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Abstract

Angle-resolved photoemission spectroscopy (ARPES) measurements reveal a two-band

structure of La2-xSrxCuO4 (LSCO) in the doping range 0.12 ≤ x ≤ 0.22. The second band

occuring at binding energies EB ' 1.3 eV hasn’t been observed before. This bands orbital

character is determined to be dz2 by applying matrix element effect selection rules and

analysing its kz-dependence. These findings largely stress the assumption, that multi-band

models are necessary to accurately describe the electronic structure of LSCO.
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Chapter 1

Introduction

Superconductivity is a macroscopic quantum mechanical phenomenon describing a ther-

modynamical state characterized by vanishing electric resistivity going along with a ideal

diamagnetic behaviour. It can emerge in a special group of materials - called superconduc-

tors - when undergoing a critical temperature Tc up to a critical magnetic field Hc or vice

versa.

It is relevant to nowadays life because it enables to have huge electric currents without any

losses in energy due to resistivity as well as no heat generation. One application of that

are coils for producing very strong magnetic fields, which is of importance for example in

Magnetic resonance imaging (MRI).

Limitations occur due to its appearance only at very low temperatures. Typical values

for Tc are under 10 K for elementary superconductors and not above 23.5 K for all

conventional superconductors. The most applications require liquid helium to maintain

the superconducting phase. This makes the technical implementation complicated and its

operation costly.

Therefore the attention was large when in 1986, superconductivity was observed above the

so-called BCS-boundary of 23.5 K in a rather unexpected type of material - the transition

metal oxide compounds called cuprates - by J.G. Bednorz and K.A. Mueller [1] at the

IBM research laboratory in Ruschlikon. Nowadays these materials are referred to as high-

temperature superconductors (HTS). The importance of this discovery is reflected in the

fact, that these two received the Nobel Prize just a year later. From that moment on there

was a huge focus from the scientific community on this field of research, indulging in the

possibilities of superconductivity at ambient temperatures. Just in a few years the upper

boundary was pushed above the melting point of nitrogen up to around 130 K [2]. Missing

a self-contained theory describing this new physics, the upper limit for superconductivity
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Figure 1.1: Critical temperature Tc of various superconductors in respect to their year of discovery.

Apparent increase in Tc takes place after the year 1985 with the discovery of superconductivity in cuprates

(blue diamonds). Conventional superconductors are labelled with green circles. Taken from [3].

got stuck around this temperature region since then. Though a lot of research is going on

in this field a basic principle describing the effect of high-temperature superconductivity

remains unrevealed.

Within the group of HTS, there already exist materials in which the superconducting phase

can be maintained with liquid nitrogen. The difficult production process of growing the HTS

still inhibits the development of applications replacing conventional superconductors. A

consistent theory of high temperature superconductors could help to overcome that difficulty

and enables us to broadly implement HTS-systems. A key point towards developing such a

theory is understanding the band structure of high temperature superconductors.
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Chapter 2

Cuprates

Although the origin of high temperature superconductivity (HTS) is not yet understood,

the physical properties of cuprates are rather well explored. All compounds from which

HTS emerges share a layered structure consisting of one or more copper-oxygen layers.

Their properties can be described by a phase diagram containing several phases which are

common among all hole doped cuprates.

2.1 Cuprate phenomenology

A typical cuprate phase diagram, exemplified by the specific compound La2-xSrxCuO4 (

LSCO ), is shown in Fig. 2.1. This group of materials emerges from substituting La in the

parent compound La2CuO4 with Strontium (Sr). Because the divalent Strontium has one

valence electron less than Lanthanum, we refer to this process as hole doping. For the sake

of completeness the electron doped case is, exemplified at Nd2-xCexCuO4, also shown on

the left side in Fig. 2.1. The phase diagram shows the changes of physical properties as a

function of doping and temperature. We can distinguish between various phases, namely

the antiferromagntic Mott-insulating phase, the pseudogap-phase, superconductivity and

the normal metal -phase.

The parent compound La2CuO4 is a Mott Insulator. This material class is predicted by band

theory, due to a half filled band, to be metallic. However, in fact they are insulating because

of strong interactions between the electrons causing them to localize at the lattice sites.

This results in poor conductance because the electrons are not able to move freely inside

the crystal anymore. In cuprates, the antiferromagnetic Mott-insulating phase vanishes at

3 to 5% hole concentration.

At low temperatures this phase is followed by the superconducting (SC) phase between
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Figure 2.1: Phenomenological phase diagram of Cuprates illustrated for the case of hole doped

La2-xSrxCuO4 and electron doped Nd2-xCe2CuO4. Figure taken from [12].

6% and 25% hole doping. The SC dome has its maximum around x ' 0.16 for LSCO,

which is similar for most of the cuprates. Though the maximal critical temperature strongly

varies between the different compounds. For LSCO it is about 40K, whereas for materials

like YBa2Cu3O6+y and Ba2Sr2CaCu2O8+y it is at 93K and above [4]. The doping at the

maximal critical temperature Tc is used to divide the doping scale in underdoped and

overdoped materials depending if their doping is below or above optimal doping for maximal

Tc . Above the SC dome the pseudogap-phase is located at the underdoped side. When

temperature is increased in the overdoped regime, the SC-phase vanishes and a normal

metal phase appears.

2.2 Crystal structure

In general, the cuprates are built up in a single-or multilayered Perovskite structure [10].

