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Abstract

The discovery of high temperature superconductivity in the iron pnictide com-

pound LaO1−xFxFeAs with Tc = 26K has created enormous interest in the high-Tc

superconductor community. So far, four prototypes of crystal structures have been

found in the Fe-pnictide family. All four show a structural deformation followed or

accompanied by a magnetic transition from a high temperature paramagnetic con-

ductor to a low temperature antiferromagnetic metal whose transition temperature

TN varies between the compounds. Charge carrier doping, isovalent substitution

of the As atoms or the application of pressure suppresses the antiferromagnetic

spin density wave (SDW) order and leads to a superconducting phase. More re-

cently high Tc superconductivity has been also detected in iron chalchogenides

with similar normal state properties.

Since superconductivity is an instability of the normal state, the study of normal

state electronic structure in comparison with superconducting state could reveal

important information on the pairing mechanism. Therefore, it is most important

to study the electronic structure of these new superconductors, i.e., to determine

Fermi surfaces and band dispersions near the Fermi level at the high symmetry

points in order to obtain a microscopic understanding of the superconducting prop-

erties. Using the technique angle-resolved photoemission spectroscopy (ARPES)

one measures the electrons ejected from a sample when photons impinge on it.

In this way one can map the Fermi surface which provides useful information

regarding the physics behind the Fermi surface topology of high Tc superconduc-

tors. Furthermore, this technique provides information on the band dispersion, the

orbital character of the bands, the effective mass, the coupling to bosonic excita-

tions, and the superconducting gap. This emphasizes the importance of studying

the electronic structure of the newly discovered Fe-pnictides using ARPES.

In this work we have studied the electronic structure of the parent compounds

Ba(Eu)Fe2As2 (122) and their superconducting derivatives using ARPES. In this

way it is possible to obtain the important information on the Fermi surface nest-

ing conditions (between hole pockets at the Brillouin zone center and electron

pockets at the zone corner) as a function of electron doping, hole doping, and

isovalent substitution of P at the As site in Ba(Eu)Fe2As2. In particular, we stud-

ied in-plane and out-of-plane (with respect to the FeAs layer) band dispersions

and Fermi surfaces. Our findings show that both electron and hole doping as well



as isovalent substitution of the As atoms by P atoms in the parent compound

Ba(Eu)Fe2As2 reduces the nesting conditions which possibly leads to the disap-

pearance of antiferromagnetic spin density wave order and to the emergence of

superconductivity. Moreover, we have performed the photon energy dependent

ARPES measurements along the zone center and the zone edge to reveal the di-

mensionality of the electronic structure as a function of doping. We observed that

due to the rigid-band nature of the electronic structure upon charge doping into

the parent 122 compounds, there is a transformation of the electronic structure

from quasi-2D to more 3D upon electron doping and to a more 2D nature upon

hole doping. Furthermore, we observe a non-rigid-type shift of the Fermi level

upon isovalent substitution of P at the As site in EuFe2As2 compound. We also

performed ARPES measurements on FeTe(Se) superconductors where we observe

a considerable difference in the electronic structure when compared to the 122

compounds, possibly related to a different crystal field splitting at the Fe atoms.



Zusammenfassung

Die Entdeckung von Hochtemperatursupraleitung mit einem Sprungpunkt von Tc

= 26K in der Eisenpniktidverbindung LaO1−xFxFeAs hat in der Hochtemperatur-

Supraleitungs-Gemeinschaft enormes Interesse hervorgerufen. Bis jetzt wurden

vier Kristallstrukturen in den Eisenpniktid-Systemen gefunden, welche Hochtem-

peratursupraleitung zeigen. Alle vier zeigen im undotierten Fall bei tieferen Tem-

peraturen einen strukturellen Übergang, gefolgt von einem magnetischen Übergang

von einer paramagnetischen metallischen Phase in eine antiferromagnetische met-

allische Phase. Die Neel Temperatur variiert in den verschiedenen Verbindungen.

Eine Dotierung mit Ladungsträgern, eine Substitution von As durch isovalentes

P oder die Anwendung von Druck unterdrckt die antiferromagnetische Ordnung

und führt zu einer supraleitenden Phase. Vor kurzem wurde Supraleitung auch

in Eisenchalcogeniden gefunden, welche ähnliche normalleitende Eigenschaften

aufweisen.

Da Supraleitung durch eine Instabilität des normalleitenden Zustands hervorger-

ufen wird, ergibt der Vergleich der normalleiten Eigenschaften mit den supraleit-

enden Eigenschaften wichtige Information über den supraleitenden Parungs mech-

anismus. Daher ist es von großer Wichtigkeit, die elektronische Struktur dieser

neuen Supraleiter zu bestimmen. Insbesondere ist es wichtig, die Fermiober-

flächen und die Banddispersion in der Nähe des Ferminiveaus zu vermessen um zu

einem mikroskopischen Verständnis der supraleitenden Eigenschaften zu gelangen.

Mit der Methode der winkelaufgelösten Photoemissionsspektroskopie (ARPES)

misst man die kinetische Energie von emittierten Photoelektronen als Funktion

des Emissionswinkels. Auf diese Weise lassen sich die Fermioberflächen eines

Kristalls vermessen, deren Topologie eng mit den physikalischen Eigenschaften

der Ferropnictidsupraleiter verknüpft ist. Weiterhin ergeben ARPES Messungen

nützliche Informationen über die Dispersion von Bündern, den orbitalen Charak-

ter von Bändern, die effektiven Massen der Ladungsträger, deren Kopplung an

bosonische Anregungen, sowie über die supraleitende Energielücke.

In dieser Arbeit wurde die elektronische Struktur der undotierten Muttersub-

stanzen Ba(Eu)Fe2As2 (122) Verbindungen, sowie deren abgeleiteten supraleit-

enden Verbindungen mittels ARPES untersucht. Insbesondere wurden wichtige

Informationen über die Nestingbedingungen zwischen den Lochtaschen im Zen-

trum der Brillouinzone und den Elektrontaschen am Zonenrand als Funktion der



Elektronen- und Lochdotierung sowie als Funktion des chemischen Drucks (As

durch P Substituierung) erhalten. Darüber hinaus wurde die Dispersion der

Bänder parallel und senkrecht zu den FeAs Schichten bestimmt. Die Ergebnisse

zeigen, dass sowohl für Elektronen- und Lochdotierung, also auch bei Einführung

eines chemischen Drucks die Nestingbedingungen reduziert werden, was mögliche-

rweise zum Verschwinden des antiferromagnetischen Zustands und zur Ausbildung

einer supraleitenden Phase führt. Weiterhin wurden photonenenergieabhängige

ARPES Messungen durchgeführt und daraus Aussagen über die Dimensionalität

der elektronischen Struktur erhalten. Beim der Dotierung mit Elektronen wurde

ein Übergang von einer quasi-zweidimensionalen elektronischen Struktur zu einer

mehr dreidimensionalen gefunden. Umgekehrt wurde bei Lochdotierung ein Überg-

ang in eine mehr zweidimensionale elektronische Struktur beobachtet. In beiden

Fällen konnten die Änderungen in einem Model starrer Bänder verstanden wer-

den. Bei der Substitution von As durch P konnten die Ergebnisse nicht in einem

Model starrer Bänder beschrieben werden. Schließlich wurden ARPES Messungen

auch an FeTe(Se) Supraleitern durchgefhrt. Es wurde für diese Verbindungen eine

leicht veränderte elektronische Struktur gefunden, die möglicherweise durch das

unterschiedliche Kristallfeld an den Fe Atomen erklärt werden kann.
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Chapter 1

Introduction

Following the discovery of superconductivity in mercury with a superconducting

transition temperature Tc = 4K by H. Kammerlingh Onnes in 1911 [1], intensive

research was carried out to increase the superconducting transition temperature

(Tc) [2–8]. In 1957, J. Bardeen, L. W. Cooper, and J. R. Schrieffer gave a theory

for superconductivity, called BCS theory [9, 10]. They explained the formation

of the superconducting phase in terms of an electron pairing due to coupling

of the charge carriers to the phonon excitations. In 1986, G. Bednorz and K.

A. Müller discovered superconductivity in the layered cuprate La1−xBaxCuO4,

with a superconducting transition temperature as high as Tc = 30K [11]. And

many more high-temperature superconductors based on CuO2 layers have been

discovered since then [12–14]. This discovery opened new gates to the frontiers of

high Tc superconductivity. To date, a maximum Tc = 133K is found in the mercury

based cuprate HgBa2Ca2Cu3Ox at ambient pressure [15] and a Tc = 160K has been

achieved under high pressure [16]. The mechanism of high-Tc superconductivity in

cuprate superconductors is still under debate. Various theories have been proposed

for this unconventional superconductivity based on a pairing of the conduction

electrons by magnetic excitations [17–19].

In 2008, Y. Kamihara et al., reported high Tc superconductivity in Fe-pnictides

with a transition temperature as high as 55K [20], bringing up another class of

unconventional high-Tc superconductors. Unlike cuprates, which are antiferro-

magnetic Mott-insulators, parent pnictides are antiferromagnetic metals. Simi-

lar to other high temperature superconductors, upon doping with charge carriers

2
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into the Fe-pnictides the antiferromagnetism is destroyed, leading to a supercon-

ducting phase [21–23]. In both the cuprates and the ferro-pnictides the essential

units for the superconducting properties are layered structures. In the cuprates

these are the CuO2 layers and in the ferro-pnictides these are FeAs layers. In

both families, these layers are separated by block layers, by which doping can

be induced. Though both families, cuprates and pnictides, show layered crystal

structure, their electronic structure is distinct, i.e., the former show an almost

two dimensional electronic structure and the low energy electrons are contributed

from solely Cu 3dx2−y2 states [24–26]. The latter shows a quasi-three-dimensional

electronic structure and the low energy electrons are contributed from all five Fe

3d orbitals [27–30]. It is generally believed that in cuprates the correlation effects

are strong due to an on-site Coulomb repulsion U at the Cu sites [24–26]. On the

other hand, a recent x-ray absorption spectroscopy (XAS) measurements indicate

weak correlation effects in the ferro-pnictides and a Hubbard energy U ≈ 2eV at

the Fe sites has been derived from those measurements [31].

Since superconductivity is an instability of the normal state, the study of nor-

mal state electronic structure in comparison with the superconducting state could

reveal important information on the pairing mechanism. In the superconducting

state the Fermi surface is gapped, leading to isolated gapless points in momentum

space in the case of cuprates due to the nodes of the d-wave order parameter [25]

whereas no nodes have been detected in the ferro-pnictides [32, 33]. This ob-

servation together with the assumption of a repulsive low-energy interaction of

the conduction electrons lead to a postulation of an s± symmetry of the gap,

i.e., the superconducting order parameter changes the sign while going from the

hole pocket in the center of the Brillouin zone (BZ) to the electron pocket at the

corner [28, 29, 34].

Using the technique angle-resolved photoemission spectroscopy (ARPES) one

measures the kinetic energy of the ejected photoelectrons as a function of the angle

relative to the surface normal [35–37]. In this way one can obtain the Fermi sur-

face, the band dispersion, the coupling to bosonic excitations, and the momentum

dependence of the superconducting order parameter [24, 25]. These provide an

important information regarding the electronic structure in the normal and the

superconducting state of high Tc superconductors. This emphasizes the impor-

tance of studying the electronic structure of the newly discovered Fe-pnictides in

order to obtain a microscopic understanding of high Tc superconductivity.
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The aim of the present thesis is to study the electronic structure of the newly

discovered Fe-based parent compounds and their superconducting derivatives using

ARPES.

In the Chapter 2, we give a brief introduction into the physical, structural, and

magnetic properties of the Fe-based compounds.

In the Chapter 3, we present the theoretical and experimental aspects of angle-

resolved photoemission spectroscopy.

Chapter 4 presents the angle-resolved photoemission data on the parent com-

pounds Ba(Eu)Fe2As2 (122). ARPES measurements have been performed at 20K

and 300K, corresponding to the orthorhombic antiferromagnetic phase and the

tetragonal paramagnetic phase, respectively. Photon energies between 30eV and

175eV and polarizations parallel and perpendicular to the scattering plane have

been used. Measurements of the Fermi surface yield two hole pockets at the Γ

point and an electron pocket at the X point. The topology of the pockets has

been derived from the dispersion of the spectral weight as a function of binding

energy. Changes in the spectral weight near the Fermi level upon variation in the

polarization of the incident photons yield important information on the orbital

character of the states. Backfolding of electronic bands at high symmetry points

Γ and X were observed in the measurements performed at 20K. Energy depen-

dent measurements revealed an information on the dimensionality of the electronic

structure. The results are compared with density functional theory band structure

calculations for the tetragonal paramagnetic phase.

Chapter 5 presents the angle-resolved photoemission data on Ba1−xKxFe2As2

and BaFe2−xCoxAs2 superconductors. From a combination of high resolution

angle-resolved photoemission spectroscopy and density functional calculations, we

derive information on the dimensionality and the orbital character of the electronic

states of BaFe2−xCoxAs2 and Ba1−xKxFe2As2. We observe that upon increasing

Co doping, the electronic states in the vicinity of the Fermi level take on in-

creasingly three-dimensional character whereas K doping yields a decrease in the

three-dimensional character, suggesting that the dimensionality of these materi-

als is highly sensitive to the Fermi energy EF . Both the orbital variation with

kz and the more three-dimensional nature of the electron doped compounds have

important consequences for the nesting conditions and thus possibly also for the

appearance of antiferromagnetic and superconducting phases. By comparing the
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parent, electron doped, and hole doped ARPES data we conclude that doping into

parent BaFe2As2 simply results in a shift of the Fermi level in a rigid-band-type

electronic structure.

Chapter 6 presents the angle-resolved photoemission data on EuFe2As2−xP2.

Upon substituting As with the isovalent P, which leads to a chemical pressure and

to superconductivity, we observe a non-rigid-band-like change of the electronic

structure along the center of the BZ: an orbital and kz dependent increase or

decrease in the size of the hole pockets near the Γ - Z line. On the other hand,

the diameter of the Fermi surface cylinders at the BZ corner forming electron

pockets, hardly changes. This is in stark contrast to p and n-type doped iron

pnictides mentioned above. These findings indicate that there are different ways

in which the nesting conditions can be reduced causing the destabilization of the

antiferromagnetic order and the appearance of the superconducting dome.

Chapter 7 presents the ARPES data on Fe1+δTe1−xSex superconductors to

reveal the Fermi surfaces and electronic band dispersions along the high symmetry

line. We observed strong matrix element effects in these systems which can be

explained in terms of different crystal field potentials. A shift of 0.15eV towards

the Fermi level has been observed for the case of Fe 3dz2 orbital character. A single

band kz dispersion has been observed unlike in the 122 compounds where we see

multiple band contributions. Using polarization dependent measurements we have

extracted the comprehensive band structure and respective orbital character of the

bands.

In Chapter 8, we summarize our experimental observations.



Chapter 2

Overview on Fe-pnictide

compounds

2.1 The pnictide family

Early in the year 2006, the oxypnictide superconductor, LaOFeP has been reported

with a transition temperature Tc = 3.5K, which did not give much excitement be-

cause of the larger Tc values found in cuprates [38]. But the advent of the fluorine

doped LaOFeAs compound LaO1−xFxFeAs with a superconducting transition tem-

perature Tc = 26K has brought a lot of attention for the pnictides [20]. Soon after,

several new compounds in the series of pnictide superconductors have been discov-

ered upon replacing La by rare-earth elements such as CeO1−xFxFeAs with a Tc

= 41K [39], PrO1−xFxFeAs (Tc = 52K) [40], and SmO1−xFxFeAs (Tc = 55K) [41].

The further search on high Tc pnictides subsequently lead to different crystal

structures divided into several major prototypes, named as 1111, 122, 111, and

11-prototype superconductors. Despite the differences in the crystal structure,

the parent compounds of all prototypes show a structural deformation followed

or accompanied by a magnetic transition from a high temperature paramagnetic

metal to a low temperature antiferromagnetic conductor unlike cuprates which

are antiferromagnetic Mott-insulators at low temperature. The Néel transition

temperature TN is found to be different for different prototypes of Fe-pnictides

depending on several factors which will be discussed in the following sections. Su-

perconductivity in Fe-pnictide compounds could be obtained by introducing elec-

trons or holes in the FeAs layers, e.g., replacing Fe by Co or changing the chemical

6



Chapter 2. Overview on Fe-pnictide compounds 7

Figure 2.1: Crystal structure of LaOFeAs (a) [20], BaFe2As2 (b) [23], and
FeTe (c) [47].

composition of the block layers between the FeAs layers [21–23]. The other way

to produce superconductivity is by applying chemical pressure, e.g., isovalent sub-

stitution of P at the As site [42–44]. Finally, the superconducting phase can be

also reached by applying mechanical pressure on the parent compounds [45, 46].

2.2 Structural and transport properties

2.2.1 1111 prototype compounds

Crystals of the form REOTMPn belong to the 1111 prototype superconductors.

Here, RE refers to a rare earth element such as La, Ce, Nd, Sm, Gd,.. etc; TM

refers to the 3d transition element such as Fe, Ni, Co,..etc; and Pn refers to the

pnictogen elements such as As, P, Sb, ...,etc. The crystal structure of LaOFeAs is

shown in Fig. 2.1. Figure. 2.2(a) shows the correlation between the Fe-As bond

angle and the superconducting transition temperature whereas Fig. 2.2(b) shows

the pnictogen height (from the Fe plane) dependent transition temperature. The

higher Tc values are obtained for the bond angle ≈ 109.47o and the pnictogen

height ZPn ≈ 1.38Å. LaOFeAs is in a tetragonal phase at room temperature with

a space group of P4/nmm. Upon reducing the temperature these compounds show

an anomaly at T N ≈ 150K related to structural deformation followed by a mag-

netic transition from a high temperature paramagnetic tetragonal phase to a low

temperature antiferromagnetic orthorhombic phase of space group Cmma. In the
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Figure 2.2: Superconducting transition temperature (Tc) as a function of
Pn-Fe-Pn bond angle (a) and pnictogen height from the Fe planes (b).

temperature dependent resistivity measurements one can see an anomaly at a tem-

perature 150K for the case of the parent compound CeOFeAs [see Fig. 2.3(a)]. This

compound is formed by the layers of (FeAs)− with covalent bonding, interlaced by

the layers of (LaO)+. Each Fe atom is surrounded by four As atoms forming a Fe

centered tetrahedron. The unit cell consists of two molecules where the chemical

formula is represented by (REO)2 (FeAs)2. The (FeAs)2 layer, which is sandwiched

between the (REO)2 layers, serves as a path for charge carrier conduction. The

lattice constants of the Fe-pnictide parent compounds are given in Table 2.1. The

crystallochemical properties of REOFeAs, for instance, LaOFeAs are character-

ized using the configuration of the outermost electron shells of the atoms, i.e.,

La(6s5d4f), O(2s2p), Fe(4s4p3d), and As(4s4p) and valence of the respective ions

is given by the formula La3+O2−Fe2+As3−. Upon doping the electrons into the

FeAs layer, i.e., a partial replacement of O by F leads to a superconducting phase

and the lattice constants decrease systematically with the nominal dopant concen-

tration. Remarkably, in the REOFeAs compound the superconducting phase can

even be obtained by oxygen deficiency which also leads to electron doping. So far

the highest superconducting transition temperature Tc = 55K in Fe-pnictides was

found in the oxygen deficient SmO1−xFeAs [48]. Information regarding supercon-

ductivity due to the oxygen deficiency on the other compounds of ReO1−xFeAs

(RE = La, Ce, Nd, Sm, and Gd) can be found at the Refs. [39–41, 49, 50].

Thus the electron doping, replacing O by F or oxygen deficiency leads to the

superconducting phase. One can also dope the charge carriers at the RE site, for
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Table 2.1: Lattice parameters of Fe-pnictide parent compounds.

Compound a Å c Å Angle (θ) Ref.

LaOFeAs 4.035 8.741 113.50 [20]
CeOFeAs 3.996 8.648 112.40 [39]
PrOFeAs 3.925 8.595 111.95 [40]
NdOFeAs 3.961 8.572 111.27 [59]
SmOFeAs 3.940 8.498 110.79 [41]
BaFe2As2 3.963 13.016 111.09 [60]
EuFe2As2 3.901 12.125 110.10 [61]
SrFe2As2 3.924 12.364 110.50 [61]
LaFeAs 3.791 6.36 103.11 [62]
NaFeAs 3.945 6.996 108.64 [63]
LiFeP 3.692 6.031 108.59 [64]

Fe1+δTe 3.822 6.285 94.88 [65]
Fe1+δTe 3.773 5.522 103.91 [66]

example a partial replacement of Gd3+ by Th4+, Gd1−xThxOFeAs is an electron

doped superconductor with a transition temperature Tc = 55K [51]. Similarly,

one can also dope with holes at the RE site, for instance, a partial replacement of

La3+ by Sr2+, La1−xSrxOFeAs is a hole doped superconductor with Tc = 25K [52].

Instead of replacing atoms in the block layers, one can also replace atoms in

the FeAs layers. For example the substitution of Co atoms at the Fe site in

LaOFe1−xCoxAs leads to an electron doped superconductor with a Tc = 10K.

In the beginning, Lee and Zhao and their co-workers [53, 54] investigated the

relation of superconductivity with the structural properties and reported that the

superconducting transition temperature Tc considerably changes with the bond

angle between Fe and As atoms. They found that the highest Tc can be obtained

for the least distorted FeAs4 tetrahedral independent of the doping site.

Specific heat data showed an anomaly near the superconducting transition tem-

perature consistent with the BCS predictions [55, 56]. For the case of the parent

REOFeAs compounds, below the structural and magnetic phase transition tem-

perature, the specific heat electronic coefficient is reported to be smaller compared

to that at high temperature. This has been ascribed to a gap opening at low tem-

perature due to which a part of the density of states is shifted away from the Fermi

energy. The gap opening at low temperature has also been observed by optical

measurements [39, 57, 58].
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Figure 2.3: Temperature dependent resistivity data of a series of the elec-
tron doped system CeO1−xFxFeAs (a) [39] and temperature dependence of

in-plane and out-of-plane resistivity for single crystals of BaFe2As2 (b) [67].

2.2.2 122 prototype compounds

Crystals of the form MFe2Pn2 belong to the 122 prototype superconductors. Here,

M can be either an alkaline earth element such as Ba, Ca, and Sr or a divalent

rare earth element such as Eu. Pn refers to pnictogen elements such as As, P, Sb.

The crystal structure of BaFe2As2 is shown in Fig. 2.1(b). It is related to a large

family of the ThCr2Si2-type compounds. Similar to LaOFeAs, the parent MFe2Pn2

compounds are in a paramagnetic tetragonal phase at room temperature with a

space group of I4/nmm and at low temperature they show an anomaly related

to the structural deformation accompanied by the magnetic transition into a low

temperature antiferromagnetic orthorhombic phase of space group Fmmm. Like

in LaOFeAs, each Fe atom is surrounded by four As atoms forming an Fe centered

tetrahedron [60]. The unit cell consists of two FeAs layers whereas only one layer

is realized for REOFeAs. Upon substitution of atoms into either the FeAs layers or

Ba layers, a superconducting phase is obtained [22, 23]. An isovalent substitution

of P at the As site also leads to superconductivity in these 122 compounds [42].

