the MI transition temperature Ts; coincides with the charge-ordering transition
temperature Tco. Tco decreases as pressure is increased. Above 5 kbar, no signature for the CO
is observed. In the same way, above 4 kbar the AF ordering is suppressed giving way to a singlet
ground state. X = AsFg: CO & SP indicate the coexistence of charge-ordered and Spin-Peierls
phases. Dashed blue line separates the coexistence region. This data set shows that the idea of a
generalized phase diagram for the (TMTTF),X family is inappropriate.

universal phase diagram, at least on the left side of the phase diagram (Fig. 5.4).

Later Dumm et al. [161] studied the influence of charge disproportionation on the
vibrational spectra of the X = PFs and AsFg salts via mid-infrared optical conductivity
as a function of temperature with the light polarized along the stacks (a-axis) (Fig.5.9).
They found that the intermolecular a,(v3) mode, which becomes infra-red active through
electron-molecular-vibration, splits below T¢o. This feature is explained by the strong
dependence of this vibronic mode on the degree of ionization of the TMTTF molecule
[162]. In this study, the authors estimated a charge disproportionation ratio of 5: 4 and 2
: 1 for X = PFg and AsFg, respectively. A higher charge disproportionation ratio for the X
= AsFg is linked with pronounced peak in the real part of the dielectric constant at Tco
(Fig.5.7). Note that a rather broad phase transition is observed for the X = PFg salt. The
reason for this discrepancy was not discussed by the authors of Ref. [153].

From the theoretical point of view, using the extended Hubbard model coupled to
the lattice, Riera and Poiblanc [160] proposed that the CO is due to a cooperative effect
between the inter-site Coulomb interaction V" and the coupling of electronic stacks to the
anions. In their model, small uniform displacements of the anions, which imply local
changes of the on-site electronic energy, are necessary to stabilize the CO phase.

Concluding this section, it is useful to stress that according to the model proposed by
Riera and Poiblanc [160], anion displacement plays a crucial role in the stabilization of
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Figure 5.9: Mid-infrared conductivity for light polarized parallel to the stacks (a-axis) of
(TMTTEF)2X with (a) X = PF¢ and (b) X = AsFs at various temperatures. Below T the electron-
molecular vibronic mode a,4(v3) splits, as indicated by arrows, indicating the existence of two
differently charged species of TMTTF molecules. Picture taken from Ref. [161].

the CO phase. However, the observation of such a feature is still lacking. The difficulty
of detecting structural changes associated with the CO transition in the (TMTTF),X fam-
ily results from their triclinic symmetry implying that apart from inversion symmetry,
no other symmetry element is broken at the CO transition. In order to solve this is-
sue, systematic high-resolution thermal expansion experiments were carried out on the
(TMTTF)2X family with X = PFg, AsFg and SbFs. These results comprise the main part
of the present chapter and will be discussed in the next section.

5.4 Thermal Expansion Measurements on (TMTTF).X salts

As discussed in the previous section, up to now no evidence of structural changes
associated with the CO (structureless) transition has been reported in the literature. The
focus of this section is the direct observation of such effects via high-resolution ther-
mal expansion experiments. Figs.5.10, 5.11 and 5.12 show the uniaxial expansivity for
the X = PFg, AsFg and SbFs salts, respectively. These results represent the first report
of directional-dependent high-resolution thermal expansion experiments on the present
materials. As can be seen from Figs.5.10 and 5.11, the data disclose strong anisotropic
lattice effects at both the Spin-Peierls transition (inset of Figs.5.10 and 5.11) and the CO
transition, with the strongest response along the c*-axis, along which planes of TMTTF
molecules alternate with planes of counter anions X. Interestingly, along the chain di-
rection'” (z-axis), almost no effects are observed. The anomalous behavior along the c*
direction, where the stacks are separated by counter anions, provides strong evidence
that the counter anion plays a crucial role in the stabilization of the CO phase!l. As

Data along the a-axis for the X = AsF salt are missing because the sample simply cleaved as soon as a
small force was exerted by dilatometer. This seems to be related to the high 1D character of this salt.

"In fact, anion displacements accompanying the CO transition can be viewed as a direct consequence
of the Earnshaw’s theorem, which states that a classical system of point charges, under the interaction of
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expected from the overall temperature dependence of the data, attempts to fit the data
employing a Debye-like behavior along the three axes proved unsuccessful. Along the
chain-axis up to ~ 100K (red solid line in Fig.5.10) a Debye fit work relatively well'?,
with a Debye temperature © p of 158 K. However, due to the anomalous lattice effects, as
depicted in Figs. 5.10 and 5.11, along the b’- and c*-axes the Debye model fails to describe
the data. These findings are now discussed in more detail. For the X = PFg (Fig.5.10) and
X = AsFg (Fig.5.11) salts, upon cooling, anomalous behavior is observed along the c*-
axis for T' > To. The data reveal a striking negative slope, do.«(T")/dT < 0, down to
the CO transition temperature Tco. Less pronounced effects are observed along the a-
and b’-axes. The rapid reduction of a.~ immediately below T is indicative of a broad-
ened step-like anomaly, i.e. a mean-field-like transition, with Aac« |7,, = a(T — T,) —
a(T — T,) < 0. According to the Ehrenfest theorem (Eq. 2.26), the sign of the volumet-
ric thermal expansion coefficient jump, i.e. A3 = ¥; A, defines the pressure dependence
of the corresponding second-order phase transition. Hence, the negative jump anomaly
in o;(T") at To is consistent with dTco/dP < 0, which agrees with NMR data under
hydrostatic pressure [158]. Upon further cooling, a kink at 73, ~ (39 + 2) K and (65 +
3)K for X = PFs and AsFg, respectively, indicates a new phase transition, up until now
not discussed in the literature. Possible scenarios for this feature will be discussed be-
low. The SP transition takes place at Tsp ~ 18K for the X = PFg salt and 11K for X =
AsFg. Again, more pronounced effects are observed along the c*-axis. This means that
the tetramerization of the TMTTF stacks is accompanied by striking lattice effects per-
pendicular to the chains, indicating therefore a shift of the TMTTF molecules along the
c*-axis. Since the TMTTF molecules form cavities where the anions are trapped, these
SP distortions of the TMTTF sublattice will also cause shifts of the anions. Note that
the anomalies at 7o and Tsp differ markedly in their shapes. While kinks observed at
Tco are consistent with a mean-field transition, as discussed above, the anomalies at Tsp
for both salts significantly deviate from such a behavior, indicating the presence of sig-
nificant critical fluctuations, complying with Spin-Peierls fluctuations observed for both
compounds by X-ray diffuse scattering studies [150,163]. A negative contribution in «;,
for the X = AsFg salt indicates, according to the Ehrenfest theorem, a negative pressure
dependence along the b’-axis. The shape of the anomalies at T¢o is unlike that of con-
ventional FE materials like tri-glycine sulfate (TGS) [164] and BaTiO3 [165], where sharp
negative anomalies are observed at the transition temperature.

