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Abstract

In the field of modern condensed matter physics, strongly correlated electron compounds
form a class of materials which exhibit exotic physical properties. These systems usually
have a rich phase diagram with many structural, magnetic and electronic phases. How-
ever, rarely a sufficient description for the physical properties is provided by established
theories. A small change of composition or external conditions such as temperature or
magnetic/electric field may induce a drastic modification of the physical properties in these
materials. Adjacent phases might be competing for the ground state at zero temperature or
supporting each other. Thus, fundamental interest lies in the characterization of neighboring
phases and their relation which is often non-trivial.
This thesis presents experimental studies of the electronic properties in single crystals of
cuprate and iron-pnictide compounds by means of angle-resolved photoemission spectroscopy
(ARPES). Despite huge scientific efforts, the mechanism of high-temperature superconduc-
tivity in cuprates and iron-pnictides is still under intense debate. The richness and com-
plexity of the cuprate and the iron-pnictide phase diagram demand a careful experimental
characterization of the individual phases to pave the way for a successful theoretical descrip-
tion.
In La1.6−xNd0.4SrxCuO4 we have investigated the electronic structure of the charge ordered
and the pseudogap phase which are adjacent to the high-Tc superconducting phase. Our
systematic study of the temperature-, momentum- and doping-dependent line-shape evolu-
tion of the low energy single-particle spectral function has provided insights into the relation
between these three phases.
A link between the cuprates and iron-pnictide superconductors has been established by
the recent discovery of an insulating, antiferromagnetically ordered phase in heavily copper
doped NaFe1−xCuxAs (x = 0.44). Our combined study based on density functional theory
(DFT) calculations and ARPES experiments unveiled the electronic structure and identified
electronic correlation effects due to on-site Coulomb interaction and Hund’s coupling as the
driving force for the insulating behavior.
After investigating the effects of strong electron correlation the focus has been put on the in-
terplay between the metallic spacer layer and the superconducting layer in Ca0.9La0.1FeAs2.
We have found that the metallicity of the spacer layer has unexpectedly small influence on
the electronic correlation in the Fe-As layer.
The last chapter of this thesis presents the electronic band structure of the recently dis-
covered iron-pnictide system Pr4Fe2As2Te1−xO4. We revealed that the Fermi surface (FS)
consists only of electron-like pockets centered at the corner of the Brillouin zone. So far,
such a FS-topology has only been observed in heavily electron doped iron-chalcogenides.
These findings impose strong constrains on the theoretical description of the superconduct-
ing pairing mechanism.



Zusammenfassung

Auf dem Gebiet der modernen Festkörperphysik bilden stark korrelierte Elektronen-
systeme eine Materialklasse, welche exotische physikalische Eigenschaften aufweist. Diese
Systeme haben üblicherweise ein reichhaltiges Phasendiagramm mit diversen strukturellen,
elektronischen und magnetischen Phasen. Etablierte Theorien liefern jedoch selten eine ge-
naue Beschreibung der physikalischen Eigenschaften dieser Systeme. Eine kleine Änderung
der Zusammensetzung oder eine kleine Variation externer Bedingungen wie Temperatur
oder magnetischer oder elektrischer Felder können die physikalischen Eigenschaften dieser
Materialien drastisch verändern. Nebeneinanderliegende Phasen können zum Beispiel von
konkurrierendem Charakter sein und um den Grundzustand am Nullpunkt kämpfen oder
sie können sich gegenseitig begünstigen. Deshalb besteht grundsätzliches Interesse in der
Charakterisierung von benachbarten Phasen und deren gegenseitigen, oft nichttrivialen Be-
ziehungen.
In dieser Thesis werden experimentelle Studien der elektronischen Eigenschaften von ein-
kristallinen Kupraten und Eisenpniktiden, basierend auf winkel-aufgelöster Photoemissi-
onsspektroskopie (ARPES), präsentiert. Trotz enormer wissenschaftlicher Anstrengung ist
der Mechanismus der Hochtemperatursupraleitung in Kupraten und Eisenpniktiden immer
noch Thema strittiger Diskussionen. Die Reichhaltigkeit und Komplexität des Kuprat- und
Eisenpniktid-Phasendiagramms verlangt nach einer sorgfältigen experimentellen Untersu-
chung der einzelnen Phasen um den Weg für eine erfolgreiche theoretische Beschreibung zu
ebnen.
In unseren Forschungsarbeiten haben wir die elektronische Struktur in der ladungsgeord-
neten Phase und in der Pseudogap Phase von La1.6−xNd0.4SrxCuO4 untersucht, welche
sich beide in direkter Umgebung der hoch-Tc supraleitenden Phase befinden. Unsere sy-
stematische Studie der Linienform der ein-Teilchen Spektralfunktion in Abhängigkeit von
Temperatur, Impuls und Dotierung ermöglicht Rückschlüsse über die Beziehung zwischen
diesen drei Phasen.
Eine Verbindung zwischen Kuprat- und Eisenpniktid-Supraleitern wurde durch die kürzli-
che Entdeckung einer isolierenden, antiferromagnetisch geordneten Phase in stark kupfer-
dotiertem NaFe1−xCuxAs (x = 0.44) gefunden. Unsere kombinierte Studie, basierend auf
dichtefunktionaltheoretischen Berechnungen und ARPES Experimenten hat die elektroni-
sche Struktur aufgedeckt und hat herausgefunden, dass elektronische Korrelationen wegen
Coulomb-Abstossung und Hund’scher Regel die Hauptursache für den isolierenden Zustand
sind.
Nach der Untersuchung von Effekten durch stark korrelierte Elektronen wurde der Fokus auf
den gegenseitigen Einfluss der metallischen Zwischenschicht und der supraleitenden Schicht
in Ca0.9La0.1FeAs2 gesetzt. Wir haben herausgefunden, dass der metallische Charakter der
Zwischenschicht unerwartet kleinen Einfluss auf elektronische Korrelationen in der Fe-As
Schicht hat.
Das letzte Kapitel dieser Thesis beinhaltet die elektronische Struktur der kürzlich entdeck-
ten Eisenpniktidverbindung Pr4Fe2As2Te1−xO4. Unsere Studie hat gezeigt, dass die Fer-
mioberfläche nur aus Elektronartigen Fermiflächen an den Ecken der Brillouin-Zone besteht.
Solch eine Topologie der Fermioberfläche wurde in der Gruppe der eisenbasierten Supralei-
ter bisher nur bei stark Elektron-dotierten Eisen-Chalkogen Verbindungen gefunden. Diese
Entdeckungen sind mit starken Einschränkungen für die theoretische Beschreibung des su-
praleitenden Paarungsmechanismus verbunden.
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Chapter 1

Concepts in condensed matter
physics

1.1 Introduction

The field of condensed matter physics is devoted to the study of physical properties in solid
and liquid phases of matter. The different kinds of solids which are permanently present in
our everyday life consist of a huge number of particles (protons, electrons, neutrons, etc.)
which is in the order of 1023. Often, these particles are not just randomly distributed but
develop different kinds of structurally, electronically or magnetically ordered states as a
result of their mutual interaction. Every state of matter provides its own characteristics and
features which might transform a particular solid into useful device.
A particular electronic phase which has been hidden to humans for a long time is the
superconducting state, - that is the completely unhindered flow of electricity. It has only
been discovered around a century ago as a phenomenon which was limited, at that time, to
very low temperatures below ∼ 30 K. For higher temperatures these solids are in a metallic
phase with finite resistivity and for a long time it was not clear what kind of interactions
drive the system into this exotic state. Around 50 years later a group of theoreticians
(John Bardeen, Leon Cooper and John R. Schrieffer) discovered that a complex interplay
between the electrons and the crystal lattice is the key for superconductivity [1]. On that
basis it was also predicted that such a technologically important state might not be realized
at room temperatures but confined to lowest temperatures [2]. For that reason it came
as a big surprise when superconductivity was discovered in 1986 in copper-based ceramics
at temperatures well above the technologically important boiling point of nitrogen of 77
K [3]. The new discovery attracted an enormous boost in research activity since it was
clear that the description for superconductivity in these new compounds must be different
from the one of the already known superconductors. It has been suggested that new types
of interactions must be responsible for the drastic enhancement of the superconducting
transition temperature Tc. With the discovery of high-temperature superconductivity in
materials containing the magnetic element iron, 25 years later, the physical description
of high-temperature superconductivity has settled as one of the most important unsolved
problems in the field of condensed matter physics [4].

1.2 Many-body systems

A solid is an ensemble of a large number of atoms (O(23)). Each atom consists of a positively
charged nuclei and Zi negatively charged electrons. All physical properties and information
about the system are contained in the many-particle wavefunction Ψ(Ri, (rjsj)) which could

3



4 1.3. Correlated electrons - a one-electron problem

be obtained by solving the many-particle Schrödinger equation:

H|Ψ〉 = [T + V ]|Ψ〉 = E|Ψ〉 (1.1)

It is not particularly hard to formulate a ’microscopic’ Hamiltonian H [5, 6]. H can be split
into parts which describe the ionic nucleus, the electrons and the interaction between them:

H = Hel +Hion +Hel-ion (1.2)

Hel = Vel-el + Tel = +
1

8πε0

∑
i 6=j

e2

|ri − rj |
− ~2

2

∑
i

∇2
i

me

Hion = Vion−ion + Tion =
1

8πε0

∑
i 6=j

e2ZiZj
|Ri −Rj |

− ~2

2

∑
i

∇2
i

Mi

Hel-ion = − 1

4πε0

∑
i 6=j

e2Zi
|Ri − rj |

where Mi and Ri is the mass and position of the nucleus and me, ri and si is the mass,
position and spin of the electron, respectively. The first terms in each line of the equation
[eq. 1.2] represent the potential terms and the latter the kinetic terms of the electrons
and nuclei, respectively. However, an exact solution of the Schrödinger equation with this
Hamiltonian is far from feasible. One problem, and probably the hardest, is certainly the
sheer number of involved particles which is in the order of O(23).

1.3 Correlated electrons - a one-electron problem

Progression in solving an equation such as eq. 1.1 requires a simplifications of the many
body problem. One idea to describe the N electrons in the system is to reformulate the
many body problem and consider a single electron in an effective potential build by the
nuclei and the other N −1 electrons. The one-particle Schrödinger equation for the electron
is then formulated as

− ~2

2m
∇2ψi(r, s) + Ui(r)ψi(r, s) = εψi(r, s) (1.3)

where Ui(r) = Vel-el + Vel-ion denotes the effective potential for the ith electron. The set
of all N one-particle equations is known as the Hartree equations and can be solved self-
consistently in an iterative process. As starting point a U has to be guessed. The drawback
of this approximation is that it fails to describe particular arrangements of the remaining
N − 1 electrons since they are treated like an average potential field.
Important physical properties such as exchange interaction, electron-electron interactions,
screening, etc. are not captured by the Hartree equations. The, for a fermionic system
essential exchange term (Fock term), should be added on the left hand side of equation
1.3. However, its integral form (

∫
V (r, r′)ψ(r′)dr′) makes the problem again intractable.

Different theoretical and computational methods have been developed to solve the Hartree
equation which are able to treat many-body effects in different ways [see section 1.11].

1.4 Strongly correlated electron materials

Strong many-body interactions are found in many materials. Especially systems which
contain elements with partially filled d− or f -shells, so called transition metal and rare-
earth compounds, respectively. Many exotic phenomena have been emerging in the past
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Figure 1.1: Timeline of discovery of various superconductors represented by their heighest transi-
tion temperature Tc. Cuprates are denoted by blue diamonds, and iron-pnictides by yellow squares
[13]. Note the jump in the time and temperature axis.

decades in these strongly correlated materials (SCM).
With the explanation of the metal-insulator transition (MIT) in nickel-oxide perovskites
(due to electron-electron correlation in 1938 [7, 8]), a new field of condensed matter research
was born and many discoveries of huge scientific and technological relevance have followed.
Certainly one of the most relevant phenomena for applications was the discovery of the
colossal magnetoresistance (CMR) effect in manganese-oxides (manganites) e.g. LaMnO3

[9, 10]. A magnetoresistant material changes it’s electrical resistance up to several orders
of magnitudes in the presence of a magnetic field, and is nowadays used in read-heads
of hard-disc drives for data-storage. Another class of strongly correlated materials are the
heavy fermion compounds (material containing rare-earth elements) where the effective mass
of the charge carriers is enhanced by thousand times compared to the free electron mass.
These compounds host interesting features e.g. a phase transition between superconductivity
and magnetism [11, 12]. Furthermore the discovery of high temperature superconductivity
in perovskite structured copper-oxides ceramics [3] in 1987 and in metallic, layered iron-
pnictide compounds [4] in 2008 is certainly of high impact and relevant in the field of
strongly correlated systems.

Soon after the initial discovery of superconductivity occurring at 35 K in La2−xBaxCuO4+δ

by Bednorz and Müller [3] the transition temperature (Tc) has been pushed above the tech-
nological critical temperature of liquid nitrogen in YBa2Cu3Cu7−δ, Tc = 90 K [14]. For
several years Tc kept rising, reaching up to ∼ 135 K (at ambient pressure) in mercury based
cuprates [15] and ∼ 165 K under application of external pressure [16].
With the discovery of high temperature superconductivity in iron-based compounds a simi-
lar race of pushing the critical temperature to higher values has been initiated. Up to date
the family of iron-based superconductors (IBSC) keeps growing. In variety they exceed by
far the copper-oxides but the record Tc of ∼ 55 K for bulk crystals [17] has not reached
the level of the cuprates, yet. The timeline-plot [see Fig. 1.1] summarizes the history of
important discoveries in the field of superconductivity.



6 1.5. Superconductivity: An unexpected discovery

Figure 1.2: (a) Historic plot of the resistance (in ohms) versus temperature (Kelvin) of mercury
[18]. (b) Experimental setup for demonstration of the Meissner effect. The levitation of the magnet
is the result of the expulsion of the permanent magnet’s field from the interior of the superconductor
[19].

1.5 Superconductivity: An unexpected discovery

Historically, superconductivity was discovered in 1911 by H. Kammerlingh Onnes [18] in
his research on the microscopic source of electrical resistance in metals. With his unique
cryogenic facility, he was the first to liquify helium and perform resistivity measurements
at temperatures below 4K where he observed a sudden jump to zero resistivity in mercury
[see Fig. 1.2 a)]. In the subsequent years, superconductivity has been observed in a number
of elemental metals [see Fig. 1.1, and Figure 1.3]. In 1933, perfect diamagnetism was
observed by Meissner and Ochsenfeld and quickly established as the second hallmark of
superconductivity [21]. Perfect diamagnetism, that is the complete expulsion of magnetic
field from inside the superconductor is known as the Meissner effect. Usually, the Meissner
effect is demonstrated in a setup as sketched in Figure 1.2 b). In the superconducting state
the screening currents on the surface of a superconductor produce a magnetic field opposed
to the external field.

Despite the huge attraction and relevance of the topic theoretical understanding of super-
conductivity only slowly developed. The phenomenological theories of the London brothers
for electromagnetic fields in superconductors in 1935 [22] and Ginzburg and Landau about
phase transitions [23] have been the first relevant theoretical contributions in the topic.
Only in the 1950s, a full microscopic theory has been developed by Bardeen, Cooper and
Schrieffer [1] which was capable to fully describe superconductivity.

1.6 BCS theory

In this subsection we briefly introduce the theory by Bardeen, Cooper and Schrieffer (BCS)
with its basic idea about the pairing-mechanism which leads to superconductivity. A full
treatment of the problem in all its details can be found in a vast number of books. An easy to
read introduction with intuitive explanations is for example provided by Tinkham, [24], and
a more technical treatment in [25, 26]. The BCS theory explains superconductivity arising
due to a tiny attractive interaction between electrons which is mediated by lattice vibrations
(phonons) [27]. The electrons form Cooper pairs which can be considered as quasiparticles
with integer spin. Therefore they obey the Bose statistics which allows them to condense
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Figure 1.3: Periodic table indicating superconducting elements. Elements in blue are super-
conducting at ambient pressure and elements in green are only superconducting under external
pressure. [20].

Figure 1.4: (a) Schematic of the retarded effective pairing interaction between electrons in
a Cooper pair with opposite spin and momenta mediated by the lattice (phonons). Red area
represents net positive charge “cloud” due to displacement of ions. (b) Diagrammatic representation
of electron-phonon interaction.

into a single quantum state analogous to a Bose-Einstein condensate. The energy gain of
the system transiting into the superconducting state therefore results mainly from the new
ground state which has no longer to obey the Pauli exclusion principle. The Cooper-pair
electrons in the BCS theory are singlet states with anti-parallel spin alignment and with
opposite momenta. The (truncated) BCS pairing Hamiltonian in which the interaction
term contains only the attraction between electrons with opposite spin σ and momenta k is
written as:

H =
∑
k,σ

εknkσ +
∑
k,k′

Vk,k′c†k↑c
†
-k↓c-k′↓ck′↑ (1.4)

Where c† and c are the electron creation and annihilation operators, nkσ = c†kσckσ, εk is
the energy of the electron at momentum k and Vk,k′ is the effective attractive interaction
potential. As sketched in Figure 1.4, the physical idea for the origin of the net attractive
interaction is that an electron polarizes the medium by a local distortion of the surrounding
ionic nuclei lattice. This polarized “cloud”, in turn, attracts a second electron [see Fig. 1.4 a),
b)]. In this picture, the characteristic frequency is the phonon frequency and the interaction
is proportional to (ω2 − ω2

q)−1 with ωq the frequency of the phonon with momentum q =

k− k′ [see Fig. 1.4, b)]. An upper cutoff for the electron energy is then given by the Debye
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frequency ωD. Historically, the BCS theory was formulated to describe superconductivity
mediated by phonons for which a momentum independent interaction potential Vk,k′ = −V
can be assumed in the vicinity of EF .

BCS theory and the phenomenological theory by Ginzburg-Landau describe the phase
transition between the normal and superconducting state as a second order phase transition
which breaks the U(1) gauge symmetry. The corresponding order parameter ∆ which is zero
for T > Tc and non-zero for T < Tc is given by:

∆k = −
∑
k′

Θ(ωD − |εk′ |)Vk,k′〈c-k′↓ck′↑〉 (1.5)

where, Θ denotes the heavyside function and the brackets stand for the quantum and statis-
tical average in a mean-field approach. In general, the order parameter (OP) is a complex
number ∆ = |∆|exp(iφsc) where the amplitude is a measure for the superfluid density in the
superconducting state. The phase φsc is arbitrary but unique, thus reflecting the macroscopic
phase coherence of the superfluid condensate. When the system enters the superconducting
state the electronic band dispersion, εk, gets modified by opening a quasiparticle gap at the
Fermi level. The modified quasiparticle dispersion is then given by Ek =

√
ε2k + |∆(k)|2.

In BCS theory, which is a weak-coupling theory, the order parameter ∆(k) and critical
temperature Tc are connected via the following relation.

2|∆| = 3.52kBTc (1.6)

In the weak coupling limit, λ = N(0)V � 1 with N(0) denoting the density of states (DOS)
at the Fermi level, Tc is given by

Tc = 1.13~ωDe1/λ. (1.7)

In BCS-described, phonon-mediated superconductivity with broken gauge symmetry,
∆(k) is isotropic in momentum-space. The compounds belonging to this class are called
conventional s-wave superconductors.
In more exotic, unconventional, superconductors like the heavy fermion compounds or
high-Tc cuprate and iron-based superconductors, the interaction potential Vkk′ might be
anisotropic resulting in an order parameter with a different symmetry. It is now well es-
tablished that copper-oxide superconductors have d-wave symmetry which is also the most
probable scenario for heavy-fermion superconductors. In the case of iron-pnictide super-
conductors the strongest candidate at the moment of writing is a s± symmetry. The key
question in the research of unconventional superconductivity which is directly connected to
the superconducting order parameter is the origin of the attractive potential. The commu-
nity is far from reaching consensus about the exact microscopic mechanism in any family,
neither in the iron and copper based high-Tc superconductors nor in heavy-fermion super-
conductors.

1.7 Unconventional superconductivity in copper- and
iron-based compounds

1.7.1 Introduction

In the following section the basic physical properties of copper- and iron-based superconduc-
tors (IBSC), which will be called high-Tc superconductors from now on, will be discussed and
compared with the conventional BCS-superconductors. Immediately after the discovery of
high-Tc superconductivity in the La-Ba-Cu-O system it became clear that superconductivity
must be fundamentally different from the so far known superconductors (SC) in several key
aspects [30, 31]. The most important difference is the enormous boost of the transition tem-
perature to values which are difficult to be explained by electron-phonon coupling. Also, the
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Figure 1.5: Crystal structure of cuprate SCs: (a) Crystal structure of La2−xSrxCuO4 . (b)
Crystal structure of Bi2Sr2Ca2Cu3O10+δ. [28]. Cu-O layer which is universal for all cuprates. Cu
dx2−y2 and O px/py-orbitals are indicated. [29]

maximum Tc values in iron-based superconductors were substantially higher than the ones of
the known conventional superconductors and exceeding the McMillan limit, the theoretical
upper limit of phonon-mediated BCS-described superconductivity [2]1. A second significant
distinction between conventional superconductors and copper- and iron-based superconduc-
tors is the crystal structure which is three dimensional for conventional but layered for all the
copper and iron-based superconductors. The layered structure is reflected in the electronic
structure which turns out to be quasi two-dimensional in the high-Tc compounds but much
more dispersive along the third dimension in conventional SCs.

1.7.2 Conventional and high-Tc superconductors: Not entirely dif-
ferent

Despite these significant differences, the high-Tc SCs and conventional SCs share several
commonalities. A very fundamental similarity is that in both, conventional and high-Tc

superconductors, the electrons condense into spin-singlet Cooper pairs as seen in several

1Recently, H3S was discovered to be superconducting with Tc = 203 K under ultrahigh pressure (155
GPa). At the moment of writing the pairing mechanism is still under debate but indeed strong indications
point towards a conventional BCS superconductor[32]. Therefore the limit for Tc,max ∼ 40 K proposed by
McMillan might not be the ultimate limit.
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experiments on cuprates [33] and the iron-pnictides [34–36]2. Secondly, the magnetic flux
quantization Φ = h/2e is observed in either type of superconductor [38–40], confirming the
pairing of 2 electrons into a new quasiparticle with the basic charge of 2e. Besides these,
the conventional superconductors and the high-Tc compounds share the basic properties
of zero electrical resistivity, perfect diamagnetism (Meissner-Ochsenfeld effect), Josephson
effect, jump in specific heat at Tc and an energy gap in the electronic spectrum [41]. In the
following two sections, basic features of both the cuprate and the iron-based superconductors
(IBSCs) will be discussed in more detail.

1.8 Cuprate superconductors

The high-Tc cuprate superconductors have a layered perovskite-related crystal structure as
sketched in Figure 1.5 and belong to the large class of ceramic materials. The common
building block of all cuprates is the square planar CuO2 layers [Fig. 1.5 c)] which are sep-
arated by insulating layers, so-called charge-reservoir layers [42]. One way of introducing
charge carriers into the CuO2 layers is by chemical substitution of atoms in those spacer
layers with elements having excess holes or respectively electrons. The additional charge
carriers are transferred to the CuO2 layer. This kind of doping turns out to be a relatively
“clean” method since it doesn’t introduce disorder directly into the CuO2 layer. Thus, the
CuO2 layer which is believed to be essential for superconductivity is not directly distorted
by the substituting atoms. The cuprates are classified according to the parameter N which
is the number of CuO2 layers per unit cell -i.e. singlelayer, doublelayer, ... compounds.
Figure 1.5 a) shows the crystal structure of the prototypical single-layered cuprate com-
pound La2−xSrxCuO4 (LSCO) and Figure 1.5 b) the crystal structure of the triple-layered
Bi2Sr2Ca2Cu3O10+δ(Bi2223). The effect of the layer number N on superconductivity is
profound. Within a family, the maximum Tc increases with N for N ≤ 3 [43, 44].

1.8.1 Electronic structure of cuprates

The low energy electronic states are provided by the CuO2 layer which therefore determine
all the macroscopic electronic properties of the compound [48]. For example, the conduc-
tivity in the CuO2 plane is typically 103 − 104 times larger than along the c-direction,
perpendicular to the layers. The following discussion will be based on LSCO since it is the
main cuprate material studied in this work, and is one of the simplest cuprates concerning
the crystal structure and chemical composition. However, the discussion is representative
for all the cuprates since it is mainly focused on the common CuO2 layer. In the undoped
parent compound (La2−xSrxCuO4, x = 0) , the valency of copper is Cu2+ implying a 3d9

configuration of the d-orbitals. Due to the crystal field, the d levels are split into t2g and
eg levels which are further separated due to a Jahn-Teller distortion of the CuO6 octahedra
as scetched in Figure 1.6 d). The highest Cu-d level, dx2−y2 , is half filled at x = 0 and
hybridized with O 2px and O 2py forming three bands, the bonding (B), non-bonding (NB)
and antibonding (AB) band. While the B and NB band are both fully occupied, the AB
band is half filled and crossing the Fermi level (EF) [see Fig. 1.6 b)]. Therefore the low
energetic bandstructure is often described in a effective three-band model [30, 49]. This
picture is consistent with density functional theory (DFT) calculations -i.e. the AB-band is
the topmost band, crossing EF and the other Cu 3d and O 2p bands are fully occupied [see
Fig. 1.6 c)] 1.7 a-d). In this picture, the undoped parent compound is predicted to be a
metal. However, in reality it is found to be an antiferromagnetically ordered insulator with
an energy gap of 2 eV [50, 51].
In the so-called Mott-Hubbard insulating state, the on-site Coulomb repulsion between the
electrons on the Cu-site, the Hubbard U , is much larger than the electron kinetic energy

2Note: Spin-singlet formation is not a common feature among all superconductors. For example it is
widely believed that Sr2RuO4 is a p-wave, spin-triplet superconductor [37].
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Figure 1.6: Energy levels of cuprate superconductors I: (a) Brillouin zone of La2CuO4. (b)
Bonding (B), Non-bonding (NB) and antibonding (AB) bands of the Cu-O plaquette [see Fig.
1.7 e)] [45]. (c) Band structure calculations for La2CuO4 [46]. (d) Crystal field splitting and
hybridization of the Cu 3d and O 2p states in LCO [47]. Adapted from [44, 48]

t which is given by the band width W . The large U induces a splitting of the conduction
band into a lower Hubbard band (LHB) and an upper Hubbard band (UHB) [see Fig. 1.7
a, b)] [52–54]. In the case of the cuprates, however, the charge-transfer energy ∆ between
Cu-sites and O-sites is smaller than U resulting in an inversion of the energy levels of those
states. These systems (with ∆ < U) are then called charge-transfer insulators [see Fig. 1.7
c)] [55].