So far, the highest transition temperature Tc = 38K is found in the hole doped

Ba1−xKxFe2As2 compound [23]. In the parent BaFe2As2 compound resistivity

data show an anomaly at a temperature TN(S) = 135K related to a simultaneous

structural and magnetic transition as shown in Fig. 2.3(a). Fig. 2.3(b) depicts the

the in-plane (ab-plane) and out-of-plane (c-axis) resistivity measurements of the

parent BaFe2As2 showing a structural and magnetic transition temperature TN(S)

in both directions, however, with an anisotropy.
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2.2.3 111 and 11 prototype compounds

The crystals, LiFeAs and NaFeAs belong to the 111 prototype superconduc-

tors [68]. These materials have been found to crystallize in the anti-PbFCl struc-

ture. Here the FeAs layers are separated by Li(Na) ions. Unlike the above men-

tioned two pnictide families, LiFeAs materials do not show any anomaly in the

transport properties that is related to magnetic and structural phase transitions,

but surprisingly without doping show a superconducting phase below a transition

temperature Tc = 18K [62, 69]. On the other hand, NaFeAs shows a magnetic

transition from a high temperature tetragonal phase to a low temperature or-

thorhombic phase at TN = 50K [70]. The existence of the superconducting phase

has been concluded from resistivity and susceptibility measurements. These adapt

a tetragonal space group of P4/nmm.

Fe-chalcogenides (FeCh) such as FeTe, FeSe, and FeS belong to the 11-prototype

superconductors. These compounds crystallize in the PbO-type structure and be-

long to the space group of P4/nmm. Much like in the other prototype Fe-pnictides,

the unit cell consists of FeCh4 tetrahedrons and two FeCh layers are present per

unit cell. The crystal structure of these compounds (11) is the simplest among the

other prototypes. The crystal structure of FeTe is shown in Fig. 2.1. Obtaining

the stoichiometric FeCh is always problematic, therefore the end product contains

very often excess Fe. Stoichiometric FeCh shows a structural deformation related

to a magnetic transition at a temperature TN(S) = 70K [47]. At this temper-

ature FeCh undergoes a transition from a paramagnetic tetragonal phase to an

antiferromagnetic orthorhombic or to a monoclinic phase.

In the case of 1111, 122 and 111 prototype compounds FePn layers are separated

by a block layer whereas no such separating layers are present in the 11-type super-

conductors. Also a more 3D nature of the electronic structure could be expected

due the absence of spacing layers. A superconducting transition temperature Tc

= 8K was observed in a stoichiometric FeSe compound [71] and soon after the

Tc was raised to 15K by substituting Se with Te [72, 73]. A dramatic increase

in the transition temperature ≈ 27K - 37K was reported by applying hydrostatic

pressure [74–76].
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2.3 Magnetic structure and phase diagram

2.3.1 1111 and 122 prototype compounds

It has been well established that the parent 1111 and 122-type pnictides show an

anomaly at low temperatures. From resistivity and susceptibility measurements,

this anomaly has been attributed to a structural phase transition accompanied

by a magnetic phase transition. From a systematic neutron diffraction data a

temperature delay between structural and magnetic phase transitions has been

observed in the case of the parent REOFeAs compounds [53, 77], i.e., in these

compounds the structural phase transition occurs at a temperature TS = 150K and

the magnetic phase transition takes place at a temperature TN = 140K. Muon spin

resonance (µSR) experiments also confirmed a magnetic transition temperature

TN = 140K [78]. On the other hand, for the case of parent 122 compounds,

neutron diffraction data revealed a magnetic transition temperature TN = 140K

in accordance with transport measurements. In the beginning, several theories

have come up to explain the magnetic structure of these parent Fe-pnictides in

terms of a simple antiferromagnetic metal [79, 80]. Recent theoretical calculations

suggest that REOFeAs and MFe2As2 show a long range antiferromagnetic ground

state spin density wave (SDW) order at low temperatures [34, 58], consistent with

experimental observations [53, 77]. Upon charge carrier doping a decrease in the

magnetic transition temperature has been observed and disappears at an optimal

doping where superconductivity shows up. Figure 2.5(b) depicts the ordering of Fe

magnetic moments of the parent compounds REOFeAs or MFe2As2 below the Néel

transition temperature. The Fe magnetic moments align antiferromagnetically

along one diagonal and a ferromagnetic alignment is observed perpendicular to

it, i.e., a (π,π) magnetic ordering occurs, confirmed by theoretical calculations as

well as from inelastic neutron scattering measurements [77, 82].

Based on structural, transport, and magnetic properties, so far three types of

phase diagrams have been reported for REOFeAs pnictides. A first order type

phase transition has been observed for the case of RE = La and Pr compounds

upon doping, i.e., the parent La(Pr)OFeAs show an antiferromagnetic spin den-

sity wave ground state at low temperature while charge carrier doping leads to an

abrupt suppression of magnetic order at an optimal doping [see Fig. 2.6(b)] [78, 83].
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Figure 2.4: (a) temperature dependence of the order parameter at Q =
1.53Å−1, obtained using the magnetic structure determined for LaOFeAs.
The bottom-left inset shows the temperature dependence of the nuclear (2,
2, 0) peak. It is clear that the lattice is distorted at 138K, before the long-
range static antiferromagnetic order sets in at 137K [77]. (b) wave vector

dependence of S(Q,ω) measured at a resonance energy of 9.5meV [81].

On the other hand, RE = Ce shows a gradual decrease in magnetic transition tem-

perature TN upon doping and at an optimal doping magnetic order is completely

suppressed and a superconducting phase emerges [Fig. 2.6(a)] [53]. In contrast,

for the case of RE = Sm an overlapping of magnetic and superconducting phases

has been realized extending to some doping concentrations (not shown) [84]. The

magnetic moment order as a function of rare earth element has been explored

with a great detail. For the case of RE = La, Nd the ordering wave vector is

(0.5,0.5,0.5) [77, 82] and for the case of RE =Ce, Pr the ordering wave vector

is given by (0.5,0.5,0), relative to the tetragonal unit cell [53, 85]. The observed

wave vector for La is consistent with a magnetic unit cell of the size (
√

2,
√

2,2)

relative to the tetragonal unit cell. It is also consistent with a stripe-like antiferro-

magnetic order with ferromagnetically coupled chains in one direction and coupled

antiferromagnetically along the direction perpendicular to it [see right panel in the

Fig. 2.5]. An Fe magnetic moment of 0.25 µB has been reported for LaOFeAs. On

the other hand, it is shown that the Fe magnetic moment in the parent REOFeAs

compounds is superimposed by the magnetic moment of RE elements having a

different magnitude for different RE ions [53, 77, 82, 86]. Though the in-plane Fe

magnetic moment ordering is the same for both 1111 and 122 compounds [shown

in Fig. 2.5(b)], for the 1111 compounds depending on the rare-earth elements,

there can be differences in the ordering of the RE magnetic moments along the
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Figure 2.5: Schematic presentation of the ordering of Fe magnetic moments
in (a) FeCh and (b) REOFeAs (MFe2As2) Fe-based parent compounds.

c - axis. A doubling of the unit cell along the c-axis was observed for LaOFeAs

whereas on the other hand no such doubling of the unit cell was noticed for RE =

Ce and Pr compositions, due to the presence of RE magnetic moments. Further-

more, the magnetic moment ordering of Ce ions is in-plane while the ordering of Pr

magnetic moments is directed out-of-plane relative to the FeAs layer, indicating

that REOFeAs pnictides are rich in types of magnetic structure.

2.3.2 11 and 111 prototype compounds

So far very little is known on the magnetic structure of NaFeAs compounds [70].

It has been reported that these compounds show an in-plane magnetic structure

similar to the BaFe2As2 and LaOFeAs compounds. Figure. 2.5 (a) depicts the

ordering of Fe moments in a stoichiometric FeTe (FeSe) parent compound. The

magnetic ordering is very similar to the 1111 and 122 prototype compounds, but

rotated by 45o with respect to the crystal geometry, i.e., it shows a (π,0) mag-

netic wave ordering. This observation was derived from several neutron scattering

measurements [89–91]. Nevertheless, due to the difficulties in preparation of sto-

ichiometric FeCh and the presence of excess Fe, the AF wave vector fluctuates

between (π,π) and (π,0) depending on the amount of excess Fe [89–92]. This be-

havior is distinct compared to the case of 1111 and 122 compounds whose SDW

order is supposed to be always along the (π,π) direction. The phase diagram of

FeCh is very similar to the 1111 and 122 prototype compounds, a rich set of phase
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Figure 2.6: Phase diagram of (a) CeOFeAs obtained from neutron diffrac-
tion measurements [53] and (b) LaOFeAs derived from µSR experiment [78],

(c) Ba1−xKxFe2As2 [87], and (d) Fe1+δTe1−xSex [88].

diagrams was obtained for each Fe concentration. A typical phase diagram of

Fe1+δTe1−xSex is shown in Fig. 2.6(d) [88].

2.4 Electronic band structure

Figure 2.7 (a) shows the schematic presentation of a tetragonal unit cell (black

solid line) projected onto the ab-plane. As mentioned before the parent compounds

Ba(Eu)Fe2As2 show at low temperature an antiferromagnetic ordering of the Fe

moments along the diagonal, causing an extended new tetragonal magnetic unit

cell (red dashed line) spanned through four normal unit cells in such way that there

are two Fe atoms per unit cell. Here the term magnetic unit cell is introduced

just to differentiate from the non-magnetic tetragonal unit cell. Figure 2.7 (b)

shows the 2D unfolded (black solid line) and folded BZ (red dashed line) of the

normal tetragonal and the magnetic tetragonal unit cell, respectively. If the lattice
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Figure 2.7: (a) schematic presentation of a original unit cell (black solid line)
and a folded unit cell (red dashed line) projected onto the ab-plane. Here ∆
and ∇ represent the As atoms below and above the Fe planes in the unit cell,
respectively. (b) 2D unfolded (black solid line) and folded Brillouin zone (red

dashed line), respectively.

parameter of a normal unit cell is a then the lattice parameter of the magnetic unit

cell is given by a’ = a
√

2. The increase in the lattice parameter of the magnetic

unit cell in real space reduces the size of the BZ. So the new magnetic BZ is a

backfolded one.

The high symmetry points in the unfolded BZ [solid line in Fig. 2.7 (b)] are

defined as Γ = (0,0), M = (π,π), and X = (π,0)/(0,π). Due to the 45o rotation of

the folded BZ with respect to the unfolded one, the high symmetry points in the

folded BZ are defined as Γ = (0,0), M′ = (π,0)/(0,π), and X = (π,π). LDA band

structure calculations predict two hole pockets at the zone center Γ (0,0), one hole

pocket at the zone corner M(π,π), and one electron pocket at the zone edge X

(π,0). In Fig. 2.7 (b), the Fermi surface sheets of the unfolded zone are shown by

solid lines. On the other hand, in the folded BZ, we observe three hole pockets at

the zone center Γ (0,0), two electron pockets at the zone corner X(π,π), and no

FS pockets are observed at the zone edge M′ (0,π). In Fig. 2.7 (b), the unfolded

Fermi surface sheets are shown in black solid lines and folded FS sheets are shown

in red dashed lines.
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Figure 2.8: LDA calculations performed on the tetragonal LaOFeAs com-
pound. (a) partial density of states(PDOS) and (b) 3D Fermi surface. The
Fermi surface is shaded by the Fermi velocity. The picture is taken from the

Ref. [27].

2.4.1 Hole pockets and electron pockets

The electronic band structure of Fe-based compounds is found to be universal near

the Fermi energy as mainly Fe 3d states are populated at the Fermi level within

the range of -2eV≤EF ≤2eV [93, 94] [see Fig. 2.8(a)]. Due to the tetrahedral

crystal field potential the five Fe d states split into three-fold degenerate t2g states

and two-fold degenerate eg states. The LDA calculations yield the density of

states at the Fermi level, N(EF ) = 2.62eV−1 per formula unit of both spins for

the case of LaOFeAs [27]. Furthermore, in Fig. 2.8 (a) one can observe that the

density of states (DOS) is rapidly changing near the Fermi level which could lead

to a magnetic instability even for a small change in the crystal structure or band

filling. The Fermi surface of LaOFeAs [see Fig. 2.8(b)] in the paramagnetic phase

consists a total of five sheets. Two quasi-two-dimensional (2D) hole cylinders at

the Brillouin zone center (Γ), two electron cylinders at the zone corner (X(M)),

and another 3D hole pocket at the top of the Brillouin zone (Z) are realized. The

three hole sheets together contribute 80% of the total density of states near the

Fermi level N(EF ) whereas 31% is realized from the electron pockets.

The band structure of Fe-based compounds shown in Fig. 2.9 is adapted from

Ref. [95], from which one can observe two hole type bands dispersing from higher

binding energy and crossing the Fermi level. Similarly, one can find bands at the

X-point related to the electron pockets dispersing along the Γ-X symmetry line and

crossing the Fermi level (note here that the M-point in the picture corresponds to
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Figure 2.9: Calculated band structure of LiFeAs, LaOFeAs and BaFe2As2.
Fermi level corresponds to zero. Picture is adapted from [95].

Figure 2.10: ARPES spectra of LaOFeP. (a) Fermi surface map. (b) elec-
tronic band dispersions along high symmetry Γ-X line. LDA band structures
along the same high symmetry lines (red lines) are superimposed on top of
ARPES spectra. Picture is adapted from [96, 97]. Note here that the M-point

in the picture corresponds to the X-point from our previous discussion.
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Figure 2.11: Fermi surface in the kx-kz plane showing the 3D nature of
the electronic structure of Ba(Fe1−xCoxAs2 at the zone center along the Γ-Z

direction [98].

the X-point from our previous discussion). The band dispersion along the Γ-Z high

symmetry line shows a non-dispersing hole pocket suggesting quasi-2D hole pockets

at the zone center. DFT calculations together with experimental observations

suggest that a nesting related (between hole pockets at Γ and electron pockets at

X) spin density wave magnetic instability exists in the parent LaOFeAs [34, 96]. On

the other hand, no such FS nesting was observed in the parent LaOFeP, consistent

with the experimental observations and theoretical predictions [96, 97]. This could

explain the absence of magnetic spin density wave ordering at low temperature.

Another important observation was the difference between the electronic structure

of Pn = As and P compounds at low temperature. The former shows a backfolding

of bands between electron and hole pockets due to the antiferromagnetic order

whereas the latter shows no such backfolding of bands, exploring the origin of

magnetism in these newly discovered Fe-based compounds. Figure 2.10 presents

angle-resolved photoemission spectroscopy measurements of LaOFeP adapted from

Refs. [96, 97]. Figure 2.10(a) depicts the Fermi surface map in which we can see

two hole pockets Γ1, Γ2 at the Γ-point and one electron pocket at the X-point.

Figure 2.10(b) shows the spectra of band dispersions along the Γ-X high symmetry

line. For comparison, the LDA band structure has been superimposed on top of
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it. The average Fermi velocities for the hole pockets by 0.81 × 107cm/s (in plane)

and 0.34 × 107cm/s (c-axis) and for the electron pockets are given by 1.30 ×
107cm/s (in plane) and 0.31 X 107cm/s (c-axis). The resistivity anisotropy has

been predicted to be of 15% in LaOFeAs [27].

2.4.2 Dimensionality of the electronic structure

Another important issue in the study of the electronic structure is its dimension-

ality, i.e., the presence or absence of band dispersion along the kz direction in

the Brillouin zone. Some of the high Tc superconductors possess a 3D electronic

structure (for example MgB2) and some a quasi-2D nature. The highest Tc was

found in a quasi-two dimensional electronic system such as cuprates, which could

indicate that a two-dimensional electronic structure is more favorable for the high

Tc superconductivity. Though the present thesis extensively deals with this issue,

this section presents some of the previous observations on the dimensionality of

the electronic structure of the parent and superconducting Fe-pnictides.

Theoretical predictions showed that the 1111 compounds consist of two quasi-

2D Fermi cylinders at the zone center (Γ) and a massive 3D hole pocket at the

Z-point [27, 95]. This 3D hole pocket has a finite dispersion along the Γ-Z direction

and is particularly localized to the Z-point, suggests in total a quasi-2d nature of

the electronic structure. This behavior was observed by angle-resolved photoemis-

sion spectroscopy and quantum oscillation measurements [96, 97, 99]. On the other

hand, in the case of 122 compounds, observations related to the dimensionality of

the electronic structure revealed quite different behavior, i.e., a more 3D nature

of the electronic structure was found in electron doped BaFe2As2 [98] whereas a

quasi-2D electronic structure was derived for the case of K doped BaFe2As2 [100].

So, now the question is which of these observations are correct? Further, Liu et al.

showed a transformation of the electronic structure from a quasi-2D to a more 3D

nature going from the high temperature tetragonal phase to the low temperature

orthorhombic phase for the case of parent CaFe2As2 [101]. In this context, it is

important to mention that CaFe2As2 possesses a frustrated tetragonal phase at

higher temperature, which does not resemble the exact crystal structure of the

other 122 compounds.
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2.5 Correlations in pnictides

Theoretically to account for correlation effects in the electronic structure, a possi-

ble way is to employ dynamical mean field theory (DMFT) calculations [102–104].

The LDA+DMFT approach was employed to calculate the electronic structure

of Fe-based compounds for REOFeAs (RE = La, Ce, Pr, and Nd) [105]. In

Ref. [106] it has been observed that a Hubbard energy U = 4eV and a Hund′s

coupling energy J = 0.7eV results in an electronic structure similar to the one

obtained by ARPES [96, 97]. Furthermore, the same authors concluded that a

small enhancement of the Hubbard repulsion to U = 4.5eV would transform the

system into a kind of Mott-insulator with an energy gap at the Fermi level. On

the other hand, controversial predictions were reported by other authors using

analogous DMFT calculations: the system still remains in the metallic state and

does not transform into a Mott-insulator even increasing U up to 5 eV. From this

the authors concluded that electronic correlations in the Fe-based compounds are

insignificant [107]. Nevertheless, the best way to account for the electronic cor-

relations from an experimental point of view is to study the electronic structure

near the Fermi level using angle-resolved photoemission spectroscopy. Extracting

the momentum dependent Fermi velocities one can calculate the electronic mass

renormalization. From those measurements a mass renormalization factor between

1.5 and 2.5 was derived depending on the FS sheet [97, 108]. ARPES data on 11

compounds showed a mass renormalization factor of 4-20 [109] which is in stark

contrast to the values reported in Ref. [97, 108]. There are two x-ray absorp-

tion spectroscopy (XAS) reports on the size of Hubbard energy U show below ≈
4 eV [31, 110]. This could indicate that the Fe pnictides are weakly correlated

systems.

2.6 Superconductivity

2.6.1 Upper critical field

Upper critical field measurements showed that Fe-pnictides are Type-II supercon-

ductors [111–113]. These measurements show an isotropic Hc2 for the case of 122

superconductors, i.e., for instance along the c-axis Hc2,c = 56T and parallel to the
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Figure 2.12: Schematic representation of Fermi surface sheets (top) and
band dispersions (bottom) of hole and electron pockets of (a) parent, (b) elec-
tron doped, and (c) hole doped Fe-based superconductors. EF represents the

Fermi level.

FeAs planes Hc2,ab = 57T have been reported for Ba0.6K0.4Fe2As2 [111, 114]. Simi-

larly, isotropic upper critical fields were also found for the 11 compounds, e.g., Hc2,c

= 46T and Hc2,ab = 45T in Fe1.05Te0.85Se0.15 [72, 113]. On the other hand, a strong

anisotropy in the upper critical fields was reported for the 1111-based compounds,

e.g., Hc2,c = 9T and Hc2,ab= 54T for NdO0.7F0.3FeAs [112]. The observation of the

anisotropy in upper critical filed measurements in different prototype compounds

is similar to the anisotropy in the transport measurements. From both transport

and upper critical field measurements it is clear that the 11 and the 122 compounds

display a more 3D nature of the electronic structure whereas the 1111 compounds

are more two-dimensional.

2.6.2 Pairing mechanism and symmetry of the order pa-

rameter

By now, Fe-based superconductors are widely believed to be unconventional su-

perconductors. If so, the next immediate question, what the pairing mechanism

and symmetry of the order parameter in these compounds are. Yet controversial
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Figure 2.13: A schematic representation
of the superconducting order parameter in
different cases. (a) a conventional, uniform,
s wave superconductor. (b) a d wave super-
conductor, as is the case in copper oxides.
(c) a two-band s wave superconductor with
the same sign of the order parameter, as in
MgB2. (d) an s wave, as is thought to be
the case in the iron-based superconductors.

The picture is taken from [118].

explanations for symmetry of the order parameter exist, little progress is made

to explain the pairing mechanism [28, 29, 32, 34]. ARPES measurements showed

that pnictides are multigap superconductors due to the presence of all Fe 3d bands

near the Fermi level. Momentum dependent energy gaps have been observed near

the zone center related to the hole pockets (∆α ≈ 12.3meV and ∆β ≈ 5.8meV) in

Ba0.6K0.4Fe2As2 [33]. Similar isotropic superconducting gaps have been observed

also for the electron pockets [115]. I. I. Mazin was the first who proposed the

pairing mechanism and the symmetry of the order parameter in these Fe-based

superconductors [34]. According to him, a perfect Fermi surface nesting between

the electron pockets at the zone corner and the hole pockets at the zone center is

important for the pairing mechanism in these compounds. Later several theoret-

ical calculations supported his view of pairing mechanism [28, 29, 32]. Inelastic

neutron scattering measurements (INS) showed a magnetic excitation with an en-

ergy of 9.5meV [see Fig. 2.4(b)] related to a spin resonance mode at a wave vector
→
q = 1.14Å−1, corresponding to the nesting wave vector [81]. Theoretical calcula-

tions as well as experimental observations to obtain the electron-phonon coupling

constant resulted in λ = 0.2, which cannot explain high Tc values of 55K [116, 117].

Therefore it is difficult to explain high Tc superconductivity in Fe-pnictide super-

conductors in terms of a conventional electron-phonon BCS-theory. From these

observations one may come to the conclusion that spin fluctuations could form the

glue for Cooper pairing in Fe-based superconductors.

Though spin fluctuations are the most favorable candidate for Cooper pairing,

the role of nesting conditions is still unclear. Figure 2.12 shows the schematic

representation of Fermi surfaces (top) and band dispersions (bottom) of the hole

and electron pockets in the parent (a), electron doped (b), and hole doped (c)

Fe-based superconductors. In the parent compound the size of hole and electron

pockets are almost the same, hence there should be a good nesting between these
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FS pockets (kΓ
F ≈ kx

F ) as shown by an arrow corresponding to a wave vector
→
q

= 1.14Å−1. On the other hand, in a rigid band approximation, electron doping

shifts the Fermi level to lower binding energies. Consequently an increase in the

size of the electron pockets and decrease in the size of hole pockets will be observed

as shown in Fig. 2.12 (b). Hole doping shifts the Fermi level to higher binding

energies, hence an increase in the size of the hole pockets and decrease in the size

of electron pockets will be observed as shown in the Fig. 2.12 (c). It is clear from

the cartoon that the charge carrier doping destroys the perfect nesting between FS

sheets connecting different parts in the Brillouin zone. Inelastic neutron scattering

measurements indicate the existence of a superconducting resonance mode around

a (π,π) wave vector
→
q = 1.14Å−1 [119, 120], similar for all prototypes of Fe-

based superconductors. Note, however, here that for the non-stoichiometric 11-

prototype compounds, Fe1+δTe1−xSex, FS surface nesting is along (π,0), however,

spin fluctuations are found to be around the (π,π) vector [89–91].