To illustrate the properties emerging from this type of crystal structure, we again use

LSCO as an example. On the left side in Fig. 2.2 the crystal structure is shown. It can

be seen that the copper atoms follow a tetragonal body centred structure, were every

Cu is surrounded by six oxygen atoms forming a CuO6 octahedron. The corresponding

three-dimensional Brillouin Zone (BZ) and its 2D projection are sketched on the right side

of Fig. 2.2. The crystal ball-and-stick model already reveals the layered structure, typical

for cuprates. The upper Cu-octahedra form a layer stacked on top of a layer of Lanthanum

atoms, called charge reservoir layer due to its role in the doping process, again followed by

a layer of Cu-octahedra and so on. These structured layers are the scene of the materials

quasi two-dimensional electronic behaviour, which we will further focus on in the next

section. The two-dimensional structure is also beneficial for experimental techniques such
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Figure 2.2: Left: Ball-and-stick model of the tetragonal bodycentered crystal structure of LSCO . Right:

Illustration of the 3D Brillouin zone and its 2D projection. Taken from [12].

as ARPES. Due to its quasi two dimensionality the electronic structure can be presented in

the projected BZ, as illustrated on the right side in Fig. 2.2.

Most relevant for its physical behaviour are the CuO6 layers. It is assumed that the physics

of superconductivity takes place in these layers, because the Cu-O bands are closest to the

Fermi level (EF ) and therefore directly determining the macroscopic electronic properties

[12]. Substituting Sr for La in LSCO changes the valency in the spacer layer which acts as

a charge reservoir for the CuO2-planes. The charge carrier migrating into the CuO2-planes,

then cause the physical properties to change drastically.

2.3 Electronic orbitals

To exemplify the electronic structure, we focus on the CuO2-planes and especially on the

interactions between the copper and oxygen atoms. The Cu-atoms, sharing two electrons

with the neighbouring oxygen atoms, are in the 3d9 state (Cu+2), having nine electrons

distributed over the five doubly spin degenerate d-electron orbital states (the real space

d-orbitals are shown in Fig. 2.4). Whereas the oxygen p-orbitals are fully occupied (2p6).

By looking at an isolated Cu+2-atom, the five d-orbitals are degenerate as illustrated on the

far left side of Fig. 2.3. Considering now the Cu+2-atom being surrounded by six oxygen
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Figure 2.3: Illustrates the degeneracy lifting of the Cu+2 and O-2 orbital energy levels in the crystal field

of LSCO (crystal field splitting, Jahn-Teller-effect) at the left and right edge and their hybridisation to

form the Cu-O bands in the middle part. Taken from [6].

atoms the fivefold degeneracy is lifted in two steps. At first to the submanifolds eg and

t2g, due to crystal field splitting. This is because the lobes of the eg-orbitals (dx2−y2 and

dz2) are aligned along the Cu-O bonds which leads to a larger overlapping integral with the

oxygen p-orbitals compared to the t2g-orbitals. Making the eg-orbitals energetically more

expensive to occupy. Then the so-called Jahn-Teller distortion [11], in form of a shift of the

octahedrons apical oxygen atoms, lifts the remaining degeneracy in the eg energy level with

the dx2−y2 left in the highest energy state and therefore as the only orbital being half-filled

[4][6]. This energy splitting is illustrated in Fig. 2.3.

Currently it is assumed, that the electronic structure of the cuprates can be described

by a three-band model formed by the dx2−y2 , px and py orbitals for every unit cell [7]. A

justification for that is seen in the strong covalent bond between the orbitals (sketched in Fig.

2.3), due to its large overlap integral tpd as stated above. The half-filled dx2−y2 -orbital has

energy Ed and the unoccupied p-orbital Ep. A schematic energy scale is drawn in Fig. 2.5

(b). Here Ud refers to the Coulomb energy necessary to doubly occupy the Cu-atom, which

is much larger than Ed − Ep. This one-band model allows already to describe phenomena

like the Mott insulating state in the parent compound and the antiferromagnetic behaviour

at doping x ' 0.

Following the argumentation in P. A. Lee et. al. 2006 [4] when consider doping with Sr, the

introduced holes are placed in the oxygen p-orbital, due to the large Ud. The holes are able

to move from one site to another forming a metal. Describing these movements properly
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Figure 2.4: Illustration of the five d-orbitals in real space.

They are grouped in the two groups eg and t2g submanifolds

according to their energy. Figure taken from [5].

Figure 2.5: a.: Simplification of lay-

ered cuprate structure (left) to one-band

model (right). The blue (red) dots refer

to the Cu- (O)-sites. b.: Energy levels

of copper d (Ed) and oxygen p (Ep) or-

bitals in the hole picture. The Ed level is

occupied by one hole with spin S = 1/2.

Taken from [4].

requires to take all three bands into account, which can be very complicated. Simplification

is achieved by describing the process with an effective single-band Mott-Hubbard system

where instead of holes, the movement of Zhang-Rice singlets [8] is described. The problem

is simplified from a three band model to a one-band tight-binding model on the square

lattice given by the Cu-positions with an effective nearest neighbour hopping integral t [4].

This is also illustrated in Fig. 2.5 (a).

As already indicated, our measurement results raise doubts on the assumption to take only

the dx2−y2 -, px- and py-orbitals into account and if the simplification to a one-band model

is justified.
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Chapter 3

ARPES fundamentals

The theoretical concepts discussed here are mostly adapted from A. Damascelli et. al. 2003,

2004 [12] [13].

In the research of Cuprates superconductors, angle-resolved photoemission spectroscopy

(ARPES) plays a key role because it probes directly the electronic structure of solids.

The underlying physical mechanism of ARPES is the photoelectric effect. It has been

discovered by Hertz in 1887 and later described by Einstein in 1905. Shining with light of

energy hν on a metal, electrons in the solid will absorb the photons and use the gained

energy to leave the material with a maximal kinetic energy Ekin given by the difference of

the photon energy and the material specific work function φ.