1.8.2 The cuprate phase diagram

A typical temperature versus hole doping phase diagram of cuprates is shown in Figure 1.8.
It is exceptionally rich and hosting many phases adjacent to superconductivity; some of
them have only been recently discovered [59] and many are still far from being fully under-
stood [56]. The following paragraph will briefly introduce each phase with its characteristic
properties and physical parameters. It turns out, that superconductivity lies in a range of
doping which so far defies a proper description, not only for superconductivity but also the
surrounding phases. However, on the extreme doping sides i.e. the Mott-insulating parent
compound and the heavily doped Fermi-liquid metallic state, the situation is less complex
and the physics is fairly well accounted for by existing theories [30, 60–62].

Insulating region

The parent compound is an antiferromagnetically ordered insulator resulting from strong
electron-electron correlations as described by the Mott-Hubbard model [30] [see Figure 1.8
b)]. The kinetic energy gain, t, of an electron hopping from one Cu site to another is much
smaller than to on-site Coulomb repulsion U of the d electrons on the Cu sites3. Due to the
strong covalent bonding between Cu 3dx2−y2 and O p orbitals, the lowest energy excitation
is a charge transfer-excitation with a charge transfer gap of ∆ ∼ 2 eV [64] [see Fig. 1.7 c)].

3Calculations estimate U in the order of 8 - 10 eV [63].
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Figure 1.7: Energy levels of cuprate superconductors II: Density of states (DOS) for (a) the non
interacting, metallic case; (b) the Mott insulating case (∆ > U). (c) a charge transfer insulator
(U > ∆ > W ) (d) the splitting of the Nonbonding band into triplet and Zhang-Rice singlet states.
(e) Cu-O plaquette, forming bonding, non-bonding and antibonding hybridized wave functions.
Adapted from [44, 48]

Below TN ∼ 300K, the local magnetic moments of the Cu atoms are aligned anti-parallel
due to superexchange interaction. In this picture, spins can virtually hop between the Cu
sites via the intermediate O 2p orbitals. The coupling strength between the neighboring
spins is given by4 J ∼ t2eff/Udd. Due to the relatively small size of the charge-transfer gap
∆, J is expected to be strong, as confirmed by experimental values J ∼ 0.11− 0.13 eV [66,
67].

Fermi-liquid regime

In the opposite extreme (high doping), the system is metallic with delocalized electrons
(t� U) and good conductivity. Though, the electron “traffic-jam” [56] of the undoped Mott
insulating case is overcome, the electrons still can feel each other and their interactions are
not negligible. In this case, electrons are described by Landau’s Fermi liquid (FL) theory
for metals [68, 69]. This theory treats electrons as quasiparticles i.e. “dressed” electrons
with enhanced mass m∗. The fundamental idea of the Fermi liquid theory is to describe
interacting fermions in the terminology of free fermions propagating in the medium of the
remaining electrons. A basic property of a metal which is described by Fermi liquid theory
is a quadratic temperature dependence of its resistivity:

ρ(T ) = ρ0 + αT 2 (1.8)

where ρ0 and α are constants. Such a temperature dependent resistivity is for example
shown in Figure 1.8 c), for overdoped Tl2Ba2CuO6+δ (Tl2201). The T 2-dependence of ρ(T )

4Since tdd � Udd direct hopping between the Cu orbitals which would give J ∼ t2dd/U is suppressed.
The effective hopping parameter is defined as teff = t2pd/∆ where tpd is the charge hopping integral from Cu

3d to O 2p [65].
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Figure 1.8: Temperature vs. hole doping phases in cuprates. (a) Schematic phase diagram
of hole-doped copper-oxides. TSDW, TCDW and Tc indicate the transition temperature for the the
spin-density, charge-ordered and superconducting phase, respectively. T ∗ denotes the crossover to
the pseudogap regime and TN, the Néel temperature, the transition to the antiferromagnetically
ordered phase, [56]. (b) and (c) In-plane resistivity curves for LSCO and YBCO. Adapted from
[57, 58].

is often used as a criterion to check for Fermi liquid like behavior in a compound. In highly
overdoped, non superconducting cuprates T 2 dependence of the resistivity has been observed
in Tl2201[70] and LSCO [71]. The Wiedemann-Franz law, another hallmark of Fermi liquid
like behavior, has also been observed in this doping regime [72]. Additionally, it has been
found that near EF the bandstructure consists of a single band, with a well defined Fermi
surface which forms a large, hole like pocket around the X and Y point [see Fig. 1.9 c)] [73].

Superconducting phase

In the phase diagram, between the Mott-insulating and Fermi-liquid metallic phase, super-
conductivity is found inside the superconducting - dome. On the hole-doped side, super-
conductivity sets on at x ≈ 5%, where x denotes the amount of holes per Cu-atom. The
maximum Tc is found at the optimal doping at x ≈ 15%. So far, the highest Tc at ambient
pressure is still hosted by the cuprate family Tc,max ≈ 135 K, achieved over 2 decades ago
[15]. Upon further increasing doping, Tc is decreasing until SC disappears at x ≈ 28%.
Cuprate compounds are two-dimensional, layered materials with only small variation of
the electronic structure along the kz-direction. However, the superconducting gap is very
anisotropic in the kx − ky-plane. It has been established by different techniques that it is
predominantly of d-wave symmetry:

∆sc(k) =
|∆|
2

[cos(kxa)− cos(kya)] (1.9)

In determining the gap function, ARPES played a crucial role since it is able to directly
probe the momentum resolved magnitude of the gap (absolute value) as plotted in Figure
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Figure 1.9: Fermi surface, Fermi arcs and SC-order parameter. (a) Blue / Red line: Momentum
dependence of the absolute value of the superconducting gap and pseudogap, respectively, in the first
quadrant of the Brillouin Zone (BZ) [56]. (b) Intensity map of the Fermi surface in the pseudogap
phase as measured by ARPES. Bright sections mark the Fermi arcs, spectral weight is gapped out
in the Antinodal region near the BZ-edge. (c) Large Fermi surface as predicted by band theory in
the overdoped regime (confirmed by ARPES, quantum oscillations and STM) [56]. (d) Amplitude
of superconducting gap as a function of Fermi-surface angle φ for Bi2212 as measured by ARPES.
FS-angle φ is indicated in inset [74]. (e) Experimental setup of the π-ring experiment. Epitaxially
grown superconducting YBCO films which adapt the orientation of the substrate. Center ring is π
ring which should show half integer flux quantization for dx2−y2 pairing symmetry. This experiment
succeeded to proof the d-wave pairing symmetry [75].

1.9 d) [74]. However, the ultimate proof for the d-wave symmetry had to be provided by a
phase sensitive experiments [see Fig. 1.9 e) and Ref. [75]].

Normal state: Strange Metal - Pseudogap Phase - Charge Order

Strange metal state: It is well established that on the far overdoped side of the phase
diagram, the system is well described by Fermi liquid theory [61]. When doping is gradually
reduced from the heavily overdoped side, physical quantities start to deviate from Fermi
liquid like behavior. For example, in the normal state of optimally doped cuprates (T > Tc),
the resistivity is no longer showing T 2-like behavior but increases linearly with temperature
[see Fig. 1.8 b) and c)] [62, 76, 77]). The temperature dependence of the resistivity becomes

ρab(T ) = ρ0 + αT (1.10)

The deviation from FL-like behavior has also been observed in Hall effect and heat transport
measurements (Wiedemann-Franz law) [78, 79]. A phenomenological marginal Fermi liquid
theory has been proposed to account for this strange-metal behavior [80].
Pseudogap phase: When doping is further reduced, the system enters a so-called pseu-
dogap region. This state is characterized by a gap in the spin response and the charge
excitation [81] below a temperature T ∗ which is monotonously increasing with underdoping.
It was first observed as a gap in spin susceptibility in magnetization and nuclear magnetic
resonance (NMR) experiments [82, 83]. Later, ARPES directly confirmed the existence of
an energy gap (∆∗) in the electronic excitation spectra which mimics the d-wave character
of superconductivity but has so-called Fermi - arcs [see Fig. 1.9 a), b)]. Fermi arcs are dis-
connected portions of the Fermi surface where ∆∗ vanishes [84–86]. It has been found that
the length of the Fermi arc, i.e. the portion which is gapless, becomes larger with increasing
doping [84, 87]. A solid description of the disconnected portion of the Fermi surface and of
the overall PG phase is still missing. It is under ongoing debate if the pseudogap phase is a
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precursor of the superconducting state with e.g. preformed (fluctuating) pairs but lacking
phase coherence or if it is another ordered phase competing with superconductivity. This
issue has been debated intensively since the discovery of the pseudogap state in 1989 [56,
81].

Charge-Ordered phase: Since the first discovery of real space ordering of spins and charge
into so-called ’stripes’ in the La1.6−xNd0.4SrxCuO4 and La2−xBaxCuO4 cuprates it has been
clear that this state is a phase competing with superconductivity. The stripe-order which
is a combination of incommensurate spin order and charge-density wave like ordering was
initially revealed by Neutron experiments at x = 1/8 where the superconducting dome has
a strong dip with reduced Tc [see Fig. 1.8 a)] [88, 89]. The specialty of those compounds
is that the low temperature-tetragonal structural phase, which doesn’t exist in the other
cuprate compounds, locks the stripes in the manner of a pinning potential. Therefore it was
believed for a long time that static stripes only appear in these compounds. Only recently
it was found that static, short-range incommensurate charge order is a universal phase in
all the cuprates [56, 59, 90–92]. However, unlike the stripe phase, no coinciding magnetic
order has been observed.

1.8.3 Theories for superconductivity in cuprates

Since the discovery of high-temperature superconductivity in cuprates, several attempts to
describe the pairing mechanism have been made [93]. However, so far there is no consensus
on the proposals and a proper description is still missing [94]. The reason lies in the com-
plexity of the phase diagram since a theory for superconductivity not only has to describe
superconductivity itself but also has to give the description for at least the phases in the
direct neighborhood of the superconducting dome. Since this work is mainly focused on nor-
mal state properties of cuprates, only the most important theories will be briefly discussed.
Common to all of them is that they all have their merits and shortcomings. As stated by
T. Devereux in Ref. [94], most likely there is no ’silver bullet’ that will describe everything,
in the sense that there is no single cause for the exceptional high-Tc in the cuprates but SC
is caused by the constructive interplay of many “forces”.

Spin fluctuations: Motivated by the observation that superconductivity emerges in the
vicinity of the antiferromagnetically ordered phase, this approach is based on collective spin
fluctuations which are mediating the pairing. The d-wave order parameter, as well as some
parts of the phase diagram (e.g. strange metal phase), are reproduced [95, 96].
Resonating valence bond (RVB) approach: Originally proposed by P.W. Anderson
in the beginning of the cuprate era, this approach is based on a spin liquid state hosting
magnetic singlet pairs. Neighboring spin bonds are fluctuating between a paired state and
a non-paired state. The superconducting phase, described with the correct order parameter
(d-wave) as well es a pseudogap phase, with preformed pairing but lacking phase coherence,
is predicted. The RVB-approach could also describe the strange-metal phase and other fea-
tures of the phase diagram [97, 98].
Loop currents and other competing orders: In 1997, Ch.Varma proposed a model of
the occurrence of spontaneous loop currents in the two dimensional O-Cu-O plaquettes which
describes the pseudogap (PG) phase as a competing order to superconductivity. The pro-
posed quantum critical point of the PG-phase inside the SC-dome triggers scale-invariant
quantum fluctuations which mediate superconductivity and also lead to other anomalous
normal state properties (strange metal) [99, 100]. Other ’hidden order’ competing scenarios
include the d-density wave [101] or nematic order [102, 103].

Other theoretical approaches to account for superconductivity in cuprates are for example
the formation of stripes [104] or theories which are based on strong electron-phonon coupling
(polarons) [25, 105, 106].
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1.9 Iron-based superconductors

Figure 1.10: Representative crystal structures of different iron-pnictide families. Grey area
indicates the common FePn respectively FeCh layer. Adapted from [107].

Figure 1.11: (a) Plot of Tc vs pnictogen height hPn as indicated in inset. Highest Tc values are
found around hPn ∼ 1.4 Å. (b) A positive correlation of pnictogen angle and Tc for several material
types is observed. Highest Tc is found for α ≈ 109.5◦ which corresponds to a regular tetrahedron.
Adapted from [108].

Immediately after the discovery of high-Tc superconductivity in a material containing
magnetic iron, a lot of research activities in the field of superconductivity has been dedi-
cated to iron-based superconductors (IBSC) [34, 107, 109–111]. After the initial discovery
that fluorine doped LaFeAsO can have a maximum Tc of 26 K [4], the maximum transition
temperature was quickly pushed to 55 K in related quaternary compounds (ReFeAsO1−δ,
Re = rare earth metal) [112]. Rapidly, other families with different chemical composition
and crystal structure have been synthesized. The quaternary pnictides, also known as ’1111’
family are difficult to synthesize (by high pressure synthesis) and only small single crystals
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Figure 1.12: Calculated electronic structure of the 122 iron-pnictide family. Adapted from [114,
115].

have been available. However, other, slightly different structures like the AeFe2As2 (Ae =
Ba, Sr), known as ’122’ structure or the ’111’ family, AFeAs (A = Li, Na) have been syn-
thesized soon and relatively large single crystals could be obtained. Since then, many other
compositions have been found. A complete overview about all families which have been
discovered up to date and related compounds which have been synthesized but which are
not superconducting has been collected in an extensive review by H. Hosono [113]. Here, the
discussion is limited on some of the most commonly investigated iron-based superconductors
[Fig. 1.10]. Common to all the iron-based superconductors is the single iron-pnictide (FePn;
Pn=As, P) or iron-chalcogenide (FeCh; Ch=Se, Te) layer. Compared to cuprate supercon-
ductors, it slightly differs from the CuO layer in the aspect that the ligand Pn/Ch atom
doesn’t lie in the Fe layer but is alternatively above or below the Fe plane. The distance
between Pn/Ch - atom and the Fe layer is defined as hPn which varies for different families
and also within a family upon chemical substitution of atoms. As presented in Figure 1.11
a), a positive correlation is found for the Tc of a certain compound and its hPn. The fact
that there is a optimal hPn for which maximum Tc values can be found sets a necessary con-
dition for maximizing Tc. A similar relation is also observed between Tc and the Pn-Fe-Pn
bond angle α [see Fig. 1.11 b)] which is found to give highest Tc for α = 109.47◦ which
corresponds to a regular tetrahedron. Although both the optimal hPn-rule and the regular
tetrahedron rule have been used as a guideline for crystal synthesis, their physical meaning
is not fully understood [108]. Another difference between the iron-based superconductors
and the cuprates is that the FePn (FeCh) layer is always sandwiched by a spacer material.
There are no double or triple layer compounds5.
Very important for technological applications is that the IBSC-crystals are not brittle ce-
ramics but metals which are more robust and flexible.

1.9.1 Electronic structure

With simple valence counting, for the representative ’122’ case (BaFe2As2), one finds that
the Ba is in the 2+ and As in 3- configuration, giving a 2+ ionic state for Fe. Two electrons
of the Fe atom are removed from the 4s shell. The remaining 6 valence electrons fill the Fe

5Of course this is not valid for the 11 families.
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Figure 1.13: Electronic structure of the 122 and 1111 iron-pnictide family as measured by
ARPES. Adapted from [108, 116].

d shell and are equally distributed over the 5d orbitals due to a relatively small crystal field
splitting which results in strong hybridization of all d orbitals [117, 118]. As predicted by
calculations, states from the iron orbitals dominate the DOS around EF and the spacer layer
respectively the pnictogen (chalcogen) atoms have only minor contribution [see Fig. 1.13
b)]. Figure 1.12 a) shows the Fermi surface (FS) in 3D momentum space of the prototypical
’122’ BaFe2As2 (Ba122) parent compound, calculated by using density functional theory
(DFT)6. The calculated bandstructure along high symmetry lines (indicated by blue lines
in Figure 1.13 c) is plotted in Figure 1.12 c) which demonstrates the hybridization of the
different Fe 3d orbitals. It can be seen from the color-coded plot of the bands that all the
five orbitals are contributing to the bands close to EF. However, for Ba122 only the bands
derived from dxz, dyz and dxy orbitals cross the Fermi level and form the Fermi surface.
The FS consists of 2 hole-like bands around Γ = (0, 0) 1

a and one electron-like band around
(π, 0) 1

a and one around (0, π) 1
a

7. The FS is shown in the unfolded BZ of the 1 Fe-unit cell
[Fig. 1.12 b)] with color-coded contribution of the individual orbitals. The FS of optimally
doped Ba1−xKxFeAs2 obtained from ARPES measurement is illustrated in Fig. 1.13 a),
lower panel.
Although IBSCs are metallic they are known to be poor conductors with large resistivity
close to the Mott-Ioffe-Regel limit [120, 121]. It has been found that electronic correlations
are relatively strong in IBSCs resulting in an overall electron-mass enhanced of m∗/m ≈ 2−4
[122–124]. In terms of electronic bandstructure, enhanced electron-electron correlations are
directly connected to a band width renormalization which can be determined in a direct

6The FS in Fig. 1.12 a) is plotted in the projected Brillouin zone as shown in Figure 1.13 c). Usually
the electronic bandstructure and Fermi surface [Fig. 1.12 a), c)] is presented in the BZ of the folded 2 Fe
unit cell (uc) as shown in Figure 1.13 c) for the 122 family, which is the correct primitive structural cell in
the paramagnetic phase. However, theoretical studies often work with the unfolded 1 Fe unit cell since they
neglect that there exist two inequivalent Fe site due to alternating positions of the As ligands above and
below the Fe plane [see FS in Figure 1.12 b)]. Implications of the 2 Fe unit cell on the electronic structure
and ARPES results are discussed by V. Brouet et al. [119]. If not mentioned differently, during this report,
always the primitive unit cell (with 2 Fe per uc) will be used. Due to the negligible kz dependence of the
electronic structure of many of the iron-pnictides, the projected (tetragonal) BZ [green lines in Fig. 1.13 c)]
is often used in the data presentation.

7In the notation of the unfolded BZ (2 Fe unit cell).
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Figure 1.14: (a) Temperature vs. chemical substitution phase diagram for Ba122. Supercon-
ductivity occurs for either doping electrons (Ba(Fe1−xCox)2As2), doping holes (Ba1−xKxFeAs2) or
chemical substitution of isovalent elements (BaFe2(As1−xPx)2). Adapted from [129]. (b) In-plane
magnetic spin arrangement (arrows on the Fe-site) for 122 and 1111 compounds. Large black square
denotes the orthorhombic (AFM) unit cell while small black square represents the tetragonal (PM)
unit cell. Adapted from [108]. (c) In-plane resistivity for BaFe2(As1−xPx)2. Note the doping range
in which the normal-state resistivity shows almost perfectly linear behavior. Adapted from [130].
(d) In-plane resistivity for Ba1−xKxFeAs2. Inset shows zoom-in at low temperatures. Adapted
from [131].

comparison between the measurement and a calculation which doesn’t include correlations
(e.g. DFT) [125]. Due to the multi-orbital nature of the IBSCs Hund’s exchange coupling
(JH) plays a crucial role for electronic correlations [118, 126, 127]. The non-negligible
average interaction parameters were found to be U = 3 − 5 eV and JH = 0.4 − 0.5 eV
from constrained-RPA calculations, where U denotes the Hubbard U for on-site correlations
[128].

1.9.2 Phase diagram of iron-based superconductors

Due to the high number of different families it will be difficult to descripe the phase diagram
of every family in detail. However, there are some features which are shared by a large num-
ber of different families and will be discussed on the prototypical example of Ba122. Figure
1.14 shows the temperature vs. chemical substitution phase diagram for Ba122. Similar to
cuprate superconductors, superconductivity in iron-based compounds emerges upon doping
electrons or holes to the parent compound8. However, in IBSC superconductivity can also
be induced by applying external pressure (hydrostatic or uniaxial) [132, 133] or chemical
pressure by chemical substitution of isovalent elements.

8The 111 materials (LiFeAs and NaFeAs) are already superconducting for x = 0
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Antiferromagnetic, orthorhombic phase

Below the Néel temperature (TN ∼ 150 K for Ba122), the parent compound of iron-based
superconductors develops long-range antiferromagnetic (AFM) order, similar to many other
classes of unconventional superconductors9. For 1111, 111 and 122 compounds, spins are
ferromagnetically arranged along aO-direction and AFT-ordered along bO [see Fig. 1.14
b)]. The magnetic ordering occurs at a temperature lower than the structural transition
(TS) from the high-temperature tetragonal phase to a low temperature orthorhombic phase
where the lattice constant along aO slightly shrinks. With increasing doping, TS and TN are
simultaneously and gradually suppressed until they vanish. In the case of 122 compounds
TS and TN vanish at a doping value which is close to optimal doping10. For some compounds
(e.g. 122, 111), a coexistence of AFM and SC is found in an intermediate range [Fig. 1.14
c), d)]. Below TN (TS) the resistivity is suppressed (has a kink), and at Tc it drops rapidly
to zero (see, for example red or green curve in Figure 1.14 c). The microscopic nature of the
magnetism is still under debate [109, 110]. The first proposal is an itinerant picture in which
Fermi surface nesting between the hole pocket around Γ and the electron pockets around M
leads to a Lindhard-type spin density wave (SDW) state [116, 134]. The second proposal is
a localized picture which sets the iron-pnictides close to a Mott insulating transition where
AFM arises due to electron exchange interaction [121, 135]. An extensive introduction of
magnetism can be found in refs. [136–138].

Superconducting phase

Unlike cuprate superconductors, IBSCs are multiband systems. Therefore the search for
the correct symmetry of the order-parameter is more involved and requires more precise
measurements. ARPES measurements, which were among the first experiments to determine
the symmetry of the order parameter (OP), point towards a nodeless, symmetric OP [see
Fig. 1.13 a)] [116]), which is consistent with early theoretical predictions that the OP has a
s-wave form but with sign change between the different FS sheets [139, 140]. The, so-called
s±order parameter is given by:

∆s±(k) = ∆0 cos(kxa)cos(kya) (1.11)

However, to experimentally determine the sign of the OP and rule out other possibilities
like s++ or dx2−y2 turned out to be very complex. Strong support for the s±scenario
comes from inelastic neutron scattering which shows a magnetic resonance at a wave vector
Q = (π, π). Researchers assign this resonance to a certain type of spin excitation. Since Q
is spanning the distance between the hole and electron pockets the resonance can only exist
when the gap changes its sign between the pockets [141–143]. Other indications for s± come
from quasiparticle interference [144] as well as other kind of phase sensitive experiments [40].

1.9.3 Theories for superconductivity in IBSC

For the microscopic mechanism of the superconductivity, there exist several scenarios. It is
widely believed that magnetic fluctuations play a crucial role and are involved either directly
or indirectly in the formation of the Cooper pairs [34].
A widely discussed scenario is the itinerant electron picture in which fermionic states situated
close to the Fermi level interact via Coulomb interaction leading to Stoner-type magnetic
ordering and also superconductivity [145].
Another scenario is based on the local electron picture which, in essence is based on the
Mott-Hubbard model in the strong coupling limit and is treated in the formalism of the

9LiFeAs is an exception and has no magnetic ordering.
10Optimal doping refers to the doping value where the highest superconducting transition temperature is

found.
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Table 1.1: Transition temperature and low temperature values of the energy gap, the coherence
length, the London penetration depth and the upper critical field. To date, numbers in literature
vary strongly and thus are only rough guides. For Pb and Nb, the critical field Bc rather than Bc2
is quoted. (ab) and (c), refer to in-plane and out-of-plane properties, respectively; max. indicates
the maximum energy gap. Adapted from [20].

Material Tc (K) ∆ (meV) ξGL (nm) λL (nm) Bc, Bc2 (T)

Pb 7.2 1.38 51-83 32-39 0.08 (Bc)

Nb 9.2 1.45 40 32-44 0.2 (Bc)

YBa2Cu3O7−δ 92 15-25 (max) 1.6 (ab) 150 (ab) 240 (ab)

0.3 (c) 800 (c) 110 (c)

Bi2Sr2CaCu2O8+δ 94 15-25 (max) 2 (ab) 200-300 (ab) > 60 (ab)

0.1 (c) > 15000(c) > 250 (c)

Ba0.6K0.4Fe2As2 38 4-12 1.5 (ab) 190 (ab) 70− 235 (ab)

> 5 (c) 0.9 (c) 100− 140 (c)

NdO0.82F0.18FeAs 50 (37) 3.7 (ab) 190 (ab) 62− 70 (ab)

0.9 (c) > 6000(c) 300 (c)

t− J model [121, 135, 146].
An approach which is less often discussed in literature is based on the strong polarizability
of the large anions (As3−) resulting in strong charge fluctuations on the Fe ions. As a
consequence Coulomb repulsion on the iron site is effectively reduced, which could open a
pairing channel for the Fe d electrons [147, 148].

1.10 Energy, temperature and length scales in high-Tc

superconductors

Besides the order parameter and Tc, which surely belong to the most important parameters
of superconducting compounds, there are more variables which are also essential for fully
characterizing a superconductor. Different kinds of superconductors not only could differ in
terms of pairing mechanism but also in the different length and energy scales.

When the system enters the superconducting state, electrons form pairs and condense
into a BEC. The number of particles (nS) which contribute to the condensation is related
to the London penetration depth in the London equations [22, 149]:

λL =

√
m∗c2

4πe2ns
(1.12)

where m∗ is the electron effective mass and e the charge of the electron. λL describes the
distance of a penetrating external magnetic field Bext until it decayed to a magnitude Bext/e.
For cuprates and IBSCs, it was found that the penetration depth is roughly one order of
magnitude larger than in conventional superconductors [see Table 1.1] [149].
The second characteristic length scale which is often used to classify superconductors is
the Ginzburg Landau coherence length ξ(T ). It defines the length scale over which the
wave function ψ(r) can vary without excessive energy increase. Considering vertices, on
this length scale the Cooper-pair density vanishes around a vertex axis [20, 23, 24]11. It

11Sometimes, ξ is also called the stiffness of ψ.
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has been shown experimentally that ξ(T ) in high-Tc superconductors can differ from that
in conventional superconductors by one order of magnitude. The ratio between the two
mentioned length scales, λ and ξ gives the Ginzburg-Landau parameter: κ = λ/ξGL which
defines if the superconductor is of type I (κ < 1/

√
2) or of type II (κ > 1/

√
2). In a type I

superconductor external magnetic field Bext is fully expelled for Bext below a critical field Bc.
Above Bc, the external field destroys superconductivity. For a type II superconductor Bext is
fully expelled for Bext < Bc1 and SC destroyed for Bext > Bc2 > Bc1. For Bc1 < Bext < Bc2

the system is in the Shubnikov phase and quantized magnetic flux lines, called vortices (with
elementary flux quanta φ = h/2e) penetrate through the superconductor [150]. The values
presented in table 1.1 show clearly that the HTSCs are type II SCs with extreme κ values.
In conventional superconductors, the superconducting energy gap has a constant amplitude
in k-space and is connected to the critical temperature via the following relation ∆ =
3.52kBTc. For the HTSCs the OP is not constant and it is not clear if such a relation
holds or not. In cuprates, with the pseudogap ∆∗ and a gap along the zone diagonal in very
underdoped cuprates [151] there exist other energy scales for which it is not yet clear whether
and how they are connected to superconductivity. Other energy scales in the HTSCs which
are describing electronic interactions are the Hubbard U and the superexchange interaction
J for the cuprates and the Hubbard U , magnetic exchange J and Hund’s coupling JH for
IBSCs [127, 152].

