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Abstract

High-resolution angle-resolved photoemission spectroscopy (HR-ARPES) was performed on

La1.6−xSrxNd0.4CuO4 (Nd-LSCO) single crystals to study low energy excitations in the

pseudogap phase. The study of the Fermi surface (FS) revealed a change of its character

from hole-like to electron like at x ≈ 0.20. The FS area was found to fulfill expectations

of Luttinger’s theorem. The temperature dependence of ∆
∗

was measured in the antinodal

(1,0) region. The momentum dependent study of the pseudogap, ∆
∗
, revealed a striking

difference from dx2−y2 - wave symmetry which was found to apply for the superconducting

gap. A locus of gapless quasiparticles known as the Fermi arc with doping dependent length

was observed. A doping dependent investigation of ∆
∗

revealed the closing of the pseudogap

within the superconducting dome. The results of the momentum and k-dependence were

interpreted within the scenario where the pseudogap is competing with superconductivity.
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Chapter 1

Introduction

In modern condensed matter physics, strongly correlated electron systems are of great in-

terest and intense research is done in this direction. Strong efforts were especially done

in investigations on high-temperature superconductors (HTSC), first discovered in 1986 by

Bednorz and Müller [1]. These systems, which are found to emerge out of a strongly cor-

related metallic phase are still poorly understood and the mechanism of HTSC has eluded

research for nearly 3 decades. Also, the pseudogap phase in underdoped cuprates is a prob-

lem that had defied a solution and had lead to big controversy. Especially its connection to

superconductivity, whether its a pre-superconducting phase or a competing phase is heavily

debated. A lot of experimental techniques like resistivity, Nernst effect, Andreev reflection

and spectroscopy have been applied to tackle this question - so far without resounding suc-

cess. Here we attack the problem with employing angle resolved photoemission spectroscopy

(ARPES).

To have access to the pseudogap phase in a wide doping and temperature region we were

searching for a material with a strongly suppressed superconducting dome. This allows us to

investigate the pseudogap phase at very low temperatures which leads to enhanced energy

resolution due to lower thermal broadening effects.

The material which we propose is La1.6−xSrxNd0.4CuO4 (Nd-LSCO), a hole doped cuprate

superconductor with two dimensional layered structure. The ARPES technique has spe-

cial strength in two dimensional structures. The weakly coupled layers allow to cleave the

sample inside the ultra high vacuum (UHV) of the ARPES chamber. Providing a nice and

clean surface is essential for successful ARPES experiment being a very surface sensitive

technique. Vice versa, the ARPES experiment at a 3rd generation synchrotron provides

high photon flux, variable polarizations and a wide energy range of the photon beam for

significant measurements on this complex material.

This Thesis is organized as follows: Following, an introduction into the principles of

photoemission theory and scattering theory will give more insights into this technique and its

application. In the second chapter, a description of the compound and the whole procedure of
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Figure 1.1: Temperature-doping phase diagram of Nd-LSCO. The pseudogap respectively
superconducting phase is located below Tc respectively T

∗
. Tc and T

∗
were determined

by resisitivity measurements by Daou et al.. Tm and Tch denote the onset temperatures
for static magnetism and charge ordering measured by zero-field µSR respectively X-ray
diffraction. Adapted from Daou et al. [4].

sample preparation and ARPES measurement including some analyzing techniques specifies

the requirements of this experiment. The results will be presented in chapter 3 by the

measurement and discussion of the Fermi surface and in chapter 4 by the gap measured

for temperatures above Tc (normal state). The conclusion in chapter 5 will summarize the

results of this work and give an outlook for possible following experiments.

1.1 Principles of Angular Resolved Photoemission Spec-

troscopy

The photoelectric effect is known and has been used in experimental physics for far over

a century and lead to great achievements, especially in the wide field of condensed matter

physics. For the first time observed by H. Hertz in 1887, this effect could be explained by

A. Einstein in 1905 by the quantization of light into individual particles which are nowadays

known as photons. Einstein found that each of these photons is carrying the energy hν with

ν being the photon frequency and h Planck’s constant. When a metal is illuminated by light

of a certain (high enough) frequenzy ν, electrons will be ejected with a well defined kinetic

energy. Using the energy conservation law, the kinetic energy of non-interacting electrons

is defined as:

Ekin = hν − φ− |EB| (1.1)

The variable φ is the minimum energy of the electron required to escape the sample, i.e.

the work-function of the sample and EB denotes the binding energy inside the crystal. A
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schematic of the energetics of a direct transition in an ARPES experiment is presented in

fig. 1.2. Directly connected to the kinetic energy of the electron is the absolute value of its

momentum p =
√

2mEkin; where m is the electron mass. Under the reasonable assumption

of a semiinfinite crystal with translational symmetry parallel to the crystal-surface, the

momentum parallel to the surface, p||, is conserved. It is determined by the help of the

photoemission geometry which is sketched in fig. 1.3:

p|| = ~k|| =
√

2mEkin sinϑ

cosφ

sinφ

0

 (1.2)

Here, ~k|| represents the component of the crystal momentum which is parallel to the

surface. Due to lack of translational invariance perpendicular to the surface, the electron

momentum component along this direction k⊥ is not conserved. Because the system pre-

sented in this thesis is highly two-dimensional, the dependence of k⊥ will not be treated

further. More information can be found e.g. in [61].
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Figure 1.2: Energetics of the photoe-
mission process within the single par-
ticle paradigm. (a): The den-
sity of states n(E) is measured by
angle integrated photoemissions spec-
troscopy. (b): Angle resolved photoe-
mission spectroscopy is able to resolve
the band structure, the electronic band
dispersion. EF denotes the Fermi level
and is separated by Φ from the vacuum
level Evac. Adapted from [59].

