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Expect problems
and eat them for breakfast.
A. A. Montapert

ABSTRACT
Understanding the interplay of magnetism and superconductivity is one of the central topics in contemporary condensed matter research: while those are traditionally antagonistic
phenomena, there is growing experimental evidence that unconventional superconductivity - for instance in cuprates, heavy fermion or organic materials - is closely linked to
magnetism [1–3]. Among all these material classes, the cuprates garnered the most attention because for more than two decades, they were the only known “high-temperature
superconductors”. Only recently, they lost this monopoly position due to the discovery of
relatively high critical temperatures in iron pnictides [4, 5].
One obvious common feature of cuprates and iron-based superconductors is an antiferromagnetic parent phase. While undoped cuprates are Mott insulators, the magnetism
in iron pnictides is usually considered as rather itinerant with a metallic spin density
wave ground state. Chemical substitution or external pressure continuously suppress the
magnetic transition temperature, until superconductivity emerges. Thus, magnetic fluctuations are widely debated as a key ingredient for high-temperature superconductivity.
Recently, however, another similarity has moved into the focus of interest: at the nematic
phase transition, electronic interactions break the rotational symmetry of the crystal,
accompanied by strong fluctuations [6]. Compared to the antiferromagnetic phase, this
transition usually takes place at slightly higher temperatures. Unfortunately, the experimental access to this exotic phase is challenging, as crystals usually appear twinned,
meaning that domains mask the intrinsic anisotropy.
The investigations carried out in the framework of this thesis mainly concentrate on
europium based iron pnictides. These are a peculiar member of the 122 family as they
develop at low temperatures (∼ 20 K) an additional magnetic order of the local rare earth
moments (see Fig. 0.1). The Eu2+ spin structure is a so-called “A-type” antiferromagnetism, meaning that spins of one layer are ferromagnetically aligned (along the a-axes),
while neighbouring planes are coupled antiferromagnetically. Furthermore, neutron measurements revealed the possibility to detwin those compounds (i.e. to align the twinned
domains along one direction) at low temperatures in laboratory-scale magnetic fields [7],
a feat which is not possible in other iron pnictides and thus probably related to the rare
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earth magnetism. Therefore, europium based iron pnictides provide a unique platform
to study the interplay of structural, magnetic and electronic effects in high-temperature
superconductors. For this challenging purpose, we have employed SQUID magnetometry
and Fourier-transform infrared spectroscopy on EuFe2 (As1−x Px )2 single crystals; the main
results are summarized as followed.
Figure 0.1: Magnetic structure of EuFe2 As2 at 2.5 K [8].
Fe2+ moments (brown arrows) align antiferromagnetically along the a- and the
c-axis, but ferromagnetically
along the b-axis. Eu2+ moments (blue arrows) align
within one europium layer
ferromagnetically along the
a-axis, and neighbouring abplanes are coupled antiferromagnetically.

By systematic studies of the in- and out-of-plane magnetic properties of a series of
EuFe2 (As1−x Px )2 single crystals, we derived the complex magnetic phase diagram of europium based iron pnictides (see chapter 7, Ref. [9] and Ref. [10]). As depicted in Fig. 0.2,
the Eu2+ magnetic ordering involves two steps for all phosphorus substituted compounds.
The transition at a higher temperature TN is characterized throughout the whole phase diagram by an antiferromagnetic interlayer coupling. One should note, however, that phosphorus substitution induces a ferromagnetic out-of-plane component, leading to canted
A-type antiferromagnetism. This canting develops rather quickly at low substitution levels, similar to the suppression of TN and the spin density wave transition temperature.
These observations imply that the Eu2+ spin orientation is notably influenced by the spin
density wave anisotropy. Thus, our measurements demonstrate significant interactions
between the local Eu2+ and the (quasi-) itinerant spin density wave magnetism, which is
consistent with theoretical calculations [11].
The second magnetic transition in the europium subsystem displays glass-like dynamics,
affecting the coupling between the planes. As its transition temperature Tglass is lower
than the onset of magnetic order, it is referred to as “re-entrant” spin glass phase. With
increasing phosphorus substitution, Tglass rises quickly until it approaches TN , leading
to successive transitions that are separated by ∼ 2 K. Thus, only measurements with
rather small temperature steps are able to resolve both phases. Nevertheless, we find
indications for similar dynamics when reviewing published data of other europium based
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compounds (see chapter 6). Therefore, we suggest that the re-entrant spin glass phase
is the key to understand how bulk superconductivity can coexist with the usually strong
Eu2+ magnetism.
Figure 0.2: Phase Diagram of EuFe2 (As1−x Px )2 .
TN (red dots) indicates a
canted A-type antiferromagnetic transition, Tglass
(blue triangles) a spin
glass transition, and Tc,on
the onset of superconductivity (grey squares).
Closed symbols correspond
to transition temperatures
deduced from magnetization, open ones from
resistivity measurements.
Shadowed lines are guides
to the eye. The light grey
area indicates the onset of
superconductivity, while
bulk superconductivity is
fully developed in the dark
grey regime.

Despite the interactions of local and itinerant magnetism revealed by our magnetization
studies, the electrodynamic response of EuFe2 As2 is surprisingly unaffected by the Eu2+
magnetic transition - the infrared spectra basically do not change when passing TN (see
chapter 8). By comparing several fitting approaches, we find that the most realistic results
are obtained with a model that contains two Drude components (probably representing
electron and hole bands) and a Lorentzian around 1000 cm−1 , which can be attributed to
interband transitions involving Fe hole pockets [12]. Importantly, we are able to extract
trends that are independent from the fitting method. For instance, we conclude that the
spin density wave transition affects not only both Drude components, but also the spectral
weight transfer, which appears in iron pnictides usually up to very high energies. These
observations provide interesting insights into the relation of this transfer to the localization
of itinerant carriers driven by correlation effects.
Combining our expertise obtained from magnetization and optical studies on europium
compounds, we have also performed magneto-optical measurements on EuFe2 As2 (see
chapter 9, [13]), which revealed a much more complex detwinning process than expected.
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At temperatures below the local Eu2+ ordering, the detwinning occurs in two steps, meaning that the crystal gets already partially detwinned with b k H at ∼ 0.1 T, followed by
a reverse reorientation of structural domains with a k H at ∼ 0.6 T. Above TN , only the
latter process takes place. We ascribe these observations to an indirect magneto-elastic
coupling of the Eu2+ ions via the Fe2+ spins, which was - to our best knowledge - not proposed before. Moreover, we give a simple model for the two-step detwinning process based
on the competition between magneto-crystalline anisotropy, antiferromagnetic exchange
coupling and Zeeman energy (see Fig. 0.3).
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Figure 0.3: Sketch of the twin distribution of EuFe2 As2 dependent on an (from left to right
increasing) external magnetic field H k [110]T at T < TEu . (a) For H = 0 T, the zero-field
crystal is twinned and the domains are equally distributed. The Eu2+ spins are ordered Atype antiferromagnetically with the spin direction along the a-axis. (b) With external field,
twin variant Bk (red, bottom) with b k H gets energetically favoured and therefore grows
on the expense of variant Ak (green, top), as soon as the energy difference exceeds the twin
boundary pinning energy. (c) With further increasing field, Eu2+ spins in the remaining
type Ak twins flip along the field direction. Energetically, twin Bk is still more favourable.
(d) At slightly higher fields, twin Ak is favoured and the crystal is detwinned with a k H.

Most importantly, the induced detwinning is persistent, meaning that a significant imbalance of twin domains remains when the magnetic field is switched off and the temperature is raised up to the nematic and spin density wave transition. Such strongly hysteretic
behaviour is surprising from a very fundamental point of view, as the detwinning that is
induced at low temperatures with very small magnetic fields persists up to much higher
temperatures, i.e. energy scales. Thus, our whole studies on europium based pnictides
reveal a remarkable interdependence between magnetic, electronic and structural effects
that might be very important to understand the unconventional superconductivity in these
fascinating materials.

ZUSAMMENFASSUNG
Eines der zentralen Themen der heutigen Festkörperforschung ist es, die Wechselwirkungen
zwischen Supraleitung und Magnetismus besser zu verstehen. Obwohl diese Phänomene
traditionell nicht miteinander vereinbar sind, mehren sich die Hinweise, dass unkonventionelle Supraleitung, die beispielsweise in Kupferoxiden, Schweren Fermionen oder organischen Materialien vorkommt, überraschenderweise sehr eng mit Magnetismus verbunden
ist [1–3]. Dabei stellen die Kupferoxide vermutlich die am meisten untersuchte Materialklasse dar, da sie mehr als 20 Jahre die einzigen bekannten Vertreter der “Hochtemperatursupraleiter” waren. Tatsächlich ging diese Monopolstellung erst kürzlich verloren, als
Supraleitung mit überraschend hohen Übergangstemperaturen in Eisenpniktiden entdeckt
wurde [4, 5].
Vergleicht man verschiedene Hochtemperatursupraleiter, so ist eine offensichtliche Gemeinsamkeit, dass Antiferromagnetismus eine wichtige Rolle im Phasendiagramm spielt:
während undotierte Kupferoxide Mott-Isolatoren sind, geht man bei Eisenpniktiden in
den meisten Fällen von einem metallischen Spindichtewellen-Grundzustand aus. Durch
chemische Substitution oder das Anlegen von externem Druck wird dessen Übergangstemperatur kontinuierlich verringert, bis schließlich Supraleitung einsetzt. Deshalb liegt es
nahe, antiferromagnetische Fluktuationen mit dem Auftreten von Hochtemperatursupraleitung zu assoziieren. Aktuell rückt allerdings eine weitere Gemeinsamkeit immer mehr
in den Fokus der Forschung: bei dem sogenannten “nematischen” Übergang wird die Rotationssymmetrie des Kristalls durch elektronische Wechselwirkungen gebrochen; dabei
treten sehr starke Fluktuationen auf [6]. Verglichen mit der antiferromagnetischen Phase
findet dieser Übergang im Normalfall bei einer leicht höheren Temperatur statt. Leider ist
seine Erforschung relativ kompliziert, da die resultierende strukturelle und elektronische
Anisotropie durch Domänenbildung maskiert wird.
Die im Rahmen dieser Arbeit durchgeführten Untersuchungen konzentrieren sich auf
Europium-haltige Eisenpniktide. Diese entwickeln zusätzlich zur Spindichtewelle bei tiefen Temperaturen (ca. 20 K) eine lokale magnetische Ordnung. Hierbei sind die Eu2+ Spins
innerhalb einer Ebene ferromagnetisch, aber benachbarte Ebenen antiferromagnetisch gekoppelt - auch “A-typ” Antiferromagnetismus genannt (vgl. Abbildung 0.4). Desweiteren
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ging aus Neutronenstreuungs-Experimenten hervor, dass in EuFe2 As2 relativ niedrige Magnetfelder ∼ 1 T ausreichen, um bei Temperaturen unterhalb der Eu2+ -Ordnung alle Domänen gleich auszurichten [7]; in anderen Eisenpniktiden ist dies nicht möglich. Aus diesem
Grund bieten Europium-haltige Eisenpniktide die außergewöhnliche Möglichkeit, strukturelle, magnetische und elektronische Effekte, sowie deren Wechselwirkungen in Hochtemperatursupraleitern zu untersuchen. Dafür wurden im Rahmen dieser Arbeit Magnetisierungsmessungen und Fourier-Transform-Infrarotspektroskopie an EuFe2 (As1−x Px )2 Einkristallen durchgeführt. Die wichtigsten Ergebnisse werden im Folgenden vorgestellt.

Abbildung 0.4: Magnetische
Struktur von EuFe2 As2 bei
2.5 K [8]. Die Fe2+ Spins (braune Pfeile) sind antiferromagnetisch entlang der a- und
c-Achse, aber ferromagnetisch
entlang der b-Achse ausgerichtet. Die Eu2+ Spins (blaue Pfeile) einer Ebene sind ferromagnetisch gekoppelt und zeigen in
Richtung der a-Achse; benachbarte Ebenen sind antiferromagnetisch gekoppelt.

Auf der Basis von richtungsabhängigen Untersuchungen der magnetischen Eigenschaften
von EuFe2 (As1−x Px )2 Einkristallen konnte das komplexe magnetische Phasendiagramm
von Europium-haltigen Eisenpniktiden bestimmt werden; dieses ist in Abb. 0.5 zu sehen (s.
Kapitel 7, Ref.[9] und Ref. [10]). Man stellt fest, dass die lokale Eu2+ -Ordnung tatsächlich
schrittweise abläuft. Betrachtet man zunächst den Übergang bei höherer Temperatur TN ,
so bleibt die Kopplung zwischen den Ebenen durch das gesamte Phasendiagramm antiferromagnetisch. Allerdings entwickelt sich mit steigender Phosphor-Substitution rasch eine
ferromagnetische Komponente entlang der c-Richtung; man spricht von “gekantetem” Atyp Antiferromagnetismus. Da die Zunahme dieser Komponente mit einer Unterdrückung
der Ordnungstemperatur von Spindichtewelle und lokalem Eu2+ -Magnetismus verbunden
ist, liegt es nahe, dass die beiden magnetischen Ordnungen sich gegenseitig beeinflussen;
dies wird auch durch theoretische Berechnungen unterstützt [11].
Der zweite magnetische Übergang bei tieferen Temperaturen Tglass ist glasartig und betrifft die Kopplung zwischen den Ebenen. Da er einer magnetischen Ordnung folgt, spricht
man auch von einem “re-entrant” Spin-Glas. Betrachtet man den Verlauf der Übergangstemperatur Tglass , so steigt sie bei niedrigen Phosphor-Konzentrationen schnell an und
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Abbildung
0.5:
Phasendiagramm
von
EuFe2 (As1−x Px )2 . TN (rote
Punkte) ist die Übergangstemperatur des gekanteten
A-typ Antiferromagnetismus,
Tglass (blaue Dreiecke) die des
Spin-Glas Übergangs, und
Tc,on die der Supraleitung
(graue Quadrate). Geschlossene Symbole wurden aus
Magnetisierungsmessungen,
offene aus Widerstandskurven extrahiert. Transparente
Linien zeigen die wichtigen
Trends; während die hellgraue Fläche das Einsetzen
von Supraleitung markiert,
entspricht die dunkelgraue
Region der voll entwickelten
Supraleitung.

folgt dann TN im Abstand von etwa 2 K. Aus diesem Grund kann dieses ungewöhnliche Verhalten nur in Messungen mit sehr kleinen Temperaturschritten aufgelöst werden.
Nichtsdestrotrotz wurden ähnliche Beobachtungen auch bei anderen Europium-haltigen
Eisenpniktiden gemacht (s. Kapitel 6). Deshalb ist dieses glasartige Verhalten vermutlich der Schlüssel, um die Koexistenz von Europium-Magnetismus und Supraleitung zu
erklären.
Trotz der Wechselwirkungen zwischen den magnetischen und elektronischen Subsystemen, die durch diese Magnetisierungsmessungen nachgewiesen werden konnten, ist das
optische Spektrum von EuFe2 As2 überraschend unbeeinflusst von der lokalen Eu2+ Ordnung (s. Kapitel 8). Der Vergleich mehrerer Modellierungsansätze ergibt, dass die realistischsten Ergebnisse durch eine Analyse mit zwei Drude- und einer Lorentzkomponenten (bei 1000 cm−1 ) erhalten werden. Dabei repräsentieren erstere vermutlich Elektronenund Lochbänder, letztere Interbandübergänge in die Eisen-Lochtaschen [12]. Vor allem
aber können durch diesen Vergleich Trends bestimmt werden, die unabhängig vom Modellierungsansatz sind: der Spindichtewellen-Übergang beeinflusst nicht nur beide DrudeKomponenten, sondern auch den Transfer von spektralem Gewicht, der in Eisenpniktiden
üblicherweise bis zu sehr hohen Energien auftritt. Diese Beobachtungen liefern interessante
Informationen, inwiefern dieser Transfer mit der Lokalisierung von freien Ladungsträgern
aufgrund von Korrelationseffekten zusammenhängt.
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Die Erfahrungen mit magnetischen und optischen Messungen wurden schließlich genutzt, um eine Reihe von magneto-optischen Untersuchungen an EuFe2 As2 durchzuführen
(s. Kapitel 9 und Ref. [13]). Dabei konnte aufgedeckt werden, dass dem Ausrichten der
Domänen im Magnetfeld ein wesentlich komplexerer Prozess zu Grunde liegt, der jedoch
durch ein relativ einfaches Modell erklärt werden kann (s. Abb. 0.6). Bei Temperaturen
unterhalb von TN verläuft diese Ausrichtung in zwei Schritten: zunächst wird ein Großteil
der Domänen schon bei sehr niedrigen Feldern von ∼ 0.1 T mit der b-Achse parallel zum
Magnetfeld H ausgerichtet; dem folgt eine Ausrichtung mit der a-Achse parallel zu H bei
Feldern von etwa 0.6 T. Oberhalb von TN findet nur letzterer Prozess statt. Dieses Verhalten deutet auf eine bis dahin unbekannte indirekte magneto-elastische Kopplung hin, bei
denen die Eu2+ -Spins über die Fe2+ -Momente mit dem Gitter wechselwirken können.
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Abbildung 0.6: Schematische Darstellung der Domänenverteilung in EuFe2 As2 in Abhängigkeit eines (von links nach rechts zunehmenden) externen magnetischen Feldes H k [110]T
bei Temperaturen T < TEu . (a) Bei H = 0 T sind die Domänen (“twins”) gleichmäßig verteilt,
wenn der Kristall im Nullfeld abgekühlt wurde. (b) In einem externen Feld werden zunächst
die Domänen Bk (rot, unten) mit b k H energetisch begünstigt, weswegen ihr Anteil auf Kosten
der Domänen Ak (grün, oben) steigt, sobald die Energie die der Haftung der Domänenwände
übersteigt. (c) Wird das externe Feld weiter erhöht, kommt es zu einem Eu2+ Spin-Flip in
den verbleibenden Ak -Domänen; energetisch sind jedoch noch die anderen bevorzugt. (d) Dies
ändert sich erst bei leicht höheren Feldern und alle Domänen werden mit der a-Achse entlang
von H ausgerichtet.

Die vermutlich wichtigste Beobachtung bei diesen Studien ist, dass das magnetfeldinduzierte Ungleichgewicht der Domänen bestehen bleibt, auch wenn das Feld ausgeschaltet
und die Temperatur bis zum Spindichtewellen- und nematischen Übergang erhöht wird.
Berücksichtigt man die relevanten Energieskalen, so ist eine solch robuste Hysterese tatsächlich sehr überraschend. Somit konnten die im Rahmen dieser Arbeit durchgeführten
Studien an Europium-haltigen Eisenpniktiden ein bemerkenswertes Zusammenspiel von
magnetischen, elektronischen und strukturellen Effekten aufdecken, welches einen wichtigen Einblick in die faszinierenden Zusammenhänge unkonventioneller Supraleiter gibt.
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1

INTRODUCTION

The discovery of high temperature superconductivity in cuprates as well as iron-based
pnictides and chalcogenides unified two conventionally antagonistic fields of solid state
physics: magnetism and superconductivity. While magnetic interactions were fascinating already the ancient Greeks, superconductivity is a relatively “young” phenomenon,
discovered only in 1911 [2, 14].
Conventional superconductors exhibit two characteristic properties below a critical temperature Tc : zero-resistivity and the expulsion of any external magnetic field. Both characteristics have a huge potential for applications, such as non-dissipative power lines, energy
storages and levitating transport vehicles. Accordingly, enormous efforts were made to understand the microscopic origin of superconductivity. Nevertheless, it took almost 50 years
until Bardeen, Cooper and Schrieffer solved this puzzle by introducing a coherent ground
state formed out of electron pairs with opposite spin and momentum [15]. As internal or
external magnetic fields directly act on those properties, it is evident that magnetism and
superconductivity are traditionally competing phenomena.
One of the main drawbacks for applications is that the “glue” which holds those electron
pairs together consists conventionally of electron-phonon interactions [16, 17], which require very low temperatures to manifest [18]. Therefore, the discovery of high temperature
superconductivity (up to 164 K [19]) in cuprates [20] and iron-based superconductors [4]
shook the scientific world and attracted tremendous interest even in the general public.

2

1 Introduction

Interestingly, the phase diagram of both material classes contains a magnetically ordered
phase that can be suppressed upon doping, chemical substitution or mechanical pressure,
until superconductivity emerges [3]. While the parent compounds of cuprates are antiferromagnetic Mott insulators, those of iron pnictides are metals that exhibit a spin density
wave phase. A similar situation can be found in a variety of other superconductors with
unconventional properties, such as heavy fermion or organic materials [1]. Therefore, the
idea developed that magnetic fluctuations might be the “pairing glue” of unconventional
superconductors.
It turned out, however, that a uniform description of high-temperature superconductors is much more complicated than expected. One reason is that a close inspection of
their phase diagrams reveals a number of exotic phases that appear in the vicinity of the
superconducting dome; it is not clear whether these additional phases support or compete with superconductivity [21]. One example that attracted recently a lot of attention
is the nematic phase, which is the breaking of the rotational C4 symmetry driven by
electronic interactions [6]. This means that additionally to a tetragonal-to-orthorhombic
structural transition, an electronic in-plane anisotropy sets in, whose magnitude is much
larger than one would expect from the lattice distortion. Unfortunately, the experimental
investigation of this exotic phase is challenging, as the induced orthorhombic distortion is
so small that crystals usually appear twinned, meaning that domains mask the intrinsic
anisotropy. While in cuprates, mechanical clamps and magnetic fields were found to detwin
single crystals [22, 23], in the case of iron pnictides, the effect of laboratory magnetic fields
on the twin domain distribution is typically rather weak [24] and thus, only mechanical
clamps are commonly used [6]. However, this introduces an explicit symmetry breaking
by uniaxial pressure, meaning that one disturbs the anisotropy which one actually wants
to measure [25].
EuFe2 As2 is a peculiar parent compound of the iron pnictides, since, in addition to
the spin density wave in the FeAs layers (∼ 190 K), it exhibits long-range magnetic order of the Eu2+ local moments at low temperatures (∼ 19 K) [26–28]. Nevertheless, bulk
superconductivity up to ∼ 30 K can be induced by mechanical pressure [29], isovalent
substitution [30, 31] and doping [32–34]. Furthermore, neutron studies revealed that magnetic fields in the range of 1 T are able to detwin EuFe2 As2 [7], allowing the study of
the electronic in-plane anisotropy at typical laboratory-scale fields. Thus, Eu based iron
pnictides offer the extraordinary possibility to investigate the interplay of unconventional
electronic properties, superconductivity, itinerant and local magnetism. Therefore, systematic (magneto-)optical and magnetization studies of EuFe2 (As1−x Px )2 single crystals
were performed in the framework of this thesis.

3

The following text is organized as follows: first, the basic concepts of magnetic and
superconducting materials are summarized (see chapters 2 and 3), focusing on hightemperature superconductivity and the interplay of magnetism and superconductivity.
Subsequently, the electrodynamic properties of metals, broken symmetry phases, and in
particular iron pnictides are reviewed (see chapter 4), which is followed by a brief summary of the investigated materials and chosen methods (see chapter 5). The experimental
part of this thesis is introduced in chapter 6 with a review of Eu based iron pnictides.
This paves the way for the magnetic phase diagram of EuFe2 (As1−x Px )2 that is gained by
our magnetization studies presented in chapter 7; from the comparison with literature, we
discuss further implications for other Eu based materials.
Despite the peculiar local magnetic order, EuFe2 As2 displays typical electrodynamic
properties of correlated materials. Therefore, we use it in chapter 8 as a model system
to compare various fitting approaches that are commonly applied to iron pnictides. Finally, magneto-optical measurements on EuFe2 As2 are presented that reveal a much more
complicated magnetic detwinning mechanism than expected (see chapter 9), uncovering
a unique possibility to study the intrinsic in-plane anisotropy of iron pnictides without
the application of any symmetry-breaking external force. All those findings are concluded
in chapter 10, evidencing a remarkable interplay of magnetic, electronic and structural
effects in Eu based iron pnictides.

2

MAGNETISM

Magnetism in condensed matter contains a wide variety of phenomena: the response of a
solid on an external magnetic field depends delicately on whether its magnetic moments
are interacting or basically isolated from each other. In this chapter, a sound basis should
be established to understand the complex magnetic order(s) in Eu based iron pnictides.
Therefore, important magnetic quantities are introduced, followed by a brief introduction
of magnetic interactions in solids. Finally, different types of magnetism are categorized
and phenomenologically described. If not declared explicitly, explanations follow Ref. [14].

2.1 Basic definitions
In free space, a magnetic field with strength H leads to a magnetic flux density B of:
B = µ0 H
with the permeability of free space µ0 .

(2.1)
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However, if H acts on a magnetic solid, one has to account also for the magnetization
M of this solid and equation 2.1 transfers into1 :
B = µ0 (H + M).

(2.2)

The magnetic susceptibility χ describes, how much a material gets magnetized by a
magnetic field and is generally defined (along a certain direction) as:
χ=

dM
.
dH

(2.3)

For a so-called “linear material”, equation 2.2 can be rewritten as:
B = µ0 (1 + χ)H = µ0 µr H

(2.4)

with the relative permeability of the material µr = 1 + χ.
When analysing experimental data, one further has to take into account that in magnetic
solids, the internal magnetic field strength Hint is reduced with respect to the external
one, Hext :
Hint = Hext − N M

(2.5)

with the demagnetization factor N , which depends on the geometry of the sample and
varies 0 ≤ N ≤ 1.
An intuitive picture for this field reduction is the following [35]: in a magnetized sample, the magnetic moments are preferentially aligned along one direction. Imagining these
magnetic moments as miniature magnets with north and south poles (see Fig. 2.1a), neighbouring poles will cancel each other out; only poles at the surface will be left (see Fig. 2.1b).
The latter will cause an internal magnetic field, which is opposed to the magnetization
and therefore called “demagnetization field”. Its strength Hd will be very sensitive to the
shape of the material. For a very thin sample and an in-plane magnetic field, there is basically no place for the formation of these surface poles, causing negligible demagnetization
effects (N → 0). For the out-of-plane direction, however, the situation is vice versa and
the demagnetization factor approaches unity.
Thus, the experimentally determined susceptibility of a linear material is actually:
χexp =

1

M
M
χintrinsic
=
=
Hext
Hint + N M
1 + N χintrinsic

With a relative permeability of µr ≈ 1.

(2.6)

2.2 Magnetic interactions
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Figure 2.1: Schematic drawing to explain the demagnetization field (adapted from Ref. [35]).
(a) In a magnetized sample, magnetic moments depicted as miniature magnets with north (N)
and south (S) poles are preferentially aligned. (b) As neighbouring poles will cancel each
other out, only poles at the surface will be left. These cause an internal magnetic field
(“demagnetization field” with strength Hd ) opposed to the magnetization M.

with the intrinsic susceptibility:
χintrinsic =

M
Hint

(2.7)

As usually χintrinsic  1, demagnetization effects are often negligible. However, sample
shape effects might determine the measured susceptibility in ferromagnets (see section 2.3),
causing χexp → 1/N .

2.2 Magnetic interactions
In order to describe magnetic long range order, one has to understand the underlying
interactions between the magnetic moments. Usually, magnetic dipolar interactions are
negligible, and the dominant mechanism can be described by exchange interactions via
the Heisenberg Hamiltonian:
H = −2

X

Jij Si Sj

(2.8)

i>j

with the exchange constant Jij between the ith and j th spin, whose sign determines the
magnetic ground state.
If the overlap between neighbouring magnetic atoms is high enough, direct exchange
interaction is possible. However, this is often not the case, for instance for the 4f -orbitals
of rare earth elements, and indirect exchange has to be considered. In metals, conduction
electrons can mediate the exchange between local moments via spin-polarization. This is
known as “RKKY-exchange”, named after the discoverers Ruderman, Kittel, Kasuya and
Yosida [36]. Depending on the details of the Fermi surface and the distance between the
magnetic moments, the RKKY-exchange constant oscillates between positive and negative
sign.
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2.3 Types of magnetism
In this section, different types of magnetism are phenomenologically described. Starting
with the behaviour of non-interacting moments in a magnetic field, diamagnetism and
paramagnetism are introduced. In contrary, ferro-, antiferro-, and helimagnetic materials
show long-range magnetic order, where the involved magnetic moments act cooperatively.
Finally, also glassy short-range dynamics are discussed.
Diamagnetism
All materials exhibit diamagnetism: due to the orbital motion of the electrons, an external
magnetic field induces a magnetic moment opposed to the direction of the applied field.
This process is rather temperature-independent (see Fig. 2.2a). However, the induced
negative susceptibility (see Fig. 2.2b) is usually much smaller than other magnetic contributions. One exception are superconductors which are “perfect diamagnets”, as will be
discussed in more detail in chapter 3.3.1.

Figure 2.2: Typical (a) temperature- and (b) field-dependent magnetization of a diamagnetic
material. The susceptibility is temperature-independent and negative.

Paramagnetism
The key ingredient for paramagnetism are unpaired, non-interacting electrons: while their
magnetic moments do not have any preferred orientation in zero field, they can be aligned
by an external magnetic field. The degree of alignment depends on the strength of the
external field as well as on the temperature, as thermal fluctuations counteract the fieldenforced order.

2.3 Types of magnetism
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Figure 2.3: Typical (a) temperature- and (b) field-dependent magnetization of a paramagnetic material. (a) The temperature-dependent magnetization can be described by the Curie
law χ ∝ 1/T . (b) The magnetization follows with increasing field a Brillouin function, which
is almost linear at low fields (as can be seen by the red line, a guide to the eye).

From a quantum mechanical description of non-interacting electrons with total angular
momentum J = L + S (L: orbital momentum, S: spin momentum), one can derive the
magnetic field dependence of a paramagnet as (see Fig. 2.3b):
M = M s BJ



gJ µB JB
kB T



(2.9)

with the saturation magnetization:
Ms = ngJ µB J,

(2.10)

the Brillouin function:
BJ (x) =

2J + 1
2J + 1
1
x
coth
x −
coth
2J
2J
2J
2J


the Landé g-factor:
gJ =



3 S(S + 1) − L(L + 1)
+
,
2
2J(J + 1)





,

(2.11)

(2.12)

the number of spins per unit volume n, the Bohr magneton µB , the Boltzmann constant
kB , and the temperature T .
In typical paramagnetic materials, except for very high fields and very low temperatures, the magnetization shows a linear field dependence and the temperature-dependent
susceptibility follows the Curie law (see Fig. 2.3a):
χ=

nµ0 µ2eff 1
3kB T

(2.13)
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with the effective magnetic moment:
q

µeff = gJ µB J(J + 1).

(2.14)

Ferromagnetism
Due to exchange interactions, a ferromagnet exhibits below the Curie temperature TC even in the absence of any external field - a spontaneous magnetization, as all magnetic
moments align along one direction. The corresponding Hamiltonian (including an applied
magnetic field) can be written as:
H = −2

X

Jij Si Sj + gµB

X

i>j

Sj B

(2.15)

j

with the first term expressing the Heisenberg exchange energy with Jij > 0 (see equation 2.8) and the second term giving the Zeeman energy in an external field (g: the
electron’s g-factor). This Hamiltonian can be solved using a mean field approach.
It follows that at low temperatures, the magnetic order is even in the absence of any
external field self-sustaining, meaning that the alignment of moments causes an internal
(molecular) field, that in turn favours the parallel alignment of the spins. This results in
a spontaneous magnetization. At elevated temperatures, thermal fluctuations counteract
this process until any order is destroyed at the Curie temperature. The transition itself is
a second-order phase transition, as the derivative of the spontaneous magnetization (and
thus the second derivative of the system’s free energy) shows a discontinuous jump at TC .
However, the transition smears out for a finite external magnetic field and thus, no more
“true” phase transition takes place.
In magnetization measurements, three characteristic observations are commonly used
to identify ferromagnetic order (see Fig. 2.4):
• For temperatures T > TC , the susceptibility follows at small external fields the
Curie-Weiss law:
χ∝

1
.
T − TC

(2.16)

• At T < TC , the field-dependent magnetization resembles that of a paramagnet,
however, the saturation fields are much lower.
• Most remarkably, irreversibility effects appear in the temperature- and field-dependent
magnetization at temperatures T < TC . One has to distinguish whether the crystal
was cooled down through TC with or without external magnetic field.

2.3 Types of magnetism
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Figure 2.4: Typical (a) temperature- and (b) field-dependent magnetization of a ferromagnetic material. (a) For T > TC , the temperature-dependent magnetization follows the
Curie-Weiss law χ ∝ 1/(T − TC ). For T < TC , the magnetization increases with increasing
temperature if the crystal was cooled down in zero field (ZFC), and decreases if the crystal
was cooled down in an external field (FC). (b) The field-dependent magnetization shows at
temperatures T < TC a hysteresis, defined by the virgin curve, saturation magnetization Ms ,
remanent magnetization Mr , and coercive field Hc .

These irreversibility effects are also known as “magnetic hysteresis”. They result, as
ferromagnets typically consist of many domains, which are energetically favourable as they
reduce the demagnetization fields introduced in section 2.1. Whereas in each domain, the
magnetic moments are uniformly aligned, different domains (separated by domain walls)
are randomly oriented with respect to each other. Thus, the total net magnetization in
the absence of any external field is zero.
An external magnetic field is in principle able to move domain walls. However, they
can be pinned due to strains or impurities. Thus, only if the magnetic field overcomes the
associated pinning energy, the domain wall can move further. At higher fields, it is also
possible that all spins of one domain rotate at once. In any case, one has to consider also the
magneto-crystalline anisotropy, meaning that crystals posses crystallographic directions
that are preferred (“easy axis”) or unpreferred (“hard axis”) in a magnetization process.
Thus, with increasing field, one single domain will be created where the magnetic moments
point along the easy axis closest to the direction of the external field. Only when the
magnetic field energy gets high enough, the moments will rotate away from the easy axis
to the direction of the external field. As in all those dynamics certain energy thresholds
need to be overcome, a magnetic hysteresis results.
The hysteresis in field-dependent magnetization measurements is defined by (see Fig. 2.4b):
• the initial magnetization curve after the crystal was cooled down in zero magnetic
field to temperatures T < TC , called “virgin curve”
• the saturation magnetization Ms

12
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• the remanent magnetization Mr which stays after the sample was once fully magnetized and the field was switched off
• the coercive field Hc which needs to be applied to reduce the magnetization from
the remanent value to zero.
For temperature-dependent magnetization measurements (in a small magnetic field),
one has to distinguish below TC (see Fig. 2.4b):
• zero-field cooled (ZFC) curve: the magnetization increases (from zero) with increasing temperature, as thermal fluctuations allow more and more domains to be oriented
along the field
• field-cooled (FC) curve: as the symmetry of the system was broken externally while
cooling through TC , a preferred spin direction was initialized; thermal fluctuations
are weakening the order and lead to a decrease of the magnetization with increasing
temperature.
Antiferromagnetism
For an exchange constant Jij < 0, neighbouring spins tend to align antiparallel. This leads
below the Néel temperature TN to antiferromagnetic order. For a theoretical description
following equation 2.15, an antiferromagnet can be considered to consist of two opposite,
interpenetrating ferromagnetic sublattices.
Antiferromagnetic behaviour can be usually identified by (see Fig. 2.5):
• For temperatures T > TN , the susceptibility follows at small external fields the
Curie-Weiss law
χ∝

1
.
T + TN

(2.17)

• At T < TN and relatively small fields, the temperature-dependent magnetization is
strongly direction-dependent.
• At T < TN , the field-dependent magnetization along the spin direction shows a step
before achieving saturation.
• The temperature- and field-dependent magnetization does not display hysteretic
behaviour.
In order to understand the direction-dependence of the magnetization below the Néel
temperature, one should first consider the magnetization at small fields applied at 0 K

2.3 Types of magnetism
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Figure 2.5: Typical (a) temperature- and (b) field-dependent magnetization of an antiferromagnetic material. (a) For T > TN , the temperature-dependent magnetization follows the
Curie-Weiss law χ ∝ 1/(T + TN ). For T < TN , the magnetization increases for the direction
parallel to the external field, and stays constant for the perpendicular direction. (b) The fielddependent magnetization along the spin direction rises (at 0 K) abruptly at the spin-flop field
HSF and increases further until saturation is reached at HS . For finite temperatures below
TN , this curve smears out due to thermal fluctuations. Brown arrows display schematically
the field-dependent spin alignment.

parallel (Mk ) and perpendicular (M⊥ ) to the spin direction (see Fig. 2.5a): while for the
former case, small magnetic fields will not affect the antiparallel aligned spins and therefore
the net magnetization is zero, in the latter case, the spins will be tilted slightly out of
the balance position, leading to non-zero magnetization. With increasing temperature,
the thermal fluctuations counteract the exchange interactions. This does not notably
influence the effect perpendicular to the spin direction. Therefore, M⊥ is almost flat for
temperatures T < TN . However, for the field parallel to the spin direction, the field can
act on the thermally excited spins and thus Mk increases with increasing temperature up
to TN .
In the case of high magnetic fields [37], it is clear that at one point the external field
must dominate over the internal exchange interaction, leading to a parallel alignment of
spins along the field direction. If the field acts perpendicular to the spin direction, this
will be a smooth process. However, the situation gets more complicated if the external
field is aligned parallel to the spin direction (see Fig. 2.5b). In this case, Zeeman energy,
exchange energy and magneto-crystalline anisotropy compete with each other, leading (at
T = 0 K) to the total energy:
1
E = −M B(cosθ + cosφ) + JM 2 cos(θ + φ) − ∆(cos2 θ + cos2 φ)
2

(2.18)
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with the exchange coupling constant J and the magneto-crystalline anisotropy ∆. Thus,
the ground state energy of the antiferromagnetic configuration is independent of the external field:
E0 = −JM 2 − ∆.