1.11 Density functional theory (DFT) calculations

Figure 1.15: Partition of the real space into (I) atomic spheres around the atoms and (II)
interstitial regions. Adapted from [153].

Since the middle of the 20th century calculations based on density functional theory
(DFT) became an increasingly and widely employed tool to calculate electronic properties
in the field of condensed matter and quantum chemistry research. It has been successfully
applied to calculate binding energies of molecules and the DOS, bandstructure and other
properties of solids. To calculate the electronic properties, the many-particle problem (equa-
tion 1.1) for solids (N ∼ 1023) has to be solved. As already discussed in the beginning of
this chapter, so far it has been an impossible task to find an exact solution of this equation.
To solve the problem, several approximations have to be made.

In DFT the electrons are assumed to be “the principal actors”. The nuclei are much
heavier and therefore considered as static, with no kinetic energy12. Their only purpose is
to provide the (Coulomb-)potential landscape Vext = Hel−ion. The DFT formalism assumes
that this landscape will be the main thing which differs for every system and the rest will,
in principle, not change. The Hamiltonian can then be written as

H = T + U + Vext (1.13)

where T = Tel (electron kinetic energy) and U = Vel−el (electron-electron interaction) are
independent of the particular solid and “universal” for every N -electron body.

12This approximation is commonly known as Born-Oppenheimer approximation.
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With the theorems of Hohenberg and Kohn [154] this equation became solvable. In those
theorems, the ground-state density ρ(r) is the key variable which, once it is known, implies
knowledge of the wave function and therefore knowledge of the potential.

ρ(r)⇒ Ψ(r1,...,rN )⇒ Vext = Vext(r) (1.14)

The total energy functional which has to be minimized in order to solve the problem is of
the form:

EV [ρ] = 〈Ψ|T + U |Ψ〉+

∫
d3r ρ(r)Vext(r) (1.15)

This functional has its global minimum at the groundstate density which corresponds to the
ground state potential [6, 154, 155]. However, it still contains the complications of the many
particle problem 1.1.

Kohn and Sham transformed this functional in such a way that it is reduced to a energy
functional for a non-interacting classical electron gas living in two external potentials, the
one produced by the nuclei Vext and one which stems from electron-exchange and electron-
correlation effects Vxc[156]. The T = T0 + Vc and U = VH + Vx are split into an non-
interacting and an interacting part which gives the Kohn-Sham (KS) equation:

[T0 + VH + Vxc + Vext]φi(r) = εiφi(r) (1.16)

where Vxc = Vx + Vc is the exchange interaction and VH = e2

4πε0

∫
dr′ ρ(r

′)
|r−r′| is the (non-

interacting) Hartree term13. The strong assumption of this approach is that the exchange
interaction can be written as a local exchange potential. The solution of equation 1.16 will
provide the wave functions φi(r) which, in turn, determine the potentials. Thus the KS
equation can be solved self-consistently [6, 153].

In modern computer codes, in order to increase accuracy, gradient terms have been
added to the exchange-correlation potentials, which are captured in the generalized gradient
approximation (GGA). It is obvious that the computational task (to solve the KS equation)
can be highly simplified if the basis set for the orbitals is chosen in a smart way. A widely
employed method is to subdivide the space according to Figure 1.15 into atomic spheres (I)
and interstitial space (II). In the atomic spheres, a combination of spherical harmonics and
radial functions is used as a basis and in (II) a plane wave expansion is used. In modern
codes, more sophisticated versions of basis functions have been introduced as well as more
accurate ways to treat electronic correlations and relativistic effects. These are discussed in
many books (e.g. [157, 158]) but will go beyond the scope of this work.
The ARPES data presented in this work is often compared to results from DFT-calculations,
which have been mainly calculated by using the wien2k package [159].

13Note that the single particle wave functions φi(r) are not the wave functions of the electrons, however
they are providing the correct density ρ(r) =

∑
i φ
∗
i (r)φi(r).
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Chapter 2

Photoemission spectroscopy -
theory and application

2.1 Introduction

As an integral part of any solid, electrons and their properties have to be well understood in
order to explain the physics of a certain compound. Energy, momentum and spin are basic
physical quantities which lie at the heart of any theoretical description and therefore are
desired to be known in great detail. Angle-resolved photoemission spectroscopy (ARPES)
is a technique which is able to directly access those quantities1 with tremendously improved
precision, during the past decades. This uniqueness has boosted ARPES to be one of the
most powerful and widely used experimental tools in the field of condensed matter physics
in the past century.

Photoemission (PE) spectroscopy experiments are based on the photoelectric effect; the
emission of electrons from a material under radiation of light with sufficient energy. The
photoelectric effect was discovered by Heinrich Hertz in 1887 and was described by Albert
Einstein in 1905 by the postulation of light quanta2 with energy hν. Einstein’s theory was
experimentally proven by Millikan in 1914 when he demonstrated that the kinetic energy
Ekin of the emitted electron scales with the frequency of the photon ν: Ekin = hν−φ where
φ denotes the work function of the irradiated material.
Several decades after its discovery and after important technical developments such as pho-
ton sources, electron analyzers and the ultra high vacuum (UHV) technique, photoelectron
spectroscopy experienced its breakthrough in the 1960’s as a probe for electronic structure
in physics and chemistry [160–162]. By applying the energy conservation law

Ekin = hν − φ− EB (2.1)

the electronic density of states n(E) could be measured as a function of the electron binding
energy EB. In 1970 after O.E. Kane suggested to use also the momentum of the outgoing
electron [163], the first experiments have been conducted in angle-resolved mode and a full
mapping of the momentum resolved electronic bandstructure became possible [164, 165].

Since the discovery of high temperature superconductivity in layered copper-oxide com-
pounds (cuprates) ARPES became a heavily employed, standard tool to map out the elec-
tronic band structure in great detail [3]. For example, ARPES contributed essentially to
establish many characteristic energy scales in cuprate superconductors: The momentum de-
pendence of the gaps in the single particle spectral function which are present in the system
(superconducting gap, pseudogap, charge-ordering gap....) [74, 151, 166, 167], exploration

1The results presented in this work are focused on energy and momentum resolved but spin integrated
photoemission.

2Nowadays, these quanta are called photons.
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of kinks in the bandstructure [168, 169], discovery of Fermi arcs and studies of the Fermi
surface topology [170, 171]3. The discovery of high-Tc superconductivity in iron-pnictide
compounds has further stimulated the ARPES community and triggered another boost of
ARPES experiments. The substantial improvement of energy and momentum resolution of
ARPES instruments provided the basis for resolving the different Fermi surface sheets, its
multi-orbital nature and the Fermi surface dependent superconducting gap structure. [110,
116, 123, 172]. Recently ARPES is also heavily employed as a main tool in the research of
topological insulators, Dirac and Weyl-semimetals and related compounds [173–175].

The results presented in this work will be concentrated on high energy- and momentum
resolved, spin integrated ARPES (HR-ARPES) for photon energies in the ultraviolet as well
as in the soft X-ray range (UV-ARPES respectively SX-ARPES). Since the iron-pnictide and
copper-oxide compounds which are discussed in this work host a spin-degenerate bandstruc-
ture a investigation in terms of spin-resolved photoemission spectroscopy is not required.

2.2 Theory

2.2.1 Introduction

The quantum mechanical rigorous description of the photoemission process is given in the
so called one-step model which treats the whole process starting from photo excitation
of the electron until detection with a single quantum mechanical propagation operator.
However, the many body (O(23)) problem in this model cannot be solved analytically and
its theoretical treatment would go beyond the scope of the introduction presented here. A
simplified model which is widely used in the ARPES community is provided by the three -
step model.

2.2.2 Three - step model

Under certain approximations the PE process can be split into three successive steps which
deliver a reasonable qualitative description of the underlying physics. The different steps of
the so called three-step model as illustrated in Figure 2.1 and Figure 2.3 [44, 176] are:

1. Absorption of photon and optical excitation of an electron in the bulk,

2. Transport of the electron to the surface,

3. Escape of the electron into the vacuum and detection by the electron-analyzer.

First Step - Optical excitation

The interaction of an external electromagnetic field with an electronic system containing N
electrons will excite the system from its ground state (initial state) ΨN

i to a final state ΨN
f .

If the interaction is weak (low intensities of the external field) in first order perturbation
theory, the transition probability is described by Fermi’s golden rule:

wfi =
2π

~
|〈ΨN

f |Vep|ΨN
i 〉|2δ(Ef − Ei − hν) (2.2)

where Ef and Ei are the initial and final-state energies of the N -particle system. The
electron-photon interaction potential Vep is given by

Vep = − e

2mec
[p ·A(r) + A(r) · p] +

e2

2mec2
|A(r)|2 (2.3)

3For a review of ARPES on cuprate superconductors, see [44, 48]
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(a) (b)

Figure 2.1: (a): Schematic of the three-step
model: (1) Excitation of the electron by the pho-
ton. (2) travel of the electron to the surface (3)
transmission through the surface into the vacuum.
(b): One-step model: A bloch wave electron is
excited and described as a free wave in vacuum
which is damped inside the solid. Adapted from
[176].

Figure 2.2: Universal curve of the pho-
toelectron escape depth for various materi-
als. The red/blue shaded region is represent-
ing the photon energy range of the SIS re-
spectively ADRESS beamline at PSI. Adapted
from [177].

where A denotes the electromagnetic vector potential of the external electromagnetic field
and p = −i~∇ is the electronic momentum operator. The variables e,me, c denote the
charge of the electron, its mass and the speed of light. In first order approximation, the
second term |A(r)|2 can be neglected. Note, the first order approximation is only valid for
a relatively low incoming photon flux.
Because the gauge is not fixed in electrodynamics the Coulomb gauge (∇ ·A = 0) can be
chosen to give a vanishing commutator relation4 [p,A(r)] = A(r)·p−p·A(r) = i~∇·A = 0.
Consequently, the electron-photon potential Vep transforms into:

Vep =
e

mec
A · p. (2.4)

In a material with weak electronic correlation the photoemission process in the N -particle
wave function, ΨN , can be treated within the so called sudden approximation limit i.e. the
excitation of the electron is instantaneous and the interaction of the excited electron and
the N −1 electrons is negligibly weak. This assumption is justified for photon energies of 10
eV and above [180]. Under this consideration the final-state wave function can be expressed
as

ΨN
f = c†k|Ψ

N−1
f (2.5)

with ck† being the creation operator for the photoelectron φf . Ψα can then be written as
ΨN
α = AφkαΨN−1

α , (α = i, f) with A denoting the fermionic anti-symmetrization operator
which ensures that ΨN

α complies with the Pauli exclusion principle and φα denoting the
wavefunction of the photoelectron. The N − 1 particle wave function ΨN−1

f is, rigorously
speaking, not an eigenstate of the N − 1 particle Hamiltonian, but can be written as a
superposition of eigenstates with eigenenergy EN−1

m . Using eq. 2.5, the matrix element in
equation 2.2 can be transformed into:

〈ΨN
f |Vep|ΨN

i 〉 = 〈φkf |Vep|φki 〉〈ΨN−1
f |ΨN−1

i 〉 (2.6)

where Mk
f,i = 〈φkf |Vep|φki 〉 is the one-particle dipole matrix element which plays an important

role in ARPES experiments. The kinetic energy of the photoexcited electron in the solid is

4Sometimes ∇ ·A = 0 is also discussed within the dipole approximation which assumes a small variation
of the external field compared to atomic distances in the UV-regime [179].
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Figure 2.3: Schematic energy diagram of the three step model, describing the photoemission
process. The three model describes the photoexcitation of the electron, the transport to the sample
surface and the penetration through the surface. After penetration, the electrons travel, without
interaction, to the detector. Adapted from [176, 178].

given by Ekin = ENf − E
N−1
f and with |ΨN−1

i 〉 = ck|ΨN
i 〉 the total photoemission intensity

is then given by the summation over all initial and final states:

I(k, hν) =
2π

~
∑
f,i

|Mk
i,f |2

∑
m

|〈ΨN−1
m |ck|ΨN

i 〉|2δ(Ekin + EN−1
m − ENi − hν) (2.7)

=
∑
i,f

|Mk
f,i|2A−(k, ω) (2.8)

Here, A−(k, ω) and ω = Ekin − hν − µ denote the electron removal spectral function and
the energy of the electron in the solid. The chemical potential µ = EN0 − EN−1

0 is defined
as the energy difference of the ground states of the N -particle system and the (N − 1)
particle system. The electron removal spectral function can be considered as the probability
of removing an electron with energy ω and momentum k from the N -electron system |ΨN

i 〉.
Analogously, in the inverse photoemission process, the electron addition spectral function
A+(k, ω) can be considered as the probability for adding an electron to the system. The
one-particle spectral function is the sum of both: A(k, ω) = A−(k, ω) +A+(k, ω). The one-
particle spectral function provides an indication how well such an excitation is described by
a non-interacting particle [181]. Important information about the electronic system such as
the strength of electronic correlations, single particle scattering rates, etc can be extracted
from the one-particle spectral function. A more detailed description of the photoexcitation
process is given in [176, 179, 180, 182].

In a slightly different formulation the photocurrent can be written as

I(k, ω) = I0(k, ν,A)f(ω)A(k, ω) (2.9)
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Figure 2.4: Geometry of a typical ARPES experiment. The electron emission is measured by
the angles ϑ and ϕ. The energy of the incoming photon is given by hν.

with I0(k, ν,A) ∝ |Mk
f,i|2 and

f(ω) =
1

e(ω−EF )/kBT + 1
(2.10)

denoting the Fermi-Dirac distribution function which takes into account that photoemission
only probes occupied states.

Second Step: Transport of the electron to the surface

After photoexcitation, some electrons travel to the surface of the crystal without being scat-
tered. Inelastic scattering is the main cause for electrons to lose their information about
momentum and energy. The scattered electrons are called secondary electrons and con-
tribute to the intrinsic background in the low kinetic energy shown in Figure 2.1. Usually
this background is momentum independent and can be easily subtracted [183]. The mean
free path, i.e. the average path until the electron undergoes a scattering process, depends
very much on the kinetic energy of the electron. As shown in Figure 2.2, for many differ-
ent elemental materials the average escape depth follows approximately an universal curve
with a minimum at a kinetic energy of Ekin = 50 eV. At lower or higher kinetic energy,
the escape depth increases and the measurement becomes more bulk sensitive. It has been
demonstrated that in the soft X-ray regime the mean free path is large enough for probing
the electronic structure of a material below a thin capping layer or at interfaces [184].

Third Step: Electron transmission into the vacuum and detection by electron-
analyzer

ENERGY CONSERVATION

Once the electron has reached the surface of the solid, it has to overcome the surface
potential barrier to escape into the vacuum. For that the kinetic energy of the electron has
to be at least as high as the material work-function5 φS or higher. All electrons with lower
energy are scattered back and won’t be emitted from the sample.

After transmission into the vacuum, the kinetic energy of the photoelectron is given by
the energy conservation law (eq. 2.1) as also illustrated in Figure 2.3. Usually, the detector
is electrically connected with the sample and therefore the Fermi level is in equilibrium.
When the photoelectron enters the analyzer it gains a kinetic energy of φA -i.e. the analyzer

5φS depends on the sample and varies between 4 and 6 eV.
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Figure 2.5: (a) Free electron final state model for PES. It is assumed that a free electron parabola
with its vertex at the bottom of the valence band (E0) intersects with the final state energy Ekin

at the given momentum of the electron inside the crystal. The wave vector in the vacuum is then
given by the intersection of the final state energy with the parabola which has its bottom at the
vacuum level Ev. (b) Momentum diagram for third step. Free electron in crystal has momentum
Kint = kint + G and electron in vacuum Kvac = pvac/~ while only Kint

|| = Kvac
|| is conserved.

Adapted from [176].

work function. In vacuum, the photoelectron has a kinetic energy of:

Evac
kin = hν − EB − φS (2.11)

The kinetic energy eventually measured by the detector is:

Ekin = Evac
kin + (φS − φA) = hν − EB − φA (2.12)

Once the analyzer work function φA has been determined6, one can obtain the kinetic
energies of the electrons in the solid.
MOMENTUM CONSERVATION

In vacuum the momentum of a photoelectron has an absolute value of p =
√

2meEvac
kin

and its direction is given by the emission angles ϑ and ϕ [Fig. 2.4].
For the following discussion, the momentum of the photoelectron is split into a component
parallel to the crystal surface and perpendicular:

p/~ = Kvac = Kvac
|| + Kvac

⊥ (2.13)

Since the crystal is considered to be semi-infinite with in-plane translational invariance, the
momentum parallel to the crystal surface is conserved when the electron penetrates through
the surface.

Kint
|| = Kvac

|| (2.14)

As a function of the outgoing transmission angles [see Fig. 2.4], Kvac
|| is written as:

Kint
|| = Kvac

|| =
p||

~
=

√
2meEvac

kin

~
sinϑ

cosϕ
sinϕ

0

 (2.15)

Since the translational symmetry is broken perpendicular to the crystal surface, the deter-
mination of the perpendicular momentum requires further assumptions. In the free electron

6Usually, φA ≈ 4.5 eV
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final state (FEFS) model it is assumed that the final state of the electron is that of a free
electron [see Figure 2.5 and 2.3]:

Eint
kin =

~2(Kint)2

2me
− |E0| (2.16)

where E0 is the bottom of the free electron parabola [see Fig. 2.5 a)]. With equation 2.11
and Eint

kin = Evac
kin + φS , k⊥ is then given by:

(k⊥ +G⊥) =

√
2me

~2
(Eint

kin + |E0|)− (Kint
|| )2 =

√
2me

~2
(hν − EB − φS + V0)− (Kint

|| )2

(2.17)
where Kint = Kint

⊥ + Kint
|| . Here, the “inner potential”, V0 = |E0| + φS , is an adjustable

parameter.

2.2.3 Spectral function

In the preceding section the photoemission process has been described in a phenomenological
three step model. In the first step, which describes the optical excitation of the electron, the
spectral function A(k, ω) = A+(k, ω) +A−(k, ω) has been introduced as a basic quantity of
photoemission spectroscopy. By definition, the spectral function is directly related to the
Green’s function G(k, ω) which describes the propagation of the electron in the crystal [179,
185, 186]:

A(k, ω) = − 1

π
ImG(k, ω). (2.18)

In time domain, the Green’s function is defined as

G(k1, t1; k2, t2) = Θ(t1 − t2)G−(k1, t1; k2, t2) + Θ(t2 − t1)G+(k1, t1; k2, t2)

= i

[
Θ(t1 − t2)〈ΨN

0 |ck1(t1)c†k2(t2)|ΨN
0 〉

−Θ(t1 − t2)〈ΨN
0 |c
†
k2

(t2)ck1(t1)|ΨN
0 〉

]
.

(2.19)

Here, the creation and annihilation operators c†k(t), ck(t) are given within the Heisenberg

picture c
(†)
k (t) = exp( i~Ht)c

(†)
k exp( i~Ht) and Θ(t) denotes the heavy-side function. The

transformation into frequency domain gives

G±(k, ω) =
∑
m

|〈ΨN±1
m |ĉ±k |ΨN

i 〉|2

ω ∓ (EN±1
m − ENi )± iη

. (2.20)

To evaluate the many-body Green’s function for a system with interactions, F.J. Dysen
introduced the self energy Σ(ω) as an energy-dependent effective potential. The interac-
tions of the single-particle with the many-body system can be treated within a one particle
formalism [185, 187]. By adding the self energy Σ(k, ω) = Σ

′
(k, ω)+ iΣ

′′
(k, ω) to the single-

particle electron energy, εk, and using equation 2.18 the Green’s function and the spectral
function transform into

G(k, ω) =
1

ω − εk − Σ(k, ω)
(2.21)

A(k, ω) = − 1

π

Σ
′′
(k, ω)

[ω − εk − Σ′(k, ω)]2 + [Σ′′(k, ω)]2
(2.22)

Note that the Green’s function is a linear response function to an external perturbation
with causality between the real and imaginary part. Therefore the real and imaginary part
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Figure 2.6: (a) Momentum and energy resolved one-electron removal (E < EF ) and addition
(E > EF ) spectral function for an non-interacting electronic system with a single band crossing
EF . (b) The same spectrum for the case when electronic correlation is finite, represented by the
case of an interacting Fermi-liquid. Adapted from [44].

of G(k, ω) and Σ(k, ω), respectively, have to fulfill the Kramer-Kronig relations. For the
trivial, non-interacting system, Σ(k, ω) = 0 and the observed electron dispersion reflects a
single eigenstate of the N±1-particle ground state. Whereas, if correlations are present, the
final state is not an eigenstate of the system anymore and electronic states have a reduced
lifetime and renormalized energy εk with an increased effective mass m∗, respectively. The
spectral function is then split into a coherent part which is, as illustrated in Figure 2.6
reminiscent of the sharp non-interacting case and an incoherent part which is a rather broad
feature in the spectrum [see Fig. 2.6 b)]. The coherent spectral weight is scaled by the so
called coherence factor Zk = (1− ∂Σ′/∂ω)−1. With ε′k = Zk(εk + Σ′) and Γk = ZkΣ′′, the
spectral function in the Fermi liquid case is written as

A(k, ω) =
1

π

ZkΓk

[ω − ε′k]2 + Γ2
k

+Aincoh (2.23)

2.2.4 Resolution

The ARPES measurement can be affected by many intrinsic respectively external effects.
For example, secondary electrons contribute to the background of the ARPES spectra and
the finite instrumental resolution will broaden the ARPES signal. Also, the signal will be
broadened by the the instrumental resolution. Therefore a realistic description of the exper-
imental ARPES intensity is given by the convolution of eq. 2.9 with the energy resolution
function R(ω), the momentum resolution function Q(k) and the background B.

Iexp(k, ω) =

∫
dω′dk′I0(k, ν,A)f(ω′)A(k′, ω′)R(ω − ω′)Q(k− k′) +B. (2.24)

Usually R(ω) is of Gaussian form but Q(k) has no generalized form. Also the background
function B could take different forms: It could be simply a constant or a of more elaborate
form like the often used, so called Shirley background [188]. Although the momentum
resolution function is not exactly known, the momentum resolution ∆k can be analyzed.
As described by equation 2.15 the in-plane momentum k|| depends on the precision of the
measured outgoing angle ϑ and the value of the kinetic Energy Ekin. Therefore, ∆k|| is
given by

∆k|| ∼
√

2m
Ekin

~2
cosϑ ·∆ϑ. (2.25)
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Figure 2.7: (a) Schematic of an ARPES experiment on a dx2−y2 derived initial state. The
symmetry of a dx2−y2 orbital is represented by the blue object. The mirror plane is defined by the
orbital. To derive the polarization selection rules, the detector and in-coming photon are positioned
in the mirror plane. The photon polarization can be in-plane (Ep) or perpendicular to the mirror
plane (Es). Adapted from [44]. (b) Calculated energy dependence of the photo ionization cross
section for Fe 3d and As 4p states [190].

In an ARPES experiment ∆ϑ is given as a constant of the measurement setup and depends
mainly on the installed electron analyzer. For state of the art analyzers ∆ϑ ≈ 0.15◦ which

gives ∆k|| ≈ 0.01Å
−1

at hν ∼ 20 eV. As stated by equation 2.25 the in-plane momentum
resolution can be improved during an ARPES experiment by lowering the photon energy or
measuring at larger emission angles ϑ.
The out of plane momentum resolution ∆k⊥ is basically determined by the inverse escape
depth [189]

∆k⊥ ∼
1

λ
. (2.26)

As illustrated in Figure 2.2, the mean free path of the photoelectron has a minimum for
kinetic energies between 50 eV and 100 eV and increases towards higher energies leading to
improved ∆k⊥. Consequently the resolution of the in-plane and out of plane momentum
have opposed photon energy dependence.

2.2.5 Matrix elements

As presented in the formalism about the optical excitation of an electron the ARPES in-
tensity depends on the squared matrix element |Mk

f,i|2 = |〈φkf |Vep|φki 〉|2 with Vep ∝ A · p.
Since the momentum operator fulfills the commutator relation ~p/m = −i[x, H], the matrix
element can be written as

|Mk
f,i|2 ∝ |〈φkf |e · x|φki 〉|2 (2.27)

where e is the unit vector along the direction of the photon vector potential A. The following
example will explain the light polarization selection rules of the ARPES intensity in the case
of a dx2−y2 initial state. If we consider the geometrical setup, as indicated in Figure 2.7,
such that the incoming light and the outgoing electron trajectory lie in the mirror plane
of the initial state (dx2−y2 orbital) the overall symmetry of |Mk

f,i|2 has to be even. In
the FEFS approximation we assume that the photo-electron wave function is a plane wave
φkf ∝ exp(−ik · r) which has even parity. To fully suppress the ARPES intensity the
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following matrix relation has to be satisfied [44, 176]:

〈e−ik·r|e · x|φki 〉 = 0 for

{
if φki even and A odd; 〈+| − |+〉
if φki odd and A even; 〈+|+ |−〉

(2.28)

Here A was defined to be even if the direction of the polarization vector is in-plane (e || Ep)
or odd if (e || Es). In ideal case, the ARPES intensity of a particular initial state may
be completely suppressed. However, if these conditions are not entirely fulfilled, partial
intensity will be observed. In conclusion, this method presents a way to distinguish between
bands which are composed by different orbitals (with different symmetry) in a multi-band
system.

Besides the polarization of the photon, the photon energy is a parameter which has strong
impact on the matrix element and therefore on the photoemission intensity. In Figure 2.7
b), the energy dependence of the photo ionization cross section is compared for the Fe 3d
and As 4p initial states. It can be observed that the energy dependence of the cross section
of different atomic shells differ significantly and therefore allow to further tune the orbital
sensitivity of the ARPES experiment.

2.3 Application

2.3.1 Lightsources

Figure 2.8: (a) Schematic illustration of an undulator. λu denotes the periodicity of the magnet-
arrangement and N the number of oscillation periods. (b) Sketch of a planar grating monochro-
mator as the most important part of a beamline. ∆λ is the ’natural’ band width. Adapted from
[191].