Ekin = hν − φ (3.1)

APRES measurements are performed on single crystal samples. Under ultra High vacuum

(up to 10−10 mbar) the sample is exposed to a X-ray or UV-light beam. The incoming

photons cause electrons from the sample material, to emit in all directions into vacuum. With

an electron energy analyser it is then possible to measure the photoelectrons kinetic energy

Ekin at a given emission direction. In experiments the emission direction is characterized

by the two angles at which the detector is located (Fig. 4.3). This provides the unique

possibility to directly probe the momentum and kinetic energy of the emitted electrons. But

before going more in detail about the specific measurement setup first some considerations

about the theoretical description of the process.
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3.1 Kinematics of the photoemission processes

With the knowledge of Ekin, ϑ and ϕ and assuming a free electron final state, the wave

vector K = p/~ of the photoelectrons in vacuum is fully determined:

Kx =
1

~
√

2mEkin sinϑ cosϕ (3.2a)

Ky =
1

~
√

2mEkin sinϑ sinϕ (3.2b)

Kz =
1

~
√

2mEkin cosϑ (3.2c)

To gain information of the band structure in the sample, we need to describe the relation

between Ekin and the free electron momentum K with the electron binding energy EB and

the momentum k of the electron inside the solid.

Assuming no interactions between the electrons, the relation of Ekin to EB can be derived

by the relative positions in the schematic energy diagram for sample and measured spectrum

shown in Fig. 3.1. It is given as

Ekin = hν − φ− |EB | (3.3)

To find relations for the momentum k, we split it into the components parallel k‖ =

kx + ky and perpendicular k⊥ = kz to the sample surface. Using momentum conservation

kNf − kNi = khν ' 0, where we neglect the photon momentum due to the small photon

energies (hν ' 60eV), we find for the momentum parallel to the sample surface:

k‖ = K‖ =
1

~
√

2mEkin sinϑ (3.4)

The conservation of parallel momentum reflects the translation symmetry given by the

periodicity of the crystal along this direction. In contrast, the perpendicular component k⊥

of the wave vector is not conserved due to the abrupt ending of the crystal periodicity at

the sample surface. This makes it much more difficult to find an accurate representation of

k⊥ in the measurement variables Ekin, ϑ and ϕ.

In 2D systems with a negligible dispersion along the z axis, the uncertainty in k⊥ is

normally insignificant and the electronic dispersion is then almost exclusively determined

by k‖ [12]. Nevertheless the perpendicular component can be determined, by assuming the

photoemission process results in nearly free final bulk Bloch states [13]:

Ef (k) =
~2k2

2m
− |E0| =

~2
(
k2
‖ + k2

⊥

)
2m

− |E0| (3.5)
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Figure 3.1: Energy diagram of the sample and for the specturm measured at a detector. The spectrum

energy scale has its zero postion at Ev on the sample-energy scale, which correclty reflects, that the energy

measured in a detector is the kinetic energy of a particle relative to the vacuum energy Ev. Further,

sample-energy scale has its origin at EF so that binding energies EB are at negative values. Figure Taken

from [13]

Here E0 refers to the bottom of the valence band shown in Fig. 3.1. Note that in our

convention E0 is negative. Ef describing the final state and stands in the following relation

to the measured kinetic energy Ekin = Ef − φ. Recalling 3.4, we obtain from 3.5 the

following expression for the perpendicular momentum component.

k⊥ =
1

~
√

2m(Ekin cos2 ϑ+ V0) (3.6)

The variable V0 stands for the inner potential, which is also drawn in 3.1, describing the

energy difference between Ev and E0. It is usually not known and left to be determined

as a fitting parameter. As already stated, for quasi 2D dimensional systems the electronic

dispersion relation E(k) is already determined by knowing Ekin and k‖.

3.2 Three-step model

For a properly quantum mechanical treatment the whole process should be seen as a one-step

process between an initial- and finale states many-body wave functions. This can get rather
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complex, therefore we use the phenomenological three-step process. Despite its simplicity

this model is rather successful. It splits the whole absorption-and-emission process up, in

the following three sub-processes:

1. Photon absorption and electron excitation

2. Electron transmission towards surface

3. Emitting into vacuum by overcoming the surface barrier

In the following, these 3 steps will be examined more detailed.

Step 1: Photon absorption and electron excitation

Starting with the Hamilton operator for an electron interacting with an electromagnetic

field:

H =
1

2m

[
p− e

c
A(x, t)

]2
+ eΦ(x, t) + V (x) (3.7)

where A describes the electro magnetic vector potential, Φ(x, t) is the electric scalar

potential, V (x) is the potential term from the Schrödinger equation and p is the electron

momentum operator. We can rearrange the expression for H, to emphasize that the

contribution from A can be treated as a perturbation

H = H0+Hint =

(
p2

2m
+ V (x)

)
+

(
− e

2mc
[p,A(x, t)] +

e2

2mc2
A2(x, t) + eΦ(x, t)

)
(3.8)

The quadratic term of A(x, t) is negligible, further we choose the gauge Φ = 0, use the

commutator relation [p,A] = −i~∇ ·A and the dipole approximation (A is constant over

atomic dimensions and therefore ∇ ·A = 0), ending up with the following perturbation

term:

Hint = − e

mc
A · p (3.9)

The transition rate Γi→f for a system of N -electrons being excited from the state ΨN
i to

ΨN
f is described by Fermis Golden rule:

Γi→f =
2π

~
∣∣〈ΨN

f |Hint|ΨN
i 〉
∣∣2 δ(ENf − ENi − hν) (3.10)

with ENi and ENf being in the initial- and final states of the N-electron system.
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For further simplification we use the sudden approximation, which states that the time scale

on which an electron is excited and removed from the N -electron system is much smaller

than the time for the remaining system to react to the changes and relax adiabatically.

This allows to assume that the potential of the left behind N − 1-electron system changes

discontinuously at the sudden moment in which an electron is removed. This approximation

allows us to write the final energy state as follows:

ΨN
f = AφkfΨN−1

f (3.11)

where as ΨN+1
f is the N − 1-electron system wave function, A is an operator to correctly

antisymmetrizes the final state wave function to guarantee, that it obeys the Pauli exclusion

principle and φkf describes the removed photo electron with a momentum k. For the initial

state wave function we can make the same approximation

ΨN
i = Aφki ΨN−1

i (3.12)

The matrix element from Eq. 3.10 can now be split up because the perturbation term Hint

only acts on the single electron wave functions.