Finally, Fig. 2.13 depicts the schematic representation of the symmetry of order

parameter of various superconductors. (a) presents the uniform s-wave symmetry

found in conventional superconductors. (b) shows d-wave symmetry as observed in

high Tc cuprates. (c) shows the multigap superconducting s-wave order parameter

with the same sign on each Fermi sheet like in MgB2, and (d) shows the s±-wave

symmetry of the order parameter, proposed by Mazin for the Fe-based supercon-

ductors. If the proposed symmetry of the order parameter is confirmed, the new

Fe-based superconductors should have nodes which would bring these compounds

into the class of unconventional superconductors.

2.7 Comparison with high Tc cuprates

In the following we point out some of the main differences between the cuprate

and the Fe-pnictide high-Tc superconductors.

• The parent pnictides are antiferromagnetic metals at low temperature whereas

the parent compounds of the cuprates are antiferromagnetic Mott-Hubbard insu-

lators.

• Both pnictides and cuprates are Type-II superconductors.
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• In the cuprates the spin order is checkerboard like while in the Fe-pnictides it is

a stripe-type order of the magnetic moments.

• The dimensionality of the electronic structure varies between different proto-

type compounds; 1111 compounds show a quasi-2D electronic structure, 122 and

11 show a more 3D electronic structure. Cuprates show a quasi-2D electronic

structure.

• For the pnictides a s±-wave symmetry of the superconducting order parameter

has been proposed whereas in the cuprates there is more and more evidence that

the symmetry is dx2−y2-wave.

• Pnictides are multiband and multigap superconductors similar to MgB2 whereas

cuprates are single band and single gap superconductors.

2.8 Conclusion

An introduction into the physical and structural properties of Fe-based parent

compounds and their superconducting derivatives was given in this Chapter. The

parent Fe-pnictides undergo a structural deformation followed or accompanied by

a magnetic transition from a high temperature paramagnetic metal to a low tem-

perature antiferromagnetic metal. The transition temperature varies for different

prototypes. Though there are different methods in achieving the superconducting

phase, either by doping with charge carriers, isovalent substitution of the parent

compounds, i.e., by chemical pressure, or by applying mechanical pressure, the

phase diagram looks similar. This peculiar behavior could be related to the pres-

ence of Fe 3d states near the Fermi energy which is common for all prototypes of

Fe-pnictides. Parent 122 and 1111 compounds show an antiferromagnetic SDW

wave order along the (π,π) direction. On the other hand, stoichiometric 11 com-

pounds show SDW order in the (π,π) direction. Depending on the amount of

excess Fe, magnetic ordering can be tuned from a (π,π) wave to a (π,0) wave.

Superconductivity possibly occurs in these materials due to a coupling to the spin

fluctuations around the (π,π) wave vector. The electronic structure consists of two

or more hole pockets at the Γ-point and two electron pockets at the X-point. Yet

controversial explanations for the pairing symmetry have been published, there are

many experimental indications which point to a s±-wave symmetry of the order

parameter.



Chapter 3

Experimental technique:

principles and set-up

3.1 Theoretical aspects of photoemission

3.1.1 Introduction

The history of photoemission goes back to the late 19th century: in the year

1887, Heinrich Hertz has noticed the electron emission from a solid when light

impinges on it. Later this process was successfully explained by Albert Einstein.

Photoemission spectroscopy is based on Einstein’s equation

Ekin = hν − Φ − |EB| . (3.1)

Here, hν is the applied photon energy,

Φ is the characteristic work function of the material,

Ekin is the kinetic energy, and EB is the binding energy of photoelectrons.

A schematic presentation of a typical photoemission process is shown in Fig. 3.1.

The figure shows the relation between the energy level diagram of a solid and

the energy distribution of the photo-excited electrons during the photoemission

process. In general the electronic structure of a solid is determined by core levels

and valence bands and by the conduction bands. The Fermi energy (EF ) separates

26
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Figure 3.1: A schematic representation of the relation between energy levels
in a solid and the electron distribution of photoelectrons produced by photons

of energy ~ω

the occupied states of the conduction band from the unoccupied states. In Fig. 3.1,

the intrinsic work function Φ of a solid separates the vacuum level Evac from the

Fermi level EF .

The phenomena of photo excitation is not as simple as shown in Fig. 3.1. In

general the photoemission process is a many-body problem. The final spectrum is

always significantly influenced by an interaction with the low energy excitations,

resulting in a spectrum with the finite line widths and/or satellites. The photocur-

rent induced in PES results from a transition of an initial state |Ψi〉 to a final state

〈Ψf | by the photon field having the vector potential A. The transition probability

is given by Fermi’s Golden Rule:
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w ∝ 2π

~
|〈Ψf |H ′ |Ψi〉|2 δ(Ef − Ei − ~ω) . (3.2)

In the single particle approximation the total Hamiltonian of the system is

Htot = H0 + H ′ , (3.3)

here H0 = p2

2m
+ V(r) and the perturbation term H’ is due to the interaction with

the photon vector potential A.

In the most general form one writes

H ′ =
e

2mc
(p · A)(A · p) − eφ +

e2

2mc2
A · A , (3.4)

where φ is the scalar potential and p = i~ ∇ is the momentum operator. By

assuming ∇·A = 0 due to the translational invariance of the solid and using the

gauge φ = 0 and neglecting the A·A term, one has

H ′ =
e

mc
A · p . (3.5)

Now substituting Eq. 3.5 into the Eq. 3.2, the final form of the equation for PES

is given by

w ∝ 2π

~
|〈Ψf |A · p |Ψi〉|2 δ(Ef − Ei − ~ω) . (3.6)

3.1.2 Three-step vs. one-step model

The probability of transition from an initial state |Ψi〉 to a final state 〈Ψf | (see

Eq. 3.6) can be described by different types of processes. The most phenomeno-

logical approach used for the interpretation of photoemission spectra in the solid

is the so called three-step model, as developed by Berglund and Spicer [37, 121].

This model breaks up the complicated photoemission process into three steps:

(a) optical excitation of a photoelectron in the solid

(b) transport of the photoelectron to the surface

(c) escape of the electron into the vacuum.
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Figure 3.2: Schematic representation of the three-step and the one-step model
of the photoemission process.

This is the most common approach, when photoemission spectroscopy is used

as tool to map the electronic band structure of the solids. On the other hand,

from the quantum mechanical point of view the photoemission process should

be considered as a one-step process: in terms of an optical transition between

initial and final states consisting of many body wave functions that obey necessary

boundary conditions at the surface of the solid. The three-step model in relation

to the one-step model is presented in Fig. 3.2. Due to the complications involved

in the one-step method most of the experimental results (also in the present work)

were interpreted in terms of the three-step model.

3.1.3 Core-level and valence band photoemission

For core-level photoemission the transition probability can be written as (A in

the Eq. 3.6 is constant when the size of the crystal is larger than the photon wave

length),

w ∝ 2π

~
|〈Ψf | r |Ψi〉|2 δ(Ef − Ei − ~ω) , (3.7)



Chapter 3. Experimental technique: theory and set-up 30

where r = A·p .

In the first approximation, it is assumed that the system under investigation

has N electrons. In the simplest case one can take a one-electron view for the

initial and final state wave function. In the final state one has, in addition, a free

electron with the kinetic energy Ekin.

In the case of a core-level electron the initial state wave function can be written

as a product of the wave function of an excited electron φk and the wave function of

the remaining electrons Ψk
i,R (N-1), assuming that the system under investigation

has N electrons, where the index k indicates that the electron with quantum

number k has been excited (the so called sudden approximation):

Ψi(N) = Cφi,kΨ
k
i,R(N − 1) , (3.8)

here, R stands for remain. C is the symmetrizing operator of the electron wave

function. In the same way the final state is written as a product of the wave func-

tion of the photoemitted electron φf,Ekin
and that of the remaining N-1 electrons

Ψk
f,R(N-1)

Ψf (N) = Cφf,Ekin
Ψk

f,R(N − 1). (3.9)

By substituting Eqs.3.8 and 3.9 in the Eq. 3.7, the transition matrix element is

obtained as

〈Ψf | r |Ψi〉 = 〈φf,Ekin
| r |φi,k〉 〈Ψk

f,R(N − 1)|Ψk
i,R(N − 1)〉 . (3.10)

The matrix element is then a product consisting of a one-electron matrix ele-

ment and an (N-1) electron overlap integral. In evaluating the overlap integral one

can consider the frozen-orbital approximation, i.e., Ψk
f,R(N-1) = Ψk

i,R(N-1). Under

this assumption, the PES experiment measures the negative Hartree-Fock orbital

energy of the orbital k, i.e.,

EB,k
∼= −ǫk , (3.11)

which is called Koopman’s binding energy. However, during the photoexcitation

process the remaining N-1 electrons try to readjust in such a way to minimize
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their total energy. Let us now assume that the final state with N-1 electrons has

s excited states with the wave function Ψk
f,s(N-1) and energy Es(N-1). Then the

transition matrix element can be written as,

〈Ψf | r |Ψi〉 = 〈φf,Ekin
| r |φi,k〉

∑

s

cs , (3.12)

where

cs = 〈Ψk
f,R(N − 1)|Ψk

i,R(N − 1)〉 . (3.13)

Thus in the core-level spectrum one has a main line when s = k, and for

other non-zero cs, additional satellite lines occur. However, for core-levels, the

correlations are weak and one has

Ψk
f,R(N − 1) = Ψk

i,R(N − 1), for s = k . (3.14)

Now one can write down the photocurrent I detected in the photoemission exper-

iment,

I =
∑

f,i,k

|〈φf,EKin
|r|φi,k〉|2 ∗

∑

s

|cs|2 ∗δ(Ef,Ekin
+Es(N −1)−E0(N)−~ω) , (3.15)

where E0 (N) is the ground state energy of the N-electron system and the spectral

function A can be written as

A =
∑

s

|cs|2 . (3.16)

For the photoemission from valence states one has to consider the delocalization

of the electronic states, i.e., the wave vector dependence of the valence states. The

formalism for valence states is very much similar to the one written down for the

core-level photoemission. The initial and final state of the system can be written

as

Ψi(N) = φi(ki) ∗
∑

s

Ψi(N − 1) , (3.17)

and

Ψf (N) = φf,Ekin
(kf ) ∗

∑

s

Ψs,f (N − 1) . (3.18)
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In the case of a delocalized electronic system one has to consider the periodicity

of the Bloch functions and the momentum conservation resulting in the final form

of the photocurrent (Eq. 3.6)

I ∝
∑

s,i

|〈φf,EKin
|r|φi,k〉|2 ∗ |〈Ψf,s(N − 1)|Ψi(N − 1)〉|2

∗ 1

(k
(1)
i⊥ − k

(1)
f⊥) + k

(2)
f⊥

∗ δ(ki|| − kf || + G||)δ(ki − kf + G)

δ(Ef,Ekin
+ Es(N − 1) − E0(N) − ~ω)δ(E − Ef + φ) . (3.19)

If there are no correlations, one has

Ψf,s(N − 1) = Ψi(N − 1) . (3.20)

Further, if there are correlation interactions one can write down the spectral func-

tion as

A(k, E) =
∑

s

|〈Ψf,s(N − 1)|Ψi(N − 1)〉|2 , (3.21)

which is a function of energy E and momentum k. In the nomenclature of second

quantization one has the equation for the spectral function

A(k, E) =
∑

s

|〈N − 1|ck|N〉|2 , (3.22)

where ck is an annihilation operator and A(k,E) describes the probability with

which an electron can be removed from a system in its ground state.

3.1.4 Spectral function and self-energy

The single particle spectral function A(k,E) introduced in the previous section can

be described by a one-particle Green’s function G(k,E)

A(k, E) =
1

π
|G(k, E)| . (3.23)
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The Green’s function G(k,E) is defined by

G(k, E) =
1

E − E0(k) − Σ(k, E)
, (3.24)

where Σ(k, E) is called the self-energy. It is zero for non interacting systems,

yielding the spectral function

A0(k, E) =
1

π
δ(E − E0(k)) . (3.25)

On the other hand, for the case of electron-electron interactions one has the com-

plex self-energy

Σ(k, E) = ReΣ + iImΣ . (3.26)

Now substituting Eq.3.26 into the Eq.3.24 and from the Eq.3.23 we have

A(k, E) =
1

π

1

E − E0(k) − (ReΣ + iImΣ)

=
1

π

ImΣ

(E − E0(k) − ReΣ)2 + (ImΣ)2
. (3.27)

If the self-energy is small, one can decompose the Green’s function (Eq.3.24) into

coherent and incoherent parts using a normalization constant or a weight of the

quasi particle pole

G(k, E) =
Zk

E − (ReE1(k) + iImE1(k)
+ (1 − Zk)Ginc , (3.28)

where E1(k)=E0(k)+Σ(k,E1(k)) and for vanishing Σ, E1(k)=E0(k). Now the spec-

tral function yields

A(k, E) =
1

π

ZkImE1(k)

[E − ReE1(k)]2 + [ImE1(k)]2
+ (1 − Zk)Ainc , (3.29)

and near the Fermi energy the renormalization constant Zk is given by

(Zk)
−1 = 1 − (

∂Σ

∂E
)E=Ek

. (3.30)
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In the case where the self-energy is a constant of energy, Eq. 3.27 yields a

Lorentzian function centered at ǫk + ReΣk and the full width at half maximum

(FWHM) is given by Γk = 2 ImΣk.

3.1.5 Final state effects

So far we dealt with the initial state of a system that is being investigated, i.e.,

the spectral function of a photohole. However, one should consider the spectral

function of photoelectrons as the measured spectrum will be greatly influenced by

the photoelectron final states. In order to account for the the final state effects,

let us assume that the self-energy is a constant of energy, then the line widths of

photohole and photoelectrons are given by Γi and Γf , respectively. Now one has

the resultant measured line width of the spectrum

Γm =

Γi

|vi⊥|
+

Γf

|vf⊥|

| 1
vi⊥

(1 − mvi||sin
2θ

~k||
) − 1

vf⊥
(1 − mvf ||sin

2θ

~k||
)|

, (3.31)

where |vi⊥| and |vf⊥| are the photohole and photoelectron group velocities. k|| is

the in-plane momentum vector. In normal emission, i.e., θ = 0, and |vi⊥| << |vf⊥|
we have

Γm = Γi +
|vi⊥|
|vf⊥|

Γf . (3.32)

From Eq. 3.32 it is clear that the final state effects influence the 3D systems. For

a 2D system, the photohole transition perpendicular to the surface vanishes and

we have the resultant line width

Γm =
Γi

1 − mvi||sin
2θ

~k||

. (3.33)

3.1.6 Angle-resolved photoemission spectroscopy

Having seen the basic formalism for photoemission, in this section we would like

to formulate the equations for angle-resolved photoemission. The momentum vec-

tor of a photoelectron inside the crystal is given by |kint| =
√

(kint
|| )2 + (kint

⊥ )2.
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Figure 3.3: (a) schematic presentation of angle-resolved photoemission spec-
troscopy and (b) momentum vector of a photoelectron while transmitting

through the crystal surface to the vacuum.

According to the three-step model of photoemission, when the photoelectron is

transmitted through the surface to vacuum, the conservation of parallel momen-

tum should be preserved, i.e.,

kext
|| = kint

|| + G, (3.34)

where G is a reciprocal lattice vector given by G = (2nxπ/a, 2nyπ/a, 2nzπ/a).

Therefore, |kext
|| | = |kint

|| |. In the free electron approximation one has

kint
|| = kext

|| =

√

2me

~2
[Ekinsin2θ]

and kext
⊥ =

√

2me

~2
[Ekincos2θ] . (3.35)

The momentum vector component normal to the crystal surface inside the

crystal is not conserved due to the lack of periodicity in the vacuum. Therefore,

from the law of conservation of energy one has

Ekin =
~

2

2m
[(kint

|| )2 + (kint
⊥ )2] − V0 , (3.36)
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where V0 is the inner potential, which can be obtained from theoretical calculations

or by performing band mapping along the vertical direction. Inserting Eq. 3.35

into Eq. 3.36 one obtains the internal momentum vector perpendicular to the

crystal surface

kint
⊥ =

√

2me

~2
[Ekincos2θ + V0] . (3.37)

Figure 3.3 (a) depicts a schematic representation of a typical angle-resolved

photoemission process. When photons of energy hν is impinged on the sample,

the photoelectrons are emitted in different angles. Either by rotating the detector

or the sample that is being investigated, one can map the in-plane momentum de-

pendent electronic structure using Eq. 3.35. On the other hand, in order to obtain

the out-of-plane momentum dependent electronic structure in normal emission (θ

= 0), one simply has to perform photon energy dependent measurements as kint
⊥

is mainly depending on Ekin (see the Eq. 3.36) which in turn depends on the

incident photon energy (keeping the inner potential constant).

3.1.7 Electron escape depth

Fig. 3.4 shows that the inelastic electron mean free path λ in solid is universal

as a function of kinetic energy. For the energies of interest the mean free path

is only of the order of few Å. For example, the mean free path of the electrons

with kinetic energies between 20-100eV is 5-10Å. Because of this small escape

depth of the electrons form the solid, one generally considers this technique to

be surface sensitive. The mean free path of the electrons could be calculated

in terms of electron-electron and electron-phonon excitations. Electron-phonon

scattering plays a role at very low energies. The mean free path of the interesting

energies (20eV to 150eV) is mainly determined by electron-electron collisions, i.e.,

by plasmon excitations. The differential cross section for the electron excitations

by high-energy electron scattering is given by

d2σ

dΩdω
=

~
2

πea0

1

q2
Im{− 1

ǫ(q, ω)
} , (3.38)
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Figure 3.4: Inelastic electron mean free path as a function of its kinetic energy
for various solids. Picture is taken from SLAC-PUB-14072.

where ~q is the momentum transfer and ω is the energy transfer in the scattering

process. a0 is the Bohr radius and Ω is the solid angle into which electrons are

scattered. ǫ(q, ω) is the dielectric function. The maxima in the imaginary part

of the inverse dielectric function is related to the plasmon excitations. Now the

inverse mean free path is given by

λ−1 =
√

3
a0R

Ekin

r3/2
s ln[(

4

9π
)2/3 Ekin

R
r2
s ] , (3.39)

where R = 13.6 eV and rs is the radius of a sphere corresponding to the mean

volume of an electron measured in units of the Bohr radius a0. Note here that

though λ−1 is depending on the characteristic dielectric function ǫ(q, ω), in metallic

solids the electron-electron distance r − s is almost similar. Thus one obtains a

universal curve for the inelastic electron mean free path [35, 36].
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3.2 Experimental aspects of photoemission

3.2.1 ARPES set-up

A typical ARPES experimental set-up consists of a highly evacuated (vacuum

better than 10−10 mbar) measurement chamber coupled to a light source, vacuum

units, a cryomanipulator, and an electron analyzer. The cryomanipulator is used

for adjusting and rotating the sample inside the measurement chamber and cooling

the sample to low temperature. Since the photoemission is surface sensitive, sam-

ples should have a very clean surface before starting any kind of measurements.

For that we first glue the single crystal on top of the sample holder. Then we

glue a top-post [see Fig.3.5 (c)] on the sample such that sample lies between the

top-post and the sample-holder. Before starting the measurements this top-post

will be knocked out by a wobble stick, taking part of single crystal with it and

leaving behind a clean single crystal surface.

On the other hand, one can also use in situ thin film deposition techniques,

such as sputtering or thermal evaporation to grow the thin films in a preparation

chamber and then the as grown thin films can be transfered to the main (measure-

ment) chamber. At BESSY II two experimental ARPES end stations have been

used in the present work, ”13 ARPES” and ”12 ARPES” sharing a single beam

line provided with the undulator UE112. Prior to transferring samples into the

main chamber, they are kept in a load-lock/fast-entry system, and after reaching a

pressure of the order of 10−7 mbar in the fast-entry, with the help of transfer rod,

samples will be transfered to the preparation chamber where the cryomanipulator

is resting. The evacuation process for the whole machine runs continuously, done

by a number of different vacuum pump systems such as ion-getter pumps, and

turbo-molecular pumps backed-up by membrane pumps.

The experimental set-up is divided into several parts that are individually

pumped, connected to an ion-getter pump located at the bottom of the ARPES

system. It is important to note that to reach ultra-high vacuum, all vacuum com-

ponents must be clean and free of oil or other contaminants. Another important

thing to note is that since photoemission deals with electrons, one should avoid

using magnetic components inside the measurement chamber. Sample-holder and
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manipulator head [see Fig .3.5(d)] should be made of oxygen-free high conductiv-

ity (OFHC) copper or other high conductivity metals that are free from magnetic

components.

Figure 3.5: Photographic images of 13 and 12 ARPES end stations at BESSY
II (a) and (b), respectively. Respective parts of the experimental set-up are la-
beled on the images. (c) photographic image of sample holder specially designed
for 13 ARPES. (d) six-axis cryomanipulator attached to 12ARPES station and

(e) sample-holder designed for 12 ARPES.

3.2.2 Cryomanipulator for 12 ARPES

The photographic image of 12 ARPES is shown in Fig.3.5(b). Essential compo-

nents are a SCIENTA SES100 (at present a SCIENTA R8000 is installed) analyzer
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and a six-axis cryomanipulator, as shown in Fig.3.5(d). The function of the cry-

omanipulator is to position the sample precisely in the measurement chamber by

using all of its six degrees of freedom, i.e., 3 rotational and 3 translational degrees

of freedom, while the sample is at low temperature. The reproducibility of the

angles is better than 0.2o. The sample can be cooled using a continuous flow of

liquid helium, and the sample temperature can be controlled by a temperature

sensor attached to the sample holder head together with a heater and a temper-

ature controller. Using this cryostat one can reach a sample temperature in the

range between 16K and 400K.

3.2.3 Cryomanipulator for 13 ARPES

The 13 ARPES end station is at present the only ARPES end station worldwide

in which a sample temperature of below 1K can be reached. In addition, this

experimental set-up is designed for achieving an energy resolution of 1 meV. The

term 13 stands for: a beamline resolution of 1meV, a sample temperature of 1K,

and a total energy resolution of 1meV from the Scienta analyzer. However, due

to experimental problems the desired energy resolution of 1 meV was not yet

achieved. So far a stable energy resolution reached was between 5-7meV. The

cryostat for the 13 ARPES supplied by the Janis company. A schematic picture

of the Janis cryostat is shown in Fig.3.6. It consists of the following components:

(i) a He-3 (He3) insert, including a He-3 pot, a He-3 pumping and return line, and

a 1 K pot; (ii) UHV compatible cold finger (sample mount); (iii) UHV compatible

movements, to adjust the sample inside the chamber; (iv) a gas handling system

used to operate the He-3 insert; (v) a pre-cooling assembly, including liquid He-4

(He4) and liquid N2 vessels in order to shield the He-3 vessels and to be able to

cool the cold finger fast. The sample can be adjusted in the X-Y plane and along

the Z-axis using different feed throughs at respective positions [see Fig.3.6]. The

sample mount can be rotated about the Z-axis such that one can map the Fermi

surface by taking linear scans at every angle. A sample rotation around the X or

Y-axis is not possible.
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Figure 3.6: Schematic picture
of the He-3 cryostat mounted on
the 13 ARPES end station at

BESSY II.