In lab systems light sources are usually Helium- or Xenon-discharge lamps (hν ∼ 21 eV,
hν ∼ 8 eV) and Laser sources (6 − 14 eV). The advantage of such sources is that they are
relatively easy to handle and are not too large/expensive. Disadvantages are the narrow
available energy range, limitations in polarization and brilliance as well as spot size. All
these parameters, the full spectrum from UV (∼ 8 eV) to hard X-ray (5− 10 keV) with full
choice of polarization, high brilliance and small spot size are provided at a synchrotron light
source [192, 193]. In a synchrotron, electrons are accelerated in a linear accelerator (LINAC)
to high velocities (v ≈ c) and injected into a ultra high vacuum storage ring where they are
kept at constant kinetic energy (2.4 GeV at Swiss Sight Source (SLS)). The storage ring
of a third-generation synchrotron, like SLS, has straight sections where so-called undulators
are installed. An undulator is an array of aligned magnets in which the electrons execute a
“slalom” motion [see Fig. 2.8 a)]. The synchrotron light is produced when charged particles
are accelerated. In this case they are deflected by the magnetic field B0 when they are
forced on the slalom track. For slow particles (v�c) the radiation is emitted isotropically
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in all directions, similar to that of an oscillating dipole (classical antenna). For relativistic
speeds (v ≈ c), the angular distribution of the emitted light has the form of a narrow cone
of width 1/γ (with γ = (1− β2)−1/2, β = v

c ), as illustrated in Figure 2.8 b). The advantage
of the undulator is, that the light produced in the beginning of the undulator interferes with
the light produced by the successive slalom periods, until the electron has passed through
the whole undulator with N periods. Consequently the intensity depends strongly on the
undulator wavelength λu and peaks at a constructive interference wavelength which is, for
(v ≈ c) determined by

λ =
λu

2γ2

(
1 +

K2

2

)
(2.29)

with the dimensionless constant K = eB0λu/2πmc. Thus, the tuning parameters B0 and
λu allow to continuously change the wavelength of the emitted light. From the undulator
the photon-beam will be guided through a beamline to the sample in the measurement-
endstation. The most important ingredient of a beamline is the monochromator [see Fig.
2.8 b)], which is usually composed by plane gratings and the exit slit, which together set
the energy resolution (band width) of the photon beam.

2.3.2 SIS and ADRESS beamline

At Swiss Light Source (SLS) with the Surface and Interface Spectroscopy (SIS) beamline and
Advanced Resonance Spectroscopies (ADRESS) beamline, there are two beamlines which
are equipped with an ARPES endstation. The majority of the data presented in this work
has been measured at these two beamlines. The SIS beamline is designed for the ultra violet
(UV) photon energy range [194] and provides four different photon polarizations (linear
horizontal (LH), linear vertical (LV), circular plus (CP) and circular minus (CM)). The
ADRESS beamline is designed for the soft X-ray regime [195, 196] and also provides four
photon polarizations. Beamline specifications for both beamlines are listed in table 2.1. The
advantages of UV-ARPES compared to ARPES in the SX regime are:

• Higher overall energy resolution which is usually between 5 and 20 meV compared to
> 35 meV for SX-ARPES.

• Better in-plane momentum resolution (directly connected to energy resolution [see
equation 2.25]).

• Larger photo excitation cross section [see Figure 2.7 b)].

• Smaller influence of Debye Waller factor on intensity [see Ref. [196]].

Disadvantages are:

• Lower out-of-plane momentum resolution (directly connected to photon energy [see
equation 2.26]).

• Smaller penetration depth [see Fig. 2.2].

Table 2.1: Beamline specifications of the SIS and ADRESS beamline at Swiss Light Source, PSI.

Energy [eV] resolving flux spot size

power E/∆E

SIS 10 - 800 10000 (at 20 eV) 1015ph/s/0.1%BW 50 x 100 µm2

ADRESS 300 - 1600 33000 (at 1 keV) 1013ph/s/0.01%BW 10 x 75 µm2



36 2.3. Application

2.3.3 Sample preparation for an ARPES experiment

The experiments presented in this work have been conducted on bulk single crystals7. Before
the experiment the crystals have been aligned using a Laue diffractiometer and cut by a
tungsten wire saw to a typical size of 1 x 1 x 1 mm3. In the next step, the crystals were glued
on the copper sample holders [see Fig. 2.9 b)] with electrically and thermally conducting
silver epoxy8. For the air sensitive compounds (compounds which usually contain Alkaline
metal elements, e.g. NaFeAs) the whole sample preparation has been conducted in Helium
atmosphere and non-reacting glue has been used instead of silver epoxy9. After curing the
glue for several hours on a hot plate (80 − 100 ◦C) the samples were introduced via a pre-
vacuum chamber (load lock with pressure ∼ (10−8) mbar) into the main chamber which was
kept constantly under ultra high vacuum (UHV) (< O(10−10) mbar). Before putting the
sample on the main manipulator, the polycrystalline sample holder resp. a gold foil close to
the sample has been sputtered for ∼ 30 minutes to supply a reference spectrum for detector
calibration. After clamping the sample into the cold finger of the cryostat [see Fig. 2.9 c)]
and establishing the desired temperature the sample has been cleaved with either a top-post
glued on the sample top surface or a specially designed cleaving tool [197]. Since ARPES
probes the first few atomic layers, such a procedure is absolutely necessary since it provides
a clean surface. At low temperatures in the UHV chamber, the sample surface live-time is
between 1 and 4 days, strongly depending on the material.

2.3.4 CARVING manipulator - angle to k-space transformation

Both, the UV-ARPES and the SX-ARPES endstation are equipped with a CARVING ma-
nipulator which has six degrees of freedom (3 translational, 3 rotational) and has a temper-
ature range from 10 K up to 300 K. The head of the manipulator is shown in Figure 2.9
c) with the three rotational degrees of freedom indicated by (θ, φ, χ). The round sample
holder [Fig. 2.9 b)] is mounted in the center of the head clamped onto the cold finger, in
excellent thermal contact with the liquid Helium cryostat and electrically well grounded. It
is of great advantage to have 3 rotational degrees of freedom since it allows to (re-)align
the sample during the measurement in such a way that every cut along a certain direction
in k−space can be obtained. The following section will describe the transformation of ma-
nipulator angles into momentum space. It will also include a description how to correct
for misalignment between the sample coordinate system (CS) and manipulator CS - i.e. for
the likely case that the sample is not perfectly glued on the sample holder but slightly tilted.

The laboratory frame (x′, y′, z′) is defined as indicated in Figure 2.9 a). The z′-axis
points towards the center of the nose of the analyzer, the x′-axis is the second horizontal
axis and the y′-axis is vertical. In the initial position (θ, φ, χ) = (0, 0, 0), the manipulator
CS (x′′, y′′, z′′) is equal to the laboratory CS [see Fig. 2.9 d)]. In laboratory frame, the
electron momentum for the horizontal analyzer slit is expressed by:

k′ = k

− sinα
0

cosα

 (2.30)

where k =
√

2mEvac
kin /~ is the absolute value of the electron momentum. Now, the goal

is to transform k′ into k which is given in the intrinsic coordinates of the crystal (x, y, z).
Note that during the transformation the absolute value, k, will be unchanged. First, k′ is
transformed into the CS of the sample holder, k′′, and then the correction of the crystal

7At SIS beamline it is also possible to perform ARPES measurements on thin films which have been
grown in-situ by pulsed laser deposition (PLD).

8According to the sample different types have been used: EPO-TEK E4110, H20S, H21D from POLY-
SCIENCE.

9Insulating Torr Seal from Varian in combination with graphite.
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Figure 2.9: (a) Schematic drawing of the ARPES experimental setup. The laboratory frame
is denoted by (x′, y′, z′). In this frame, the z′-axis points towards the center of the nose of the
analyzer, the x′-axis as the second horizontal axis lies in the mirror plane and the y′-axis is vertical.
The angle between incoming beam and z′ axis is β = 45◦ at SIS and β = 25◦ at ADRESS. The
angle α denotes the angle of the outgoing electron to the z′ axis, in the mirror plane. The mirror
plane is defined by the incoming photon beam and the z′ axis. (b) Typical copper sample holder
with a post glued on flat sample and wire attached to the post. (c) Photograph of the head of the
CARVING manipulator with the rotational degrees of freedom indicated by (θ, φ, tilt = χ). (d) -
(g) Illustration of different rotational degrees of freedom of the CARVING manipulator. Adapted
from [198].

misalignment with respect to the sample holder is applied. To transform k′ into the sample
holder CS, the three rotation matrices for all three independent rotation axes have to be
considered.

RΘ =

cos Θ 0 − sin Θ
0 1 0

sin Θ 0 cos Θ

 , Rχ =

1 0 0
0 cosχ sinχ
0 − sinχ cosχ

 , RΦ =

cos Φ − sin Φ 0
sin Φ cos Φ 0

0 0 1


(2.31)

Now, k′′ (in sample holder CS) is given by

k′′ = RΦRχRΘk′ (2.32)

For the very likely case that the sample is not properly aligned with the sample holder and
slightly tilted, the k′′ has to be corrected in order to get the momentum in the CS of the
crystal, k. In this correction, the z and z′′ will be aligned but the azimuthal angle, φ, won’t
be corrected (this is a simple offset). The final transformation is given by

k =

cosβ − sinβ 0
sinβ cosβ 0

0 0 1

cos γ 0 − sin γ
0 1 0

sin γ 0 cos γ

 cosβ sinβ 0
− sinβ cosβ 0

0 0 1

RΦRχRΘ k′ (2.33)
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where γ denotes the magnitude of the misalignment between z (sample) and z′′ (sam-
ple holder) and β the direction in which z is “tilted”. In case of a vertical analyzer
slit, the transformation would be similar but k′ of equation 2.30 has the following form
k′ = k(− sinα, cosα, 0)T .

Figure 2.10: Schematic of a hemispherical electron energy and momentum analyzer. Adapted
from [199].

2.3.5 Electron analyzer

At the heart of any ARPES endstation is the electron analyzer. There exist many different
methods to analyze the energy of charged particles e.g. electrons [176]. One type of instru-
ments is the time-of-flight analyzer which is able to obtain a full 3D map (kx, ky, EB) but has
limitations in energy resolution and has particular requirements on the light source. Another
type is the spherical deflection analyzer (or hemispherical deflection analyzer, HDA) which
consists of a concentric inner and outer hemisphere which are on different electrostatic po-
tentials [see Fig. 2.10]. The electrons pass through the entry slit, are deflected by the electric
field between the spheres and are detected by a two dimensional detector10. If an electron
with energy E0 enters exactly between the two spheres (at a radius R0 = (R1 +R2)/2), the
potential difference between the inner and the outer sphere ∆V has to be

e∆V = E0(R1/R2 −R2/R1) (2.34)

All electrons with a slightly higher or lower energy will reach the detector either at a larger
or smaller radius. The energy resolution of such an analyzer is given by ∆E = KE0 where
the constant K depends on the analyzer geometry. In order to improve the resolution, the
electrons are retarded prior they enter the hemispheres to decrease their energy E0. In this
process, the electrons are decelerated without changing the absolute spread in their energy.
The energy to which the electrons are decelerated is called the pass energy, Ep. The second
direction of the 2D-detector (tangential to the spheres) gives the momentum of the electrons

10Old fashioned analyzers don’t have an entrance slit and instead have a single pinhole for entrance and
a single pinhole in front of the detector.
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Figure 2.11: (a) ARPES intensity map showing the band dispersion of La1.6−xNd0.4SrxCuO4

x = 0.20 as function of the binding energy and momentum k. The horizontal red dashed line
indicates the position of the momentum distribution curve (MDC) presented in (b) and the blue
line the position of the energy distribution curve (EDC) shown in (c). Extrinsic background is
indicated by the blue shaded area in b) (∼ B(k, E) and the red region illustrates intensity described
by the spectral function A(k, E). The black line is a Lorentzian fit of the MDC-spectral function.
Adapted from [200].

and corresponds to their “takeoff-direction” from the sample.
In modern analyzers, the detector consists of several building blocks. In the first stage,
when the electrons arrive at the detector, the electron-intensity is amplified by a multichan-
nel plate (MCP). Then, the electrons are accelerated and hit a phosphor-coated screen where
they create fluorescent light which is detected by a CCD camera. The detector-resolution is
in general given by the spot size of a single event.

The electron analyzer which is installed at the UV-ARPES endstation at the SIS beamline
is a Scienta R4000 (±15◦)11 or at SX-ARPES endstation a SPECS PHOIBOS-150 (variable
acceptance angles ±4◦ or ±8◦). All data presented in this thesis has been acquired by using
those analyzers.

2.3.6 Data analysis

A typical ARPES spectrum is shown in Figure 2.11 in a color-coded energy versus momentum
intensity plot which shows the valence band of NdLSCO along the (π, π) direction. In
principle the intensity is given by the spectral function [see equation 2.22 and 2.23)]. In
order to extract quantitative information, the spectrum can be analyzed along the energy
or momentum direction. The energy distribution curve (EDC) along the blue dashed line

11some data has been recorded with a Scienta SES-2002 (angular acceptance angle ±8◦) which has been
previously installed at the SIS beamline.
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in panel a) is shown in panel c). Along this direction, the spectrum is characterized by
a peak at EB <≈ 0 and suppression of spectral weight for negative binding energies due
to the Fermi-Dirac distribution function. The momentum distribution curve (MDC), along
the red dashed line in panel a) is taken at the Fermi level and presented in panel b). In
this case it is characterized by a single peak which stems from the single band which is
crossing the Fermi level and a background. It has been shown that the low energetic MDC
background (E < 0.2 eV is purely extrinsic and can be modeled by a linear curve [183]:
BMDC(k, E) = a + bk. The intrinsic signal, which is the total signal without the extrinsic
background is then best described by a Lorentzian lineshape (black line fitted to red data
points). A data analysis based on the MDC and EDC line shape is the standard way
of ARPES-data analysis and will be used regularly throughout this work. Whenever the
analysis becomes more intricate and specialized, an introduction of the methods will be
given.



Chapter 3

Electron scattering, charge
order, and pseudogap physics in
La1.6−xNd0.4SrxCuO4

3.1 Introduction

Partial gapping of spectral weight in the apparent absence of any metal instability appears in
many strongly correlated electron systems [201–204]. This so-called pseudogap phenomenon
is, for example, found in the normal state of charge-density-wave (CDW) systems, above the
CDW onset temperature [166]. A pseudogap phase has also been reported in the normal state
of high-temperature cuprate superconductors. The nature of these pseudogaps is still being
debated [81, 205–213]. Recently, it has become clear that charge ordering is a universal
property of hole-doped cuprates [90, 91, 214–226]. Around the so-called 1/8-doping, the
CDW onset temperature appears much before the superconducting transition temperature.
The normal state of cuprates should hence be revisited to identify a single particle gap from
CDW order and to investigate the spectral gapping in absence of both superconductivity and
CDW order. We therefore present an angle-resolved photoemission spectroscopy (ARPES)
study of the well-known charge stripe ordered system La1.6−xNd0.4SrxCuO4 (Nd-LSCO), in
which charge and spin orders are coupled [88, 227]. As shown in the phase diagram [Fig.
3.1], this material has a strongly suppressed superconducting transition temperature, which
allows a low temperature study of the normal state. We have studied the spectral lineshape
evolution as a function of momentum, temperature and doping. On the overdoped side,
Nd-LSCO p = 0.20, a spectral gap is observed at (π, 0)1. This gap can be closed by either
increasing doping to p = 0.24, increasing temperature to T ∼ 80 K or moving in momentum
towards the zone diagonal. The normal state gap ∆ redistributes spectral weight up to
∼ 2.5∆, but the total weight remains conserved. Analysis of the spectral lineshape suggests
a correlation between the gap amplitude and electron scattering. In the underdoped regime
p < 0.15, the lineshape at (π, 0) changes. Compared to the overdoped side of the phase
diagram, a significant suppression of spectral weight is observed. This effect is discussed in
terms of quasiparticle decoherence and competing orders. In particular, the idea that charge
stripe order can contribute to the suppression of spectral weight at (π, 0) is discussed.

1In the following (π, 0) will be used for the location in the BZ which is often described as the antinodal
region located at (kx, ky) = (π, 0) a−1, in the literature. The diagonal region ((kx, ky) = (π, π) a−1) in the
BZ where the node of the d-wave order parameter is located will be noted as (π, π).
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Figure 3.1: (a) Temperature-doping phase diagram of La1.6−xNd0.4SrxCuO4 (Nd-LSCO), es-
tablished by diffraction and resistivity experiments [88, 207, 228–230]. The temperature scale Tρ
is determined by the deviation from high-temperature linear resistivity [207]. The charge ordering
temperature (Tch) is obtained from x-ray diffraction [88, 229, 230]. All lines are guides to the
eye. (b) Charge stripe order parameter ∆ch, derived from hard x-ray diffraction experiments on
La2−xBaxCuO4 (LBCO) [89]. (c) Leading edge gap of LBCO versus doping, from Ref. [231].

3.2 Methods

All experiments presented in this chapter were carried out at the Surface and Interface
Spectroscopy (SIS) beam line, [194] using 55 eV circular polarized photons. Single crystals
of Nd-LSCO with x = p = 0.12, 0.15, 0.20 and 0.24 were cleaved in-situ under ultra-high
vacuum (UHV) conditions (∼ 0.5 × 10−10 mbar) using a top-post technique or a specially
designed cleaving tool [197]. Photo-emitted electrons were analyzed using a SCIENTA 2002
or a R4000 analyzer. A total energy resolution of ∼ 15 meV was achieved with this setup.
Due to matrix element effects, all data were recorded in the second Brillouin zone but
represented by the equivalent points in the first zone.

3.2.1 Acknowledgements

All high quality single crystals of Nd-LSCO with x = p = 0.12, 0.15, 0.20 and 0.24 and LSCO
with x = p = 0.105, 0.12, 0.145, 0.23 were grown by the traveling zone method. Nd-LSCO
samples with x = 0.12 and all LSCO samples were grown by N. Momono (Department of
Applied Sciences, Muroran Institute of Technology, Muroran, Japan), M. Oda, T. Kurosowa
and M. Ido (Department of Physics, Hokkaido University, Sapporo, Japan). All Nd-LSCO
samples with x > 0.12 have been grown by J.-Q. Yan (Materials Science and Technology
Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA) and J.-S. Zhou and
J. B. Goodenough (Texas Materials Institute, University of Texas at Austin, Austin, Texas,
USA). All samples were characterized by x-ray diffraction and the superconducting transition
temperature determined by magnetization and resistivity measurement. We would like to
thank the sample growers for supplying high quality single crystals.

3.2.2 Detector calibration

Figure 3.2 a) shows the bare spectrum of a polycrystalline copper surface which has been
Ar-sputtered in-situ. The Fermi level can be roughly estimated at ∼ 50.65 eV, however
the precise position of the step varies from channel to channel. Therefore, to calibrate the
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Figure 3.2: (a) Raw ARPES spectrum obtained from a clean polycrystalline copper surface.
(b) Same spectrum as a) but corrected for the chemical potential and detector efficiency of each
EDC. (c) EDC along red line in a). Red curve indicates fit with a Fermi-Dirac (FD) distribution
function. ∆EFD denotes step-width of FD function. (d) Position of EF as extracted from the
FD-fit of each EDC. (e) ∆EFD as extracted from FD-function fit for each EDC. (f) Spectrum of
La1.6−xNd0.4SrxCuO4 , (p=0.2) in the region at (π, 0). Comparison of spectra at (π, 0) recorded on
different surfaces of Nd-LSCO p = 0.12 at T = 80 K. (g) Raw spectra at kF and at momentum kBG,
representing the extrinsic background. Intensities have been normalized so that the background
intensities match across different experiments. In this fashion, it is shown how the same spectral
lineshape can appear different due to a different signal-to-background ratio. Spectra, at T ∼ 80 K,
were taken after cleaving at T = 20 K (black) and at 80 K (red). (h) Background subtracted
spectra, scaled by an arbitrary constant.

detector each channel of the Cu-spectrum is fitted by the Fermi-Dirac (FD) distribution
(eq. 2.10 and Figure 3.2 c-e). The fit by the FD distribution function also provides an
estimation of the experimental resolution which is defined as the width of the Fermi-step,
∆EFD. Once the contribution from temperature broadening is deconvoluted from ∆EFD,
the instrumental resolution R(ω) is obtained. All spectra have been corrected by a reference
from poly-crystalline copper which is in thermal and electric contact with the sample and
has been taken under identical conditions immediately before or after the measurement on
the sample. It has also been observed that the efficiency varies for each channel-plate in the
detector. To correct for such intensity variations, the spectra have been normalized by the
integrated intensity of each channel.

3.2.3 Background subtraction

As already mentioned before, ARPES spectra are composed of an intrinsic signal on top of
an extrinsic background which typically varies slowly with momentum and excitation energy
ω = E − EF. A typical binding energy dependence of the background (Background-EDC)
can be evaluated at momenta kBG, far away from kF [see white dotted line in Figure 3.2 f)].
We found that across all dopings studied, the background has a very similar intensity profile
as a function of ω. It is thus possible to scale ARPES intensities using this background. In
Figure 3.2 g), h), the background of two Nd-LSCO p = 0.12 spectra at (π, 0) recorded under
comparable conditions but on different samples is shown. The background can be scaled/
normalized to give an essentially perfect match. Energy-distribution curves recorded at kF
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Figure 3.3: (a) Blue: EDC of Nd-LSCO x = 0.20 at kF near (π, 0), (top curve) and close to
(π, π) (bottom curve). Red : EDCs reflected at E = 0 eV. Black : Sum of the original and reflected
EDC. (b), black markers: Symmetrized EDCs of (a). red line: Top: Fit of a gapped, resolution
broadened Lorentzian function the symmetrized EDC datapoints. Here, ImΣ = Γ, ReΣ = ∆2/ω
where ∆ denotes the gap amplitude. Bottom: Fit of a resolution broadened Lorentzian (Voigt)
curve (bottom red curve) [232].

are, however, displaying different intensities and lineshapes. This demonstrates that from
experiment to experiment, different signal-to-background ratios are observed. We stress
that this effect is most visible at p = 0.12, where spectral weight at (π, 0) appears strongly
suppressed or redistributed. Once the background intensities are subtracted, the intrinsic
lineshape is essentially identical, irrespectively of the signal-to-background ratio - see Fig. 3.2
h). As shown in Figure 3.5 g) - l), only the lineshape at (π, 0) of Nd-LSCO with p = 0.12 is
significantly influenced by the background subtraction. For all other spectra, the background
subtraction has little impact on the overall lineshape. In fact, for Nd-LSCO p = 0.12 the
signal is comparable to the background, whereas for compounds with p > 0.15 the signal-
to-background ratio is much larger [see Fig. 3.6]. Again, this is an indication that the 1/8
antinodal spectra at (π, 0) are anomalous.

3.2.4 EDC analysis

Important information about the physics in a solid (quasiparticle lifetime, gap in the spec-
tral function, etc.) can be extracted by a quantitative analysis of the EDC lineshape. If
matrix element effects are neglected the EDC lineshape as a function of energy ω at a fixed
momentum k is derived by equation 2.9:

IEDCk (ω) ∼ f(ω)
ImΣk(ω)

[ω − εk − ReΣk(ω)]2 + [ImΣk(ω)]2
(3.1)

with f(ω) denoting the Fermi Dirac (FD) function. The EDC analysis close to EF is of-
ten complicated by the presence of the FD function. However, for an EDC at the Fermi-
momentum k = kF a method exists which allows to remove the FD step function from the



Chapter 3. Electron scattering, charge order, and pseudogap physics in
La1.6−xNd0.4SrxCuO4 45

EDC. By symmetrizing IEDCk (ω) about EF, f(ω) is canceled out:

Isym(k, ω) = I(k, ω) + I(k,−ω) = I0(kF)f(ω)A(kF, ω) + I0(kF)f(−ω)A(kF,−ω)

= I0(kF)f(ω)A(kF, ω) + I0(kF)[1− f(ω)]A(kF, ω)

= I0(kF)A(kF, ω) (3.2)

Here, the identity f(−ω) = 1− f(ω) was used and the particle hole symmetry of the system
is assumed by using the identity A(kF, ω) = A(kF,−ω). The symmetrizing procedure is
illustrated in Fig. 3.3 for an EDC which shows a gap in the single particle spectral function
(top curves) and an EDC which is gapless (bottom curve)2.
For a sufficiently small energy range close to EF the lifetime can be assumed to be constant
τ−1
0 = Γ = ImΣ(ω). The gapless symmetrized EDC has then a Lorentzian lineshape.

In the case in which the scattering rate Γ is smaller or similar to the instrumental resolution,
the peak is described by a Voigt-like profile which is the convolution of the Lorentzian
lineshape with the instrumental resolution function R(ω) which has usually a Gaussian
profile.

Isym(k, ω) = I0(k)A(k, ω)⊗R(ω) (3.3)

The symmetrized EDC, lower curve in Figure 3.3 b), is fitted to a Voigt profile. In this
chapter symmetrized EDCs are used for qualitative and quantitative analysis of the data.

3.3 Results

Normal state (T & Tc) energy distribution maps taken in the (π,0)-region of Nd-LSCO
x = p = 0.12, 0.15, 0.20, and 0.24 are shown in Figure 3.4. As doping p is reduced, the
”quasiparticle” excitations are gradually broadened. Finite spectral weight at the Fermi
level EF (ω = 0) is, however, found for all compositions even deep inside the charge stripe
ordered phase [236]. It is thus possible to define the underlying Fermi momenta kF from
the maximum intensity of the momentum distribution curves (MDC) at ω = 0. The Nd-
LSCO Fermi surface topology [237], shown schematically in Figure 3.4, is similar to that
of La2−xSrxCuO4 (LSCO) [171, 238] and Bi2212 [239, 240]. A van-Hove singularity crosses
EF at a doping concentration slightly larger than x = p = 0.20, separating electron- from
hole-like Fermi surfaces.

3.3.1 Spectral lineshapes

Analysis of symmetrized energy distribution curves (EDCs) at k = kF is a standard method
to visualize the existence of a spectral gap near the Fermi level [84]. A single-particle
gap shifts the spectral weight away from the Fermi level and hence produces a double
peak structure in the symmetrized curves. In absence of a spectral gap, the symmetrized
EDC at kF is on the contrary characterized by a lineshape peaked at the Fermi level. For
overdoped LSCO and Nd-LSCO p ∼ 0.24, the spectra at (π, 0) have a Voigt-like profile
[see top spectrum of Figure 3.5 a), b)] just above Tc, suggesting resolution limited gapless
excitations. At slightly lower doping in Nd-LSCO p = 0.20, a clear spectral gap ∆ ∼ 25−30
meV is found in the region at (π, 0) for T ∼ Tc [Fig. 3.5 b)]. Similar line-shapes of the
ARPES spectra were obtained on Nd-LSCO p ∼ 0.15 and LSCO with p = 0.105, 0.12 and
0.15, see Fig. 3.5 a), b). As in Bi2212 and Bi2201 [241–243], a dramatic change of the
line shape at (π, 0) appears for underdoped Nd-LSCO [Fig. 3.5 b)]. The peaked lineshape
structure – found for Nd-LSCO p = 0.15 and 0.20 – is strongly depleted.