(2.19)

For higher fields, a “spin-flop” transition takes place: the spins rotate abruptly to a configuration where the angle between spins and external field is < 90◦ and the same (counted
clockwise and counter-clockwise) for both sublattices (see Fig. 2.5b). The energy of the
spin-flop phase is therefore:
E = −2M Bcosθ + JM 2 cos2θ − ∆cos2 θ.

(2.20)

Minimizing this energy with respect to θ and re-inserting the result in equation 2.20, yields
the minimum energy of the spin-flop phase:
E0,SF = −JM 2 −

M 2B2
.
2JM 2 − ∆

(2.21)

Comparing equations 2.19 and 2.21, the spin-flop takes place at:
BSF =

q

2J∆ − (∆/M )2 .

(2.22)

The corresponding field-dependent magnetization is depicted in Fig. 2.5b. The magnetization rises abruptly at the spin-flop field and increases afterwards steadily, as the spins
align gradually along the external field, until they are fully aligned.
One should also note that if the magneto-crystalline anisotropy is very strong, the spins
can directly rotate from the antiparallel to the parallel alignment (with respect to the
external field). This process is called “spin-flip”.
Helimagnetism
There exists a wide variety of other magnetic phases despite anti- und ferromagnetism,
often related to one of them or even both. One possible ground state of particular interest
for layered materials (such as several rare earth systems) is helimagnetism. In this case,
the spins are ordered ferromagnetically within one layer, however the magnetic moments of
neighbouring layers differ by a finite angle that is neither equal to zero (which would correspond to ferromagnetism) nor equal to π (which would correspond to antiferromagnetic
interlayer coupling). Thus, the spins will rotate along a spiral, which is not necessarily
commensurate with the lattice.

2.3 Types of magnetism
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Spin glass
In materials where frustration and disorder play an important role, magnetic long-range
order is prohibited [38]. In particular the RKKY-interaction, which oscillates between
antiferromagnetic and ferromagnetic coupling, often leads to competing interactions. In
these materials, one can distinguish in principle four temperature ranges: at very high
temperatures, the spins are independent due to strong thermal fluctuations. When lowering the temperature, first local and then also long-range interactions will occur: the
system starts seeking its ground state. However, due to the competing interactions, it
gets stuck at the so-called “freezing temperature” Tf in a metastable state. As this “spin
glass” phase is only metastable, hysteretic and time-dependent behaviour can be observed.
There exist several types of spin glasses. Systems with dominant short range interactions
are sometimes called “mictomagnetic” or “cluster glass”, as the short range interactions
lead to magnetic clusters that freeze in at Tf . It is also possible that a magnetically ordered
state transforms at lower temperatures to a spin glass - although this is counterintuitive as
one would expect a more ordered state at lower temperatures. The low-temperature phase
resembles then a cluster glass, however, in order to make clear that this phase originates
from another state than paramagnetism, it is referred to as “re-entrant spin glass”. One
theoretical explanation for this behaviour is that only the transverse spin components
freeze at the glass transition [39].

3

SUPERCONDUCTIVITY

In the beginning of the 20th century, cryogenics was still in its early infancy. It was
not before 1908 that H. K. Onnes managed to liquify 4 He, pushing the experimentally
accessible temperature range down to a few Kelvin. This opened a completely new world
in condensed matter research. Only three years later, he observed during his studies on Hg
at a critical temperature Tc ∼ 4.2 K an abrupt resistivity drop to zero - superconductivity,
until then an unknown state of matter, was discovered.
More than twenty years later, W. Meissner and R. Ochsenfeld found out that a superconductor is not just an ideal conductor: it is also a perfect diamagnet, meaning that
magnetic fields can not penetrate into its bulk. Dubbed after its discoverers, this second
characteristic of a superconductor is known today as “Meissner Ochsenfeld effect”.
Although great progress was achieved in experiments and more and more superconducting compounds were found, a microscopic theoretical description was only developed in
1957 by J. Bardeen, L. N. Cooper and J. R. Schrieffer.
In the following chapter, a brief introduction in their “BCS theory” will pave the way to
distinguish between conventional and unconventional superconductivity. Particular focus
will be put on the discussion of high-temperature superconductors. Although magnetism
and superconductivity are usually antagonistic phenomena, magnetic fluctuations might
be the key to understand their extraordinary properties. This motivates some further
insights into the interplay of magnetism and superconductivity. If not given explicitly,
explanations follow Ref. [2] and [40] or references given at the beginning of a section.
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3.1 BCS theory
Early theoretical descriptions of superconductivity were based on macroscopic, phenomenological models. The success of those approaches can be still seen today, as hereby defined
characteristic quantities of the superconducting state such as the London penetration
depth and the Ginzburg-Landau coherence length are still widely used1 .
In 1950, the observation of the so-called “isotope effect” introduced a relationship between the onset of superconductivity and the atomic mass of a superconducting compound [41, 42], indicating that superconductivity arises from interactions between electrons and lattice vibrations. A theoretical description of those interactions [16, 17] paved
the way for the microscopic BCS theory [15].
The fundamental idea behind BCS theory is that electrons of opposite spin and momentum form pairs (so-called “Cooper pairs”), assuming an attractive potential due to weak
electron-phonon-coupling that exceeds the repulsive Coulomb interactions. Those Cooper
pairs condense in a coherent ground state, leading to a gap in the density of states. This
energy gap is the order parameter of the superconducting state; its squared absolute value
proportional to the Cooper pair density.
Originally, the effective attractive potential between electrons was assumed to be independent of momentum, leading to an isotropic s-wave gap:
2∆0 (T = 0) = 3.5kB Tc

(3.1)

with a temperature-dependence that can be well approximated by:
∆(T )
Tc ∆(T )
= tanh
.
∆(0)
T ∆(0)




(3.2)

The experimental verification of this energy gap, demonstrated by optical spectroscopy [43],
was one of the big successes of BCS theory.

3.2 Unconventional high-temperature superconductivity
Although BCS theory describes successfully a huge variety of superconductors, there exist
also some materials where it fails. Even in some elemental superconductors such as Pb and

1

The London penetration depth gives the distance where an (electro-) magnetic field inside a superconductor is screened to 1/e of its initial value; the Ginzburg-Landau coherence length describes the
length scale over which the superconducting order parameter varies due to a local distortion, such as a
vortex.
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Hg, the observed behaviour slightly differs from BCS predictions. It turns out that the
latter compounds are still “conventional superconductors” with a strong electron-phonon
coupling and Eliashberg theory can achieve a proper description [44]. However, if the
coupling between electrons is not mediated via phonons, total spin or orbital momentum
are non-zero, superconductivity is inhomogeneous or magnetic interactions are observed,
the term “unconventional superconductivity” is used. Famous examples are heavy fermion
superconductors, ruthenates, cuprates, organic and iron-based superconductors [1].
One subclass of unconventional superconductors are high-temperature superconductors,
which have in common that (as their name already suggests) their critical temperature
exceeds any limit accessible by electron-phonon interactions [18, 45]. Up to now, only two
classes of high-temperature superconductors are known: the cuprates and the iron-based
superconductors, whose high critical temperatures were discovered in 1986 by G. Bednorz
and K. A. Müller [20] and in 2008 by the group of H. Hosono [4], respectively.

3.2.1 Cuprates
Cuprates are layered materials, where superconducting CuO2 planes alternate along the
crystallographic c-axis with spacer layers, resembling in total perovskite materials. Probably the most studied compounds are doped YBa2 Cu3 O7 (“YBCO”, [46]) and Bi2 Sr2 CaCu2 O8 (“BSCCO”, [47]) which show maximum critical temperatures around ∼ 90 K.
At present, the highest observed Tc is 164 K for HgBa2 Ca2 Cu3 O8 under pressure [19].
In the following, the generic phase diagram of cuprates is described (see Fig. 3.1), giving
a basis to elaborate similarities and differences to iron pnictides. Tuning through the phase
diagram results from electron or hole doping1 ; the spacer layers serve as charge reservoir.
Antiferromagnetic Mott insulator
The parent phase of cuprates is an antiferromagnetic Mott insulator that can be well
described by the Hubbard model: although the conduction band is half filled and thus
metallic behaviour would be expected, correlations (i.e. the Coulomb repulsion) between
electrons are strong enough to localize the electrons. With electron or hole doping, the
Mott phase gets suppressed.
d-wave superconductivity
While the Cooper pairs are conventional singlets, the superconducting order parameter
has unconventional dx2 −y2 -wave symmetry. This means that the gap changes sign along
1

The phase diagrams for electron and hole doping are slightly asymmetric: for electron doping, the Mott
phase is usually more robust and the superconducting dome narrower.
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Figure 3.1: Generic phase diagram of cuprates. The parent compounds are antiferromagnetic
Mott insulators (green). With doping, the magnetic long range order is suppressed and a
pseudogap phase (grey) appears, separating the Mott phase and the superconducting dome
(SC: blue). Above the superconducting dome, strange metal behaviour (red) is observed, with
a crossover to a Fermi liquid (yellow) in the overdoped range. This might indicate a quantum
critical point (QCP: red) buried by the superconducting dome.

the Fermi surface, leading to nodes in the order parameter at the diagonals of the Brillouin
zone, where the superconducting gap vanishes (see Fig. 3.2a,b). The maximum gap value
does not follow the BCS relation given in equation 3.1 and is typically much higher.
There is now broad consensus that the main pairing interactions take place between carriers within the CuO2 layers. As the coherence length is rather small, a three-dimensional
superconducting state appears due to Cooper pair tunneling along the c-axis. Thus,
cuprates display natural Josephson junctions.
Unconventional normal state properties
One of the main problems about a theoretical description of superconductivity in cuprates
is that the normal state from which superconductivity arises is still not understood: when
passing at high temperatures through the phase diagram, the Mott insulator gets replaced
by a “pseudogap” phase, which is followed by “strange metal” behaviour; conventional
Fermi liquid1 behaviour sets in only in the overdoped region.
In the pseudogap phase, a momentum-dependent gap appears [48]. While its absolute
value does not vary strongly with temperature, the gap opens for different momenta at
1

Landau’s Fermi liquid theory describes a system of interacting fermions by introducing long living
excitations. Those quasiparticles possess renormalized dynamical properties (such as an effective mass),
but can be described like a free electron gas. This results at sufficiently low temperature in a T 2 - and
ω 2 -dependence of the scattering rate.
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Figure 3.2: (a) Schematic Fermi surface of the cuprates. The grey shaded area marks the
occupied electron states. (b) Fermi surface superimposed with the dx2 −y2 -wave symmetry of
the superconducting order parameter. Red and blue correspond to different signs of the order
parameter, which has nodes (white) along the diagonals of the Fermi surface. (c) Development
of the Fermi surface: the normal state Fermi surface (T > T ∗ ) is first reduced to Fermi arcs in
the pseudogap phase (Tc < T < T ∗ ), which develop until superconductivity sets in (T < Tc )
to nodes.

different temperatures. This leads to a reduction of the Fermi surface to arcs1 , which
shrink further with decreasing temperature (see Fig. 3.2c). When superconductivity sets
in, almost the entire Fermi surface is already gapped: only the region at the nodes is still
occupied. Those nodes remain in the superconducting phase, consistent with the dx2 −y2 wave symmetry of the superconducting order parameter. Due to those (and many more)
similarities of the two gaps, the idea was developed whether the pseudogap phase is a
precursor of superconductivity, where non-coherent Cooper pairs form.
In contrast, recent results point more towards another explanation: the pseudogap seems
to be a separate phase. Indeed, ARPES and high-resolution STM measurements found a
small feature which they identified as a superconducting gap, with a smaller absolute value
than the pseudogap [52–54]. However, there is not yet consensus about the nature of the
pseudogap. To complicate this issue further, there are more and more additional phases
found by careful studies on cuprates such as (fluctuating) charge density waves [55–58]
and nematicity [59, 60]. Whether all those orders are competing with superconductivity,

1

Recent quantum oscillation measurements indicate that those arcs could be indeed small electron
pockets; charge order wave vectors that reconnect the remaining arcs might play a crucial role [49–51].
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a necessary key ingredient, or just appear due to an unknown “mother phase” needs to be
seen [21].
Another mystery in cuprates is the strange metal behaviour right above the superconducting dome. In this regime, the Mott-Ioffe-Regel limit is violated, meaning that the
mean free path of carriers is less than the interatomic distance [62, 63]. Thus, coherent
transport should not be possible and incoherent dynamics set in, as will be further discussed on the basis of optical measurements in chapter 4. Furthermore, the resistivity
displays over a wide temperature range linear behaviour, which might stem from spin
fluctuations or a quantum critical point1 [64].

3.2.2 Iron-based superconductors
Similar to cuprates, iron-based superconductors are layered materials [3, 5, 65]. Their
common ingredient are layers where Fe2+ is tetrahedrally surrounded by pnictogen or
chalcogen atoms. Thus, one differs between iron pnictides and iron chalcogenides. Further
classification results from the stoichiometric composition of the parent compounds.
According to this classification scheme, LaFeAsO1−x Fx (which originally caused the
“iron age of superconductivity” [69]) belongs to the “1111”-family. Replacing La by other
rare earth elements increases Tc up to 56 K in bulk materials; recent work on FeSe (“11”chalcogenide) monolayers indicated even higher accessible critical temperatures [67]. However, most research was done up to now on “122” iron pnictides due to the availability of
high quality single crystals, focusing on materials with BaFe2 As2 as parent compound (see
Fig. 3.3a). Eu based iron pnictides also belong to this family; more detailed discussions
concerning their magnetic and electronic properties can be found in chapter 6. Here, the
focus is on the generic phase diagram of 122 iron pnictides (see Fig. 3.3b); tuning through
the phase diagram can be reached by electron or hole doping2 , mechanical pressure, as
well as isovalent substitution.
Antiferromagnetism
Iron pnictides are multiband systems, where up to five Fe 3d-bands cross the Fermi energy.
This leads to a Fermi surface that consists usually of multiple quasi-two-dimensional hole
and electron pockets centered around the (0,0)-“Γ ”- and (π,0)/(0,π)-“X”-points of the

1
2

A quantum critical point is a second order phase transition that takes place at absolute zero temperature. It leads to a divergence of several physical quantities.
In literature there is an ongoing debate, whether superconductivity is induced in iron pnictides and
chalcogenides due to doping or disorder [68]. However, this should not be in the focus of this thesis
and for simplicity, the expression “doping” is used.
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Figure 3.3: Crystal structure (adapted from Ref. [8]) and generic phase diagram of 122 iron
pnictides. (a) Conducting Fe (beige) - pnictogen (green) planes are separated by spacer layers,
consisting of another element such as Eu, Ba, Sr or Ca (blue). In the antiferromagnetic phase,
the itinerant electrons of Fe order in a stripe-like configuration (brown arrows). (b) The antiferromagnetic (AFM) phase (green) is found in the parent compounds. At slightly higher
temperatures, a nematic phase transition (grey) takes place, accompanied by a tetragonal-toorthorhombic structural transition. With doping, mechanical pressure or isovalent substitution
(“x”), those orders are suppressed and superconductivity sets in (SC: blue). Above the superconducting dome, strange metal behaviour (red) is observed, with a crossover to a Fermi
liquid (yellow) in the overdoped range. This might indicate a quantum critical point (QCP:
red) buried by the superconducting dome.

unfolded1 Brillouin zone (see Fig. 3.4a). In general, the electronic system is more threedimensional than in the case of cuprates, visible in Fermi sheets that slightly warp along
the kz -direction and a less pronounced electronic anisotropy.
The ground state of the parent phase is an antiferromagnetic metal with a magnetic
moment per Fe atom of typically < 1 µB . This value is much smaller than the possible
6 µB for Fe2+ . Indeed, it was found that the antiferromagnetic ordering vector is usually (π,0) or (0,π), matching the nesting vector between electron and hole pockets (see
Fig. 3.4a); the corresponding stripe-like spin order which is ferromagnetic in one direction
and antiferromagnetic in the others is depicted in Fig 3.3a. This points (at least for the
122 iron pnictides) towards a rather itinerant magnetism with a spin density wave ground
state. However, one should note that in some compounds, there are also indications for a
more local character of magnetism; one example are 11 chalcogenides, where the magnetic
order vector differs from the nesting vector. Therefore, magnetism in iron-based super-

1

The folded Brillouin zone is that of the actual lattice, considering Fe and pnictogen atoms; the unfolded
Brillouin zone arises when only the Fe atoms are considered. While the Γ -point is the same in both,
the X-point in the unfolded scheme corresponds to the M -point in the folded one.
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Figure 3.4: Schematic Fermi surface as well as superconducting gap symmetry and structure
of iron pnictides (adapted from Ref. [65, 71]). (a) The Fermi surface usually consists of
multiple hole (dark blue) and electron pockets (dark green) centered around the (0,0)-“Γ ”and (π,0)/(0,π)-“X”-points of the unfolded Brillouin zone. Those pockets are nested by the
antiferromagnetic ordering vectors (dark red). (b) A superconducting order parameter with
s± -symmetry is isotropic and changes sign between electron and hole pockets. (c) For the
extended s± -symmetry, the order parameter might contain accidental nodes which can be
lifted by scattering [72].

conductors has probably a dual character with signatures of both, local and itinerant
magnetism.
Superconductivity
While it is consensus that the Cooper pairs are singlets, the symmetry of the superconducting order parameter of iron pnictides is still under debate. Mostly favoured is the
so-called “s± -symmetry”, where s-wave gaps at the different Fermi surface sheets have opposite sign (see Fig. 3.4b, [70, 71]). In the “extended s± -wave” scenario, those gaps may
have accidental nodes (see Fig. 3.4c) which are not given by symmetry and can be therefore
lifted by scattering [72]. This possibly explains the variety of contradictory measurements
concerning nodes in the order parameter, as their occurrence would be strongly affected
by scattering and thus the sample quality. Any analysis about gap sizes and symmetries
are further hampered by the multiband character of the iron pnictides, which causes the
opening of several superconducting gaps. Further details on this topic and a possible
smoking gun experiment to prove the s± -symmetry with the help of optical spectroscopy
are given in the attachment.
Despite the gap symmetry, another interesting difference between cuprates and ironbased superconductors concerns the separation of superconductivity and long-range magnetic order in the phase diagram. In iron pnictides, the maximum Tc appears usually close
to the (extrapolated) end point of the antiferromagnetic phase transition. In some compounds, even a coexistence region of spin density wave and superconducting order emerges
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(in contrast to cuprates, where the Mott insulating phase and the superconducting dome
are separated by the pseudogap phase). The observation of competing order parameters
suggests that this coexistence appears on the microscopic scale [73, 74].
Unconventional normal state properties
Although the pseudogap phase governs the phase diagram of cuprates, it is either absent
or at least much less pronounced in the case of iron pnictides (see chapter 4.4.5). Nevertheless, the normal state above the superconducting dome is anything but conventional.
There is growing experimental and theoretical evidence for a “nematic phase” transition
that precedes or accompanies the antiferromagnetic ordering [6, 25, 75–80, 240]. The term
“nematic” is borrowed from liquid crystal theory and describes the breaking of the C4 rotational symmetry. Interestingly, this does not only mean that a tetragonal-to-orthorhombic
phase transition takes place: an electronic in-plane anisotropy sets in, whose magnitude is
much larger than the orthorhombic lattice distortion. Furthermore, the b-axis resistivity
is higher than that along the a-direction, although one would expect the opposite1 . In
other words, the itinerant electrons do not just follow the lattice anisotropy. Therefore,
the transition is generally believed to be driven electronically either by spin or orbital
fluctuations. Unfortunately, no matter which of those interactions is responsible, at the
transition one will always observe an anisotropy of all - structural, orbital and spin degrees of freedom - as they are strongly entangled. Thus, it is extremely difficult to decide
what is actually driving the nematic order. However, exactly this question is of particular
interest: the nematic phase in the iron pnictides phase diagram extends far above the
superconducting dome and appears also in cuprates. Therefore, it might be the essential
key ingredient for high-temperature superconductivity.
The experimental investigation of nematicity is challenging. In order to probe the
fluctuations above the transition, piezo elements can be used that induce some small
amount of strain on the sample [25, 81]. Those experiments uncovered a huge nematic
susceptibility that diverges at the transition temperature, independent of crystal type or
quality [81].
Below the nematic transition, as the orthorhombic distortion is only small, the formation of twin domains usually obscures the intrinsic anisotropy. In cuprates, mechanical
clamps and magnetic fields were found to detwin single crystals [22, 23]. In the case
of iron pnictides, the effect of typical laboratory magnetic fields on the Fe spins is rather
weak: 14 T detwin BaFe2 As2 only by ∼ 10 % [24]. Thus, mechanical clamps are commonly
1

A stronger orbital overlap along the shorter b-axis as well as the ferromagnetic spin alignment should
both lead to a higher conductivity with respect to the a-axis.
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used [6]. However, this introduces an explicit symmetry breaking by uniaxial pressure,
which must be considered carefully [25]: similar to ferromagnets, where the magnetization
depends on the external magnetic field, the intrinsic nematic response can only be measured in the limit of zero external symmetry-breaking force. Indeed, mechanical clamps
were found to significantly enhance the transition temperatures in iron pnictides and even
induce additional anisotropy above [78].
In the framework of this thesis, it was uncovered that small magnetic fields are enough to
persistently detwin EuFe2 As2 . This provides the unique possibility to study the low temperature electronic in-plane anisotropy of iron pnictides without applying any symmetrybreaking external force. The corresponding results are discussed in chapter 9 and Ref. [13].
Despite the nematic phase, another similarity can be found between cuprates and iron
pnictides when looking at their normal state behaviour: a strange metal phase extends far
above the superconducting dome, accompanied by linear resistivity. In BaFe2 (As1−x Px )2
- which is usually considered as a very clean material as P substitution does not induce
appreciable scattering - a diverging effective mass around the optimum substitution level
was verified [83, 84]. Therefore, similar to cuprates the existence of a quantum critical
point and its relation to unconventional superconductivity is discussed.

3.2.3 Magnetic fluctuations
Due to the proximity of high-temperature superconductivity to a magnetic phase in both,
cuprates and iron-based superconductors, it is intriguing to consider magnetic spin fluctuations as a possible pairing glue for Cooper pairs. However, those interactions lead to
a repulsive pairing potential, opposite to the basic assumptions of BCS theory (see section 3.1). Further insight how such a potential can still support superconductivity can be
found when looking at the BCS self-consistency gap equation for singlet pairing [85]:
∆(k) = −

X

V eff (k − k0 )
∆(k0 )
2 ∆2 (k) + 2 (k)
p

k0

(3.3)

with the momenta k and k0 , the energy gap ∆, the effective two-particle pairing interaction
V eff , as well as the dispersion of the electrons in the normal state (k). Obviously, an
attractive pairing potential V eff < 0 (as assumed by Bardeen, Cooper and Schrieffer)
might support superconductivity, as left and right sides of equation 3.3 can obtain the same
sign. For V eff > 0, equation 3.3 can be only fulfilled for a strong momentum-dependent
potential that leads to gaps with opposite sign for the momenta k and k0 . The simplest
solution for this problem is a d-wave gap, as indeed observed in cuprates. However, also
the s± -symmetry favoured in iron-based superconductors fulfils those conditions.
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In order to get experimental information about the importance of spin fluctuations,
inelastic neutron scattering has turned out to be a very powerful tool. It was found that
a resonance peak in the superconducting spin excitation spectrum is a unique feature of
unconventional superconductors [5, 65, 88]. This magnetic resonance appears at the same
wave vector as the static magnetism in the parent compounds: at temperatures T < Tc ,
the antiferromagnetic neutron scattering signal gets depleted at lowest energies and a peak
appears at energies smaller than 2∆. Theory predicts such a peak if the superconducting
energy gap takes opposite values on different parts of the Fermi surface. Thus, it indicates
unusual repulsive electron pairing. In iron pnictides, such a resonance was demonstrated
for the first time for Ba0.6 K0.4 Fe2 As2 [89].
One can further compare the spectrum of spin excitations with the Eliashberg spectral
function α2 F (ω), where α denotes the electron-boson coupling strength and F (ω) the
frequency-dependent bosonic density of states [86, 87]. While the former can be measured
with inelastic neutron scattering, the latter can be extracted from tunneling or infrared
spectroscopy data. If spin fluctuations are responsible for Cooper pair formation, α2 F (ω)
should be proportional to the imaginary part of the spin susceptibility. Indeed, both - iron
pnictides and cuprates superconductors - show that the resonance mode coincides with
features in α2 F (ω) [5], further supporting the idea of magnetic fluctuations as pairing
glue.

3.3 Superconductivity and Magnetism
As the electrons forming a Cooper pair contain within the BCS theory opposite spin
and momentum, it is very clear that magnetism and superconductivity are conventionally
antagonistic phenomena. Their interplay is in the focus of the following sections.

3.3.1 Type I and II superconductors
A “type I” superconductor is a perfect diamagnet, meaning that an external magnetic
field gets shielded completely by supercurrents in a thin surface layer. Importantly, this
holds no matter whether the magnetic field is switched on below or above Tc , if the field
does not exceed a critical value Bc2 where superconductivity breaks down.
However, the detailed shielding mechanism depends on the cooling procedure. In the
case of zero-field cooling, shielding currents are induced that counteract the application of
the magnetic field; those currents do not decay, because the resistance is zero. As this is
nothing else than Lenz’s law, the same behaviour would also occur in an ideal conductor.
The difference between a superconductor and an ideal conductor lies in the field-cooled
behaviour: at temperatures T > Tc , magnetic flux can penetrate inside both specimen; for
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T < Tc , however, this flux is expelled only in the case of a superconductor. This additional
effect that can not be explained by Lenz’s law was discovered by Meissner and Ochsenfeld.
Therefore, the corresponding phase is called the “Meissner phase”.
High-temperature superconductors belong to another class of superconductors, the “type
II” superconductors, where an intermediate “Shubnikov phase” appears: above the critical
field Bc1 , the external field can penetrate inside the material within “Abrikosov vortices”.
The Cooper pair density is zero at the core of such a vortex; it increases away from the
core within the Ginzburg-Landau coherence length. Correspondingly, the magnetic field
has a maximum at the core of the vortex; it decreases away from the core within the
London penetration depth. The ground state of the system is a triangular vortex lattice,
where each vortex contains a single flux quantum; higher magnetic fields lead to a higher
density of vortices, until superconductivity breaks down at Bc2 .

3.3.2 Magnetization of a superconductor
Magnetization measurements are often used to characterize a superconductor, as a diamagnetic signal indicates bulk superconductivity. However, the interpretation of those
magnetization measurements can be very complex, as will be shown below.
Temperature-dependent magnetization
The first case that should be discussed are temperature-dependent magnetization measurements [90, 91]. In the strictest sense, only a susceptibility of -1 that was gained in
a field-cooled measurement proves 100% bulk superconductivity. This can be understood
intuitively when considering a type I superconducting cylinder which has an axial hole,
where a magnetic field is applied parallel to the cylinder axis. For zero-field cooling, surface currents will shield everything “inside”, also the hole - the whole specimen acts as a
perfect diamagnet. For field-cooling, however, the result is different: the magnetix flux
that could penetrate inside the specimen in the normal conducting phase needs to be expelled. This takes place only in the superconducting volume; the flux in the hole remains.
Therefore, only the superconducting volume acts as a perfect diamagnet. In summary,
the field-cooled susceptibility will be less negative than the zero-field cooled curve; only
the field-cooled response will give the true superconducting volume fraction.
Unfortunately, a less negative field-cooled signal does not mean necessarily a bad sample quality or a smaller superconducting volume fraction. For instance, granular superconductors have intergranular spaces that can trap flux. Another example are type II
superconductors, where vortex dynamics can lead to very complex hysteretic behaviour,
which will be discussed in more detail in the next section.
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Field-dependent magnetization
Real type II superconductors contain imperfections. Indeed, the system can win energy
when the vortices run through normal-conducting defects, as this effectively reduces the
vortex length. Thus, the vortices are “pinned” to those defects. If this pinning is strong,
the superconductor is characterized as “hard”, leading to interesting hysteresis effects due
to flux trapping.
The magnetization curves of such hard superconductors can be well described by Bean’s
critical state model [92]. While at B < Bc1 , the penetration of the magnetic field is given
by the London penetration depth, at B > Bc1 , vortices will start penetrating into the
material. Bean assumed that those vortices get pinned when entering through the surface,
leading below the surface to a broadened shielding volume with a homogeneous critical
current density jc . For external fields much smaller than the upper critical field, jc is
assumed as constant.

Figure 3.5: Development of an internal magnetic field Bint inside a hollow superconducting
cylinder (wall thickness d) when an external magnetic field Bext is applied (Bext > Bc1 ),
following Bean’s critical state model. The field distribution is schematically depicted in (a) for
increasing Bext and in (b) for decreasing Bext . (c) Bint dependent on Bext ; fields displayed
in (a) and (b) are marked by symbols with the same colour. A distinct hysteresis results,
as vortices get directly pinned when entering the superconductor: with increasing field, the
cylinder gets gradually “filled” with vortices from the outside to the inside; with decreasing
field, opposite supercurrents cancel the vortices - again from the outside to the inside. Thus,
vortices are trapped inside the walls for a certain range of Bext .
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In order to understand the implications of those assumptions, a hollow superconducting
cylinder with thin walls of thickness d and neglectable small Bc1 can be considered, where
a magnetic field Bext is applied along the cylinder axis (see Fig. 3.5a). For small fields,
Bext gets completely shielded within the cylinder walls and the magnetic field at the center
of the cylinder Bint stays zero (see Fig. 3.5c). With increasing Bext , the volume where
vortices penetrate the superconductor increases until the cylinder walls are completely
filled. From this point, an increasing external field also leads to an increase of Bint . The
hysteretic effects get obvious when the external field is decreased (see Fig. 3.5c): due to the
decrease, an opposed critical current is induced at the surface, meaning that the density
of vortices decreases where this current flows. When decreasing Bext further, Bint does
not change until a homogeneous state is reached in the whole cylinder. At zero external
field, a finite internal field is trapped inside the hollow cylinder.
Indeed, the processes in a bulk sample are very similar [93], leading to characteristic
strongly hysteretic magnetization curves that appear also in iron pnictides [94]. Considering that jc should decrease when approaching the upper critical field, magnetization
curves of hard superconductors can be well described by Bean’s critical state model [95].

3.3.3 Upper critical field(s)
As already mentioned, superconductivity gets destroyed at the upper critical field Bc2 .
In principle, there are two processes responsible for breaking up the Cooper pairs: spin
and orbital pair-breaking [96]. The first case only happens in spin singulett superconductors, where the Cooper pairs consist of electrons with opposite spin: As the magnetic
field induces an energy splitting between those (Zeeman effect), superconductivity gets
destroyed in the so-called “Pauli” or “Chandrasekhar-Clogston limit” [97, 98] as soon as
this difference exceeds the condensation energy of the Cooper pairs. In the case of orbital
or diamagnetic pair-breaking, the Cooper pairs are literally torn apart, as they possess
opposite momentum and thus the Lorentz force in a magnetic field will act in opposite
directions. While the upper critical field of most of the conventional superconductors is
determined by the orbital pair-breaking (described by the Werthamer-Helfand-Hohenberg
theory [99]), the Pauli limit plays a more important role in unconventional superconductors.

3.3.4 Exotic phases
Intuitively, one would not expect superconductivity in magnetic materials, as the magnetic
exchange field between spins creates usually very high internal fields. Nonetheless, in
some cases superconductivity is still energetically favourable, leading to exotic behaviour.
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Here, some of the effects that were discussed for Eu based 122 iron pnictides are shortly
introduced.
The first phenomenon that is observed in many of the Eu based iron pnictides is the
“re-entrant superconductivity”: for temperatures T < Tc , superconductivity is first destroyed (Tn,re ) and then re-enters at lower temperatures (Tc,re ). This behaviour results
from temperature-dependent magnetic interactions and was initially predicted in 1971 for
materials that exhibit the Kondo effect [100]; in this case the pair-breaking first increases
with decreasing temperature due to the Kondo effect, until it decreases again at the coherence temperature. Such a full cascade of transitions was experimentally verified in 1977
on La-Y-Ce alloys [101] with Tc = 0.55 K, Tn,re = 0.27 K and Tc,re = 0.05 K.

Figure 3.6: Typical temperature-dependent resistivity
of a re-entrant superconductor. Superconductivity that
sets in at Tc gets suppressed
at slightly lower temperatures
Tn,re due to competing magnetism. If the pair-breaking effects get weaker with decreasing temperature, superconductivity can eventually re-enter
at Tc,re .

Nowadays, several rare earth materials are known to show re-entrant superconductivity.
One example are borocarbides [102], which have a similar crystal and magnetic structure
as EuFe2 As2 . In Ho(Ni2 Co2 )B2 C, three different magnetic phases exist below Tc . In the
low temperature phase, spins within one layer are ferromagnetically coupled (with a small
out-of-plane component) and neighbouring planes are coupled antiferromagnetically. The
higher temperature phases are similar, but show slightly incommensurate spirals. It turns
out that the incommensurable magnetism is harmful to superconductivity, in contrast to
the commensurable phase. Theoretically, this behaviour is yet not well understood, but
leads to the characteristic temperature-dependence of a re-entrant superconductor, where
superconductivity is recovered when the commensurable magnetism sets in. The situation
is more clear in superconducting cluster glasses such as (Gd,La)Ru2 and (Nd,Th)Ru2 [102],
where the short-range ferromagnetic interactions compete with superconductivity, leading to re-entrant superconductivity. In this case, the superconducting state is probably
recovered, when larger ferromagnetic clusters become unstable at low temperatures.
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While the phenomenon of re-entrant superconductivity directly shows that superconductivity and magnetism compete, the question of how ferromagnetism and superconductivity
can coexist microscopically is more challenging to reply and several theoretical predictions
have been made.
In 1964, Fulde and Ferrell as well as Larkin and Ovchinnikov considered independently
from each other the effect of ferromagnetic moments on conventional singlet superconductors [103–105]. They found a stable phase, where the Cooper pairs contain non-zero
momentum, corresponding to the momentum difference of the Fermi surfaces of spin-up
and down electrons. This leads to a spatial modulation of the superconducting order
parameter, meaning that the Cooper pair density varies periodically in space. Although
it was yet not possible to verify this “FFLO-state” in ferromagnetic superconductors,
there are strong indications that such a spatially modulated state exists at high fields in
unconventional superconductors [106].
Another approach to this topic is that conventional ferromagnetism could be even hampered to occur in a superconducting phase. In this spirit, it was suggested already in
1959, that in the superconducting phase only very small ferromagnetic domains will appear, which cancel each other out on the scale of the superconducting coherence length in
a “cryptoferromagnetic” alignment [107].
Furthermore, it was also predicted that in a ferromagnetic superconductor, spontaneous
vortices can occur, lowering the system’s energy similar to the Shubnikov phase in conventional type II superconductors [108, 109]. At the moment, this effect is favoured to occur
in Eu based iron pnictides [31], although a direct experimental proof is still missing.
Finally, one should note that an external magnetic field can in principle also enhance
superconductivity if it acts against the internal magnetism. In rare earth materials such as
the Chevral-phase compound Eux Sn1-x Mo6 S8 [111, 112], the appearance of a second superconducting dome at high magnetic fields was observed, while the original superconducting
dome was already suppressed at lower fields. This effect was theoretically explained in
1962 [110]: in those superconductors, the exchange field between conduction electrons and
local magnetic moments can be positive or negative, i.e. parallel or antiparallel to the
local moment direction. In the latter case, the exchange field is opposed to an external
magnetic field. Thus, for a certain field range, the external and internal magnetic fields
almost cancel each other out, significantly reducing the conduction electron polarization.
This leads to a re-appearance of superconductivity.