3.2.4 Scienta analyzer

Another important part of the photoemission set-up is the electron analyzer. The

general type of high resolution electron analyzer is the electrostatic hemispherical

analyzer, in which the photoelectrons are separated with respect to their kinetic

energy by an electric field between two concentric hemispheres [see Fig.3.7(a)].The

present commercial analyzers are able to reach an energy resolution of 1-5 meV and

an angular resolution of the order of 0.2o. The data obtained in the present work

were recorded using the Scienta analyzers SES100 and R4000. The hemispherical

analyzer detects the intensity of the emitted photoelectrons as a function of both

their kinetic energy and momentum. A schematic diagram of the hemispherical

analyzer is shown in Fig.3.7(a). In the angle-resolved mode, the photoelectrons
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coming from different angles are focused by an electron lens to the entrance slit of

the analyzer. Electrons with higher or lower kinetic energy have different trajec-

tories inside the hemisphere and hit the two dimensional detector as a function of

the kinetic energy and the escape angle from the solid. The energy resolution of

a hemispherical electron analyzer can be calculated using the formula

∆E =
w EP

R0

, (3.40)

where R0 is the mean radius of two concentric hemispheres, R0 = (R1+R2)/2,

R1 and R2 are the radii of inner and outer hemispheres, and w is the entrance

slit width. From Eq.3.40 it is clear that the lower the pass energy the higher the

energy resolution.

Figure 3.7: (a) Schematic representation of a hemispherical electron analyzer.
(b) Photographic image of a SCIENTA R4000 electron analyzer where the hemi-
sphere is placed inside a µ-metal shield. The analyzer operates under ultra-high

vacuum condition.

3.2.5 Synchrotron radiation

In this section we give a brief introduction into the production of synchrotron

radiation which was used as a photon source for the measurements presented

in this thesis. Synchrotron radiation has many advantages over the lab photon

sources such as He and Ne discharge lamps. Using a synchrotron radiation facility

on can generate photons with energies ranging from the infrared radiation to the
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hard X-rays, i.e., 0.01eV to 10keV. Furthermore, one can get linearly or circularly

polarized photons. Synchrotron radiation is an electromagnetic radiation that

is being radiated when a bunch of charged particles (electrons at the BESSY

II storage ring ) is transversely accelerated in a storage ring, i.e., in the bending

magnets or special insertion magnetic devices such as wigglers and undulators. The

storage ring mainly consists of highly evacuated narrow pipe in which the electron

beam rotates. Dipoles and quadrupoles are used for changing and focusing the

electron trajectory, respectively. As the electron bunches rotate in the storage ring

their energy is reduced by the radiation losses. Radio frequency cavities located

at certain places in the storage ring are responsible for maintaining a constant

energy of the electron bunches.

Fig. 3.8(top) depicts a schematic picture of a third generation synchrotron. The

electrons are typically produced and accelerated in a linear accelerator (LINAC)

coupled to a booster ring. After acquiring full speed at the booster ring, electrons

are injected into the storage ring. Due to continuous collisions of the electrons

with residue gas molecules in the storage ring, the beam current decreases slowly,

so one has to inject after some hours new bunches of high energy electrons into

the storage ring. The electron injection can be done either by top-up mode (a

continuous addition of new electrons in regular intervals) or a complete beam-

dump takes place before a full re-injection. The latter method of electron injection

is used at BESSY II but without beam-dump. Figure 3.8(bottom panel) depicts

a typical undulator used in the storage ring. The insertion devices like undulators

and wigglers are used for generating very high intensity radiation. When electrons

traverse the periodic magnetic structure, they are forced to undergo oscillations

and thus emit radiation. Undulators can provide several orders of magnitude

higher flux than a simple bending magnet. The emitted radiation from each dipole

magnet in the undulator undergoes a constructive interference which enhances the

brightness up to N2 times if there are N dipole magnets.

3.2.6 Polarized synchrotron radiation

The data presented in this thesis were obtained using different photon polariza-

tions. In the following we discuss briefly how to obtain the polarized radiation

from a synchrotron radiation facility. Figure 3.9 depicts a schematic view of a

magnetic structure in an undulator designed for generating polarized synchrotron
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Figure 3.8: The top panel shows a schematic representation of a typical third
generation synchrotron facility. The bottom panel shows the emission of electro-
magnetic radiation when electrons pass by an undulator consisting of a periodic

structure of dipole magnets.

radiation. The magnetic structure presented in the Fig. 3.9 consists of two pairs

of arrays of permanent magnets of which one pair is located at the bottom and

another pair of magnetic arrays is located on the top. The orientation of magne-

tization of each magnetic block is shown in the figure. Using the structure shown

in Fig. 3.9 one can generate various types of magnetic fields by moving either

the right or the left magnetic array of both top and bottom pairs. If the phase

shift D = 0, one can get a vertically sinusoidal field. Similarly, distorted helical

field (D = 2λu/8), helical field (D = 3λu/8), and horizontally sinusoidal field ( D=

4λu/8) can be obtained. Since the motion of electrons in the undulator depends
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Figure 3.9: Schematic view
of the magnetic structure for
generating variably polarized
undulator radiation. Here, g
represent the gap width be-
tween lower and upper pair
of arrays, λu is the undulator
magnetic period and is equiv-
alent for all four magnetic ar-
rays. h and w are the height
and width of each magnetic
block, respectively. D is the
phase shift between magnetic
arrays in each pair. The
picture is reproduced from

Ref. [122]

on the magnetic field path, one can easily get vertical and horizontal polarized

radiation when the phase shift D = 0 and D= 4λu/8, respectively. Contrary to

the radiation of the bending magnets, the radiation from undulators is partially

monochromatized. Further discussion on this issue can be found in Ref. [122]

3.2.7 The UE112-PGM2b beam line

The partially monochromatized light from the undulator must be further monoc-

hromatized by a beamline which also focuses the light onto the sample. A side

view of the optical design of the UE112-PGM2b beamline is shown in Fig. 3.10.

This beamline is coupled to an undulator consisting of n = 32 dipole magnets with

an undulator wavelength λu = 11.2cm. The radiated light after the undulator is

collimated by a toroidal mirror, and then using a plane grating monochromator

(PGM) one can select a narrow energy range from the incoming photons. The

basic principle behind the PGM is

Nmλ = sinα + sinβ (3.41)

where N is the line density, m is the diffraction order, and α and β are the angles of

incident and scattered light, respectively, with respect to the normal of the PGM.

By adjusting α and β one can select a certain wave length of the photons. We

generally measure the data in a fixed focus mode, the constant of fixed focus is



Chapter 3. Experimental technique: theory and set-up 46

Figure 3.10: (a) optical design of the UE112-PGM2b beam line at BESSY II.
(b) shows the energy resolution of the beam line 0.165meV, obtained using an

excitation energy of 21.6 eV on Ne gas, courtesy to R. Follath.

defined by

cff =
cosβ

cosα
, (3.42)

Note that the larger the cff values the smaller the energy distribution of the light.

For larger cff values the spectral purity will be low. We use cff = 3 for our

measurements [123, 124].





Chapter 4

ARPES studies on parent

Ba(Eu)Fe2As2

4.1 Introduction

In this Chapter we focus on the possible differences between the electronic struc-

ture of the parent Ba(Eu)Fe2As2 compounds in the high temperature paramagnetic

state and in the low temperature antiferromagnetic state by performing temper-

ature dependent measurements. This is an interesting topic since the sudden

decrease in the resistivity below the Néel temperature seen in transport data (dis-

cussed in Chapter 1) may indicate that a change occurs in the electronic structure.

A change in the band structure is also predicted from density functional theory

(DFT) calculations [94, 125, 126]. Furthermore, we have performed ARPES exper-

iments with different polarizations of the photons in order to obtain information

about the orbital character of the bands close to the Fermi level. In addition, using

the variable photon energies available from the synchrotron radiation source, we

have obtained information relevant to the kz values sampled in the measurements

and also are able to make an initial examination of the dispersion of the bands

perpendicular to the FeAs planes. The experimental results are compared with

the DFT band structure calculations and with similar experimental work in the

literature on parent Ba(Eu)Fe2As2 [94, 125–128].

Most of this chapter is published as: [1]. J. Fink, S. Thirupathaiah et al., PRB, 79, 155118
(2009), [2]. S. Thirupathaiah et al., PRB, 81, 104512 (2010), [3]. S. de. Jong, E. van Heumen,
S. Thirupathaiah et al., EPL 89, 27007 (2010).

48
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4.2 Experimental details

Single crystals of BaFe2As2 were grown out of a Sn flux in Amsterdam and

München using conventional high temperature solution growth techniques [129].

Elemental analysis of the former was performed using wavelength dispersive x-ray

spectroscopy (WDS). Further elemental analysis was obtained from x-ray induced

photoemission spectroscopy of the core levels [130]. Both methods yielded a Sn

contamination of the crystal of approximately 1.6 at. %. According to a recent

study of BaFe2As2 single crystals, such a Sn contamination leads to a reduction

in the structural transition temperature from the tetragonal to the orthorhombic

phase and also to a reduction in the transition temperature between the paramag-

netic and the antiferromagnetic phase [129]. Polycrystalline Sn-free samples show

transition temperatures close to 140K. For the Amsterdam crystals a transition

temperature of 65K was deduced from resistivity measurements. For the München

crystals a structural transition and a Néel temperature at 100K are derived from

the neutron scattering data [131]. Single crystals of EuFe2As2 were grown using the

Bridgman and the Sn-flux method at Göttingen University. The magnetic tran-

sition temperature of EuFe2As2 was determined to be about 190K. Furthermore,

the system shows an AF ordering of the Eu2+ moments below 18K [132, 133].

Figure 4.1: (a) Brillouin zone of BaFe2As2 in the tetragonal phase. The
presented ARPES data are focused around the Γ, Z and X symmetry points. (b)
measuring geometry for the ARPES data taken near the Γ point. The entrance
slit (ES) of the analyzer, the crystal (C), the vertical (v) and the horizontal
(h) linear polarizations of the incoming photons (ph) and the trajectory of
the outgoing photoelectrons (e) are shown. The direction of the photons and
the photoelectrons define the scattering plane. This scattering plane is almost
horizontal for photoelectrons traveling to the center of the entrance slit ky = 0
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The ARPES experiments were carried out at the ’13-ARPES’ end station. Spec-

tra were taken with various photon energies ranging from hν = 30eV to 175eV.

The total energy resolution ranged from 10meV (full width at half maximum) at

photon energies hν = 30eV to 20meV at hν = 175eV. The angular resolution was

0.2o along the slit of the analyzer and 0.3o perpendicular to it. The experimental

geometry is depicted in Fig. 4.1(b). In this geometry the scattering plane, as de-

fined by the direction of the incoming photons and the trajectory of the outgoing

photoelectrons, is nearly horizontal for ky = 0, i.e., for photoelectrons traveling

to the center of the entrance slit of the analyzer. The present ARPES study was

mainly focused at the high symmetry points in the Brillouin zone: around the

zone center [Γ = (0,0,0), Z = π/c (0,0,1)] and the zone corner [X = π/a(1,1,0)]

as shown in Fig. 4.1(a), where a and c are the tetragonal lattice constants for

BaFe2As2 and EuFe2As2 along the x and z axes, respectively.

Due to symmetry dependent selection rules within the matrix elements gov-

erning photoemission, the experimental intensities are strongly affected by the

orientation of the polarization of the photons relative to the scattering plane [36].

For ky = 0, i.e., for photoelectrons traveling to the center of the exit slit, ver-

tical (horizontal) polarization means that the electric field vector is essentially

perpendicular (parallel) to the scattering plane, yielding the label s (p) for the

two polarization geometries. It is emphasized that due to the finite size of the

vertically aligned entrance slit, this only holds for the center of the slit. Orient-

ing the crystal mirror plane into the scattering plane and performing polarization

dependent ARPES experiments, important information on the parity of orbitals

relative to the mirror plane can be obtained. For exploring the photon energy

dependence of the data and for elucidating the kz values sampled under our ex-

perimental conditions (kz values near the Γ point, parallel to Γ-Z), we recorded

the kinetic energy of the photoelectrons in nearly normal emission for various ky

values along the Γ-M direction as a function of the photon energy.

The samples were mounted on a high-precision cryomanipulator and cleaved in

situ at room temperature in an ultrahigh-vacuum chamber with a base pressure

of 10−10 mbar.
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4.2.1 Geometry and polarization dependent selection rules

In this section we would like to discuss the matrix element selection rules of

ARPES, which depend on the measuring geometry and the photon polarization.

Figure 4.2 (a) shows the schematic representation of a tetragonal unit cell (black

solid line) projected onto the ab-plane. As mentioned before the parent compounds

Ba(Eu)Fe2As2 show at low temperature an antiferromagnetic ordering of the Fe

moments along the diagonal, causing an extended new tetragonal magnetic unit

cell (red dashed line) spanning through four normal unit cells in such a way that

there are two Fe atoms per unit cell. Figure 4.2 (b) shows the 2D unfolded (black

solid line) and folded Brillouin zone (red dashed line) of the normal tetragonal and

the magnetic tetragonal unit cell, respectively. Further discussion on this picture

can be found in Chapter 1. Note here that though there is a rotation of 45o from

the unfolded to the folded Brillouin zone in k-space, the Cartesian geometry in

real space is the same, i.e., no such rotation should be taken into account for the

Fe 3d orbitals. This observation is very important for the forthcoming discussion

in this section.

From Chapter 2, the transition matrix element for photoelectron excitation can

be written as

Mfi =< Ψf |A · p|Ψi > (4.1)

Here, |Ψi > and < Ψf | are the initial and final states of a system that is being

probed. A is the vector potential of a photon field. In order to measure a finite

intensity in the detector the parity of the final state < Ψf | should be even. Now

using different photon polarizations and the initial state parity one can receive

information on the orbital character of the Fe 3d bands.

Let us now consider a case where the scattering plane is in the Γ-X-Z mirror

plane of the crystal, as shown in Fig. 4.2(c). In this geometry, since dx2−y2 , dxz

and dz2 states have even parity with respect to the mirror plane, it is possible to

detect these states with horizontal (p) photon polarization since the final state,

the vector field, and the initial state have all even parity and thus the matrix

element (Eq. 4.1) is finite. The dyz and dxy orbitals have odd parity and therefore

they can be detected with vertically (s) polarized light. On the other hand, if

the Γ-M-Z plane is in the scattering plane [see Fig. 4.2(d)] one can easily realize
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Figure 4.2: Schematic presentation of (a) 2D tetragonal unit cell (black solid
line) and the 2D tetragonal ‘magnetic’ unit cell (red dashed line) projected onto
the ab-plane. (b) 2D unfolded (back solid line) and folded Brillouin zone (red
dashed line) of the normal tetragonal and the magnetic tetragonal unit cells,
respectively. (c) alignment of Fe 3d orbitals for the case of that the scattering
plane (red plane) coincides with the Γ-X-Z plane. (d) alignment of orbitals for
the case of that the scattering plane (red plane) coincides with the Γ-M-Z plane.
The scattering plane is not shown when there is no coincidence with the mirror
plane. Here a and a’ represent the lattice parameters of the normal and the

magnetic tetragonal unit cells such that a’ =
√

2a.
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Figure 4.3: Polarizations dependent spectra of BaFe2As2 taken at the Bril-
louin zone center to reveal the matrix element effects.

that the dxy and dz2 states have even parity and the dx2−y2 states are odd with

respect to the mirror plane (red plane). The orbitals dyz and dxz are out of the

scattering plane, hence always detectable irrespective of the photon polarization.

As discussed above and using the selection rules, with p-polarized light one can

see the bands having dxy, dz2 , dyz and dxz orbital character while with s-polarized

light bands having the dx2−y2 , dyz, and dxz orbital character can be observed.

A summary of the geometry and polarization dependent selection rules for the

detection of the bands having a certain orbital character is shown in Table 3.1.

The four possible parity dependent selection rules are given by

< Ψf |A · p|Ψi >=







|Ψi > even,< +| + |+ > for A even,

|Ψi > odd,< +| − |− > for A odd.
(4.2)

Figure. 4.3 depicts the energy distribution maps (EDMs) of BaFe2As2 taken

near the Γ-point along the Γ-M symmetry line. An excitation energy hν = 75eV

was used to extract the band dispersion near kz = 0. Figure 4.3 (a) shows an EDM

measured with p-polarized light and Fig. 4.3 (b) shows an EDM measured with

s-polarized light. From the above discussion, using p-polarized light one should

see bands having dxy, dz2 , dyz and dxz orbital character while using s-polarized

light bands having dx2−y2 , dyz, and dxz orbital character can be detected. In

this geometry dyz, and dxz should be present for both s and p-polarized light.
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Table 4.1: Sample alignment and Fe 3d orbitals which can be detected with s
and p-polarized photons.

Alignment Fe 3dx2−y2 Fe 3dz2 Fe 3dxz Fe 3dyz Fe 3dxy

Γ-X (p-pol) yes yes yes no no
Γ-X (s-pol) no no no yes yes
Γ-M (p-pol) no yes yes yes yes
Γ-M (s-pol) yes no yes yes no

Therefore, it is difficult to determine the orbital character of the bands near the

Fermi level. Nevertheless, one can observe a major difference in the spectral weight

at a binding energy EB = 600meV where a dz2 band is visible for p-polarized light

while it is absent for s-polarized light in accordance with the selection rules.

4.3 Results and discussion

4.3.1 Core-level spectra

Core-level spectra of parent BaFe2As2 and EuFe2As2 are shown in Fig. 4.4. The

data were recorded in the transmission mode of the detector using R4000 and

SES 100 Scienta spectrometers. The top panel [Fig. 4.4 (a)] depicts the core-level

spectra of BaFe2As2 taken with a photon energy hν = 135eV. The panel Fig. 4.4

(b)-(e) show the magnified view of the valence band (b), and the core-level spectra

of Ba 4d (c), As 3d (d) and Ba 5p (e). A doublet due to the spin-orbit splitting has

been observed for Ba 4d, As 3d and Ba 5p core levels. The binding energies of these

core levels are consistent with the binding energies of the respective elements [134].

Surface core-levels for Ba 4d and As 3d have been observed. These surface state

features can be explained as follows: during the cleavage of the sample inside the

measurement chamber, the weak bonds between As and Ba break. To avoid a

polar surface, one half of the Ba atoms are going to one side of the crystal and

the other half is going to the other side. It has been reported that the Ba atoms

on the cleaved surface of the Ba-122 single crystal are likely to be reconstructed

to (2 × 1) crystal order or even be with larger periodicity [135]. Hence, with a

photon of energy having minimum penetration depth of the photoelectron, one

will not only detect Ba core levels from bulk Ba atoms with high intensity but

also those from Ba surface atoms. The binding energy of the core-levels for the



Chapter 4. ARPES studies on parent Ba(Eu)Fe2As2 55

surface atoms is larger since the shielding of the nuclear potential is smaller at the

surface [130, 135].

From the magnified view of valence band (VB) spectra [see Fig. 4.4 (b)] it is

clear that As 4p states are confined between 2eV ≤ EB ≤ 8eV and poorly overlap

with the Fe 3d bands which are mainly distributed around the Fermi level (-2eV ≤
EB ≤ 2eV). Our results are consistent with the published articles [130, 136]. The

peak width provides the information on the degree of hybridization between As

4p and Fe 3d states [130]. Fig. 4.4 (f) and (g) represent the core-level spectra of

the parent compound EuFe2As2. In the case of EuFe2As2, Eu 4f states are largely

populated near the valence band, which makes the As 4p states inseparable from

the Eu 4f states. The overlap between the As 4p states and the Fe 3d states is

again weak suggesting a similar electronic structure near the Fermi level for both

Ba-122 and Eu-122 parent compounds. From the expanded view of the valence

band [see Fig. 4.4 (e)] one can see that the intensity of Eu 4f states is higher

when excited with an energy of 140eV compared to an excitation energy of 133eV.

This is due to the resonance of the Eu 4f states with photons having an excitation

energy of hν = 140eV. The observation of Eu 4f states near the valence band could

be explained in a similar way.

Having seen the preliminary information on the atomic contribution to the

states near the Fermi-level we now move on to the angle-resolved bands in order

to obtain information on the band dispersions near the Fermi level and on Fermi

surfaces.

4.3.2 Fermi surfaces and valence band dispersions

ARPES measurements on undoped BaFe2As2 are displayed in Fig. 4.5. The mea-

surements were performed using the photon energies, hν = 75eV and hν = 57eV,

corresponding to kz ≈0 (Γ point) and kz ≈1 (Z point), respectively. The kz values

are calculated using Eq. 3.37 and an inner potential of 15eV [98]. A sketch of the

measurement geometry and the polarization is shown in Fig. 4.5(a). s-polarized

photons were used for recording the data along the Γ-X direction. Figure 4.5(b)-

(e) depicts the hν = 75eV data. We observe a hole pocket at Γ and an electron

pocket at X in the Fermi surface map. Figure 4.5(c) shows the energy distribution

map taken along the k110 direction. We resolved two bands (α1 and α2) at Γ.

Only α1 crosses EF while α2 is not visible for binding energies less than 20meV.
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Figure 4.4: Panel (a)-(e) represent the core-level spectra of BaFe2As2. (b)
shows the expanded view of valence band, Fe 3d (EB ≤2eV) states are poorly
hybridized with As 4p (2eV≤EB ≤8eV). (c) and (d) show the core-level spectra
of Ba 4d and As 3d states together with surface state contributions, respectively.
(e) expanded view of core-level spectra of Ba 5p. Panel (f) represents the core-
level spectra of EuFe2As2. (g) shows the expanded view of valence band spectra.
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A Fermi vector kF = 0.07 ± 0.01Å−1 (please note that in this thesis only magni-

tude of the Fermi vectors is given) is is calculated for α1 by fitting the momentum

distribution curve (MDC) taken over the integration range of a 20meV window

with respect to EF . Using the polarization dependent selection rules (see Table

I), with s-polarized photons along the Γ-X direction, α1 and the α2 bands can be

attributed to xz and yz states. Around Γ a weak spectral feature is observed near

100meV below EF . This feature is related to a backfolding and hybridization of

bands near Γ and X, due to the AF order in the As-Fe-As block.

Around the zone corner X, we observe two bands along k110 (α2 and β2)

[Fig. 4.5(c)], and an additional hole pocket along k−110 (β1) [Fig. 4.5(e)]. Main-

taining the same geometry, but switching to hν = 57eV (kz ≈1) we can identify

[Fig. 4.5(f)] two hole pockets around Γ and one electron pocket around X. The

energy distribution map [Fig. 4.5(g)] shows two bands crossing EF at the zone

center (α1 and α2). Since there is no clear separation between these bands we

give the average Fermi vector kF = 0.11± 0.01Å−1. The small difference in Fermi

vectors between Γ and Z suggests a modest kz dispersion in undoped BaFe2As2, a

point which we will return to later.