A similar evolution of the line-shape is found when moving from the (π, 0) to the (π, π)
region in Nd-LSCO at p = 0.12 [Fig. 3.5 c)]. It resembles the doping dependence [Fig.
3.5 b)]: first the double-peaked structure is recovered and second, upon entering the Fermi

2In the field of cuprate research this method is commonly applied [232–235].
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Figure 3.4: (a) - (d) Angle-resolved photoemission spectra at (π, 0), taken in the normal state of
La1.6−xNd0.4SrxCuO4 for different dopings p = x as indicated. Solid white points are momentum
distribution curves at the Fermi level, indicated by horizontal dashed lines. Top panels schematically
show the Fermi surface topology for each of the doping concentrations. The red lines indicate the
trajectory along which the spectra at (π, 0) were recorded. Solid black points indicate the underlying
Fermi momenta at which symmetrized EDCs are shown in 3.5 c) - d).

arc, gapless excitations are found [236]. For comparison, the momentum dependence of the
EDC lineshapes in Nd-LSCO p = 0.20 is shown in Figure 3.5 d). At this doping, a peaked
structure is found for all underlying Fermi momenta [see Fig. 3.5 d)]. The temperature
dependence of spectra at (π, 0) are also very different in Nd-LSCO p = 0.12 and 0.20 –
see Fig. 3.5 e), f) and 3.6. For p = 0.20, the normal state gap closes at T ≈ 80 K, while
it persists in the stripe order p = 0.12 compound. Furthermore, the peaked structure in
the symmetrized EDC lineshape becomes more pronounced in p = 0.20 upon cooling [Fig.
3.5 f)]. The opposite trend is observed at 0.12 doping. In fact, as in Bi2201 [241], a much
sharper line-shape at (π, 0) is found at 75 K compared to 17 K. Finally, the spectral gap in
p = 0.20 seems to conserve but redistribute the spectral weight [Fig. 3.6] as it opens upon
cooling. In contrast, for underdoped Nd-LSCO p = 0.12, spectral weight is either lost or
redistributed in a non-trivial fashion upon cooling. The spectra at (π, 0) of the anomalous
1/8 doping are thus behaving very differently from what is found in more overdoped samples
of Nd-LSCO. The 1/8 spectra at (π, 0) are also very different from what is observed in LSCO
at similar doping [Fig. 3.5].

3.4 Discussion

3.4.1 Lineshape modelling

Lets start by discussing the spectra on the overdoped side of the phase diagram. Neglecting
matrix element effects, the symmetrized intensity I(kF , ω) is given by the spectral func-
tion [84]

A(kF , ω) ∼ −ImΣ/[(ω − ReΣ)2 + ImΣ2]. (3.4)
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Figure 3.5: Symmetrized normal state energy distribution curves (EDCs) recorded on
La2−xSrxCuO4 (LSCO) and La1.6−xNd0.4SrxCuO4 (Nd-LSCO). All spectra were taken just above
Tc. In top panels (a) - (f) are raw symmetrized spectra while in bottom panels (g) - (l) are
background subtracted spectra. (a) - (b) Symmetrized EDCs taken in the region at (π, 0), for
doping concentrations of LSCO and Nd-LSCO as indicated. ARPES data on LSCO x = 0.105 and
0.145 were previously presented in Ref. [233, 234, 244] and all LSCO samples were characterized by
neutron scattering experiments [245–247]. (c) - (d) Momentum dependence of symmetrized energy
distribution curves (EDCs) taken at kF moving from (π, 0) (bottom) to at (π, π) (top) region for
Nd-LSCO p = 0.12 and 0.20. (e) - (f) Temperature dependence of symmetrized EDCs recorded
on Nd-LSCO p = 0.12 and 0.20 at (π, 0). For clarity, each spectrum has been given an arbitrary
vertical shift. Solid lines in bottom panels are fits, see text for an explanation.
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Figure 3.6: Comparison of spectra at (π, 0) at T ∼ 20 K (blue) and 75 K (red). (a) and
(b) show raw energy distribution curves recorded at kF on Nd-LSCO p = 0.12 and 0.20 with the
respective background intensities, measured at momenta far from kF . In (c) and (d), the respective
background subtracted curves are compared.

In absence of a spectral gap, ReΣ = 0 at k = kF and the spectral function is nothing
else than a Lorentzian function, when approximating ImΣ by a constant Γ. If ImΣ = Γ is
comparable to the applied energy resolution, a Voigt lineshape is effectively observed. This
is the case for spectra at (π, 0) of Nd-LSCO p = 0.24 [Fig. 3.5 h)]. The intrinsic linewidth
Γ is a measure of the ”quasiparticle” scattering. With increasing scattering, the linewidth
broadens (Γ increases) and the peak amplitude – sometimes referred to as the ”quasiparticle
residue Z” – is lowered. In this fashion, a metal can loose its coherence.

In presence of a spectral gap, Eliashberg theory applied to the normal state finds the
Green’s function G(kF , ω) = [(ω+ iΓ)−∆2/(ω+ iΓ)]−1 to be given by two parameters: the
gap ∆ and the scattering rate Γ [248]. This functional form mimics roughly the observed
lineshape, but does not provide a fulfilling description of the experimental spectra. We there-
fore adopted a simpler phenomenological Green’s function, G(kF , ω) = [(ω+ iΓ)−∆2/ω]−1,
that contains the same two parameters and has previously been used to analyze sym-
metrized energy distribution curves [206, 232–235, 249]. The spectral function A(kF , ω) =
π−1ImG(kF , ω) can now be expressed by two dimensionless quantities,

A(x) ∼ 1

∆

γ

(x− 1/x)2 + γ2
(3.5)

where x = ω/∆ and γ = Γ/∆. This phenomenological spectral function preserves the
Lorentzian lineshape and total spectral weight, but shifts the peaks to x = ±1 (ω = ±∆)
while the linewidth Γ/∆ is renormalized by the spectral gap. For a fixed gap ∆, increasing
quasiparticle scattering still leads to a broader line and weaker peak amplitude. Absence of
a peaked structure may therefore be a signature of strong quasiparticle scattering.
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3.4.2 Spectral gap and scattering

Using Eq. 2, analysis of background subtracted spectra [250, 251] was carried out. Resolu-
tion effects are modelled by Gaussian convolution of the model function A(kF , ω) (Eq. 1 and
2). In this fashion, Γ and ∆ were extracted along the underlying Fermi surface of Nd-LSCO
p = 0.20. As shown in Figure 3.7, a correlation between the gap ∆ and the scattering rate Γ
is found. A similar trend is observed when the gap ∆ is weakened by increasing temperature
in Nd-LSCO p = 0.20. This relation between the gap at (π, 0) (usually referred to as the
pseudogap) and electron scattering is consistent with previous observations. It is, for exam-
ple, established that the pseudogap is largest near the zone boundary [84, 205, 209]. At the
same time, the scattering rate Γ has been shown to increase when moving from (π, π) to
(π, 0) regions [252, 253]. Furthermore, the photoemission lineshape broadens and the pseu-
dogap increases when doping is reduced from the overdoped side of the phase diagram [242].
The same trend has been reported by STM studies of the density-of-states [254, 255]. The
exact experimental relation between scattering and pseudogap (normal state gap) has, how-
ever, not been discussed much [256]. A correlation between scattering and the spectral gap
has previously been predicted by dynamical mean-field theory (DMFT) calculations for the
Hubbard model [257]. Within the DMFT approach [258–261], the pseudogap emerges from
electron correlations as a primary effect that, in turn, enhances the tendency for the system
to undergo superconducting and charge-density-wave instabilities, at lower temperatures.
Notice that, as opposed to superconductivity, charge order has not yet been found directly
in DMFT calculations.

From a different point of view, the pseudogap (normal state gap) emerges as a pre-
cursor to superconductivity [205, 206, 262], or as a precursor to an order competing with
superconductivity [222, 241, 263–265]. In Bi2201, for example, the charge ordering onset
temperature is comparable to the pseudogap temperature scale T ∗ [222]. Furthermore, a
connection between the charge ordering vector and the vector nesting the Fermi arc tips was
found [222]. It is therefore a possibility that the pseudogap is related to fluctuating CDW
order. In two-dimensional CDW systems, spectral gaps are indeed observed above the CDW
onset temperature [266, 267]. In cuprates, however, the single particle gap originating from
CDW order has not been clearly elucidated by ARPES experiments.

3.4.3 Spectral gaps at 1/8 doping

It is interesting to discuss the spectral lineshapes at the 1/8-doping, where the charge order
parameter has its maximum [Fig. 3.1]. Charge order – in principle – should open a single-
particle gap somewhere on the Fermi surface [268, 269]. It is commonly assumed that
the stripe ordered ground state found in Nd-LSCO is identical to that of La2−xBaxCuO4

(LBCO) and La1.8−xEu0.2SrxCuO4 (Eu-LSCO) with p = x ' 1/8 [270]. All three systems
have the same low-temperature tetragonal crystal structure, similar thermopower [271, 272],
and the same spin/charge stripe structure [273–276]. At the particular 1/8 doping – due
to phase competition – charge stripe order suppresses almost completely superconductivity.
ARPES studies on these stripe ordered systems commonly report spectra with little low-
energy spectral weight at (π, 0) [231, 236, 277–279]. Different interpretations have been
put forward [231, 277]. In LBCO it was suggested that the pseudogap (normal state gap)
has d-wave character and that the gap amplitude ∆ is maximized at 1/8-doping [231] (this
result is reproduced in Fig. 3.1 c). Subsequent experiments reported a correction to the
d-wave symmetry [277]. This led to the proposal of a two-gap scenario [280–282], with an
additional spectral gap (of unknown origin) in the region at (π, 0) [277].

In Nd-LSCO p = 0.12, Fermi arcs with finite length were found even at the lowest
measured temperatures [236]. To access the intrinsic spectral evolution as a function of
momentum in Nd-LSCO p = 0.12, background subtracted data should be considered. In
Figure 3.5 i), spectra near the region of (π, 0) and close to the tip of the Fermi arc are
compared. Near to the tip, the spectrum resembles that observed in overdoped Nd-LSCO.
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Figure 3.7: Normal state gap ∆ versus the scattering rate Γ. Both quantities were extracted by
fitting background subtracted symmetrized energy distribution curves along the underlying Fermi
surface of Nd-LSCO p = 0.12, 0.20 and 0.24, as well as spectra at (π, 0) versus temperature. The
fitting procedure is explained in the text. Gray shaded area indicates schematically the correlation
between the normal state gap and the electron scattering.

Fitting to Eq. (2) yields ∆ = 20 ± 2 meV and a scattering constant Γ = 39 ± 8 meV. This
is consistent with the approximate constant ratio of ∆/Γ [see Fig. 3.7] found for Nd-LSCO
p = 0.20. The lineshape of the spectra at (π, 0) is, however, dramatically modified. A
similar evolution was found in LBCO [277]. It seems that the system has lost coherence.
Fitting using Eq. 2, indeed yields much smaller ratios of ∆/Γ – see Fig. 3.7. Thus, a sudden
quasiparticle decoherence effect is one possible explanation for the different lineshape at
(π, 0) observed in the underdoped regime.

3.4.4 Effects of competing orders

Next, we discuss the possible influence of static long-range charge density-wave order. For
conventional CDW systems, the order parameter is identical to the single-particle gap [283],
and ∆ch scales with the lattice distortion u [283]. By measuring this distortion using hard
x-ray diffraction, it was found that ∆ch has a strong doping dependence [89] (reproduced
in Figure 3.1 b)) – peaking sharply at the 1/8-doping. Just a slight increase of doping, to
p = 0.15, results in a single-particle gap ∆ch renormalized by a factor of five [89] (compared
to 1/8-doping). Notice that the charge stripe onset temperature Tch – observed by x-
ray diffraction – varies more smoothly with doping. Hence, the coupling constant α =
∆ch/kBTch has a strong doping dependence – being largest at 1/8 doping. It is also around
this doping that quantum oscillation [284–287] and transport [219, 271, 288, 289] experiments
have revealed the Fermi surface reconstruction in YBCO and Hg1201. Charge ordering has
been proposed as the mechanism responsible for this reconstruction [220, 288]. Hence,
strongly coupled charge order is not necessarily in contradiction with the observation of
quasiparticles with light masses. Interestingly, neither the Fermi surface reconstruction nor
the effect of charge order have been convincingly probed by photoemission spectroscopy.

The observation of an electronic Fermi surface reconstruction is complicated by or-
thorhombic distortions, that fold the bands similarly to what is expected from density-wave
orders [290–292]. Moreover, identification of charge density wave order effects on the line-
shape at (π, 0) in very underdoped compounds is complicated by superconductivity, pseudo-
gaps and possibly also spin-freezing phenomena [293, 294]. The choice of Nd-LSCO ensures,
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due to it’s low Tc, that superconductivity is not influencing the problem. Furthermore, in
this system spin and charge density wave orderings are coupled [88], and hence part of the
same phenomenon.

When a spectral gap ∆ opens, low-energy spectral weight is either suppressed or re-
distributed in (k, ω)-space. It has, for example, been shown that in Bi2212, pronounced
redistribution of spectral weight – extending beyond 200 meV – appears inside the pseudo-
gap [265]. In Figure 3.6 b), spectra at (π, 0) of Nd-LSCO p = 0.20 display how the normal
state gap opens upon cooling. As the gap opens, spectral weight is transferred to larger
energies, while the total amount of spectral weight remains approximately constant. This
rearrangement of spectral weight manifests itself within an energy scale (2−3)∆ < 100 meV.
In the region of (π, 0) of stripe ordered Nd-LSCO p = 0.12, within the same temperature
and energy window, the behavior is very different [see Fig. 3.6 a)]. Upon cooling, low-energy
(ω < 100 meV) spectral weight is removed with an apparent net loss of total weight. The
k−dependence in Figure 3.5 c), i), does not suggest any pile up of spectral weight at other
locations in momentum space. Thus either spectral weight is transferred to ω > 5∆, or it is
simply not conserved. A system that undergoes a phase transition may not display spectral
weight conservation. Appearance of charge stripe order in the low-temperature tetragonal
crystal structure may therefore lead to effective loss of spectral weight. In that case, stripe
order seems to influence mainly the region at (π, 0) and, remarkably, suppression of spectral
weight extends up to energies as large as 100 meV.

3.5 Conclusions

In summary, we have presented a systematic angle resolved photoemission spectroscopy,
normal state study of the charge stripe ordered cuprate compound La1.6−xNd0.4SrxCuO4

(Nd-LSCO). By varying the doping concentration, spectra at (π, 0) were recorded from the
overdoped metallic phase to the 1/8-doping – where static charge stripe order is stabilized.
The metallic phase is characterized by gapless excitations even in the region at (π, 0). At
x = 0.20, a spectral gap ∆ ≈ 30 meV opens in the region at (π, 0) but spectral weight
remains conserved, although shifted to slightly larger energies. Analysis of the line shape
suggests a correlation between electron scattering and the gap amplitude. Finally, for un-
derdoped compounds the lineshape at (π, 0) is quite different. Upon cooling into the stripe
ordered phase, spectral weight appears to be lost. An additional source for spectral weight
suppression is therefore proposed, and charge stripe order is discussed as an underlying
mechanism. Parts of the this chapter have been published in Matt et al. [167].
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Chapter 4

NaFe0.56Cu0.44As: A pnictide
insulating phase induced by
on-site Coulomb interaction

4.1 Introduction

Similar to the cuprates and iron-chalcogenides, in the phase diagram of the iron-pnictides
a superconducting dome develops upon doping a non-superconducting, often magnetically
ordered, parent compound. The superconducting dome and/or magnetic phase are formed
from an underlying normal state which exhibits bad-metal behavior with large electrical
resistivity at room temperature [34, 109, 120, 121]. It has been proposed that the proximity
to a Mott insulating phase is responsible for the bad metal behavior and increase in the
electronic correlations in those compounds [121, 122]. In the studies of iron-chalcogenides,
it has also been suggested that the (orbital-dependent) Mott physics plays a key role in
the mechanism for the insulating behavior. In cuprates, electron-electron correlations are
reduced by doping either electrons or holes into the Mott insulating parent compound,
with superconductivity occurring at a few percent of doping [30, 81, 167]. In contrast,
correlation effects in the iron-pnictides are only weakened with the electron doping, but
enhanced when doping holes into their parent compounds [126, 127, 295, 296]. However, for
all the iron-pnictides, even up to the highest possible hole-doping level (e.g. fully replacing
Ba with K in the widely studied Ba1−xKxFe2As2), an antiferromagnetically (AFM) ordered
insulating state does not occur [295, 297]. It would be highly interesting to identify and
investigate an iron-pnictide family that undergoes an AFM insulating – (bad) metallic –
superconducting phase transition tuned by doping, and study these compounds’ electronic
structures in distinct phases.

Very recently, it has been shown that, adjacent to the superconducting phase, an AFM
insulating state occurs in heavily doped NaFe1−xCuxAs [299, 300]. For x > 0.3, below TN =
200 K the system develops antiferromagnetic order which becomes long-range for x ≥ 0.44.
The spin arrangement is depicted in Figure 4.1 c), with a magnetic moment ∼ 1.1µB per
iron site, ten times larger than that in the parent compound NaFeAs. Using angle-resolved
photoemission spectroscopy (ARPES), combined with density functional theory (DFT) and
DFT+U calculations, we reveal that in NaFe1−xCuxAs, with high x values (x = 0.44),
the Hubbard U and Hund’s coupling (JH) have a strong effect on the underlying electronic
structure, which results in a finite energy gap occurring at the Fermi level (EF). The
ARPES results are significantly different from the electronic structure obtained from DFT
calculations, but can be reproduced by DFT+U calculations with the inclusion of U and
JH to account for the on-site Coulomb interaction. We show that the main effect of the
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Figure 4.1: Electronic structure of NaFe0.5Cu0.5As, as calculated by DFT and DFT+U. (a)
Brillouin zone (BZ) with high symmetry points and lines indicated by red lines. The light green line
indicates the projected BZ. Inset: Light green lines denote the projected BZ of NaFe0.56Cu0.44As;
black lines the BZ of the 2-Fe unit-cell of BaFe2As2 as defined in [119, 125]. (b) Temperature
dependence of the in-plane resistivity for NaFe0.56Cu0.44As. (c) The crystal structure [298]. (d),
(e), (h), (i) The band structure along high symmetry lines from DFT and DFT+U calculations,
respectively. (k) Zoom-in of the red box in i), showing the bandgap about EF.

interactions is to shift the Fe 3d orbital-related bands to higher binding energies, which
results in the ground state of NaFe0.56Cu0.44As being an insulator.

4.2 Methods

ARPES experiments were carried out at the Surface and Interface Spectroscopy (SIS) beam-
line [194], Swiss Light Source (SLS). The measurement was performed on freshly cleaved sam-
ples which have been cleaved in-situ under ultrahigh vacuum (UHV) conditions (< 5 · 10−11

mbar) by a top post method. During the whole experiment the pressure in the analysis
chamber was kept below < 5 · 10−11 mbar in order to avoid surface contamination. The
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Figure 4.2: The electronic structure of NaFe0.5Cu0.5As from DFT and DFT+U calculations.
(a) and (b) Total and partial density of state (DOS) with different atomic and orbital characters
from DFT and DFT+U calculations, respectively. (c) and (d) The partial DOS of different Fe 3d
orbitals in the vicinity of EF, obtained from DFT and DFT+U calculations, respectively.

ARPES spectra were recorded with a Scienta R4000 electron analyzer with total energy
and angular resolutions of better than 20 meV and 0.15◦, respectively. The Fermi level
was determined by recording the photoemission spectra from polycrystalline copper on the
sample holder. The ARPES spectra have been normalized by similar methods as described
in chapter 3.

The calculations were performed using the WIEN2K package [159] with the crystal struc-
ture shown in Figure 4.1 a) and the lattice parameters (a = b = 5.72 Å, c = 13.85 Å) deter-
mined from neutron diffraction on NaFe1−xCuxAs (x = 0.44) [299]. In the calculations, the
Kohn-Sham equation is solved self-consistently by using a full-potential linear augmented
plane wave (LAPW) method. The exchange-correlation term is treated within the general-
ized gradient approximation (GGA) in the parametrization of Perdew, Burke and Enzerhof
(PBE) 96 [301]. In the DFT+U calculations, a Hubbard U = 3.15 eV was used with Hund’s
coupling JH = 0.4 eV in the self-interaction correction (SIC) formalism incorporated in the
WIEN2K package [302, 303]. The U and JH values used in this work have been deduced by
constrained-RPA approach as average values of LiFeAs, representing the 111 family [128].
Hence, we assume that these values are justified for NaFe1−xCuxAs. The ARPES mea-
surement were performed on NaFe0.56Cu0.44As, however it is much easier to perform the
calculation for the NaFe0.5Cu0.5As. Neutron diffraction data has shown that the lattice
parameters depend only weakly on x, (for x close to 0.5). Therefore, the difference in the
electronic structure between x = 0.44 and x = 0.5 is presumed to be uncritical [299].

4.2.1 Acknowledgements

All high quality single crystals of NaFe1−xCuxAs with x = 0.44 have been grown using the
self-flux method by Yu Song, P.C. Dai, Chongde Chao, Department of Physics and Astron-
omy, Rice University, Houston, Texas 77005, USA and Department of Applied Physics,
Northwestern Polytechnical University, Xian 710072, China. The single-crystal growth
method has been described in [300, 304] which is similar to the procedure for the growth
of NaFe1−xCoxAs. The doping levels were determined by inactively coupled plasma (ICP)
atomic-emission spectroscopy as described in Ref. [299] and references therein. Resistivity
measurements have been performed in a physical property measurement system (PPMS).
The contacts for the four-point probe have been prepared inside an Ar-atmosphere and cov-
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Figure 4.3: ARPES spectra of NaFe0.56Cu0.44As. (a1), (a2) ARPES spectrum along M-Γ-M
direction, taken at T = 15 K with hν = 52 eV, circularly polarized photons. (b1), (b2) respectively
(c1), (c2) Curvature plot of the ARPES spectra in (a1), respectively (a2). The superimposed lines
are the band dispersion from DFT+U and DFT calculations, as indicated. The calculated dispersion
drawn in black is renormalized by a factor of 1.35. White lines represent non-renormalized bands.
(d1), (d2) The same as (b1), (b2) but the ARPES spectrum is obtained at T = 260 K. (e) Band
dispersion as calculated by DFT+U for the AFM (green lines) and paramagnetic state (blue lines).
(f) Curvature plot of the ARPES spectrum at T = 15 K along high symmetry lines as indicated in
Figure 4.1 a). The superimposed lines are the band dispersion from DFT+U calculation.

ered by Apiezon N grease in order to avoid degradation of the air- respectively water-sensitive
samples. No visual deterioration of the samples has been observed under a microscope after
the resistivity measurement. We would like to thank the sample growers for supplying high
quality single crystals.

4.3 Results

4.3.1 Electronic structure calculations by DFT and DFT+U

To get more insight into the insulating behavior of NaFe0.56Cu0.44As at low temperatures,
as observed in the transport measurements [Fig. 4.1 b)] and Refs. [299, 300], we have
performed electronic structure calculations without and with on-site correlations by using
DFT and DFT+U methods, respectively. The DFT calculation predicts a semi-metallic
state with an electron-like pocket at Γ (Fe character) and a hole-like pocket around M (Cu-
As character); see Fig. 4.1 d). These pockets produce a finite density of states (DOS) at EF

[Fig. 4.2], which is inconsistent with the insulating behavior of NaFe0.56Cu0.44As. On the
other hand, if U and JH are included in the calculations (DFT+U), the valence bands get
pushed to higher binding energies and the conduction bands are shifted up, resulting in a
finite energy gap between valence and conduction bands [Figs. 4.1 e) and f)]. The magnitude
of the band shift depends strongly on the elemental and orbital composition of the bands;
it is negligible for the Cu- and As-derived bands but large for the bands formed by Fe 3d
orbitals. Among the Fe 3d orbitals, the on-site Coulomb interaction has the strongest effect
on dxy-and dz2-orbital dominated energy bands. Similar to the case of BaCu2As2 [305, 306],
the DFT-band near EF around the M point is formed by the hybridization of As 4p and Cu
3d orbitals with Fe 3d orbitals [see Figure 4.2]. The inclusion of on-site Coulomb interaction
lifts the hybridization, pushing the Cu-As band below EF and shifting the Fe band above
EF.
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4.3.2 ARPES results

Figure 4.3 shows ARPES spectra and their curvature plots along the high symmetry lines in
the Brillouin zone (BZ), see Fig. 4.1 a). The overlaid lines are the calculated band dispersion
renormalized by a factor of 1.35. The overall agreement between the ARPES spectra and
the calculated DFT+U electronic structure is significant: (1) No electron-like pocket around
Γ was observed near EF, which is consistent with the predication by DFT+U calculations
and different from that of DFT. (2) Moving from the Γ or X point to the M point, the band
approaches but does not cross the Fermi level, thus no hole-like pocket around the M point
is formed. (3) At high binding energies, the ARPES results agree better with DFT+U than
with DFT. For example, the multiple flat Fe/Cu-derived bands at ω = E − EF ∼ −3 eV
in the DFT calculations were not observed by ARPES [Fig. 4.3 c)]. We would like to
point out that in contrast to the DFT calculations on the majority of iron pnictides, no
shift of individual bands is required in order to match the ARPES results. Our ARPES
results reveal that the ground state of NaFe0.56Cu0.44As is an insulator, consistent with the
scanning tunneling microscopy (STM) study of heavily Cu-doped NaFe1−xCuxAs, (x = 0.3),
which showed diminished density of states at the chemical potential [307]. In Figure 4.3 d),
f) we plot the ARPES spectra taken at T = 260 K, well above TN ∼ 200 K; the dispersion
is almost identical to that at low temperatures (T = 15 K). However, as shown in Fig. 4.3
e), DFT+U calculation in the paramagnetic state predicts a large, hole-like Fermi surface
around M , which is not observed in the ARPES measurement. We would like to emphasize
that the local magnetic moment on the Fe sites plays an essential role in order to explain
the observed electronic structure below and above TN.