Below T¢o, however, the observed kink in «;(T) at Tj,¢, again more pronounced
along the c*-axis, indicates the existence of an additional phase transition at Tsp < T} <
Tco. These features can be better visualized in Fig. 5.14, where the volumetric thermal
expansion coefficient 3, divided by T for (TMTTF),PFg, is shown together with dielectric
constant data extracted from the literature [155] for the same salt. Very sharp kinks in
B(T)/T are observed at Tco and Tj,:. Note that the shape of the anomalies is very
similar, indicating therefore that both phase transitions are likely to have the same origin.
Interestingly enough, a small bump at 7;,,; can also be observed in the real part of the
dielectric constant ¢ (T'), a feature which has been overlooked so far. It is important to
note that a small shift in the peak at 7o as well as in the bump at T},; in the dielectric
constant is likely due to the frequency dependence of €’ for this salt. For the (TMTTF);PFg
salt, it has been found that with decreasing frequency, the maximum of ¢’ is enhanced
and its position shifts to lower temperatures [154], while for the (TMTTF),AsFs and
(TMTTF)2SbFg salts the peak position remains practically unaffected, but the magnitude

Coulomb forces alone is unstable, since there is no minimum in the electrostatic potential.
12We observed that by changing the temperature range of the fits, © p varies markedly. For example, a
fitting up to 24 K along the a-axis results in ©p = 102K.
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Figure 5.10: Uniaxial thermal expansion coefficient versus 7" along the a-, b’- and c*-axis for the
(TMTTF),PFg salt. Red line is a Debye fitting up to 100K along the a-axis. Data are shifted for
clarity. Inset: zoom of the low temperature data. Arrows indicate the charge-ordering (Tz0), the
intermediary (7},;) and the Spin-Peierls (1's p) transition temperatures.

of the anomaly decreases as the frequency is increased!. A hint to the physical process
involved in the anomalies at Tco and Tj,; is provided in the inset of Fig.5.14, where
ae+ /T is plotted as a function of 7'/T¢o for the X = PFg and AsFg salts. A remarkable
phenomenological result obtained from this plot is that the anomalies at 7;,,; and T for

BIn fact, such frequency dependence in ¢ for the (TMTTF),PF salt is a typical signature of relaxor-type
ferroelectric systems, see e.g. [166].
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Figure 5.11: Uniaxial thermal expansion coefficient versus 71" along the b’- and c*-axis for the
(TMTTE)2AsFg salt. Data are shifted for clarity. Inset: blow up of the low-temperature data.
Arrows indicate the charge-ordering (Ico), the intermediary (7},;) and the Spin-Peierls (T'sp)
transition temperatures, respectively. Missing data in a.« in the 7" window 39 - 41K is due to
high noise in this temperature window.

both salts are linked by T,,; ~ 0.6-T0. Interestingly enough, dielectric measurements as
a function of 7" on the mixed-stack charge-transfer salt (TTF-CA), which is recognized as
the prototype system for studying the NI transition (cf. discussed in Section 2.7) revealed
a striking behavior [167]. Upon cooling the system through the NI transition, two distinct
peaks are observed in the real part of the dielectric constant. The authors assigned these
features to the dynamics of the NI domain-pairs and ionic domains in the neutral lattice.
Amazingly, the position of the peaks is linked by a factor of 0.6, i.e. the same factor
that links T;,; and Teo in the (TMTTF)2X salts with X = PFg, AsFg, as discussed above.
This observation indicates that a connection between both phenomena exists. The huge
anomaly observed at Tco ar = 154K (Fig. 5.12) for the X = SbFg salt, coinciding nicely
with the peak in €/, is quite distinct from the features observed in the X = PFs, AsF salts,
since in X = SbFg the CO transition is accompanied by a MI transition. Interestingly, the
anomaly at Tco a1 in X = SbFg resembles the shape of the anomaly observed at the Mott
MI transition in x-D8-Br (see Fig. 4.14 in Section 4.6), indicating therefore that for the X =
SbFg salt, charge localization occurs not gradually like in the X = PFs and AsFg salts but
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Figure 5.12: Left scale: uniaxial thermal expansion coefficient versus 7' along the c*-axis for the
(TMTTF),SbFg salt. Right scale: real part of the dielectric constant ¢’ (data taken from Ref. [155])
plotted on the same T scale as a~. Tco,m1 indicates the coexistence of CO and MI transitions.
Inset shows details of the tiny anomaly in a.- due to the antiferromagnetic ordering at Ty ~ 8K.

abruptly. As can be seen from Fig. 5.13, an abrupt change of the c* lattice parameter with
a jump in the relative length change at Tco s = 154K of about 3.3x10~% is observed.
This value is of the same order of magnitude than the relative length change jump along
the polymeric anion chains associated with the Mott MI transition observed in x-D8-Br
(see Fig. 4.15). Based on the latter results, the MI transition for the (TMTTF),SbFj is likely
to be first-order.

It is worth mentioning that a tiny crystal of the X = SbFg salt with thickness of about
0.1mm was used for such measurements. Interestingly, despite this small thickness,
which is even smaller than the Ga spheres used to sustain the sample in the cell, huge
lattice effects show up at Tco,mr = 154K. As can be seen from the inset of Fig.5.12,
a negative anomalous contribution in a.« shows up at Tly. Although very small, this
negative contribution indicates that d7y / dP.~ < 0. NMR measurements on the X =
SbF¢ under hydrostatic pressure revealed a negative pressure dependence of Ty [158]
(see Fig.5.8). Hence, the present results provide evidence that also for the X = SbFg the
c* lattice parameter is important for the pressure-induced changes of 7.

Based on the findings discussed above for the X = PFgs and AsFg salts, some natural
questions arise: (i) What is the origin of the anomalous behavior in a.«(T") above To?
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Figure 5.13: Relative length changes versus T along the c*-axis for the (TMTTF),SbFj salt. Solid
lines are used to indicate the change of the lattice parameter at Tco ar = 154K

(ii) Why are such effects more pronounced in the salt with X = AsFg than X = PF? (iii)
What is the origin of the kink at 7;,,,? The answers for these questions are not straight-
forward and require special analysis.

Concerning question (i), the present thermal expansion data reveal that precursor ef-
fects, namely a negative contribution in a.-, start to play a role far above T¢; a feature
that can also be seen in dielectric measurements [155]. While the dielectric constant is de-
scribed by mean-field-like behavior [153], where fluctuations are absent, the anomalous
behavior in a.+ indicates that a mechanism involving the anions starts to play a role at
temperatures well above Tco. However, the absence of critical behavior in «;(T) is con-
sistent with a mean-field-like character observed in dielectric constant measurements.
One could try to associate this feature with the Mott localization, which in turn is related
to the dimerization of the stacks upon cooling the system, but for the X = PFs and AsFg
salts, a broad minimum in resistivity is observed at 7, ~ 240 K [46], indicating that at Tco
the charge carriers are already (almost) completely localized. Furthermore, concerning
question (i), a magnetic contribution due to 1D spin excitations is unlikely [168] as the
sign of such a contribution is given by the pressure dependence of the exchange coupling
constant [169], 0.J/0p, which is positive here!'4. Hence, this negative contribution may in-