According to density functional theory (DFT) and the present band structure

calculations shown in Fig. 4.5 (b) [95, 125, 126, 137] for the paramagnetic tetrag-

onal state, the in-plane Fermi surface at the Γ-point should be caused by two

or three hole pockets formed by three bands which are almost degenerate. The

orbital character of the three bands at the Γ and at the Z-point is predicted to

be related to mainly x2 − y2, yz, and xz states. In the calculations, these bands

show dispersion along the Γ-Z direction which leads to a departure from a simple

cylindrical form of the Fermi surface as a function of the kz value. At the Γ-point

two further bands with mainly z2 character appear near E−EF = -500meV shown

in Fig. 4.5 (a). In accordance with DFT calculations we observed two hole pockets

α1 and α2 at the Γ-point and an electron pocket β1 at the X-point. Furthermore,

the orbital contribution to the bands α1, α2, and β1 are in good agreement with

the calculations. The z2 state near the Γ-point can obtained by using p-polarized

light [see Fig. 4.3].
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Figure 4.5: ARPES data on undoped BaFe2As2 using s-polarized photons
measured along Γ-X. (a) Cartoon of sample alignment and k space covered. (b)
LDA band structure calculations. (c)-(f) hν = 75eV, corresponding to kz ≈ 0
(Γ). (c) Fermi surface map, (d) energy distribution map (EDM) taken along the
k110 direction, (e) EDM along k−110 around the Γ point and (f) around the X
point. (g)-(j) Analogous data but taken with hν = 57eV, corresponding to kz ≈
1 (Z). The red curves in panel (d) and (h) represent momentum distribution

curves at EF .
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4.3.3 Temperature dependent fermiology

As was discussed in the Introduction, the parent compounds of Fe-based super-

conductors show a phase transition from a paramagnetic tetragonal phase to an

orthorhombic antiferromagnetic spin density wave (SDW) state below a Néel tem-

perature TN which is different for different 122 materials, i.e., for the case of

BaFe2As2 the transition temperature is TN = 138K and for EuFe2As2 it is 190K.

It is interesting to do temperature dependent measurements in order to reveal

the differences in the electronic structure of the parent 122 compounds between

the high temperature paramagnetic phase and low temperature antiferromagnetic

SDW phase. Previous reports using angle-resolved photoemission spectroscopy

showed a backfolding of bands at high symmetry points due to the spin density

wave order, i.e., along the Γ-X direction in reciprocal space [138, 139]. Such a sce-

nario of backfolding of bands usually develops energy gaps in the electronic struc-

ture near the Fermi level like in the conventional metal Cr [141]. For the undoped

pnictides, transport measurements in the AF state show a reduced conductivity

which could be due to reduced density of states indicating a partial energy gap

opening [67]. Furthermore, optical measurements [142] and previous ARPES mea-

surements [139, 143, 144] also indicate an opening of gaps of the order of ∆SDW

= 60-70meV at low temperatures. Here we describe our own ARPES studies [140]

related to this topic. Figure 4.6(a) shows the typical ARPES for the parent com-

pound EuFe2As2: Fermi surface maps and cuts through the high symmetry points

along Γ-X and Z-K directions [140]. Data were recorded at a temperature of 10K

where the sample is in the antiferromagnetic spin density wave state. From the

cuts along the Γ-X and the Z-K direction, near the Fermi level one can observe

the backfolded bands. In Fig. 4.6(a) green and blue arrows are guides to the eye

showing real and folded bands, respectively. In order to see the differences in the

electronic structure as a function of temperature, data taken at the X-point are

shown in Fig. 4.6(b)-(j) where we observe well pronounced backfolded bands from

the Γ-point.

In Fig. 4.6 the panels (b), (d) , (f), and (g) present ARPES data taken at the

temperature 20K and panels (c), (e) , (h), and (i) present ARPES data taken at

the temperature 300K. The data were recorded using vertically (s) polarized light

with an excitation energy hν = 96eV in order to extract information near the

kz = 0 plane. (b) and (c) show the Fermi surface maps of the electron pocket.

(d) and (e) depict energy distribution map (EDM) cuts along the Γ-X symmetry
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Figure 4.6: Temperature dependent ARPES data on EuFe2As2. (a) depicts
ARPES data recorded at a temperature of 10K while the sample was in the
antiferromagnetic spin density wave phase [140]. (b) and (c) show the Fermi
surface maps of the electron pockets near X measured at 20K and 300K, respec-
tively. (d) and (e) show the EDM cuts taken along the k

′

// direction. Similarly,

(f, h) are EDM cuts taken along the k// direction and (g, i) are the second
derivatives of (f, h). (j) shows the schematic representation of band dispersions
at the hole and electron pockets and opening of an energy gap ∆SDW due to

the backfolding and hybridization of bands.
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line parallel to k
′

//. (f) and (h) show EDM cuts along the Γ-X symmetry line

parallel to k//. (g) and (i) display the second derivatives of the EDMs (f) and (h),

respectively. We observe two FS sheets on either side of the electron pocket at

the X-point for the data measured at 20K [Fig. 4.6(b)], having a hole-type band

dispersion. This can be clearly seen from the EDM along the k
′

// direction taken

at T = 20K, where we see a hole type band dispersion (α2) along the Γ-X direction

[see Fig. 4.6(d)]. On the other hand, we do not observe hole like FS sheets near

the X-point for the data taken at 300K [see Fig. 4.6(c)]. One may think that

such a backfolding would be due to the surface reconstruction. However, from a

systematic ARPES study performed at the temperatures between 20K and 300K

together with low energy electron diffraction (LEED) studies it was concluded

that these tiny Fermi surface sheets around the electron pocket originate from

the antiferromagnetic spin density wave ordering at low temperature [140]. In

Fig. 4.6(g) we observe two electron-type band dispersions β1 and β2 near the

the X-point marked by red dashed lines. The band β2 crosses the Fermi level

whereas β1 opens an energy gap ∆SDW ≈ 65meV due to the hybridization between

backfolded bands and the real bands. In contrast to the low temperature data, for

the data recorded at T = 300K, we observe only one electron pocket β1 crossing

the Fermi level. This explains why we see a reduction of the size of the electron

pocket in the SDW state [see the Fig. 4.6(b)] as compared to the size in the high

temperature state [see the Fig. 4.6(c)]. In the top panel of Fig. 4.6(j) we show a

schematic representation of hole and electron band dispersions at the Γ and X high

symmetry points, respectively. The bottom panel of Fig. 4.6(j) shows the energy

gap opening due to the hybridization of the backfolded bands in the SDW phase.

Our observations on the backfolding of bands along the Γ-X high symmetry line

and an opening of an energy gap are well consistent with the published results

where was found a complex electronic structure at the high symmetry points and

was reported an energy gap of the order of 60-80meV in the parent Eu(Ba)Fe2As2

compounds when the sample is in the antiferromagnetic phase [139, 143, 144].

4.3.4 Dimensionality of the electronic structure

In this section we discuss the dimensionality of the electronic structure of the

122 parent compounds. The dimensionality of electronic structure seems to have
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an important role for the superconducting properties, i.e., at least seeming to ef-

fect the Tc values. The cuprate superconductor HgBa2Ca2Cu3O8+δ with a quasi-

two-dimensional electronic structure has the highest superconducting transition

temperature Tc = 135K at an ambient pressure [145] and a Tc = 160K at high

pressure [146, 147]. On the other hand, the borocarbide high Tc superconductors

consists of a three dimensional electronic structure have a relatively low Tc whereas

MgB2 having also a 2D electronic structure shows relatively high Tc [148–150]. It

seems that high Tc superconductivity is closely related to 2D compounds. The sit-

uation with the dimensionality of the newly discovered Fe-based superconductors

is unclear. The 122 family of superconductors shares the same ThCr2Si2 crystal

structure as that of borocarbides and both display an interesting interplay be-

tween magnetism and superconductivity. Early band structure calculations show

a moderate kz dispersion for pnictides. In contrast, the in-plane and out-of-plane

physical properties show an anisotropy which is a few orders of the magnitude

smaller than that of the cuprates. This could be a hint for strong vertical hopping

of the charge carriers between the Fe layers, possibly leading to a more 3D nature

of the electronic structure in the Fe-pnictides.

In order to address this issue we have performed photon energy dependent

measurements recorded around the Γ and the X points using p and s-polarized

light (shown in Fig. 4.7). As discussed earlier, we know from DFT band structure

calculations that these states near the Fermi level have mainly z2, x2 − y2, yz,

and xz character. To reveal the kz dispersion of these bands in the BaFe2As2

compounds, we have performed systematic photon energy dependent scans with

excitation energies ranging from 45eV to 110eV in steps of 3eV. Figure. 4.7(a)

depicts the Fermi surface map in the k100-k001 plane taken by integrating over a

window of 20meV with respect to the Fermi level. The data were recorded along

the Γ-M direction with p-polarized light. In this geometry, according to Table 4.1,

all orbitals except the x2 − y2 should be visible. Furthermore, we have performed

measurements using the same photon polarization along the Γ-X symmetry line

[see Fig. 4.7(b)]. By fitting the momentum distribution curves we traced two

bands across Z and one band at Γ. From the geometry dependent selection rules

the outer band at Z is attributed to z2 character and the inner one to x2 − y2

and xz/yz orbital character. Similarly, the spectral weight at Γ is attributed to

xz/x2 − y2 orbital character. From Fig. 4.7(b) one can clearly see that the outer

band related to z2 states has a strong kz dispersion but this dispersion is limited

to a finite kz momentum around the Z-point whereas the inner band related to
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the xz/x2 − y2 orbitals shows no or only a moderate kz dispersion between Γ and

Z.

Figure 4.7: Photon energy dependent ARPES data taken to reveal the dimen-
sionality of the electronic structure perpendicular to the FeAs layer in BaFe2As2.
Measurements were carried out above the Néel temperature in order to avoid
the backfolding of bands. The Fermi surface map in the k100-k001 plane was
derived using p-polarized photons (a). The same photon polarization was used
for the Fermi surface map measured in the k110-k001 plane along the Γ-Z high
symmetry line (b) . The Fermi surface map in the k110-k001 plane was recorded
using s-polarized light (c). (d) shows the Fermi surface map in the k110-k001

plane recorded using s-polarized light along the X-K high symmetry line.

Measurements using vertically (s) polarized light were carried out to reveal

further information on the kz dispersion at the zone center [see Fig. 4.7(c)]. There

is only one band having a moderate kz dispersion along the Γ-Z direction which can

be attributed to yz character. Now we focus on the measurements performed at the

zone corner along the X-K symmetry line related to the electron pockets. Figure

4.7(d) depicts the photon energy dependent data recorded using vertical photon

polarization along the X-K symmetry line in the BZ. Here, one can clearly notice

a single band having yz orbital character with a moderate kz dispersion along the

X-K direction. Our kz dispersion results obtained using different polarizations and

geometry on the parent compound BaFe2As2 are confirmed by the publications of

other groups [101].

We compute qualitatively the number of charge carriers at the Fermi level near

the Γ and X high symmetry points using the formula

n(EF ) = 2

∫

d3k

VBZ

(4.3)
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Figure 4.8: Simulated Fermi surface sheets in the plane k//-kz at the zone
center along the Γ-Z and at the zone corner along the X-K direction.

The numerator and denominator represent the total volume of the Fermi surface

and Brillouin zone (2π
a

· 2π
b
· 2π

c
), respectively. To account for both spins, the

total number of carriers is multiplied by 2. In order to obtain the volume of the

Fermi cylinders, Fermi surfaces (FSs) in the plane of k//-kz are simulated using

the formula

kF (z) = A + B cos(kz) (4.4)

Where A =
kΓ

F−kZ
F

2
+ kΓ

F , B =
kΓ

F−kZ
F

2
, and kz varies from 0o to 360o. The simulated

FS sheets using the parameters A and B obtained from experimental observations

are shown in Fig. 4.8. Different color coding is used to assign the Fermi sheets of

different orbital character. We calculated the total volume of the hole and electron

cylinders to 0.168 (Å−1)3 and 0.148 (Å−1)3, respectively. Having known the total

volume of the Brillouin zone VBZ = 1.22(Å−1)3, we obtain the number of holes

nh = 0.14±0.02 and the number of electrons ne = 0.12±0.02 per Fe per unit cell.
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Figure 4.9: Energy distribution maps (EDMs) of EuFe2As2 (a), (b) and
BaFe2As2 (c), (d). The data were recorded above the Nèel temperature TN

of respective compounds along the Γ-M symmetry line using horizontally polar-
ized light.

Since the undoped compounds should be charge neutral, should hold the relation,

nh = ne. However, we point out that at the X-point a FS sheet related to the

orbital character of x2 − y2 is missing due to its low cross section. Furthermore,

we have used an approximation that the Fermi cylinders are symmetric around

the G-Z and around the X-K line. Nevertheless, our calculations regarding the

number of charge carriers is very close to the theoretical predictions ne = nh ≈
0.15 [151].
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Table 4.2: Fermi vectors and Fermi velocities of Eu(Ba)Fe2As2.

EuFe2As2

Symmetry point Fermi vector kF (π/a) Fermi velocity vF (eV.Å)
α1 α2 α1 α2

Γ-point 0.16±0.01 0.42±0.02 0.73±0.04 0.69±0.03
Z-point 0.17±0.01 0.44±0.02 0.53±0.02 0.59±0.02

BaFe2As2

Γ-point 0.05±0.01 – 0.71±0.03 –
Z-point 0.09±0.01 0.2±0.02 0.70±0.05 0.63±0.04

4.3.5 Comparison between EuFe2As2 and BaFe2As2

Figure 4.9 depicts the energy distribution maps (EDM) taken along the Γ-M

symmetry line, recorded above the Néel temperature to avoid the backfolding of

bands. Figure 4.9(a) and (b) represent the EDMs of EuFe2As2 taken at the

Γ and Z points, respectively. By fitting the momentum distribution curves we

could resolve two bands near the Γ and Z points. These measurements were

done using horizontally (p) polarized light. The third band could be obtained by

changing the photon polarization to vertical (s). Likewise, Fig. 4.7 (c) and (d)

show the EDMs of BaFe2As2 taken at Γ and Z-point, respectively. Due to the

thermal broadening of the bands we could resolve only one band at the Γ and

two bands at the Z point. We expect the electronic structure of EuFe2As2 and

BaFe2As2 near the Fermi level should be very similar since only the block layer

between the FeAs layers is changed. However, our present ARPES experiments

indicate that the size of the hole pockets in EuFe2As2 is two to three times larger

than that in BaFe2As2 . On the other hand, they seem to have the same size

of the electron pockets [see Table 4.2] . This would indicate an increase of hole

carriers in EuFe2As2 which is difficult to understand since in that case the charge

neutrality is no more conserved. On the other hand, we notice that the hole carrier

mobility dominates in EuFe2As2 as compared to BaFe2As2 in the paramagnetic

phase [152, 153], which could support an increase in size of the hole pocket in the

Eu-122 compounds as compared to the Ba-122 compounds. At present the above

mentioned differences in the electronic structure between Ba-122 and Eu-12 are

not clear. Further experiments are necessary to explain these results.
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4.4 Conclusion

In this Chapter, we tried to understand the electronic structure of parent com-

pounds EuFe2As2 and BaFe2As2. From the valance band spectra we derived a

relatively low degree of hybridization between Fe 3d and As 4p bands causing

similarities in the electronic structure of theses compounds near the Fermi level.

The electronic structure of Fe-pnictides consists of two or more hole pockets at

the zone center and two electron pockets at the zone corner in a folded Brillouin

zone. From the temperature dependent measurements we observe a backfolding of

bands along the Γ-X symmetry line due to the antiferromagnetic SDW ordering.

We observe a reduction in the size of the hole and electron like Fermi surface sheets

due to the opening of SDW energy gaps. The electronic structure of parent 122

compounds are found to be quasi-two dimensional in nature. The total number

of holes and electrons per Fe atom are calculated to be 0.14±0.02 and 0.12±0.02,

respectively. Using geometry and polarization dependent selection rules we were

able to partially disentangle all five Fe 3d bands that are contributing to the

electronic structure near the Fermi level.



Chapter 5

ARPES studies on

BaFe2−xCoxAs2 and

Ba1−xKxFe2As2 superconductors

5.1 Introduction

The parent compounds of Fe-pnictide superconductors are antiferromagnetic met-

als. Both electron and hole doping suppresses the AF order and leads to a super-

conducting phase. Although at present it is not clear whether the AF ordering

can be solely mediated by nesting of hole pockets at the center of the BZ and

electron pockets at the zone corner, this nesting is certainly important for the

appearance of AF order. Nesting may be also important for the pairing mecha-

nism in these compounds [34] although there are alternative scenarios based on

the high polarizability of the As ions [154]. The nesting scenario could explain

why in the SmFeAsO-based superconductors [108], predicted to have an almost

two-dimensional electronic structure [27, 79], higher superconducting transition

temperatures Tc are observed than in BaFe2As2-based systems [23] which are pre-

dicted to have a more three-dimensional electronic structure [125]. In general,

reduction of the dimensionality decreases the number of states that could be con-

sidered to be well nested. Furthermore, we point out that the orbital character of

the states at the Fermi level EF is very important for the nesting conditions as the

interband transitions which determine the electronic susceptibility, as calculated

Most of this Chapter is published as: S. Thirupathaiah et al., PRB, 81, 104512 (2010).
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by the Lindhard function, are (in weak coupling scenarios) by far strongest when

the two Fermi surfaces have the same orbital character [155]. The admixture of

three-dimensionality, arising from interlayer coupling, makes the materials poten-

tially more useful in devices and other applications. Thus the dimensionality of

the electronic structure, i.e., the kz dispersion of the electronic states is of great

importance for the understanding and application of these new superconductors.

Angle-resolved photoemission spectroscopy (ARPES) is an ideal tool to study

the dispersion of bands parallel and perpendicular to the FeAs layers. There exists

a considerable number of experimental studies of these issues [98, 101, 130, 138,

139, 144, 156–166]. Nevertheless, the kz dispersion of the near EF states, the

evolution of the electronic structure upon doping, and in particular the orbital

character of the states are points of ongoing discussion and significance in relation

to the microscopic mechanism for antiferromagnetism and superconductivity in

these systems. In this Chapter, a systematic study of the dimensionality of the

electronic structure of BaFe2−xCoxAs2 (x = 0 to 0.4) and of Ba1−xKxFe2As2 using

ARPES will be presented. Instrumental in uncovering two new factors which are

of great significance for the nesting of the Fermi surfaces of these systems is the

use of variable polarization of the synchrotron radiation. We show that the Co

doping of BaFe2As2 strongly increases the three-dimensionality of the electronic

structure, while K doping of BaFe2As2 reduces the dimensionality. Secondly, we

also detect an important change of the orbital character of the electronic states at

the Fermi level when changing the wave vector perpendicular to the layers. Our

results are in qualitative agreement with DFT band structure calculations.

5.2 Experimental details

Single crystals of BaFe2−xCoxAs2, were grown in Amsterdam using a self-flux

method. Another set of single crystals of BaFe2As2 were grown in München using

Sn-flux. The studied single crystals of BaFe2−xCoxAs2 had actual Co concentra-

tions of x = 0.08 (TN = 55K, Tc = 13K), x = 0.17 (Tc = 21K), and x = 0.4 (Tc

= 0K) were grown in Amsterdam, single crystals of Ba0.55K0.45Fe2As2 (Tc = 36K)

were grown in München. Characterizing studies on the Amsterdam samples have

been reported elsewhere [23, 135, 167]. The ARPES measurements were carried

out at the 12 ARPES end station. The total energy resolution was 25meV while
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the angular resolution was 0.2◦ along the slit analyzer and 0.3◦ perpendicular to

it. All of the samples were cleaved in situ at a temperature of less than 50K.

5.3 Band structure calculations

Figure 5.1: Bands and their orbital character (a) for BaFe2As2 and (b)
for BaFe1.8Co0.2As2. (c) kz dispersion around Γ for BaFe2As2 and (d)
for BaFe1.8Co0.2As2. (e) kz dispersion around X for BaFe2As2 and (f) for

BaFe1.8Co0.2As2.

DFT band structure calculations have been performed by the group of R. Valenti

(University of Frankfurt) on BaFe2As2 and BaFe1.8Co0.2As2, using the Perdew-

Burke-Ernzerhof generalized gradient approximation [see Fig. 5.1]. For BaFe2As2
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structural data were taken from the experiment [168]. For BaFe2−xCoxAs2 we use

Car-Parrinello molecular dynamics based on projector augmented wave basis to

fully optimize the lattice structure within the virtual crystal approximation [169].

In Fig. 5.1 (a) and (b), the orbital character of the bands is shown in color.

5.4 Results and discussion

5.4.1 BaFe2−xCoxAs2

ARPES data on underdoped BaFe1.92Co0.08As2, an electron doped superconductor,

are displayed in Fig. 5.2. The measurements were carried out using horizontal

and vertical photon polarization along the Γ-M and Γ-X directions to extract

information on the Fermi surfaces and the band dispersions of this compound.

The data were recorded using an excitation energy hν = 75eV in order to probe

the bands near kz = 0. Figure 5.1(a) depicts the Fermi surface map taken at the

high symmetry points Γ, X, and M, respectively. Measurements were performed

using horizontal photon polarization. In the Fig. 5.2 (b) we show the portion of

the Fermi surface sheet along the Γ-X line extracted from the panel of Fig. 5.2(a).

The Fermi surface sheets [Fig. 5.2(a, b)] are taken over an integration range of

window 10meV about the Fermi level (EF ). In order to obtain information on the

band dispersions at the high symmetry points we performed energy distribution

map (EDM) cuts. Figure 5.2 (c) shows such an EDM taken along the k110 direction

passing through the Γ and X high symmetry points and Fig. 5.2(h) and (i) show

EDMs taken along the k−110 direction at Γ and X symmetry points, respectively.

From these data we could resolve a band α2 related to hole pocket at the Γ-point

[see Figs. 5.2(b), (c) and (h)] and another band β2 related to the electron pocket at

the X-point [see Figs. 5.2(b), (c) and (i)] . Using polarization dependent selection

rules in this measuring geometry, we assign xz and x2 − y2 orbital character to

the band α2 and x2 − y2 character to the band β2.

Analogous to Fig. 5.2(b) we show the data that were recorded using vertical

photon polarization in Fig. 5.2(d). Again from the Fermi surface map we could

observe one hole pocket at Γ and an electron pocket at X. From the energy dis-

tribution map [see Fig. 5.2 (e)] taken along k110 direction we could resolve a band

α1 at Γ which hardly touches the Fermi level and laying ≈ 10meV below EF . We
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Figure 5.2: ARPES data on the underdoped BaFe1.92Co0.08As2 compound.
(a) Fermi surface map taken at the high symmetry points Γ, M, X and Z pro-
jected onto a tetragonal two dimensional Brillouin zone. Data were recorded
using horizontal (p) photon polarization. (b) FS taken from (a) along k110 di-
rection passing through X and Γ points. (c) is an energy distribution map taken
from (b) in order to reveal the band dispersion along the Γ-X high symmetry
line. (d) and (e) show the FS map and EDM through the X and Γ-points, re-
spectively, measured using vertical polarization in order to contrast the data of
horizontal polarization. Double headed arrows represent the vector field direc-
tion with respect to the Fermi surface in k-space. (f) and (h) depict the EDMs
taken at the Γ point in k−110 direction measured using vertical and horizontal
polarization, respectively. (g) and (i) show the EDM taken at X in the k−110

direction measured using vertical and horizontal polarization, respectively.
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assign yz orbital character to this band. At the X-point we observe one band β1

related to the electron pocket from the EDM cut taken along the k−110 direction

and another band β3 dispersing towards higher binding energies, taken from a cut

along the k110 direction. Here, we assign yz orbital character to α1, β1, and β3

bands.