To further explore the insulating or semi-metallic behavior of NaFe1−xCuxAs, we have
carried out ARPES measurements in several Brillouin zones. Figure 4.4 shows ARPES
intensity maps at fixed binding energies. In Figure 4.4 a), b), the intensity map obtained
at T = 15 K is plotted 25 meV and 300 meV below EF since the spectral intensity at EF

is vanishing. As expected, except for the (Cu, As)-formed valence band [Fig. 4.3 a), b), e),
g)] predicted by the DFT+U calculation, no other band appears at these two energies. The
ARPES intensity maps at different binding energies vary little with kz, indicating that the
electronic structure of NaFe0.56Cu0.44As is quasi two-dimensional. These observations are
in concert with DFT+U calculations and provide spectroscopic evidence that the system is
insulating at low temperatures. In the DFT+U calculations the effect of including U and
JH is to remove the hybridization of As 4p and Cu 3d with Fe 3d orbitals and push the
bands dominated by Fe 3d orbitals away from the chemical potential. The remaining band
near EF is mainly composed by Cu orbitals [Fig. 4.1 e)]. It has been shown in ref. [299]
that the Cu is close to a d10 configuration. This could explain why the valence band near
EF is only renormalized by a factor of ∼ 1.35 [Fig. 4.3 e)], which is much smaller than
the renormalization factor in Fe-pnictide parent or hole-doped superconducting Fe-pnictide
compounds (typically ∼ 2− 4) whose Fe 3d orbitals are partially filled [123, 295, 308, 309].
In Figure 4.4 c), we plot the ARPES intensity map at EF at T = 260 K. Because of
broadening, we observe finite spectral weight around M , very similar to the intensity map
taken at low temperatures, close to EF [see Fig. 4.4 a)]. The primary results of our ARPES
measurements are the observation of a valence band which is touching, but not crossing the
Fermi level. Surprisingly, the observed band dispersion is highly temperature independent
and strongly resembles the low-temperature results for temperatures far above TN.

4.3.3 Lineshape analysis

In heavily doped NaFe1−xCuxAs, strong suppression of the DOS has been observed by STM
measurements for ω > −0.2 eV [307].
The ARPES intensity as function of binding energy is presented in form of an energy distri-
bution curve (EDC) as plotted in Fig. 4.5 e) where spectral weight is integrated over a large
momentum window (white lines in panel a). For ω < −0.2 eV, the lineshape is linear and
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Figure 4.4: (a) and (b) ARPES intensity maps at energies ω = E − EF = −25 meV and
ω = −300 meV, respectively. The spectra were acquired with hν = 52 eV, circularly polarized light
at T = 15 K. The maps have been integrated over an energy window of ±10 meV. (c) ARPES
intensity map at EF, obtained at T = 260 K. Due to the thermal broadening, finite intensity
appears at the EF. (d) ARPES intensity map at energies ω = −200 meV in the k|| - kz plane,
where k|| is along Γ −M direction. (e) The dispersion along kz direction at k|| = 0. (f) Sketch of
the constant energy surface at ω = −200 meV in 3D BZ, calculated by DFT+U method.

above ω = ωc ≡ −200 meV enhanced spectral weight suppression is observed, resembling
the results of the STM measurements. A similar lineshape evolution is also observed in the
peak intensity along the MDC-fitted band dispersion [Fig. 4.5 f)]. Such a suppression of
spectral weight is in favor with the insulating behavior of the system and has, for example,
been observed below the metal to insulator transition (MIT) in NdNiO3 [310].
The properties of electrons and their interaction in a solid are described by the self-energy
Σ = ReΣ + iImΣ [see section 2.2.3]. In Landau Fermi Liquid, the imaginary part, which
represents the electron scattering in a material, is given by ImΣ = λω2 where λ is the elec-
tron coupling constant. ImΣ can be extracted from the experimental ARPES spectrum by
the following relation [253, 311]:

ImΣ(ω) = vkΓk(ω) (4.1)

where Γk(ω) is the half width at half maximum (HWHM) of the MDC [see Fig. 4.5
g), left hand axis]. The imaginary part of the self-energy, ImΣ(ω), is plotted in Figure 4.5
g), right hand axis. To obtain ImΣ(ω), the band velocity vk has been extracted from the
renormalized band as calculated by DFT. Similar to the cuprates, ImΣ follows a non-Fermi
liquid behavior with ImΣ = λω for ω above ωc, where also spectral weight suppression has
been observed [44, 244, 256]. At T = 15 K, we extract a coupling constant λ ∼ 0.3 ± 0.03.
Below ωc, ImΣ is approximately constant. We found that, similar to the band dispersion,
also the electron coupling constant λ is not changing between 15 K and 260 K.
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Figure 4.5: Lineshape analysis: (a), (b) Raw ARPES intensity spectrum along Γ − M as
indicated in Figure 4.4 a) for 15 K and 260 K. White dots indicate band dispersion extracted from
MDC fits. (c), (d) Corresponding MDCs for ω between −15 meV and −580 meV. (e) Energy
distribution curve (EDC) integrated over region as specified by white lines in panel a) (∼ ±0.1Å−1).
(f) Peak intensity for right branch of the band around M approaching the Fermi level. (g) Left
axis: Half width at half maximum (HWHM) Γk(ω,k) of MDC curves extracted by fitting MDCs
with a Lorentzian lineshape at low and high temperature. Solid lines represent linear fits according
to equation 4.1. Right axis: ImΣ(ω) for low and high temperatures.

4.4 Discussion

Having established that NaFe0.56Cu0.44As is an insulator in the ground state due to corre-
lation effects, we turn to the natural question of how the long-range AFM order disappears
at temperatures above the Néel ordering temperature (TN = 200 K), as observed in neu-
tron scattering measurements [299]. In Mott insulators the AFM ordering of local magnetic
moments is related to the superexchange energy J ∝ t2/U , where t is the hopping integral
that scales with the kinetic energy of charge carriers moving in solids [81, 312, 313]. If the
on-site Coulomb repulsion exceeds the kinetic energy, the intersite hopping of charge carriers
is blocked, causing them to become localized. On the other hand, if the Coulomb energy
barrier can be overcome due to a large hopping energy, electrons or holes are delocalized
and the long-range AFM ordering is suppressed. It is known that long-range AFM order in
a Mott insulator can be suppressed by changing the band filling with chemical doping. For
example, in cuprates, at low temperatures, long-range AFM order is destroyed by doping a
few percent of holes or electrons into the Mott insulating parent compounds. Note that the
Mott gap (or more generally, charge transfer gap) needs not to be suppressed completely for
the long-range AFM order to disappear: the insulating Mott state without long-range mag-
netic order often persists above the Néel temperature [314–316]. This consideration provides
a possible explanation for the AFM ordering in NaFe0.56Cu0.44As observed in neutron scat-
tering experiments, as well as its temperature-dependence. Figure 4.6 schematically depicts
the DOS of NaFe0.56Cu0.44As in comparison with the parent compounds of cuprates [317].
Due to the on-site Coulombic repulsion, the Fe d orbital-related conduction and valence
bands move farther away from the chemical potential. About EF, a small indirect band gap
occurs between the top of the valence band formed by (Cu, As) and the bottom of conduc-
tion bands dominated by Fe 3d states. In the ground state, the system is insulating: the
virtual hopping of electrons with antiparallel spins from one Fe site to the next, restricted
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Figure 4.6: (a) Schematics of the electronic structure of cuprate parent compounds and
NaFe0.56Cu0.44As for the non-interacting case (U = 0) and for the case of finite interactions.
The quantity ∼ kBT indicates the thermal excitations of electrons from the valence to conduc-
tion bands. (b), (c) Schematic of a possible real-space Mott scenario for lightly doped cuprates
and NaFe0.5Cu0.5As.

by the Pauli exclusion principle, leads to the formation of an AFM arrangement in the Fe
lattice. Upon increasing temperature, due to the small band gap and thermal excitation,
the lowest conduction band starts to be populated by electrons from the highest CuAs va-
lence band, which leaves holes in the valence band [see Fig. 4.6, right panel]. Because the
holes (electrons) in the valence (conduction) band are mobile, the resistivity of the material
decreases, as manifested in transport measurements [see Fig. 4.1 b)], similarly to thermally
activated transport in narrow-band semiconductors. This hopping of the thermally excited
electrons in the lowest conduction band [which has Fe 3d character, see Fig. 4.1 e), f)]
suppresses the long-range AFM-order in the Fe lattice, while the charge gap persists. This
is consistent with the non-magnetic insulating behavior of resistivity observed well above
the Néel temperature in NaFe1−xCuxAs [see Fig. 4.1 b)] [299, 300]. Our ARPES results
obtained at T = 260 K (well above TN ) show that the band dispersion as well as the band
renormalization near EF are very similar to that at T = 15 K (well below TN) [Fig. 4.3
c) - f)], indicating that there is no significant change in the electronic structure as TN is
crossed. This would suggest that the disappearance of the long-range AFM ordering at
T > 200 K is indeed related to the occupation of the lowest conduction and highest valence
bands, without closing the Mott charge-transfer gap. The robustness of the electronic struc-
ture is consistent with transport measurements: upon increasing temperature the resistivity
smoothly decreases and the insulating behavior persists at least up to 300 K; no abnormal
behavior is observed in the vicinity of TN ; see Fig. 4.1 b). While not excluding other more
sophisticated models (e.g. orbital-selective Mott physics [126, 127, 318]) that would be able
to quantitatively account for the experimental results on this material, the basic picture
described here provides a qualitatively consistent explanation for the experimental results
from neutron scattering, transport and ARPES measurements. This picture in which Mott
physics plays a key role for the insulating behavior in highly Cu-doped NaFe1−xCuxAs is
strongly supported by a recent STM study on insulating NaFe1−xCuxAs, (x = 0.3), which
reports striking similarities to lightly doped cuprates [307]. The early ARPES studies on
NaFe1−xCuxAs with x up to 0.14 showed that, except for introducing extra charge carriers,
the overall band dispersion barely changes with Cu doping, and the Fermi surface and/or all
the energy bands near EF are dominated by Fe 3d orbitals [319]. It is of high interest to re-
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veal the momentum-resolved electronic structure with ARPES in order to get further insight
into the evolution of the Cu-3d derived electronic states at or near EF, as the long-range
AFM-ordered insulator evolves into a metallic or superconducting state with decreasing the
concentration of the Cu dopant in NaFe1−xCuxAs.

In addition, strong suppression of spectral weight is observed for ω > -200 meV on
the Cu-As band. Note that a similar suppression of spectral weight in a an equal energy
range has been found below the metal to insulator transition (MIT) in NdNiO3 [310]. The
electronic spectrum found in scanning tunneling microscope (STM) of heavily Cu-doped
NaFe1−xCuxAs shows diminishing density of states at the Fermi level, resembling results of
lightly doped cuprates close to the parent Mott insulating state [307]. It has been suggested
that the suppression of spectral weight which has been found in this STM result and prior
ARPES measurements [319] originates from enhanced impurity scattering. The elastic MDC
linewidth Γ0 ≡ Γk(ω = 0) reflects the strength of impurity scattering. Since we have found

a rather sharp linewidth Γ0 = 0.067Å
−1

, comparable to results from LSCO (Γ0 = 0.04Å
−1

)
[253, 320], we don’t consider impurity scattering as the dominant mechanism for the spectral
weight suppression. We rather interpret this effect as another sign of strong correlations in
the system. Additionally, we suggest that the non-Fermi liquid like behavior which has been
observed in the self energy for ω > −200 meV and which resembles the results found in
cuprates superconductors is a further manifestation of strong electron correlations in the
system [244].

4.5 Conclusion

In summary, using ARPES combined with DFT and DFT+U calculations, we have revealed
the electronic structure of the heavily Cu-doped NaFe1−xCuxAs (x = 0.44) and showed that
its ground state is a narrow-gap insulator whose origin lies in strong electron interactions
of Fe 3d orbitals. The on-site interaction (Hubbard U and Hunds coupling JH ) remove the
hybridizations between Fe 3d and other Cu-As orbitals in the vicinity of EF. The interactions
furthermore elevate the Fe 3d bands near EF to above the chemical potential and push the
fully occupied Fe 3d valence band further down in binding energy. Consequently, an energy
gap opens up about the chemical potential, which instigates an insulating phase in the
heavily doped NaFe1−xCuxAs. The effect induced by U and JH resembles the situation in
the parent compounds of the high-Tc cuprates (Mott insulators), with the Mott induced
charge transfer gap that underscores the insulating behavior. The quantitative differences
to cuprates are that the top of the valence band is derived from CuAs hybridized bands and
is very close to (or touching) the chemical potential; and the charge transfer gap between
valence and conduction bands is very narrow. The occupation of the Fe 3d conduction band
by thermally activated electrons increases the hopping processes between the Fe sites and
thus suppresses the AFM ordering, eventually destroying the long-rage order at T > TN.
Parts of this chapter have been published in Ref. [321].

4.6 Appendix I: Variation of the electronic structure
with the value of U and JH

Due to the multiorbital nature of the iron pnictides, electronic Coulomb interactions cause
not only Mott-type physics but also lead to Hunds exchange coupling [118, 322, 323]. It has
been shown that, depending on the global filling in a system, the Hunds coupling can have
opposite effects on the Coulomb interaction and electronic mass enhancement. If the system
is close to half filling, Hunds coupling enhances electronic correlations and the critical Mott
coupling energy Uc which sets the transition to a Mott insulating states is considerably
lowered. For lower or higher global filling, the effect of JH is to push Uc to larger values, i.e.
JH is counteracting to U [126, 322]. However, it has been found that correlations are not
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only depending on the global filling but also connected to the filling of individual orbitals
[324]. In order to obtain a picture of the role of the interaction parameters U and JH on the
formation of the insulating gap, we calculated a series of band structures for a range of U
and JH around the reference values U = 3.15 eV and JH = 0.4 eV down to U = 0 eV and
JH = 0 eV. In summary, we observe an opposite effect of U and JH. The gap gets larger
when U is increased but shrinks for higher JH [see Fig. 4.7, a1) - d4)]. The integration
of the occupied part of the density of states (DOS, Fig 4.7, e) shows that the filling of the
individual orbitals is considerably larger than 0.5 (half filling). Therefore the system is in
the regime where JH is counteracting to U , which explains the behavior of the insulating gap
for the different values of U and JH. As shown by Song et. al. [299], the experimental value
of ∼ 1.1 µB of the ordered Fe magnetic moment of NaFe0.5Cu0.5As is strongly overestimated
by the DFT calculations which give a value of ∼ 2.77 µB per Fe-site. Our calculations show
that the size of the magnetic moment is directly correlated with the size of the insulating
ga p. Thus, U and JH have opposite impact on the size of the magnetic moment.

4.7 Appendix II: Comparison of DFT calculations with
iron-pnictide compounds

In the studies of iron-based superconductors, first principle DFT calculations are commonly
employed as a theoretical guide in the experimental study of the band structure by, for
example, ARPES or quantum oscillations. In the metallic and superconducting compounds,
it is often found that, in order to match the measured Fermi surface, a particular band which
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crosses the Fermi level has to be shifted by a few or several tens of meV. The direction of
the shift depends on their position in k-space and on their electron or hole like character
[325–329]. Usually the hole like bands around the BZ-center are shifted downwards and
the electron like bands at the BZ corner are shifted upwards. Several scenarios have been
proposed to account for this behavior (e.g. driven by interactions or due to particle-hole
asymmetry), however, more theoretical and experimental work is needed in order to establish
a coherent picture. Our combined ARPES and DFT+U study on NaFe0.5Cu0.5As indicates
that, close to the chemical potential, the observed energy bands are CuAs-derived and the
correlation effect of the electronic states associated with these bands is much weaker than
that in most metallic iron-pnictides in which the Fermi surface is formed by Fe 3d orbitals.
The absence of any band-shift near the chemical potential in NaFe0.5Cu0.5As would suggest
that the band shift near the Fermi level as observed in some metallic iron-pnictides is related
to the strength of interactions among electrons.
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Chapter 5

Effect of As-chain layers on
electronic structure in the ’112’
iron-pnictide family

5.1 Introduction

Since the discovery of high-temperature superconductivity in layered iron-pnictide com-
pounds, the importance of electronic correlation for superconductivity has been one of the
focuses of many experimental and theoretical studies [122, 126, 127, 321, 324, 330]. It has
been found that the multi-orbital low energy electronic states formed in the FeAs layer are
moderately correlated due to finite Hund’s coupling and on-site Coulomb interaction. Corre-
lated electrons have an enhanced effective mass which is, in the case of the parent compound
BaFe2As2, by a factor of m∗/m = 2 − 3 larger than the free electron mass. Starting from
such a representative compound, the effect of charge carrier doping and chemical pressure
on the correlation strength has been extensively investigated theoretically and experimen-
tally [122, 123, 295, 296, 330–332]. It has been found that, while electronic correlation is
suppressed by isovalent substitution or electron doping it stays constant or is even slightly
enhanced when holes are doped into the system. It has also been found that the correlation
strength in a given pnictide-family is directly correlated with the Fe-As bond length [330].
However, so far only little is known about the influence of the spacer layer on the low en-
ergy electronic states of the FeAs layer. The majority of iron-based superconductors (IBSC)
contain insulating spacer layers. Thus, the question is raised what will be the response of
the low-energy states in the FeAs layer if the spacer layer becomes metallic?
The class of IBSCs consists of a large amount of different families [113]. All those compounds
have in common the iron-pnictide (FePn) respectively iron-chalcogenide (FeCh) layers which
are separated by different kinds of spacer layers. This spacer layer can be relatively thick and
composed of many elements (e.g. in (Sr2Sc2O5)Fe2As2, (Sr2VO3)FeAs), and be regarded as
an additional material with its own physical properties stacked alternatively with the FePn
layer. In such a case, electronic coupling between the FePn (FeCh) and the spacer layers
would manifest itself in a mutual alteration of the low energetic electronic structure in the
system
For example it has been shown that in the case of (Sr2VO3)FeAs, the Mott-insulating
Sr3V2O6 spacer layer pushes the system further towards a Mott transition. It has been
found that within ∼ 0.1 eV below the Fermi level the spectral weight of the Fe-derived itin-
erant states is strongly suppressed [see Fig. 5.1 a) and [333]].
On the other hand, inhomogeneous dynamical mean-field theory calculations predict, that
a Mott-insulating layer sandwiched between two metallic layers develops metallic behavior

65
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Figure 5.1: Interlayer coupling in superlattice systems. (a) Direct comparison of the
(Sr2VO3)FeAs valence band (VB) measured at hν = 53 and 80 eV, with the VB of BaFe2As2.
Adapted from [333]. A strong suppression of the peak close to EF is observed for (Sr2VO3)FeAs
compared to BaFe2As2. (b) Local spectral function at the Mott insulating barrier plane for a
single-barrier-plane sandwiched between metallic layers for low temperature and different U values
(increasing from top to bottom near zero frequency). Adapted from [334].

at low temperatures and induces a Fermi liquid like coherence peak at the Fermi level [see
Fig. 5.1 b) and [334]].

Since in iron-based superconductors Hund’s coupling and on-site Coulomb interactions
are believed to be responsible for electronic correlation of the FeAs-derived states [see Ref.
[121, 135, 146]] it is expected that correlations are weakened if the spacer layer is a good
metal. However, such a study is still lacking in literature since only very recently this kind
of compounds, the 112 family (AEFeAs2, AE = Alkaline Earth), became available, although
it had already been predicted by density functional theory (DFT) calculations in the early
stage of the IBSCs era [335–337]. Preliminary ARPES studies of Ca1−xLaxFeAs2 confirmed
the metallicity of the CaAs-spacer layer [338, 339] but reports on the detailed electronic
band structure of the CaAs layer and its influence on the overall electronic structure in the
112 compounds are still missing.
In this work, combining DFT calculations and ARPES experiments, we revealed the full
electronic band dispersion in the vicinity of the Fermi level of Ca1−xLaxFeAs2, (x = 0.1).
We could unambiguously assign the different observed bands to the FeAs or CaAs layer as
well as elucidate the electronic correlation in the individual layers. The band width of the Fe
dxz/yz and dxy orbitals has been compared between Ca0.9La0.1FeAs2 and Ca0.9La0.2Fe2As2

which has an insulating spacer layer and the same amount of electron doping per Fe, p = 0.1.
Since both compounds have a similar Fe-As bond length a similar mass enhancement would
be expected for the Fe derived states [330, 340, 341].
We found that the electronic correlation of the Fe 3d derived bands are not weakened by
the metallicity of the spacer layer. On the other hand, we observed a slight increase of the
quasiparticle mass in the spacer layer for orbitals which contain out-of plane lobes (e.g. Ca
3dz2 and As 4pz) but no enhanced correlation for orbitals with only in-plane lobes (e.g. As
4px/py).
Additionally, we confirm the predicted non-trivial topological nature of the CaAs spacer
layer which, in combination with the superconducting FeAs layer, makes Ca0.9La0.1FeAs2

to a staggered combination of a quantum spin hall (QSH) insulator and a high temperature
superconductor hosting topological superconductivity on the edge of the CaAs layer [342].
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Figure 5.2: (a) Crystal structure of Ca1−xLaxFeAs2. (b) Brillouin zone of Ca1−xLaxFeAs2 in
the monoclinic (P21) crystal symmetry. (c) and (d) Fermi surface obtained by DFT calculation
consisting of 4 hole-like sheets around Γ, 2 electron-like pockets around the BZ-corner (M point)
and two electron-like cones in the vicinity of X. The point B ≈ (1, 0.075)π
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is defined as the center of

the electron pocket. (e) Core level spectrum of Ca0.9La0.1FeAs2 taken with hν = 110 eV photons.
Inset shows zoom-in of As 3d states and the valence band. (f) DFT-calculated, Dirac-cone like
band structure in the vicinity of X.

5.1.1 Crystal structure and DFT-calculations

Unlike other iron-arsenide superconductors, Ca1−xLaxFeAs2 crystalizes in the monoclinic
space group P21 (No. 4) with the identity and the two-fold screw axis along the y-axis
building the only two symmetry operations [336, 337]. The low crystal symmetry is induced
by the novel type of metallic spacer layer containing chain-like arranged Arsenic atoms [see
Fig 5.2 a)]. Core level spectroscopy revealed a splitting of the As 3d states, likely due to the
different chemical environments of the As atoms in the chains (Asch) and in the FeAs layers
(AsFe) [see Fig. 5.2 e)]. The total band width of the valence band is ∼ 6 − 8 eV, similar
as in BaFe2As2 [see Fig. 5.2 e), inset (II) and [344]]. The characteristic angle β ∼ 91.5
for the P21 monoclinic crystal structure deviates only slightly from the ideal 90 degrees
which would give the usual tetragonal symmetry. As shown in 5.2 b), the Brillouin zone
of Ca1−xLaxFeAs2 closely resembles that of tetragonal, face-centered structures such as the
111 and 1111 families. The Fermi surface from DFT calculations is drawn in 5.2 c) and in
5.2 d). Besides the Fe 3d derived FS-sheets which consist of three hole-like sheets around the
BZ-center and two electron-like sheets around the BZ-corner, there is an additional hole-like

Table 5.1: Symmetry derived selection rules of the p and d orbitals. For a given direction, the
allowed orbitals are given for each polarization (columns). The column named “undefined” lists
the orbitals which are neither even nor odd along the specified cut. It has been found that in this
case, these orbitals contribute with a finite intensity in either polarization [343]. Note that here the
orbitals are given in the two-Fe unit cell notation.

polarization

direction s p undefined

1: Γ−M dx2−y2 dz2 , dxy, pz dxz, dyz, px, py

2: Γ−B dxy, dyz, py dxz, dx2−y2 , dz2 , px, pz
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sheet in the center and small electron-like FS-sheets at two sides of the BZ-boundary [see
Fig. 5.4 a, b) [345, 346]]. The hole-like band, labeled as ζ, is of a mixed character, derived
from As pz, Ca dz2 and Ca dx2−y2 orbitals. The band at the zone boundary (χ) is of mainly
As px-like character with in-plane lobes and forms a Dirac-cone like structure [see Fig. 5.3].
Note that the notation is refereed to the 2-Fe unit cell convention in this work. The whole
FS and the Dirac-cone like structure around X are predicted to be very two dimensional
in nature with minor variation along kz which is in contrast to previous DFT results [345,
346].
We would like to mention that, so far, the Dirac-cone like structure and its two dimensionality
has not been confirmed by experiments [338, 339].

Figure 5.3: DFT-calculated band structure of the stoichiometric compound CaFeAs2 along the
path as defined in Figure 5.2 b). (a) Character of the band structure resolved for the Asch 4p and
(b) for the Ca 3d orbitals. Amount of visible color denotes the weight of the individual orbital.
(c) Calculated energy dependence of the photo ionization cross section for Fe 3d and As 4p states
[190]. (d) and (e) Schematics of spacial symmetry of p and d orbital cubic harmonics.

5.2 ARPES results

It has been shown that depending on the orbital characters the photoemission cross section
varies significantly with the photon energy (hν) and the photon polarization (σ) [see section
2.2.5]. Fig 5.3 shows the calculated cross section (CS) vs. hν for Fe 3d and As 4p orbitals.
Around hν = 20 eV, the CSs are equal for As 4p and Fe 3d but have the largest difference
at ∼ 60 eV. It is expected that the ARPES intensity is mainly contributed by the Fe 3d
orbitals at hν = 60 eV.