“For the (TMTTF)2X salts, substitution of X = PFs by Br, corresponding to an increase of pressure (see
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dicate any kind of unconventional lattice dynamics in the present systems, which can be
understood within the “rigid-unit mode” (RUM) scenario, introduced in Section 4.6. As a
possible mechanism, it could be considered that rotational or translational modes of rigid
PF¢ or AsFg units linked to the TMTTF molecules via F-S halogen bonds could cause a
negative contribution to a;. Indeed, these octahedron anions (see Fig.5.3), trapped in
centrosymmetrical anion cavities delimited by the methyl groups [146], are known to
be highly disordered at high temperatures and thought to rotate [171]. As discussed in
previous sections, such RUM are likely to be the driving force of the negative thermal
expansion (NTE) phenomenon [121,122]. As pointed out above, the CO transition seems
to affect dramatically the overall behavior of the a.-(1") expansivity, as for the X = PFg
and AsFg salts Tco coincides roughly with the temperature below which the negative
contribution to a.+(7') is no longer active. Above To, CO fluctuations via F-S contacts
cause positional fluctuations of the anions towards their new off-center equilibrium po-
sition, providing an effective damping of these modes. Accordingly, upon approaching
Tco from above, the anion motions become strongly reduced giving rise to a suppres-
sion of the negative contribution in a.- for T' < Tzo. Interestingly enough, also in the
(TMTSF)2PFs salt, located in the metallic side of the phase diagram (Fig.5.4), a nega-
tive contribution in the thermal expansion coefficient, though less pronounced than that
observed in (TMTTF),PFg, has been observed above T' ~ 100K [168]. As pointed out
by Monceau et al. [153] and Brazovskii [172], an incipient FE ordering may exist also
in the (TMTSF)2X family, being hidden or existing only in a fluctuation regime. Hence,
one could speculate that the negative contribution in the thermal expansion observed in
(TMTSF),PFg reported in Ref. [168] provides evidence for this feature.

A possible answer for question (ii) might be related to the difference of the charge dis-
proportionation ratio for both compounds. As discussed in the previous section, the es-
timated charge disproportionation ratio of about 2 : 1 for the X = AsFg salt [161] is much
larger than 5 : 4, estimated for the X = PFg salt. Hence, a more pronounced anomalous
behavior of a.- for the X = AsFg salt above Tzp might be linked to the charge dispropor-
tionation ratio, which in turn defines the shift of the anion from its centrosymmetrical
position to stabilize the CO state [160]. The size of the counter ion (AsF; > PF;’) should
also play an important role. As discussed by Pouget et al. in Ref. [173], for anions of the
the same symmetry 7o increases as the anion size increases. For example, Tgoz SbFs
154K > T(i*(o: AsFs — 105K > T é(oz PFs = 65 K. In fact, the anion size defines its free volume
in the cavity as well as the intensity of the electron-anion coupling. Hence, more pro-
nounced anomalous effects in c*-axis for the X = AsFg salt above T salt are likely to be
related to this coupling.

Concerning question (iii), given the similarity in the shape of the anomalies at T:o
and T, (Fig.5.14) as well as the phenomenological link between the transition tem-
peratures via Tj,; ~ 0.6 - Too (cf. inset of Fig.5.14), both features are undoubtedly re-
lated to each other. Possible scenarios include effects due to disorder, i.e. relaxor-type
effects [166] either at Too, Tint (or at both) or two consecutive phase transitions associ-
ated with a change in the CO pattern. An interpretation for the anomaly at 7},,; in terms
of a neutral-ionic (NI) transition, to be discussed in Section 5.5, cannot be ruled out.

The present findings (see Figs.5.10, 5.11 and 5.12) provide strong evidence that the
interstack c*-axis plays a crucial role for the stabilization of the CO phase. The c* direc-
tion is distinct in that it incorporates the anions X (see Figs. 5.2 and 5.3), while the a-axis
lattice parameter, which is determined by the intrastack interactions between neighbor-
ing TMTTF molecules, remains practically unaffected, cf. Fig.5.10. Hence, according to

Fig.5.4), rises J from 420K to 500K [170].
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the anisotropy observed in «; with dominant effect in c.+, anions displacement and their
coupling to the TMTTF molecules play a crucial role in the CO transition, as predicted
theoretically [160]. Fig.5.15 demonstrates a simple model [8], taking into account both
the charge degrees of freedom on the TMTTF stacks (along the a-axis) as well as their
coupling to the anions.

BIT(10° K?)

Figure 5.14: Main panel, left scale: Volumetric thermal expansion § = o, + «aj + o over T
for (TMTTF),PFg, obtained from the data set shown in Fig.5.10. Arrows at Tsp, T;,: and Tco
are defined in Fig.5.10. Right scale: Real part of the dielectric constant ¢’, plotted on the same
temperature scale. Data taken from Ref. [155]. Solid line in ¢ data is guide for the eyes. Inset:
al /T versus T/Tco data for (TMTTF),X with X = PFg (left scale) and X = AsFg (right scale),
showing that Tco and Tj,,; are linked by the relation 75, ~ 0.6 - To.

The figure shows schematically the arrangements of TMTTF (hexagons) and the an-
ions (circles) in the (b’, ¢’) plane (top panel) and the (a, b + ¢’) planes (bottom panel).
Upon cooling through To, the charge p on the TMTTF molecule changes from a ho-
mogeneous distribution with p = 0.5 (in units of €) above Tz to a modulated structure
which alternates by 40 along the TMTTF stacks below. For deriving the resulting 3D
charge pattern, we start by considering a stack of anions along the a-axis and the two
nearest-neighbor stacks of TMTTF molecules linked via short S-F' contacts (green line in
Fig.5.15). For a fixed charge modulation on one of the stacks, the electrostatic energy of
the whole array can be reduced if one of the anions’ nearest-neighbor TMTTF molecules
is charge rich (TMTTF)(P0+9) (black symbols), the other one charge poor (TMTTF)(P0—9)
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Figure 5.15: Schematic representation of the 3D ferroelectric character in the (TMTTF),X family.
a) Charge pattern in (b’, ¢’) plane. Black and white hexagons are used to represent charge rich-
and charge poor-sites, i.e. (TMTTF)"-5*” and (TMTTF)?-5~*, respectively. Dashed black hexagons
are used to represent (TMTTF)"->*# molecules located in another layer. Anions are represented
by full and dashed circles. Arrows indicate displacements of the anions from their centro-
symmetrical positions towards positive charged nearest-neighbor (TMTTF)?-5"* molecules, nec-
essary for the stabilization of the CO phase. Green line exemplarily indicates short S-F contacts.
b) View of the charge pattern in the (a, b’ + ¢’) plane, indicated by orange dotted line in a).

(white symbols), while the anions perform slight shifts towards the charge rich ones.
The resulting anion displacements (indicated by the arrows in Fig.5.15), which are uni-
form for all anions and lift the inversion symmetry, together with the minimization of
Coulomb energies of adjacent stacks along the b axis determine the 3D charge pattern
unambiguously.