Next we discuss our ARPES measurements on BaFe1.6Co0.4As2, a doping level

well beyond the maximal level studied in Refs. [98, 158, 160]. The data shown in

Fig. 3 were recorded along Γ-X with hν = 75eV, corresponding to kz ≈0. Constant

energy contours around Γ were taken with p-polarized photons [see Fig. 5.3(a)]

and analogous contours around X were taken with s-polarized photons [Fig. 5.3(b)]

because no strong spectral weight was observed at X with p-polarized photons.

To resolve the band features we made different cuts along the k−110 direction

at Γ and X. In Fig. 5.3(c) and (e) we can see that no bands cross EF near Γ

in these measurements performed with p-polarized photons. The finite spectral

weight observed in Fig. 5.3(a) at EF is due to the tail of the top of the valence

band. Using the polarization dependent selection rules of Table 4.1, we can thus

exclude hole pockets formed from states having z2, xz, or x2 − y2 character. The

existence of hole pockets with x2 − y2 character, which according to the band

structure calculations should be the first to sink below EF upon electron doping,

suggesting the rigid-band-type shifts of the Fermi level [Fig. 5.3(g)]. Therefore

for high Co doping of BaFe2As2, the hole pockets for kz ≈0 are completely filled,

i.e., there are no states at EF near the Γ point. Furthermore, a comparison of

ARPES data of BaFe2−xCoxAs2 for x = 0 [see Fig. 5.2(a)] and x = 0.4 [see Fig.

5.3(d)] yields that the size of the electron pocket at X (kz ≈0) has become larger

by roughly a factor of two. We mention in this context that the enlargement of

the electron pockets upon Co doping is not observed for lower Co concentrations

in the kz scans depicted in Fig. 5.4 (h), (i), and (j). The observed changes of the

size of the electron and hole pockets for high Co concentrations could indicate a

shift of EF to higher energies upon substituting Fe by Co. On the other hand, we

point out that we did not perform a full integration of the volume of the Fermi

cylinders to judge whether a Co atom really adds one full electron to the Fe 3d

dominated low-energy band structure, a point we will address in the next Chapter.

In order to reveal the kz dispersion of the bands in BaFe2−xCoxAs2, we present

in Fig. 5.4 photon energy dependent scans with excitation energies ranging from

42eV to 108eV in steps of 3eV, measured near the Γ-point and the X-point, in some
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Figure 5.3: BaFe1.6Co0.4As2 ARPES data along Γ-X. (a) and (b) constant
energy maps near EF , at EF -50meV, and EF -80meV around Γ and X, measured
with p-polarized and s-polarized photons, respectively. (c) and (d) depict cuts
taken along the k−110 direction from the center of Γ and X. (e) as in panel (c)
but measured with s-polarized photons. (g) and (f) show the energy distribution

curves of (c) and (d).

cases for s and p-polarized light and with the slit of the analyzer along different

k‖ (wave vector parallel to the surface) directions. The data are normalized to the

maximum spectral weight at each photon energy which means that only relative

intensities between different bands can be derived from these panels. The dots

overlaid on the hν-dependent data are the result of fits to the MDCs at EF .

First we focus on the undoped system, adapted from the previous Chapter for a

comparison. Figure 5.4(a) depicts the Fermi surface map in the k100 vs. hν plane.

The data were recorded along the Γ-M direction with p-polarized light. According

to the Table 4.1 given in the previous Chapter, in this geometry we can detect all
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relevant states near EF except x2 − y2 states. In Fig. 5.4(b) we show analogous

data but now along the Γ-X direction. In this case we can detect all relevant

states except the yz states. Finally in Fig. 5.4(f) we depict analogous data near

Γ measured along the Γ-X direction with s-polarization. Under these conditions

we should see the relevant states of orbital character xy and yz. Comparing

Fig. 5.4(b) with Fig. 5.4(f) yields an inner modestly dispersing yz band, a second

modestly dispersing xz/x2 − y2 band with slightly larger kF values, and near Z an

outer z2 band with the largest kF value. This interpretation would be supported

by the data shown in Fig. 5.4(a) where the photoemission matrix elements result

in signal being dominated by the xz/yz and z2 bands. This assignment agrees

with the DFT band structure calculations presented in Fig. 5.1, as well as with

numerous other DFT data. The appearance of z2 states at the Fermi level is in

accordance with our DFT calculations. Inspection of Fig. 5.1(a) shows that near

the Z point there is a z2 related Fermi surface, while near Γ, only x2 − y2 and

xz/yz states cross EF . This kz dependent change of the orbital character of the

Fermi surface – which naturally appears in the hν-dependent ARPES intensity

maps in a manner periodic in the c-axis reciprocal lattice vector – combined with

the strong photon energy dependence of the matrix elements for emission from z2

states [170] gives rise to the strong intensity variations shown here and reported

in Refs. [98, 156, 171]. Thus the picture for undoped BaFe2As2 is clear: there

is a modest kz dispersion of the states around kx = ky = 0, but there is also an

important kz-dependent change in the orbital character of the Γ/Z-centered Fermi

surfaces.

Having dealt with the important question of the dimensionality and the or-

bital character of the central Fermi surface cylinders of the undoped parent com-

pound BaFe2As2, we now address the issue of the evolution of the kz dispersion

in BaFe2−xCoxAs2 as a function of Co doping concentration. Figures 5.4(b)-(e)

show the Fermi surface maps in the k110 vs. hν plane, measured along Γ-X using

p-polarized photons. For lower Co concentrations, by fitting the MDCs, we could

resolve two bands crossing EF around Z while at x = 0.4 only a single band could

be resolved in keeping with the data presented in Fig. 5.3. A remarkable obser-

vation is that with increasing Co concentration, the kz dispersion increases and

the spectral weight at Γ decreases. In the geometry used in Fig. 5.4(b)-(e), we

probe xz, x2 − y2, and z2 states. Thus we relate the outer bands as in Fig. 5.4(b)

to z2 states while the inner ones to xz, x2 − y2 states. In order to obtain more

information on the orbital character of the bands, we contrast the x = 0.17 data
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Figure 5.4: Photon energy dependent ARPES measurements performed on
BaFe2−xCoxAs2 to reveal the kz dispersion as a function of doping concentra-
tion. (a) Fermi surface for x = 0, in the k100 vs. hν plane near kx = ky = 0
measured with p-polarized photons. (b) Analogous data as in (a) but in the
k110 vs. hν plane. (c), (d), and (e): analogous data as in (b) but for x = 0.08,
0.17, and 0.4, respectively. (f) and (g): analogous data as (b) but measured
with s-polarized photons for x = 0 and 0.17. (h),(i), and (j) Fermi surfaces in
the k110 vs. hν plane near kx = ky = 1 measured with s-polarized photons for

x = 0, 0.08, and 0.17, respectively.

of Fig. 5.4(d), measured with p-polarization, with analogous data measured with

s-polarization which are presented in Fig. 5.4(g). In the latter the spread of the

spectral weight along the k110 direction is considerably reduced. Since in Γ-X (s-

polarized) geometry, we do not detect z2 states, and since at that doping level the

x2 − y2 band is expected to be already completely filled [see also Fig. 5.1(b)], we

observe here only the degenerate xz, yz bands. Thus summarizing the situation

for the states near the Γ point: with increasing doping concentration, the states

x2 − y2,xz, and yz be filled at x between 0.08 and 0.17. At Z, the x2 − y2 pocket

disappears near x = 0.2 but there remains a hole pocket which has predominantly

z2 character. This means that with increasing doping concentration the system

transforms from a more two dimensional system with strong nesting conditions

to a more three-dimensional metal where nesting is in principle possible in the

kz = ±1 planes of the BZ, but there it is strongly reduced due to the different
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orbital character of the Fermi surfaces. In the kz = 0 plane nesting is no longer

possible since there is no hole pocket. The observed doping dependence of the elec-

tronic structure is in remarkable agreement with the band structure calculations

[Fig. 5.1 (c) and (d)].

In Fig. 5.4(h),(i), and (j) we present data measured around the X-K line with

k110 aligned along the Γ-X (Z-K) direction with s-polarized photons for x = 0, 0.08,

and 0.17, respectively. In this specific geometry, we probe the states expected at

EF (yz). For the undoped case, the kz dispersion is rather small which is at vari-

ance with the DFT band structure calculation shown in Fig. 5.1(e) but consistent

with previous observations [156, 160, 161]. With increasing Co concentration the

kz dispersion increases. The small difference in the dispersion for the three bands

is in good qualitative agreement with the calculations presented in Fig. 5.1(e) and

(f).

Before finishing this section, we discuss relevant data in the literature, with the

main focus on Co-doped BaFe2As2. In general, some of the aspects dealt with here

have been reported by others, but to date the present study of BaFe2−xCoxAs2 is

the only one combining three important factors: (i) a broad range in Co doping

levels (going beyond x = 0.2 or x = 0.3 reported so far in Refs. [98] and [158],

respectively), (ii) a broad range in photon energies used, thereby enabling a full

picture of the kz dispersion (iii) exploitation of variable polarization of synchrotron

radiation, so as to enable an orbital analysis of the Fermi surfaces.

As regards publications dealing with the kz dependence of the electronic states

of MFe2As2 compounds, Ref. [156] deals with hν-dependence for CaFe2As2, but

the lack of polarization dependent data means that if the orbital character changes

between kz = 0 and kz = 1 as shown in our work, could lead to an overestimation

of the kz dispersion of the Γ-centered FS’s, and may underlie the claim made for

a 3D to 2D transition on going from the orthorhombic (low temperature, anti-

ferromagnetic) to tetragonal (high temperature, paramagnetic) phases. A similar

situation as regards the effect of the orbital character changes with kz is to be

expected in the hν-dependent Co-doped BaFe2As2 data of Ref. [98].

Ref. [158] deals with Co-doped BaFe2As2 (x = 0.15 and 0.3), reporting ARPES

data recorded with monochromized photons from a helium lamp having a low

degree of polarization. The single photon energy used and the lack of polarization

dependence allow no experimental statements to be made about the dimensionality
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of the electronic structure and orbital character of the states near the Fermi level.

For the kz value accessed, a single Γ-centered hole-like FS is observed for x =

0.15 and no hole-like FS’s are observed at Γ for x = 0.3. Ref. [159] compares K

doped BaFe2As2 with the undoped compound and x = 0.12 Co doping, without

use of a broad photon energy range to examine the kz dispersion, nor polarization

dependence for an orbital analysis. For the Co-doped case the hole pockets at Γ

are seen to shrink upon Co doping.

Ref. [160] compares Co-doped BaFe2As2 with x = 0 and 0.14, both measured

across a wide photon energy range for a single polarization. Shrinkage of the

hole-like pockets at the zone center is reported upon Co doping, and the band

dispersions and Fermi surfaces around Γ are found to be strongly photon energy

dependent. Although the authors mention from the point of view of their band

structure calculations that the z2-related Fermi surfaces are the most modulated in

kz, they are not able to present an orbital analysis via the polarization dependence

of the experimental data.

Ref. [161] presents a thorough ARPES study on Co-doped BaFe2As2 covering a

wide range of photon energies for doping levels up to x = 0.6. Fermi wave-vectors

are derived from linear extrapolations of the dispersion relations. The authors

mention that their Co doped data suggest a strong kz modulation of the larger

hole-like Fermi surface, which agrees with our data. However, it is also mentioned

in Ref. [161] that it cannot be ruled out that the relevant Fermi surface loses weight

for kz values at the zone center. Indeed, the polarization dependent analysis

presented here, coupled to the insight as regards the orbital character changes

between kz = 0 and 1, derived from our DFT calculations, offers a consistent

explanation: for kz = 1, the outermost hole-like FS is of z2 character, whereas for

kz = 0 it is of xz/yz character. In our earlier study [170], we already learned that

the z2 bands carry very little weight for kz values near zero. This means (i) that

some of the estimates of kF vectors and hole concentrations presented in Ref. [161]

could probably be revised and (ii) the ’counterintuitive’ fact that the hole-pocket

with kF matching that of the electron pocket for the antiferromagnetic, low Co-

doped systems seemed to be one displaying significant 3D character, is no longer

a problem, as our data shows that for low doping, the 3D character is, in fact,

modest.
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5.4.2 Ba1−xKxFe2As2

ARPES data on the Ba0.6K0.4Fe2As2 superconductor is shown in Fig. 5.5. The

data were recorded using horizontal (p) and vertical (s) polarization light. Figure

5.5(a) depicts the Fermi surface map in the k100-k010 plane at high symmetry points

in the Brillouin zone obtained using p-polarized light. An excitation energy hν =

75eV was used for recording the data near kz = 0. Figure 5.5(b) shows the Fermi

surface map in the k//-kz plane along the vertical direction of the Brillouin zone

near the Γ-Z symmetry line. Red dots represent the positions of the Fermi vector

taken by MDC fits for every energy. We do observe a reduced dimensionality

of the electronic structure for hole cylinders in the K doped Ba-122 compound

compared to Co doped Ba-122, also supporting one of the early ARPES studies

on Ba1−xKxFe2As2 which claimed a 2D nature of the electronic structure [157].

Figure 5.5(c) and (d) represent the momentum distribution maps obtained using

p and s-polarized light taken along the X-Γ symmetry line, respectively. We could

resolve two bands α1 and α3 at Γ related to hole pockets having the Fermi vectors

kF ≈ 0.2 (π/a) and 0.55 (π/a), respectively. As discussed above, at X-point

using horizontal photon polarization, again we do observe a band β2 with weak

spectral weight related to the electron pocket [see Fig. 5.5 (c)]. On the other

hand, from the EDM taken with s-polarized light [see Fig. 5.5 (d)], we could

resolve a band α2 at Γ with a Fermi vector kF ≈ 0.25 (π/a) and a band β3 at

the X-point dispersing towards the higher binding energy. That means in total we

observe three hole pockets α1, α2 and α3 at the Γ-point by changing the photon

polarization. Our results support the DFT predictions of three Fermi cylinders at

the zone center [125]. Momentum distribution curves (MDCs) are displayed on

top of each EDM to show the features of the bands crossing the Fermi level EF

(solid line).

Figure 5.5(e) and (f) represent the energy distribution curves of EDMs shown in

5.5(e) and (f), respectively. The orbital character of the bands could be assigned

according to the discussions in the case of Co doped Ba122, i.e., the bands α1, α3,

and β2 are related to x2 − y2, xz and z2 states whereas the bands α2 and β3 are

related to yz states. We show in Fig. 5.5(g) the angle integrated valance band

spectra of undoped, K doped, and Co doped BaFe2As2 taken at the Γ point. In

the valance band spectrum of the parent compound we observe a broad feature

at the binding energy EB = 0.45eV (shown by a red arrow), whereas for Co
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Figure 5.5: ARPES data on Ba0.6K0.4Fe2As2.(a) Fermi surface map measured
using horizontally (p) polarized light. (b) Fermi surface map taken in the plane
k//-kz measured along the Γ-Z line using vertically (s) polarized light. (c) and
(d) show the energy distribution map taken in the direction k110 along the Γ-X
high symmetry line, recorded using horizontal and vertical photon polarizations,
respectively. (e) and (f) show the energy distribution curves of the EDMs (c)
and (d), respectively. (g) indicates a shift of the Fermi level in a rigid band
structure: the bottom of the band having dz2 orbital character near the Γ-point
is shifted to lower or higher binding energies relative to the Fermi level upon

the electron and hole doping, respectively.
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doped compound the same feature appears at 0.6eV and it appears for the K-

doped compound at 0.4eV. Since K doping into the parent compound leads to

hole doping, in a rigid-band approximation we see a shift of the broad feature

towards the Fermi level. On the other hand, electron doping into the parent

compound should shift the broad feature away from the Fermi level as observed

for Co doped Ba122 . Hence, from the valence spectra shown in the Fig 5.5(g)

we conclude that the charge carrier doping in the parent BaFe2As2 compounds

leads to a positive or negative shift of the Fermi level in a more or less rigid band

structure.

5.5 Conclusion

We have performed a systematic photon energy dependent, high resolution ARPES

study to reveal the kz dispersion in BaFe2−xCoxAs2, covering a doping range of

up to x = 0.4. By combining the insight gained from an orbital analysis of the

FS’s together with our DFT band structure calculations and previous knowledge

of the kz dependence of the matrix elements for certain states [170], we are able

to state that in the undoped system there is a modest kz dispersion near kx = ky

= 0. At higher Co doping the kz dispersion increases and a gradual filling of all

three hole pockets at Γ is detected. This means that as Co-doping proceeds, the

nesting conditions are strongly reduced within the kz = 0 plane. This is all the

more significant, in the light of the fact that nesting in the kz = 1 plane at higher

Co concentrations would require interband transitions between states of differing

orbital symmetry (z2 at Z and xz/yz/x2 − y2 at K).

Thus, the combination of the Fermi surface shrinkage at Γ as a result of elec-

tron doping together with the kz-dependent orbital character results in a situation

in which the warped Fermi surface cylinders for optimally doped superconducting

BaFe2−xCoxAs2 are most likely best nested across wave vectors containing a signif-

icant kz component. This could lie at the root of the robust three-dimensionality

of the superconducting properties of these systems. Furthermore, our combina-

tion of ARPES and DFT data could provide a microscopic explanation for the

disappearance of superconductivity for x at or greater than 0.36 [68], as by this

doping the Γ-centered hole-like Fermi surfaces are all fully below EF and inter-

band scattering with wave vectors (π/a, π/a, 0) involving Fe 3d orbitals are no

more possible. At the end of this section we presented an ARPES study on the
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Ba0.6K0.4Fe2As2 superconductor whose electronic structure looks similar to the one

of Co doped BaFe2As2. However, in this case we detect an increase in the size

of the hole pockets and a reduced dimensionality in the electronic structure. We

claim that due to the rigid-band-type shifts of the Fermi level upon charge doping,

there is a transformation of the electronic structure from a quasi-2D to 3D nature

upon electron doping (Co doping) and to a more 2D nature upon hole doping (K

doping) into the parent compound BaFe2As2, respectively.





Chapter 6

ARPES studies on chemically

pressurized EuFe2As2−xPx

superconductors

6.1 Introduction

Starting from the antiferromagnetic metallic parent compounds, superconductiv-

ity can be induced in various ways: by chemical doping, i.e., introducing electrons

or holes, by pressure, or by chemical pressure, e.g. in the AFe2As2 (A = Ca,

Sr, Ba, and Eu) systems by substituting the As ions by isovalent but smaller P

ions [42]. All these methods lead to similar phase diagrams, i.e., the AF order is

suppressed with doping into the parent compound and superconductivity appears

[see Fig. 2.6]. The similarity of the phase diagrams hints at a common mechanism

for this behavior. In a more itinerant picture, which is still under debate, these

phase diagrams are explained very often in terms of decreasing nesting conditions

between hole pockets in the center and electron pockets at the corner of the Bril-

louin zone [34]. The similarity of the phase diagrams may indicate that in all

cases the nesting conditions are reduced in the same way, i.e., the evolution of the

electronic structure as a function of charge doping and isovalent substitution to

the parent compound is the same. On the other hand, the application of doping,

pressure, or chemical pressure may be taking different routes to reach the same

destination, inducing differing changes to the electronic structure.

This chapter is based on the manuscript: S. Thirupathaiah et al., arXiv:1007.5205 (2010)

84
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In previous ARPES studies [30, 115, 160, 161, 164] a doping induced reduction

of the nesting conditions has been reported: for n-type doped systems such as

BaFe2−xCoxAs2, a gradual decrease (increase) of the size of the hole (electron)

pockets has been detected [see Chapter 5]. For p-type doped systems such as

Ba1−xKxFe2As2, the opposite behavior has been observed. On the basis of these

results, a doping induced shift of the Fermi level EF , in a rigid-band-like electronic

structure has been proposed [30, 161]. Theoretically, the ARPES results have

been supported by density functional calculations (DFT) in the virtual crystal

approximation and using super cells [22, 30]. There is not, however, unanimity

on the point of doping leading to a simple shift of the chemical potential. Recent

super cell DFT calculations of different dopants (among other Co) on the Fe site

indicated the formation of localized states leading to an isovalent substitution and

not to a chemical doping [172].

Ba(Eu)Fe2As2−xPx [see Refs. [42] and [173]] is an ideal system to study the

evolution of the electronic structure as a function of chemical pressure. In the

Ba122 compound, P substitution has led to superconductivity with a Tc up to

30K [42]. In the Eu122 system, the AF order of the Fe ions is also suppressed by

P substitution and the Eu ions order antiferromagnetically below 18K. At higher

P concentrations, however, the Eu moments order ferromagnetically which limits

the superconducting dome to a narrow range between x = 0.3 and 0.4 [174]. To

the best of our knowledge no ARPES investigations have been performed on these

systems. Recently a series of articles on the electronic structure of BaFe2As2−xPx

compounds using the de Haas-van Alphen (dHvA) effect have been published [175–

178]. Powerful as they are, these dHvA measurements do have the drawback that,

due to the short mean free path of the hole carriers, it is difficult to identify and

analyze the hole-like Fermi surfaces in the substituted compounds.

In this Chapter we present a systematic study of the evolution of the electronic

structure of the chemically pressurized system EuFe2As2−xPx using high-resolution

ARPES to reveal the dispersion of bands parallel and perpendicular to the Fe

layers. We obtain information on the orbital character of the states near the

Fermi level. Moreover, we provide results on the size of the hole and the electron

Fermi surfaces and the related nesting conditions as a function of P substitution.

We observe non-rigid-band-like shifts of bands related to the hole pockets. The

changes in the electronic structure due to chemical pressure result in a charge

neutral transfer of holes in the center of the BZ along the kz axis between bands
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having different orbital character. The size of the electron pockets at the corner

of the BZ hardly changes. The changes in the center of the BZ signal an even

stronger 3D electronic structure compared to the case of electron doping [30]. Our

data show that differing routes can and are taken to reach superconductivity in the

ferropnictides: upon aliovalent substitution there are signs for a Fermi level shift

in a more or less rigid band structure, whereas isovalent substitution–chemical

pressure–gives a strongly non-rigid-band like evolution.

6.2 Experimental details

Single crystals of EuFe2As2 and the P substituted compounds were grown in

Göttingen using the Sn-flux and the Bridgman (without Sn flux) method, re-

spectively [132]. The AF transition temperature TN for the Fe2+ moments in

the parent compound was determined to be about 190K while Eu2+ moments

order antiferromagnetically below TN = 18K. A narrow superconducting dome

with a maximum transition temperature Tc = 29K has been observed around x =

0.4 [174]. In Fig. 6.1 we present susceptibility data of a EuFe2As1.68P0.32 single

crystal to show that the sample has a superconducting transition temperature Tc

≈ 22K. Below TN = 18K the Eu2+ moments show an antiferromagnetic order.