〈ΨN
f |Hint|ΨN

i 〉 = 〈φkf |Hint|φki 〉〈ΨN−1
f |ΨN−1

i 〉 (3.13)

The first term is called the one-electron dipole matrix element Mk
f,i and the second is

referred to as (N − 1)-electron overlap integral. The final state ΨN−1
f can be chosen as

a superposition of eigenfunctions ΨN−1
m with energy EN−1m . Like that we can write the

overlap integral as a sum of overlap integrals between the initial state and all possible

eigenstates to which the (N − 1)-electron system can be excited.

〈ΨN−1
f |ΨN−1

i 〉 =
∑
m

〈ΨN−1
m |ΨN−1

i 〉 =
∑
m

cm (3.14)

with |cm|2 =
∣∣〈ΨN−1

m |ΨN−1
i 〉

∣∣2 being the probability for the (N − 1)-electron system to be

in the final eigenstate m after an electron is removed. This leads to the following expression

for the photoemission intensity:

I(k, Ekin) ∝
∑
f,i

∣∣Mk
f,i

∣∣2∑
m

|cm,i|2 δ(Ekin + EN−1m − ENi − hν) (3.15)

Interesting to note is, that for system with low correlation, there is only a few final eigenstates

overlapping with ΨN−1
i leading to a single delta peak as a measured spectrum. Whereas in

a system with strong electron correlation a lot of final energy states ΨN−1
m overlap with
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the initial states ΨN−1
i due to strong changes of the effective potential. Therefore the

ARPES spectra of such systems have multiple satellite peaks, according to the number of

excited states m, besides the main delta peak. Because it is challenging to calculate all the

coefficients |cm|2 we use a slightly different approach for the intensity I, more suitable to

describe strongly correlated electron systems:

I(k, Ekin) ∝
∑
i,f

∣∣Mk
i,f

∣∣2A(k, E)f(E) (3.16)

Where the variables f(E) and A(k, E) refer to the Fermi function 1/(e(~ω−EF )/kBT + 1)

and the one particle spectral function. The Fermi function is used to take into account that

only occupied electron states can be probed. The spectral function contains the information

about the band structure. With ARPES it can directly be measured.

The spectral function has its origin in many body theory of solid state physics, where

it is closely related to the one electron Green’s function G(k, E) = G+(k, E) +G−(k, E)

(momentum-energy representation) by

A(k, E) =
1

π
Im(G(k, E)) (3.17)

with the one electron addition and removal Green’s function

G±(k, E) =
∑
m

∣∣〈ΨN±1
m |c±k |ΨN

i 〉
∣∣2

E − EN±1m + ENi ± iη
(3.18)

where c±k is the electron creation/annihilation operator. This formalism has the benefit to

consider electron-electron correlation by including the self energy
∑

(k, E)) =
∑′

(k, E) +

i
∑′′

(k, E) into the Green’s function

G(k, E) =
1

E − εk −
∑

(k, E)
(3.19)

A(k, E) = − 1

π

∑′′
(k, E)[

E − εk −
∑′

(k, E)
]2

+
[∑′′

(k, E)
]2 (3.20)

The self energy contains all the information about the electron-electron and electron-crystal

interactions.
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Figure 3.2: Dependence of the mean free path λIMFP on the kinetic energy of electrons travelling through

a solid. This curve is referred to as universal curve because the curve is nearly material independent. The

energy range in which we were probing is located at around the functions minimum, leaving us therefore

with λIMFP ' 5Å. Taken from [13].

Step 2: Transition through material

Once the electron is removed from the atom it travels through the material towards the

surface. During this process it can be subject to inelastic scattering. This circumstance

is considered in our formalism by introducing an inelastic mean free path λIMFP . The

so-called universal curve is shown in Fig. 3.2. It is valid for nearly all solid materials and

depends mainly on the electrons kinetic energy Ekin. For our energy range of 55 eV to 65

eV the inelastic mean free path is around 5Å.

The small mean free path causes the ARPES experiment to be extremely surface sensitive.

With a probing depth of 5Å(∝ one atomic layer), surface degradation will distort the

outcome of the experiment. This gets even more extreme, if we recall the crystal structure

of LSCO Fig. 2.2. The tetragonal unit cell has a height of c = 13.18Å. This means detected

electrons which didn’t suffer scattering mostly originate from the topmost Cu-Octahedron

layer. To overcome this issue we follow a special procedure to guarantee clean sample

surfaces, which will be described in section 4.1.

Step 3. Transmission into vacuum

For being emitted into vacuum, the electron has to overcome the material work function φ.

As illustrated in Fig. 3.1, it describes the energy difference between the vacuum energy Ev

and the Fermi Energy EF .

14



3.3 Matrix element effects

We look at the one electron dipole matrix element Mk
i,f from Eq. 3.16. By using the

expression for the perturbation term from Eq. 3.9 we get:

Mk
i,f ∝ 〈φkf |A · p|φki 〉 (3.21)

Rewriting this equation with the help of the commutation relation ~p/m = i[x, H], we get:

|Mk
f,i|2 ∝ |〈φkf |ε · x|φki 〉|2 (3.22)

Here ε describes a unit vector indicating the polarization direction of the vector potential

A [13].

From Eq. 3.22 it is visible, that the matrix element term imposes setup geometry depending

restrictions on the measured intensity I. For example, a vanishing matrix element causes

the whole intensity to be zero. Considering the fact that the matrix element itself is a real

space integral, we know, that if the integrand is purely antisymmetric the integral will be

zero. From that we can deduce the integrands symmetry properties.

This can be done in the following way: The matrix elements integrand contains three

functions, the initial- and finale state wave functions φki and φkf and the incoming light

described as ε · x. The final state, assumed to be a plane wave 〈r|f〉 = eik·r, is always

even with respect to the mirror plane [16]. The term ε · x can be chosen to be even or odd

depending if it is parallel επ or perpendicular εσ polarized with respect to the mirror plane.