4

ELECTRODYNAMIC PROPERTIES

Optical spectroscopy is a powerful method to gather information about the electrodynamic
properties of materials, as it is able to resolve the energy scales of electronic interactions.
In this chapter, basic definitions and concepts to describe metals and broken symmetry
states are introduced, following Ref. [113] and [114]. Those concepts are then employed
to review the electrodynamic properties of 122 iron pnictides [115].

4.1 Basic definitions
In analogy to the relation of magnetic flux density and field strength discussed in chapter 2.1, an electric displacement field D can be defined in free space as:
D = 0 E

(4.1)

with the permeability of free space 0 and the electric field E.
In a linear and isotropic dielectric material, an external electric field creates a polarization P and equation 4.1 needs to be extended:
D = 0 E + P = 0 r E

(4.2)
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with the relative dielectric constant (i.e. permittivity) r , which can be related to the
refractive index ñ of the medium via:
ñ =

√

(4.3)

r .

In a dispersive medium, ñ and r are both complex frequency-dependent quantities:
ñ(ω) = n(ω) + ik(ω)

(4.4)

r (ω) = 1 (ω) + i2 (ω).

(4.5)

Despite {n(ω), k(ω)} and {1 (ω), 2 (ω)}, there exist also two other pairs of optical
constants that are commonly used for describing the electrodynamic properties of solids.
The first is the frequency-dependent conductivity:
σ(ω) = σ1 (ω) + iσ2 (ω)

(4.6)

that relates to the relative dielectric constant as:
r (ω) = ∞ + i

σ(ω)
0 ω

(4.7)

with ∞ being the relative permittivity at ω → ∞.
A common way to excess those optical constants are reflection measurements, where the
reflected wave displays a phase shift θ(ω) and an amplitude change r(ω) with respect to
the incident wave. In an experiment, the measured quantity is usually the reflectivity:
R(ω) = |r(ω)|2 =

(n − 1)2 + k 2
.
(n + 1)2 + k 2

(4.8)

Unfortunately, the phase shift
θ = arctan−1



2k
n2 + k 2 − 1



(4.9)

is accessible only by some measurement techniques such as ellipsometry or time domain
spectroscopy. However, as for all optical constants the causality condition holds, the
Kramers-Kronig transformation can be used to calculate the phase shift:
ω
θ(ω) = − P
π

Z ∞
lnR(x)
0

x2 − ω 2

dx

(4.10)
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where P denotes the Cauchy principle value. As usually the reflectivity is measured only
over a limited frequency range, R(ω) needs to be extrapolated properly to low and high
frequencies. Once this is done, one has obtained the last pair of optical constants from
which all the others: {n(ω), k(ω)}, {1 (ω), 2 (ω)} or {σ1 (ω), σ2 (ω)} can be calculated.
Indeed, Kramers-Kronig transformations connect all real and imaginary parts of optical
constants, and can be utilized to derive “sum rules”, which are powerful tools in the
analysis of spectroscopic measurements.
It should be noted that within this thesis, uniformly the SI system is used. However,
in optical spectroscopy often the CGS notation or even a mixture of unit systems can be
found. Most importantly, frequency and scattering rate are commonly given in [cm−1 ].
By using the conversion:
[cm−1 ]CGS

∗2πc

−−−→

[1/s]SI

(4.11)

the corresponding SI unit [1/s] can be obtained.

4.2 Metals
The electrodynamic properties of metals can be well understood considering the phenomenological Drude and Lorentz model. While the former describes intraband interactions, the latter accounts for interband transitions. In order to model the electrodynamics
in a real material, contributions from both models are included. While the reflectivity is
not additive, the conductivity is (according to Matthiessen’s rule).
Drude model
In the Drude model, a metal is described as a classical gas of electrons. Such an electron
interacts with its environment only in the form of collisions; the average time between
subsequent collisions is given by the relaxation time τ or the scattering rate Γ = 1/τ .
This leads in the presence of a time-dependent external field E(t) to the equation of
motion:
m

dr2 m dr
+
= qE(t)
dt2
τ dt

(4.12)

with mass m and charge q of the free carriers. By solving this equation, one obtains for
the real and imaginary part of the frequency-dependent conductivity:
σ1 (ω) = σdc
σ2 (ω) = σdc

1
1
= 0 ωp2 τ
2
2
1+ω τ
1 + ω2τ 2
ωτ
ωτ
= 0 ωp2 τ
1 + ω2τ 2
1 + ω2τ 2

(4.13)
(4.14)

36

4 Electrodynamic properties

with the frequency-independent prefactor given either by the dc conductivity
σdc =
or the plasma frequency

N q2τ
m

s

ωp =

N q2
0 m

(4.15)

(4.16)

that depend on the density N of the free carriers.
The Sommerfeld extension of the Drude model accounts for the existence of a Fermi
surface, leading to a more realistic description with an effective mass m∗ in equations 4.12 4.15 and a mean free path l given by the Fermi velocity vF :
l = vF τ.

(4.17)

In Fig. 4.1a, the reflectivity R(ω) of a typical Drude response is displayed. For ω  1/τ ,
the electrodynamic properties of a metal depend mainly on the dc conductivity and the
reflectivity can be well described by the Hagen-Rubens relation:
s

R(ω) ≈ 1 − 2

20 ω
,
σdc

(4.18)

as can be seen in the inset of Fig. 4.1a. With increasing frequencies, the reflectivity stays
close to unity, until it drops rapidly at ωp and the metal gets transparent.
Fig. 4.1b displays the corresponding complex conductivity. σ1 (ω) is almost flat at low
frequencies with σ1 ≈ σdc and decreases at higher frequencies rather rapidly to zero, with
the inflection point of the curve at the scattering rate. In contrast, σ2 (ω) vanishes at low
frequencies and has a maximum at 1/τ . One should note that the area below the real
part of the conductivity is a measure of the carrier density and effective mass. This can
be directly seen when integrating:
Z ∞
0

σ1 (ω)dω =

0 π 2 N q 2 π
ωp =
2
2m

(4.19)

Indeed, this so-called “f -sum rule” is valid independent from the Drude model.
Extended Drude model
In the Drude model, the scattering rate is assumed to be frequency-independent. However,
this assumption is invalid for many correlated materials, where the carriers couple to a
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Figure 4.1: Typical (a) reflectivity and (b) conductivity of a metal according to the Drude
model. (a) R(ω) (brown line) is close to unity until it drops rapidly at ωp . The inset shows that
at low frequencies, the reflectivity can be well described by the Hagen-Rubens equation (red
dotted line). (b) σ1 (ω) (green line) is close to σdc (red dotted horizontal line) and decreases
at higher frequencies with the inflection point of the curve at 1/τ , where σ2 (ω) (blue dashed
line) displays a maximum.

bosonic mode. Therefore, an extended Drude model was introduced [116], where 1/τ got
replaced by a complex damping function:
M (ω) =

1
− iωλ(ω)
τ (ω)

(4.20)

with the frequency-dependent scattering rate 1/τ (ω) and the optical mass enhancement
factor λ(ω). Those parameters can be derived from the optical conductivity:
1
τ (ω)

= 0 ωp2

1 + λ(ω) =

m∗
mb

1
σ1 (ω)
= −0 ωp2

(4.21)
1
1
ω σ2 (ω)

(4.22)

with the band mass mb . This is of particular interest for unconventional superconductors,
as from 1/τ (ω) the Eliashberg spectral function α2 F (ω) (introduced in chapter 3.2.3) and
the coupling strength to the bosonic mode λ (also called “mass renormalization factor”)
can be calculated.
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Lorentz model
In many cases, resonant interaction of light with matter can be phenomenologically described by the Lorentz model of damped harmonic oscillators. Typical examples are ionic
or phononic vibrations, as well as interband transitions. It follows for the real and imaginary part of the frequency-dependent conductivity:
ω 2 /τ
− ω 2 )2 + ω 2 /τ 2
ω(ω02 − ω 2 )
σ2 (ω) = −0 ωp2
(ω02 − ω 2 )2 + ω 2 /τ 2
σ1 (ω) = 0 ωp2

(ω02

(4.23)
(4.24)

with the same definition of the plasma frequency ωp as in the Drude model; the damping
1/τ accounts for the energy loss of the oscillating dipoles due to collisions.
In Fig. 4.2a, the reflectivity R(ω) of a Lorentz oscillator is displayed. While the reflectivity is rather flat at low frequencies, it increases strongly around ω0 due to the onset of
interband transitions. For higher frequencies, the reflectivity stays again rather constant,
until it drops similar to the Drude model at ωp .

Figure 4.2: Typical (a) reflectivity and (b) conductivity of a Lorentz oscillator. While R(ω)
(brown line) is rather flat at low frequencies, it increases around ω0 , flattens again, and drops
finally similar to the Drude model at ωp . While σ1 (ω) (green line) displays a maximum at ω0
with the FWHM = 1/τ , σ2 (ω) (blue dashed line) has an inflection point at ω0 and extrema
at ω0 ± 1/2τ .
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The corresponding conductivity can be seen in Fig. 4.2b. As the interband transitions
lead to strong absorption, σ1 (ω) displays a maximum at ω0 with the full width at half
maximum (FWHM) given by 1/τ ; σ2 (ω) is negative below ω0 and positive at higher
frequencies, with extrema at ω0 ± 1/2τ .

4.3 Broken symmetry states in metals
Electron-electron and electron-boson interactions might trigger in a metal a phase transition to an ordered, coherent ground state with broken symmetry. Examples are superconductivity and density wave states. While in the former case, gauge symmetry is broken
via the Higg’s mechanism, in the latter case, translational symmetry is broken due to a
periodic variation of spin or charge. Further differences can be found when considering
the pairing conditions: while for conventional superconductors1 , electrons with opposite
momentum pair, in density waves electrons and holes pair with a total momentum of
Q = 2kF . Therefore, the latter process requires a substantial nesting of the Fermi surface,
meaning that parts of the Fermi surface can be mapped on top of each other by translation
with Q.

4.3.1 General quantum mechanical description
In the metallic phase, the interaction of light with matter can be described sufficiently
in the framework of the classical Drude and Lorentz model, as discussed in section 4.2.
For superconductors and density waves, however, a quantum mechanical description is
necessary.
According to Fermi’s golden rule, the net transition rate from an initial (occupied) to a
final (unoccupied) state (with energies E and E + ~ω, respectively) depends on:
• the energy of the external probe ~ω
• the number of occupied quasiparticle states, given by f (E)D(E) (with the energydependent Fermi distribution f (E) and the density of states D(E))
• the number of unoccupied states, given by [1 − f (E + ~ω)]D(E + ~ω)
• the transition matrix element M

1

This section will focus on conventional superconductors with an isotropic energy gap.
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and can be calculated in general as:
W ∝

Z

|M|2 D(E)D(E + ~ω) [f (E) − f (E + ~ω)] dE.

(4.25)

For broken symmetry states, one needs to consider some peculiarities about the density
of states and the transition matrix element that will be discussed below.
Single particle density of states
In the broken symmetry phase, a temperature-dependent energy gap appears in the single
particle excitation spectrum, as already discussed for a (conventional) superconductor in
chapter 3.1; the gap equation is the same for a density wave. The corresponding single
particle density of states is depicted in Fig. 4.3. Above the critical temperature where the
symmetry is broken (T > Tc ), the density of states is basically flat and the occupation
of states follows the Fermi distribution. In the broken symmetry phase, states within the
energy gap can not be occupied. As the total number of states needs to be conserved, the
gapped states are reshuffled, leading to a divergent density of states at EF ± ∆.

Figure 4.3: Single particle density of states for a metal that exhibits at Tc a transition to
a broken symmetry phase for (a) T > Tc , (b) 0 < T < Tc , and (c) T = 0; dark areas mark
occupied states, light colours unoccupied ones. (a) For T > Tc , the density of states follows
the Fermi distribution. (b,c) Below Tc , a temperature-dependent gap develops around EF ,
leading to a divergence of the density of states at EF ± ∆. The absorption of photons with
~ω ≥ 2∆(T ) can break Cooper pairs (black solid arrow). (b) Only for T > 0, thermally
activated electrons are available to absorb photons (dashed black arrow).

The formation of an energy gap has important implications for the absorption of photons: while Cooper pairs can be broken only for energies ~ω ≥ 2∆(T ), thermally excited
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electrons can also absorb photons with lower energies. This leads to two independent
absorption channels, whose properties will be discussed in the next sections.
Coherence effects
While transitions between different states are independent for a metal, the situation is
more complicated in the case of a broken symmetry phase where carriers are condensed
into a coherent ground state [40, 61]. As a quasiparticle of such a ground state consists
of two carriers with well-defined momentum- and spin-relation, it can be shown that one
will always find pairs of transitions that involve the same excitation states, although the
scattering process is different (for a typical example, see table 4.1).
Process

State

(k1 , ↑)

(−k1 , ↓)

(k2 , ↑)

(−k2 , ↓)

1

initial

1

0

0

0

1

final

0

0

1

0

2

initial

1

0

1

1

2

final

1

1

1

0

Table 4.1: Two processes in a superconductor that lead to a scattering of an electronic
excitation from the initial state (k1 , ↑) to the final state (k2 , ↑). States that are occupied by
an electron are noted as “1”, unoccupied ones by “0”. Pairs of opposite spin and momentum
that form a Cooper pair are marked in blue; if in such a pair only one electronic state is
occupied, this is called electronic excitation (red). While the first process involves a scattering
of an electron from (k1 , ↑) to (k2 , ↑) (marked in bold signs), the second process involves
a scattering from (−k2 , ↓) to (−k1 , ↓). However, the initial and final states concerning the
electronic excitation are the same.

This needs to be considered when calculating the transition matrix elements, as equivalent matrix elements have to be added coherently before taking the squared absolute value
in equation 4.25. It turns out that a proper mathematical description can be achieved via
so-called “coherence factors” F, transforming the transition matrix element as:
|M|2 → F|M|2

(4.26)

in the broken symmetry state. The absolute value of F depends on the type of perturbation
and varies between zero and one.
Fig. 4.4a displays the frequency-dependence (at T = 0 K) of the electromagnetic absorption for a superconductor and a spin density wave system, calculated from equation 4.25
with considering the appropriate coherence factors. While for the latter case, the singularity in the density of states is directly visible in the absorption spectrum, for a superconductor, the coherence factor approaches zero at the gap energy and cancels the singularity
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in the density of states. This leads to a smooth increase of the absorption rate for energies above 2∆. In Fig. 4.4b, also the temperature-dependence of the absorption rate is
depicted for electromagnetic irradiation with small energies ~ω  2∆. In the case of a
superconductor, one can observe just below Tc a surprising enhancement of the absorption
rate. As this enhancement rises again from the coherence factor, this feature is usually
referred to as “coherence peak”.

Figure 4.4: (a) Frequency- and (b) temperature-dependent absorption of photons for a
superconductor (blue) and a spin density wave material (red) at T = 0 and ~ω  2∆,
respectively, as resulting from Fermi’s golden rule (adapted from Ref. [113]). (a) In both
cases, an energy gap appears below 2∆. While for the spin density wave, the singularity
in the density of states is directly visible in the absorption spectrum, for a superconductor,
coherence effects lead to a smooth increase of the absorption. (b) A coherence peak slightly
below Tc is only visible for a superconductor.

4.3.2 Superconductors
In the so-called “two-fluid” model, the electrodynamic properties of a superconductor
are approximated as a superposition of the response of superconducting and normalconducting electrons, neglecting any superconducting gap and coherence effects. For the
condensed electrons, such a classical descriptions transforms the Drude conductivity (see
equation 4.13) in the limit τ → ∞ to:
σ1 (ω) =

π N q2
π 0
δ(ω = 0) =
δ(ω = 0)
2 m
2 λ2L

(4.27)

σ2 (ω) =

N q2 1
0 1
= 2
m ω
λL ω

(4.28)
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with a delta-function in σ1 (ω) at zero frequency δ(ω = 0), the London penetration depth:
λL =

r

m
c
=
2
µ0 N q
ωp,c

(4.29)

and charge and mass of a single electron, if N is defined as the density of superconducting electrons. When all electrons are condensed in the superconducting ground state,
the plasma frequency in the normal state ωp corresponds to that of the superconducting condensate ωp,c . One should note that despite λL , sometimes also a more general,
frequency-dependent penetration depth is defined:
s

λ=

0
.
σ2 (ω)ω

(4.30)

The 1/ω-divergence in σ2 (ω) leads to a rapid, characteristic increase of the reflectivity
towards unity.
FGT sum rule
As the f -sum rule must hold also when passing from the normal to the superconducting
state, it follows that the missing spectral weight that appears in the superconducting
phase due to the opening of the gap is transferred to the delta-function at zero frequency.
This directly leads to the “FGT sum rule” (named after Ferrell, Glover and Tinkham
[117–119]), relating the conductivity in the normal state σ1n (ω), the conductivity in the
superconducting state σ1s (ω), and the London penetration depth by:
Z ∞
0

[σ1n − σ1s ]dω =

0 π c2
.
2 λ2L

(4.31)

Dirty vs. clean limit
For a more detailed description of the electrodynamics, one has to consider the different
characteristic length scales; their relative magnitude determines the nature of the superconducting state. In particular, one has to distinguish between the dirty (local) and the
clean limit, 1/τ > ∆ and 1/τ < ∆, respectively. Thus, in the clean limit most of the
spectral weight of the Drude component lies below 2∆ and for T < Tc , almost all free
carriers collapse into the condensate. In contrast, in the dirty limit a significant amount
of Drude weight lies above 2∆. Therefore, only a fraction of the Drude spectral weight
collapses into the condensate, leading to a more pronounced gap feature in the optical
spectrum.

44

4 Electrodynamic properties

Mattis-Bardeen description
Based on the BCS theory, the electrodynamic properties of a superconductor were first
analytically calculated by Mattis and Bardeen [120], assuming τ → ∞, and extended
for finite scattering rates by Zimmermann et al. [121]. Fig. 4.5 displays the real and
the imaginary part of the conductivity for a superconductor in the dirty limit at T =
0.8 Tc , decomposed into contributions from Cooper pairs (broken by absorbed phonons)
and thermally activated electrons; Fig. 4.6 adds the temperature-dependence of σ1 . The
general features that were discussed up to now, i.e. the non-diverging behaviour of σ1 (ω ≤
2∆), the coherence peak in σ1 (T ) (for ω  2∆) and the 1/ω-dependence of σ2 (ω) are all
nicely visible.

Figure 4.5: Frequency-dependence of the (a) real and (b) imaginary part of σ(ω) (black
line) for a superconductor in the dirty limit at T /Tc = 0.8, decomposed into contributions
from Cooper pairs (blue dashed line) and thermally activated electrons (red dashed line)
(adapted from Ref. [122]). (a) The photon activated electrons contribute only for energies
~ω > 2∆(T ) to σ1 (ω); coherence effects cancel the singularity in the density of states, leading
to a continuous increase of their response. The contribution of thermal electrons decreases
with increasing frequency, following the behaviour of the density of states. The sum of both
contributions displays a characteristic minimum at 2∆(T ). (b) The 1/ω-behaviour of the
phonon activated electrons dominates the response of σ2 (ω); the contribution of the thermally
activated electrons is opposite, but negligible. At 2∆(T ), only a very weak kink is visible.

4.4 Iron-based superconductors
Optical spectroscopy revealed valuable information about correlations [123] and broken
symmetry states [124–127, 266] already within the first year after the discovery of ironbased superconductors. Most of the relevant charge dynamics take place in the infrared
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Figure 4.6: (a) Frequency- and (b) temperature-dependence of σ1 (ω) for a superconductor in
the dirty limit for several temperatures and photon energies, respectively. (a) The pronounced
gap feature vanishes with increasing temperature. However, the response of thermally activated electrons at very low energies gets strongly enhanced close to Tc . (b) The latter is
consistent with a pronounced coherence peak at energies ~ω  2∆.

frequency range, as summarized in Fig. 4.7. This section provides an overview of great
achievements and open questions provoked by optical investigations on 122 iron pnictides.

Figure 4.7: Characteristic energy scales in iron-based superconductors. In order to study
the superconducting gap, terahertz (THz) and far-far-infrared (FFIR) frequencies have to
be covered. While itinerant dynamics are relevant in the far-infrared (FIR) energy range,
incoherent transport and interband transitions govern the mid- and near-infrared (MIR and
NIR, respectively). Ellipsometry measurements can be extended to very high energies.
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4.4.1 Spectral features of the normal state
Similar to cuprates, the normal state in-plane reflectivity and optical conductivity of 122
iron pnictides do not show well-separated components, leading despite a zero-energy Drude
peak to a broad mid-infrared plateau that is rather untypical for a metal and often referred
to as “incoherent” region; no clear plasma edge is visible (see Fig. 4.8b, [128, 129, 266]).
At higher frequencies, humps characteristic for interband transitions appear.

Figure 4.8: Characteristic (a) reflectivity and (b) conductivity of 122 iron pnictides in the
normal state (adapted from Ref. [266]). (a) R(ω) (brown line) typically displays in the FIR
an overdamped metallic frequency-dependence; at higher frequencies, no clear plasma edge is
visible - only humps typical for interband transitions. (b) Correspondingly, σ1 (ω) is slowly
decreasing at low frequencies with a long tail extending in the MIR region; it is followed by
a pronounced peak structure around 5000 cm−1 . A cut-off separating itinerant Drude-like
behaviour (red area) from local and interband (Lorentz-like) dynamics (blue area) is often set
around 1500 cm−1 . However, in reality a significant overlap exists.

With decreasing temperature, the response gets more metallic, meaning that spectral
weight is shifted within the mid- and far-infrared region to lower frequencies. However,
spectral weight shifts occur also at higher frequencies up to the visible spectral range, indicating that correlation effects are of importance [130], as discussed further in section 4.4.5.
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Along the c-direction, the flat MIR background dominates, which decreases with decreasing temperature1 [131]. However, lowering the temperature also uncovers a weak
Drude component, indicating interlayer coherence. Thus, iron pnictides display much less
electronic anisotropy than cuprates. Nevertheless, both families of high-temperature superconductors share the broad plateau-like background in the mid-infrared, that is not a
simple Drude response.

4.4.2 Analysis methods
In the case of cuprates, two principal approaches exist that are commonly used to describe
the mid-infrared charge dynamics: one-component and multi-component models [116]. In
the former case, it is assumed that the low-frequency response originates from itinerant
carriers with a frequency-dependent scattering rate and mass. The formalism of this
extended Drude model was already introduced in section 4.2. In the multi-component
approach, the conductivity spectrum is described by a free-carrier Drude term and a set
of Lorentzian oscillators, accounting for example for interband transitions or impurity
states.
The debate which model describes better the charge dynamics in cuprates is yet not
solved. On the one hand, well-separated absorptions in lightly doped cuprates favour
the multi-component approach. On the other hand, the extended Drude formalism could
uncover a frequency-dependent scattering rate over a broad energy range and many interesting aspects like the violation of Fermi liquid theory or the coupling to a temperaturedependent bosonic mode, both consistent with other measurement techniques.
In the case of iron pnictides, the multiband character further complicates both, singleand multi-component analysis. In principle, hole and electron bands with different scattering rates should be considered. Furthermore, as five Fe d-bands are situated close to
the Fermi energy, low-lying interband transitions are plausible. Indeed, recent infrared
studies uncovered for Ba, Sr and Ca compounds two well-defined features around 1000
and 2300 cm−1 [12]. Due to its temperature- and doping-dependence, the former one can
be attributed (via a comparison to ARPES measurements) to interband transitions involving Fe hole pockets. The origin of the second feature is yet not clear; the same holds
for another hump in the optical conductivity, that was observed in several compounds at
even lower energies (around 150 cm−1 ) [132–137]. Despite that, Dirac physics might also
play a certain role [139, 140].

1

Moon et al. demonstrate that a true c-direction response can be only obtained for cleaved samples, not
for polished specimen [131].
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Disentangling all those processes in a multi-component analysis is almost impossible. Therefore, a “broad Drude” approach was suggested by Wu et al.: they modelled
the mostly temperature-independent background of eight different 122 compounds by a
very broad Drude and two high-frequency Lorentzians that account for interband transitions [128, 130]. The remaining temperature-dependent part of the spectrum can be
described by one narrow Drude. There is no spectral weight transfer between the different
subsystems. This model has the advantage that the coherent dynamics are described by
only a few parameters.
Nakajima et al. extended this approach, allowing the broad Drude component to vary
with temperature [129]. However, fitting the spectra was still possible without spectral
weight transfer between the different subsystems. In further publications, the broad background narrowed and was more and more attributed to the hole bands [141].
There exist also advocates of the conventional multi-component approach known from
cuprates, where one or a series of Lorentzians is used to model the mid-infrared plateau.
They argue that the mean free path of a very broad Drude would violate the Mott-IoffeRegel limit, indicating that the conductivity in such a band is no longer metallic and
therefore better described by a bound excitation [142]. It turns out that in this case,
enough free parameters exist in order to fit the spectrum with only one Drude. In order to
account for electron and hole bands, one needs additional information, such as the relative
spectral weights of the Drude components which can be extracted from photoemission
experiments [143, 144].
The ambiguity of different modelling approaches is a serious drawback of optical spectroscopy on iron pnictides. Maybe one of the biggest problems is that usually one group
only publishes results using a single modelling approach. Thus, it gets not clear whether
(on the first view) contradictory studies result from different fitting approaches, sample
quality or have a physical meaning. As a direct comparison of different modelling approaches is still lacking, such a study was performed in the framework of this thesis and
is presented in chapter 9.

4.4.3 Antiferromagnetism
The early observation of energy gaps opening at the high-temperature phase transition in
iron pnictide parent compounds is one of the great achievements of optical spectroscopy:
already in 2008, Dong et al. proposed on the basis of optical measurements on polycrystalline LaOFeAs a spin density wave, driven by a nesting instability between electron and
hole Fermi surfaces [124]. Only six months later, Hu et al. reported more detailed studies
on single crystals of Ba- and SrFe2 As2 [266].
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At the spin density wave transition, the reflectivity develops a rather sharp edge in the
far-infrared, above which R(ω) gets substantially suppressed (see Fig. 4.9a). This is a typical signature of the formation of an energy gap. However, with decreasing temperature the
low-frequency reflectivity still increases, indicating that the Fermi surface is only partially
gapped. The remaining Drude response is dramatically narrowed, with the scattering rate
being decreased by ∼ 90 %.

Figure 4.9: Characteristic (a) reflectivity R(ω) and (b) conductivity σ1 (ω) of 122 iron pnictides in the spin density wave state (solid curves) compared to the normal state (grey light
area) (adapted from Ref. [266]). The Fermi surface gets only partially gapped, visible in an
increase of R(ω) and σ1 (ω) at low frequencies (red area). Spectral weight is shifted to higher
frequencies; σ1 (ω) displays two bump-like features corresponding to two different gaps (purple
area). An additional spectral weight shift appears even in the range of interband transitions
(blue area), indicating correlations. The sharp peak around 260 cm−1 is the signature of an
FeAs phonon [145].

In the real part of the optical conductivity, the spin density wave becomes noticeable as
spectral weight is reshuffled from the far-infrared to higher frequencies, where it piles up
usually in the form of two well-separated peaks, corresponding to two different energy gaps
(see Fig. 4.9b). The peak position marks the gap energy; it is around 2∆/kB TSDW ∼ 3.5 for
the smaller and ∼ 10 for the bigger gap. As only spectral weight and peak position of the
lower gap follow the mean field temperature-dependence, it was suggested in accordance
with band structure calculations that this one has itinerant character, while the higher gap
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appears due to local exchange splitting [146]. A different interpretation results from c-axis
measurements, where exclusively the smaller gap is visible [147]. From this, the authors
proposed that the larger gap is due to the nesting of 2D Fermi surfaces and the smaller
gap results from the backfolding of the magnetic Brillouin zone that cuts the 3D Fermi
sheet. Finally, also a magnon-assisted indirect spin density wave excitation was discussed
that could lead to the high energy gap [139].

4.4.4 Superconductivity
Optical signatures of a clear superconducting gap were first seen in 1111 LaFeAsO0.9 F0.1−δ
and NdFeAsO0.82 F0.18 polycrystalline samples [125, 126]. A more quantitative analysis
could be only achieved after 122 single crystals were available [127]. Since then, most
optical studies were carried out on (nearly) optimally Co doped Ba 122 compounds due to
the availability of high quality single crystals [128–130, 133, 134, 142, 154, 155] and thin
films [148–153].
Dirty vs. clean limit
It turned out that the in-plane optical response of Ba1−x Kx Fe2 As2 and Ba(Fe1−x Cox )2 As2
is quite different in the superconducting regime: while the former displays over a broad
frequency range a quasilinear dependence of σ1 (ω), the latter shows a steep onset of
absorption at energies corresponding to (one of) the smaller superconducting gap(s) [135].
Charnukha et al. demonstrated that both behaviours can be explained by using an effective
two-band Eliashberg theory with a strong coupling to spin fluctuations, if K substitution
leads to effective bands in the clean limit, while Co doped compounds are in the dirty
limit.
Superconducting gaps
The same calculations yield for Ba0.68 K0.32 Fe2 As2 isotropic superconducting gaps with
2∆/kB Tc ∼ 2.2 and ∼ 6, in quantitative agreement with other measurement techniques
such as ARPES, STM and specific heat. The situation is much more complicated in the
case of Ba(Fe1−x Cox )2 As2 , where several reports exist which show neither consensus about
the gap sizes, nor about the number of gaps (see Fig. 4.10a). While most reports agree
on one directly visible gap at around the BCS mean field value, fitting approaches usually
need at least one more gap at significantly higher or lower energies for a satisfactory
description.
Similar to cuprates [116], an unexpected high intra-gap absorption was evidenced in the
superconducting state of Ba(Fe1−x Cox )2 As2 , which cannot be accounted for by thermally
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Figure 4.10: (a) Extracted superconducting gap sizes [128–130, 133, 134, 142–144, 148–155]
and (b) typical temperature-dependent conductivity in the THz frequency range for nearly
optimally doped Ba(Fe1−x Cox )2 As2 (adapted from Ref. [151]). (a) While most reports agree
on one directly visible gap at around the BCS mean field value (green dashed line / green
area), fitting approaches usually need at least one more gap at significantly higher or lower
energies for a satisfactory description (light blue areas). Black squares denote measurements
on single crystals, red points on thin films. (b) A coherence peak is commonly observed
below Tc at very low frequencies. However, the conductivity does not approach zero at lowest
temperatures, indicating an anisotropic gap or pair-breaking interband scattering.

broken pairs [134, 148, 150, 151]. It appears in films as well as single crystals. As it
can be fitted with a Drude peak (with an overall conserved spectral weight), a low-lying
impurity band is unlikely the reason [134]. Other explanations are an anisotropic gap [151]
or pair-breaking interband scattering1 [150, 156].
An important difference between K and Co doping is that in the former case, atoms
out of the FeAs planes are substituted, while in the latter case, the FeAs planes are
directly affected [156]. Therefore, stronger impurity scattering is expected for Co doping,
consistent with smaller residual resistivity ratios and superconductivity in the dirty limit.
It needs to be seen, whether this enhanced scattering is also responsible for the strong
intra-gap absorption. Proving this would be another very strong indication for the s± symmetry of the superconducting order parameter. Measurements on Ba(Fe1−x Cox )2 As2

1

In an s± superconductor, interband scattering by non-magnetic impurities is pair-breaking, as it mixes
hole and electron states that have superconducting order parameters of opposite phase [156].
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thin films, where the impurity scattering gets step-wise enhanced by proton irradiation,
were performed and supervised within this thesis and are presented in the attachment.
Coherence peak
Optical spectroscopy on Ba(Fe1−x Cox )2 As2 thin films was able to resolve a well-pronounced
coherence peak in the THz frequency range (see Fig. 4.10, [148, 150, 151]). In general,
a coherence peak can arise when the portions of Fermi surface that are coupled by an
experimental probe have gaps of the same sign and magnitude [150]. As the momentum
transfer of light at THz frequencies is negligible compared to the reciprocal lattice momentum, only parts of the same Fermi sheets are coupled. Therefore, the observed coherence
peak is consistent with an s± -symmetry of the superconducting order parameter. Furthermore, the position of the coherence peak can be used in multiband superconductors as a
quantitative measure of the lower superconducting gap, demonstrated by Dahm et al. for
MgB2 [157].
FGT sum rule
All infrared studies agree on a rapid recovery of the missing spectral weight in the FIR
frequency range, yielding in-plane London penetration depths (in accordance with the
extraction from σ2 (ω)) between 200-400 nm. However, one very careful ellipsometry study
performed by Charnukha et al. on Ba0.68 K0.32 Fe2 As2 uncovered a superconductivityinduced suppression of an interband transition at energies well above the plasma edge [158].
Although the transferred spectral weight is only ∼ 0.5 % and therefore too small to be
detected in infrared studies, it could have a big effect on reducing the kinetic energy of
the system, pointing towards an unconventional pairing mechanism. Such an effect was
already proposed for cuprates, however, is there still under debate [116].
Bosonic spectrum
As the extended Drude analysis accounts only for itinerant carriers, the contribution of all
interband transitions needs to be eliminated before any further data processing. Moreover,
one has to keep in mind that due to the multiband nature of iron pnictides, only an average
spectrum for bosonic excitations can be extracted.
Up to now, an extended Drude analysis was carried out mainly on K and Co doped
iron pnictides [130, 135, 142, 159–161]. In all cases, a frequency-dependent scattering
rate is observed at low frequencies, which increases linearly with frequency (at least) up
to ∼ 50 meV. A further Eliashberg analysis reveals a strongly temperature-dependent
bosonic spectrum, which is inconsistent with phonon coupling. The mass renormalization
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factor increases with decreasing temperature, reaching values between 3-41 , much above
the electron-phonon coupling constant λ = 0.21. Both, the temperature-dependence of
the bosonic spectrum as well as the high coupling constant would be consistent with spin
fluctuations playing a key role for bosonic excitations in pnictides. This situation is very
similar to that in cuprates [116].
c-axis coherence
Measurements on cleaved Ba(Fe0.926 Co0.074 )2 As2 crystals reveal not only interlayer coherence in the normal state, but also a robust interlayer superconducting condensate with a
penetration depth of ∼ 1000 nm [131]. This is in stark contrast to underdoped cuprates,
where normal state transport is incoherent along the c-axis, leading to Josephson coupling
of CuO2 layers in the superconducting phase [116].

4.4.5 Unconventional normal state properties
Optical spectroscopy is able to reveal important information on the unconventional normal state charge dynamics of high-temperature superconductors, as already demonstrated
impressively for cuprates [116]. Therefore, similar approaches were applied to iron-based
superconductors in order to identify (via a comparison to cuprates) key ingredients for
high-temperature superconductivity. It turned out that iron pnictides are moderately correlated materials, where (instead of Mott physics) Hund’s coupling plays an important
role. While the appearance of a pseudogap or a quantum critical point is yet not well
established, the nematic phase drew enormous attention - even giving a feedback effect
for research on cuprates. Important insights gained from infrared spectroscopy on iron
pnictides are summarized below.
Correlations
A comparison between the kinetic energy of electrons obtained by band structure calculations and optical measurements revealed that iron pnictides are moderately correlated
materials2 [123]. This indicates that coherent and incoherent processes play both a certain role in transport properties, in good agreement with the broad mid-infrared plateau
discussed above.