At higher P concentrations a ferromagnetic order is detected which suppresses

superconductivity. ARPES measurements were carried out at the BESSY II syn-

chrotron radiation facility using the UE112-PGM2 beam line and ”13”-ARPES

end station. All measurements were performed below 20K if not otherwise stated.

Further experimental details have been described in Chapter 3.2.

6.3 Results and discussion

Figure 6.2 shows representative ARPES data of EuFe2As1.56P0.44, a slightly over-

substituted compound. In the following we discuss the results and in particular the

orbital character of the observed spectral weight with a calculation performed using

a coordinate system which is rotated by 45◦ around the kz axis [155], that means

our experimental x2−y2 states are equivalent to their xy states, for the remaining

discussion of this Chapter we use xy instead of x2 − y2. In this way it is easier to

compare the data with calculations presented in Ref. [155]. The map displayed in
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Figure 6.1: DC susceptibility data of EuFe2As1.68P0.32. We show measure-
ments under the conditions of zero field cooling (ZFC) and field cooling (FC)
for an applied field of 50Oe parallel to the ab plane. The inset shows the ac

susceptibility.

Fig. 6.2(a) shows an ellipsoidal Fermi surface (FS) formed by an electron pocket

[see Fig. 6.2(b)] around the X point, the intensity of which is strongly reduced

along the Γ−X line. This might be related to matrix element effects suppressing

the intensity along a mirror plane for specific photon polarizations [30], although

the intensity reduction along the Γ − X line remains for p-polarized light, and

for geometries free of mirror plane effects. According to Ref. [155] the Fermi

surface at X should have yz and xy character perpendicular and parallel to the

Γ − X line, respectively. Both should be visible in our geometry for s-polarized

light. Thus the xy states would have to be strongly suppressed by matrix element

effects other than the polarization selection rules. This view is supported by

ARPES measurements on cuprates [179] and by matrix element calculations for

ferro-pnictides [180]. Consequently, we state that the visible part of the FS of the
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Figure 6.2: ARPES data of EuFe2As1.56P0.44 taken with a photon energy hν
= 93 eV. (a) Fermi surface map along Γ − X symmetry line measured with
s-polarized light (indicated by a double arrow). Solid white lines indicate the
directions of the cuts shown in (b), (c) and (f). (b) and (c) Energy distribution
maps near X and Γ, respectively. Solid red lines connect the maxima obtained
by least squares fits to momentum distribution curves (MDC). Energy distribu-
tion curve fit results are shown in the immediate vicinity of the high-symmetry
points. (d) and (e) constant energy contours 50 meV below EF in the k-range
indicated in (a) by the rectangle marked with a white dashed line, for two dif-
ferent polarizations. Dashed circles are guides to the eye. (f) MDCs at Γ near

EF for s and p-polarization.
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electron pocket near the X point has yz character. Next we discuss the spectral

weight in Fig. 6.2(a) near Γ which results from hole bands, the top of which are

close to EF [see Fig. 6.2(c)]. Polarization dependent constant energy contours at 50
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Figure 6.3: ARPES Fermi surface maps of EuFe2As1.56P0.44 in the k[001] −
k[−110] plane. Actually the photon energy dependence of the intensity is shown.
(a) and (b) data near the Γ−Z line taken with s and p polarized light, respec-
tively. (c) data near the corner of the BZ measured with s-polarized light. The
symbols indicate the band dispersion having different orbital character: open
(closed) circles predominantly xy (xz/yz) character, closed squares predomi-

nantly z2 character.

meV below EF shown in Figs. 6.2(d) and 6.2(e) indicate two almost degenerate hole

pockets with an asymmetric intensity distribution around Γ which can be nicely

explained by the calculations of Ref. [155] in terms of xz/yz bands. The inner

(outer) pocket shows more intensity for the yz (xz) arcs perpendicular (parallel)

to Γ−X for s (p) polarized light. In the momentum distribution curves shown in

Fig. 6.2(f) we detect a further outermost hole pocket at Γ, highlighted by dashed

lines, for p but not for s-polarized photons. Contrary to the inner two pockets,

this third pocket clearly crosses the Fermi level. From the low intensity and from

the small kz dependence (see below) we tentatively assign this hole pocket to xy

states. The polarization dependence could be explained by a small matrix element

for the odd xy states and an admixture of even x2 − y2 states. Summarizing the

results derived from Fig. 6.2, our results on the orbital character of the states
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close to EF at Γ and X are compatible with the theoretical results presented in

Ref. [155].
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Figure 6.4: Energy distribution maps near the high-symmetry points Γ, X,
Z, and K of the parent compound EuFe2As2 taken in the paramagnetic state at
T = 220 K. The data near Z and Γ were recorded using both s and p-polarized

photons. The data near K and X were obtained using s-polarized photons.

To elucidate the 3D nature of the electronic structure we have measured hν

dependent ARPES data at the center and at the corner of the BZ [see Fig. 6.3].

An inner potential of 15 eV has been used to calculate the kz values from hν with

the c values reported in Ref. [98]. The Γ, Z,X, and K points are indicated by

dashed lines. Along the Γ−Z direction, we compare data taken with two different

polarizations, so as to enable the extraction of important information regarding

the orbital character of the states near EF . For s-polarized light, at this geometry,

in the plane k−110 = 0 we can detect only odd states relative to the Γ−X mirror

plane and therefore the kz dispersive band in Fig. 6.3(a) has yz character. For

p-polarized photons, we are sensitive to even states, which have xz, x2−y2, and z2
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character. Thus we identify the inner slightly dispersing Fermi cylinders with the

almost degenerate xz/yz bands, different from our previous assignment [30]. The

almost non-dispersive smaller in diameter size is assigned to xy states, visible by

the admixture of even x2−y2 states. In agreement with our previous results [30] we

assign the outermost Fermi surface, which appears near the Z point, to z2 states.

As is to be expected, the kz dispersion is large for orbitals not laying in the Fe plane

and small for in-plane orbitals. The data near kx, ky = 0 indicate a considerably

large kz dispersion, i.e., a larger three-dimensionality when compared to the non-

substituted compound. At the zone corner we observe a small kz dispersion of the

Fermi cylinder.

Analogous measurements as those shown in Figs. 6.2 and 6.3 have been per-

formed for the P concentrations x = 0, 0.28, and 0.32. In Fig. 6.4 we present

ARPES data of the parent compound EuFe2As2 recorded at T = 220 K near the

high-symmetry points Z, Γ, K, and X using a photon energy hν = 75 eV for Z

and K, and hν = 96 eV for Γ and X. The data were measured in the paramag-

netic state of EuFe2As2 in order to obtain information on the nesting conditions

in a state, where no back-folding and hybridization of the bands due to the anti-

ferromagnetic order has occurred. In this way we can compare the changes of the

nesting conditions in the entire substitution range. Near Z and Γ we obtain for

s-polarized photons one hole pocket while for p-polarized photons two hole pock-

ets are observed. Near K and X one electron pocket is detected for s-polarized

photons. The band dispersion is derived from a fit of the momentum distribution

curves (MDCs) using a superposition of Lorentzians.

Figure 6.5 presents ARPES data of EuFe2As1.72P0.28. Fermi surface maps par-

allel (for kz = 0) and perpendicular (in the zone center) to the Fe layers and

energy distribution maps (EDMs) along Γ− X and at the X point are displayed.

In Fig. 6.5(a) we see a clear feature at the M point, probably caused by a (2× 1)

ordering of the Eu atoms at the surface. A similar ordering of the Ba atoms has

been recently described for the Ba122 compound [181].

Finally, in Fig. 6.6 we present ARPES data of a superconducting EuFe2As1.68P0.32

crystal. Fermi surface maps parallel and perpendicular to the Fe layers and EDMs

along Z − K and near the Γ point are displayed.

In order to derive the kF values for the hole and electron pockets at the high-

symmetry points Γ, Z, X, and K, we have evaluated the MDCs at the Fermi level
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Figure 6.5: ARPES of EuFe2As1.72P0.28. (a) depicts a Fermi surface map for
kz = 0. The kz dispersion at the zone center is given in (b). (c) and (d) show

EDMs taken near the Γ and X points, respectively.

near these points. In Fig. 6.7 we present such MDCs for various P concentrations

together with a least squares fit from which we derive the kF values labeled by

symbols already used in Fig. 6.3. Note that different photon polarizations have

been used for the measurements and therefore bands with different orbital char-

acter are obtained. The assignment was already performed during the discussion

of the data shown in Figs. 6.2 and 6.3. We also point out that all these MDCs

were recorded for crystals in the paramagnetic tetragonal phase, i.e., for small P

concentrations above the Néel temperature.
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Figure 6.6: ARPES of EuFe2As1.68P0.32. (a) depicts a Fermi surface map for
kz = 1. The white lines indicate the directions of the measurements shown in
(b)–(e). (b) shows the kz dispersion at the zone center. (c), (d) and (e) show
EDMs taken near the Z, Γ and K points, respectively. The data were taken

with circularly polarized photons.

In Fig. 6.8(a) we present the kF values along the k−110 direction for the high-

symmetry points Γ, Z,X, and K as a function of P substitution. These kF values

are calculated from the average of the absolute values of the positive and negative

kF values derived from the MDCs shown in Fig. 6.7. At Γ the size of the xz/yz

hole pockets as well as that of the xy pocket decrease with x. At Z the size of the

z2 hole pocket is for x ≤ 0.32 almost constant and then increases when going to

x = 0.44 whereas the almost degenerate xy, xz/yz hole pockets slightly increase.

The size of the electron pockets at X increases between x = 0 and x = 0.28 and

then decreases for x = 0.44. The size of the electron pocket at K increases with

x.

We contrast the kF values for EuFe2As2−xPx with analogous values [see Fig. 6.8(b)]
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Figure 6.7: Momentum distribution curves at the Fermi level integrated over
10 meV near the high-symmetry points Γ, Z, X, and K for EuFe2As2−xPx.
The P concentration x increasing in all cases from bottom to top is given in the
individual panels. The data taken with s, p and circularly polarized photons
are labeled with (s), (p) and (c), respectively. Dots (red): measured data; solid
(blue) line: result from a least squares fit. Maxima derived from these fits are
marked by symbols which are the same as in Fig. 6.3 indicating the orbital

character of the bands.

for the chemically doped system BaFe2−xCoxAs2 which were taken from the data

presented in Ref. [30]. In this case both the hole pockets at Γ and at Z decrease

with increasing Co concentration while the electron pocket increases.

First we discuss the evolution of the electronic structure of EuFe2As2−xPx and

BaFe2−xCoxAs2 as a function of substitution concentration. We start this discus-

sion by pursuing the total charge of the systems as a function of x. For kF ≫ dkF

and for a 2D electronic structure there is a linear relationship between the con-

centration dependent changes of the total number of charge carriers dne,h/dx and
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Figure 6.8: Fermi vectors plotted as a function of doping/substitution con-
centrations at Z, Γ, K, and X. (a) isovalently substituted (chemically pres-
surized) system EuFe2As2−xPx. (b) aliovalently substituted (electron doped)
BaFe2−xCoxAs2. The assignment of the symbols to the orbital character is the
same as in Fig. 6.3. Half filled circles indicate xy and xz/yz character. The

solid lines are guides to the eye (see text).
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the concentration dependence of the Fermi vector dkF /dx:

dne,h/dx = 2πkF (dkF /dx)/SBZ , (6.1)

where SBZ = (2π/a)2 is the area of the BZ.

Using the kF data of EuFe2As2−xPx presented Fig. 6.8(a), the slight increase

of the hole pockets at Z and the stronger decrease of those at Γ is roughly com-

pensated by the increase of the electron pockets at K. This is compatible with a

charge neutral replacement of the As atoms by P, as is to be expected for isovalent

substitution.

For BaFe2−xCoxAs2, the linear changes of the kF values with increasing x are

in agreement with Eq. (1). Thus the solid lines shown in Fig. 6.8(b) are based

on a physical model. Using Eq. (1) together with the kF and dkF /dx values from

Fig. 6.8(b) and approximate the 3D electronic structure by a 2D one, in which the

size of Fermi surfaces is calculated from the average of the kF values at kz = 0 and 1.

Furthermore we assume circular Fermi surfaces. In this way we derive an increase

of the total charge of 0.7 electrons per Co atom. This value is close to the value

of 1 derived in the work of Ref. [161]. From the fact that we have not measured

the full Fermi surfaces for all kx, ky, and kz values we cannot rule out a complete

charge transfer from Co to the Fe-derived bands or a charge transfer which is

slightly smaller than 0.7 electrons per Co atom. For the system BaFe2−xCoxAs2

several other ARPES studies have been published [160, 180, 182], all indicating

a rigid-band like behavior upon n-type doping with Co (and for p-type doping

by replacement of Ba by K). Thus all these ARPES data support part of the

DFT calculations both in the virtual crystal approximation [30] and using super

cells [22]. On the other hand, it would be interesting to perform similar ARPES

measurements on Ni or Cu ‘doped’ BaFe2As2 to study the interesting question

when a localization of the extra 3d electrons occurs as predicted in Ref. [172].

While the data on BaFe2−xCoxAs2 indicate n-type doping by the Co atoms in

a more or less rigid-band system, in EuFe2As2−xPx a non-rigid-band evolution of

the electronic structure is detected. Along the central line of the BZ (Γ-Z) the

size of the hole pockets decrease, increase, or remain constant with increasing P

concentration, whereas in the corner of the BZ the size of the electron pockets in-

crease at K and shows a non-monotonous dependence at X. The non-rigid-band

evolution of electronic structure is probably related to a change of the crystal field
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splitting of the Fe 3d states upon substitution of the larger As ions by the smaller

isovalent P ions thus changing the pnictogen height above the Fe layers. Thus the

solid lines in Fig. 6.8(a) are just a guide to the eye using a linear relationship which

is not based on a physical model. A recent structural study on BaFe2As2−xPx has

shown that the pnictogen height dependence on the substitution level is signifi-

cantly different for As and P [183]. This fact can possibly explain the complicated

changes of the kF values for the different Fe 3d orbitals as a function of x.

A comparison between the data for the unsubstituted systems in Fig. 6.8 (a) and

(b) further reveals that the kF values for the hole-like states in the Eu compound

are significantly larger. The apparently larger number of holes in the Eu parent

compound is not understood at present [see Chapter 4].

Next we discuss the nesting conditions in the two systems. Using again the

approximation of circular Fermi surfaces, the strength of the inter-band nesting

conditions is determined by the similarity of the kF values of the hole and the

electron pockets presented in Fig. 6.8. For both the P and the Co substituted

system, for kz=0 and near optimal doping (highest Tc) we observe a closing of the

xz/yz hole pockets. This would mean that at optimal doping the nesting condi-

tion is strongly reduced compared to that in the parent compound and possibly

makes the nesting between the electron pockets more important. In this way it

would be possible to understand doping dependent changes of the symmetry of

the superconducting order parameter [184], e.g. from s± to d. A similar scenario

was described in Ref. [185]. On the other hand, a rapid decrease of the nesting

conditions above the optimal ‘doping’ concentration does not occur on the basis

of the kF data for nonzero kz [see kF values at the Z and K point in Fig. 6.8 and

see also Fig. 6.3]. For these kz values the xz/yz hole pockets exist over a much

larger concentration range which means they are available for nesting even well

above the optimal ‘doping’ concentration. Summarizing this part of the discus-

sion, there is also a similarity between P and Co doping/substitution: at optimal

doping/substitution, nesting is reduced compared to that in the parent compound,

but in the ‘over-doped’ region nesting remains important for nonzero kz values.

For BaFe2−xCoxAs2, x ≥ 0.4 the xz/yz hole pockets are filled even at Z. This

means that nesting between the xz/yz bands is no longer possible. This could

explain why superconductivity disappears for Co concentrations x ≥ 0.4. For

EuFe2As2−xPx the situation is less clear for high P concentrations. We noticed

a similar dHvA study on BaFe2(As0.37P0.63)2 in which an enhanced nesting for
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the superconducting compound in comparison to the fully substituted compound

was derived [186]. We point out that in these measurements only one instead of

three hole pockets have been detected and therefore on the basis of these data it

is difficult to conclude on the nesting conditions.

6.4 Conclusion

In summary we have performed high-resolution ARPES studies on EuFe2As2−xPx

in order to reveal the nature of the electronic structure as a function of x. The

results are compared with analogous data of the electron doped BaFe2−x CoxAs2

system. We conclude that the evolution of electronic structure upon substitution

of As by P in EuFe2As2, which leads to chemical pressure, is non-rigid-band like in

nature. On the other hand, for the aliovalently substituted system BaFe2−xCoxAs2

we see more signs compatible with a shift of EF in a rigid-band like electronic

structure. Our findings are supporting the importance of nesting conditions for

the understanding of the phase diagram, the appearance of superconductivity and

the pairing symmetry of the order parameter in ferropnictide compounds.





Chapter 7

ARPES studies on Fe1+yTe1−xSex

superconductors

7.1 Introduction

It has been disclosed from the neutron diffraction measurements that the stoichio-

metric FeTe(Se) parent compound shows a (π,π) spin density wave order whereas

that of Fe1+yTe shows a (π,0) order due to the tuning of antiferromagntic order

by the excess Fe [89–92]. This behavior is distinct compared to the 1111 and 122

prototype Fe-pnictide compounds whose SDW order is supposed to be along the

(π,π) direction. Nevertheless, spin fluctuations (SFs) seem to occur at the vector

(π,π) for both stoichiometric FeTe(Se) and Fe1+yTe(Se) superconductors, unveil-

ing the common mechanism for the pair formation. Depending on the amount

of excess Fe, the itinerant antiferromagntic SDW state could be changed to the

localized commensurate or incommensurate magnetic order which leads to pair

breaking [187]. Non-stoichiometric Fe1+yTe(Se) is energetically stable if the excess

Fe has the Fe+ valance state and hence donates one electron per Fe atom [188].

Possibly this fact can be explained in terms of a rigid-band approximation for

an understanding of the electronic structure of these non-stoichiometric 11 ma-

terials. On the other hand, DMFT calculations suggested that though excess Fe

gives additional electrons to the system, solely a rigid-band approximation may

not reproduce the exact electronic structure that has been observed from the ex-

periments due to strong correlation effects [189]. In this Chapter we present our

results on the electronic structure of Fe1+δTe1−xSex superconductors derived from

100
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ARPES experiments. Performing measurements using different polarizations of

the photons we uncover the orbital contributions to the electronic structure near

the Fermi level. We compare our results to the already existing experimental

ARPES reports and theoretical calculations [109, 189–193].

7.2 Experimental details

Single crystals of Fe1.068Te1−xSex (x = 0.36 and 0.46) were grown in Amsterdam

by the Bridgman technique using the self flux method. Samples show the super-

conducting transition with Tc ≈ 11K. Further elemental analysis on these single

crystals is reported elsewhere [135]. The ARPES measurements were carried out

at the BESSY II synchrotron radiation facility using the UE112-PGM2b beam

line and the ”13-ARPES” end station equipped with a SCIENTA R4000 analyzer.

The average energy resolution was 5-7meV. All the samples were cleaved in situ

at a temperature of less than 20K.

7.2.1 Geometry and polarization dependent selection rules

Figure 7.1: (a) 2D tetragonal unit cell projected onto the ab-plane together
with Fe dx2−y2 orbitals. (b) 2D unfolded Brillouin zone showing the hole and
electron Fermi surface sheets at Γ and M high symmetry points, respectively.
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Table 7.1: Sample alignment and Fe 3d orbitals which can be detected with s
and p-polarized photons.

Alignment Fe 3dx2−y2 Fe 3dz2 Fe 3dxz Fe 3dyz Fe 3dxy

Γ-X (p-pol) no yes yes yes yes
Γ-X (s-pol) yes no yes yes no
Γ-M (p-pol) yes yes yes no no
Γ-M (s-pol) no no no yes yes

Fe1+yTe shows a SDW order oriented along (π,0), i.e., along the a(b)-axis of the

crystal geometry which is distinct to the SDW orientation in 122 and 1111 parent

compounds [see Chapter 2]. This means no 45o rotation of the Brillouin zone with

respect to the crystal geometry. So, we expect an unfolded Brillouin zone with

two hole pockets at the Γ (0,0) point and one electron pocket at the M (π,π)

point. The schematic presentation of the 2D tetragonal unit cell together with the

in-plane x2 − y2 states is shown in Fig. 7.1 (a) and in the panel (b) we show the

corresponding 2D unfolded Brillouin zone together with hole and electron pockets

at Γ and M, respectively. Note here that the positions of the X and M symmetry

points in 11 is different to the positions defined in the 122 and 1111 compounds in

k-space, i.e., X and M symmetry points are defined as (π,0) and (π,π), respectively

in the former case whereas they are defined as (π,π) and (π,0), respectively, in the

latter case. From the discussion of geometry and polarization dependent selection

rules presented in Chapter 3 and together with the information of FeTe orbital

Cartesian geometry shown in Fig. 7.1, we tabulated the selection rules for 11

prototype compounds in Table 7.1.

7.3 Results and discussion

7.3.1 Fermi surfaces and band dispersions

Figure 7.2 depicts the ARPES spectra of Fe1.068Te0.54Se0.46. Data were recorded

along the Γ-X direction using p-polarized light and an excitation energy hν =

75eV was used in order to extract the band information near kz ≈0. Figure 7.2 (a)

depicts a constant energy map at the Fermi level (EF ) taken by integrating over a

window range of 10meV centered at EF and Fig. 7.2 (b) shows a constant energy

map taken 60meV below the Fermi level. Figure 7.2 (c) and (d) represent the
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energy distribution maps (EDMs) taken along k100 and k010 directions, respectively.

In these data [Fig. 7.2 (c) and (d)] we could resolve two bands α1 and α2 at the

Γ-point where α1 barely touches the Fermi level and α2 crosses the Fermi level

at a Fermi vector 0.15±0.02 Å−1. At the Z-point we observe a weak spectral

weight for the band α2 dispersing along the k100 direction having a Fermi vector

0.16±0.02 Å−1. Nevertheless, we see a strong spectral intensity for the band α2 at

the Γ-point dispersing along the k010 direction. The observation of hole pockets

at Γ is consistent with the previous reports [109, 190]. Using the geometry and

polarization dependent selection rules we attribute xz, x2 − y2 orbital character to

the bands at the Γ-point and xz, x2 − y2, and z2 to the bands at the Z-point. The

energy distribution curves are plotted in Fig. 7.2 (e) and (f) and the corresponding

EDMs are shown in (c) and (d), respectively.

Figure 7.2: ARPES spectra on Fe1.068Te0.54Se0.46 measured with an excitation
energy hν = 75eV using p-polarized light along the Γ-X direction. (a) and (b)
constant energy surface maps taken at the Fermi level EF and 60meV below
EF . (c) and (d) show the energy distribution maps (EDMs). (e) and (f) show
the energy distribution curves of EDMs (c) and (d), respectively. (g) showing

the energy position of z2 states in both the 11 and 122 compounds.