5.2.1 Fe-derived band structure

Figure 5.4 c) shows the ARPES Fermi surface (FS) recorded with hν = 62 eV which corre-
sponds to kz ≈ 14πc , in the free electron final-state approximation with an inner potential
of V0 = 10.5 eV. The ARPES intensity map at EF in the (kx, ky = kx, kz)-plane is shown
in Figure 5.4 d). No significant variation of the FS along the kz direction is observed. The
ARPES spectra obtained with s and p polarized light along cut 1 and cut 2 are shown in Fig-
ure 5.4 e1) - h1). Although the As 4p-derived bands are still visible (see fast dispersing band



Chapter 5. Effect of As-chain layers on electronic structure in the ’112’ iron-pnictide
family 69

a 

      g  

 b

 z 

 t 

 w 

c
 h 

 d 

c 

 a

-0.3

-0.2

-0.1

0

E
 - E

F
 [eV

]

h1

-2

-1

0

1

k x
 [π

/a
] G

MX

 c

Y

ky [π/a]

-1 0 1 2

cut 1

cut 2

Γ M

e3

Γ M

f3

g1

ΓB

g3

f1

m
ax

m
in

e1
 α (dxz/yz) β (dxz/yz)  γ (dx2 - y2)

 

  η (dxz/yz)  ω,τ (dz2) 
 Ca d
 As p

 b

      g  

b 
a 

w 

t 

h 

d 

c 

z

c 

cut 1, s cut 2, scut 2, p

-0.3

-0.2

-0.1

0

E
 - E

F
 [eV

]

h2g2f2e2

m
ax

m
in18

16

14

12
k z

  [
π 

/ 
c]

k|| [π / a]

 d

62 eV

   (1,1)

m
in

m
ax

   0

ΓB

-300 meV

 EF

h3

Intensity [a.u.]
cut 1, p

Figure 5.4: Orbital character of the Fe 3d derived band structure. DFT calculations for the
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individual orbital. (c) ARPES color-coded intensity map of the in-plane Fermi surface, measured
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c
. (d) Out of plane

intensity distribution for the cut along the diagonal of the BZ (cut 1 ). (e1) - (h1) ARPES spectrum
of cuts along Γ −M resp. Γ −B for p and s polarized light, respectively. Overlaid DFT bands are
renormalized by a factor of approx. 2-3. (e2) - (h2) Corresponding curvature plots, obtained by
the method as described in [347]. (e3) - (h3) Momentum distribution curves of spectra presented
in (e1) - (h1) for energy range between E − EF = −300 meV and EF.

around B), due to the enhanced cross section of the Fe 3d states at hν = 62 eV, the high
intensity is expected to be from the Fe 3d states. By changing the polarization, the spectrum
is significantly modified. Table 5.1 lists the allowed orbitals for a given sample orientation
and photon polarization, as explained in section 2.2.5 and [338, 343]. Strictly speaking,
these symmetry rules have been derived for iron-pnictides with tetragonal or orthorhom-
bic structure. However, we found very similar photon-polarization dependent behavior in
Ca1−xLaxFeAs2 as for the case of e.g. Ba(Fe1−xCox)2As2 and therefore conclude that these
rules still can be applied [119, 343]. By conducting a systematic analysis of the ARPES
data obtained in both directions (cut 1 and cut 2 ) and both, s and p polarizations, we could
resolve the complex, “tangled” band structure around Γ and assign the different bands to
those predicted by the DFT calculation. For the Fe 3d derived bands a mass enhancement by
a factor of 2-3 has been found which is a common value among iron-pnictides. Note that the
mass of the dx2−y2 band at thee M point is not found to be strongly enhanced as suggested
by Y. Li et. al. [338]. As discussed by V. Brouet et al. [119] the symmetry arguments

Table 5.2: Band specific mass enhancement and shift needed to fit the DFT-calculated bands to
the experimental dispersion (obtained by MDC fitting). Values in brackets are obtained by adjusting
the DFT band dispersion by eye to the spectrum and 2D-curvature plots, since the experimental
dispersion couldn’t be extracted by fitting of the MDCs or EDCs.

Fe - bands CaAs - bands

band α (dxz/yz) β (dxz/yz)) γ (dx2−y2 ) η (dxz/yz) δ (dx2−y2 ) ζ (pz) χ (px)

m∗/m 3 ± 0.2 1.5 ± 0.1 2.2 ± 0.2 (2) (2.2) 1.5 ± 0.1 1

shift [meV] −40 ± 10 −100 ± 10 0 ± 10 (10) (70) -80 at Γ -
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Figure 5.5: (a) ARPES intensity map of the Fermi surface in kx − ky plane, measured by
using circularly polarized light with an energy of hν = 23 eV which, in the free electron final state
approximation corresponds to an out-of plane momentum of kz ≈ 9 π/c. (b) Enlarged view of
the Fermi surface in the region of the BZ-boundary. (c) Measured ARPES spectrum along cut 2
obtained with hν = 23 eV. Black diamonds indicate position of peaks as derived by fitting multi
peak Lorentzian curves to the momentum distribution curves (MDCs). Overlaid red lines represent
DFT calculations of the Fe-derived bands and cyan colored lines calculation of the CaAs-layer
derived bands. The As pz derived hole-like band has been renormalized by a factor of 1.5 while the
As px derived bands at the BZ boundary are not renormalized. (d) Zoom-in at the BZ-boundary
of the same cut at a lower photon energy of hν = 20 eV, corresponding to kz = 8 π/c (B-point).
(e1) Same direction of the cut as d) but at hν = 25 eV, corresponding to kz = 9 π/c (P -point).
(e2) Curvature plot of e1) obtained with a method as described in Ref. [347]. (f1), (f2) ARPES
intensity plot and corresponding curvature plot along cut 3 at hν = 20 eV. The background has
been subtracted for panel c), d), e1) and f1) as described in the methods section.

listed in table 5.1 cannot be applied straight forward for the bands at M since the parity is
inverted for those bands. Therefore the lower band observed with p polarization is assigned
to dx2−y2 and the shallower band observed with s-polarization to dxz/yz. The energy shift
and the renormalization factor of all the bands compared to the bare DFT bands are given
in Table 5.2. As already reported for LiFeAs and Ba(Fe1−xCox)2As2 the values vary for the
different bands but are in the usual range of m∗/m = 1.8−3 with a shift of ±100 meV [348].

5.2.2 CaAs-derived band structure

To investigate the electronic structure of the CaAs-layer, the photon energy has been tuned
to the range around hν = 20 eV. The in-plane Fermi surface intensity map taken at hν =
23 eV is plotted in Figure 5.5 a), b) which shows the Fermi surface sheets around X and
an additional large sheet around Γ, which was not observed at higher photon energies. The
ARPES spectrum along cut 2 [Fig. 5.5 c)] shows this additional band, (ζ band), which
is hole-like, strongly dispersive and has a large Fermi momentum kF ∼ 0.35 π/a. The ζ
band is formed by strongly hybridized As pz, Ca dz2 and Ca dx2−y2 orbitals [see Fig. 5.3
a) and b)]. Additionally, in this spectrum the linear, As px-derived χ band is observed
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Figure 5.6: (a) ARPES intensity map of the out-of-plane Fermi surface along cut 2, as indicated
in Figure 5.5 a). (b) DFT calculation of the kz-dependence of band structure in the BZ-center.
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vature plots of the band dispersion in the center of the kx − ky plane for different values of kz.
Overlaid solid lines represent the renormalized and shifted DFT calculations [see table 5.2] of the
different Fe and As derived bands, as indicated.

around kx = π/a. Note that the measured bands have the same slope as those from DFT
calculations, indicating negligible electronic correlation of these states. As shown in Figure
5.6 a), the cut at hν = 23 eV is curved in 3D-momentum space. Thus, the region around
(kx, ky) = (1, 0)πa is located at a kz position below the zone boundary. The measured band
structure along cut 2, passing through B = (1, 0.075, 0)πa resp. P = (1, 0.075, 1)πa is shown
in Figure 5.5 d) and e1), e2) respectively. A cut along the BZ-boundary (cut 3 ) through
B is shown in panel f1), f2). In panels d) - f2) the individual branches can be identified
unambiguously. It is unveiled that the DFT-predicted Dirac cone is gapped with a gap of
around 0.1 eV between the lower and upper “V”-shaped bands.

Dispersion of the χ and ζ band along kz

As shown in Figure 5.6 a), the χ bands are two-dimensional and their FS doesn’t vary
along kz, which is in good agreement with the DFT calculations. The only band which is
predicted to be dispersing along kz is the ζ band, derived by the As pz and Ca dz2 orbitals
with out-of-plane lobes. The kz dependence along cut 3 is shown in Figure 5.6 a). Between
kz = 9 π/a and kz = 10 π/a a band dispersing from kF = 0.35 π/a towards the center
is observed. However, for larger kz the intensity of this band becomes weaker and a clear
dispersion can only be followed by a careful analysis of the individual bands, as presented in
Figures 5.6 c) - g) for different values of kz. In contrast to the Fe 3d bands, which are barely
changing for the different values of kz, the ζ band is found to cross EF at the BZ-boundary
(odd kz values) and to sink below the Fermi level at the BZ-center (even kz values). This
analysis reveals that the ζ band is forming a closed Fermi surface around Z.

5.2.3 Electronic coupling of the FeAs and the CaAs layers

So far we have found that the effective mass of the CaAs-derived states is enhanced for
the As pz band but not for the As px band. Considering the Fe 3d states, an exclusive
comparison to DFT calculations wouldn’t deliver much insights to the change of electronic
correlation due to electronic coupling to the spacer layer, since among the iron-pnictides
resp. iron-chalcogenides strong variation of the band width renormalization factor is found.
[318, 348, 349]. In order to quantify the electronic coupling of the metallic spacer layer to
the FeAs layer we directly compare the band width of the β and γ-band to the related 122
compound Ca1−xLaxFe2As2 (Ca122) (x = 0.2). Figure 5.7 compares the band width of the
β band which is derived by Fe dxz/yz orbitals along cut 1. As shown in Figure 5.7 g) the
bands from both compounds (Ca112 and Ca122) fall almost exactly on each other. Thus, a
very similar amount of electronic correlation is found for this orbital. This is confirmed by a
comparison of the β-band dispersion along a cut from Γ to X [see Fig. 5.7 h)]. Although no
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Figure 5.7: (a), (b) EDCs of the ARPES spectrum obtained with s polarized light along cut 1
(as indicated in Figure 5.4 c) for Ca1−xLaxFeAs2 (Ca112) resp. Ca0.9La0.2Fe2As2 (Ca122). Black
markers indicate the position of the peak to indicate the dispersion. (c), (d) Same as a,b) illustrated
as ARPES intensity map. Again, black markers indicated the band dipersion obtained from the
EDC peak positions. (e) APRES intensity map of Ca122 obtained with s polarized light along
Γ − X direction. The black markers indicate band dispersion as obtained from MDC fitting. (f)
Curvature plot of ARPES spectrum along Γ − X direction, obtained with p polarized light. The
band dispersion is traced by cyan colored plots; obtained by peak position of the Curvature plot.
(g), (h) Comparison of the band dispersion for the β and γ band along Γ −M resp. Γ −X. (i)
EDC at Γ of Ca112 and Ca122.

band bottom is found the dispersion is again very similar. Along this direction the dispersion
of the dx2−y2 derived γ band is also compared. Even though the agreement in the one-to-one
comparison is less good, the band width of both bands is again identical. We conclude that
electronic correlation in the FeAs layer is very similar in both compounds. Also, different
to what is shown in Figure 5.1 b) the density of states near EF at Γ is not significantly
enhanced [see Fig. 5.7 i)].

5.3 Discussion

It has been demonstrated that in a iron-pnictide family, electronic correlation is mainly
determined by carrier doping and by structure factors such as the Fe-As bond length [330].
For comparison we chose the well studied 122 pnictide, Ca0.9La0.2Fe2As2 (Ca122), as a
reference compound, which has a similar Fe-As bond length (2.38 ± 0.01 Å) to the Ca112
and the same electron-doping per Fe (p = 0.1) [340, 341]. The crystal structure of Ca112 is
also very similar to the one of Ca122 except the addition of the metallic As-chains in the
Ca spacer layer [see Fig. 5.2 a)]. In order to quantify the influence of a metallic layer on
the electronic correlation in the FeAs layer, the band width of both compounds has been
compared. It turned out that the β and γ bands are the best choices for a one-to-one
comparison since the bands can be traced over their whole band width. We found, that the
both bands overlay nearly perfectly on each other, indicating that the proximity of a metallic
layer has only negligible effect on electronic correlation in the FeAs layer. The electronic
correlation is similar in both compounds.

As for the CaAs spacer layer we observed notable mass enhancement of the ζ band, de-
rived from orbitals with lobes along the z direction. On the other hand, we found that the
χ bands derived by in-plane As px orbitals are strongly dispersing and don’t show enhanced
effective mass. Hence we conclude that the overlap of As pz orbitals with orbitals of the
FeAs layer induces electronic correlation into the ζ band of the CaAs layer. This confirms
that indeed the layers are at least weakly electronically coupled but electronic correlation
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in the FeAs layer are not influenced by the presence of a metallic spacer layer. This is in
concert with the very similar maximum Tc,max = 49 K which is found for optimally doped
Ca1−xLaxFeAs2 and Ca1−xLaxFe2As2.

The observation of no mass-enhancement in the χ bands around X suggests, that these
states are electronically decoupled from the FeAs layer. In addition, we observed that the
Dirac cone like structure is gapped with a gap of the size of ∼ 0.1 eV which is consistent
with the theoretical consideration by X. Wu et al. - i.e. strong spin orbit coupling (SOC)
of the As in the As-chain opens the gap at the Dirac cone with a non-trivial band structure
[342]. Our results would suggest that below Tc, Ca1−xLaxFeAs2 is an alternating stack
of layers which are either a superconductor or a topological non trivial quantum spin hall
(QSH) insulator.

5.4 Conclusion

In summary, we have presented a combined DFT and ARPES study of the band structure of
Ca0.9La0.1FeAs2 with the focus on electronic correlation in the FeAs, the CaAs spacer layer
and their mutual influence. In an exhaustive deployment of the full variability of the photon
energy and polarization we have extracted all individual bands of the rich electronic structure
consisting of eight bands in the vicinity of the Fermi level. For the bands derived by the Fe 3d
orbitals we have found the usual magnitudes for the mass enhancement which slightly varies
between the different bands. The comparison to Ca0.9La0.2Fe2As2, which structurally differs
from Ca0.9La0.1FeAs2 only by the additional metallic As chains, revealed a very similar band
structure for both compounds. This indicates that the metallicity of the spacer layer has
unexpectedly small influence on the electronic correlation in Ca0.9La0.1FeAs2.
Additionally, our measurements revealed a clear picture of the band structure of the metallic
spacer layer, for the first time. It consists of an additional, three dimensional hole-like FS
around Z and two dimensional Dirac-cone like bands at the BZ boundary. The hole-like band
is predicted to be derived by hybridized As pz and Ca dz2 orbitals with out-of plane lobes.
The three dimensionality and notable mass enhancement suggests a significant coupling of
these states along the z-direction with electronic correlation induced by the FeAs layer.
We found that the Dirac cone like bands at X are gapped with a gap size of ∼ 0.1 eV which
is predicted to be induced by strong spin-orbit coupling of As in the As-chains. This could
indicate that below Tc, Ca1−xLaxFeAs2 is a alternating combination of a quantum spin Hall
insulator and a high-temperature superconductor with natural topological superconductivity
on the edge states of the CaAs layer [342].

5.5 Appendix: Methods

5.5.1 Single crystal growth - Acknowledgements

High quality single crystals of Ca0.9La0.1FeAs2 have been grown by G.F. Chen, Institute of
Physics and Beijing National Laboratory for Condensed Matter Physics, Chinese Academy
of Sciences, Beijing 100190, China. The crystals have been grown by the self flux technique,
similar to as described in [336]. We would like to thank the sample growers for supplying
high quality single crystals.

5.5.2 Free electron final state model

In the free electron final state description of the photoemission process, (FEFS) the location

of the out-of plane momentum (0, 0, kz) is given by kz =
√

2m
~2

√
hν + V0 − φA where φA

is the work function of the electron analyzer and V0 is the inner potential. For Fe-As
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Figure 5.8: (a) Raw ARPES intensity map obtained with circularly polarized light of hν = 25eV .
(b) Same as a) but normalized such that each EDC has the same integrated intensity. (c) Averaged
EDC of the region marked by black lines in panel b). (d) Curvature plot of spectrum presented in
a). The non dispersing part of the band structure is indicated. (e) Background subtracted ARPES
spectrum where the averaged EDC of panel c) has been subtracted consecutively from the whole
spectrum of panel b).

compounds a value of V0 = 10 − 15 eV is usually found. In an ARPES experiment, V0 is
usually determined by the periodicity of the dispersion band structure (as e.g. illustrated
in Figure 5.6).

5.5.3 Background subtraction

Background subtraction of the data has been performed for the ARPES spectra of the Dirac
cone shaped bands at the BZ-boundary as presented in Fig. 5.5. It has been observed that
in the vicinity of the Dirac cone like band structure, a non-dispersion, feature is present at
a binding energy of E − EF = −0.25 eV [indicated by arrow in Figure 5.8 d)]. In order to
obtain a clear picture of the dispersing band, the spectra has first been normalized such that
the featureless dispersion has similar intensity for all momenta and then an EDC which has
been obtained at a featureless part of the spectrum is subtracted.



Chapter 6

Electronic structure of
Pr4Fe2As2Te0.88O4

6.1 Introduction

Since the discovery of high temperature superconductivity in iron based superconductors
(IBSC), the mechanism mediating electron pairing remains an unsolved problem [109, 111].
Important aspects in the search for a theoretical description are the electronic bandstructure,
Fermi surface (FS) topology and the symmetry of the superconducting gap. Among the
different systems of IBSCs, the Fermi surface topology changes significantly [123, 330]. In
many cases e.g. in the iron-pnictide 122 and 111 families the FS consists of hole-like pockets
in the Brillouin zone (BZ) center and electron-like pockets in the BZ-corner. This topology
has motivated the consideration that the pairing is based on a scattering process between
electron and hole pockets. In this theory, the order parameter is an extended s-wave gap
(s±) which’ phase changes sign between the BZ-center and the BZ-corner [139, 145, 350–
352]. However this FS-nesting scenario faces challenges if the FS-topology changes and
consists only of hole-like or electron-like FS-sheets [296, 353, 354]. For example in the iron
chalcogenide (FeCH) systems AxFe2−ySe2, (A = K,Cs,Rb,Tl), (Li1−xFex)OHFeSe (Li11111)
and monolayer FeSe on SrTiO3 (FeSe/STO) the FS consists only of electron-like pockets in
the BZ-corner. For those systems the FS-nesting pairing picture has to be revised [353–
359]. Since the highest Tc in IBSCs is hosted by FeSe/STO (Tc ∼ 100K), the question
naturally arises if such an FS-topology is a prerequisite in order to achieve such a high
critical temperature. So far a FS formed solely by electron-like sheets has only been found
in FeCH.

Until now the highest observed Tc in iron-pnictides (FePN) is hosted by the 1111 family
[360]. Since cleaving produces a polar surface on 1111 pnictide crystals, angle-resolved
photoemission spectroscopy studies (ARPES) have given ambiguous results for the electronic
structure and FS with strong contributions of surface states [325, 361–364]. It is a great
challenge to differentiate between bulk and surface contributions, and so far no clear picture
of the bulk FS has been obtained experimentally [see Fig 6.1 a), b)]. It would be of high
interest to reveal the bulk FS of 1111 compounds to uncover the connection of the FS-
topology and the Tc.

With the discovery of the new ’42214’ iron-pnictide family and its representative com-
pound Pr4Fe2As2Te1−xO4, a compound has been synthesized with a crystal structure which
resembles the one of the ’1111’ family but which has a cleaving plane which is very similar
to the one in the ’122’ family [see Fig. 6.1 e)] [365, 366]. Among all IBSCs, the 122 family
has been heavily studied by ARPES and it is widely believed that the observed electronic
structure is bulk-representative. Importantly, the cleaved surface doesn’t show a polar dis-
continuity on the termination layer which would lead to a charge transfer from the bottom

75
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Figure 6.1: (a) ARPES intensity map of the Fermi surface in the kx − ky plane of LaFeAsO,
obtained with hν = 60 eV, p-polarized light. (b) ARPES spectrum of the cut along red line in
panel a). Arrows in a) and b) indicate surface states which, so far, have been observed in ARPES
measurements of all 1111 compounds. (c) Crystal structure of the 1111 family consisting of the
common Fe-As layer and a RE-O (RE-rare earth) layer. Arrow indicates the charge transfer from
the bottom to the top of the cleaved crystal. (d) Crystal structure of 122 family consisting of the
common Fe-As layer and an alkaline-earth layer. (e) Crystal structure of Pr4Fe2As2Te1O4. The
Fe-As layers are surrounded by RE-O layers, resembling the situation as in 1111 family. The Te
layer is the termination layer when the sample is cleaved.

to the top of the surface layer as found, for example, in the ’1111’ system [see Fig. 6.1 c),
d) and Ref. [367, 368]].

In the following we present a systematic high-resolution ARPES study of the electronic
structure of Pr4Fe2As2Te1−xO4 (x = 0.12) with a Tc of ∼ 25 K and an effective electron
doping of p = 0.12 per Fe. We found that the cleaved sample surface is terminated by
the Te layer and no signature of the characteristic surface states as observed in the ’1111’
compounds could be found. Thus, we conclude that the cleaving surface is non-polar which
is a necessary condition for a successful ARPES experiment. Our ARPES measurements on
Pr4Fe2As2Te0.88O4 unvealed that the FS is formed by electron-like pockets at the BZ-corner,
only. The hole-like bands sink below the Fermi level, resembling the topology of the heavily
electron-doped iron chalcogenides.
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6.2 Methods

6.2.1 Sample growth - Acknowledgement

Plate-like high quality single crystals of Pr4Fe2As2Te0.88O4 of size 100 µm x 100 µm have
been grown by high pressure synthesis as described in Ref. [365, 366]. The single crystals
have been grown by Sergiy Katrych, Institute of Condensed Matter Physics, EPFL, CH-
1015 Lausanne, Switzerland. X-Ray diffraction has been employed to check that all crystals
which have been used in the ARPES experiment are in the correct phase. We would like to
thank the sample growers for supplying high quality single crystals.

6.2.2 ARPES experiments

ARPES experiments were carried out at the Surface and Interface Spectroscopy beamline
[194], Swiss Light Source, using a Scienta R4000 electron analyzer with total energy and
angular resolutions of ∼ 20 meV and ∼ 0.15◦, respectively. Samples were cleaved in-situ
under ultrahigh vacuum conditions (< 5 · 10−11 mbar). All ARPES measurements have
been performed at 15 K. The DFT calculations were performed by employing the full-
potential linear augmented plane wave method and the generalized gradient approximation
as implemented in the WIEN2K package [159] with the crystal structure shown in Figure
6.1 e) and the lattice parameters (a = b = 4.02 Å, c = 29.86 Å) as determined by x-Ray
diffraction on single crystals [365]. The DFT+U method was employed to treat the localized
f electrons of Pr. Our choice of Uf ∼ 9 eV gave realistic results and fully localized the f
electrons.

6.3 Results

6.3.1 Nature of termination layer

As shown in Figure 6.2 a) - c) the Fe 3p and Te 4p corelevel states are located at binding
energies ω = E − EF ∼ −55 eV and ω ∼ −103 eV, respectively. To identify the surface
termination layer of the cleaved crystal, the core level spectra of both states have been
recorded at various angles, α, between the incident photon beam and the sample surface-
normal [see Fig. 6.2 d]. At gracing incidence (α = 76◦), a large fraction of the photoemission
signal originates from the topmost layer while, if the sample is adjusted towards normal
incidence (α = 0), the photoemission signal of the subsurface layers is gradually enhanced.
For α = 0 we observe the highest intensity for the Fe 3p states and, on the other hand, the
Te 4p peak is enhanced at α = 76◦, indicating that the sample is terminated by the Te layer.

6.3.2 Electronic band structure

The band structure and Fermi surface calculated by using DFT for Pr4Fe2As2Te1−xO4

(x = 0) is shown in Figure 6.3 a) - b). As for most cases of IBSCs, the low energetic elec-
tronic bands which cross EF are predicted to be exclusively derived from Fe 3d orbitals. On
the other hand, the DFT calculations additionally show that the Te derived band is located
within 2 eV below EF and is highly dispersive. The calculation predicts three hole-like Fermi
surface sheets in the BZ-center and two electron-like sheets at the BZ-corner. Very similar
to other iron-pnictide compounds all bands which are crossing EF are derived from Fe dxy
and dxz/yz orbitals. Additionally, the electronic structure two dimensional with almost no
dispersion along the kz direction, even less than in the 111 and 1111 classes [114, 306].

The ARPES spectra in Figure 6.4 a1) - c2) show the measured band dispersion along
diagonal directions in the BZ, as indicated in Figure 6.4 c). Similar spectra have also been
acquired along directions parallel to the BZ-boundary [see Fig. 6.5]. The measurement has
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Figure 6.2: (a) Core level spectrum recorded with hν = 157 eV, circularly polarized photons.
(b), (c) Enlarged view of the Fe 3p and Te 4p core states, respectively. The intensity has been
normalized to the background, and the background (linear slope), has been subtracted. (d) Geom-
etry of the ARPES-experiment. The arrows indicate the sample-intrinsic coordinate system with
z indicating the surface normal. The angle between the surface normal and the incoming photon
beam is indicated by α. The green and red arrows indicate the linear polarization of the light.

been performed by using linear polarized light with the polarization directions as indicated
in Figure 6.2 d). The different bands are enhanced respectively suppressed for the different
polarizations, depending on the symmetry of their orbital character (e.g see section 2.2.5
and Ref. [119]). This technique allowed us to identify each DFT predicted band in the
ARPES measurement and draw a conclusive picture of the low energetic band structure
along the high symmetry directions Γ−M and Γ−X. We found that all the hole-like bands
are below EF, thus there exists no hole-like FS at the BZ-center. The obtained spectra
show that the top of the dxy band which is the closest to EF is at a binding energy of
−25±5 meV [see Fig. 6.5 b1), b2)]. Thus, the FS consists solely of the electron-like pockets
at the BZ-corner. The Luttinger count for the volume of the very two dimensional Fermi
surfaces indicates 0.13± 0.01 e− per Fe, in good agreement with the electron doping p. The
excellent agreement between the electron doping and the FS volume is interpreted as another
sign that the measured electronic bandstructure indeed reflects bulk electronic structure of
Pr4Fe2As2Te0.88O4 and is not contaminated by surface states. Note that the Luttinger-
count of the ARPES-measured FS of the 1111 family gives a significant excess of holes
which reflects its surface like nature [362]. In the comparison with the DFT calculations,
we found an average mass enhancement for the Fe states of m∗/m = 2.5 ± 0.5 which is in
the usual range of FePn superconductors.
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Figure 6.3: (a) DFT-calculated Fermi surface (FS) of the parent compound Pr4Fe2As2Te1O4.
All FS-sheets are highly two dimensional. Green lines denote the projected BZ. Blue lines denotes
the path along high symmetry lines. (b) Calculated electronic band structure along high symmetry
directions as indicated in Fig 6.4 c). The amount of visible color represents the weight of each atom
respectively orbital.

6.3.3 Fermi surface

The ARPES intensity map of the Fermi surface in the kx− ky plane is plotted in Figure 6.6
a). High intensity can be observed in the center of the BZ and at the BZ-corner. The strong
intensity in the BZ-center is observed due to the high density of states (DOS) at the top of
the hole-like bands which is broadened because of the finite temperature and instrumental
resolution. At the M point, the electron-like FS sheets are observed. The difference to the
measured Fermi surface of LaFeAsO as shown in Figure 6.1 a) is significant. Characteristic
features - e.g. the large hole-like ring around Γ and the propeller-like features at M are not
observed in the FS of Pr4Fe2As2Te0.88O4.
The out-of-plane FS and the kz dependence of the bands at (kx, ky) = (0, 0) is shown in
Figure 6.6 b). The observed quasi two-dimensional nature of the electronic structure is in
good agreement with our DFT calculations [Fig. 6.2].