1

2

One has to keep in mind that the absolute value of the mass renormalization factor strongly depends
on the plasma frequency and thus on the model chosen for the analysis. This is probably the reason
why Tu et al. report smaller values than those given here [142].
A similar result can be obtained experimentally by comparing the spectral weight of coherent and
incoherent processes [162]. However, this method is very sensitive to the fitting approach.
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In particular, LaFeAsO was found to be more correlated than LaFePO [165]. This
observation fits well with systematic room temperature studies performed by Nakajima
et al. on electron doped Ba(Fe1−x Cox )2 As2 , hole doped Ba1−x Kx Fe2 As2 , and isovalently
substituted BaFe2 (As1−x Px )2 [129, 141, 166]. They conclude that coherent transport is
enhanced by Co and P substitution, and slightly suppressed by K doping; incoherent transport is basically not affected by Co doping, reduced by P substitution and enhanced by K
doping. Therefore, it seems that chemical substitution controls the Drude spectral weight
in quite different ways depending on dopant sites or type. The commonality found in
those studies is that superconductivity seems to be suppressed when the charge dynamics
become too coherent.
Hund’s coupling
The renormalization of electronic bands due to correlations does not only reduce the
Drude response (compared to band theory predictions), it also implies that additional
spectral weight is present at higher energies [163]. This can lead to unusual temperaturedependent effects at high energies, which can not be attributed to interband transitions.
Such temperature-dependent spectral weight transfer around 5000 cm−1 was already reported in 2008 for the ab-plane of Ba- and SrFe2 As2 [266], and later also confirmed along
the c-axis of Ba(Fe0.926 Co0.074 )2 As2 [131]. The direction of spectral weight transfer, its
independence of Co doping and its energy scale are not compatible with a Mott-like correlation mechanism, but can be explained with Hund’s rule coupling effects [163, 164].
Due to Hund’s coupling, electron spins tend to align parallel. This can lead on the one
hand to the localization of electrons, if their kinetic energy is smaller than the coupling
energy; on the other hand, the thus induced local and itinerant electrons are not isolated
from each other, but still coupled via Hund’s coupling [164]. As at low temperatures,
thermal excitations become weak, more and more itinerant electrons get localized by this
interaction, explaining an increasing spectral weight transfer to high energies.
Pseudogap
In cuprates, the pseudogap in the density of states is directly visible in the out-of-plane
conductivity: while σc (ω) is rather flat at T > T ∗ (indicating incoherent transport),
the low-frequency conductivity gets suppressed below T ∗ . Surprisingly, the gap value
is basically temperature-independent. An extended Drude analysis indicates that this
process is intimately related to a gap in the excitation spectrum, visible as the onset of
in-plane coherence and a gap in the frequency-dependent in-plane scattering rate (due to
the coupling to a bosonic resonance mode).
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In iron pnictides, the appearance of a pseudogap is yet not well established. Up to
now, two different “types” of pseudogaps were proposed from optical measurements. In
underdoped Ba1−x Kx Fe2 As2 , spin density wave and superconducting order coexist. Additionally, a gap-like hump structure appears well above Tc for frequencies around 150 cm−1 ,
corresponding to the energy range of the superconducting gap [136, 137]. Dai et al. argued
via a spectral weight analysis that while the spin density wave is a competitive order to
superconductivity, this pseudogap acts as a precursor (Tc < TPG < TSDW ) [137].
One should note, however, that a similar feature was already observed in BaFe2 As2 [132],
as well as optimally electron and hole doped compounds [133–135]. In those cases, alternative interpretations were given, involving a low-lying interband transition [133, 134] or
an impurity band [134].
Moon et al. investigated single crystals of the Ba 122 family [138]. For optimally substituted Co and P compounds, they observed a shallow dip in the conductivity around
650 cm−1 that is accompanied by a threshold in 1/τ (ω), typically for the pseudogap in
cuprates. This feature does not appear in the parent compound and the overdoped region, coinciding with the development of antiferromagnetic correlations. Therefore, they
suggested that in iron pnictides, antiferromagnetic fluctuations related to the spin density
wave instability of the parent compound cause a pseudogap.
Nematic phase and in-plane anisotropy
Optical studies on mechanically detwinned Ba(Fe1−x Cox )2 As2 as-grown and annealed samples were performed by Dusza [167, 170, 172] and Nakajima et al. [169, 171], respectively.
In both cases, a pronounced anisotropy at finite frequencies appears that can be attributed
to an anisotropic spin density wave gap formation (see Fig. 4.11). This anisotropy extends
up to very high frequencies, well exceeding the energy scale of kB Ts,SDW . Moreover, the
FeAs phonon around 260 cm−1 gets highly anisotropic; in BaFe2 As2 , it basically disappears along the a-axis. Detailed measurements on twinned BaFe2 As2 evidenced a phonon
splitting below Ts,SDW , with the minority contribution (along the a-axis) having a higher
center frequency [174].
Using local density approximation combined with dynamical mean field theory, Yin et
al. [168] calculated the anisotropic optical conductivity for BaFe2 As2 resulting from orbital
polarization. They found three extra excitations appearing in the spin density wave phase
around 1000 cm−1 . While two lower energy excitations are much more pronounced along
the a-direction, the third peak is more pronounced along the b-direction. All this is in
good agreement with the results shown in Fig. 4.11. However, one should note that the
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Figure 4.11: In-plane conductivity of mechanically detwinned BaFe2 As2 (adapted from
Ref. [169]) for (a) E k a and (b) E k b-axis and temperatures below (blue line) and above
(red line) Ts,SDW . At low energies and temperatures, σa > σb is observed, consistent with
resistivity measurements. A pronounced anisotropy appears in particular at finite frequencies
that can be attributed to an anisotropic spin density wave gap formation. Furthermore, the
FeAs phonon around 260 cm−1 disappears in σa (ω). A cusp-like shape for the lowest energy
spin density wave feature in σb is only observed by Nakajima et al.. Along the b-direction,
spectral weight is transferred up to very high energies.

experiments reveal spectral weight transfer to even higher energies than predicted, in
particular along the b-direction (∼ 17000 cm−1 ).
From a multi-component analysis one should be able to distinguish whether the unconventional behaviour ρb > ρa results from the anisotropy in the scattering rate or the
Fermi surface parameters n/m∗ (determined by the Drude spectral weight), as 1/ρ =
σdc = nq 2 τ /m∗ . Unfortunately, there is no consensus concerning this topic: Dusza et
al. claim that the anisotropy results from the Fermi surface parameters, outweighing the
conventionally expected 1/τa > 1/τb [167, 170]. In contrast, Nakajima et al. conclude
1/τb > 1/τa , while the Drude weight stays rather isotropic [171]. In chapter 9, we will
discuss our results for magnetically detwinned EuFe2 As2 .
While those measurements were obtained under constant external stress due to a mechanical clamp, Mirri et al. investigated the optical anisotropy that is induced in BaFe2 As2
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by a tunable Helium gas pressure cell [173]. While optical anisotropy can be induced by
pressure below and above Ts,SDW (consistent with resistivity measurements), a hysteretic
behaviour and a persistent detwinning (after the pressure is reduced to zero) can be only
detected below Ts,SDW . Furthermore, they observe at Ts,SDW a divergence of the reflectivity anisotropy normalized to the applied pressure. This behaviour is strikingly similar to
resistivity measurements under tunable strain, indicating a nematic transition [25].
Quantum criticality
In the proximity of an antiferromagnetic quantum critical point, spin fluctuations should
be strong enough to modify the scattering process of quasiparticles and induce non-Fermi
liquid behaviour. Optical measurements are in principle an ideal tool to get further insight
into this topic: different conduction channels can be disentangled, uncovering the dc
conductivity and scattering rate of coherent carriers.
In Ba(Fe0.92 Co0.08 )2 As2 and Ba(Fe0.95 Ni0.05 )2 As2 , the normal state resistivity can be
well fitted up to high temperatures with R(T ) ∝ T n , using the exponents n = 1.25
and n = 1.5, respectively [128, 130]. However, a multi-component analysis by Wu et al.
uncovered in both cases a “hidden” Fermi liquid behaviour 1/σdc (T ) ∝ 1/τ (T ) ∝ T 2 of
the narrow Drude, being masked by a temperature-independent incoherent background.
In contrast to those compounds, the resistivity in Ba0.6 K0.4 Fe2 As2 is rather linear at
low temperatures, but shows a tendency towards saturation above 175 K [161]. Here, Dai
et al. concluded from a multi-component analysis that the incoherent background masks
non-Fermi liquid behaviour of the narrow Drude (1/σdc (T ) ∝ 1/τ (T ) ∝ T ), extending
up to room temperature. This holds also for BaFe2 (As0.7 P0.3 )2 . Most importantly, the
authors demonstrated that the spectral weight at a certain cut-off frequency follows the
same temperature-dependence as the inverse scattering rate, giving a model-independent
proof of their findings.
As already mentioned in chapter 3.2.2, a diverging effective mass around the optimum
substitution level was up to now only uncovered for BaFe2 (As1−x Px )2 , but not for Co
doped compounds [83, 84]. Therefore, those on the first view contradictory results of Wu
and Dai et al. could be another indication how sensitively the electronic properties of iron
pnictides dependent on the substitution position. A model-independent spectral weight
analysis on electron doped compounds could shed further light on this topic.

5

MATERIALS AND METHODS

In this chapter, the basic concepts of Fourier-ransform Intfrared (FTIR) spectroscopy and
Superconducting Quantum Interference Device (SQUID) magnetometry are introduced.
As the corresponding setups used for the measurements in this thesis are either commercial
machines or cryostats constructed in the framework of another thesis, the description
concentrates on the main principles. The chapter concludes with an overview about the
investigated samples.

5.1 FTIR spectroscopy
Fourier-transform spectroscopy is a powerful tool to study the electrodynamic properties of solids [113]. Instead of time-consuming frequency sweeps needed for example in
conventional grating spectrometers, the energy resolution is gained via a Fourier transformation of interfered light. Today, this method is widely used in the infrared, as here light
sources, beamsplitters, mirrors, filters, windows and detectors are available that cover a
broad frequency range; the commercially available setups contain usually modifications of
a Michelson interferometer (see Fig. 5.1).
In a conventional Michelson interferometer, monochromatic light is split into two approximately equal parts, which follow different beam paths, before they interfere again at
the beamsplitter and pass (or get reflected by) a sample. The interference pattern depends
on the optical path difference. By modulating the length of one of the light paths with
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Figure 5.1: Schematic drawing of the beampath in a Michelson interferometer. Light from
a source passes a semi-transparent beamsplitter; half of the light gets reflected by a fixed
mirror, the other half by a movable one. After the reflection on these mirrors, the two beams
meet again at the beamsplitter and interfere. The interfered light passes the sample (or gets
reflected on it) and finally is collected by the detector that records the intensity dependent on
the position of the movable mirror (i.e. on the optical path difference).

a movable mirror, one obtains the intensity as a function of mirror position; this spatial
dependence can be translated to a frequency-dependence via Fourier transformation, no
matter whether the light is mono- or polychromatic. This allows rapid recording of spectra
over a broad energy range.
As an obtained spectrum contains both, information about the sample and the light
source, one has to normalize it properly. For a transmission spectrum, this normalization
is done by a comparison measurement without the sample; for a reflection spectrum, the
response of a metallic mirror (usually gold, silver or aluminium) that possesses a reflection
close to unity is taken.
In order to obtain reliable absolute values, one has to make sure that sample and reference have the same size and surface consistence. There are basically three widely used
technical implementations in order to satisfy those requirements:
• The same size of sample and reference can be guaranteed by taking the same aperture
in both measurements. This is commonly done for transmission measurements, as
well as for reflection measurements on films or other homogeneous, rather flat and
big samples.
• A microscope can be used to focus infrared light on very small, flat and homogeneous areas of both, sample and mirrors. The spot size is much smaller than the
dimensions of sample and reference, guaranteeing the same amount of light hitting
both specimens.
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• Alternatively, after measuring the reflection of a sample, one can coat its surface
in-situ with a thin gold layer, creating the corresponding “perfect” mirror with the
same size and surface consistence; all measurements are then repeated on the gold
coated samples (under the same experimental conditions). In order to account for
any time-dependent influences (for example caused by source or detector), one can
take additionally the spectrum of a standard reference mirror.
Table 5.1 summarizes which approaches were taken for the infrared reflection measurements performed in the framework of this thesis, as well as important technical parameters. Microscope measurements were carried out on a Bruker Vertex spectrometer with
attached Hyperion microscope at the 1st Physical Institute, Stuttgart; gold evaporation
measurements on a Bruker IFS 66v/s in the group of D. N. Basov at the UC San Diego.
In gold evaporation measurements, the sample gets mounted point-like on a copper cone.
This does not only avoid back-reflections from the sample holder, but also minimizes the
glued area and thus induced strain on the sample, being important for the magnetic detwinnnig experiments described in chapter 9. The interesting temperature range between
15 K and 290 K was accessible by Helium flow cryostats; all cryostats were designed to contain a mechanically movable holder that allows precise positioning of sample and reference
in the focus of the light (see Ref. [175] and [176] for the detailed designs).
Range

Magnet

Technique

Detector

Beamsplitter

Source

Window

FFIR

no

gold

1.6 K Bolometer

Mylar 23µm

Xenon

PP

FIR

no

gold

4.2 K Bolometer

Mylar 6µm

Globar

PP

MIR

no

microscope

77 K Photovoltaic

KBr

Globar

KBr

NIR
FFIR

no
yes

microscope
gold

77 K InSb
1.6 K Bolometer

CaF2
Mylar 23µm

Tungsten
Xenon

KBr
PP

FIR

yes

gold

4.2 K Bolometer

Mylar 6µm

Globar

PP

MIR

yes

gold

4.2 K Photovoltaic

KBr

Globar

PP

Table 5.1: Technical parameters of the FTIR-measurements performed in the framework of
this thesis for the different frequency ranges. One can distinguish between measurements with
and without magnetic field, as well as measurements, where absolute values were obtained
via in-situ gold evaporation or the availability of small spot sizes in a microscope setup.
Furthermore, the used detectors, beamsplitters, sources and windows (PP: polypropylene) are
given. One should note that the mid-infrared spectral range was not recorded by a conventional
MCT-detector, as it displays strong non-linearity effects non-negligible in the case of high
reflecting iron pnictides.

Fig. 5.2 displays the advanced design of the magneto-optical setup [177]. A helium
flow cryostat is directly connected to a 9 T Oxford Spectromag, meaning that only one
polypropylene window has to be transmitted in reflection measurements. This reduces
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intensity losses caused by the window; however, this window can not be changed, meaning
that most of the light in the mid-infrared frequency range gets absorbed. A linear translator allows the positioning of sample and reference mirror in the focus of the light, as well
as the movement of the sample to the gold evaporation unit.

Figure 5.2: Magneto-optical setup as designed and constructed in the group of D. N. Basov,
UC San Diego (adapted from Ref. [177]). A helium flow cryostat is directly connected to
the vacuum chamber of a 9 T Oxford Spectromag magnet. A linear translator allows the
positioning of sample and reference in the focus of the light, as well as the movement of the
sample to the gold evaporation unit.

5.2 SQUID magnetometry
A Superconducting Quantum Interference Device is able to convert magnetic flux to a
voltage with an extremely high sensitivity that reaches the quantum limit [2, 178]. It
consists of a superconducting loop that is interrupted by one (rf or ac SQUID) or two (dc
SQUID) Josephson junctions. In an external magnetic field, the combination of Josephson
effect and flux quantization causes a voltage drop across the loop that varies periodically
with the external field (if the bias current through the loop is fixed); the periodicity is one
elemental flux quantum Φ0 .
In order to enhance the sensitivity, the SQUID sensor is usually not directly exposed
to the magnetic field that should be measured, but shielded from the environment. The
magnetic field of interest is then inductively coupled to the SQUID via a flux transformer
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that consists in the easiest case of a pickup coil (exposed to the environment) and an
input coil (close to the SQUID). In order to avoid background signals, one can also use a
gradiometer; it consists of coils wound in opposite directions. As a magnetic field rapidly
decreases spatially, one can thus distinguish between local and distant magnetic field
sources: while the latter induces equally, but opposite currents within the two coils, local
fields of interest will cause a net signal.
Magnetic Property Measurement System
Magnetization measurements performed in the framework of this thesis were obtained on a
7 T MPMS XL (Magnetic Property Measurement System) built by Quantum Design [91].
It consists of an rf SQUID sensor, protected by a superconducting shield that guarantees
a stable environment. The detection coil is a second-order gradiometer, consisting of three
sets of coils, where the outer coils are wound opposite to the inner ones. In the dc mode,
the sample is moved through those detection coils, changing the flux. This flux change is
then detected by the SQUID sensor; the overall output signal is the absolute magnetization
in “emu” (electromagnetic unit), which is usually normalized to the mass of the sample.
Furthermore, one can also perform ac measurements, where a small ac drive magnetic
field is applied. This causes a time-dependent moment in the sample that allows the measurement of the “dynamic susceptibility” without motion [179]. At very low frequencies,
this quantity corresponds to the static susceptibility χ that can be extracted from the
slope of field-dependent dc magnetization measurements. At higher frequencies, however,
the signal might gain a phase shift ϕ. In this case, the susceptibility is conventionally
described by the real and imaginary parts:
χ0 = χ cosϕ

(5.1)

χ00 = χ sinϕ

(5.2)

where the imaginary component χ00 indicates dissipative processes in the sample; those
appear for example in ferromagnets, spin glasses or type II superconductors.
The MPMS includes computer controlled temperature and magnetic field stabilization;
temperatures between 1.6 K and 400 K, as well as magnetic fields between -7 T and 7 T are
accessible. In order to reveal hysteretic behaviour, special care has to be taken concerning
the temperature and field setting mode [10]. When measuring at stabilized temperatures
T , the stabilization process usually also includes oscillating around the target temperature
and its duration depends on the setpoint temperature. For a material with time-dependent
magnetization M , both lead to non-reproducibile M (T ) curves. Therefore, we typically

64

5 Materials and methods

chose to sweep the temperature in M (T ) measurements1 . For the field setting, the “oscillating mode” is the most accurate, as the magnetic field over- and undershoots the target
value in cycles with decreasing relative amplitude in order to acquire an optimal result.
However, for hysteretic samples one should take the “no overshoot” mode, meaning that
the magnetic field is changed monotonously to the desired value.
Furthermore, one has to consider the effect of the remanent magnetization captured
in the superconducting coils. Usually, we therefore determine the zero field by searching
at temperatures above any hysteretic phase the magnetic field (in the range of a few G),
which leads to zero signal at the SQUID. However, as the cooling process in a homogeneous
zero field can be crucial (especially for superconductors), some measurements were also
done using the Quantum Design “ultra low field” option which guarantees field nulling
better than 0.05 G remanent field2 . We did not find any qualitative difference of the
magnetization compared to measurements with our standard procedure to determine the
zero field.
Samples are typically mounted with the help of a plastic straw. In the case of low-signal
measurements, the mounting should be as symmetric as possible around the sample in
order to avoid that the background signal has a different center than the sample position;
in this case, an asymmetric signal would be generated that can not be analysed by the
MPMS software. For measurements with the magnetic field applied along the cleaved
surface of a plate-like sample, the sample can be fixed between two stripes of plastic foil
by wrapping Teflon tape around them. For the perpendicular direction, both halfs of a
gelatine capsule are padded by Teflon tape or cotton to form a plateau where in between
the sample can be placed. Both, plastic foil and gelatine capsule, can be sewed in the
straw.

5.3 Investigated samples
In the framework of this thesis, several EuFe2 (As1−x Px )2 high quality single crystals synthesized in the group of P. Gegenwart (University of Göttingen / Augsburg) by the Bridge-

1

2

Typical measurements take less than 10 s with the settings: 4 cm scan length, 2 scans per measurements
and 24 points, i.e. for a temperature sweep with 0.2 K/min, the temperature error is less than 0.05 K
and thus negligible (visible also in the absent thermal hysteresis in the paramagnetic regime). For ac
measurements covering a big temperature range, we typically chose the sweep velocity 0.1 K/min, as
here measurements usually are slower. With the parameters: 1 G drive amplitude, 7 Hz wave frequency,
amplifier gain 1, 1 block to average, 1 scan per measurement and 1 s settling time, measurements are
faster than 1 min, i.e. in this case the temperature error is less than 0.1 K.
Those measurements were performed in the group of R. Kremer, MPI FKF, Stuttgart
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man method [230] were investigated by magnetization measurements (see chapter 7); Table
5.2 summarizes their compositions x and masses m.
x

0

m(mg) 6.1
x

0.17

m(mg) 1.2

0.055

0.09

0.12

0.16

0.165

9.7

0.45

1.1

2.3

7.0

0.26

0.35

0.39

1

0.44

0.59

4.0

0.16

Table 5.2: Compositions x and masses m of EuFe2 (As1−x Px )2 single crystals investigated in
magnetization measurements (see chapter 7).

For optical measurements in the infrared frequency range (see chapter 8), further freshly
cleaved EuFe2 As2 and BaFe2 As2 single crystals with shiny surfaces > 1 mm2 were available;
for terahertz measurements (see attachment A), thin Ba(Fe1−x Cox )2 As2 films grown by
pulsed laser deposition [180] were supplied by S. Haindl and K. Iida (IFW Dresden).

6

EU BASED IRON PNICTIDES

EuFe2 As2 is exceptional among the parent compounds of the iron pnictides, as it exhibits
- additional to the Fe spin density wave - long-range magnetic order of the Eu2+ local
moments at low temperatures. Nevertheless, bulk superconductivity can be induced by
mechanical pressure, isovalent substitution and by electron or hole doping. Thus, Eu based
iron pnictides offer the extraordinary possibility to study the interplay of unconventional
superconductivity, itinerant and local magnetism.
In this chapter, first the magnetic properties of EuFe2 As2 are introduced. Their development under pressure, doping and Eu substitution are in the focus of the following
discussion, providing a basis for a unified phase diagram which will be presented in chapter 7. Afterwards, the electronic properties of Eu based iron pnictides are reviewed,
focusing on the influence of the Eu2+ magnetic moments. Additionally, measurements
on Eu 122 compounds that revealed important general properties for iron pnictides are
shortly presented.

6.1 EuFe2 As2
Measurements using a commercial SQUID magnetometer are ideal to get first insight into
the magnetic properties of a material. The standard procedures commonly employed to Eu
122 iron pnictides are summarized in Table 6.1. One should note that further investigations
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such as (resonant) x-ray scattering, Mössbauer studies and neutron diffraction1 are usually
needed to completely understand the magnetic ordering of such layered materials, in which
often inter- and intralayer interactions compete, causing “exotic” types of magnetism.
Measurement

Information

M (T ) at T = Ts,SDW

Feature at spin density wave transition.

M (T ) at T > TEu

Curie-Weiss fit provides information about the predominant magnetic interactions between Eu2+ spins and the
valency of Eu.

M (T ) and M (H)
at T ≤ TEu

Shape of curves provides information about the ordering.

M (T ) at T = TEu

TEu shifts with increasing field to lower temperatures for
antiferromagnetic order, to higher temperatures for ferromagnetism.

M (T ) at T < TEu

Hysteresis often results from ferromagnetism, spin glass
behaviour or superconductivity.

M (H) at T < TEu

Saturated moment gives evidence about the Eu valency.

Table 6.1: Summary of standard procedures to get information about the magnetism in
Eu 122 iron pnictides from temperature- (T ) and field- (H) dependent magnetization (M )
measurements.

Combined magnetization and Mössbauer studies revealed already in 1993 that EuFe2 As2
exhibits two magnetic transitions: an itinerant ordering in the Fe subsystem at ∼ 190 K
is followed at lower temperatures (∼ 19 K) by the local ordering of magnetic Eu2+ moments [216]. The itinerant order can be identified as a spin density wave that is accompanied by a tetragonal-to-orthorhombic structural phase transition [26]. Resistivity and
specific heat show only one sharp feature at Ts,SDW , indicating a first-order transition similar to SrFe2 As2 (see Fig. 6.1a-b, [27, 28, 181]). The spin density wave is also visible as a
jump in the magnetization (see Fig. 6.1c, [182]). However, as divalent Eu2+ magnetic moments (S = 7/2, L = 0) dominate the magnetization, usually a paramagnetic background
has to be subtracted before identifying the tiny feature.
Below TEu ∼ 19 K, the temperature-dependent magnetization is basically constant along
the c-axis, while a clear cusp appears for magnetic fields applied in the ab-plane (see
Fig. 6.1d-e). Both evidences antiferromagnetic behaviour. However, the Curie-Weiss fit
indicates predominant ferromagnetic interactions among the Eu2+ spins [28, 182, 216].
Therefore, in analogy to other layered systems, A-type antiferromagnetism was proposed,
meaning that spins order ferromagnetically within the ab-plane plane, but neighbouring
layers are coupled antiferromagnetically. This suggestion was confirmed by neutron and
1

Unfortunately, Eu is a strong neutron absorber, complicating those investigations [8].
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Figure 6.1: Standard characterization measurements on EuFe2 As2 . (a) The resistivity ρab (T )
shows kinks at Ts,SDW and TEu [224]. (b) While the specific heat C(T ) exhibits a pronounced
peak at Ts,SDW , (c) for magnetization measurements the paramagnetic background first has to
be extracted to identify a tiny feature caused by the spin density wave transition [28]. (d) The
temperature-dependent dc susceptibility χdc (T ) = M (T )/µ0 H shows for an in-plane magnetic
field (H k ab) a cusp at TEu and (e) flattens at T < TEu for H k c. Both is typical for an
antiferromagnet with the easy axis in the ab-plane. (f) At 2 K (blue line), M (H) saturates for
H k ab at ∼ 1.0 T, (g) for H k c at ∼ 1.6 T. The saturation fields increase for 15 K (purple
line) and 25 K (magenta line). A step-like increase for H k ab indicates a spin-flip or flop (also
called “metamagnetic transition”), which is typical for an antiferromagnet [182].

resonant x-ray diffraction measurements [8, 183, 189]; the detailed magnetic structure of
EuFe2 As2 is shown in Fig. 6.2. Both, itinerant Fe and local Eu2+ order are commensurate,
with the spins pointing parallel or antiparallel along the a-axis, consistent with theoretical
predictions [181]. One should note that Mössbauer and magnetic torque measurements
indicate a slight canting (∼ 10◦ ) of the Eu2+ moments out of the ab-plane [234, 253], which
was not observed by neutron and resonant x-ray measurements [8, 183, 189, 195]. While
the Eu2+ magnetic order is already suppressed at fields of only ∼ 1 T [7], the spin density
wave is still robust in pulsed magnetic fields of 55 T [190].
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Figure 6.2: Magnetic structure of EuFe2 As2 at 2.5 K [8].
Fe2+ moments (brown arrows) align antiferromagnetically along the a- and the
c-axis, but ferromagnetically
along the b-axis. Eu2+ moments (blue arrows) align
within one Eu layer ferromagnetically along the aaxis, and neighbouring abplanes are coupled antiferromagnetically.

Table 6.2 summarizes the magnetic properties of related compounds that are located
at the “end” of Eu 122 phase diagrams. Only EuFe2 As2 exhibits a spin density wave
transition. Furthermore, the Eu2+ magnetic order varies tremendously among the different
compounds, although Eu is in all cases divalent1 . The origin of the huge diversity of
different phases is quite simple: as different layers are too far separated for a direct overlap
of the Eu 4f -orbitals, the magnetic interactions are probably mediated via conduction
electrons by the indirect RKKY-exchange [36]. However, this indirect coupling oscillates
between ferro- and antiferromagnetic regimes depending on the details of the Fermi surface.
Theoretical calculations by Akbari et al. revealed even an influence of the spin density
wave on the RKKY-exchange (see also chapter 7.1, [11, 219]). Thus, when passing through
the Eu 122 phase diagrams, strong changes in the Eu2+ magnetic order can be expected.
Compound

TEu

Weiss

Proposed
order

Direction

Ref.

EuFe2 As2

19 K
29 K

FM
FM

A-type AFM
FM

a-axis
c-axis

[8, 216]
[210, 211]

17 K

FM

FM

c-axis

[215]

EuCo2 As2

39 K

FM

A-type AFM
vs. helical

ab-plane vs.
almost along
c-axis

[214, 251]

EuNi2 As2

14 K

AFM

EuFe2 P2
EuRu2 As2

[216]

Table 6.2: Characteristic information about the Eu2+ magnetism in Eu 122 parent compounds: magnetic ordering temperature TEu , predominant spin exchange given by the sign of
the Curie or Néel temperature, proposed order and spin direction.

1

In the case of EuCo2 P2 and EuRh2 As2 , mixed Eu valencies between 2 and 3 appear [217, 218]. For both,
incommensurate helimagnetism was observed. Bandstructure calculations indicate a strong sensitivity
of the magnetic configuration on the Eu valency [218].
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6.2 Phase diagrams
In order to compare several compounds, the transition temperatures are consistently determined as followed: superconductivity is defined by its onset and the zero resistivity
temperature, Tc,on and Tc,0 , respectively. The Eu2+ magnetic ordering temperature TEu
corresponds to a kink in resistivity and a peak in magnetization measurements. Standard
measurements on Eu 122 pnictides often do not show clearly distinguishable features that
would allow a distinct separation of structural and spin density wave transition temperatures. Thus, for the sake of simplicity, those transitions will be treated as one and referred
to as Ts,SDW .

6.2.1 Pressurized systems
In the case of isovalent substitution, a certain element is replaced by a smaller (larger)
one to shrink (expand) the unit cell similar to applied mechanical pressure. However, one
should keep in mind that even isovalent substitution induces additional chemical disorder.
It is still under debate, whether such disorder could be the actual tuning parameter through
the iron pnictide phase diagrams [68].
Mechanical pressure
In 2009, Miclea et al. reported that pressures around 2 GPa induce in EuFe2 As2 superconductivity up to ∼ 30 K [29]. However, zero resistivity was prohibited by a re-entrance of
resistivity at the Eu2+ magnetic ordering temperature (see Fig. 6.3a). Detailed investigations by Matsubayashi and Kurita et al. revealed that bulk superconductivity is achieved
only if hydrostatic pressure is transmitted ([222, 224], see Fig. 6.3b), reconciling several
pressure studies [188, 220, 221, 223, 225–229, 232].
Fig. 6.4 displays the phase diagram of EuFe2 As2 under hydrostatic pressure [222, 224].
At low pressures, the spin density wave gets continuously suppressed and the Eu2+ magnetic ordering temperature increases slightly (see also Fig. 6.3c). Around ∼2 GPa, TEu
starts to rise strongly. Surprisingly, this change in Eu2+ magnetism coincides with the
pressure, where the onset of superconductivity - without reaching zero resistance - can be
observed. Thus, in a narrow pressure range, Eu2+ magnetism, spin density wave order
and traces of superconductivity coexist. Zero resistance and bulk superconductivity occurs only between ∼ 2.5 − 3 GPa. It disappears as soon as the Eu2+ magnetic ordering
temperature is as high as Tc,on .
Magnetization measurements indicate that A-type antiferromagnetic Eu2+ order coexists with superconductivity. Above ∼ 6 GPa, a ferromagnetic signal is observed, visible in
a clear out-of-phase signal of the ac susceptibility (see Fig. 6.3d, [222]). TEu increases fur-
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Figure 6.3: Characteristic temperature-dependent in-plane resistivity and magnetization of
EuFe2 As2 under pressure. Grey arrows highlight the development of the transition temperatures with pressure. (a) Using silicone oil as pressure transmitter, superconductivity sets in at
Tc,on ∼ 30 K, but due to a resistivity re-entrance at TEu , zero resistivity is not achieved [29].
(b) Using Daphne 7474 as transmitting medium, Ts,SDW is continuously suppressed with pressure. Around 2.6 GPa, zero resistance without re-entrance and non-Fermi liquid behavior
(R(T ) ∼ T for T > Tc ) is observed [224]. (c) DC susceptibility: at low pressures, TEu increases slightly. The cusp is typical for antiferromagnetic order [222]. (d) AC susceptibility:
antiferromagnetism does not induce an out-of-phase signal (χ00 ≈ 0 at 4 GPa). However, at
∼ 6 GPa a second feature appears with χ00 > 0 that strongly shifts to higher temperature
and gets dominant with increasing pressure. The strong out-of-phase signal is typical for
ferromagnetism [222].
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Figure 6.4: Phase diagram of EuFe2 As2 under pressure (open symbols: Ref. [222], closed
symbols: Ref. [224]). TEu (blue diamonds) slightly increases at low pressures and starts to rise
stronger just before Ts,SDW (black squares) gets suppressed and the superconducting dome is
positioned (Tc,on : light red circles, Tc,0 : red circles).

ther up to pressures around 10 GPa, where a collapsed tetragonal phase transition takes
place [221, 223]. As the ionic radius of Eu2+ is larger than that of Eu3+ , this structural phase transition coincides with an increase of the Eu valency. As trivalent Eu is
nonmagnetic, TEu decreases for higher pressures [222].
Isovalent substitution: EuFe2 (As1-x Px )2
In 2009, Ren et al. discovered in EuFe2 (As0.7 P0.3 )2 superconductivity that sets in at
∼ 26 K and coexists with Eu2+ ferromagnetism below ∼ 20 K [30]. Both transitions
are visible in the specific heat, proving their bulk character. This observation attracted
tremendous interest in the condensed matter community, as superconductivity and ferromagnetism are usually antagonistic phenomena (see chapter 3.3) and “chemical” pressure
was discovered as a tuning parameter through the iron pnictide phase diagram.
It turned out that the electronic properties of EuFe2 (As1-x Px )2 are extremely sensitive
to the synthesis, possibly due to procedure-dependent internal strain: for single crystals
grown by the Bridgeman method, the superconducting dome appears around x ∼ 0.2 [9,
10, 230, 233, 235, 238, 240, 241, 272, 280], while for polycrystals as well as single crystals
grown by solid state reaction the dome is shifted to x ∼ 0.3 [30, 231, 232, 234, 236, 237,
243]. However, the Eu2+ magnetic order is not affected by the growth process. Fig. 6.5
compares the resulting phase diagrams, which resemble a lot EuFe2 As2 under pressure.
Most remarkably, TEu starts to increase above x ∼ 0.12, which again coincides with the
onset of superconductivity. This reveals a significant interplay between electronic and
magnetic properties in those compounds.
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However, in contrast to EuFe2 As2 under pressure, TEu decreases at lower substitution
levels. It is intriguing to assign the minimum around x ∼ 0.12 to the change from anti- to
ferromagnetic Eu2+ ordering, as signatures of ferromagnetism are observed at high substitution levels, consistent also with theoretical calculations [207, 239]. However, several
measurements indicated antiferromagnetic Eu2+ order up to significantly higher P concentrations [230, 243]. Furthermore, even results for the pure P compound are contradictory:
while Mössbauer and magnetization measurements indicate a successive helical ordering
around 26 K with the spins tilted 15 ◦ from the c-axis, neutron measurements state pure
ferromagnetism. It should be noted that indications for successive magnetic orderings
were also reported for mixed compounds [232, 234, 236, 237, 243]; in Ref. [242], the lower
transition was attributed to a minority phase. One contribution of this thesis was to reconcile those - on the first view contradictory - reports (see Table 6.3), which is presented
in more detail in chapter 7, as well as in Ref. [9] and [10].
T
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Figure 6.5: Phase Diagram of EuFe2 (As1-x Px )2 for samples grown by (a) the Bridgeman
method [9, 10, 230, 233, 235, 238, 240, 241, 272, 280] and (b) solid state reaction [30, 231,
234, 236, 237]. In both cases, TEu (blue diamonds) shows a minimum around x ∼ 0.12.
This minimum is close to the composition, where Ts,SDW gets suppressed (black squares) and
superconductivity sets in (Tc,on : light red circles, Tc,0 : red circles).