Figure 7.3 depicts the analogous data to Fig. 7.2 recorded using s-polarized

light. We could again resolve two bands α1 and α2 at the Γ-point where α1 hardly

touches the Fermi level and α2 crosses the Fermi level at a Fermi vector 0.15±0.02
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Å−1 . On the other hand, we did not see any strong spectral weight for the bands

at the Z-point. From Table 7.1 we know that in this measuring geometry using

s-polarized light we could detect bands having xy and yz orbital character. But

from the DFT calculations we have learned that the xy states are located far

below the Fermi level, excluding these states from the further discussion. Hence,

the bands α1 and α2 are solely contributed from yz states. On the other hand,

at the Z-point we hardly see any dispersing bands. This could be explained as

follows: the orbital contributions to the bands at the Z-point are mainly from xz,

x2 − y2, and z2 states, but since in this measuring geometry using s-polarized light

we could only detect the states xy and yz, no intensity is visible at the Z-point.

In Fig 7.3 (d) and (e) we show the energy distribution curves of EMDs shown in

Fig 7.3 (c) and (b), respectively.

From Figs. 7.2 and 7.3 it is clear that the spectral distribution of the Fermi

sheets of the hole pocket related to the band α2 at the Γ-point is along the ky

(k010) direction for p-polarized light and along kx (k100) for s-polarized light. This

observation is quantitatively in agreement with the theoretical calculations pre-

sented in Ref. [155]. According to Ref. [155], the Γ-point consists of three hole

pockets, one of them is solely formed by x2 − y2 states whereas the other two hole

pockets are formed by a combination of xz and yz states oriented in such a way

that along one direction (say kx), if the inner hole pocket is from xz states then the

outer hole pocket is from yz states. In the perpendicular direction, the inner hole

pocket should then have yz character and the outer hole pocket is of xz orbital

character. This means the orbital contribution of the FS sheet at the Γ-point is

highly directional. A cartoon showing the orbital resolved Fermi surface sheets is

shown in Fig 7.3 (f).

Furthermore, we observed a broad feature at a binding energy E-EF = 0.35eV

[see Fig. 7.2(f)] which we assigned similar to the other 122 compounds to a z2

band [30, 194]. The remarkable information here is the binding energy of the fea-

ture. In the 122 compounds, the maximum of this feature has been noticed at a

binding energy E-EF = 0.5eV whereas in the case of 11 systems, it is shifted almost

by 0.15eV towards the Fermi level as compared to that of in the 122 compounds.

Early ARPES data performed on stoichiometric and non-stoichiometric 11 com-

pounds and DFT calculations showed a band at an anergy EB ≈ 300meV [189, 191–

193]. This suggests that the broad spectral feature at an energy 0.35eV below the

Fermi level is an intrinsic electronic band having z2 orbital character in these
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Figure 7.3: ARPES spectra on Fe1.068Te0.54Se0.46 measured with an excitation
energy hν = 75eV using s-polarized light along the Γ-X direction. (a) and (b)
constant energy surface maps taken at the Fermi level EF and 60meV below
EF . (c) and (d) show the energy distribution maps (EDMs). (e) and (f) show
the energy distribution curves of EDMs (c) and (d), respectively. (g) a cartoon

showing the orbital resolved FS sheets at the Γ point

11 systems. This indicates a different hybridization between the Fe 3d states

and the chalcogenide 4p states in the 11 compounds when compared to the 122

compounds [195]. Theoretical calculations predicted that the non-stoichiometric

compounds are a kind of electron doped systems in which the Fermi energy raises

up by 0.36eV with respect to the stoichiometric FeTe(Se) [189]. Therefore, by

taking into account the difference in the Fermi energy between FeTe and Fe1+δTe,

and the existence of the z2 states at almost the same binding energy in both of

these compounds, we suggest in a first approximation that the presence of excess

Fe leads to a non-rigid-band-type shifts of the Fermi level [189], which is different

from the conclusion made in Ref. [92].

Figure 7.4 depicts the ARPES data of the Fe1.068Te0.64Se0.36 superconductor

measured with an excitation energy hν = 88eV using s-polarized light. Data were

recorded off the high symmetry alignment. In Fig. 7.4(a) we show the Fermi

surface map derived by an integration over a window of 10meV centered at the
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Figure 7.4: ARPES data on Fe1.068Te0.64Se0.36 measured with an excitation
energy hν = 88eV using s-polarized light. (a) Fermi surface map derived by an
integration over a 10meV window centered at the Fermi level. (b) an energy
distribution map taken along the Γ-M high symmetry line. (c) and (d) energy
distribution maps taken along the k−110 direction near the Γ and X points,

respectively.

Fermi level, where we observe one hole pocket at the Γ-point and an electron pocket

at the M-point. In Fig. 7.4(b) we show the energy distribution map taken along

the Γ-M high symmetry line from which we resolve two bands α1 and α2 at the

Γ-point and a band β3 near the M-point dispersing towards higher binding energy

located 80meV below the Fermi level. In Fig. 7.4(d) we could resolve in a cut taken

along k−110 direction another band β1 related to an electron pocket, crossing the

Fermi level at a Fermi vector kF = 0.3±0.02Å−1, almost two times larger than

the Fermi vector of outer hole pocket, kF = 0.16±0.02Å−1. We do not observe

any major difference in the electronic structure between x = 0.46 and x = 0.36

superconductors. This can be explained in the following way: the replacement of

Te by Se is an isovalent substitution not leading to any charge doping and thus does
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not contribute any extra charge carriers to the system. Such a replacement does

not effect Fe 3d bands near the Fermi energy as reported in Ref. [189]. On the other

hand, we have realized a change of the electronic structure in the P substituted

122 compounds due to chemical pressure (see Chapter 6). Nevertheless, the excess

Fe supposed to broaden the Fe 3d bands near the Fermi level because of which the

peak widths of our data presented in this Chapter are not narrow at the Γ and

M-points [109].

In order to reveal further information on the electronic strcture and Fermi

surfaces of these materials we performed measurements using circularly polarized

light. The data are shown in Fig. 7.5. An excitation energy of hν = 88eV was used

for recording the data. Figure 7.5(a) shows constant energy surface maps taken

near the Fermi level, at 20meV, and at 60meV below the Fermi level. From these

constant energy contours it is clear that the Fermi surface sheets represent hole

pockets at the zone center. The inner hole pocket is hardly contributing to the net

Fermi surface of the crystal and there are indications that the outer one has a four-

fold symmetry. To reveal information on the band dispersion, cuts have been taken

in the direction shown by dashed lines in the rightmost panel of Fig. 7.5(a). In

the cuts taken along the Γ-X direction we could resolve two bands α1 and α2 near

the Γ-point [see Fig. 7.5(b),(c)] and from the cut taken along the Γ-M (Fig. 7.5(d)

direction we could resolve only one band α1. The weak spectral weight for the

outer band can be explained in terms of matrix element effects. It is worthwhile

to mention here that using circular photon polarization one should detect all the

bands, i.e, we could see the hole pockets at the zone center of the bands having

xz, yz, and x2 − y2 orbital character. In order to extract information on the

band renormalization in these compounds we have calculated the Fermi velocities.

We obtain vF = 1.3±0.1eV·Å for the band α1 and vF = 0.45±0.05eV·Å for the

α2 band, respectively. These values show a distinct behavior compared to the

122 compounds viz. in the case of EuFe2As2 Fermi velocities are calculated to

0.7±0.1eV·Å and 0.75±0.1eV·Å for α1 and α2, respectively, from which we see

that all bands near Γ have similar Fermi velocities.

7.3.2 Dimensionality of the electronic structure

Finally, we show ARPES measurements performed to reveal information on the

dimensionality of the electronic structure. For this, we have taken the energy
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Figure 7.5: ARPES spectra on Fe1.068Te0.54Se0.46. The data were recorded us-
ing circularly polarized light with an excitation energy hν = 88eV. (a) constant
energy surface maps taken near the Fermi level (left panel), 20meV (middle
panel), and 60meV (right panel) below the Fermi level. To reveal the band
information cuts are taken in different directions as shown in Fig. 4(b) and (c)

along Γ-X direction and (d) taken along the Γ-M direction.

dependent spectra around the zone center ranging from hν = 72eV to 120eV

in steps of 3eV. Data were recorded using p-polarized light along the Γ-X high

symmetry line such that the obtained Fermi surface map will be in the k100-k001

plane of momentum space [see Fig. 7.6(a)]. In order to identify the Fermi vectors,

momentum distribution curves are taken at each energy and Lorentzian fits were

performed [Fig. 7.6(b)]. The corresponding peak positions are shown by dots in

the FS map. From the polarization and geometry dependent selection rules [see

Table 7.1] the orbital character of the bands near the Γ point is attributed to xz

and x2 − y2 states and near the Z-point bands to xz, x2 − y2 and z2 states. We

observe only one band showing a considerable kz dispersion along Γ-Z which is

different from the results that we obtained in the 122 compounds. Particularly,

at the Z-point we see a noticeable difference. In the 122 compounds we have

observed that at Z a Fermi surface sheet having a larger kF with a strong kz

dispersion appears. On the other hand, in the 11 compounds at the Z-point we

observe a hole pocket with a Fermi vector comparable to the hole pocket at the
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Figure 7.6: Photon energy dependent spectra taken on Fe1.068Te0.54Se0.46 to
reveal the dimensionality of the electronic structure at the zone center. Data
were recorded along the Γ-M high symmetry line with p-polarized light. (a)
Fermi surface map taken in the k110-k001 plane. (b) Energy dependent MDCs

together with Lorentzian fits.

Γ-point, suggesting a modest kz dispersion in these compounds. From the absence

of block layers in these compounds one might expect a strong 3D nature of the

electronic structure. However, one needs further experiments to fully understand

the dimensionality of the electronic strcture in these compounds.

In the following we compare our results with the already published reports. So

far very few ARPES studies are available on the 11 compounds. Among them,

Ref. [193] shows two hole pockets at the zone center and one electron pocket at the

zone corner in the Fe1.03Te0.7Se0.3 superconductor in accordance with our data. On

the other hand, three well resolved Fermi surface sheets were found at the Γ-point

in an ARPES performed on stoichiometric FeTe0.42Se0.58 single crystals [109]. The

difference between our data (and Ref. [193]) and the measurements of Ref. [109]

could be mainly due to the presence of excess Fe. On the other hand, our observa-

tion of z2 states at the higher binding energy is consistent with the data presented

in Refs. [109, 192, 193].



Chapter 7. ARPES studies on Fe1+yTe1−xSex superconductors 110

7.4 Conclusion

In conclusion we have performed angle-resolved photoemission spectroscopy to elu-

cidate the electronic structure of the superconductor Fe1.068Te1−xSex. By varying

the photon polarization we extracted the Fermi surfaces and band dispersion along

the high-symmetry points in the Brillouin zone. We found that excess Fe typically

leads a broadening of the Fe 3d bands. A small change of the Se concentration

does not make any difference in the electronic structure near the Fermi level. Us-

ing polarization dependent data we resolved in total two hole pockets at Γ and one

electron pocket at M. We observe a major difference in the electronic structure re-

lated to the bands near the Z-point having z2 orbital character. The kz dependent

Fermi surface maps in the 11 compounds show weaker warping compared to those

of the 122 compounds, indicating a reduced dimensionality. From the polarization

dependent measurements we disentangled the Fermi sheets that are formed by the

combination of xz and yz states. We observe a band dependence of the Fermi

velocities near Γ, which in principle could be due to the strong spin fluctuations

around (π, π) [120, 196] or due to the orbital dependent hybridization between Fe

3d and Te(Se) 4p states [197]. We suggest that the presence of the excess Fe leads

to a non-rigid-band-type shift of the Fermi level in these FeTe(Se) compounds.





Chapter 8

Summary

Using angle-resolved photoemission spectroscopy we studied the electronic struc-

ture of the newly discovered Fe-pnictide parent compounds and their supercon-

ducting derivatives in order to obtain a microscopic understanding of the magnetic

and superconducting properties. In the following we summarize our experimental

observations.

(a) The electronic structure of Fe-pnictides consists of two to three hole pockets

at the Brillouin zone center and an electron pocket at the zone corner.

(b) We observe a backfolding of electronic bands in the direction of antiferromag-

netic order, i.e., along the Γ-X direction in the case of the parent 122 compounds

when it is in the SDW state, leading to opening of an energy gap of ∆SDW ≈ 65meV

near the high symmetry points (Γ and X ) due to the hybridization between the

original and the backfolded electronic bands. No energy gap was observed for the

measurements performed in the high temperature paramagnetic phase, showing

the different electronic structure for different magnetic ordering.

(c) We observe a good nesting between the hole pockets at the zone center and

electron pockets at the zone corner in the 122 systems. Doping with charge carriers

or isovalent substitution into the parent compounds destroys the nesting conditions

and superconductivity emerges, suggesting that the nesting conditions might be

an important fcator for the magnetism and superconductivity in these materials.

(d) We observe that the charge doping into BaFe2As2 leads to a shift of the Fermi

level in a rigid-band-type electronic structure and an isovalent substitution of P at

the As site in EuFe2As2 leads to a shift of the Fermi level in a non-rigid-band-type
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electronic structure. We also observe a change of orbital character while going

from Γ to Z high symmetry points in the kz direction.

(e) We observe that the parent 122 compounds are of a quasi-2D electronic struc-

ture. Co doping into BaFe2As2 leads to a more 3D nature whereas K doping leads

to a more 2D electronic structure. This suggests that the dimensionality of the

electronic structure in the Fe-pnictides (at least in 122 compounds) is highly sen-

sitive to the position of the Fermi energy due to the rigid-band-type shifts of the

Fermi level upon charge doping.

(f) All of the 122 compounds show similarities in their electronic structure near

the Fermi level, i.e., although there might be variations in the size of the Fermi

vector due to different crystal field splittings, the fermiology is the same (same

number of hole and electron pockets at zone center and corner, respectively).

(g) We observe that FeTe(Se) (11 compounds ) possess two hole pockets at the

Γ-point and an electron pocket at the X point, similar to the 122 compounds in

terms of fermiology. However, considerable differences were observed in the case

of band dispersions along the high symmetry lines. We also noticed a shift of

0.15eV towards the Fermi level in the case of z2 states near the Γ point in these

compounds (11) when compared to the 122 compounds. This indicates a different

kind of hybridization between Fe 3d orbitals and Te(Se) 4p orbitals.
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G. Behr, A. Köhler, J. Werner, B. Büchner, et al., Phys. Rev. B 78, 180506

(2008).

[137] I. R. Shein and A. L. Ivanovskii, JETP Lett. 88, 107 (2008).

[138] T. Kondo, R. M. Fernandes, R. Khasanov, C. Liu, A. D. Palczewski, N. Ni,

M. Shi, A. Bostwick, E. Rotenberg, J. Schmalian, et al., Phys. Rev. B. 81,

060507(R) (2010).



Bibliography 128

[139] M. Yi, D. H. Lu, J. G. Analytis, J.-H. Chu, S.-K. Mo, R.-H. He,

M. Hashimoto, R. G. Moore, I. I. Mazin, D. J. Singh, et al., Phys. Rev.

B 80, 174510 (2009).

[140] S. de Jong, E. van Heumen, S. Thirupathaiah, R. Huisman, F. Massee, J. B.

Goedkoop, R. Ovsyannikov, J. Fink, H. A. Drr, A. Gloskovskii, et al., EPL

89, 27007 (2010).

[141] E. Fawcett, Rev. Mod. Phys. 60, 209 (1988).

[142] W. Z. Hu, J. Dong, G. Li, Z. Li, P. Zheng, G. F. Chen, J. L. Luo, and N. L.

Wang, Phys. Rev. Lett. 101, 257005 (2008).

[143] B. Zhou, Y. Zhang, L.-X. Yang, M. Xu, C. He, F. Chen, J.-F. Zhao, H.-W.

Ou, J. Wei, B.-P. Xie, et al., Phys. Rev. B 81, 155124 (2010).

[144] D. Hsieh, Y. Xia, L. Wray, D. Qian, K. Gomes, A. Yazdani, G. Chen, J. Luo,

N. Wang, and M. Hasan, arXiv:0812.2289vl (2008).

[145] A. Schilling, M. Cantoni, J. D. Guo, and H. R. Ott, Nature 363, 56 (1993).

[146] C. W. Chu, L. Gao, F. Chen, Z. J. Huang, R. L. Meng, and Y. Y. Xue,

Nature 365, 323 (1993).

[147] D. J. Singh and W. E. Pickett, Physica C: Superconductivity 233, 237

(1994).

[148] J. I. Lee, T. S. Zhao, I. G. Kim, B. I. Min, and S. J. Youn, Phys. Rev. B 50,

4030 (1994).

[149] K. Yamauchi, H. Katayama-Yoshida, A. Yanase, and H. Harima, Physica C:

Superconductivity 412-414, 225 (2004).

[150] P. Starowicz, C. Liu, R. Khasanov, T. Kondo, G. Samolyuk, D. Gardenghi,

Y. Lee, T. Ohta, B. Harmon, P. Canfield, et al., Phys. Rev. B 77, 134520

(2008).

[151] L. Fang, H. Luo, P. Cheng, Z. Wang, Y. Jia, G. Mu, B. Shen, I. I. Mazin,

L. Shan, C. Ren, et al., Phys. Rev. B 80, 140508 (2009).

[152] F. Rullier-Albenque, D. Colson, A. Forget, and H. Alloul, Phys. Rev. Lett.

103, 057001 (2009).



Bibliography 129

[153] Z. Ren, Z. Zhu, S. Jiang, X. Xu, Q. Tao, C. Wang, C. Feng, G. Cao, and

Z. Xu, Phys. Rev. B 78, 052501 (2008).

[154] G. A. Sawatzky, I. S. Elfimov, J. van den Brink, and J. Zaanen, EPL 86,

17006 (2009).

[155] S. Graser, T. A. Maier, P. J. Hirschfeld, and D. J. Scalapino, New J. Phys.

11, 025016 (2009).

[156] C. Liu, T. Kondo, R. M. Fernandes, A. D. Palczewski, E. D. Mun,

N. Ni, A. N. Thaler, A. Bostwick, E. Rotenberg, J. Schmalian, et al.,

arXiv.0910.1799 (2009).

[157] V. Zabolotnyy, D. Inosov, B. Evtushinski, A. Koitzsch, A. Kordyuk, J. Park,

D. Haug, V. Hinkov, A. Boris, G. Sun, et al., Nature 457, 569 (2009).

[158] Y. Sekiba, T. Sato, K. Nakayama, K. Terashima, P. Richard, J. H. Bowen,

H. Ding, Y.-M. Xu, L. J. Li, G. H. Cao, et al., New J. Phys. 11, 025020

(2009).

[159] M. Yi, D. H. Lu, J. G. Analytis, J. H. Chu, S. K. Mo, R. H. He, X. J. Zhou,

G. F. Chen, J. L. Luo, N. L. Wang, et al., Phys. Rev. B 80, 024515 (2009).

[160] M. Walid, Y. Teppei, F. Atsushi, K. Masato, O. Kanta, K. Kunihiro, M. S.

Parasharam, K. Hijiri, I. Akira, E. Hiroshi, et al., J.Phys.Soc.Jpn. 78, 123706

(2009).

[161] V. Brouet, M. Marsi, B. Mansart, A. Nicolaou, A. Taleb-Ibrahimi,

P. Le Fevre, F. Bertran, F. Rullier-Albenque, A. Forget, and D. Colson,

Phys. Rev. B 80, 165115 (2009).

[162] L. X. Yang, Y. Zhang, H. W. Ou, J. F. Zhao, D. W. Shen, B. Zhou, J. Wei,

F. Chen, M. Xu, C. He, et al., Phys. Rev. Lett. 102, 107002 (2009).

[163] Y. Zhang, J. Wei, H. W. Ou, J. F. Zhao, B. Zhou, F. Chen, M. Xu, C. He,

G. Wu, H. Chen, et al., Phys. Rev. Lett. 102, 127003 (2009).

[164] Y. Zhang, B. Zhou, F. Chen, J. Wei, M. Xu, L.-X. Yang, C. Fang, W.-F.

Tsai, G.-H. Cao, Z.-A. Xu, et al., arXiv:0904.4022 (2009).

[165] T. Shimojima, K. Ishizaka, Y. Ishida, N. Katayama, K. Ohgushi, T. Kiss,

M. Okawa, T. Togashi, X. Y. Wang, C. T. Chen, et al., arXiv:0904.1632

(2009).



Bibliography 130

[166] P. Richard, T. Sato, K. Nakayama, S. Souma, T. Takahashi, Y. M. Xu, G. F.

Chen, J. L. Luo, N. L. Wang, and H. Ding, Phys. Rev. Lett. 102, 047003

(2009).

[167] H. S. Jeevan, Z. Hossain, D. Kasinathan, H. Rosner, C. Geibel, and P. Gegen-

wart, Phys. Rev. B. 78, 9 (2008).

[168] Q. Huang, Y. Qiu, W. Bao, M. A. Green, J. W. Lynn, Y. C. Gasparovic,

T. Wu, G. Wu, and X. H. Chen, Phys. Rev. Lett. 101, 257003 (2008).

[169] Y.-Z. Zhang, H. C. Kandpal, I. Opahle, H. O. Jeschke, and R. Valent́ı, Phys.

Rev. B 80, 094530 (2009).

[170] J. Fink, S. Thirupathaiah, R. Ovsyannikov, H. A. Duerr, R. Follath,

Y. Huang, S. de Jong, M. S. Golden, Y.-Z. Zhang, H. O. Jeschke, et al.,

Phys. Rev. B. 79, 155118 (2009).

[171] T. Kondo, A. F. Santander-Syro, O. Copie, C. Liu, M. E. Tillman, E. D.

Mun, J. Schmalian, S. L. Bud’ko, M. A. Tanatar, P. C. Canfield, et al., Phys.

Rev. Lett. 101 (2008).

[172] H. Wadati, I. Elfimov, and G. A. Sawatzky, Phys. Rev. Lett. 105, 157004

(2010).

[173] Z. Ren, Q. Tao, S. Jiang, C. Feng, C. Wang, J. Dai, G. Cao, and Z. Xu,

Phys. Rev. Lett. 102, 137002 (2009).

[174] H. S. Jeevan, D. Kasinathan, H. Rosner, and P. Gegenwart, arXiv: 1011.4481

(2010).

[175] S. Kasahara, T. Shibauchi, K. Hashimoto, K. Ikada, S. Tonegawa,

R. Okazaki, H. Shishido, H. Ikeda, H. Takeya, K. Hirata, et al., Phys. Rev.

B 81, 184519 (2010).

[176] J. G. Analytis, C. M. J. Andrew, A. I. Coldea, A. McCollam, J.-H. Chu,

R. D. McDonald, I. R. Fisher, and A. Carrington, Phys. Rev. Lett. 103,

076401 (2009).

[177] A. I. Coldea, C. M. J. Andrew, J. G. Analytis, R. D. McDonald, A. F.

Bangura, J.-H. Chu, I. R. Fisher, and A. b. Carrington, Phys. Rev. Lett.

103, 026404 (2009).



Bibliography 131

[178] H. Shishido, A. F. Bangura, A. I. Coldea, S. Tonegawa, K. Hashimoto,

S. Kasahara, P. M. C. Rourke, H. Ikeda, T. Terashima, R. Settai, et al.,

Phys. Rev. Lett. 104, 057008 (2010).

[179] D. S. Inosov, J. Fink, A. A. Kordyuk, S. V. Borisenko, V. B. Zabolotnyy,
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