5.5 Evidence for a Neutral-Ionic Transition in (TMTTF),X

The main features related to a NI transition have already been introduced in Sec-
tion2.7. In the following, evidence for a NI transition in the (TMTTF),X family is put
forward. For the latter family of organic conductors, as discussed in Section5.1, the
stacks are weakly coupled to each other, being along the c-axis separated by counter
ions. Upon cooling, the inter-site Coulomb repulsion V' plays a major role and a CO
transition coinciding with the onset of ferroelectricity [153] takes place at Tco, with Tco
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being strongly anion dependent. Hence, below T, the charge alternates along the
stacksina ... (0.5+ p) (0.5-p) (0.5+ p) (0.5-p) ... pattern (here (0.5 + p) and (0.5 - p) de-
note reach- and poor-charge sites, respectively), gives rise to an “effective mixed-stack”
configuration, similar to that one intrinsic to mixed-stack charge-transfer salts, in which
a NI transition has been observed. The inequivalent charge distribution!® in the unit
cell, i.e. ... (TMTTEF)%5+? (TMTTF)?>~* ..., plays thus the role of a ... D A D A ... pattern,
typical of conventional NI materials. In addition, it is noteworthy to mention that the
spectral splitting observed in mid-infrared conductivity measurements (Fig.5.9) [161]
shows up below T in form of very weak features. Interestingly enough, below 7' =
50K and 70K for the (TMTTF);PFs and (TMTTF),AsFg salts, respectively, a shift of the
minimum to lower frequencies accompanied by a pronounced change in the shape of
the line is observed. A remarkable aspect in the mid-infrared conductivity data is that
pronounced features in the spectral splitting are observed below temperatures, which co-
incides with the T;,; anomalies observed in «.- for the (TMTTF)sPFg and (TMTTF),AsFg
salts, discussed in this work. The mid-infrared conductivity data reported by Dumm et
al. [161] for the (TMTTF),PFs and (TMTTF),AsFg salts is quite distinct from the optical
absorption on (TTF-CA) [52], where the peak associated with the neutral-phase is contin-
uously suppressed giving place to another well-defined peak associated with the ionic-
phase. The deviation from the latter behavior in the (TMTTF);PFs and (TMTTF),AsFg
salts might be due to sample to sample dependence or sample quality. The data shown in
Fig.5.9 indicate, however, that some additional feature appears at T;,;. As already men-
tioned above, one of the most striking observations in favor of an interpretation of 7}, in
terms of a NI transition is the empirical relation 7j,+ ~ 0.6 - To, which fits roughly with
the relation between peak positions in € for the (TTF-CA) [167], recognized as a model
system for studying the NI transition. In addition, it is worth mentioning that accord-
ing to the model proposed by Hubbard and Torrance to describe the NI transition [54]
(discussed in Section 2.7), weak signatures in specific heat (or thermal expansion) are ex-
pected, showing up as a third-order transition, i.e. a kink in these quantities, like those
observed at Tj,;. Yet, according to this model, due to the continuous polarization of the
crystal lattice, the transition should be very broad (~30K), being only the intermediary
phase of the transition an actual Wigner crystal (or charge-ordered phase). In this case,
the charge-ordered phase in the (TMTTF);PFs and (TMTTF)2AsFs salts would be re-
stricted to the temperature range 7;,; < T' < Tco. Furthermore, based on the arguments
discussed above, it would be feasible to understand why the CO is easily destroyed
under pressure (Fig.5.8) in view of a NI transition. Upon applying pressure, the crystal
volume is reduced. Consequently the energy balance between the Madelung energy and
the cost of ionization is altered. Eventually the transition can be completely suppressed.

>If only one stack is considered, the existence of an electrical dipole in the unit cell could be proposed,
with the electrical dipole moment vector P’ = q. 7 aligned along the stacks.




Chapter 6

Polymeric methyltrioxorhenium
(poly-MTO)

6.1 Structure of poly-MTO

Polymeric methyltrioxorhenium (poly-MTO) (CHs)g.92ReO3 is the first example of
an inherently conductive organometallic polymeric oxide [174]. Its structural motive
and transport properties (to be discussed below) are reminiscent of those of classical
perowskites in two dimensions, cf. Fig.6.1. The two dimensionality along the (ReO3)
planes, which are likely to be connected by Hydrogen bridges [174,175], was verified by
X-ray powder diffraction measurements [176,177]. From the diffraction pattern obtained
in these studies [176,177], all observed Bragg reflections can be indexed by a cubic lattice
with parameters ranging from 3.66(5) to 3.68(5) A. The asymmetry of the reflection pro-
files was assigned to the 2D character of the system. Based on these studies, poly-MTO
fits in a 2D space group P4mm [177].

The sample studied in this work was synthesized by auto-polymerization of MTO in
the melt! at 120°C, resulting in golden-colored samples?, as shown in Fig.6.2. For the
resistivity studies reported here, one sample of poly-MTO (labelled CH 022) was used.

6.2 Literature Results and Motivation

The metallic conductivity of poly-MTO has been attributed to the presence of demethy-
lated Re atoms (at the level of about 10 %) giving rise to excess electrons which delocalize
within the Re-5d bands [174,175]. Interestingly, at the same time, magnetic susceptibil-

! According to Ref. [177], melting point of pure MTO is 106 °C.
The polycrystal studied here was provided by PD Dr. E.-W. Scheidt, Chemische Physik und Material-
wissenschaften Department - University of Augsburg.
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Figure 6.1: Model for the crystal structure of poly-MTO. Absence of reflections associated
with the interlayer stacking in x-ray powder diffraction patterns suggests the existence of a 2D
(ReO3) layered structure [177]. Picture taken from Ref. [176].

Figure 6.2: Sample of a polycrystal of poly-MTO. Picture taken from poster presentation of R.
Miller et al., Strongly Correlated Electron Systems Conference (SCES) 2005.

ity and magnetization measurements [176] indicate that a small portion of about 0.05%
of the Re atoms remain in a localized 5d' state, accompanied by a localized magnetic
moment. Hence, the system can be considered as a quasi-2D electron gas of correlated
electrons which is susceptive to weak disorder and which interacts with a diluted sys-
tem of magnetic moments. The resistivity under zero and selected magnetic fields is
shown in Fig.6.3. Upon cooling under zero magnetic field (Fig.6.3 a)), the system re-
mains metallic (dp/dT" > 0) down to about 30K, below which the resistivity starts to
increase. In this non-metallic range (dp/dT" < 0), between 5 and 30K the resistivity fol-
lows a In(1/T) dependence. Below 5K it starts to increase and saturates below about
2K [178]. Interestingly enough, the anomalous resistivity of poly-MTO resembles the
behavior found in the Zn-doped high-T, superconductor YBa;Cu3O7_;s [180], where the
reversed situation is encountered: diluted non-magnetic Zn (replacing magnetic Cu) act-
ing as scattering centers in an antiferromagnetically spin-correlated background. Com-
mon scenarios accounting for the above logarithmic behavior at low temperatures in the
resistivity, such as, for example, a magnetic Kondo effect, which describes successfully
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the electrons scattering that arise from magnetic impurities [188], or a 2D weak localiza-
tion (Ref. [181] and references therein), which predicts that potential disorder in metals
not only increases the residual resistance but also gives way to anomalous magnetic field
dependences of the resistivity at low temperatures, seem to fail as they imply a reduc-
tion of the logarithmic increase in the presence of a magnetic field, which is in contrast
to the findings for poly-MTO. As can be seen from Figs. 6.3 b) and c), the resistivity of
poly-MTO at low temperatures increases under magnetic field. A scenario in terms of an
Altshuler-Aronov correction, assuming a crossover of the charge-carrier diffusion from
the 2D (ReO3) planes at high temperatures to a 3D diffusion at low temperatures, was
proposed by E.-W. Scheidt et al. to explain the latter features [178]. According to the
model proposed by Altshuler and Aronov [179], the In(1/7) and T"'/? dependence of the
resistivity (Fig. 6.3) has its origin in a contribution related to an electron-electron scatter-
ing in the presence of a randomly distributed potential. In other words, the Altshuler-
Aronov correction treats contributions which result from a combination of correlation
effects and disorder.
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Figure 6.3: a) Temperature dependence of the resistivity p(7") below 300K. T}, ~ 38K refers
to the metal-to-insulator transition temperature. Red dashed line is a p(T') = po + Ac.T? fit (po
is the residual resistivity and A.. the electron-electron scattering amplitute) in the temperature
window 100K < T < 200K. Red solid line is a p(T') = py + K(T'/Tr)* T?In(Tx/T) fit for T > 90K
(K is a constant and T is the Fermi temperature). b) p(T) in a semi-logarithmic representation
for various magnetic fields, as indicated in the label of c). Solid lines are logarithmic fits in the
temperature range 5 - 30 K. ) Resistivity data together with a plot according to p(T') o T"/? (red
solid lines). Picture taken from [177].
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Attempts to increase the conductivity of poly-MTO by intercalation with the or-
ganic donor molecule tetrathiafulvalene (TTF) proved unsuccessful: upon increasing
the amount of TTF donors, the system becomes less conducting in the metallic high-
temperature range and the resistivity upturn at 7" ~ 30 K was strongly reinforced [176].