Isovalent substitution: Eu(Fe1-x Rux )2 As2
An alternative way of isovalent substitution is the replacement of Fe by Ru. It should
be noted that Ru influences the volume of the unit cell much less than P substitution [246]. Nevertheless, Eu(Fe1-x Rux )2 As2 also shows bulk superconductivity in a narrow
range around x ∼ 0.2 (see Fig. 6.6, [31, 245]). However, the onset of superconductivity
can be observed at least up to x = 0.55, which is in stark contrast to the mechanically
pressurized or P substituted case. One obvious difference to those systems is that the
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Technique

Sample

Observation

Eu2+

Ref.

Specific heat

Poly

Increasing magnetic field broadens and shifts anomaly to
higher temperatures.

FM

[30]

Magnetic
compton
scattering

Poly

Enhanced spin polarization of
the Fe-3d orbital.

FM

[231]

Mössbauer

Poly

Increased Eu hyperfine field,
Eu2+ spins almost aligned along
c-axis (20◦ tilted).

FM

[234]

Neutron

Single

No antiferromagnetic reflections, Eu2+ spins aligned along
c-axis.

FM

[241]

Neutron

Single

Eu2+ spins aligned along c-axis,
minority phase with lower ordering temperature.

FM

[242]

Magnetization

Single

Shape and field-dependence of
magnetization.

AFM

[230,
243]

Muon, Mössbauer

Single

Eu2+ spins almost aligned along
c-axis (12◦ tilted).

AFM

[243]

Table 6.3: Arguments for Eu2+ ferromagnetism (FM) vs. antiferromagnetism (AFM) in
superconducting EuFe2 (As1-x Px )2 polycrystalline samples (poly) or single crystals (single).

Eu2+ magnetic ordering temperatures of EuFe2 As2 and EuRu2 As2 are quite similar and
therefore, TEu basically stays constant in the whole phase diagram. Thus, it is intriguing
to conclude that superconductivity gets suppressed, if the Eu2+ magnetic ordering exceeds Tc . However, this conclusion does not explain why Eu(Fe1-x Rux )2 As2 exhibits bulk
superconductivity only in a very narrow range.
Despite the lower ordering temperatures than in the case of EuFe2 P2 , EuRu2 As2 is also
suggested to order ferromagnetically along the c-axis (see Table 6.2). Therefore, it is not
surprising that for Eu(Fe1-x Rux )2 As2 , successive anti- and ferromagnetic transitions were
observed [31, 245], too, and Mössbauer studies on a superconducting sample indicate a
reorientation of the Eu2+ spins towards the c-axis [31].
Mechanical vs. chemical pressure
In order to compare the influence of mechanical and chemical pressure, Sun and Tokiwa
et al. investigated EuFe2 As2 and EuFe2 (As1-x Px )2 under pressure, concluding that the
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Figure 6.6: (a) Phase diagram of Eu(Fe1-x Rux )2 As2 [245]. TEu (blue diamonds) stays almost
constant. Superconductivity sets in (light red circles), as soon as Ts,SDW (black squares) is
suppressed. While zero resistivity (red circles) is achieved only around x ∼ 0.2, traces of
superconductivity exist up to x = 0.55, (b) visible in resistivity measurements for x = 0.25
(magenta line), 0.48 (purple line) and 0.55 (pink line), which also exhibit a resistivity reentrance at TEu .

overall behaviour is very similar [232, 238]1 . However, when incorporating also the Eu2+
magnetic order in the phase diagram, as it is done in Fig. 6.7, it gets obvious that the
actual processes are more complex: choosing the equivalent pressure for complete P substitution x =
ˆ 15.4 GPa, one can map reasonable well the electronic properties on top of each
other, however, not the Eu2+ magnetic ordering temperature. Moreover, when comparing the influence on the crystallographic c- and a-axes (see Fig. 6.8), mechanical pressure
compresses the c-axis significantly stronger than P substitution if one uses the above chosen equivalent. Thus, assuming that isovalent substitution just acts as chemical pressure
is clearly oversimplified: actually superconductivity is induced much faster compared to
mechanical pressure. The most plausible scenario is that the disorder induced by isovalent
substitution causes the differences in the phase diagram. Disorder could also weaken the
RKKY-exchange, explaining why TEu first decreases in EuFe2 (As1-x Px )2 .

1

Sun et al. proposed that a pressure-induced valence change of Eu sets in already at the left side of the
superconducting dome for both, EuFe2 As2 under mechanical pressure and EuFe2 (As1-x Px )2 [232]. This
could lead to additional electron doping, possibly even favouring superconductivity. However, previous
Mössbauer studies on superconducting EuFe2 (As0.7 P0.3 )2 did not reveal any Eu3+ foreign phase [243]
and Matsubayashi et al. [222] revealed valency changes in EuFe2 As2 only at much higher pressures.
Intriguingly, changes in the valency are reported in both cases close to the solidification of the pressure
transmitting medium. It is not clear how this should induce a measurement error, nevertheless further
investigations are necessary to clarify this issue.
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Using the equivalent: P substitution x =
ˆ 15.4 GPa that maps the electronic properties on top
of each other, reveals that mechanical pressure contracts the c-axis much stronger than P
substitution.
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Summary
In summary, when comparing the phase diagram of mechanically pressurized EuFe2 As2
with those of EuFe2 (As1-x Px )2 and Eu(Fe1-x Rux )2 As2 , we can conclude for the interplay
of superconductivity and magnetism:
• Microscopic coexistence of spin density wave ordering and superconductivity was yet
not evidenced.
• TEu does not behave universal. However, for mechanically pressurized EuFe2 As2 and
EuFe2 (As1-x Px )2 , it increases strongly as soon as the spin density wave is suppressed
and superconductivity sets in.
• Considering only bulk superconductivity, the superconducting dome is rather narrow in all cases. For mechanical pressure and P substitution, superconductivity is
suppressed as soon as TEu ≈ Tc,on .
• In all phase diagrams, the Eu2+ magnetic order changes with substitution. However,
contradictory reports exist which kind of magnetism coexists with superconductivity.

6.2.2 Electron doping
In the case of 122 iron pnictides, electron doping can be realized by the substitution of Fe
by an atom that prefers a lower valence state. Indeed, superconductivity up to ∼ 25 K was
found in Co doped BaFe2 As2 [247]. However, similar approaches were much less successful
for Eu based 122 iron pnictides.
Eu(Fe1-x Cox )2 As2
In 2009, Jiang et al. presented results on Eu(Fe0.89 Co0.11 )2 As2 single crystals grown by
using (Fe,Co)As as self-flux, which showed the onset of superconductivity at ∼ 21 K [32].
However, with this synthesis technique only polycrystals where produced that exhibit zero
resistivity at low temperatures [249], but no single crystals [248–251, 258, 260].1 The
synthesis of single crystals with zero resistance could be achieved only by using Sn-flux,
however, with very low transition temperatures (significantly below 10 K) [252–257, 259].
Fig. 6.9 compares the resulting phase diagrams2 . One should note that here, the growth

1

2

Chen et al. argued that in their polycrystals, the coupling between conduction electrons and local
Eu2+ moments is reduced, visible in resistivity measurements with less obvious features at TEu and the
absence of re-entrant superconductivity [249].
Only the study by Ying et al. [248] does not fit to the others. The reason is probably that only nominal
sample compositions are given. Due to this uncertainty, it is excluded from the further discussions.
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technique influences all properties, also the Eu2+ magnetic transition. In both cases, the
Eu2+ magnetic ordering temperature shows a minimum, where structural as well as spin
density wave gets suppressed and the rather narrow superconducting dome is positioned
around this composition. Mössbauer experiments on superconducting compounds indicate that the spin density wave does not take place in the whole sample volume [254].
Thus, again rather phase separation than microscopic coexistence of superconductivity
and itinerant Fe magnetism is observed.
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Figure 6.9: Phase diagram of Eu(Fe1-x Cox )2 As2 samples grown using (a) self-flux [249–
251, 258, 260] and (b) Sn-flux [252–257, 259]. In both cases, the Eu2+ magnetic ordering
temperature (blue diamonds) shows a minimum around the composition, where Ts,SDW (black
squares) gets suppressed and the superconducting dome is positioned (Tc,on : light red circles,
Tc,0 : light red circles). Zero resistivity for self-flux grown samples was only observed in
polycrystalline samples [249].

More similarities to mechanically pressurized and isovalently substituted EuFe2 As2 can
be found when comparing the evolution of Eu2+ magnetic order throughout the phase
diagram: as soon as the spin density wave gets suppressed, the Eu2+ spins cant more and
more out of the ab-plane. Although magnetization measurements show up to high Co
contents indications for antiferromagnetic interlayer coupling (often interpreted in terms
of canted antiferromagnetism [253, 254, 257] or helimagnetism [32, 251]) and multiple
magnetic transitions [250, 251, 256, 257], neutron diffraction measurements on a superconducting sample concluded ferromagnetic ordering along the c-direction with a moment
size of 6.2 µB , slightly lower than the theoretical expected value of ∼ 7 µB . Those contradictory reports get even more mysterious, when considering that EuCo2 As2 shows very
similar magnetic behaviour to EuFe2 As2 : even signatures of a metamagnetic transition
were observed in M (H)-curves around ∼ 3 T [214].
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Eu(Fe1-x Nix )2 As2
Surprisingly, Ni substitution on the Fe site does not induce superconductivity at all [251,
261, 262]. Mössbauer measurements on doped compounds reveal a canting of the Eu2+
spins out of the ab-plane and multiple magnetic transitions appear that were interpreted
in terms of a crossover from anti- to ferromagnetism. Ren et al. concluded that this
ferromagnetism suppresses superconductivity [261]. However, this argumentation has two
weak points: first of all, the end member EuNi2 As2 is antiferromagnetic, and not ferromagnetic [216]. Secondly, when comparing the development of TEu and Ts,SDW for Co and
Ni, both can be mapped perfectly on top of each other at low doping level1 (see Fig. 6.10).
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Figure 6.10: Phase diagram of Eu(Fe1-x Yx )2 As2
with Y = Co [249, 258]
(closed symbols) or Ni [261]
(open symbols). The xaxis of the Ni phase diagram
was expanded by a factor
of two, as Ni can provide
twice as much electrons as
Co. TEu (blue diamonds)
and Ts,SDW (black squares)
perfectly match.

Eu(Fe1-x Irx )2 As2
Up to now, the most “successful” approach to induce superconductivity by electron doping
has turned out to be Ir substitution [33, 263, 264]. In 2013, Paramanik et al. reported
for Eu(Fe0.86 Ir0.14 )2 As2 polycrystals an onset of superconductivity at 22.6 K and zeroresistivity as well as diamagnetic shielding at 19 K, which is disturbed by a resistivity reentrance due to Eu2+ magnetic ordering around 14 K [33]. Only two months later, Jiao et
al. published results on Eu(Fe0.88 Ir0.12 )2 As2 single crystals with a sharp superconducting
transition between 22 K and 21 K (without any resistivity re-entrance) [263]. Both groups
proposed a canting of the Eu2+ spins out of the ab-plane. However, whereas the first
group suggested canted A-type antiferromagnetic ordering of Eu2+ , the latter favoured a
ferromagnetic ordering.
1

In order to compare them correctly, one has to consider that Ni substitution provides two electrons
per substituent, whereas Co provides only one. Thus, the x-scale of the Ni phase diagram should be
expanded by a factor of two. Indeed, it is quite surprising that the mapping works out so well, as the
end members of the phase diagrams, EuNi2 As2 and EuCo2 As2 , have quite different Eu2+ magnetic
ordering temperatures (see Table 6.2).
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Summary
Summing up, electron doping induces superconductivity in EuFe2 As2 when substituting
Fe by Co or Ir. While in the latter case, zero resistivity and a clear diamagnetic shielding
was observed around 20 K, the results for Co doping are less convincing: the diamagnetic
shielding is significantly lower and the phase diagram strongly depends on the growth
technique. Ni substitution does not induce superconductivity at all, although Ts,SDW and
TEu show exactly the same behaviour as for Co doping.
When comparing electron doping to isovalent substitution and mechanical pressure, the
overall behaviour is very similar: superconductivity probably does not coexist with the
spin density wave order on a microscopic scale and TEu shows an almost identical behaviour
as in the case of P substitution. The reports about the type of Eu2+ magnetic order are
as contradictory as for isovalent substitution. Despite those similarities, one new aspect
concerning the interplay of superconductivity and magnetism should be emphasized: the
results for Co doping clearly show that superconductivity with zero resistivity can appear,
even when the onset temperature is much lower than TEu . Thus, one could speculate
that superconductivity is only suppressed by the Eu2+ magnetic order, if the two antagonistic phenomena would like to set in at similar temperatures. This might happen for
Ni substitution, as Ni doping usually leads to slightly lower critical temperatures than
Co [247, 265].

6.2.3 Eu dilution
Chemical substitution at the Eu site does not only act as doping or isovalent pressure, it
also weakens the Eu2+ magnetism. Up to now, poly- and single crystals were successfully
grown for Ca, Sr, Ba, K, Na and La substitution: Ca, Sr and Ba are isovalent substitutions; K and Na substitution leads to hole doping, La to electron doping. In some cases,
those approaches were further combined with physical pressure or additional substitutions
at another element site (“codoping”). Unfortunately, although the magnetic and superconducting properties are directly linked to each other, detailed studies on the evolution
of the Eu2+ magnetism dependent on dilution level are still rare.
Isovalent substitution
Isovalent substitution on the Eu site is not expected to induce superconductivity, as corresponding 122 parent compounds exhibit “only” structural as well as spin density wave
transitions. Those appear for Ca, Eu, Sr and Ba approximately at 170 K, 190 K, 205 K
and 140 K, respectively [5]. One should note that the transition temperatures do not just
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follow the ionic radii, which are increasing from Ca to Ba [66].1 Thus, only Ca substitution
will induce positive chemical pressure and shrink the unit cell volume, while Ba and Sr
will have the opposite effect.
The dilution effect on the local Eu2+ magnetic order can be summarized as followed:
• As expected, Ba substitution continuously suppresses Ts,SDW [269]. While the lowest
detectable TEu = 0.5 K was found for x = 0.45, all samples with higher Ba content
(except BaFe2 As2 ) still show at low temperatures an enhanced response of the specific heat. This indicates that Eu2+ magnetic moments significantly influence the
material’s properties even at very high dilution levels.
• In the case of Ca substitution, the Eu2+ magnetic transition is completely suppressed
at x = 0.75, but for 50 % dilution still as high as 9 K [267, 268]. Additional physical pressure on Eu0.5 Ca0.5 Fe2 As2 induces superconductivity with a maximum Tc of
24 K and possibly a coexistence region of spin density wave ordering, local Eu2+
magnetism and superconductivity (around ∼ 1.4 GPa).
• Several studies investigated the superconductivity in Sr diluted samples with additional 11-14 % Co-doping [270–274]. While Eu(Fe1-x Cox )2 As2 often only shows traces
of superconductivity, in Eu diluted specimen bulk superconductivity was observed
up to 15 K. It was suggested that superconductivity disappears as soon as Tc < TEu
(see Fig. 6.11, [271]). Specific heat measurements under external magnetic fields
showed that an antiferromagnetic Eu2+ order at 2 K persists up to a Eu dilution of
as high as 80 % [273].
Thus, the Eu2+ magnetism in EuFe2 As2 iron pnictides is surprisingly robust against isovalent dilution.
Hole doping
In 2008, Jeevan et al. reported for hole doped Eu0.5 K0.5 Fe2 As2 polycrystals a superconducting transition at 32 K [34]. The high quality of the samples was indicated by a
rather sharp resistivity transition with a width of less than 2 K. Bulk superconductivity was evidenced by a well-defined anomaly in the specific heat and a full diamagnetic
shielding. However, those measurements revealed only very weak features below 10 K

1

The reason why BaFe2 As2 shows significantly lower structural and spin density wave transition temperatures as the others is yet not clear. Previous quantum oscillation measurements indicated effective
masses systematically smaller than in the case of EuFe2 As2 , meaning that the latter is much more
correlated [209].

6.2 Phase diagrams

83

3 0
c ,o n

T

c ,0

T

E u

E u

1 -x

S rx(F e

0 .8 4

C o

0 .1 4

)2A s
2

T (K )

2 0

T

1 0

0

0 .0

0 .2

0 .4

0 .6
S r c o n te n t

0 .8

1 .0

Figure 6.11: Phase diagram of Eu1-x Srx (Fe0.86 Co0.14 )2 As2 [271]. The Eu2+ magnetic order (blue diamonds) is continuously suppressed with Sr substitution. Superconductivity and
magnetism coexist, as long as the onset of superconductivity (Tc,on : light red circle) and zero
resistance temperature (Tc,0 : light red circle) are well above TEu .

that could be ascribed to Eu2+ magnetism. As dilution typically leads to the suppression of magnetic order, it is very tentative to assign weak signatures of Eu2+ ordering
to short-range interactions. However, one has to keep in mind that even in non-diluted
compounds, the superconducting signal can be strong enough to mask Eu2+ magnetism.
Indeed, systematic magnetization studies on x = 0.38 polycrystals revealed that a small
peak buried by the diamagnetic signal shifts with increasing magnetic field towards lower
temperatures, indicating a long-range antiferromagnetic ordering [279]. Measurements on
codoped Eu0.5 K0.5 (Fe1-y Niy )2 As2 give further evidence for such a long range magnetic order at 50 % dilution level: as soon as Ni doping has suppressed superconductivity, a strong
antiferromagnetic Eu2+ signal can be detected around 8 K [286].
Fig. 6.12 shows the phase diagram of Eu1-x Kx Fe2 As2 . Further experimental studies [275–
282] showed that x = 0.5 actually represents the optimal doping level for poly- and single
crystals. It should be noted that the synthesis of single crystals was successfully performed
only in 2012, as K is highly reactive and hard to be controlled. Therefore, the single
crystal phase diagram is still incomplete, especially concerning higher substitution levels.
However, those doping levels are of special interest, as KFe2 As2 is a particular end member
of the iron pnictides: it is superconducting with a Tc of 3.8 K [283]. In Fig. 6.12, also
studies on the effect of Na doping are included [284, 285]. First measurements indicate
a rather broad superconducting dome similar to K doping (see Fig. 6.12). Additional P
substitution on a 30 % diluted sample was able to increase Tc by 5 K [287].
In summary, hole doping combined with Eu dilution leads to a rather broad superconducting dome with high Tc , which is consistent with other 122 iron pnictides [80].
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Figure 6.12: Phase diagram of hole doped Eu1-x Yx Fe2 As2 (Y = Na [286], K [279, 280]). The
superconducting dome and the corresponding transition temperatures are marked in red (Na:
dark red stars for Tc,0 ; K: light red circles for Tc,on and red circles for Tc,0 ; closed symbols:
single crystals [280], open symbols: polycrystalline samples [279]). The underdoped part of
the dome is depicted more transparent, as here evidence for bulk superconductivity is not
yet provided. Ts,SDW is faster suppressed for Na (grey hexagons) than for K substitution
(black squares). TEu (blue diamonds) is continuously suppressed and disappears around 60 %
substitution level.

Although Na substitution leads to the faster suppression of the structual and spin density
wave transition, the superconducting domes are very similar. Experimental studies on the
Eu2+ magnetism are complicated, as the diamagnetic shielding typical for a bulk superconductor masks the Eu2+ signal. However, there is growing experimental evidence indicating
a coexistence of Eu2+ long-range magnetic order and superconductivity, consistent with
the results from isovalent Eu dilution.
Electron doping
Substituting Eu by the rare earth ion La leads to the suppression of the structural and
spin density wave transition, probably due to electron doping [288–291]. However, only
traces of superconductivity were found for the maximum possible solid-solution of x =
0.27.
Zhang et al. applied additional pressure on x = 0.22 and 0.27 samples, successfully
inducing superconductivity with sharp transitions and zero resistivity (see Fig. 6.13,
[291]). Interestingly, neither La doping nor additional pressure up to 2.2 GPa do notably
influence the Eu2+ magnetic transition temperature. Indeed, TEu slightly increases under
pressure. Surprisingly, one can observe the coexistence of spin density wave magnetism,
superconductivity and local Eu2+ magnetism, while Tc is always smaller than TEu .
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Figure 6.13: Phase diagram of Eu1-x Lax Fe2 As2 (left) and Eu0.73 La0.27 Fe2 As2 under pressure
(right). Black squares correspond to Ts,SDW and blue diamonds to TEu . While zero resistivity
Tc,0 (red circles) appears only in a narrow dome for Eu0.73 La0.27 Fe2 As2 under pressure, the
onset of superconductivity Tc,on (light red circles) appears in a much broader range. A coexistence region of spin density wave magnetism, superconductivity and local Eu2+ magnetism
shows up.

Summary: Eu dilution
When summarizing all those studies on Eu diluted compounds, the most important findings concerning the interplay of magnetism and superconductivity are:
• There is growing experimental evidence that the Eu2+ antiferromagnetic interlayer
coupling is quite robust against dilution [273, 279, 286], as can be seen in Fig. 6.14.
Overall, a rather smooth decrease of TEu with dilution level takes place. This is
typical for an intermetallic compound with local antiferromagnetism that is diluted
with nonmagnetic ions [271]. Ba substitution seems to suppress the Eu2+ magnetic
ordering the fastest. Interestingly, ionic radii as well as Ts,SDW changes the most
in the case of Eu substitution by Ba. This indicates a complex interplay between
structural, electronic and magnetic properties.
• It is quite surprising that when comparing EuFe2 As2 and Eu0.73 La0.27 Fe2 As2 under pressure, the latter diluted compound exhibits significantly lower critical temperatures [291]. This implies that in some cases, disorder might be even more
harmful to superconductivity than Eu2+ magnetism. In contrast, Tc increases in
Eu0.7 Na0.3 Fe2 As2 by additional P substitution on the As site [287] and in Eu1-x Srx (Fe0.86 Co0.14 )2 As2 by increasing Eu dilution [271].
• Indications for phase coexistence of (zero-resistance) superconductivity with spin
density wave as well as diluted Eu2+ magnetism was reported in several compounds
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Figure 6.14: Suppression of the Eu2+ magnetic ordering temperature TEu with increasing
Eu dilution for Eu1-x Yx Fe2 As2 . Y = Ba (pink open squares, [269]), Ca (beige stars, [268]),
Sr (codoped with 14 % Co) (blue open diamonds, [271]) and K (dark cyan closed hexagons,
[279].

[267, 268, 285, 291], which is in stark contrast to non-diluted systems. Further
systematic studies on these compounds is highly desirable in order to shed new light
on the complex interplay between superconductivity and magnetism.

6.3 Electronic properties
6.3.1 Normal state properties
Band structure
Early angle resolved photoemission studies (ARPES) on EuFe2 As2 [191, 192] revealed a
band structure typical for 122 iron pnictides: in the paramagnetic phase, electron pockets around the X-point ((π,π)-point) and hole pockets around the Γ -point ((0,0)-point)
could be resolved. Below the spin density wave transition, the electron-like bands (at the
X-point) are folded back to the Γ -point, where they hybridize with the hole-like bands,
leading to the opening of a spin density wave gap and a droplet-like Fermi surface. Such
rather three-dimensional Fermi surface sections are also consistent with quantum oscillation measurements [209].
Those ARPES studies did not resolve any change when crossing the Eu2+ magnetic
ordering temperature, indicating a weak coupling between the Eu and FeAs subsystems.
Therefore, Eu based compounds were examined in further studies in order to get characteristic information about 122 iron pnictides, and the Eu2+ magnetic ordering was completely
neglected [199, 205, 235, 290, 293]. For example, EuFe2 (As1-x Px )2 was the first chemically
pressurized superconductor investigated by ARPES [235]. It was found that P substitution
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mainly influences the hole pockets in the center of the Brillouin zone, leading to a strongly
three-dimensional Fermi surface with reduced nesting and (at least at low P substitution)
to a charge-neutral development, which can not be described by a simple rigid-band shift1 .
In contrast to the early investigations on EuFe2 As2 , recent results show that the coupling
between Eu and FeAs layers can not be neglected [204]. While former studies were carried
out with energies, where the photoemission cross section of the d-orbitals is dominant,
Adhikary et al. also used photon energies, which are sensitive to p-orbitals. This revealed
that the electronic states near the Fermi energy level possess large p-orbital contributions
due to Eu-As and Fe-As hybridizations, and are sensitive to the Eu2+ ordering.
Electronic transport
The electronic transport properties of EuFe2 As2 are similar to other iron pnictides (see
chapter 3.2.2, [188]): although a spin density wave takes place at elevated temperatures
Ts,SDW ∼ 190 K, the resistivity (of twinned samples) stays metallic down to lowest temperatures (see also Fig. 6.1). At TEu , the resistivity exhibits only a slight kink; the influence
on the scattering rate and thus also on the optical properties is negligible [184]. While
Hall and thermopower measurements indicate that the carriers dominating the electronic
transport above Ts,SDW are holes [28, 280], also the influence of Dirac fermions was suggested [255].
In order to study the spin density wave, besides ARPES also optical spectroscopy [146,
184, 186] and scanning tunneling microscope (STM) measurements [203] were performed
on EuFe2 As2 .

While ARPES studies reported a spin density wave gap 2∆ ≈ 50 −

70 meV [191], STM results indicate a gap value of 2∆ ≈ 90 meV, with a small suppression
of the density of states at the Fermi energy that persists even up to higher temperatures
than Ts,SDW . Further contradictory results were obtained from optical measurements in
the infrared frequency range: while Wu et al. found only one spin density wave gap below
161 meV [184], Moon et al. resolved two energy gaps below 56 and 178 meV, consistent
with BaFe2 As2 and SrFe2 As2 [146, 266].

1

It was found that an electron pocket with yz-orbital character and a hole pocket with xy-character do
not change with P substitution. Both stay basically two-dimensional. However, a strongly dispersive
hole pocket with z 2 -orbital character increases with increasing P content, and the almost degenerate hole
pockets with xz- and yz-orbital character are strongly suppressed at the Γ -point (and even disappear
close to optimal doping), while they remain almost unchanged at the Z-point. A reduction from three
to only one hole pocket at the Γ -point is consistent with DFT calculations [207].
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Coupling between magnetic and electronic subsystems
Probably the most interesting question about Eu 122 pnictides is, how strong the local
Eu2+ magnetic moments are coupled to the itinerant electrons in the FeAs layers. In the
case of superconducting compounds, the influence of the Eu2+ magnetism on the electronic properties is clearly visible in transferred hyperfine fields from the Eu2+ moments
on Fe of about 1 T [234, 251], causing phenomena such as the re-entrance of resistivity
in the superconducting phase and field-enhanced superconductivity (see chapter 6.3.2).
For EuFe2 As2 , however, the situation is more complicated: it was concluded that electron
scattering on the local Eu2+ moments plays only a minor role for the transport properties [188] and the reflectivity basically does not change at the Eu2+ magnetic ordering
temperature [184]. Only recently, ARPES [204], Mössbauer [200] and resonant x-ray measurements [195] could resolve signatures of coupled FeAs and Eu subsystems. In order
to get more information about the coupling strength, electron and nuclear magnetic spin
resonance studies are discussed in the following.
Electron spin resonance (ESR) is in principle a powerful tool to investigate the spin
dynamics in Eu based iron pnictides, as one probes the relaxation of the local Eu2+
spins which is dominated by the interaction with conduction electrons [187, 202, 248, 258,
269, 272, 277, 289]. Therefore, the resonance field and linewidth of the ESR signal both
depend on the exchange coupling between Eu2+ spins and itinerant electrons, as well as
on the electronic density of states at the Fermi energy. In a common metal, the ESR
linewidth increases linearly with temperature (“Korringa relaxation”); the g-factor, which
is determined from the resonance field, is temperature-independent and shifted compared
to its vacuum value (“Pauli susceptibility”). However, if the conduction electrons couple
stronger to the Eu2+ spins than to the lattice, the microwave energy absorbed by the
Eu2+ moments is not emitted fast enough to the lattice (“bottleneck scenario”) [258, 272].
Instead, it is kept in the magnetic system of Eu2+ spins and conduction electrons. As a
consequence, the ESR response depends on experimental parameters such as microwave
frequency and Eu concentration. Unfortunately, there is up to now no consensus whether
such a bottleneck scenario is observed in Eu based iron pnictides or not [258, 269, 272].1

1

Garcia et al. argued that an almost unchanged g-factor through the phase diagram (which does thus
not reflect the evolution of the Fermi surface), the measured magnetic field-dependence of the linewidth
and opposing evolutions of the calculated density of states at the Fermi energy and the actual linewidth
slope, all suggest a bottleneck scenario for Eu(Fe1-x Cox )2 As2 [258]. However, Krug von Nidda et al.
did neither observe any field dependence of the linewidth, nor that Eu dilution changes its slope [272].
Furthermore, Rosa et al. reported that when replacing Eu by Ba, the spin density wave is suppressed
and the Korringa slope decreases simultaneously; opposite to what one would expect in the bottleneck
scenario [269].
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A much clearer picture can be drawn by nuclear magnetic resonance (NMR) spectroscopy, which probes the spin polarization of

75 As

nuclei that takes place via the Fermi

contact interaction with delocalized carriers. If the Eu2+ local moments are interacting
with the conduction electrons, this should be visible in the signal. Thus, NMR spectroscopy is ideal to investigate the coupling between Eu2+ magnetic moments and the
FeAs layers. Up to now,

75 As

NMR investigations were performed on Eu(Fe0.995 Co0.005 )2 -

As2 [252] and Eu diluted compounds [273, 281]. It was found that the typical measurement
parameters - spin-lattice relaxation rate, spin-spin relaxation rate and the shift of the central line - all follow a Curie-Weiss law. Furthermore, even in diluted compounds, the
spin-lattice relaxation is more than two times larger than those of Ba 122 pnictides, and
it increases with the Eu content; the latter is also true for the Curie-Weiss constant. All
this proves that the

75 As

nuclei interact with the localized Eu2+ moments. In order to

get an estimate about the coupling between the FeAs layers and Eu subsystems, one can
calculate the hyperfine coupling by relating the central line shift to the dc magnetic susceptibility. For Eu(Fe0.995 Co0.005 )2 As2 , the hyperfine coupling is 60 times larger than for
NdFeAsO0.85 F0.15 , providing direct experimental evidence for a strong coupling between
the Eu2+ localized moments and the conduction electrons in the FeAs layers [252].
Electronic in-plane anisotropy
Up to now, most of the investigations on the in-plane anisotropy of iron pnictides concentrated on Ba(Fe1-x Cox )2 As2 . Recently, magnetic torque measurements on very small
samples [295], as well as resistivity and thermopower measurements on mechanically detwinned crystals were also performed on Eu compounds [197, 240]. In those studies, the
focus was on investigating the general in-plane anisotropy and possible nematic behaviour
of iron pnictides, and the Eu2+ magnetic order was neglected.
In order to examine whether the Eu2+ magnetism leads to an additional anisotropic
response, Fig. 6.15 depicts resistivity data for Eu(Fe1-x Cox )2 As2 [197]. The overall behaviour is similar to Ba 122-compounds (see chapter 3.2.2); the Eu2+ magnetic order does
not notably induce additional anisotropy.
Magnetic detwinning
Although magnetic fields are usually very ineffective to detwin iron pnictides [24], EuFe2 As2 can be completely detwinned below TEu by small magnetic fields (∼ 1 T) applied along
one of the orthorhombic axes [7]. In the corresponding experiment, Xiao et al. observed
already at 0 T a strong imbalance of twin domains, possibly due to strain induced by
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Figure 6.15: Temperature-dependent resistivity ρ(T ) [197] and its anisotropy for mechanically detwinned Eu(Fe1-x Cox )2 As2 with (a) x = 0 and (b) x = 0.034. Vertical lines mark
the transition temperatures TEu (orange; kink in resistivity), TSDW (red; maximum in specific
heat, minimum in dρ/dT ) and Ts (brown; onset of hump in specific heat). The anisotropy
with ρb > ρa arises already slightly above Ts and increases with doping. The Eu2+ magnetic
order does not notably induce additional anisotropy.

the mounting of the crystal1 , and a magnetic field was applied along the orthorhombic
a-axis of the minority domain type (defined as (100)o -direction). Fig. 6.16 summarizes the
main results. At low fields, the intensity of the (400)o -reflection (representing the minority
twins) first decreases, before it abruptly increases around 0.7 T and the (040)o -reflection
completely disappears. Only a slight hysteresis was revealed. The authors attributed their
observations to a giant spin-lattice coupling that leads at high fields to a detwinning of the
crystal with its longer orthorhombic a-axis aligned parallel to the external magnetic field;
the changes at low fields were interpreted in terms of a tilting of the minority domains out
of their balance position due to internal strain induced by the detwinning process.
Xiao et al. also performed magneto-resistance measurements on EuFe2 As2 , concluding
that the main observations can be well explained by Eu2+ spin scattering [198]. For
currents and magnetic fields applied parallel to one of the orthorhombic in-plane axes,
a giant, unconventional magneto-resistance effect takes place: at temperatures T < TEu ,
the resistance first increases with increasing magnetic field, until it abruptly decreases at
the Eu2+ spin-flip field (∼ 0.7 T). The low field behaviour resembles the positive magnetoresistance that appears when an external magnetic field is applied parallel to the sublattice
magnetization of an antiferromagnet; the abrupt decrease can be understood in terms of

1

Proposed in private communications by the main author Y. Xiao.
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Figure 6.16: Selected Bragg reflections of EuFe2 As2 at 2 K with the magnetic field applied
along one of the orthorhombic axes [7]. Momentum transfer Q-scans around the (400)o and
(040)o reflections (a) under three typical magnetic fields 0 T (black), 0.5 T (green) and 1 T
(red line) as well as (b) for decreasing and increasing magnetic fields displayed in a contour
D1
plot. HCrit
marks the field, where twins tilt out of their balance position, caused by internal
D2
strain due to the detwinning at HCrit
.

superzone boundary theory, which predicts an energy gap in the antiferromagnetic state;
as soon as the Eu2+ spins flip along the external magnetic field, the antiferromagnetic
state and thus the energy gap gets destroyed and the resistivity decreases. In contrast, at
temperatures slightly above the Eu2+ magnetic ordering, the resistance directly decreases
with increasing field. This can be explained in terms of suppressed spin fluctuations in a
magnetic field.
Chapter 9 will show measurements done in the framework of this thesis, demonstrating
that the magnetic detwinning is actually more complex than presented by Xiao et al..
Furthermore, those studies prove that the magneto-resistance is mainly governed by twin
domain dynamics (and not Eu2+ spin scattering), causing distinct hysteretic behaviour
which can be observed when well-defined cooling procedures are obeyed.