This leaves the initial state wave function φki as the only indefinite term in the integrand.

If now the mirror plane position and direction is properly chosen, the electronic orbitals (Fig.

2.4) can form a convenient basis for the initial state φki [16]. From symmetry considerations

of the mirror plane with respect to the orbitals, the following relations can be deduced.

〈φkf |ε · x|φki 〉 = 0


〈+|+ |−〉 ⇒ ε · x even, φki odd

〈+| − |+〉 ⇒ ε · x odd, φki even

(3.23)

To exemplify that shortly, let’s look at the dx2−y2 -orbital. It is symmetric with respect to a

mirror plane going through the orbitals center and the lobes, whereas it is antisymmetric

in respect to the mirror plane positioned in between two lobes as illustrated in Fig. 3.3

where the symmetric (antisymmetric) case is sketched on the left (right) side. Assuming

now π-polarized light will lead to a non zero matrix element in the left case and a vanishing

matrix element in the right case matching the upper condition stated in Eq. 3.23.
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Figure 3.3: Illustration of the dx2−y2 orbital symmetry with respect to different mirror plane configurations.

The mirror plane is defined as the plane containing the incoming photon hν and and the surface normal.

The emitted electrons, for not vanishing matrix elements is drawn in red.

This makes ARPES a powerful tool to not just probe the band position in reciprocal space

but also to provide direct information about the underlying orbital symmetry. We will use

this method later extensively to draw conclusions from our ARPES measurements.
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Chapter 4

ARPES experiment

4.1 Experimental setup

Sample preparation

We investigated L2-xSrxCuO4 samples with Strontium concentrations of x = 0.12, 0.16, 0.22.

In the following, I will refer to the different consentrations as LSCO12 , LSCO16 and

LSCO22 . The crystals were grown by O. J. Lipscombe and S. M. Hayden at the University

at Bristol (x = 0.22) and by T. Kurosawa, N. Momono and M. Oda at Hokkaido University

in Sapparo, Japan (x = 0.12, 0.16). All crystals were grown by using the floating zone

technique.

To guarantee an easy mounting of the samples to the measurement apparatus, the samples

were cut into pieces of 1× 1× 1 mm3 and glued to a copper sample holder. To prevent the

sample from being electrically charged, due to continuous removing of electrons during the

measurement cycles, electrically conducting glue was used (silver epoxy, EPO-TEK E4110).

The silver epoxy was cured on a hotplate at (80 to 100◦C).

In a next step, a Laue X-ray diffractometer was used to determine the crystals principal

axes and mark their orientation on the sample holder. Due to crystal symmetry two pairs

of principle axes are apparent: one from the Cu-Cu bond and the other from the Cu-O-Cu

bond. It is possible to identify the Cu-Cu corresponding lines by looking at the proportion

of the angles α and β between the principle lines and the sub line. The angles and lines are

drawn in Fig. 4.1. We can say, that the Cu-Cu is orientated as indicated in the picture

if the relation α < β holds. Marking the principal lines in advance eases finding a good

measurement position when the samples are placed inside the measurement set up. The

Laue images also allow to qualitatively check the samples crystal structure quality.
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Figure 4.1: Laue image of LSCO22 . The different high symmetry lines corresponding to the Cu-Cu and

Cu-O-Cu axes were indicated. It is possible to distinguish these lines by comparing the angles α and β.

The Cu-Cu line is in between two angles α whereas α < β.

The high surface sensitivity of ARPES measurements caused by the short mean free path

λIMFP , due to our photon energy range of 55 to 65 eV (Fig. 3.2), requires a special

procedure to guarantee clean surfaces. This is achieved by cleaving the sample in situ. A

pin is glued to the top of the sample and removed when the sample is placed under ultra

high vacuum in the measurement chamber and cooled down to 20 K. Normally the pin is

removed by stroking it away. At best, the crystal cleaves then close to the adhesive area

without any glue remaining on the cleave and leaving an ultra clean surface. At worst if

the sample is too strong, it will be detached from the sample holder completly. For too

poor adhesive performance, on the other hand, the pin will be removed while leaving the

cleave totally polluted with remaining glue, making a reasonable measurement impossible.

As adhesive Torr Seal from Varian was used to glue the pin onto the sample.

At the SIS beamline at PSI, the sample was put into ultra high vacuum (5 ·10−11 to 1 ·10−10

mbar) and hold during the measurement at a temperature around 20 K.

SIS Facility at PSI

All measurements were performed at the Swiss Light Source synchrotron at Paul-Scherrer

Institut in Villigen Switzerland. We used the SIS (Surface/ Interface Spectroscopy) beamline.

A schematic sketch of a typical ARPES beamline is shown in Fig. 4.2. Electrons are

accelerated in the synchrotron and then directed through the undulator. The X-ray photon

flux is generated inside the undulator by forcing the electrons to undergo curved trajectories.

The energy of the light is then selected by a grating and an exit slit. With this setup, it was

possible to select the energy range, the exit slit opening and the light polarization (circular

C+, linear parallel επ or perpendicular εσ).
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Figure 4.2: A typical beamline. Its main components are the undulator, the plane grating to select the

wavelength , exit slit allows to regulate the photon flux and the electron analyzer containing of entrance

slit, half sphere and detector. Taken from [12]

The manipulator, holding the sample, provides six degree of freedom. Three are due to

translational motion along x, y and z whereas the other three are due to rotations around

the angles θ, χ and φ (indicated in 4.3). Varying these three angles allows to probe different

regions in reciprocal space. That entails, that the data we gather, refer to a particular set

of angles, which we then have to transform into k-space.