Another way to increase the conductivity and /or suppress the Ml insulator transition
at Tjp, (Fig. 6.3) may be by application of external hydrostatic pressure. Since pressure
increases the intralayer- (and interlayer-) hopping, i.e. the bandwidth W, while leaving
the disorder Vj (V) is a measure of the width of the disorder potential) unaffected, pres-
sure studies enable the quantity V,/W to be varied and by this, eventually to tune the
system towards the metallic state or even to induce superconductivity. In fact, the possi-
bility of a pressure-induced superconducting transition was the main motivation for the
present study. Hence, in order to obtain more information on the nature of the MI transi-
tion around 30K, resistivity measurements under pressure using a Helium-gas pressure
cell (described in Section 3.2.1) have been performed in the frame of the present work.
The results are discussed in the next Section.

6.3 Transport Measurements on Poly-(MTO) Under Pressure

Resistivity measurements on poly-MTO have been performed by employing the gas-
pressure cell described in Section 3.2.1. Measurements on cooling and warming up have
been taken by varying the temperature in a rate of £6 K/h. No traces of hysteresis,
at least in the resolution of the present experiments, have been observed in the present
study. Fig. 6.4 shows resistivity data under ambient and selected pressures in the temper-
ature range 2 - 300 K. The measurements were conducted in ten consecutive runs: ambi-
ent pressure, 200 bar, 1kbar (after this measurement pressure was released completely),
3kbar, 3 kbar (measurement was repeated to check reproducibility, same behavior was
observed), 5kbar, 8 kbar, 10 kbar, 10.55 kbar (maximal pressure achieved here) and a fi-
nal run at ambient pressure. Measurements under 5, and 10 and 10.55kbar are omitted
here. In the following, the findings are discussed in detail. The measurement under
ambient pressure reproduces nicely literature data (see Fig. 6.3, previous section) [177],
small deviations in terms of absolute values are attributed to small errors in the estimate
of the geometrical parameters of the sample (distance between the voltage contacts and
sample cross-section, mainly due to the non-uniform shape of the sample, see Fig.6.2.).
However, the difference between the resistivity value at room temperature (RT) and the
resistivity value at 2K, which amounts to (prr — p2 k) ~ 0.4 mQcm, is roughly the same,
indicating thus the reliability of the present experiments. Upon applying pressure, as
can be seen from curves under 200 bar and 1 kbar in Fig. 6.4, a reduction of the resistivity
over the whole temperature range investigated is observed. The data under pressures
of 3 and 8kbar will be discussed below. Fig.6.5 depicts the resistivity under ambient
pressure, 200 bar and 1 kbar below 100 K. An auxiliary horizontal line is used to demon-
strate that the upturn of the resistivity at 75,;, ~ 30K, marking the metal-to-insulator
transition, remains practically unaltered® when pressure is applied, at least for pres-
sures until 1kbar. Hence, the reduction of the resistivity under pressures of 200 bar and
1kbar over the entire temperature range studied indicates that the elastic scattering due
to impurities, which gives rise to the residual resistance pg, is markedly reduced under
pressure application. This is a particularly unusual feature as py usually has its origin
in defects or impurities randomly distributed throughout the crystal structure, which

3From the present studies, under ambient pressure, 200 bar and 1kbar (p2 k — pr,

in) = (0.016 £ 0.004)
mQcm.
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should not be affected by pressure. Interestingly, a reduction of the residual resistivity
under pressure was also observed for the quasi-2D organic charge-transfer salt x-(BEDT-
TTF),Cu[N(CN)2]Cl1 [102]. The physical origin of the latter feature, however, remains
elusive. In the following, measurements under 3 and 8 kbar are discussed. Here, it is use-
ful to recall that for measurements under ambient pressure, 200 bar and 1 kbar, pressure
was applied continuously, i.e., firstly measurements under ambient pressure were per-
formed, after that a pressure of 200 bar was applied and data taken. After finishing such
measurements, pressure was increased from 200bar up to 1kbar and data taken again.
However, after taking measurements under 1kbar, pressure was completely released.
After this, measurements under pressures above 1kbar were performed and finally a
measurement under ambient pressure was taken. We observed that the latter does not
reproduce the starting measurement under ambient pressure. A possible explanation for
this feature might be related to the induction of a strain on the polycrystal studied here
during the measurements under pressure (200 bar and 1kbar) before releasing of pres-
sure. A remarkable aspect in the present data set is the observation of solidification of
“He in the resistivity curves of poly-MTO under pressures of 3 and 8 kbar, cf. the arrows
in Fig.6.4. Therefore, one can conclude that upon solidifying, the pressure transmitter
medium “He induces strains on the polycrystal. According to the literature [182], “He
solidification implies a pressure reduction. Hence, an increase of the sample resistivity
would be expected.
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Figure 6.4: Resistivity for a polycrystal of poly-MTO in the temperature range 2 - 300K poly-
MTO at different pressures plotted in the same temperature scale. Left scale: resistivity data un-
der ambient pressure, 200 bar and 1 kbar. Right scale: resistivity data under 3 and 8 kbar. Arrow
down indicates the minimum of the resistivity around 30 K, while arrows up the solidification of
the pressure transmitter medium *He at 3 and 8 kbar.

Nevertheless, in contrast to expectation, a reduction of the resistivity of the sample
is observed, marked by an abrupt jump right on the “He solidification temperature. In-
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terestingly enough, in the case of organic conductors discussed in previous chapters, see
e.g. [97], such features, related to the solidification of 4He, are not observed in experi-
ments under pressure employing the same method. Hence, for the measurements under
3 and 8 kbar, an analysis of the data below the temperature at which *H solidifies is not
reliable.
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Figure 6.5: Resistivity for a polycrystal of poly-MTO below 100K under ambient pressure,
200bar and 1 kbar. The arrow indicates the MI transition around 30 K.

From the present studies under pressure on poly-MTO we conclude that hydrostatic
pressure results in a reduction of the resistivity over the whole temperature range inves-
tigated, indicating therefore that pressure application implies a reduction of the residual
resistivity. In addition, the present studies reveal that the metal-to-insulator transition at
Tonin ~ 30K remains unaffected under pressure until 1 kbar.




Chapter 7

Summary and Conclusions

In the field of strongly correlated electron systems, there is a long standing discus-
sion on whether lattice degrees of freedom play a role for several physical phenomena,
among them the Mott MI transition and charge-ordering transition. Charge-transfer salts
of the k-(BEDT-TTF)2X and (TMTCF),X families have been revealed as model systems
for the study of the latter phenomena. The (TMTCEF)2X salts have been recognized as
model systems for studying correlation effects in 1D, while the (BEDT-TTF)-based mate-
rials for such studies in 2D. In this work, high-resolution dilatometry experiments were
performed in order to address these issues. The main results obtained are summarized
below.