6.3.2 Superconducting properties
Quantum criticality
Non-Fermi liquid behaviour, indicated for example by a linear temperature-dependence of
the resistivity, was discovered in several unconventional superconductors around optimal
doping [292]. Its appearance is widely discussed as due to an underlying quantum critical
point or strong spin fluctuations in the vicinity of a suppressed magnetic order. While
non-Fermi liquid behaviour above the superconducting dome is also commonly observed
in iron pnictides, a divergent quasiparticle mass evidencing a quantum critical point was
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(up to now) only confirmed for BaFe2 (As1-x Px )2 , possibly because this is a very clean
system [83, 84].
In order to elucidate the origin of non-Fermi liquid behaviour in iron pnictides in more
detail, Kurita et al. investigated pressurized EuFe2 As2 , which shows above the superconducting dome a linear temperature-dependence of the resistivity [229]. For optimum
pressure, while resistivity and Hall measurements at 0 T ruled out any divergent quasiparticle mass, Fermi liquid behaviour could be restored in magnetic fields around 10 T. From
those studies, the following conclusions were proposed: on the one hand, as EuFe2 As2
under pressure can be considered as an even cleaner system as BaFe2 (As1-x Px )2 , the nondivergent quasiparticles mass demonstrates that quantum criticality is not the key ingredient for high temperature superconductivity in iron pnictides. On the other hand, the
latter results under high magnetic fields indicate that spin fluctuations drive the unconventional scattering above the superconducting dome: probably, the external fields which
are further enhanced by the Eu2+ moments lead to a high enough internal field to suppress
the spin fluctuations. This is an impressive example of how important information about
unconventional superconductivity can be revealed by Eu based iron pnictides.
Influence of Eu magnetism
Understanding the interplay between superconductivity and magnetism is one of the great
challenges of today’s solid state physics. Indeed, the coexistence of Eu2+ magnetic order
and superconductivity is surprising from a very fundamental point of view: how can the
Fe electrons contribute on the one hand to superconductivity and mediate on the other
hand the Eu2+ magnetic RKKY-exchange? In order to understand this interplay in more
detail, here the main observations are summarized.
• The competition of the two orders gets very obvious in the case of the resistivity
re-entrance which appears in several superconducting samples at TEu . Magnetic
Compton scattering experiments on P and Co substituted Eu compounds indicated
that the Fe 3d-contribution is strongly enhanced around TEu [231, 260]. This enhancement can be quickly suppressed with relatively small magnetic fields in the
ab-plane, consistent with the suppression of the re-entrance or even an enhancement of Tc found in magneto-resistance measurements [32, 220, 256, 270]. Early
work suggested that those observations are due to the suppression of magnon excitations [32, 270]. However, as previous experiments demonstrated below TEu a
spin canting of the Eu2+ moments and thus a ferromagnetic component along the
c-direction, it was proposed that the suppression of the canting by in-plane magnetic
fields likely causes the field enhanced superconductivity [9, 256]. Interestingly, the
re-entrance only appears when TEu and Tc are very close to each other [238]. This
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is consistent with observations made in chapter 6.2: superconductivity can appear
much below TEu (for example in the case of Co doping), however, if TEu and Tc
directly compete with each other, superconductivity disappears (for example for P
substitution).
• Strikingly, the Eu2+ magnetic order was also found to influence the superconducting
gap: while in BaFe2 (As1-x Px )2 nodal superconductivity was observed, for P substituted Eu compounds infrared and ESR measurements indicated an isotropic s-wave
gap [233, 272]. One possible explanation for the different behaviour is that the nodes
in iron-based superconductors are not given by symmetry and thus can be lifted by
Eu2+ spin scattering [72, 233]. However, a differing band structure due to the shortened c-axis (compared to Ba 122 compounds) might be also the reason [294].
• Microscopic coexistence of superconductivity and Eu2+ magnetism was demonstrated
recently by muon spin relaxation and Mössbauer spectroscopy on EuFe2 (As1-x Px )2
[243].
Upper critical fields
Compared to other iron pnictides, the Eu 122 family shows significantly reduced critical
fields Bc1 and Bc2 . In Eu diluted compounds, lower critical fields of only 10 -100 mT
are reported [272, 276, 277, 279]; for non-diluted compounds, the Meissner state can be
even completely absent [263]. While on the one hand, determining those very small lower
critical fields is experimentally challenging, on the other hand, the reduction of Bc2 to
an experimentally accessible scale opens new perspectives: in the case of EuFe2 As2 under
pressure, it was found that the upper critical fields (∼ 20 T at 0 K) are slightly anisotropic,
and their temperature-dependence revealed a concave curvature around 1 T, similar to the
Jaccarino-Peter compensation effect (see chapter 3.3.3, [220, 225]). The results could
be nicely described by an internal exchange field of ∼ 75 T due to the magnetic Eu2+
moments, explaining the reduced upper critical fields compared to other iron pnictides. For
diluted Eu0.5 K0.5 Fe2 As2 [282] and Eux Sr1-x (Fe0.89 Co0 .11)2 As2 (x = 0.20 and 0.46) [274],
the upper critical fields (∼ 60 T for K and 20-30 T for Sr substitution) are consistent with
a dominant Pauli paramagnetic effect that is proportional to the critical temperature Tc .
Interestingly, a concave curvature similar to EuFe2 As2 under pressure was also observed
for Sr substitution. Although the authors ascribed the unconventional slope to multiband
effects, the analysis in terms of internal compensation fields would be interesting; especially
as the effect was observed to weaken with Eu dilution.

7

MAGNETIZATION STUDIES ON
EuFe2(As1−xPx)2

Although high quality single- and polycrystalline EuFe2 (As1−x Px )2 samples were soon
available after the discovery of superconductivity in EuFe2 (As0.7 P0.3 )2 [30], investigations
on a series of samples are still rare (see chapter 6). In our opinion, however, it needs
exactly such systematic studies in order to understand the complex dynamics in Eu based
iron pnictides. Therefore, we have performed in- and out-of-plane magnetization measurements on a complete set of high quality EuFe2 (As1−x Px )2 (x = 0, 0.055, 0.09, 0.12,
0.16, 0.165, 0.17, 0.26, 0.35, 0.39, 1) single crystals (see chapter 5.3), which elucidated
the complex magnetic ordering in those compounds and contributed important insights
into the interplay of superconductivity and magnetism. The main results can be found in
Ref. [9] and Ref. [10], as well as are described in the following in more detail.

7.1 Canted A-type antiferromagnetism
In 2011, the first phase diagrams were published for EuFe2 (As1−x Px )2 [230, 234]. Despite
the availability of single- and polycrystalline samples over the whole phase diagram, they
could not deliver a clear picture of how the Eu2+ order changes with chemical pressure and
a serious debate was launched which kind of magnetism coexists with superconductivity.
We approached this question by low-field in- and out-of-plane magnetization measurements
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on a series of EuFe2 (As1−x Px )2 single crystals (x = 0, 0.055, 0.12 and 0.35) that should
be non-superconducting according to the phase diagram of Ref. [230]; the results which
are published partially in Ref. [9] are presented in this section.
EuFe2 (As0.88 P0.12 )2
Fig. 7.1 shows the temperature-dependent dc susceptibility χdc (T ) = M (T )/µ0 H for x
= 0.12, measured parallel and perpendicular to the ab-plane. The shape of the fieldcooled curves (see Fig. 7.1a,b) is characteristic for the A-type antiferromagnetism identified
in the parent compound: while at TN ∼ 16 K, a cusp appears for H k ab, the outof-plane magnetization flattens. With increasing field, the transition temperature TN is
suppressed and a broad shoulder appears that is typical for field-induced ferromagnetism;
the suppression is faster for H k ab, consistent with the anisotropy of EuFe2 As2 .

Figure 7.1:
Temperature-dependent dc susceptibility χdc (T ) = M (T )/µ0 H of
EuFe2 (As0.88 P0.12 )2 : (a) FC curves with H k ab, (b) FC curves with H k c and (c) ZFC
(black open squares) as well as FC (orange closed circles) curves with H k c for various
applied fields. The shape of the FC curves is characteristic for antiferromagnetic interlayer
coupling. However, a distinct hysteresis appears for H k c at small magnetic fields.
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Nevertheless, we find at low magnetic fields a distinct difference between the field-cooled
and zero-field cooled curves for H k c that is quickly suppressed with increasing field (see
Fig. 7.1c). In order to study this hysteresis, we have also measured the field-dependence of
the magnetization, concentrating on low fields (see Fig. 7.2a). We observe a clear hysteresis
for H k c; for H k ab, only a much smaller hysteresis appears, which is likely caused by our
limited precision in crystal alignment. To follow the opening of the hysteresis for H k c,
we plot in Fig. 7.2b the difference ∆Mc between the magnetization curves acquired by
sweeping the field down and up (i.e. the hysteresis height). ∆Mc decreases on raising the
temperature, until the hysteresis vanishes at TN and it is instructive to compare this trend
with the difference between the ZFC and FC curves at the same field. The two trends
coincide, demonstrating for T < TN the development of a ferromagnetic component along
the crystallographic c-direction.

Figure 7.2: (a) Field-dependent isothermal magnetization M (H) of EuFe2 (As0.88 P0.12 )2 for
H k ab (brown) and H k c (orange) at T = 2 K. (b) Height of the H k c hysteresis ∆Mc
(difference between the magnetization curves acquired by sweeping the field down and up, left
panel), compared to the temperature-dependence of the difference between the ZFC and FC
curves at 20 G (right panel); the dotted lines are a guide to the eye to stress the correlation
between the two trends.

Other compositions
Further temperature-dependent out-of-plane measurements on a x = 0.35 single crystal
reveal a similar behaviour as for EuFe2 (As0.88 P0.12 )2 , while signatures of hysteretic behaviour in the M (T ) curves of EuFe2 As2 and EuFe2 (As0.945 P0.055 )2 are much less clear;
corresponding low-field hysteresis measurements at 2 K with H k c can not resolve a
hysteresis for x = 0, while for x = 0.055 the hysteresis height is slightly and for x =
0.35 significantly positive (see Fig. 7.3). Therefore, we conclude that the ferromagnetic
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component develops already at P concentrations much smaller than those where superconductivity sets in, and persists further in the overdoped range.

Figure 7.3:
Magnetization curves of EuFe2 As2 , EuFe2 (As0.945 P0.055 )2 , and
EuFe2 (As0.65 P0.35 )2 : temperature-dependent dc susceptibility χdc (T ) = M (T )/µ0 H
(upper panels) measured with H = 20 G (H k c, ZFC: black open squares, FC: orange closed
circles) and hysteresis height ∆Mc (lower panels, 2 K: blue closed circles, 10 K: red open
circles); for x = 0.35, also ∆Mab is given. The hysteresis height for H k c reveals already a
small hysteresis for x = 0.055, which is much more evident for x = 0.35. In the latter case,
a distinct hysteresis opening is also visible for in-plane measurements, which has a different
temperature-dependence.

Fig. 7.3d also displays a comparison between isothermal in- and out-of-plane magnetization loops of EuFe2 (As0.65 P0.35 )2 . One observes a distinct hysteresis opening for H k ab
as well as a small opening for H k c. The different temperature-dependence of ∆Mab and
∆Mc indicates two unequal hysteretic mechanisms.
Interpretation
By analysing measurements of the magnetic properties of various non-superconducting
Eu 122 compounds, we identify a ferromagnetic contribution along the c-direction that
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becomes stronger with increasing P substitution. Strikingly, we are able to verify a small
out-of-plane ferromagnetic contribution already for x = 0.055, a concentration that is
much smaller than those where superconductivity sets in. We have also investigated a
single crystal of the overdoped substitution range (x = 0.35), where we find hysteretic
behaviour for H k c and H k ab. As in- and out-of-plane hysteresis show a different
temperature-dependence, we conclude unequal hysteretic mechanisms for the two crystallographic directions. In the following discussion, we want to concentrate on the out-ofplane ferromagnetic component.
As already discussed in chapter 6, Mössbauer measurements indicate even for EuFe2 As2
a small canting of the Eu2+ moments out of the ab-plane; it increases strongly with
increasing P substitution until the Eu2+ spins are aligned almost along the c-direction
when superconductivity sets in [234]. We show that this canting leads in magnetic susceptibility measurements to a ferromagnetic signal along the c-axis, i.e. hysteretic behaviour. The fact that one cannot resolve any hysteresis in the parent compound is
consistent with an extremely small spin canting, which becomes already more pronounced
for EuFe2 (As0.945 P0.055 )2 .
We believe that the hysteresis loops observed in our single crystal measurements for
H k c constitute the key to reconcile the various phase diagrams of Eu 122 pnictides
proposed in literature [230, 234]. Since contributions from the c-direction are unavoidable
in measurements on polycrystalline samples, a hysteresis is always seen as soon as the
spin canting is sufficiently pronounced. In the following we compare the phase diagram
of Ref. [230] (based on single crystal measurements with H k ab) with that of Ref. [234]
(where polycrystalline samples were investigated). While the former group observes signatures of antiferromagnetic Eu2+ order in the superconducting phase, the latter claims
the coexistence of ferromagnetism and superconductivity. Indeed, those statements do
not contradict each other, if one considers that Ref. [230] is only sensitive to the ordering of the Eu2+ moments in the ab-plane, while Ref. [234] detects a superposition of inand out-of-plane coupling: both measurements are consistent with superconductivity that
coexists with canted antiferromagnetism, meaning that the interlayer coupling is antiferromagnetically, but the spins are canted with a ferromagnetic net component along the
c-direction.
It is intriguing that the canting develops with the suppression of the spin density wave,
implying that the Eu2+ spin orientation is defined by the spin density wave anisotropy.
Calculations by Akbari et al. on multiband iron pnictides confirm an influence of the itinerant spin density wave phase on the RKKY-interaction between localized moments [11].
They show that the spin rotational symmetry is broken by the two-dimensional spin den-
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sity wave which results in an anisotropic RKKY-interaction described by an anisotropic
XXZ-type Heisenberg exchange. This anisotropy is only present in the spin density wave
state and vanishes in the normal state. As this exchange is a general feature of rare
earth based systems, such a ferromagnetic out-of-plane component that develops with the
suppression of the spin density wave can be also expected for other Eu 122 pnictides.

7.2 Re-entrant spin glass
Although the in-plane magnetization measurements on EuFe2 (As0.65 P0.35 )2 presented in
Fig. 7.3 imply for high P concentrations - in accordance with many other publications (see
chapter 6) - ferromagnetic interlayer coupling, our detailed investigations reveal a more
complex, time-dependent behaviour. Therefore, we have performed a systematic study of
the superconducting and magnetic properties of a complete set of EuFe2 (As1−x Px )2 (x =
0, 0.055, 0.09, 0.12, 0.16, 0.165, 0.17, 0.26, 0.35, 0.39, 1) single crystals (see chapter 5.3)
using dc and ac magnetization (see chapter 5.2), dc resistivity and heat capacity measurements1 . In order to account for the time-dependencies, the temperature is usually
swept continuously in M (T ) cycles (see chapter 5.2); furthermore we distinguish between
field-cooled curves that were obtained while decreasing (“field-cooled cooled”: FCC) and
increasing (“field-cooled heat”: FCH) the temperature. Results are published in Ref. [10]2 .
EuFe2 P2
Fig. 7.4 and Fig. 7.5 show the in-plane (H k ab) magnetic behaviour of a EuFe2 P2 single
crystal. In a very small probing field of 2 G two consecutive magnetic transitions can
be clearly resolved in the zero-field cooled and field-cooled dc magnetic susceptibility. A
sharp peak at T1 ∼ 29.0 K is followed by an upturn starting at T2 ≈ 27.7 K, leading to a
second peak at ∼ 27 K in the ZFC magnetization. Whereas the transition at T1 exhibits no
thermal hysteresis, the second transition at T2 is characterized by a pronounced ZFC-FCC
hysteresis which vanishes if a larger dc magnetic field (H k ab) is applied (see Fig. 7.5). It
can be finally suppressed for fields around 500 G. Increasing the field even higher shifts the
peak at T1 down (see Fig. 7.4c) and at around 1 T, the peak has completely disappeared.
Note that a broad shoulder develops at ∼ 0.3 T, which was interpreted for EuFe2 As2 as due
to a metamagnetic transition [182]. Furthermore, specific heat measurements on the single

1

2

Magnetization data are complemented with four point dc resistivity measurements with a current of the
typical value 1 mA. In the case of small resistances (especially for the c-direction measurements), lockin technique with low frequencies (77 Hz) was used. Transition temperatures derived from resistivity
measurements are indicated with “∗ ”. Heat capacities were measured with a relaxation-type calorimeter.
Preliminary studies can be also found in Ref. [296].
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crystal show a sharp peak at T1 with a broad shoulder at lower temperatures, consistent
with the width of the anomaly for polycrystalline samples reported in Ref. [211] and prove
that both transitions are bulk properties (see Fig. 7.4b).

Figure 7.4: Magnetization curves of EuFe2 P2 (H k ab), together with specific heat data.
(a) Temperature-dependent FCC curves χdc (T ) = M (T )/µ0 H at small fields between 2 G
(orange) and 100 G (purple) show two consecutive magnetic transitions at T1 = 29.0 K and
T2 = 27.7 K; the transition at lower temperature T2 is quickly suppressed in the external
field. (b) Temperature-dependent ZFC (black open squares) and FCC (orange filled circles) dc
susceptibility χdc (T ) (upper panels) measured with H = 2 G, revealing that a strong hysteresis
sets in at T < T2 . The lower panel adds the temperature-dependent heat capacity Cp for our
single crystal (purple filled diamonds) and for polycrystalline EuFe2 P2 (open dark blue stars,
[234]). The single crystal heat capacity shows a sharp feature at T1 that is followed by a broad
shoulder (visible also in the data of polycrystalline EuFe2 P2 ). (c) ZFC magnetization for
500 G (dark blue), 0.1 T (blue), 0.3 T (cyan), 0.5 T (dark cyan) and 1 T (green). T1 decreases
with increasing external field, also depicted in the inset.
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Figure 7.5: (a) ZFC (black open squares) and FCC (orange filled circles) in-plane magnetization curves of EuFe2 P2 at H = 2 G, 5 G, 20 G, 100 G, 500 G and 0.1 T (H k ab), as well as
(b) ZFC (black open squares) and FCC (brown filled circles) out-of-plane magnetization at
H = 2 G. The in-plane low-temperature transition and any irreversibility has disappeared at
500 G; out-of-plane, a small hysteresis due to spin canting can be identified at low fields.

In order to get more insight into the character of the second transition at T2 we studied in
detail its thermal hysteresis and frequency-dependence by ac magnetization measurements.
Fig. 7.6a displays the differences between the ZFC, FCC and FCH susceptibilities for an
in-plane field of 2 G. The thermal hysteresis is visible in the ZFC-FCC splitting at T < T2 .
Repeated FCC and FCH cycles (heating / cooling rates 0.2 K/min) revealed a very slow
time-dependence of the magnetization below T2 , leading to a growth of the magnetization
and consequently a negative difference of FCH - FCC.
A time-dependence of the magnetization below T2 is also visible in a time-dependence
of the ZFC magnetization which after some rapid initial increase grows almost linearly in
time with a rate of ∼1%/h (see Fig. 7.6b). The time-dependence of the magnetization
becomes also apparent in a frequency-dependence of the real and imaginary component of
the ac susceptibility, χ0ac (T ) and χ00ac (T ), as depicted in Fig. 7.6c. Below T2 a peak appears
in both components (χ0ac ≈ 50 × χ00ac ) which shifts to higher temperature with increasing
frequency following a Vogel-Fulcher behaviour (see Fig. 7.6d). We can rule out any relation
of the time and frequency-dependence to flux line lattice dynamics, since EuFe2 P2 is far
off from any proposed superconducting phase [230, 236].
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Figure 7.6: Magnetization curves of EuFe2 P2 (H k ab). (a) Magnetic hysteresis sets in at
T < T2 , visible in χdc,FCC − χdc,ZFC > 0 (green stars) (µ0 H = 2 G); ZFC and FCC curves are
depicted in the upper panel for a direct comparison of the characteristic temperatures T1 and
T2 . Time-dependence for T < T2 is revealed by FC cycling, visible in χdc,FCH − χdc,FCC < 0
(pink open diamonds) and (b) time-dependent magnetization after ZFC cooling (µ0 H = 2 G,
25 K: blue closed squares, 28.5 K: pink open circles). (c) A frequency-dependence in the ac
susceptibility χ0ac (T ) and χ00ac (T ) (no dc field, ac drive amplitude 1 G, 0.1 Hz: dark grey open
triangles, 100 Hz: brown closed circles) sets in also below T2 . (d) Vogel-Fulcher-Fit of the
peak below T2 in χ00ac (T ).

Until now, magnetic ordering at higher P concentrations in polycrystalline and single
crystalline samples of EuFe2 (As1−x Px )2 was assigned to ferromagnetism [230, 234, 236].
Measurements on polycrystalline samples [234, 236], however, are not able to allow conclusions about a possible antiferromagnetic interlayer coupling, and measurements on single
crystals of EuFe2 (As1−x Px )2 [230] failed to reveal two separate magnetic transitions and
their different thermal hysteretic behaviour because of too coarse temperature steps.
In view of the shape of the M (T ) anomaly at T1 (see Fig. 7.4c) we suggest that the
Eu2+ moments in EuFe2 P2 order in a canted A-type antiferromagnetic structure with
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the spin components being ferromagnetically aligned along the c-axis1 . Additionally, we
detect below T2 a second phase transition with glassy character which we associate to
the ordering of the in-plane components of the Eu2+ moments. The development of a
glassy phase below a magnetic phase transition, commonly referred to as re-entrant spin
glass [38, 297–299], indicates a competition between antiferromagnetic and ferromagnetic
spin exchange interactions in the system.
In the case of EuFe2 P2 , the antiferromagnetic RKKY interlayer coupling competes with
the ferromagnetic intralayer interactions of the spins. In fact, DFT based calculations revealed a very small energy difference of antiferromagnetic and ferromagnetic ground states
for EuFe2 (As1−x Px )2 [230]. We therefore suggest that in EuFe2 P2 , competition between
ferro- and antiferromagnetism causes glassy freezing of spin components in the ab-plane
at T2 and a decoupling of the magnetic Eu layers. Such a freezing of transverse magnetic
components following long range magnetic order (which has already set in) is consistent
with mean field theoretical calculations for a re-entrant spin glass [39]. Our conclusions
are not only supported by the time-dependent magnetization behavior at T < T2 , but also
by the development of M (T ) with external fields: by application of a magnetic field of
∼ 500 G along the ab-plane, the energy barrier between different equilibrium states can
be overcome, the glass transition is suppressed and the temperature-dependent magnetization resembles that of EuFe2 As2 . This interpretation is consistent with neutron studies
by Ryan et al. [212], as those are not sensitive to the freezing of the small in-plane spin
component, as long as the ferromagnetic spin component along the c-axis still exists.
EuFe2 (As0.835 P0.165 )2
In order to study the complex interplay of magnetism and superconductivity in mixed As
- P samples we have investigated in detail the magnetic and superconducting properties of
a single crystal of EuFe2 (As0.835 P0.165 )2 . The in-plane electrical resistivity (see Fig. 7.7)
∗
proves the onset of superconductivity at Tc,on
∼ 22 K indicated by a steep initial decrease

of the resistivity. Zooming into the transition reveals re-entrant behaviour at about 19 K
∗ ≈
followed by a smooth decrease towards zero resistivity which is achieved only below Tc,0

9 K.
Fig. 7.9 displays the corresponding zero-field and field-cooled cooled temperature-dependent magnetization. Both, in- and out-of-plane magnetization are very similar to
EuFe2 P2 : for H k ab, two peaks are visible that are shifted to slightly lower temperatures
(T1 ∼ 19.0 K, T2 ∼ 16.8 K); for H k c, a slight hysteresis below T1 indicates the spin
1

Due to sample shape effects we can not distinguish between A-type antiferromagnetism and helimagnetism.
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∗
Figure 7.7: In-plane resistivity curves of superconducting EuFe2 (As0.835 P0.165 )2 with Tc,on
∼
∗
22 K. At T > Tc,on , R(T ) is linear; below ∼ 19 K, a re-entrance of resistivity appears. Zero
∗
resistivity is reached only below Tc,0
∼ 9K

canting along the c-axis. Additionally, a pronounced downturn occurs below 15 K for both
field directions, which ends up in a diamagnetic signal for H k c. While the in-plane
low-temperature transition at T2 has already disappeared at 500 G, irreversibilities due to
superconductivity remain at least up to 0.5 T.
Further evidence for a spin glass transition can be found in Fig. 7.8, which compares
the low-temperature resistivity behaviour to selected ac and dc magnetization data. A
difference between ZFC and FCH curves sets in at T < Tc,on . However, FC cycling
reveals two time-dependent glassy transitions, as χdc,FCH − χdc,FCC > 0 at T < Tc,on
and χdc,FCH − χdc,FCC < 0 at T < T2 (pink open diamonds). We therefore conclude that
superconducting EuFe2 (As0.835 P0.165 )2 shows an analogous re-entrant spin glass behaviour
as EuFe2 P2 . The additional positive peak in the FCH-FCC curve between 17 K and 21 K
could be ascribed to vortex dynamics, as it coincides with the steep initial decrease of the
resistivity marking the onset of superconductivity.
Having this interpretation in mind, we can also interpret all the other features in the ac
∗ are both accompanied by a sharp peak
susceptibility: the resistivity re-entrance and Tc,0

in χ00ac (T ). Such a feature, which comes along with a dip in χ0ac (slightly visible for the
100 G curve) was reported for several high-Tc SC and is known as “peak effect” [300, 301]
arising due to a maximum in the critical current density. The broad peak in χ00ac (T ) at
T < T2 could be a sign of granular SC or of flux reaching the center of the sample according
to Bean’s critical state model [302, 303]. However, as χdc,FCH − χdc,FCC < 0 exactly at
T < T2 , it probably arises due to the spin glass transition. Furthermore, one should note
that in-plane ac susceptibility measurements with applied high dc fields H k ab are able
to reveal a diamagnetic in-plane shielding signal if the dc field is large enough (∼ 1 T) to
saturate the Eu2+ magnetism.
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Figure 7.8: (a) Details of the resistivity curves as well as (b) in-plane magnetization curves
(H k ab) of EuFe2 (As0.835 P0.165 )2 , in order to determine the transition temperatures. Dashed
∗
lines are guides to the eye, highlighting Tc,50
= Tc,on ∼ 20.8 K (purple), T1 ∼ 19.5 K (red),
∗
T2 ∼ 16.8 K (blue) and Tc,0
∼ 9.0 K (purple). (b) In-plane ZFC (black open squares) and
FCC (orange filled circles) magnetization shows at H = 2 G two magnetic transitions similar to
x = 1.0 with a steep drop in the ZFC curve below ∼ 15 K (measured with the Quantum Design
ultra low field option, see chapter 5.2). A difference between ZFC and FCH curves sets in at
T < Tc,on ; FC cycling reveals two time-dependent glassy transitions, as χdc,FCH − χdc,FCC > 0
at T < Tc,on and χdc,FCH − χdc,FCC < 0 at T < T2 (pink open diamonds). Combining
ac susceptibility measurements (drive 1 G, frequency 7 Hz) with dc fields (0 G: grey open
triangles, 100 G: violet closed circles, 0.3 T: pink open diamonds, 1 T: purple closed circles),
negative susceptibility χ0ac < 0 is revealed for H = 1 T below 15 K. χ00ac (T ) shows a non-zerosignal below Tc,on , a sharp peak at the maximum re-entrant resistivity (that is accompanied
by a small dip in χ0ac (T )), a broad hump below T2 and again a sharp peak at Tc,0 . Increasing
the dc field from 0 to 100 G only suppresses the broad hump below T2 .
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Figure 7.9: (a) ZFC (black open squares) and FCC (orange filled circles) in-plane magnetization curves of EuFe2 (As0.835 P0.165 )2 at H = 2 G, 100 G, 500 G, 0.3 T, 0.5 T and 1.0 T
(H k ab), as well as (b) ZFC (black open squares) and FCC (brown filled circles) out-of-plane
magnetization at H = 2 G (measured with the Quantum Design ultra low field option, see
chapter 5.2). The in-plane low-temperature transition at T2 (marked by a shoulder) has disappeared at 500 G, however, irreversibilities due to superconductivity remain at least up to
0.5 T; out-of-plane, a small hysteresis due to spin canting can be identified, as well as a steep
drop in the ZFC curve below ∼ 15 K, reaching negative magnetization.

Figure 7.10: Field-dependent magnetization curves of EuFe2 (As0.835 P0.165 )2 for H k ab
(left) and H k c (right), at several temperatures between 2 K (blue) and 25 K (red). At 2 K,
a distinct hysteresis that remains up to highest applied fields (7 T) is clearly visible (see also
inset), indicating superconductivity.
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Finally, we have also measured the in- and out-of-plane field-dependent magnetization
curves at various temperatures (see Fig. 7.10). Most remarkably, we find at 2 K a distinct
hysteresis that remains up to highest applied fields (7 T), typical for a hard superconductor
according to Bean’s critical state model (see chapter 3.3.2).
EuFe2 (As0.65 P0.35 )2
We have also investigated a single crystal of EuFe2 (As0.65 P0.35 )2 in more detail, in order
to address the open question about the width of the superconducting dome. Fig. 7.11a
displays the corresponding in-plane resistivity, showing a sharp drop around T1 ∼ 20.7 K,
which fades in a broad shoulder at T2 ∼ 18.8 K. Such a resistivity behaviour was interpreted
by Cao et al. [236] as re-entrant superconductivity.
However, in-plane ZFC magnetization measurements reveal two magnetic transitions
similar to x = 1.0, indicating the onset of canted antiferromagnetism and re-entrant spin
glass behaviour at T1 and T2 , respectively (see Fig. 7.11 and Fig. 7.12). Indeed, any outof-phase susceptibility signal is already suppressed at 100 G, the same field, where the T2
transition gets barely visible in ZFC and FC measurements. Furthermore, no diamagnetic
signal is visible in any dc or ac susceptibility measurement. One should note that the
double-feature in M (T ) curves for superconducting samples was in some cases assigned
to result from the Paramagnetic Meissner Effect [234]. However, this effect would only
appear in the FC curve [304], whereas we observe features also in ZFC data.
Furthermore, we have also measured the in- and out-of-plane field-dependent magnetization curves at various temperatures (see Fig. 7.13). In contrast to superconducting
EuFe2 (As0.835 P0.165 )2 (see Fig. 7.10), we find at 2 K no high-field hysteresis. Therefore, we
conclude that EuFe2 (As0.65 P0.35 )2 is not superconducting; it displays similar to EuFe2 P2
canted antiferromagnetism and re-entrant spin glass behaviour.
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Figure 7.11: (a) Details of the resistivity curves as well as (b) in-plane magnetization curves
(H k ab) of EuFe2 (As0.65 P0.35 )2 , in order to determine the transition temperatures. Dashed
lines are guides to the eye, highlighting T1 ∼ 20.7 K (red) and T2 ∼ 18.8 K (blue). (a) The
resistivity approaches 22 K rather linear. A sharp drop is visible around T1 , which fades in a
broad shoulder at ∼ T2 . (b) The in-plane ZFC (black open squares) and FCC (orange filled
circles) magnetization shows at H = 2 G two magnetic transitions similar to x = 1.0 (measured
with the Quantum Design ultra low field option, see chapter 5.2). At T < T2 , a difference
between ZFC and FCH curves sets in (green filled stars), and FC cycling reveals a glassy
transition with χdc,FCH − χdc,FCC < 0 (pink open diamonds). Combining ac susceptibility
measurements (drive 1 G, frequency 7 Hz) with dc fields (0 G: grey open triangles, 100 G: violet
closed circles, 1 T: purple open circles), suppresses in χ0ac (T ) already at 100 G the T2 transition
and at 1 T also the T1 transition; however, there is no signature of negative susceptibility.
χ00ac (T ) shows a non-zero-signal below T2 , which is completely suppressed at 100 G.
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Figure 7.12: (a) ZFC (black open squares) and FCC (orange filled circles) in-plane magnetization curves of EuFe2 (As0.65 P0.35 )2 at H = 2 G, 5 G, 20 G, 100 G, 500 G, 0.3 T, 0.5 T and
1.0 T (H k ab, 2 G curves were measured with the Quantum Design ultra low field option, see
chapter 5.2). The distinct in-plane low-temperature transition at T2 (marked by a shoulder)
has almost vanished at 100 G.

Figure 7.13: Field-dependent magnetization curves of EuFe2 (As0.65 P0.35 )2 for H k ab (left)
and H k c (right), at several temperatures between 2 K (blue) and 25 K (red). No high-field
hysteresis can be observed (see also inset).
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7.3 Phase diagram
In order to follow the compositional dependence of the two magnetic transitions consistently found in EuFe2 P2 , EuFe2 (As0.835 P0.165 )2 , and EuFe2 (As0.65 P0.35 )2 , we have extended our studies to EuFe2 (As1−x Px )2 single crystals with x = 0, 0.055, 0.09, 0.12, 0.16,
0.17, 0.26, 0.35 and 0.39; corresponding in-plane dc magnetization curves measured at 2 G
are depicted in Fig. 7.14. In all P substituted specimen we observe two consecutive magnetic transitions, which we ascribe, in analogy to the previous sections, to a canted A-type
antiferromagnetic transition at T1 = TN and to a glassy freezing of the spin components
in the ab-plane at T2 = Tglass , with TN > Tglass .

Figure 7.14: ZFC (black open squares), FCC (brown filled circles) and FCH (orange filled
circles) in-plane magnetization curves of EuFe2 (As1−x Px )2 with x = 0.09, 0.16, 0.17, 0.26 and
0.39 at H = 2 G (H k ab). Arrows are guides to the eye, highlighting Tc,on (purple), T1 (red)
and T2 (blue).

In Fig. 7.15 we have compiled the resulting magnetic phase diagram together with the
superconducting dome. According to our investigations on single crystals the re-entrant
spin glass transition appears for all P substituted specimen. The effect of chemical disorder
of the As and P anions on the RKKY-exchange must be ruled out as the origin of the
glass transition since it occurs also in well-ordered EuFe2 P2 crystals. We rather ascribe
the glass transition to a competition of ferromagnetic interactions within a layer with
antiferromagnetic RKKY-interactions between neighbouring layers.

112

7 Magnetization studies on EuFe2 (As1−x Px )2

Figure 7.15: Phase Diagram of EuFe2 (As1−x Px )2 . TN = T1 (red dots) indicates a canted
A-type antiferromagnetic transition, with a ferromagnetic net component of the Eu2+ spins
along the c-direction, Tglass = T2 (blue triangles) a spin glass transition due to the freezing of
the spins in the ab-plane and Tc,on the onset of superconductivity (grey squares). Closed symbols indicate transition temperatures deduced from magnetization, open ones from resistivity
measurements [305]. Shadowed lines are guides to the eye. The light grey area indicates the
onset of superconductivity, while bulk superconductivity is fully developed in the dark grey
regime [230, 238].

The transition temperatures exhibit a nonmonotonic behaviour with P substitution. At
low P concentration, 0 < x . 0.12, the antiferromagnetic Eu2+ transition temperature
follows the transition temperature of the spin density wave. Coupling of the itinerant Fe
magnetism and the Eu2+ local spin moments was theoretically predicted and experimentally confirmed by the increasing canting of spins out of the ab-plane concomitant with
the suppression of the spin density wave (see section 7.1). With increasing canting, the
ferromagnetic component of the Eu2+ spins along the c-direction increases, and the competition with the antiferromagnetic RKKY-interaction between the layers is enhanced which
finally leads to the development of the spin glass phase. In the superconducting regime,
the transition temperatures vary only slightly with P concentration. When superconduc-
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tivity is finally suppressed, both transition temperatures, T1 and T2 , increase markedly,
probably due to a Lifshitz transition [235, 238, 280] which affects the RKKY-exchange.
Antiferromagnetic interlayer coupling developing up to high P concentrations, as well
as a rather narrow superconducting dome, are consistent with experiments on EuFe2 As2
under pressure [222]. Between the concentrations x ≈ 0.12 and x ≈ 0.26 the onset of a
superconducting transition is found, while fully developed bulk superconductivity occurs
in an even narrower regime [230, 238]. As concluded previously, a Lifshitz transition near
x ≈ 0.23 coincides with the upper limit of superconductivity [235, 238, 280]. Investigations
of polycrystalline samples, however, resulted in a somewhat broader dome extending to
an upper limit of x ≈ 0.4 [234, 236]. The assignment of the upper limit was based on the
assumption that two subsequent resistivity anomalies seen in samples with x ≈ 0.4 indicate
the onset of superconductivity succeeded by a resistivity re-entrance due to Eu2+ magnetic
ordering. Our experiments on single crystals rather indicate that these two anomalies are
purely of magnetic origin as we do not see any signature of superconductivity in our x=0.35
crystal.

7.4 Outlook
The main results of this chapter were already published in 2011 [9] and 2013 [10]. As the
research on Eu based iron pnictides was pretty active since then, this section summarizes
the response of the community on our results, as well as general conclusions we can draw
for Eu based iron pnictides.
Eu magnetism
The idea of a ferromagnetic component along the c-axis due to the Eu2+ spin canting was
directly accepted by the community for EuFe2 (As1−x Px )2 [236], as well as evidenced for
Co and Ir doped compounds [33, 253, 254, 257, 263]. We want to note, however, that
we would be very careful to interpret the different absolute values of ab-plane and c-axis
magnetization as being connected to this canting [253]: demagnetization effects (see chapter 2.1) play a very important role for the rare earth systems - even in the paramagnetic
phase close to the magnetic transition(s) - as can be seen in Fig. 7.16 for the parent compound1 . When recalculating the susceptibility by considering a demagnetization factor
close to that of an infinite flat plate (Nc → 1; the sample thickness is two orders of mag-

1

The volume of the sample was calculated by its mass, molar mass, and the lattice constants published
in Ref. [230].
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nitude smaller than the in-plane dimensions), one can basically suppress and even reverse
the anisotropy.