A further crucial property of the SIS beamline is the alignment of the detector slit to lay in

the same plane as the surface normal and the incoming beam. This is sketched in Fig. 4.3,

where the slit lies in the xz-plane. It is important because only this configuration allows to

apply symmetry arguments for matrix element effects, as discussed in section 3.3.

To detect the photoemitted electrons, a Scienta R4000 electron analyser was used. This

detector is built up by nose-like electrostatic lenses, focusing the electrons to the entrance

slit. The entrance slit leads to a half-spherical deflector composed of an inner- and outer

concentric hemisphere, kept at a potential difference of ∆V , allowing to select the electrons

by their kinetic energy. By varying the potential difference, it is possible to record images

of scans through the electrons kinetic energy. The detector is located at the lower side

of the hemisphere, containing a CCD camera chip, allowing to simultaneously resolve an

angular range of −15◦ to 15◦ with a resolution of 680 pixels.

Our measurements were done at a photon energy of 55 eV and 65 eV with an exit slit

opening of 25 µm for high symmetry cuts and 100 µm for Fermi surface maps. Furthermore

we used different polarizations to study matrix element effects as explained in section 3.3.
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Figure 4.3: Illustration of the rotational degrees of freedom on the manipulator at SIS. Adapted from [18].

Figure 4.4: Cross section through an Scienta R4000 electron analyzer. The main parts are the nose-like

electrostatic lenses, followed by the entrance slit leading to the half sphere composed of inner- and outer

sphere and an electron detector at the lower end of the hemisphere, followed by a CCD camera. Taken

from [17].

20



Figure 4.5: a.: Illustration of measurement positions A und B along (0-π)- and (π-π)-direction in

reciprocal space. Red line refers to Fermi surface contour of LSCO22 . Black solid lines indicate the two

measurement positions. Cut A lays on the high symmetry line crossing the Γ- and X-point. Cut B lays on

the high symmetry line crossing Γ and M. Black dashed line illustrates the border of the first Brillouin

Zone. b.: Illustration of multiple cuts (black solid lines) at same angles ϑ and different angles ϕ. In this

way the whole Fermi surface map (solid red line) can be mapped.

4.2 Analysis methodology

The given explanations of the processes around ARPES until now were using the image of

just one set of parameters (Ekin, ϑ, ϕ) being analysed at at time. However, state-of-the-art

ARPES detectors allow to collect much more data at a time, since they are equipped with

a two-dimensional CCD-detector.

These detectors have an acceptance angle of −15◦ to +15◦ around a given angle ϑ or ϕ and

a variable range of kinetic energy. We can scan through the kinetic energy range to resolve

binding energy structures as pictorially drawn in 3.1 for every angle. In this manner we

end up with a 2D dataset, called energy distribution map (EDM). The orientation of such

EDMs in k-space can be visualized as cuts in respect to the Fermi surface (when measured

at kz). This is exemplified in 4.5.a were the cuts A and B are drawn as solid black lines.

Further, we are able to vary the angle ϕ to shift the EDM position in the direction

perpendicular to the detector line (Fig. 4.5.b), allowing us to measure multiple EDMs

close to each other. Like this we scan through k-space ending up with a three dimensional

dataset were we varied the parameters Ekin, ϑ and ϕ.

In Fig. 4.6.a the EDM for a cut along the Γ-X high symmetry line is plotted. Such an

EDM is usually analysed in two different ways: Either the intensity could be plotted as a

function of momentum for a fixed kinetic energy (see Fig. 4.6.c; indicated as vertical white

dashed line in Fig. 4.6.a). This plot is called momentum distribution curve (MDC). Or

the EDM could be plotted at a fixed angle resulting in an intensity curve as a function of

21



Figure 4.6: a.: Measurement data (EDM) of a cut along the Γ-X high symmetry line as indicated in Fig.

4.5.a. (cut A), taken at a LSCO22 sample. b. shows a Energy Distribution Curve (EDC) at a fixed angle

ϑ indicated by the horizontal white dashed line in a.. c. shows a Momentum Distribution Curve (MDC)

along a constant energy Ekin near to the Fermi surface as indicated by the vertical white dashed line.

kinetic energy (see Fig. 4.6.b; indicated as horizontal white dashed line in Fig. 4.6.a). This

kind of plot is referred to as energy distribution curve (EDC). Using a more mathematical

notation, we describe EDCs and MDCs as an intensity function where two of the three

variables (Ekin, ϑ, ϕ) are hold constant.

IEDC(Ekin) := I(Ekin, ϑ0, ϕ0)
∣∣∣
ϑ0,ϕ0=const

(4.1)

IMDC(ϑ) := I(Ekin,0, ϑ, ϕ0)
∣∣∣
Ekin,0,ϕ0=const

(4.2)

or

IMDC(ϕ) := I(Ekin,0, ϑ0, ϕ)
∣∣∣
Ekin,0,ϑ0=const

(4.3)

Also in Fig. 4.6, we already see how the valence band, visible at the Fermi surface (indicated

by the two peaks in the MDC), disperse when going to lower kinetic energies, in the range

from 60.3 eV down to 59.0 eV (referring to the brighter stripes in the dark blue area). The

brighter structures below 59.0 eV are mostly due to background. At a later point of this
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chapter methods will be illustrated to get rid of the background noise, helping to highlight

the part of the band structure we are interested in.

The Fermi surface plotten in Fig. 4.5 matches in shape to the measured one displayed

in Fig. 4.7.a. with Γ0 at (ϑ, ϕ) ∼ (3◦,−2◦). Also the periodic continuation of the Fermi

surface in higher Brillouin zones is visible in the left part of the false color plot with Γ1

and Γ2 located in the left upper and lower corners of the contour plot. Because the EDMs,

from which the constant energy map is built up, were orientated as in Fig. 4.5.b, the Fermi

surface is rotated by 45◦ in respect to the sketch from Fig. 4.5.

For further analysis, the raw data is transformed into momentum space (kx, ky) and the

energy calibrated with respect to the Fermi level.