Thermal expansion measurements on fully deuterated salts of
k-(BEDT-TTF)2Cu[N(CN)2|Br revealed discontinuous changes of the lattice parameters
at the Mott metal-to-insulator transition temperature T/ = 13.6K, accompanied by a
striking anisotropy. While huge effects are observed along the in-plane a-axis, along
which the polymeric anion chains are aligned, an almost zero effect is observed along
the second in-plane c-axis, along which the polymeric anion chains are linked via Br-N
weak contacts. Still more amazing is the observation of pronounced lattice effects along
the out-of-plane b-axis. These findings provide strong evidence that the Mott transition
for the present class of materials cannot be described in the frame of a purely 2D elec-
tronic triangular dimer model. Furthermore, in order to achieve a better understanding
of the Mott transition in the present material, thermal expansion measurements were
taken under magnetic field, quasi-uniaxial pressure as well as by employing different
cooling speeds across the glass-like transition. For example, measurements under mag-
netic field reveal the insensitivity of the Mott MI insulator temperature under fields up
to 10 T, which is consistent with the proposal of a Mott insulating state with a hole local-
ized on a dimer. A field-induced first-order transition at Tsr ~ 9.5 K for a magnetic field
applied along the b-axis was observed, indicative of a spin-flop transition with strong
magneto-elastic coupling. Measurements under quasi-uniaxial pressure applied along
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the out-of-plane b-axes revealed effects in contrast to those observed upon increasing
the cooling speed across the glass-like transition. While quasi-uniaxial pressure shifts
Ty 1 towards lower temperatures and 7), to higher temperatures, the opposite situation
is observed upon fast cooling through the glass-like transition. Interestingly enough, the
glass-like transition temperature transition 7, remains unaffected under quasi-uniaxial
pressure. Although by means of thermal expansion measurements one has access to
the macroscopic behavior of the sample studied, the strong anisotropic lattice effects
observed, marked by a negative thermal expansion above T}, enable us to draw some
conclusions at the microscopic level. Hence, a model within the rigid-unit-mode sce-
nario, taking into account the low-energy vibration modes of the cyanide ligands of the
polymeric anions Cu[N(CN)2]Br~, was proposed to describe the negative thermal ex-
pansion above the T, ~ 77 K. In this model, low-energy vibration modes of the cyanide
groups of the polymeric anion chains become frozen upon cooling dow to 7}, shrinking
thus the a lattice parameter upon warming the system above 7},.

Thermal expansion measurements on the x-(BEDT-TTF)2Cuz(CN);s salt, a system
which is discussed currently as a candidate for the realization of a spin-liquid ground
state, were reported for the first time in the present work. The measurements reported
here, taken along the in-plane c-axis, reveal some new aspects, which can be of extreme
importance for a wider understanding of the physical properties of this material. For
example, the absence of the so-called glass-like transition in k-(BEDT-TTF);Cuy(CN)3 is
in line with the above-mentioned model within the rigid-unit modes scenario. While
the anion Cu[N(CN),]Br~ is arranged in form of chains weakly linked via Br-N contacts,
the anions Cup(CN); are arranged in a 2D network fashion, so that the cyanide groups
are confined between the Cu atoms and therefore the vibration modes associated with
the cyanide groups cannot propagate along the structure as it occurs, for example, in
fully deuterated salts of x-(BEDT-TTF),Cu[N(CN):]Br, cf. discussed above. A negative
thermal expansion is observed for 14 < T" < 50K. In addition, the thermal expansion
coefficient reveals a huge anomaly indicative of a phase transition at 7' = 6 K, coincid-
ing nicely with a hump in the specific heat, which has been assigned to a crossover to
the quantum spin-liquid state, recently reported in the literature. Combining thermal
expansion and specific heat data, a spin-fluctuation Griineisen parameter I';; ~ 30 was
obtained.

The quasi-1D (TMTTF);X salts (X = PFg, AsFg and SbFg) were also intensively stud-
ied in this work. The findings reported here revealed, for the first time, lattice effects
associated with the charge-ordering (structureless) transition. Given the charge unbal-
ancing imposed by the charge-ordering transition, uniform displacements of negative
charged anions X~ from their symmetric positions towards positive charged nearest-
neighbor (TMTTF)?5*? are required to minimize the electrostatic energy. Hence, the
present results demonstrate the importance of lattice effects /anion displacements for the
stabilization of the charge-ordered phase, as predicted theoretically from calculations on
the basis of the extended Hubbard model for small Peierls coupling. The anomalous
expansivity along the c*-axis, along which planes of TMTTF molecules are separated
by planes of anions X, for Tco < T' < 200K was interpreted considering the rigid-unit-
mode scenario. Here, the situation is slightly different from the above-discussed model
for taking into account negative thermal above Tj, for fully deuterated salts of x-(BEDT-
TTF),Cu[N(CN);]Br along the a-axis, where vibration modes of cyanide groups of the
anion were assumed to be frozen below 7}, giving way to negative thermal expansion
when the temperature is increased above Tj. In the case of the (TMTTF)2X salts (X =
PF¢ and AsFg), the thermal expansion coefficient along the c*-axis remains positive with
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a dramatic change of slope from da.-/dT" < 0 above Tco to dacx/dT > 0 below Tco.
This anomalous behavior can be understood in the light of the rigid-unit-mode scenario
again. Although the charge-ordering transition in (TMTTF),X can be nicely described by
mean-field theory, as the dielectric constant obeys the Curie law, charge-ordering fluctu-
ations show up well above the charge-ordered transition temperature Tco. Such charge-
fluctuations provoke, via weak S-F contacts, rotational or translational shifts of the rigid
PF¢ or AsFg units from the center of the cavities delimited by the methyl groups. Right
on the charge-ordering transition temperature (Tco = 65K and 105K for X = PFs and
AsFg salts, respectively), translational or vibrational modes of the anions are no longer
active and, as consequence, a dramatic change of slope in the thermal expansion coef-
ticient along the c*-direction is observed. Based on the strong anisotropy observed, a
scheme to demonstrate the 3D ferroelectric character of the charge-ordering transition,
taking into account charge-degrees of freedom and anion displacements, was proposed.
Furthermore, evidence for a new phase transition for the PFs and AsFg salts at T}, ~
0.6 - Tco was presented. The similarities of the latter with the neutral-ionic transition
in the mixed-stack TTF-CA charge-transfer salt was presented. Measurements along
the c*-axis on the (TMTTF) X salt with X = SbFs revealed a discontinuous change of
the lattice parameter at the charge-ordering transition temperature. The latter feature
contrasts to the anomaly observed in X = PFs and AsFg salts at the charge-ordering tran-
sition temperature. This can be easily understood, as the charge-ordering transition in
X = SbFg salt is accompanied by a Mott metal-to-insulator transition, which implies that
above To = Ty the material is still metallic. The anomaly observed at Tco a1 = 154K,
however, resembles that observed at the Mott transition in fully deuterated salts of «-
(BEDT-TTF),Cu[N(CN);]Br.

In the present work, resistivity measurements under hydrostatic pressure using a
“He gas pressure were performed on the (CH3)g 92ReO3 compound. The results for pres-
sure until 1kbar have shown a reduction of the resistivity over the temperature range
investigated, indicating therefore that the residual resistivity is reduced, while the metal-
to-insulator transition at T;; ~ 30 K remains unaffected.