Figure 7.16: (a) Temperature-dependent volume (V ) susceptibility χdc (T ) = M (T )/µ0 H/V
of EuFe2 As2 for H k ab (orange) and H k c (brown) at H = 20 G: (a) as measured; (b) corrected with the demagnetization factor Nc = 1, Nab = 0; (c) corrected with Nc = 0.65,
Nab = 0.175. Demagnetization effects are strong enough to reduce or even reverse the
anisotropy of χdc (T ).

Furthermore, we want to stress that antiferromagnetic interlayer coupling developing
up to high P concentrations is consistent with experiments on EuFe2 As2 under pressure
[222]. Recent neutron measurements suggest for superconducting Co as well as P substituted compounds that the Eu2+ moments are basically aligned along the c-axis; a second
transition was either not detected [241, 259] or attributed to a minority phase [241]. Importantly, this is not contradictory to our results of the re-entrant spin glass phase: first
of all, the neutron measurements can not exclude a small spin component staying in the
ab-plane; secondly, we do not expect any typical antiferromagnetic signal in the re-entrant
spin glass phase. For the future, we suggest neutron studies under an in-plane magnetic
field that suppresses the spin glass phase; in this case, possibly antiferromagnetic reflections could be detected.
Finally, we want to note that successive magnetic orderings can be identified also in
the case of Ru substitution [31], Co doping [250, 251, 256, 257] and Ir doping [263]. This
implies the appearance of a re-entrant spin glass phase in all those compounds.
Therefore, we conclude that our magnetic phase diagram derived for EuFe2 (As1−x Px )2
(see Fig. 7.15) is characteristic for (non-diluted) Eu based iron pnictides. In order to
confirm this, we suggest time-dependent measurements also on other compounds.
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Interplay of superconductivity and magnetism
The question how bulk superconductivity can coexist with Eu2+ magnetic ordering is quite
fundamental and requires the exact knowledge of the magnetic structure. Consistent with
Mössbauer and neutron powder diffraction [212, 234, 241], the results of our experiments
imply that in superconducting samples, a large net component of the Eu2+ spins is ferromagnetically aligned perpendicular to the layers. In addition, we find that glass-like
dynamics and freezing of the in-plane component develops below T2 which destroys coherence between the Eu layers. Superconductivity in the iron pnictides is commonly believed
to take place mainly in the FeAs layers. In this scenario, the inner field resulting from
the Eu2+ ferromagnetic component along the c-axis could be screened by the formation of
spontaneous vortices perpendicular to the layers [31]. Together with the destroyed coherence between the Eu layers due to the glass dynamics, this scenario might be the key to
understand how superconductivity can coexist with the usually strong Eu2+ magnetism.

8

OPTICAL PROPERTIES OF EuFe2As2

In this chapter, the in-plane optical response of EuFe2 As2 is analysed. Particular focus
is set on the applicability of different modelling approaches, and the determination of
model-independent trends.

8.1 Overview
The temperature-dependent in-plane optical reflectivity of EuFe2 As2 was measured in a
wide frequency range from 40 to 10000 cm−1 (see chapter 5.1), using an infrared Fourier
transform spectrometer; the corresponding optical conductivity was calculated via the
Kramer’s Kronig analysis. For the low-frequency extrapolation, in a first iteration the
Hagen Rubens relation was used, which got subsequently replaced in the fitting process;
the thus determined temperature-dependence of σdc follows nicely the resistivity curve
(as will be shown below). At high frequencies, the optical response was extended up to
30000 cm−1 by room temperature measurements with a Woollam spectroscopic ellipsometer1 ; higher frequencies were extrapolated following measurements up to 32 eV carried out
for BaFe2 As2 [169].

1

Ellipsometry measurements were performed by J. Braun at the 1. Physical Institute, Stuttgart.
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Fig. 8.1a,b displays the thus obtained spectra at 200 K and 290 K, focusing on the high
frequency range. There is considerable spectral weight transfer up to very high energies,
which probably can be ascribed to Hund’s coupling (see chapter 4.4.5); the total spectral
weight is not recovered in the infrared frequency range.

Figure 8.1: (a-b) Frequency-dependent in-plane reflectivity and conductivity of EuFe2 As2
at T =200 K (purple) and 290 K (red), as well as (c-d) spectral weight (SW) analysis. While
(c) displays the frequency-dependent spectral weight for 15 K (blue), 30 K (light blue), 180 K
(dark blue), 200 K (purple) and 220 K (violet) normalized to 290 K, (d) shows the total spectral
weight at 10000 cm−1 ; the linear fit (green dashed line) acts as a guide to the eye. With
decreasing temperature, spectral weight is shifted to high energies (above ∼ 6000 cm−1 ); the
total spectral weight is not recovered at 10000 cm−1 .

At T < Ts,SDW = 190 K, a gap develops in the optical spectrum, and additional spectral weight transfer appears at low energies (see Fig. 8.1f and Fig. 8.2). We find only
one clearly visible gap, leading at 15 K to a peak in the optical conductivity around
1400 cm−1 ≈ 10.8 kB Ts,SDW . Its asymmetric shape is typical for a spin density wave gap
(see chapter 4.3), but could indicate also the existence of two neighbouring features (as
theoretically proposed by Yin et al. [168]). One should further note the FeAs phonon at
around 260 cm−1 , which gains at T < Ts,SDW considerably oscillator strength and shifts
to higher frequencies.
Our finding of a single spin density wave gap is consistent with Ref. [184], however, we
are also aware that an additional smaller gap around the BCS weak coupling limit was
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reported by Moon et al. [146]. As we investigated a sample of the same batch as Ref. [184],
one can speculate that the occurrence of the low-energy feature might strongly depend
on the sample quality1 , but we are not aware of any similar reports for other compounds.
Therefore, it is intriguing to relate this untypical behaviour to the influence of the Eu2+
magnetism. Unfortunately, while there are predictions for the influence of the spin density
wave on the Eu2+ magnetism [11], the reverse case is - to our best knowledge - not yet
considered theoretically. Furthermore, one should note that the spectra at 15 K and 30 K
are basically the same within the experimental error, meaning that Eu2+ spin scattering
seems to have a negligible influence on the optical properties in the infrared frequency
range.

Figure 8.2: Frequency-dependent in-plane reflectivity and conductivity of EuFe2 As2 at
T =15 K (blue), 30 K (light cyan), 180 K (dark blue) and 290 K (red). At T < Ts,SDW , a gap develops in the optical spectrum and spectral weight is shifted to ∼ 1150 cm−1 and ∼ 1400 cm−1
at 180 K and 15 K, respectively; furthermore, the FeAs phonon at around 260 cm−1 gains considerably oscillator strength. One should note that the spectra at 15 K and 30 K are the same
within the resolution. The noise visible in the conductivity spectrum at low frequencies is
typical for a reflectivity close to unity; data are not smoothed.

1

While our sample has a residual resistivity ratio R(300 K)/R(5 K) of ∼ 4.1, the one of Moon et al. has
only a ratio of ∼ 2.4.
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8.2 Multi-component analysis
As already discussed in chapter 4.4.2, the multiband character of iron pnictides complicates
any analysis of optical spectra. Different multi-component models exist, however, it is
still not clear which one should be favoured and how much the modelling influences the
outcome of the analysis. Therefore, we have analyzed the optical response of twinned
EuFe2 As2 , using three different modeling approaches and discuss the commonly found
features. Importantly, we always show (semi-)logarithmic and linear plots, emphasizing
the low- and high-energy range, respectively.
Broad Drude approach
In 2010, Wu et al. proposed that the spectra of iron pnictides contain a temperatureindependent background in the mid-infrared energy range that can be fitted by a very
broad Drude term [128, 130]. However, a closer inspection reveals that such a temperatureindependent approximation is too rough due to the considerable spectral weight transfer
up to very high energies (see Fig. 8.1).
In order to investigate, whether such a broad Drude approach with temperature-dependent parameters can be used to nicely describe the infrared response of EuFe2 As2 , Fig. 8.3
and Fig. 8.4 display the thus fitted spectra at 290 K and 15 K, respectively. At 290 K, the
overall fit quality is good; however, one can note a slight discrepancy in the far-infrared,
where the fit first over- and then underestimates the response.
Indeed, this is exactly the energy range, where the model fails at low temperatures:
at 15 K, an upturn of the conductivity above ∼ 350 cm−1 implies an additional, broad
Lorentzian at frequencies above 1000 cm−1 . Fig. 8.4 excludes that a broad Lorentzian
around 3.4kB Ts,SDW (the smaller gap found by Moon et al. [146]) can describe this feature.
Therefore, we conclude that the broad Drude approach is too oversimplified in order to
model nicely the far-infrared response of iron pnictides.

8.2 Multi-component analysis

121

Figure 8.3: Frequency-dependent in-plane (a-b) reflectivity and (c-d) conductivity of
EuFe2 As2 at T =290 K in different logarithmic and linear plot styles. Grey squares represent data points, red lines the result of a broad Drude fit; the composition of the single
components is displayed in (c). The overall fit quality of the broad Drude approach is good;
slight discrepancies can be found in the far-infrared.
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Figure 8.4: Frequency-dependent in-plane (a-b) reflectivity and (c-d) conductivity of
EuFe2 As2 at T =15 K in different logarithmic and linear plot styles. Grey squares represent
data points, red lines the result of a broad Drude fit; the composition of the single components
is displayed in (c). A spin density wave gap leads to the piling up of an asymmetric peak
at ∼ 1400 cm−1 ≈ 10.8kB Ts,SDW . The broad Drude approach fails to fit the spectra between
∼ 350 cm−1 and 1000 cm−1 , even if we assume that the broader Drude is gapped with a gap
value of 3.4kB Ts,SDW .
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MIR band approach
As already noted by Tu et al. [142], a multi-component analysis with only one Drude and a
series of Lorentzians that model incoherent transport in the mid-infrared is able to describe
the carrier dynamics of iron pnictides. Fig. 8.5 and Fig. 8.6 prove that such a fitting
approach is able to nicely describe spectra at high and low temperatures, respectively.

Figure 8.5: Frequency-dependent in-plane (a-b) reflectivity and (c-d) conductivity of
EuFe2 As2 at T =290 K in different logarithmic and linear plot styles. Grey squares represent
data points, red lines the result of a MIR band fit; the composition of the single components
is displayed in (c). The MIR band approach nicely describes the spectra above Ts,SDW .

The corresponding temperature-dependent fit parameters are displayed in Fig. 8.7. Typically for a metal, the Drude component narrows smoothly with decreasing temperature,
until the scattering rate rapidly decreases for T < Ts,SDW (see Fig. 8.7a). One should note
that the obtained σdc values perfectly follow the temperature-dependence of the resistivity.
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Figure 8.6: Frequency-dependent in-plane (a-b) reflectivity and (c-d) conductivity of
EuFe2 As2 at T =15 K in different logarithmic and linear plot styles. Grey squares represent
data points, red lines the result of a MIR band fit; the composition of the single components
is displayed in (c). The MIR band approach nicely describes the spectra below Ts,SDW .

However, the increase of σdc with lowering temperature does not outweigh the decrease
of the scattering rate: Drude spectral weight is already lost above the spin density wave
transition. As can be seen in Fig. 8.7c, at T > Ts,SDW , the spectral weight is transferred
to the hump-like structure around 6000 cm−1 (and even higher energies), which shows a
significant blueshift with decreasing temperature; any spectral weight transfer is stopped
below the spin density wave transition. Interestingly, the width of this feature is constant
above Ts,SDW , but decreases rapidly at T < Ts,SDW - directly reflecting the behaviour of
the Drude component. Those observations indicate a strong relationship to the dynamics
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of the itinerant carriers, consistent with the suggestion that the bump originates from
Hund’s coupling.

Figure 8.7: Temperature-dependent fit parameters for the MIR band approach: (a) Scattering rate Γ , σdc compared to results from resistivity measurements (normalized to σdc (300K),
cyan curve), and spectral weight (SW) of the Drude component; (b) Center frequency ν,
damping Γ and spectral weight (SW) of the feature that is attributed to Hund’s coupling;
(c) spectral weight of the temperature-dependent components. The grey, vertical dashed line
denotes Ts,SDW ; other dashed lines are a guide to the eye.

Fig. 8.7d also displays the spectral weight of the other temperature-dependent fit components. Their total spectral weight decreases with decreasing temperature, as was already
discussed in the general spectral weight analysis (see Fig. 8.1). As the MIR band follows the behaviour of the Drude component, it probably contains a strong contribution
from itinerant carriers; indeed, the spectral weight gapped in the spin density wave phase
mostly corresponds to changes in the mid-infrared frequency range.
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Subtraction approach
As in general, a model that includes two Drude components as well as a mid-infrared band
is overdetermined, one needs additional information for a reasonable fitting approach.
Here, we focus on the result of recent infrared studies: by subtracting low temperature
conductivity spectra from that at room temperature, Marsik et al. found for Ba, Sr and Ca
compounds a well-defined feature around 1000 cm−1 that could be attributed to interband
transitions involving Fe hole pockets [12].

Figure 8.8: Frequency-dependent in-plane (a-b) reflectivity and (c-d) conductivity of
EuFe2 As2 at T =290 K in different logarithmic and linear plot styles, as well as (e) the
conductivity difference ∆σ1 = σ1 (200K) − σ1 (290K). Grey squares represent data points,
red lines the result of a fit with two Drude components and a Lorentzian at 1000 cm−1 that
can be attributed to interband transitions involving Fe hole pockets; the composition of the
single components is displayed in (c). The fitting approach nicely describes the spectra above
Ts,SDW .
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We believe that such a subtraction feature can be nicely described by a Lorentzian at
1000 cm−1 that broadens with increasing temperature. Indeed, EuFe2 As2 shows the same
feature (see Fig. 8.8e). Therefore, we have fitted the spectra with two Drude components
and one Lorentzian at 1000 cm−1 that broadens with increasing temperature; the other fit
parameters of the Lorentzian are held constant in first approximation. As can be seen in
Fig. 8.8 and Fig. 8.9, the spectra can be nicely described by this approach.

Figure 8.9: Frequency-dependent in-plane (a-b) reflectivity and (c-d) conductivity of
EuFe2 As2 at T =15 K in different logarithmic and linear plot styles. Grey squares represent data points, red lines the result of a fit with two Drude components and a Lorentzian
at 1000 cm−1 that can be attributed to interband transitions involving Fe hole pockets; the
composition of the single components is displayed in (c). The fitting approach nicely describes
the spectra below Ts,SDW .

However, one should note that other fitting variants are possible, too; for instance,
we have also fitted the high-temperature spectra under the condition that the broader
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Drude should not get too broad (not to violate the Mott-Ioffe-Regel limit), allowing a
changing spectral weight of the Lorentzian at 1000 cm−1 . The corresponding temperaturedependent fit parameters of both fitting approaches are displayed in Fig. 8.10. The results
for the narrow Drude and the bump around 6000 cm−1 are independent from the fitting
approach. However, we can not disentangle the parameters for the broad Drude and the
Lorentzian at 1000 cm−1 ; a realistic description probably lies in between or even contains
more temperature-dependent Lorentzians (for example another one at 2300 cm−1 [12]).
However, we want to point out that with this model, we only see gap-like features in the
spectral weight of the Drude components, proving that this description is more realistic
than a general MIR band approach with only one Drude.

Figure 8.10: Temperature-dependent fit parameters for the model with two Drude components and a Lorentzian at 1000 cm−1 under two different constraints: in the one case (filled
squares), only the damping of the Lorentzian was changed; in the other case (open points),
the scattering rate of the broad Drude was forced significantly below 1000 cm−1 . (a) Scattering rate Γ of the narrow Drude; (b) scattering rate Γ of the broad Drude; (c) σdc (sum of
both Drude components) compared to results from resistivity measurements (normalized to
σdc (300K), cyan curve); (d) Center frequency ν and damping Γ of the feature that is attributed
to Hund’s coupling; (e) damping Γ of the Lorentzian at 1000 cm−1 ; (f) spectral weight of the
temperature-dependent components. The grey, vertical dashed line denotes Ts,SDW ; other
dashed lines are a guide to the eye.
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Summary
We have shown exemplarily on EuFe2 As2 that a broad Drude model without any additional
interband transitions in the mid-infrared is too oversimplified to describe the temperaturedependent spectra of iron pnictides. In contrast, a more general MIR band approach yields
better results. The most realistic results are obtained with a model that contains two
Drude components (probably representing electron and hole bands) and a Lorentzian at
1000 cm−1 , which can be attributed to interband transitions involving Fe hole pockets [12].
In particular, we find that some fitting results are independent from the model:
• The spin density wave gap affects the spectral weight and the scattering rate of both
Drude components.
• For temperatures above Ts,SDW , spectral weight is transferred from the narrow
Drude, but also from higher frequencies in the mid-infrared (and thus either from the
broad Drude or the interband transition at 1000 cm−1 ), to the bump-like structure
around 6000 cm−1 and even higher energies. At T < Ts,SDW , this spectral weight
transfer stops and the bump considerably narrows - directly reflecting the behaviour
of the Drude component(s). Those observations indicate a strong relationship to
the dynamics of the itinerant carriers, consistent with the suggestion that the bump
originates from Hund’s coupling.

9

MAGNETIC DETWINNING OF
EuFe2As2

As it was known that EuFe2 As2 can be completely detwinned by applying relatively small
magnetic fields (∼ 1 T) at temperatures T < TEu (see chapter 6.3.1), we performed a series
of magneto-optical measurements in order to study the electronic in-plane anisotropy of
iron pnictides without the need of complex mechanical detwinning devices. In this chapter,
we concentrate on the results from magneto-optical FIR measurements, which revealed a
much more complicated magnetic detwinning mechanism than expected from previous
neutron studies [7]. Combined with magnetization measurements, the observations can
be explained by an indirect magnetoelastic coupling of the Eu2+ spins to the lattice.
Those findings are further confirmed by resistivity, magneto-resistance, thermal expansion
and magnetostriction measurements and are published in Ref. [13]. Finally, preliminary
results on infrared measurements over a broad frequency range on persistently detwinned
EuFe2 As2 are presented.
For all measurements, a well-defined cooling procedure was obeyed: first, the sample
was cooled from T > Ts,SDW to low temperatures in zero magnetic field and the zerofield cooled (ZFC) response was measured. Afterwards, when an in-plane magnetic field
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parallel to the [110]T -direction1 was first applied and then removed, we call this “field
treatment” (FT).

9.1 Magneto-optical measurements
The far-infrared spectral range is ideal to investigate the detwinning mechanism, as it is
governed by the anisotropic spin density wave gap as well as the FeAs phonon, and the
zero-field reflectivity is not notably influenced by the Eu2+ spin scattering (see chapter 8).
Detwinning at T < TEu
Fig. 9.1 displays the FIR reflectivity of EuFe2 As2 at T = 15 K for H k [110]T with
H = 0 T (ZFC), 1.0 T, and 0 T after field treatment (with 1 T). The main observations
can be summarized as:
• The zero-field cooled 0 T curves perfectly merge, indicating an initially balanced twin
domain ratio2 .
• At a magnetic field of 1 T, a notable difference is induced between the two polarizations: while the reflectivity is enhanced for E k H, it is suppressed for the perpendicular polarization. At the same time, the FeAs phonon gets strongly reduced
for E k H and enhanced for the perpendicular direction. In accordance with optical
studies on BaFe2 As2 using mechanical clamps (see chapter 4.4.5), those observations
indicate that the crystal is detwinned with the orthorhombic a-axis being aligned
along the external field: a k H. This is consistent with the results from neutron
studies [7].
• Surprisingly, we also observe a notable difference between the two polarizations after
the magnetic field is switched off, opposite to that at 1 T. This indicates a second
detwinning process with b k H at even lower magnetic fields, which stays persistent
after the field is removed.
In order to investigate this two-step detwinning process in more detail, we have performed a series of magneto-optical FIR measurements with small field steps of ≤ 0.1 T.
The results for E ⊥ H are shown in Fig. 9.2 and 9.3; for clarity, the relative reflectivity

1
2

We adapt the notation of the tetragonal system [hkl]T which is rotated by 45 ◦ along the c-axis with
respect to the orthorhombic system [hkl]O , e.g. [110]T = [100]O
The sample was mounted point-like on a copper cone. This avoids not only back-reflections from the
sample holder, but also minimizes the glued area and therefore external stress on the sample.
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Figure 9.1: Frequency-dependent reflectivity of EuFe2 As2 at T =15 K, for H = 0 T (ZFC),
1 T and 0 T after FT (H k [110]T ); while the upper panel displays the whole FIR range, the
lower panel focuses on the FeAs phonon mode at ∼ 260 cm−1 . The magnetic field induces
anisotropy between R(E k H) (red) and R(E ⊥ H) (black) as well as changes the FeAs
phonon mode, both corresponding to the magnetic detwinning. A distinct anisotropy remains
after the magnetic field is switched off; it is opposite to that at 1 T.

is displayed, i.e. the reflectivity normalized to its initial zero-field value. While Fig. 9.2 is
a false-colour plot of the field and frequency-dependent relative reflectivity, revealing on
the first view the main dynamics, Fig. 9.3 resolves the details in a conventional plot. It
can be concluded:
• For increasing magnetic fields, the reflectivity rises rapidly at around 0.1 T for frequencies1 above ∼ 300 cm−1 , afterwards staying almost constant. Thus, H1 ∼ 0.1 T
can be identified as the critical field where twin domains preferentially align with
b k H. A sharp drop in the reflectivity at H2 ∼ 0.65 T marks the second, opposite
detwinning process with a k H. For higher fields, the reflectivity stays again almost
constant.
• For decreasing fields, the latter process is reversible with a slightly lower critical field
∼ 0.60 T. However, the detwinning at low fields is persistent.

1

The behaviour at lower frequencies is more complex, probably as Eu2+ spin scattering plays here a
more important role.
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• One should note the distinct changes of the FeAs phonon, which is strongly reduced
at low and enhanced at high fields (see Fig. 9.3b). Those strong phonon changes
(which follow the intensity changes of the reflectivity) support that a structural
detwinning causes the electronic anisotropy.

Figure 9.2: False colour plot of the frequency- and field-dependent FIR relative reflectivity
R(H)/R(0 T) of EuFe2 As2 at T =15 K (H k [110]T , E ⊥ H). The detwinning fields (where
the reflectivity abruptly de- and increases) can be identified as H1 ∼ 0.1 T and H2 ∼ 0.65 T
for increasing, and H2 ∼ 0.6 T for decreasing fields.
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Figure 9.3: Frequency-dependent relative reflectivity (normalized to the ZFC reflectivity) of
EuFe2 As2 at T =15 K, for H = 0 T (ZFC), 1 T and 0 T after FT (H k [110]T , E ⊥ H); while
the upper panel displays the whole FIR range, the lower panel focuses on the FeAs phonon
mode at ∼ 260 cm−1 . For increasing fields (left panels), the reflectivity first decreases and then
increases abruptly at ∼ 0.1 T and ∼ 0.65 T, respectively. For decreasing fields only the upper
process takes place at ∼ 0.60 T; the lower process is irreversible. The low-field detwinning
is accompanied by a reduction of the FeAs phonon oscillator strength; the high-field process
by an enhancement. Grey dashed arrows mark the direction of the spectral changes with
sweeping the magnetic field.
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Detwinning at T > TEu
While the neutron studies concentrated on temperatures T < TEu , we have also investigated whether any magnetic detwinning can be observed above TEu .
Fig. 9.4 displays the FIR reflectivity of EuFe2 As2 at T = 30 K for H k [110]T with
H = 0 T (ZFC), 1.0 T, and 0 T after field treatment (with 1 T):
• Similar to the measurements at 15 K, the zero-field cooled 0 T curves perfectly merge,
proving an initially balanced twin domain ratio as well as the high quality of the
measurements.
• At a magnetic field of 1 T, a notable difference is induced between the two polarizations, similar to that at 15 K. This indicates that the crystal gets sufficiently
detwinned also at temperatures T > TEu by small magnetic fields with a k H.
• Again, we also observe a notable difference between the two polarizations after the
magnetic field is switched off. However, now the direction of the anisotropy is the
same as at 1 T, indicating only one (persistent) detwinning process.

Figure 9.4: Frequency-dependent FIR reflectivity of EuFe2 As2 at T =30 K, for H = 0 T
(ZFC), 1 T and 0 T after FT (H k [110]T ). The magnetic field induces anisotropy between
R(E k H) (red) and R(E ⊥ H) (black) as well as changes the FeAs phonon mode, both
corresponding to the magnetic detwinning. A distinct anisotropy remains after the magnetic
field is switched off.

A detailed series of measurements reveals that the detwinning process at 30 K is rather
continuous, with the main changes arising between 0.3 T and 0.7 T (see Fig. 9.5). The
induced detwinning shows an almost complete persistence.

9.1 Magneto-optical measurements
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Figure 9.5: False colour (upper panel) and conventional plot (lower panel) of the frequency
and field-dependent FIR relative reflectivity R(H)/R(0 T) of EuFe2 As2 at T =30 K (H k
[110]T , E ⊥ H). The detwinning is rather continuous, with the main changes arising between
0.3 T and 0.7 T. A distinct anisotropy remains after the magnetic field is switched off.

138

9 Magnetic detwinning of EuFe2 As2

Control measurements
In order to verify that the induced anisotropy corresponds to the magnetic detwinning,
measurements were repeated on EuFe2 As2 with H k [100]T , i.e. with the magnetic field at
a 45◦ angle to the orthorhombic axes and the easy axes of the Eu2+ magnetic moments.
In this case, no twin is favoured and thus, no detwinning should appear (limited by
the accuracy of aligning the crystal perfectly along the [100]T -direction). Additionally,
comparison measurements were performed on BaFe2 As2 single crystals with H k [110]T .
As can be seen in Fig. 9.5, in both control experiments no anisotropy is induced within
the limit of our resolution. This proves that the observed effects discussed above must be
related (i) to a redistribution of twins and (ii) to the presence of Eu2+ moments.

Figure 9.6: Frequency-dependent relative reflectivities of BaFe2 As2 (T =15 K) and EuFe2 As2
(T =15 K, 30 K) for different magnetic field directions. Relative reflectivities of (a) BaFe2 As2
with H k [110]T = 0.5 T (grey) and 1 T (black) (T =15 K, E ⊥ H) as well as of (b,c) EuFe2 As2
with H k [100]T = 1 T ((b) T =15 K and (c) 30 K, E k H: red, E ⊥ H: black) do not show
magnetic field induced anisotropy.

Heating persistence
As our experiments reveal a persistent detwinning induced by small magnetic fields at
low temperatures (T < Ts,SDW = 190 K), a central question that arises is what happens
when a persistently detwinned crystal is heated up. Fig. 9.7 displays a series of reflectivity
measurements, where EuFe2 As2 was subject of the following cooling and field treatment
procedure:
• Reflectivity spectra were taken after initial zero-field cooling at 30 K and 15 K, revealing an isotropic response (see Fig. 9.7a,b).
• Field treatment at 15 K (with 1 T) induces a distinct anisotropy with R(E k H) <
R(E ⊥ H), corresponding to a persistent detwinning for temperatures T < TEu with

9.2 Magnetization measurements

139

b k H and a more pronounced spin density wave gap along the b-direction (compare
Fig. 9.7c with Fig. 8.2).
• This anisotropy persists when heating up to 30 K (see Fig. 9.7d).
• Subsequent field treatment at 30 K (with 1 T) reverses the anisotropy, consistent
with a persistent detwinning for temperatures T > TEu with a k H.
This proves that the persistent detwinning induced at temperatures T < TEu is robust
against heating up above the Eu2+ magnetic ordering temperature. However, subsequent
field treatment at T > TEu is able to inverse the anisotropy.

Figure 9.7: Frequency-dependent reflectivity of EuFe2 As2 after ZFC at (a) T = 30 K and
(b) 15 K; the reflectivity is isotropic. (c) Field treatment at 15 K (with 1 T) induces a distinct
anisotropy, (d) which persists when heating (in 0 T) to 30 K. (e) Subsequent field treatment
at 30 K (with 1 T) reverses the anisotropy.

Indeed, the thus induced anisotropy persists up to the structural and spin density wave
transition at Ts,SDW , as demonstrated in Fig. 9.8. However, if the crystal was once heated
above Ts,SDW and cooled down afterwards in zero field, this anisotropy has completely
vanished (see Fig. 9.8d).

9.2 Magnetization measurements
Since the magneto-optical measurements indicate that the Eu2+ spins drive the detwinning, magnetization measurements1 should provide further information about the complex
detwinning mechanism.

1

For the magnetization measurements, the sample was fixed between two stripes of plastic foil by wrapping Teflon tape around them. This minimize the external stress on the sample.

140

9 Magnetic detwinning of EuFe2 As2

Figure 9.8: Frequency-dependent reflectivity of EuFe2 As2 after field treatment at T = 30 K
with 1 T (H k [110]T ) for (a) 30 K, (b) 100 K and (c) 180 K. Although the magnetic field
is switched off during the measurement, the reflectivity along the orthorhombic axes is
anisotropic. (d) After the crystal was heated to 220 K (well above Ts,SDW ) and cooled down
again to 180 K, any anisotropy disappeared.

Detwinning at T < TEu
Fig. 9.9a displays the field-dependent magnetization at 2 K for H k [110]T . In the first
field cycling after zero-field cooling, M (H) exhibits two transitions for increasing, but only
the upper one for decreasing field. The transition at higher fields can be identified as a
spin-flip due to the abrupt increase of the magnetization, which saturates afterwards (see
chapter 2.3). In further field sweeps, only the spin-flip is visible. Moreover, the low-field
transition is completely invisible for field sweeps with H k [100]T , suggesting a relationship
to the magnetic detwinning with b k H observed in the magneto-optical measurements.

Figure 9.9: Field-dependent magnetization of EuFe2 As2 at T = 2 K for different magnetic
field directions: (a) H k [110]T and (b) H k [100]T . (a) At ∼ 0.7 T, M (H) sharply increases,
afterwards reaching saturation. Irreversible behaviour at around 0.1 T is only observed during
the first field cycling and when the field is parallel to the crystal’s orthorhombic axes (black
points: increasing H after ZFC, red points: decreasing H within the first cycling, blue stars:
increasing H in the second cycling).
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Temperature-dependent magnetization measurements with H k [110]T further support
this interpretation (see Figure 9.10):
• Zero-field cooled M (T ) curves obtained at very low fields show a peak at TEu , however, the magnetization does not drop to zero for lower temperatures (see Fig. 9.10a).
Indeed, the curve can be described as a superposition of antiferromagnetic susceptibilities parallel and perpendicular to the easy axes (see chapter 2.3), corresponding
to equally distributed twin domains.
• For intermediate fields, M (T < TEu ) shows a flat curvature, indicating an antiferromagnetic spin alignment with the easy axes perpendicular to the external field
(see Fig. 9.10b). As the easy axes of EuFe2 As2 corresponds to its crystallographic
a-direction, this is consistent with the low-field magnetic detwinning (that leads to
b k H).
• A similar flat curvature below TEu can be observed for very low fields after field
treatment (see Fig. 9.10d), indicating that the detwinning with b k H is persistent.
• As expected from the field-dependent magnetization measurements, the transition
at TEu smears out above the spin-flip field, as field enforced ferromagnetism sets in
(see Fig. 9.10c).

Figure 9.10: Temperature-dependent magnetization for EuFe2 As2 at certain magnetic fields
H k [110]T with and without field treatment. (a) 0.1 T (ZFC), (b) 0.3 T (ZFC), (c) 0.9 T
(ZFC), and (d) 0.1 T (FT with 1 T). (a) While the ZFC 0.1 T curve displays a cusp at TEu ,
(d) the corresponding FT curve displays a rather flat magnetization below TEu . (b) The latter
curvature is also observed at 0.3 T (after ZFC). (c) M (T ) at 0.9 T increases smoothly with
decreasing temperature without any distinct anomaly at TEu .

The question remains how exactly the spin-flip is related to the second detwinning
process with a k H. Therefore, field-dependent magnetization measurements at 15 K are
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displayed together with the results from magneto-optical measurements in Fig. 9.11a. The
overall magnetization behaviour is very similar to that at 2 K, despite a smooth increase
of the magnetization above the spin-flip field due to thermal fluctuations. While the
irreversible behaviour in optical and magnetization measurements appears in both cases
around H1 ∼ 0.1 T, the spin-flip field HSF ∼ 0.5 T slightly precedes the detwinning process
observed in the reflectivity by about 0.1 T.

Figure 9.11: Field-dependent magnetization M (H) (grey open circles) and false colour plot of
the frequency and field-dependent FIR relative reflectivity R(H)/R(0 T) (E ⊥ H) of EuFe2 As2
at (a) T =15 K and (b) 30 K (H k [110]T ). The detwinning fields H1 and H2 as well as the
spin-flip field HSF of Eu2+ can be identified (H1 < HSF < H2 ).

Detwinning at T > TEu
As can be seen in Fig. 9.11b, no transition is visible in M (H) for T = 30 K. It is intriguing to associate the smooth increase of the magnetization with the rather continuous
detwinning process at T > TEu .

9.3 Detwinning mechanism
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9.3 Detwinning mechanism
In summary, we have to explain how the magnetic detwinning takes place below and
above the local Eu2+ magnetic ordering. While at T < TEu , the crystal gets detwinned
with b k H at very low fields (∼ 0.1 T at 15 K) and with a k H at slightly higher magnetic
fields (∼ 0.6 T at 15 K), at T > TEu , only the latter takes place. Most strikingly, a
significant imbalance of twin domains remains even when the field is switched off, and the
temperature is raised up to T > Ts,SDW .
Indirect magneto-elastic coupling
The first question one should address is how the magnetic detwinning fields can be reduced
in EuFe2 As2 by more than two orders of magnitude compared to other iron pnictides.
Magneto-elastic coupling usually arises due to spin-orbit interactions. However, the
orbital momentum of Eu2+ is zero; thus the magnetic anisotropy induced by spin-orbit
interactions is negligible. Another possibility to induce magnetic anisotropy is by dipoledipole interactions. However, the resulting anisotropy is much weaker [306]. Therefore,
other unconventional interactions must cause our observations.
From the doped or (chemically) pressurized Eu compounds, it is well known that the
Eu2+ and Fe2+ magnetic orders are strongly intertwined (see chapter 6). Furthermore, the
orbital moment of Fe2+ is non-zero, leading in BaFe2 As2 to a significant magneto-elastic
coupling [24]. Hence, we suggest that the Eu2+ spins couple indirectly to the lattice via the
Fe2+ spins. Such an indirect magneto-elastic coupling was, to the best of our knowledge,
not yet observed before.
Detwinning at T < TEu
In order to explain the two-step detwinning process at temperatures T < TEu , a simple
model based on the competition between magneto-crystalline anisotropy ∆, antiferromagnetic exchange coupling J and Zeeman energy is sufficient. Two twin domains have to
be considered, one with the easy a-axis perpendicular (type Bk ) and one with it parallel
(type Ak ) to the external field (see Fig. 9.12a).
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Figure 9.12: Sketch of the twin distribution and spin configuration of EuFe2 As2 dependent
on an (from left to right increasing) external magnetic field H k [110]T at T < TEu . Top and
bottom rows show a detail of the EuFe2 As2 crystal and magnetic structure (Eu atoms and
spins (blue), Fe atoms (yellow) and spins (brown), As atoms (green)) that correspond to the
twin distribution sketched in the middle row. (a) For H = 0 T, the ZFC crystal is twinned and
the domains are equally distributed. The Eu2+ spins are ordered A-type antiferromagnetically
with the spin direction along the a-axis. (b) With external field, twin variant Bk (red, bottom)
with b k H gets energetically favoured and therefore grows on the expense of variant Ak (green,
top), as soon as the energy difference exceeds the twin boundary pinning energy. (c) With
further increasing field, Eu2+ spins in the remaining type Ak twins flip along the field direction.
Energetically, twin Bk is still more favourable. (d) At slightly higher fields, twin Ak is favoured
and the crystal is detwinned with a k H. (e) Corresponding energy curves (E0 : ground state).
While at low fields twin Bk is energetically favourable (red area), twin Ak gets favourable
at higher fields (green area). Detwinning takes place at H1 and H2 , when the energy gain
exceeds the pinning energy of the twin boundary.
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After cooling in zero magnetic field, the crystal is twinned with equally distributed
variants. The simplest form for the energy is then given by (see chapter 2.3):
E = −2M µ0 H(cos θ + cos ϕ) + JM 2 cos(θ + ϕ)





sin2 θ + sin2 ϕ
1
− ∆
2 

cos2 θ + cos2 ϕ

(Bk )

(9.1)

,

(Ak )

where θ and ϕ are the angles between spins and magnetic field and E0 = −JM 2 − ∆ is
the 0 T ground state energy. Minimizing the energy for θ = ϕ yields (see Fig. 9.12e):
B

M 2 (µ0 H)2
2JM 2 + ∆
M 2 (µ0 H)2
= E0 + ∆ −
2JM 2 − ∆

(9.2)

k
Emin
= E0 −

A

k
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(9.3)

Thus, at low fields, the Eu2+ spins of variant Bk gradually rotate towards the direction
B

A

k
k
of the external magnetic field, lowering the system’s energy. When Emin
−Emin
exceeds the

twin boundary pinning energy, variant Bk grows irreversibly on the expense of variant Ak ,
and the crystal gets detwinned with b k H (see Fig. 9.12b). Increasing the magnetic
field further induces a spin-flip in variant Ak (see Fig. 9.12c), but this twin variant is
energetically favourable only at slightly higher fields, when the crystal gets detwinned
with a k H (see Fig. 9.12d).
As characteristic for domain dynamics, these processes are strongly irreversible, leading
to a significant persistent detwinning.
Detwinning at T > TEu
At T > TEu , the unordered Eu2+ spins gradually align along the direction of the external
field, leading to a net magnetic moment along H. This favours for H k [110]T the domain
type, where the Fe2+ spins are aligned along the field direction. Therefore, a detwinning
with a k H can be observed, as soon as the energy gain exceeds the twin boundary pinning
energy.