4.3 Conversion to momentum space and energy cali-

bration

Conversion from Angles to k-space

Referring to Fig. 4.3, the photoelectron momentum detected at a particular pixel of the

detector can be described as

ksample =
1

~
√

2mEkin


− sinα

0

cosα

 (4.4)

in coordinates of the intrinsic coordinate system (blue, X ′,Y ′,Z ′) attached to the sample.

Here the angle α refers (as indicated in Fig. 4.3) to the different positions of the detector

pixels in the detector slit. Because the slit is aligned in the xz-plane, α is just an additive

constant to the angle ϑ and is ranging from −15 to 15◦. Due to the rotational degrees of

freedom around three different angles, the vector ksample has to be transformed accordingly

to klab describing the momentum in the laboratory reference frame (red, X,Y ,Z), to take

the rotations into account . This is achieved by applying the following rotation matrices:

Rϑ =


cosϑ 0 − sinϑ

0 1 0

sinϑ 0 cosϑ

 , Rχ =


1 0 0

0 cosχ sinχ

0 − sinχ cosχ

 , Rφ =


cosφ − sinφ 0

sinφ cosφ 0

0 0 1


(4.5)

in the following order
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Figure 4.7: a.: Fermi Surface of LSCO22 close to the Fermi energy EF at Ekin ' 60.3 eV as sketched

in Fig. 4.5. This false color plot is built up from multiple cuts measured at different values for ϕ. b.: EDM

at constant ϕ at the position of the horizontal white dashed line in a. c.: MDC at Ekin = 60.3eV at the

position as indicated by the horizontal white dashed line in b. and a. d.: EDM at constant ϑ along the

vertical white dashed line in a. . e.: EDC (ϑ0, ϕ0 = const.) located at the crosspoint of the two white

dashed lines in a. . The EDC position is additionally shown as red dashed line in b. and d. f,: MDC

corrsponding to vertical white dashed line in d. and a.
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klab = Rφ ·Rχ ·Rϑ · ksample (4.6)

The order and appearance of these rotation matrices is given by the setup of the different

axes around which the rotation by the given angles are performed. This set of rotation

matrices is sufficient, only if the crystallographic axes a,b and c are orientated in the same

direction as the intrinsic sample holder coordinate system. If this is not the case, further

considerations have to be made.

It is also worth to note, that the momentum vector klab is not just depending on the

different angles α, ϑ, χ and φ but also on the kinetic energy Ekin. Therefore changing the

photons kinetic energy would directly change the length of the klab-vectors and therefore

allow us to tune the size of the observed region in reciprocal space.

Energy scale calibration

Since, in physics an absolute energy scale is not defined, we have to rely on relative energy

differences. Here we use the energy difference between the Fermi Energy EF and the points

in our measurement data. Conveniently the origin of the energy scale is set to EF leaving

us with negative values for the the binding energy EB . As shown in Eq. 3.16 and Fig. 3.1,

the Fermi function introduces a characteristic cut-off to the measured data. This allows

us to identify the offset as the energy at which the Fermi step occurs, leaving us with the

following formula to transform between the binding energy- and spectrum energy scale.

EB = Ekin − EF (4.7)

Where EF and Ekin refer to the Fermi energy and kinetic energy in the spectrum energy

scale and EB to the binding energy of the spectra. Looking at the EDC displayed in Fig.

4.7.e, we see that the Fermi level is clearly apparent at the energy EF ∼ 60.3 eV. For all

measurements we determined the energy offset graphically with one decimal place precision.

This approach neglects varying detector pixel offsets. When higher accuracy is required in

which the offset differences are not negligible anymore, more advanced calibration procedures

have to be applied. One example would be using a polycrystalline gold sample, which would

provide a uniform spectrum below the Fermi level. Calibration is then performed by fitting

a Fermi function to every detector channel. This provides the Fermi energy for every EDC

in the ARPES spectrum.
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4.4 Data processing

Normalization

The different detector channels usually vary in their efficiency. To compensate this problem

we normalize our dataset. The normalization is done by averaging over the lower part in the

energy spectrum, between −2.5eV and −1.5eV , to normalize every EDC. We use the lower

part of the spectrum because including the low binding energy range into the normalization

factor could cause the expected features to be erased.

What we are doing here is creating a normalization-MDC and divide every MDC of our

energy distribution map by it. This is justified, because the effects we want to get rid of by

normalization vary over angle but not over energy.

Background subtraction

The background is mainly produced by electrons who suffered multiple scattering processes

and are therefore primary independent of direction. Although it is clearly related to the

kinetic energy because inelastic scattering causes electrons to reduce their velocity due to

collisions. Therefore, detected electrons, who suffered inelastic scattering have mostly lower

energies, because they lost it partially when undergoing collisions. It is suggestive, to apply

a background subtraction method which takes this into account. Namely we’re looking for

a method which leads to the same background value for every value in an MDC.

When working with a dataset as displayed in Fig. 4.6.a, we can search for the smallest

value in every MDC (to recall an MDC is drawn in Fig. 4.6.c) and subtract it from every

value in the MDC.

This means basically we build up a background-EDC of the smallest values for every kinetic

energy and subtract then this background-EDC from every EDC in the dataset. To not

introduce any discontinuities, due to anomalous detector pixels, the background-EDC is

smoothed by using a moving average.

Effects illustration

In Fig. 4.8 the effects of the performed data processing are illustrated. We see in sub

figure a., that the intensity distribution in the lower part of the plot (EB ≤ −1.0 eV)

appears to be asymmetric. The Right part has on average higher intensity values. After

normalization (sub figure b.) this asymmetry vanishes and we end up with a symmetric

dispersion structure, as one would expect. Including also background subtraction leads to
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Figure 4.8: Effects of normalization and background subtraction. The three false color plots show the

same measurement, a cut along the Γ-X high symmetry line with parallel polarized light and 65 eV photon

energy. The data were converted to k-space and displayed in the binding energy scale. a.: raw data. b.:

performed normalization on data. c.: after normalization and background subtraction.

sub plot c. Where we see the structure around EB ' −1.1 eV, barely visible in sub figure

b., now clearly resolved.
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Chapter 5

Results

5.1 Measurement Results

Looking at an EDM measured along nodal direction (cut B in Fig. 4.5), as displayed in Fig.