Chapter 8

Perspectives and Outlook

In the present work, a few fundamental questions related to the role of lattice de-
grees of freedom for the Mott metal-to-insulator transition and charge-ordering transi-
tion in charge-transfer salts of the x-(BEDT-TTF),X and (TMTTF)2X families have been
addressed. However, during the realization of this work, a few new questions have
arisen and remain unanswered. In the following, some suggestions for further investi-
gations related to the physics of the materials discussed in this work are presented.

Concerning fully deuterated salts of xk-(BEDT-TTF),Cu[N(CN)2]Br, further in-plane
(along the a- and c-axis) resistivity measurements are required in order to ascertain more
information on the striking anisotropy observed in the directional-dependent thermal
expansion measurements presented here. For the realization of such measurements,
sizeable single crystals are necessary. In addition, resistivity measurements under hy-
drostatic pressure can provide information whether the samples studied in this work
are actually located on the verge of the critical end point (Fy,Ty). By applying pres-
sure, the MI transition should be suppressed and, similarly to fully hydrogenated salts
of k-(BEDT-TTF),Cu[N(CN)2]Br, bulk superconductivity should take place. Thermal ex-
pansion measurements on fully deuterated salts of xk-(BEDT-TTF),Cu[N(CN)2]Br under
magnetic fields revealed a field-induced phase transition, described here in terms of a
spin-flop transition accompanied by continuous suppression of the percolative super-
conductivity. Based on these results, magnetostriction measurements at selected tem-
peratures, for instance at 6, 8, 10 and 12K, can clarify the real character of these effects.
If in fact a spin-flop transition takes place at fields of 0.5T, a first-order transition should
be observed in magnetostriction experiments below 7" ~ 9 K. Such experiments will thus
enable a more precise mapping of the speculative H-T' phase diagram (see Fig.4.20)
proposed in this work. Owing to the rigid-unit-mode scenario proposed here, which is
based on the low-energy vibration modes of the cyanide groups of the polymeric anion,
to describe negative thermal expansion above the glass-like anomaly, systematic Raman
and/or infra-red studies are required to support this description. In addition, such stud-
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ies will reveal whether the Mott MI transition is accompanied by any symmetry breaking
or not. In fact a symmetry break would be expected if the endpoint of the first-order MI
transition line is a tricritical point, as suggested by the present experiments.

Now, considering the x-(ET)2Cu2(CN)3 charge-transfer salt, more information on the
sharp anomaly observed at 7' = 6 K can be gained by performing directional-dependent
thermal expansion measurements along the out-of-plane a-axis in order to check, for in-
stance, if a positive or negative Poisson’s ratio is observed as well as to check either 3/7T
remains finite or if it vanishes as 7' — 0. In addition, systematic thermal expansion at
very low-T" will tell us either o/T" presents an activated behavior [187] or if a/T follows
a linear behavior [5] as T' — 0.

For the (TMTTCF),X salts, directional-dependent thermal expansion measurements
on (TMTTF),SbFs are important in order to look for anisotropic effects at the charge-
ordering transition which in turn is accompanied by a Mott metal-to-insulator transi-
tion. In addition, given the high resolution of the thermal expansion setup of the group
of Prof. Dr. Michael Lang, systematic measurements on the TMTSF family are important
in order to check the existence of hidden ferroelectricity, as suggested in Ref. [153]. In ad-
dition, measurements on the (TMTSF),ClO, superconductor around the anion-ordering
transition will reveal whether there exist similarities between the anion-ordering and
the glass-like transition observed in fully deuterated/hydrogenated salts of x-(BEDT-
TTF)>Cu[N(CN),]Br.

Finally, thermal expansion measurements on (TTF-CA) can reveal indirectly whether
there exist some similarities between the features observed at the charge-ordering transi-
tionin (TMTTF)2X (X = PFg and AsFs) at Tj,+ and T and therefore verify if the proposal
of a neutral-ionic transition in the latter salts is plausible, as proposed in Section 5.5.

Thus various new avenues stemming from the current project are opened and I hope
that this dissertation may serve as a base for these future projects.
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List of Abbreviations and Symbols

° « Thermal expansion coefficient

o Spontaneous magnetization critical exponent

o Magnetic susceptibility critical exponent or Sommerfeld
coefficient

]
disproportionation

«Q
a-, B-, k- and 6-phase
A
"

20

ao

AFI

AO
BEDT-TTF

Magnetization critical exponent or charge

Specific heat critical exponent

Phases of the (BEDT-TTF) charge-transfer salts

Screening constant
Chemical Potential

Bohr magneton

Resistivity or density
Magnetic susceptibility
Unit of angle, degree

One-, two-, three-dimensional
Acceptor

Affinity of the acceptor A
Bohr radius
Antiferromagnetic-insulator
Anion Ordering

bis(ethylenedithiolo)-tetrathiofulvalene

oC Celsius degree

C Capacitance

Cco Charge-Ordering or Charge-Ordered
CDW Charge Density Wave

D Donor

DMFT

Dynamical Mean-Field Theory
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e D8
e e
o ET
o I
e FCC
o FL
e FS

e HS

o IR

e loc

® M,

e MI

e NI

¢ NMR

e NTE

e PI

e PID

e Poly-MTO
¢ PM

e P-T

e Q1D, Q2D

e SC

o SDW

Fully deuterated
Electron charge
Bis(ethylenedithiolo)-tetrathiofulvalene
Helmholtz free energy
Face-centered cubic crystal structure
Fermi-liquid
Fermi Surface
Gibbs free energy
Planck Constant
Fully hydrogenated
Ionization energy
Infra-red
Coupling constant
Kelvin
Kinetic energy
Localization
Magnetization or Madelung energy
Electron mass
Spontaneous Magnetization
Metal-insulator transition
Neutral-ionic transition
Nuclear Magnetic Ressonance
Negative Thermal Expansion
Paramagnetic-insulator
Proportional-Integral-Derivative
Poly-methyltrioxorhenium
Paramagnetic-metal
Pressure versus Temperature
Quasi-one-, quasi-two-dimensional
Entropy
Superconductor
Spin-flop

Spin Density Wave
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Tn

Ty
(TTE-CA)
TMTTF
TMTSF

U

1%

Spin-Peierls

Superconducting Quantum Interference Device
Transition temperature to superconducting state
Transition temperature of the field-induced transition
Glass-like transition temperature
Tomonaga-Luttinger-liquid

Melting point temperature

Metal-to-insulator transition temperature
Tetrathiafulvalene Chloranil
Tetramethyltetrathiafulvalene
Tetramethyltetraselenafulvalene

Internal energy or Coulomb potential energy
Intersite Coulomb interaction

Monovalent Anion
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Appendix 1

Non-magnetic liquid pressure cell

During the realization of the present work, a self-built closed clamped oil pressure
cell was produced. This cell consists basically of a cooper-beryllium (CuBe) cylindrical
vessel, which is used like a pressure generator for measuring the magnetic properties of
the samples. Pressure, on the sample to be studied, was applied by using an hydraulic
press supplied by the company Schmidt Maschinentechnik. According to the literature,
CuBe is one of the most used materials in the fabrication of the components (like piston,
sleeve, etc) of pressure cells used for electrical and magnetic measurements, see e.g. [67].
In order to obtain a CuBe alloy with low content of impurities, which in other words
means a small magnetic contribution from the body of the pressure cell in the magnetic
measurements, susceptibility measurements on two different alloys of CuBe supplied
by two different companies were carried out. For these measurements, a commercial
SQUID (Superconducting Quantum Interference Device) magnetometer MPMS (Mag-
netic Property Measurement System) of the company Quantum Design was used. The
magnetic susceptibility as a function of temperature is shown in Fig. 1.
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Figure 1: The temperature dependent susceptibility under 1T of CuBe alloy supplied by two
different companies. Solid lines are a guide for the eyes.