9.4 Other techniques
Additional resistivity, magneto-resistance, thermal expansion and magnetostriction measurements were performed in the group of P. Gegenwart (by J. Maiwald, C. Stingl, N.
Bach, and I. Pietsch, University of Göttingen / Augsburg). The main results are depicted
in Fig. 9.13 and 9.14 and described in detail in Ref. [13].
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Resistivity and magneto-resistance
Resistivity measurements after field treatment impressively demonstrate the persistent detwinning, as a strong anisotropy along the orthorhombic axes remains after the magnetic
field was switched off (see Fig. 9.13a,b). Consistent with the magneto-optical measurements, the induced anisotropy is opposite for field treatment below and above TEu . One
should note that its magnitude agrees well with values obtained for mechanically detwinned
Eu compounds [197, 240], and remains virtually constant up to Ts,SDW .

Figure 9.13: Resistivity and magneto-resistance of ZFC EuFe2 As2 (H k [110]T , data taken
by J. Maiwald, University of Göttingen / Augsburg). (a,b) Temperature-dependent resistivity
ρFT (T ) after field treatment with 4 T for currents parallel (red) and perpendicular (black) to
H, normalized to the corresponding zero-field cooled value. A strong anisotropy along the
orthorhombic axes remains after the magnetic field was switched off. For field treatment at
(a) T = 4 K and (b) at 30 K the opposite behaviour is observed. (c,d) Magneto-resistance
ρk (H)/ρk (0 T) − 1 at (c) 5 K and (d) 30 K. (c) Below TEu , ρk (H) first increases and then
decreases with increasing H; (d) above TEu , it decreases with increasing H. The initial ZFC
value is not recovered after field sweeping.

Magneto-resistance measurements further resemble the results obtained by the magnetooptical measurements, however, the critical fields seem to be different (Fig. 9.13c,d). The
main reason for this discrepancy is that all electronic contributions add up at zero frequency, meaning that other field-dependent processes such as Eu2+ spin scattering also
play an important role [198]; this masks the response due to the magnetic detwinning.
Moreover, one should note that the electric contacts needed in resistivity measurements
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induce significant stress on the sample. Indeed, already this force is often strong enough
to partially detwin a sample1 and might influence transition temperatures and fields.
Thermal expansion and magnetostriction
Concurrent evidence for a persistent structural detwinning is also found in thermal expansion and magnetostriction measurements (see Fig. 9.14), techniques which directly probe
the induced length changes. Relative length changes are of the order of 10−3 , exceeding
the typical magnetostriction of Eu based materials by at least two orders of magnitude.

Figure 9.14: Thermal expansion and magnetostriction ∆L(T )/L0 of ZFC EuFe2 As2 (H k
[110]T , ∆L k H, data taken by C. Stingl, N. Bach, and I. Pietsch, University of Göttingen).
(a) Thermal expansion after zero-field cooling (black) and field treatment with 2 T at 4 K
(cyan). Apart from transitions at TEu and Ts,SDW , the sample is shorter after field treatment.
(b,c) Magnetostriction at (b) 30 K and (c) 5 K for increasing (black, brown) and decreasing
(green) H. (c) While at T > TEu , the sample expands along H, (b) at T < TEu , it first
contracts and then expands. The initial ZFC value is not recovered after field sweeping.

By comparing those results with experimentally determined lattice constants [26], one
can yield information about the detwinning fraction. Assuming a temperature-independent
fraction n of twins with b k H, the mean length of a unit cell in field direction follows as
L̄ = n · b(T ) + (1 − n) · a(T ).

1

Therefore, Fig. 9.13 only displays relative values of the resistivity.

(9.4)
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The relative length change compared to aT (the tetragonal lattice constant at 300 K) then
reads as:

∆L
L̄ − aT
=
L0
aT

.

(9.5)

By setting n = 66%, we can reproduce the ZFC curve in Fig. 9.14 reasonably well, indicating that the sample is already partially detwinned due to the uniaxial pressure from
the dilatometer, which favours twins with the shorter axis b k ∆L. Nevertheless, the twin
configuration can be changed to n = 70% by field treatment. Importantly, the induced
imbalance of twin domains stays constant up to Ts,SDW

9.5 Detwinning fraction
From neutron measurements, we know that the crystal gets completely detwinned at
1 T [7]. However, the question remains whether we can quantize the detwinning fraction
after field treatment. Unfortunately, our methods do not provide a key for a quantitative
estimate:
• As in BaFe2 As2 the FeAs phonon is only visible along the b-direction, it is intriguing
to use this phonon in order to determine the detwinning fraction. In our measurements on EuFe2 As2 , however, even for 1 T (where the crystal should be completely
detwinned according to the neutron studies), the phonon is still visible in σa (see
Fig. 9.15). Its presence could be attributed to the imperfect polarizer and the improper alignment of polarizer and sample with respect to the external magnetic field,
however, its suppression along the a-direction might be also strongly compositiondependent - similar to the appearance of the smaller spin density wave gap (see also
section 9.6). Therefore, we are not able to extract reliable information about the
detwinning fraction by our magneto-optical measurements.
• Resistivity measurements show that the anisotropy induced by field treatment agrees
well with values obtained for mechanically detwinned Eu compounds [197, 240].
Therefore, the magnetic detwinning provides a good alternative to mechanical devices; however, the absolute value of the detwinning fraction stays unclear.
• Thermal expansion and magnetostriction measurements can not be used to determine the detwinning fraction, as the uniaxial pressure from the dilatometer already
detwins the sample partially.
However, we speculate that more information can be extracted from already published
neutron diffraction data: in the first manuscript of Xiao et al., where no magnetic fields
were used at all, equally distributed twin domains were reported [8]. However, in a later
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Figure 9.15: Polarization-dependent optical conductivity of EuFe2 As2 around the FeAs
phonon mode at ∼ 260 cm−1 for 15 K with and without magnetic field; 0 T data were used for
an appropriate extrapolation before performing the Kramers-Kronig transformation. (a) 0 T
(ZFC), (b) 1 T (H k [110]T , resolution 1 cm−1 ). In the magnetic field, the oscillator strength
of the phonon is enhanced for σb (E ⊥ H, black) and reduced for σa (E k H, red).

study about the influence of magnetic fields on the structure and Eu2+ magnetism, the
same authors claimed at 0 T a domain ratio of 1:3 [7]; the low-field detwinning process
was not observed at all. We suspect that the authors did not obey a well-defined cooling
process, causing at 0 T an imbalanced twin domain ratio due to the persistent detwinning.
This would imply that field treatment partially detwins EuFe2 As2 with the domain ratio
of 1:3.
One possible explanation why the crystal does not get completely detwinned at H1
and after field treatment is that we have to consider the three-dimensional nature of the
A-type antiferromagnetism, as presented in Fig. 9.16. Within one layer, Eu2+ spins of
next-nearest structural domains can be aligned parallel (see Fig. 9.16a,b) or antiparallel
(see Fig. 9.16c,d). The reorientation of the intermediate domain will be less favourable
for the latter case and might be prohibited. This would lead to a detwinning fraction of
75% (consistent with our reinterpretation of the neutron data): 50% of the domains are
initially oriented with b k H, additional 25% can be reoriented by the field treatment (see
Fig. 9.16a,b).

9.6 Further infrared studies
We have also performed first test measurements over a broad energy range on magnetically
detwinned samples. However, the detectors available in the FFIR and MIR energy range
could not guarantee (in conjunction with the complex magneto-optical setup, see chapter 5.1) a high enough signal-to-noise ratio as well as a sufficient time-stability for a com-
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Figure 9.16: Considering the three-dimensionality of A-type antiferromagnetism could explain, why the crystal gets not completely detwinned at H1 . Within one layer, Eu2+ spins
(blue) of next-nearest structural domains can be aligned (a,b) parallel or (c,d) antiparallel.
The reorientation of the intermediate domain will be less favourable for the latter case.

plete gold evaporation run. Therefore, we present here only preliminary results at 30 K1 .
While FIR data are measured completely in the magneto-optical setup, the reflectivity of
the other energy ranges were obtained as followed: absolute values achieved in the conventional zero-field cryostat were normalized by the ratio of the reflectivities before and after
field treatment, both obtained in the magneto-optical setup. FFIR data are smoothed; due
to strong absorptions in the MIR range originating from the non-exchangeable polypropylene windows of the cryostat, the mid-infrared spectrum was strongly smoothed, as well
as cutted above 3000 cm−1 ; higher frequencies were extrapolated with the 0 T data, low
frequencies according to the σdc -values. We note that all spectral ranges perfectly merge
(see Fig. 9.17).
Similar to the reports on BaFe2 As2 (see chapter 4.4.5), we observe a strong anisotropy
in the mid-infrared frequency range. By fitting with the “subtraction approach” introduced in chapter 8.2, we find 1/τb > 1/τa and slightly higher Drude weights for the
a-direction, similar to Ref. [171]. Furthermore, we confirm that the spin density wave gap
around ≈ 10.8kB Ts,SDW consists of two features, with the higher feature stronger visible
in the b-direction. This is consistent with measurements and theoretical calculations for
BaFe2 As2 [168, 169]. However, we do not observe any evidence for a lower spin density
wave gap along one of the main crystallographic directions, consistent with our results on
the twinned crystal (see section 8.1).
Furthermore, our observations concerning the FeAs phonon differ from the behaviour
reported for BaFe2 As2 , as already discussed in chapter 9.5. Along the orthorhombic a1

Further measurements on a newly constructed magneto-optical setup at the 1st Physical Institute,
Stuttgart are scheduled.
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Figure 9.17: Frequency-dependent in-plane (a-b) reflectivity and (c-d) conductivity of
EuFe2 As2 at T =30 K in different logarithmic and linear plot styles. Grey (light cyan) squares
represent data points for E k a (E k b), black (dark cyan) lines the corresponding fit with
two Drude components and a Lorentzian at 1000 cm−1 . (d) The phonon is narrower along the
b-direction and slightly shifted to lower frequencies.

direction, it has a reduced oscillator strength, but does not disappear. Indeed, we are able
to identify for σa (ω) a slight blueshift of the phonon (see Fig. 9.17d). This blueshift is
consistent with a weak higher-energy a-axis phonon contribution revealed for BaFe2 As2
by Schafgans et al. [174]. We suggest that this contribution is more pronounced in the
case of EuFe2 As2 . Therefore, high-resolution far-infrared measurements on mechanically
detwinned EuFe2 As2 crystals could give important information on the anisotropic phonon
dynamics in 122 iron pnictides, which are yet not well understood [171].
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9.7 Outlook
Our magneto-optical and magnetization measurements reveal a dramatic reduction of
magnetic detwinning fields compared to other AFe2 As2 (A = Ba, Sr, Ca) iron pnictides
by indirect magneto-elastic coupling of the Eu2+ ions. Such an indirect magneto-elastic
coupling was, to our best knowledge, not demonstrated before.
We find that only ∼ 0.1 T are sufficient for persistent detwinning below the local Eu2+
ordering, accessible by typical laboratory magnetic fields; a significant imbalance of twin
domains remains constant up to the structural and electronic phase transition (190 K).
This is surprising from a very fundamental point of view, as the detwinning induced at
low temperatures with very small magnetic fields persists up to much higher temperatures
and thus energy scales. This may even lead to technical applications.
With respect to the research on high temperature superconductors, the whole effect uncovers a remarkable interdependence between magnetic, electronic and structural effects.
It is surprising that the Eu2+ magnetic order strongly affects the lattice, although it does
not destroy superconductivity in substituted compounds. This opens up unprecedented
possibilities for fundamental research concerning the interplay of superconductivity and
magnetism. Finally, our findings provide a unique possibility to study macroscopically the
intrinsic in-plane anisotropy of iron pnictides without the application of any symmetrybreaking external force.

10

SUMMARY AND OUTLOOK

The investigations carried out in the framework of this thesis reveal that Eu based iron
pnictides offer a unique playground to examine the interplay of unconventional electronic
properties, superconductivity, itinerant and local magnetism.
Through systematic magnetization studies on a complete set of EuFe2 (As1−x Px )2 single
crystals, we have derived the complex magnetic phase diagram of Eu 122 pnictides (see
chapter 7). As a first step, we identified a ferromagnetic out-of-plane component that
develops in the underdoped, non superconducting region of the phase diagram, consistent with canted A-type antiferromagnetism. In addition, the Eu2+ magnetic transition
temperature TN is suppressed similar to the structural and spin density wave transition
Ts,SDW and rises again as soon as superconductivity sets in. This implies that the Eu2+
spin orientation in the parent compound is defined by the spin density wave anisotropy,
consistent with theoretical calculations by Akbari et al. [11]. Therefore, we conclude significant interactions between the local Eu2+ and the (quasi-) itinerant Fe magnetism.
Furthermore, we identified the development of a re-entrant spin glass phase at lower
temperatures, characterized by time-dependent processes that appear due to the freezing
of the in-plane spin components. The corresponding transition temperature Tglass rises
quickly in the underdoped region until it is almost as high as TN for superconducting
compounds. For higher P substitution levels, both transition temperatures continuously
increase, separated only by ∼ 2 K. One should further note the rather narrow supercon-
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ducting dome, which might be related to a Lifshitz transition [235] that also affects the
RKKY-exchange. However, our studies rule out any change to ferromagnetic interlayer
coupling at high P substitutions.
All these findings are probably common features of (non-diluted) Eu based iron pnictides, as discussed on the basis of a review given in chapter 6. It can be speculated
that the Eu2+ ferromagnetic component along the c-axis is screened by the formation of
spontaneous vortices perpendicular to the layers [31]. Most importantly, the glass-like dynamics indicate a decoupling of the Eu layers, therefore implying that superconductivity
in the intermediate FeAs layers is mostly unaffected by any magnetic interlayer coupling.
Thus, our findings elucidate how bulk superconductivity can coexist with the strong Eu2+
magnetic ordering.
Despite the interactions of local and itinerant magnetism revealed by our magnetization
studies, the electrodynamic response of EuFe2 As2 is surprisingly unaffected by the Eu2+
magnetic transition, evidenced by infrared spectra that basically do not change when
passing TN (see chapter 8). However, we are able to confirm earlier results of Wu et
al. [184], who reported the absence of any spin density wave gap feature around the BCS
weak-coupling limit. Although it is intriguing to relate this absence to the local Eu2+
magnetism, such a relationship has (yet) no theoretical background.
In order to obtain more information about the general electrodynamic properties of
iron pnictides, we have further compared typical fitting approaches. We find that realistic results are obtained with a model that contains two Drude components (probably
representing electron and hole bands) and a Lorentzian around 1000 cm−1 , which can be
attributed to interband transitions involving Fe hole pockets [12]. Importantly, we find
that regardless of the fitting method, the spin density wave transition affects not only both
Drude components, but also the spectral weight transfer to a bump-like structure in the
near-infrared and even higher energies. This supports a strong relationship of the latter
feature to the dynamics of the itinerant carriers, consistent with correlation effects due to
Hund’s rule coupling.
Finally, it was demonstrated in chapter 9 that magneto-optical measurements in the
far-infrared frequency range are ideal to investigate the magnetic detwinning mechanism
in EuFe2 As2 . We find that only ∼ 0.1 T are sufficient for a persistent detwinning below the
local Eu2+ ordering temperature, which is accessible by typical laboratory magnetic fields;
above TN , only slightly higher fields (around 1 T) are needed. We ascribe these observations
to an indirect magneto-elastic coupling of the Eu2+ ions via the Fe2+ spins, which was to our knowledge - not observed before, and give a simple model based on the competition
between magneto-crystalline anisotropy, antiferromagnetic exchange coupling and Zeeman
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energy. Our findings are further confirmed by magnetization, magneto-striction, thermal
expanison and (magneto-)resistance measurements.
Most importantly, the term persistent detwinning implies that a significant imbalance
of twin domains remains when the magnetic field is switched off and the temperature is
raised up to Ts,SDW . Such strongly hysteretic behaviour is surprising from a very fundamental point of view, as the detwinning that is induced at low temperatures with very
small magnetic fields persists up to much higher temperatures and thus energy scales.
In summary, the whole effect uncovers a remarkable interdependence between magnetic,
electronic and structural effects in Eu based iron pnictides.
While all studies performed in the framework of this thesis concentrated on EuFe2 (As1−x Px )2 , we suggest that many of our findings have further implications for other
materials, especially for rare earth containing high-temperature superconductors such as
related Eu 122 pnictides, Ce 1111 pnictides and rutheno-cuprates [82, 307]. In chapter 6
and 7 we have already presented evidence for the canted antiferromagnetic and re-entrant
spin glass phase in other Eu 122 pnictides. One should note further that glass-like behaviour was also reported for rutheno-cuprates [308, 309] and CeFePO [310]; this implies
that glassy dynamics may be the key to how high-temperature superconductivity can
coexist with rare earth magnetism.
Furthermore, we are confident that the low-field persistent detwinning discovered in
EuFe2 As2 actually appears also in other rare earth containing materials. Therefore, we are
planning further investigations on diluted Eu compounds. Moreover, the persistent magnetic detwinning is also interesting for other experimental techniques such as ARPES [311],
where the implementation of additional mechanical devices is challenging, and for theoreticians [312], since it provides the unique possibility to study the macroscopic in-plane
anisotropy close to the phase transition without the application of any symmetry-breaking
force.
Finally, one should note that the work presented here also opens up very concrete questions concerning the research on Eu based 122 superconductors that we want to address
in the near future. In this regard, we suggest that studies on diluted compounds may
uncover the source of the anomalies related to the spin density wave (see chapter 8) and
the superconducting gap [233]. Likewise, further optical investigations on superconducting
EuFe2 (As1−x Px )2 compounds might reveal more information about the relationship of the
Lifshitz transition to the rather narrow superconducting dome. Furthermore, it will be
interesting to examine whether the indirect magneto-elastic coupling also influences the
nematic fluctuations [313]. Therefore, this thesis can be concluded safe in the knowledge
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that it has not only contributed important insights, but also inspired future work in a very
interesting field of nowadays solid state research.

A

THZ INVESTIGATIONS ON BA 122
THIN FILMS

As already presented in chapter 4.4, many contradictory reports exist about the optical
properties of Ba(Fe1−x Cox )2 As2 . In particular, the number of superconducting gaps as
well as the origin of the unexpected strong intra-gap absorption is highly debated. In the
following, our approaches to contribute to this topic are shortly summarized.
In all cases, a coherent source Terahertz spectrometer (4 - 45 cm−1 ) with a Mach-Zehnder
interferometer was used in order to measure the transmission and the corresponding phase
shift of Ba(Fe0.9 Co0.1 )2 As2 thin films on dielectric (La,Sr)(Al,Ta)O3 (LSAT) or CaF2 substrates; additional transmission measurements were performed to gain the optical properties of the substrates. Due to multiple reflections at the surfaces, the measured properties
oscillate with a periodicity dependent on the optical thickness of the sample (see Fig. A.1).
In the normal state, the optical conductivity of the film can be modeled with a single
Drude term, accounting for its metallic nature. In the superconducting state, each maximum is evaluated individually with two Drude terms: one with a very low scattering rate
that models the superconducting δ-function, the other one with a high scattering rate
accounting for the quasi-particle absorption [148]. The advantage of such an approach is
that it is independent of any model, i.e. for example of the gap symmetry. A more detailed
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description of the measurement technique and the analysis can be found in Ref. [148] and
Ref. [314].

A.1 Fabry-Pérot resonant technique
One of the main problems of such measurements is that the optical intra-gap conductivity of metallic superconductors can be extracted experimentally only with rather large
uncertainty, caused by the huge negative value of the dielectric constant that mainly determines the transmission. Therefore, we have performed systematic studies of Fabry-Pérot
resonators, which consist of two identical superconducting iron pnictide thin films on LSAT
substrates that are positioned face-to-face to each other, separated by a spacer. The corresponding results that are already published in Ref [315] and Ref [316] are summarized
in this section.
Enhancement principle
Fig. A.1a shows exemplarily the calculated transmission of such a Fabry-Pérot arrangement compared to the spectrum of a usual sample (single film on substrate) and the
spectrum that would be caused by light passing two identical free standing films. For the
Fabry-Pérot arrangement, a complex transmission pattern develops due to multiple reflections at numerous interfaces: the highest peaks arise at frequencies where the transmission
of both, the single film on a substrate and the free standing films resonator, is maximized.
In the minima of the substrate-film arrangement, the spectrum of the Fabry-Pérot resonator corresponds to the free standing films system. The resonances of the Fabry-Pérot
arrangement enhance in amplitude over several orders of magnitude and exceed at some
points the transmission of the single film on a substrate. As the maximum sensitivity to
σ1 (ω) of the films is achieved when the whole peak structure is experimentally resolved,
one is restricted to rather thin films to achieve transmissivity at least of the order 10−5 ,
which is the resolution limit of the spectrometer.
The enhancement of sensitivity with respect to σ1 (ω) can be demonstrated by nomograms, showing lines of constant transmission coefficient and phase shift plotted in the
coordinates of real and imaginary parts of σ(ω) (or other optical constants) of the films.
Fig. A.2 compares the nomograms of a single film and a Fabry-Pérot resonator on the basis
of 30 nm Ba(Fe0.9 Co0.1 )2 As2 film data that is representative for iron pnictides. The line of
constant transmission coefficient is noticeably less steep for the Fabry-Pérot arrangement,
meaning that the accuracy to σ1 (ω) is higher, whereas the accuracy to the phase decreases.
When fitting the spectra, the accuracy to σ1 (ω) also benefits from “double-structures” in
the THz spectra of Fabry-Pérot resonators, which emerge when the resonances between
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Figure A.1: (a) Calculated transmission at temperatures T > Tc (left panel) and T < Tc
(right panel) for a single film on substrate (black dashed line), two free standing films (red
dashed-dotted line) and the Fabry-Pérot (FP) arrangement (green line). The Fabry-Pérot
resonator is shown schematically in the inset of (a). Model parameters are chosen close to
measurements (dsub = 0.495 mm, dgap = 1.934 mm, dfilm = 30 nm, σ1 (T > Tc ) = 6000 Ωcm−1 ,
σ1 (T < Tc ) = 2000 Ωcm−1 , ωp = 3464cm−1 ). (b) Nomogram: calculated constant values of
transmission coefficient Θ (solid lines) and phase shift Φ (dashed lines) in optical constant coordinates (vertical: σ1 , horizontal: 1 ) with the values typical for a 30 nm Ba(Fe0.9 Co0.1 )2 As2
film in the superconducting state (T = 5 K, ν = 5.13 cm−1 , Θ = 0.17, Φ = 3.7 rad/cm−1 ).
Black lines show data for a single film on a substrate (LSAT, dsub = 0.5 mm), red lines for
the Fabry-Pérot resonator (LSAT, dgap = 2 mm). The line of constant transmission coefficient
is noticeably less steep for the Fabry-Pérot arrangement, meaning that the accuracy to σ1 is
higher, whereas the phase measurement (dashed lines) is more sensitive to σ1 in the case of
the single film on substrate.

different interfaces coincide. These resonances show different dependence on σ1 (ω) and
σ2 (ω) of the films and the shape of the double-structure is thus very characteristic for a
distinct ratio of these quantities. Thus, in a narrow frequency range, more information is
available than from a spectrum of a single film on a substrate.
Fitting procedure
In order to account for the complex geometry of the Fabry-Pérot resonator, we expanded
our fitting procedure to a five-layer model. Furthermore, we measured the single films
for a temperature T1 > Tc and determine their normal state conductivity σ(T1 ) (we take
T1 = 30 K slightly above Tc ∼ 22 K). The found value of σ(T1 ) is then used to precisely
determine the geometrical parameters of the Fabry-Pérot system: substrate thickness dsub ,
space between the films dgap (“gap width”) and “gap absorption”. The latter parameter
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accounts for the non-perfect geometry of the resonator (for example due to the nonparallelism of interfaces), which can be modelled in first approximation by a finite (but
small) absorption in the gap between the films. Importantly, all spectra are processed
with the same set of geometrical parameters.
Experimental results
We have determined the optical response of three Fabry-Pérot resonators, consisting of
pairs of two identical films (dfilm = 25 nm, 30 nm and 50 nm) that are glued via a spacer
(metal or Plexiglas ring, diameter: ∼ 1 cm) face-to-face to each other.
In order to empirically check, whether it is realistic to obtain data of such a Fabry-Pérot
arrangement despite experimental challenges, first, a resonator composed of relatively thin
films (dfilm = 25 nm, Tc = 22 K, dfilm ∼ 1 mm, dgap ∼ 1 mm) was examined. We found
that the five-layer model describes the spectra nicely, as depicted in Fig A.2a. However,
as far as physics is concerned, the film quality was rather poor, as indicated by a very
high London penetration depth λL ∼ 1.46 µm (at 5 K).
As we expected a higher film quality for thicker samples, further measurements were
carried out on 50 nm films (Tc = 21 K, dsub ∼ 1 mm, dgap ∼ 1 mm). However, for these
thick films the transmission coefficient of the Fabry-Pérot resonator in the superconducting
state was too low, i.e. beyond the resolution limit of the spectrometer (see Fig A.2b).
30 nm films (Tc = 23 K, dsub ∼ 0.5 mm, dgap ∼ 2 mm) were found to satisfy the requirements given by film quality and resolution limit of the spectrometer (see Fig A.2c).
However, we found that an additional factor - the plane-parallelism of the substrates - plays
a crucial role for providing the high quality factor of the Fabry-Pérot resonator. In that
case, the thickness of the substrates was non-uniform in the range 0.487 mm to 0.505 mm.
Thickness measurements of the complete resonator gave values between 2.934 mm and
2.958 mm, meaning that the biggest effect causing a non-parallelism of the whole system
came from non-plane-parallel substrates. Since such pronounced non-perfection that leads
to the broadening of the Fabry-Pérot resonance peaks in the spectra is not included in
the model based on Fresnel optics, we were not able to describe the experimental spectra
consistently over a broad frequency and temperature range; the disturbance is too large
to be taken into account by the “gap absorption” mentioned above.
In summary, we have shown that our Fabry-Pérot resonators made out of superconducting thin films (on substrates) have theoretically the potential to enhance the sensitivity to
the real part of the optical conductivity at very low frequencies. In the experiment, the resolution limit of our setup restrains the film thickness in the case of Ba(Fe0.9 Co0.1 )2 As2 to
approximately 30 nm. However, our measurements on 25 nm films proof that the thin film
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Figure A.2: Transmission coefficient spectra (dots) of Ba(Fe0.9 Co0.1 )2 As2 Fabry-Pérot resonators measured at 5 K, fitted (line) with a five-layer-model for the film thicknesses (a) dfilm
= 25 nm, (b) 30 nm and (c) 50 nm.

quality and homogeneity is still a serious issue for iron pnictides that has to be solved before proceeding with our work. We further note that the success of this approach depends
delicately on the uniform thickness of the substrate. One solution would be to deposit two
films on both sides of a substrate, which is, however, experimentally challenging.

A.2 Superfluid density
As already mentioned in the previous section A.1, a common problem of THz investigations
on superconductors is the rather huge error of σ1 (ω) at low frequencies. However, the
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corresponding imaginary part σ2 (ω) (which determines the penetration depth) can usually
be extracted with very high accuracy.
Therefore, our collaborator A. Karakozov has analysed the temperature-dependence of
the normalized superfluid density:
ρs (t) = λL (0)2 /λL (t)2

(A.1)

with the relative temperature t = T /Tc , using the α-model that describes multiband
superconductors via BCS-like equations with a reduced critical temperature [317, 318].
This model was then applied to fit the optical properties of one of our Ba(Fe0.9 Co0.1 )2 As2
films on LSAT substrate (Tc = 22 K, dfilm = 50 nm). Considering the existence of a small
energy gap with 2∆/kB Tc ∼ 2 (see Fig. 4.10), the superfluid density can be only described
within a model of at least three weakly interacting condensates with 2∆/kB Tc ∼ 2, 3 and
4, as depicted in Fig. A.3. This is an important refinement of the commonly used minimal
model which describes the electrodynamic properties of iron pnictides with two effective
bands.

Figure A.3: Experimental values for the normalized superfluid density ρs (t) = λL (0)2 /λL (t)2
(red circles) for a 50 nm Ba(Fe0.9 Co0.1 )2 As2 film with Tc = 22 K. Additionally, calculations
for a two-band (blue dotted line) and a three-band fit (red solid line) with a minimum gap
2∆/kB Tc ∼ 2 are compared to a BCS one-band approach (adapted from Ref. [317]). The best
description can be obtained by the three-band approach.

A.3 Irradiation studies
In 2011, Efremov et al. predicted that two-band superconductors with s± -symmetry
might undergo a disorder-induced transition to s++ -symmetry, with both gaps tending
to the same, finite value [319, 320]. As optical spectroscopy is not sensitive to the phase
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of the superconducting order parameter, the corresponding zero-crossing of the smaller
energy gap would appear as if the gap first closes and then re-emerges. Such a unique
behaviour constitutes a smoking gun experiment to proof the s± -symmetry for iron-based
superconductors.
Furthermore, manipulating the scattering rate has also the potential to deliver important information about the origin of the strong intra-gap absorption: while nodes can be
lifted by increasing scattering [72], pair-breaking should be rather enhanced (as long as
superconductivity is not destroyed too much).
Therefore, we have investigated the effect of proton and α-particle irradiation on the
optical properties of 50 nm thin Ba(Fe0.9 Co0.1 )2 As2 films on CaF2 substrate. The irradiation was performed on the DanFysik-350 at the P. N. Lebedev Physical Institute of the
Russian Academy of Sciences (Moscow) with an energy of 200 keV, which is high enough
to guarantee that all particles pass the film. The dose for one irradiation is 2 · 1014 cm−2 ,
corresponding to a decrease of Tc by 2 K per step for protons (see Fig. A.5c), and a decrease of 3.5 K per step for α-particles. The latter stronger suppression of Tc is consistent
with the creation of magnetic scattering centres [321]; therefore, we concentrate here on
the results obtained via proton irradiation. The corresponding investigations were supervised in the framework of this thesis, and can be found in more detail in Ref. [322] and
Ref. [323].
Intra-gap absorption
The unusual strong non-BCS-like intra-gap absorption can be best visualized, when comparing the frequency-dependent conductivity at T > Tc with that at T  Tc . As displayed
in Fig. A.4, even after several irradiation steps that suppress Tc by more than 10 K, the
conductivity at lowest frequencies and 5.6 K still exceeds the normal state values. Thus,
the intra-gap absorption must originate - at least to some extent - from pair-breaking
interband scattering.
Crossover from s± - to s++ -symmetry
In order to observe the crossover from s± - to s++ -symmetry of the superconducting order
parameter, we track the position of the coherence peak Tmax for eight irradiation steps1 ;
the corresponding Tc value is determined by the abrupt onset of frequency-dependent
changes in the measured phase, typical for a superconductor at T < Tc . For the 7th and

1

If its shape resembles rather a plateau than a peak, we consider the temperature where the plateau
sets in as Tmax .
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Figure A.4: Frequency-dependent optical conductivity σ1 (ω) at 30 K (closed dark symbols)
and 5.6 K (open bright symbols) for (a) the unirradiated film (Tc = 26 K, blue), (b) the film
after five irradiation steps with protons (Tc = 16 K, red), as well as (c) the film after eight
irradiation steps (Tc ∼ 10 K, green, adapted from Ref. [322]). In all cases, a strong intra-gap
absorption can be observed below Tc .

8th irradiation, however, the transition is already very weak and possibly smeared out too
much, in order to determine Tc in this way.
As can be seen in Fig. A.5c, the irradiation suppresses Tc and the residual resistivity
ratio (σ(30K)/σ(295K)) at least for the first six irradiation steps linearly, meaning that the
scattering rate is enhanced proportional to the irradiation dose. In parallel, the coherence
peak is quickly suppressed, until it is shifted out of the measured temperature window for
the fifth irradiation (see Fig. A.5a and Fig. A.5c). Interestingly, Tmax is quicker suppressed
than Tc , meaning that the BCS relation between gap value and critical temperature is
violated; this is an important condition to observe the s± - to s++ crossover. Furthermore,
the permittivity is reduced significantly with irradiation, while the penetration depth λL
raises almost linearly, consistent with a smooth decrease of the superfluid density.
For the 7th irradiation, however, the behaviour starts to change. The conductivity in the
normal state, as well as the residual resistivity ratio increase slightly. This might indicate
that the number of defects got so high that an impurity band has formed, contributing
to the overall conductivity. We want to stress, however, that this does not affect our
interpretations concerning the coherence peak, as the conductivity in the normal state is
still perfectly flat in the THz range (see Fig. A.4c). Our remarkable observation is that
at the same time, the coherence peak shifts back to higher frequencies, clearly visible
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Figure A.5: Optical properties of a 50 nm Ba(Fe0.9 Co0.1 )2 As2 film (Tc = 26 K) dependent on the irradiation with protons (dose: 2 · 1014 cm−2 per step; adapted from Ref. [322]).
(a,b) Temperature-dependent (a) optical conductivity σ1 (T ) and (b) permittivity 1 (T ) for
selected irradiation steps (unirradiated: green closed diamonds, 2nd irradiation: dark cyan
open squares, 5th irradiation: blue closed hexagons, 7th irradiation: purple open circles, 8th
irradiation: red closed stars). (c,d) Residual resistivity ratio RRR σ(30K)/σ(295K) (grey
squares), compared to (c) the suppression of Tc (orange squares) and the maximum of the
coherence peak Tmax , as well as (d) London’s penetration depth at 5 cm−1 (green squares).
Lines and arrows are guides to the eye, stressing that the 8th irradiation clearly deviates from
the trend expected from the first irradiation steps.
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when comparing in Fig. A.5a σ1 (T ) of the 7th and 8th irradiation step. Furthermore, the
penetration depth saturates, or even tends to decrease. Those observations may indicate
a re-appearance of the lower superconducting gap in the measured temperature and frequency window, i.e. a crossover from s± - to s++ -symmetry of the superconducting order
parameter.
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