5.1, we see two structures overlapping each other. The first one, crossing the Fermi surface

and dispersing down to at least −1.0 eV, is already known and well described in literature.

It’s origin is due to hybridisation of the dx2−y2-orbital with the px- and py-orbitals of

the neighboured oxygen atoms. Rather unknown is the lower laying structure appearing

between −1.0 and −1.5 eV and symmetrically arranged around the zero point.

The same observation can be made, when looking at constant energy maps (CEM) for

different binding energies EB as shown in Fig. 5.3. Here we see at subplot a. the electron-

like fermi surface of LSCO22. Close to the Fermi step only the dx2−y2 -band is apparent and

therefore the main cause of this angular shaped Fermi surface. This band can be seen as a

cone converging when going to higher binding energies. Looking at subplot b. we see two

brighter spots laying in front of the M-point on the nodal line. These can be associated

with the lower laying bright dots in Fig. 5.1.

Performing measurements with different polarizations again along the nodal direction (Fig.

5.2) leads to an interesting finding. Taking our knowledge about matrix element effects into

account, we see, that the dx2−y2-band is antisymmetric with respect to the measurement

position. Surprisingly the lower laying structure appears (vanishes) under π (σ)-polarized

light and is therefore symmetric under mirroring at a line in nodal direction. Just from

that we can suspect that these two structures originate from different d-bands.

Additional measurements, provided by C. Matt [19], show that these two structure also

vary in terms of kz-dependence. As we can see in Fig. 5.4.a, the cone shaped dispersion

curve ,corresponding to the dx2−y2 -band, does not vary for increasing kz. On the contrary,
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Figure 5.1: EDM of LSCO22 with

circulat polarized light. Two different

dispersiv structures were visible.

Figure 5.2: Measurements in this image are performed

on a LSCO22 sample with a photon energy of 65eV along

nodal direction. a.: σ-polarized light b.: π-polarized light.

Figure 5.3: CEM of the fermi surface of LSCO22 (a.) and at EB = −0.93 eV (b.). In the upper CEM

the electron-like fermi surface is visible and overlaps well with the Fermi surface from the tight-binding

model (red line).
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Figure 5.4: a.: kz-dependence of an EDM along nodal direction. The dx2−y2 -band shows no kz-

dependence, whereas for the structure under EB ≤ −1.0 eV there is a clear dependence visible. Below

the cube is a contour of an iso-energy map at EB ' −1.3 eV. The white dashed lines on the cube and

the iso-energy contour indicate the tight-binding model for both bands. b.: and c.: kz-dependence of the

tight-binding model for the Fermi surface and at EB ' −1.3 eV. Additionally the 3D Brillouin zone is

sketched. Taken from [19].

the lower laying band shows oscillatory behaviour for varying kz.

Further measurements along cut B with π- and σ-polarized light were performed at dopings

of x = 0.12 and x = 0.16. For both tested dopings similiar band strucutres as for LSCO22

are found (Fig. 5.5). From that we can conclude the structure is independent of doping for

the region 0.12 < x < 0.22.

5.2 Discussion

It is widely agreed on, that the band dispersing from EF down to EB ≤ −1.0 eV can be

associated with the dx2−y2 band. Rather new is the observation of another band in the

range of −1.0 eV to −1.5 eV. A structure like that hasn’t been recorded until now.

Our goal now is to conclude the lower laying bands orbital character form the band properties

we set out in the section before. In consideration are the 5 d-orbitals shown in Fig. 2.4.

Due to the even symmetry of the lower laying band in nodal direction (Fig. 5.2) we can

exclude the dxz-, dyz- and dx2−y2-orbitals. This is because the dxz- and dyz-orbitals carry

no symmetry with respect to a mirror plane along nodal direction. Therefore, if apparent

at all, those bands should be visible at both polarizations (due to not totally vanishing

matrix elements). The dx2−y2 is excluded due to its odd symmetry.

Comparing orbital shapes of dx2−y2 and dxy to dz2 and due to the large lattice constant c,

we assume for bands derived from the latter a more distinct kz-dependence. Further we

would assume similar kz-dependence for bands originating from dx2−y2 and dxy. Taking
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Figure 5.5: ARPES spectra along cut B with π-polarized (a-c) and σ-polarized (d-f) light on a. and

d.: LSCO22 . already plotted in Fig. 5.2. b. and e.: LSCO16 (It could not be excluded that this

measurement corresponds instead to a sample with doping x = 0.19. Nevertheless, this does not effect our

interpretation). c. and f.: LSCO12 . The slight appearence of the dx2−y2 -band in b. can be due to a

misalignment of the slit . If the slit does not go through the zero point symmetry conditions are not met

and a fully disappearance of the matrix elements is not ensured.

the measurement data displayed in Fig. 5.4.a into account, we see there is a much stronger

dispersion along kz for the lower laying structure, than for the dispersive structure originating

from the dx2−y2-band.

Therefore ruling out the dxy-orbital to be the root cause for the lower laying band is

reasonable. This leaves us with the conclusion, that the newly fund structure has to be

predominantly of dz2-character.

5.3 Outlook

Regarding the nowadays attempts to describe the physical properties of LSCO , there is a

strong focus on one-band-models [4], including only the dx2−y2 -band, as already outlined in

chapter 2.3. Our findings here show, that this might not be fully sufficient. The appearance

of the lower laying band, which we assigned dz2-character to, justifies the claims that

one-band models are not enough to describe the complex mechanisms at work determining

the low temperature properties of LSCO .
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