The magnetic susceptibility of CuBe alloy supplied by the Alfa Aesar company shows
a small temperature dependence down to 7' =~ 25K. As can be seen from Fig. 1, the sus-
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ceptibility is positive down to low temperature, characteristic of paramagnetic or ferro-
magnetic contribution due to the magnetic impurities. Around 7' =~ 25K, a drop is ob-
served. The susceptibility of the CuBe alloy supplied by NGK Berylco company presents
diamagnetic behavior down to 7' ~ 25K, where an increase of the susceptibility is ob-
served. This is quite different from the magnetic behavior of the CuBe sample supplied
by Alfa Aesar company. The latter is most likely due to the presence of Ni, Co or Fe in
this alloy. According to this company [183], the concentration of the above-mentioned
magnetic impurities are Ni < 0.30%, Co < 0.30% and Fe < 0.30%. Due to its very low
diamagnetic contribution at high temperatures, accompanied by a well defined Curie-
type behavior at low temperatures, CuBe (Standard 25 alloy) supplied by NGK Berylco
company was used in the fabrication of the pressure cell. This information might be
useful for future projects, in which CuBe alloys could be used. As pressure fluid media,
Fluorinert FC-77 1 : 1, supplied by the 3M company, was used. The advantage of using
FC-77 is its high compressibility factor. The pressure values on the sample at low tem-
peratures were determined indirectly by measuring the critical temperature of In. The
dependence of the superconducting transition temperature 7, as a function of tempera-
ture is well-known in the literature. As reported in Ref. [184], the coefficient (01¢/0p) for
In at zero field is 0.042 K/kbar. Nevertheless, in employing this self-built pressure cell
we could not achieve hydrostatic pressure. This was observed by analyzing the depen-
dence of the In critical temperature for different pressures. For this reason, a commercial
pressure cell was acquired.

A commercial hydrostatic pressure cell (Model LPC-15) also made of CuBe, manu-
factured by the Japanese company EL ElectronLAB [185], was then acquired. The latter
was installed, calibrated and used to perform magnetic measurements under pressure
on the natural mineral Azurite Cuz(COs3)2(OH)2, proposed as a realization of the S =
1/2 diamond chain, see [186] and references therein.

The magnetic susceptibility of In under selected pressures is shown in Fig. 2. The cri-
terion for estimating the superconducting transition temperature in such measurements
was to take the temperature at which, ignoring any rounding of the the transition curve,
the In sample first became superconducting, i.e. the onset temperature was taken as 7T¢.

Although a similar pressurization procedure has been supplied by the company, the
pressurization procedure of the pressure cell for magnetic measurements, as supplied by
the company, is presented here in a more detailed way. The mentioned parts (typed in
italic) refers to Fig. 3. In the following, the pressurization procedure is described.

1. Insert each O-ring on to one of the two CuBe-plugs. In the following, these two
pieces are referred to as O-ring + CuBe-plugs.

2. Screw the cylinder case bolt on to the lower end of the cylinder and insert CuBe-plug
and Cu-Ring through the inlet of the cylinder case bolt. Push CuBe-plug and O-ring
inside up to 25mm by using sample exchange aggressiveness stick. There will be no
consequences, if O-ring + CuBe-plugs are pushed in too far.

3. Remove cylinder case bolt from cylinder and equip the top part of cylinder case bolt
with Cu-ring. Afterwards screw cylinder case bolt on to cylinder (same position as
before).

4. Exchange cylinder case bolt with lower pressure clamping bolt.
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Figure 2: Magnetic susceptibility of an In sample under various pressures, as indicated by dif-
ferent colors. The indicated pressure values correspond to the estimated pressures at low tem-

peratures.
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Figure 3: Pressure cell used for magnetic measurements under pressure. Picture supplied by EL

ElectronLAB Company.
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5.

10.

11.

12.

13.

14.

15.

Push through upper inlet of cylinder the previously inserted Cu-ring and one each
of CuBe-plug and O-ring as far down as possible by using sample exchange aggres-
siveness stick again.

If not stated otherwise, “insert” means “insert into cylinder through the upper in-
let”.

Insert Indium-manometer and afterwards quartz rod.
Insert sample.

Remove the needle from the syringe and fill the syringe with 0.6 cc Daphne oil 7373.
Afterwards equip the syringe with the needle and pour Daphne oil 7373 into the
cylinder, by holding the point of the needle to the cylinder sidewall. Make sure, that
there is no air in the syringe before pouring in.

Screw cylinder case bolt on to the upper end of cylinder and insert the other quartz
rod, which sinks in automatically.

After removing cylinder case bolt from , by holding the point of the needle to the
pour in Daphne oil 7373 to the height of about 22 mm.

Equip the upper end of cylinder again with cylinder case bolt and insert the other O-
ring + CuBe-plugs by pushing with sample exchange aggressiveness stick. This time the
pushing requires some force and as a result there will be some overflow of Daphne
oil 7373.

Loosen lower pressure-clamping bolt by unscrewing it (around four rotations). After
each rotation push the upper CuBe-plug and O-ring deeper by using sample exchange
aggressiveness stick again. Every rotation corresponds to roughly 1 mm. Remove
cylinder case bolt, equip the cylinder with CuBe-plug + Cu-ring.

Equip upper pressure-clamping bolt with piston-backup and push piston by using grease.
Do not tighten upper pressure-clamping bolt too much. It may be easier, if you insert
push piston before assembling it with upper pressure-clamping bolt and piston-backup.
Push piston will break upon applying pressure, if it is not put into cylinder properly.

Fasten the previously loosened lower pressure-clamping bolt (four rotations). Clamp
the pressure cell in cylinder case.

Insert pressurization aggressiveness stick, so that it is pushing on piston-backup. The
assembling is finally complete. A sample holder provided by the company should
be used to place the cell into the Squid magnetometer.




Appendix 2

Estimate of the expected height of the specific heat anomaly at
TM] in xk-D8-Br

Firstly, from basic thermodynamics, let us deduce the entropy change as a function
of the specific heat. The specific heat at constant pressure is defined by:

AQ
- == 1
Where,
AQ =TdS )
Combining Egs. 1 and 2, one achieves:
as
Cr=To (©)
Rearranging Eq. 3, one obtains:
Cp
— b 4
ds = = (4)
Integrating Eq. 4, one has:
C,
AS = [ Z2dT 5
5= [ )

Now, assuming a 7° phonon background, the anomalous contribution to the thermal
expansion coefficient along the a-axis of""(T") (see Fig.4.14) at T)s; can be estimated.
The latter is then used to estimate the anomalous contribution in the specific heat C;"™,
as follows:

Canom 1 aanom (T)
P__ 4T = AS = / a dT 6
=" i | ©

The factor v*"°™ in Eq.6 is a proportionality factor, which defines the connection
between ag"*™(T') and Cpmo™:
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AC;mom — ]' Aaanom (7)

anom a
Y

Making use of the entropy change associated with the Mott MI transition, estimated
in Section 4.6.2, and solving the integral in the left side of Eq. 6 the proportionality factor
7%°™ can be obtained (y%"°™ = 392 - 107% molJ~!). Hence, substituting the obtained
v value and Aag™™ = (60 - 10~%) K~ into Eq. 7 results in ACS"™ = 0.15 Jmol ' K 1.
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