6.4 Discussion

In the field of IBSCs, the highest critical temperature for superconductivity (Tc ∼ 100 K) has
been reported for monolayer FeSe grown on a SrTiO3 substrate. Its measured Fermi surface
consists only of an electron-like sheet in the corner of the BZ, indicating strong negative
charge transfer from the substrate to the FeSe film. Such a Fermi surface topology sets
strong constraints on the theoretical description for the pairing mechanism in this system
and is of high interest. For example, the scenario based on FS-nesting between the hole
and electron-like sheets in the weak coupling theory is strongly challenged by such a FS
topology. Up to now, three superconducting systems share such a FS-topology: FeSe/STO;
AxFe2−ySe2, Li11111. However, all of them have material-specific properties which don’t
allow to draw conclusions on the importance of the FS-topology for the high temperature
superconductivity. For the FeSe/STO system strong coupling to the STO substrate have
been claimed to play the key role for the enhanced superconducting transition temperature
[369]. The AxFe2−ySe2 superconductors are phase separated with the coexistence of an
insulating and a superconducting phase which covers only a small volume fraction of the
whole sample [370]. For the Li11111 system it has been found (due to a polar discontinuity)
that the sample surface is different from the bulk and therefore ARPES results are ambiguous
[359].
The newly discovered 42214 family is free from all those complications and additionally
resembles the crystal structure of the 1111 family which hosts the highest Tc in bulk IBSCs.
The observation of a purely electron-like FS in Pr4Fe2As2Te0.88O4 with the sizeable Tc of 25
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Figure 6.4: ARPES-measured bandstructure along diagonal directions of in the BZ. (a1) - (c1)
ARPES intensity spectrum along cut a and cut b as indicated in Figure 6.4 c). The spectra were
obtained with hν = 64 eV photons and the polarization as indicated. (a2) - (c2) Curvature plots
of spectra presented in a1-c1) obtained by the method as described in Ref. [347]. The renormalized
and shifted DFT-calculated bands are overlaid. (c) Sketch of the projected BZ. Different diagonal or
parallel high symmetry cuts are indicated by red and blue colored lines, respectively. (d) Extracted
bandstructure along Γ −M direction. Colors indicate orbital character of each band.

K suggests that the disappearance of the hole-like FS might be in favor of high temperature
superconductivity. The fact that optimally doping of 1111 compounds is at p ∼ 0.3 suggests
that in the case of Pr4Fe2As2Te1−xO4 further electron doping may increase Tc and enlarge
the gap between the top of the hole-like band and the Fermi level.

6.5 Conclusion

In summary, by performing high-resolution ARPES measurements we have revealed the
electronic structure of Pr4Fe2As2Te0.88O4, for the first time. Pr4Fe2As2Te0.88O4 is a member
of the recently discovered 42214 iron-pnictide family which is closely related to the 1111
family. In contrast to ARPES measurements on 1111 compounds, our results don’t show
any sign of surface states which could provide important insights into the bulk electronic
structure of 1111 IBSCs. We have unveiled that all hole-like bands at the BZ-center are
below the Fermi level an the FS is formed solely by the electron-like bands located at the
BZ-corner. The FS topology resembles that in heavily electron-doped iron-chalcogenides
(Li11111) and in monolayer FeSe on STO3 substrates (FeSe/STO), but is different to the
observed FS of all the other superconducting iron-pnictides.
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Figure 6.5: ARPES-measured bandstructure along directions parallel to the BZ boundary. (a1)
- (c1) ARPES intensity spectrum along cut 1-3 indicated in Figure 6.4 c). The spectra were
obtained with hν = 64 eV photons and the polarization as indicated. (a2) - (c2) Curvature plots
of spectra presented in a1-c1) obtained by the method as described in Ref. [347]. The renormalized
and shifted DFT-calculated bands are overlaid. (c) Extracted bandstructure along Γ−M direction.
Colors indicate orbital character of each band.

Figure 6.6: (a) ARPES intensity map of the in-plane Fermi surface obtained with hν = 64 eV,
circularly polarized photons. The intensity has been integrated over an energy range of ±10 meV
(b) Out-of-plane Fermi surface along the diagonal of the BZ (cut a), as indicated in Fig 6.3 a). c
ARPES-spectrum of the band structure along the (0,0,kz) direction.
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Chapter 7

Conclusions and Outlook

Ever, since the discovery of superconductivity in 1911, there has been a little bit of ’magic’
and a lot of ’mystery’ in this exciting topic of condensed matter physics [371]. Although con-
ventional superconductivity has been explained by the ground breaking work of J. Bardeen,
L. Cooper and J. R. Shrieffer in their “microscopic theory of superconductivity” in 1957, the
magic hasn’t come to an end [1]. The discovery of high-temperature superconductivity in
1986 by J.G. Bednorz and K.A. Müller reactivated the scientific community which thought
that the superconductivity problem has been solved [3]. What followed was an enormous
boost of research activity since it was clear that the high-temperature superconductors are
fundamentally different from the conventional phonon-mediated superconductors. The dis-
covery of high-Tc superconductivity in iron-pnictides in 2008 has further stimulated the
community but despite greatest efforts on the theoretical as well as on the experimental
side, the high-Tc problem in either system remains unsolved.
Cuprate and iron-based superconductors belong to the material class of correlated electron
systems and have a rich electronic phase diagram. A systematic experimental study of the
superconducting state and its adjacent phases might reveal particular features which are
responsible for high-Tc superconductivity. As a unique tool which provides direct access to
the electronic degrees of freedom in a crystal, ARPES is one of the predestined techniques
to reach such an ambitious goal.

In this thesis new results have been presented which might contribute to establish a
coherent picture of the electronic phases in cuprates and iron-pnictides.
In chapter 3, a systematic investigation of the low energetic electronic structure of
La1.6−xNd0.4SrxCuO4 in a wide doping range (x = 0.12 − 0.24) has been presented. The
evolution of the EDC-lineshape has been traced as a function of temperature and doping.
It has been observed, that the antinodal EDC-lineshape changes drastically depending on
the phase in which it has been recorded. In the metallic phase of the overdoped regime
(x = 0.24), gapless excitations have been found. By entering the pseudogap phase, spectral
weight is shifted to higher binding energies and a gap (∆ ≈ 30 meV) opens in the single
particle excitation spectra. Such a lineshape persists to doping values of x = 1/8 at tempera-
tures above the charge-stripe ordering temperature. Upon cooling into to the stripe ordered
phase, additional suppression of spectral weight has been observed. Charge-stripe order has
been discussed as the responsible reason for this additional suppression. Additionally, in
the pseudogap state, a positive correlation between electron scattering and the gap ampli-
tude was observed. In chapter 4, the electronic structure of heavily doped NaFe1−xCuxAs
(x = 0.44) has been presented. NaFe1−xCuxAs is the first iron-pnictide system which hosts
a superconducting phase in the lightly doped compounds (x < 0.02) and becomes an antifer-
romagnetically ordered insulator for x > 0.3. In our combined DFT and ARPES study we
have found that the insulating state is induced by strong electronic correlations due to strong
and Hund’s (JH) coupling and on-site correlations (U). The effect induced by U and JH

resembles the situation in the parent compounds of the high-Tc cuprates (Mott insulators),
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with the charge transfer gap induced by on-site Coulomb interaction that underscores the
insulating behavior. The non-Fermi liquid like behavior which is observed in the self energy
for ω > −200 meV is interpreted as a further manifestation of strong electron correlations
and resembles the results found in cuprate superconductors.

The observation that enhanced electron correlation induce a Mott insulating state in
iron-pnictides raises the question about the influence of electronic correlation on supercon-
ductivity. The recently discovered 112 family is composed of metallic spacer layers. We
revealed, for the first time, the detailed electronic band structure of the spacer layer and
found a highly dispersive, almost uncorrelated electronic band structure. We also found that
electron correlation in the FeAs layer is not affected by the proximity of the metallic spacer
layers. These results are presented in chapter 5.
In combination our observations in NaFe1−xCuxAs and Ca1−xLaxFeAs2 suggest that IB-
SCs might be closer to an insulating state due to on-site Coulomb interactions than so far
assumed. We found that electronic correlation is robust against external perturbations and
might be one of the key aspects in the search of the description for high-Tc superconductivity.
In the case of Ca1−xLaxFeAs2 further studies of the superconducting gap structure would
be of high interest. It is expected that superconductivity is also induced into the CaAs layer
by the proximity effect. Hence, the gap structure for the bands at (kx, ky) = (1, 0) would
provide important and new insights into the symmetry of the superconducting gap structure
and in general on the pairing mechanism.
A feature of IBSCs which is considered to be highly important for theoretical understand-
ing of high-Tc superconductivity is the FS-topology. In chapter 6 the ARPES study of
Pr4Fe2As2Te0.88O4 (Tc = 25 K) which belongs to the recently discovered 42214 family un-
veiled a novel topology of the FS for iron-pnictide superconductors, i.e. a FS consisting solely
of electron like sheets in the corner of the BZ. This FS-topology sets strong constraints on
the widely discussed FS-nesting based pairing scenario which belongs to the weak coupling
theory. Our results suggest that strong electron coupling might be important for supercon-
ductivity in the 42214 family.
Additionally, the crystal structure of the 42214 family resembles the one of the 1111 family
which hosts the highest Tc in bulk IBSCs. So far, ARPES has not been able to probe the
electronic structure of the 1111 family. Hence, our ARPES results may, as well, provide
information about the electronic structure of the 1111 family. A next step in the experimen-
tal investigation of the 42214 family would be the systematic study of the superconducting
gap structure. In addition, the investigation of the FS-evolution as function of doping in
Pr4Fe2As2Te1−xO4 would provide further insights on the physics in this iron-pnictide su-
perconductor.
Those are only a few suggestions of a long list with proposals for future experiments which
might help to transform a bit of mystery into understanding in the magic field of high-Tc

superconductivity.
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[95] Tôru Moriya and Kazuo Ueda. “Antiferromagnetic Spin Fluctuation and Supercon-
ductivity”. en. Reports on Progress in Physics 66.8 (2003), p. 1299.

[96] Andrey V. Chubukov and Dirk K. Morr. “Electronic Structure of Underdoped Cuprates”.
Physics Reports 288.1 (Sept. 1997), pp. 355–387.

[97] P. W. Anderson. “The Resonating Valence Bond State in La2CuO4 and Supercon-
ductivity”. en. Science 235.4793 (Mar. 1987), pp. 1196–1198.



90 Bibliography

[98] P. W. Anderson et al. “The Physics behind High-Temperature Superconducting
Cuprates: The ’plain Vanilla’ Version of RVB”. en. Journal of Physics: Condensed
Matter 16.24 (2004), R755.

[99] C. M. Varma. “Non-Fermi-Liquid States and Pairing Instability of a General Model
of Copper Oxide Metals”. Physical Review B 55.21 (June 1997), pp. 14554–14580.

[100] C. M. Varma. “Pseudogap Phase and the Quantum-Critical Point in Copper-Oxide
Metals”. Physical Review Letters 83.17 (Oct. 1999), pp. 3538–3541.

[101] Sudip Chakravarty et al. “Hidden Order in the Cuprates”. Physical Review B 63.9
(Jan. 2001), p. 094503.

[102] Matthias Vojta, Ying Zhang, and Subir Sachdev. “Quantum Phase Transitions in d -
Wave Superconductors”. Physical Review Letters 85.23 (Dec. 2000), pp. 4940–4943.

[103] S. A. Kivelson, E. Fradkin, and V. J. Emery. “Electronic Liquid-Crystal Phases of a
Doped Mott Insulator”. en. Nature 393.6685 (June 1998), pp. 550–553.

[104] S. A. Kivelson et al. “How to Detect Fluctuating Stripes in the High-Temperature
Superconductors”. Reviews of Modern Physics 75.4 (Oct. 2003), pp. 1201–1241.

[105] Nuh Gedik et al. “Nonequilibrium Phase Transitions in Cuprates Observed by Ultra-
fast Electron Crystallography”. en. Science 316.5823 (Apr. 2007), pp. 425–429.

[106] Jinho Lee et al. “Interplay of electronlattice interactions and superconductivity in
Bi2Sr2CaCu2O8+”. en. Nature 442.7102 (Aug. 2006), pp. 546–550.

[107] C. W. Chu. “High-Temperature Superconductivity: Alive and Kicking”. en. Nature
Physics 5.11 (Nov. 2009), pp. 787–789.

[108] S. Fujitsu, S. Matsuishi, and H. Hosono. “Iron Based Superconductors Processing
and Properties”. International Materials Reviews 57.6 (Nov. 2012), pp. 311–327.

[109] G. R. Stewart. “Superconductivity in Iron Compounds”. Rev. Mod. Phys. 83.4 (Dec.
2011), pp. 1589–1652.

[110] Peter D. Johnson, Guangyong Xu, and Wei-Guo Yin, eds. Iron-Based Superconduc-
tivity. Vol. 211. Springer Series in Materials Science. Cham: Springer International
Publishing, 2015.

[111] David C. Johnston. “The Puzzle of High Temperature Superconductivity in Layered
Iron Pnictides and Chalcogenides”. Advances in Physics 59.6 (Nov. 2010), pp. 803–
1061.

[112] Zhi-An Ren et al. “Superconductivity and Phase Diagram in Iron-Based Arsenic-
Oxides ReFeAsO 1-δ (Re = Rare-Earth Metal) without Fluorine Doping”. en. EPL
(Europhysics Letters) 83.1 (2008), p. 17002.

[113] Hideo Hosono et al. “Exploration of New Superconductors and Functional Materials,
and Fabrication of Superconducting Tapes and Wires of Iron Pnictides”. Science and
Technology of Advanced Materials 16.3 (June 2015), p. 033503.

[114] D. J. Singh. “Electronic structure and doping in BaFe2As2 and LiFeAs: Density
functional calculations”. Physical Review B 78.9 (Sept. 2008), p. 094511.

[115] S. Graser et al. “Near-Degeneracy of Several Pairing Channels in Multiorbital Models
for the Fe Pnictides”. en. New Journal of Physics 11.2 (2009), p. 025016.

[116] H. Ding et al. “Observation of Fermi-surfacedependent nodeless superconducting gaps
in Ba 0.6 K 0.4 Fe 2 As 2”. en. EPL (Europhysics Letters) 83.4 (2008), p. 47001.

[117] M. J. Calderón, B. Valenzuela, and E. Bascones. “Tight-Binding Model for Iron
Pnictides”. Physical Review B 80.9 (Sept. 2009), p. 094531.

[118] K. Haule and G. Kotliar. “Coherence–incoherence Crossover in the Normal State of
Iron Oxypnictides and Importance of Hund’s Rule Coupling”. en. New Journal of
Physics 11.2 (2009), p. 025021.



Bibliography 91

[119] V. Brouet et al. “Impact of the Two Fe Unit Cell on the Electronic Structure Mea-
sured by ARPES in Iron Pnictides”. Physical Review B 86.7 (Aug. 2012), p. 075123.

[120] P. L. Bach et al. “High-Temperature Resistivity in the Iron Pnictides and the Electron-
Doped Cuprates”. Phys. Rev. B 83.21 (June 2011), p. 212506.

[121] Qimiao Si, Rong Yu, and Elihu Abrahams. “High-Temperature Superconductivity in
Iron Pnictides and Chalcogenides”. Nature Reviews Materials (Mar. 2016), p. 16017.

[122] Z. P. Yin, K. Haule, and G. Kotliar. “Kinetic Frustration and the Nature of the
Magnetic and Paramagnetic States in Iron Pnictides and Iron Chalcogenides”. en.
Nature Materials 10.12 (Dec. 2011), pp. 932–935.

[123] P. Richard et al. “Fe-Based Superconductors: An Angle-Resolved Photoemission
Spectroscopy Perspective”. Reports on Progress in Physics 74.12 (2011), p. 124512.

[124] M. M. Qazilbash et al. “Electronic Correlations in the Iron Pnictides”. en. Nature
Physics 5.9 (Sept. 2009), pp. 647–650.

[125] E. Razzoli et al. “Bulk Electronic Structure of Superconducting LaRu2P2 Single Crys-
tals Measured by Soft-X-Ray Angle-Resolved Photoemission Spectroscopy”. Physical
Review Letters 108.25 (June 2012), p. 257005.

[126] Luca de’ Medici, Gianluca Giovannetti, and Massimo Capone. “Selective Mott Physics
as a Key to Iron Superconductors”. Phys. Rev. Lett. 112.17 (Apr. 2014), p. 177001.

[127] Antoine Georges, Luca de’Medici, and Jernej Mravlje. “Strong Correlations from
Hund’s Coupling”. Annual Review of Condensed Matter Physics 4.1 (2013), pp. 137–
178.

[128] Takashi Miyake et al. “Comparison of Ab Initio Low-Energy Models for LaFePO,
LaFeAsO, BaFe2As2, LiFeAs, FeSe, and FeTe: Electron Correlation and Covalency”.
Journal of the Physical Society of Japan 79.4 (Mar. 2010), p. 044705.

[129] Hideo Aoki and Hideo Hosono. “A Superconducting Surprise Comes of Age”. en.
Physics World 28.2 (2015), p. 31.

[130] S. Kasahara et al. “Evolution from non-Fermi- to Fermi-liquid transport via isovalent
doping in BaFe2(As1−xPx)2 superconductors”. Physical Review B 81.18 (May 2010),
p. 184519.

[131] H. Chen et al. “Coexistence of the Spin-Density Wave and Superconductivity in
Ba1-xKxFe2As2”. en. EPL (Europhysics Letters) 85.1 (2009), p. 17006.

[132] Takehiro Yamazaki et al. “Appearance of Pressure-Induced Superconductivity in
${\text{BaFe}} {2}{\text{As}} {2}$ under Hydrostatic Conditions and Its Extremely
High Sensitivity to Uniaxial Stress”. Physical Review B 81.22 (June 2010), p. 224511.

[133] Awadhesh Mani et al. “Pressure-Induced Superconductivity in BaFe 2 As 2 Single
Crystal”. en. EPL (Europhysics Letters) 87.1 (2009), p. 17004.

[134] A. B. Vorontsov, M. G. Vavilov, and A. V. Chubukov. “Interplay between Magnetism
and Superconductivity in the Iron Pnictides”. Physical Review B 79.6 (Feb. 2009),
p. 060508.

[135] Qimiao Si and Elihu Abrahams. “Strong Correlations and Magnetic Frustration in
the High ${T} {c}$ Iron Pnictides”. Physical Review Letters 101.7 (Aug. 2008),
p. 076401.

[136] Pengcheng Dai, Huiqian Luo, and Meng Wang. “Magnetic Order and Dynamics:
Neutron Scattering”. en. Iron-Based Superconductivity. Ed. by Peter D. Johnson,
Guangyong Xu, and Wei-Guo Yin. Springer Series in Materials Science 211. Springer
International Publishing, 2015, pp. 151–186.

[137] Pengcheng Dai, Jiangping Hu, and Elbio Dagotto. “Magnetism and Its Microscopic
Origin in Iron-Based High-Temperature Superconductors”. en. Nature Physics 8.10
(Oct. 2012), pp. 709–718.



92 Bibliography

[138] Pengcheng Dai. “Antiferromagnetic Order and Spin Dynamics in Iron-Based Super-
conductors”. Reviews of Modern Physics 87.3 (Aug. 2015), pp. 855–896.

[139] I. I. Mazin et al. “Unconventional Superconductivity with a Sign Reversal in the Order
Parameter of LaFeAsO1−xFx”. Physical Review Letters 101.5 (July 2008), p. 057003.

[140] I. I. Mazin and J. Schmalian. “Pairing Symmetry and Pairing State in Ferropnic-
tides: Theoretical Overview”. Physica C: Superconductivity. Superconductivity in
Iron-Pnictides 469.9–12 (June 2009), pp. 614–627.

[141] D. S. Inosov et al. “Normal-State Spin Dynamics and Temperature-Dependent Spin-
Resonance Energy in Optimally Doped BaFe1.85Co0.15As2”. en. Nature Physics 6.3
(Mar. 2010), pp. 178–181.

[142] J.-P. Castellan et al. “Effect of Fermi Surface Nesting on Resonant Spin Excitations
in Ba1−xKxFe2As2”. Physical Review Letters 107.17 (Oct. 2011), p. 177003.

[143] A. D. Christianson et al. “Unconventional Superconductivity in Ba0.6K0.4Fe2As2
from Inelastic Neutron Scattering”. en. Nature 456.7224 (Dec. 2008), pp. 930–932.

[144] T. Hanaguri et al. “Unconventional S-Wave Superconductivity in Fe(Se,Te)”. en.
Science 328.5977 (Apr. 2010), pp. 474–476.

[145] Andrey Chubukov. “Itinerant Electron Scenario”. en. Iron-Based Superconductivity.
Ed. by Peter D. Johnson, Guangyong Xu, and Wei-Guo Yin. Springer Series in Ma-
terials Science 211. Springer International Publishing, 2015, pp. 255–329.

[146] Kangjun Seo, B. Andrei Bernevig, and Jiangping Hu. “Pairing Symmetry in a Two-
Orbital Exchange Coupling Model of Oxypnictides”. Physical Review Letters 101.20
(Nov. 2008), p. 206404.

[147] Mona Berciu, Ilya Elfimov, and George A. Sawatzky. “Electronic Polarons and Bipo-
larons in Iron-Based Superconductors: The Role of Anions”. Physical Review B 79.21
(June 2009), p. 214507.

[148] G. A. Sawatzky et al. “Heavy-Anion Solvation of Polarity Fluctuations in Pnictides”.
en. EPL (Europhysics Letters) 86.1 (2009), p. 17006.

[149] V. J. Emery and S. A. Kivelson. “Importance of Phase Fluctuations in Supercon-
ductors with Small Superfluid Density”. en. Nature 374.6521 (Mar. 1995), pp. 434–
437.

[150] Karl-Heinz Bennemann and John B. Ketterson, eds. Superconductivity: Volume 1:
Conventional and Unconventional Superconductors Volume 2: Novel Superconductors.
English. 2008 edition. Berlin ; London: Springer, June 2008.

[151] E. Razzoli et al. “Evolution from a Nodeless Gap to dx2−y2-Wave in Underdoped
La2−xSrxCuO4”. Physical Review Letters 110.4 (Jan. 2013), p. 047004.

[152] Philip W. Anderson. “Is There Glue in Cuprate Superconductors?” en. Science
316.5832 (June 2007), pp. 1705–1707.

[153] Peter Blaha et al. An Augmented Plane Wave + Local Orbitals Program for Calcu-
lating Crystal Properties - User Guide. June 2013.

[154] P. Hohenberg and W. Kohn. “Inhomogeneous Electron Gas”. Physical Review 136.3B
(Nov. 1964), B864–B871.

[155] Klaus Capelle. “A Bird’s-Eye View of Density-Functional Theory”. Brazilian Journal
of Physics 36.4A (Dec. 2006), pp. 1318–1343.

[156] W. Kohn and L. J. Sham. “Self-Consistent Equations Including Exchange and Cor-
relation Effects”. Physical Review 140.4A (Nov. 1965), A1133–A1138.

[157] David Sholl and Janice A. Steckel. Density Functional Theory: A Practical Introduc-
tion. English. 1 edition. Hoboken, N.J: Wiley-Interscience, Apr. 2009.



Bibliography 93

[158] Richard M. Martin. Electronic Structure: Basic Theory and Practical Methods. En-
glish. 1 edition. Cambridge, UK ; New York: Cambridge University Press, Oct. 2008.

[159] Peter Blaha et al. “Wien2k: An Augmented Plane Wave + Local Orbitals Program
for Calculating Crystal Properties (Vienna University of Technology, Vienna, 2001)”.
Wien2k: An Augmented Plane Wave + Local Orbitals Program for Calculating Crys-
tal Properties (Vienna University of Technology, Vienna, 2001) (2001).

[160] Carl Nordling, Evelyn Sokolowski, and Kai Siegbahn. “Precision Method for Obtain-
ing Absolute Values of Atomic Binding Energies”. Phys. Rev. 105.5 (Mar. 1957),
pp. 1676–1677.

[161] C. N. Berglund and W. E. Spicer. “Photoemission Studies of Copper and Silver:
Theory”. Phys. Rev. 136.4A (Nov. 1964), A1030–A1044.

[162] C. N. Berglund and W. E. Spicer. “Photoemission Studies of Copper and Silver:
Experiment”. Phys. Rev. 136.4A (Nov. 1964), A1044–A1064.

[163] E. O. Kane. “Implications of Crystal Momentum Conservation in Photoelectric Emis-
sion for Band-Structure Measurements”. Phys. Rev. Lett. 12.4 (Jan. 1964), pp. 97–
98.

[164] Neville V. Smith, Morton M. Traum, and F. J. Di Salvo. “Mapping Energy Bands
in Layer Compounds from the Angular Dependence of Ultraviolet Photoemission”.
Solid State Communications 15.2 (1974), pp. 211 –214.

[165] Morton M. Traum, Neville V. Smith, and F. J. Di Salvo. “Angular Dependence of
Photoemission and Atomic Orbitals in the Layer Compound $1T-\mathrmTa\mathrmSe 2$”.
Phys. Rev. Lett. 32.22 (June 1974), pp. 1241–1244.

[166] S. V. Borisenko et al. “Two Energy Gaps and Fermi-Surface “Arcs” in NbSe2”.
Physical Review Letters 102.16 (Apr. 2009), p. 166402.

[167] C.E. Matt et al. “Electron scattering, charge order, and pseudogap physics in La1.6xNd0.4SrxCuO4:
An angle-resolved photoemission spectroscopy study”. Phys. Rev. B 92.13 (Oct.
2015), p. 134524.

[168] N. C. Plumb et al. “Low-Energy ($ \textless 10\mathrm meV$) Feature in the Nodal
Electron Self-Energy and Strong Temperature Dependence of the Fermi Velocity in
$\mathrmBi 2\mathrmSr 2\mathrmCaCu 2\mathbfO 8+\ensuremath\delta$”. Phys.
Rev. Lett. 105.4 (July 2010), p. 046402.

[169] X. J. Zhou et al. “High-Temperature Superconductors: Universal Nodal Fermi Veloc-
ity”. Nature 423.6938 (May 2003), pp. 398–398.

[170] H. Ding et al. “Evolution of the Fermi Surface with Carrier Concentration in Bi2Sr2CaCu2O8+δ”.
Physical Review Letters 78.13 (Mar. 1997), pp. 2628–2631.

[171] T. Yoshida et al. “Systematic doping evolution of the underlying Fermi surface of
La2−xSrxCuO4”. Physical Review B 74.22 (Dec. 2006), p. 224510.

[172] D. H. Lu et al. “Electronic Structure of the Iron-Based Superconductor LaOFeP”.
Nature 455.7209 (Sept. 2008), pp. 81–84.

[173] M. Z. Hasan and C. L. Kane. “Colloquium : Topological Insulators”. Rev. Mod. Phys.
82.4 (Nov. 2010), pp. 3045–3067.

[174] Xiao-Liang Qi and Shou-Cheng Zhang. “Topological Insulators and Superconduc-
tors”. Rev. Mod. Phys. 83.4 (Oct. 2011), pp. 1057–1110.

[175] B. Q. Lv et al. “Observation of Weyl Nodes in TaAs”. Nat Phys 11.9 (Sept. 2015),
pp. 724–727.
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