Figure 1.3: Schematic of the geometry
of an ARPES experiment. The polar θ
and azimuthal angle ϕ define the emis-
sion direction of the electron. Adapted
from [60].
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1.2 Scattering theory

To obtain a better understanding of the lowlying physics of the photoemission (PE) process

and to describe correlations of the electronic system, the most important aspects of the

PE process will be summarized in the following section. Describing the whole process in a

rigorous quantum mechanical fashion would go far beyond the requirements to understand

the basic physics behind the PE process. Annyway an analytic solution would only be

possible with strong approximations.

Three step model:

Therefore the phenomenological three-step model [62], which has proven to describe the

basic physics of the PE process will be summarized. The explicit steps, as illustrated in fig.

1.4, (a) are: (1) The electron absorbs a photon and is excited into a bulk final state. (2)

The electron travels to the sample surface and (3) the electron escapes through the surface

into the vacuum.

First step: The description of step (1) is simplified by invoking the concept of the sudden

approximation: The excitation of one electron in the N -electron system is instantanuous and

the electron is not interacting with the remaining (N − 1) - electrons after the excitation.

This assumption is justified for high kinetic-energy electrons (for photon energies as low

as 20 eV). Therefore, the final state N -electron wavefunction ΨN
f of the system can be

expressed in the same way as the initial state wave function ΨN
i . In the Hartree formalism

ΨN
α (α = i, f) is expressed as an antisymmetric product of a single-electron wave function

φkα and the remaining (N − 1)-electron wave function ΨN−1
α :

ΨN
α = AφkαΨN−1

α (1.3)

where the operator A properly antisymmetrizes the whole wavefunction and α = i, f

stands for the index of the initial state i or the final state f . The (N − 1)-electron state is

given by ΨN−1
α = ckΨN

α where ck is the electron annihilation operator.

In first order perturbation, the transition probability wfi between the N -electron initial

state ΨN
i and the final excited state ΨN

f is described by Fermi’s golden rule:

wfi =
2π

~
|〈ΨN

f |Vint|ΨN
i 〉|2δ(Ef − Ei − hν) (1.4)

where Ef and Ei are the initial and final-state energies of the N -particle system. The

interacting potential Vint is given by [63]:

Vint = − e

2mc
[p ·A(r) + A(r) · p] +

e2

2mc2
|A(r)|2 (1.5)

with A being the electromagnetic vector potential of the incoming photon and p the elec-

tronic momentum operator. In first order perturbation, the term ∝ |A(r)|2 can be dropped.

In the ultraviolet regime (hν ' 3 eV), A is considered to be constant over atomic distances,
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leading to ∇ ·A = 0. Together with the comutator relation [p,A] = i~∇ ·A, the interacting

potential Vint can be written as:

Vint =
e

mc
A · p (1.6)

Because the interacting potential Vint just acts on the single electron state φki , the matrix

element of equation 1.4 can be factorized into:

〈ΨN
f |Vint|ΨN

i 〉 = 〈φkf |Vint|φki 〉〈ΨN−1
f |ΨN−1

i 〉 (1.7)

with the one-electron dipole matrix element Mk
f,i = 〈ψk

f |Vint|ψk
i 〉 and 〈ΨN−1

f |ΨN−1
i 〉 being

the (N − 1) - electron overlap integral. Decomposing the (N − 1)-electron state ΨN−1
f into

eigenstates ΨN−1
f =

∑
m ΨN−1

m , with the eigenstate overlap cm,i = 〈ΨN−1
m |ΨN−1

i 〉, the total

PE intensity I(k, Ekin) ∝
∑
f,i wf,i is proportional to∑

f,i,m

|Mk
f,i|2 |cm,i|2δ(Ekin + EN−1

m − ENi − hν) (1.8)

where the energy of the final state,ΨN
f , is given by the kinetic energy of the escaping

electron, Ekin plus the sum of each eigenstate-energy:

ENf = Ekin + EN−1
f = Ekin +

∑
m

EN−1
m . (1.9)

In strong correlated electron systems (e.g. solids), many of the overlap integrals cm,i are

different from zero. Therefore a rigorous solution of equation 1.8 will be complicated and

unefficient. Rather, a slightly different expression for the PE intensity has been developed:

I(k, Ekin) ∝
∑
f,i

|Mk
f,i|2A(k, E) (1.10)

where A(k, E) = A(k, E)+ + A(k, E)− is the so-called one particle spectral function.

A(k, E)+ and A(k, E)− can be interpreted as the one-electron addition or removal spectra.

The spectral function is related to the single particle Green’s function:

A(k, E) = − 1

π
ImG(k, E) (1.11)

which is the sum of the one-electron addition and removal Green’s function

G(k, E) = G+(k, E) + [G−(k, E)]
∗

(1.12)

These functions are defined as:

G±(k, E) =
∑
m

|〈ΨN±1
m |ĉ±k |ΨN

i 〉|2

E ∓ (EN±1
m − ENi )± iη

(1.13)

where ĉ+k and ĉ−k are the electron creation (annihilation) operators. To account for electron-
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electron interactions which play an important role in a strongly correlated system the energy

gets renormalized by the self energy Σ(k, E) = Σ
′
(k, E)+ iΣ

′′
(k, E) . The energy renormal-

ization is contained in its real part Σ
′
(k, E) while the imaginary part, Σ

′′
(k, E), describes

the inverse electron lifetime. Including the correlations via Σ(k, E) into equations 1.12 and

1.11, the Green’s- and spectral function are given by:

G(k, E) =
1

E − εk − Σ(k, E)
(1.14)

A(k, E) = − 1

π

Σ
′′
(k, E)

[E − εk − Σ′(k, E)]2 + [Σ′′(k, E)]2
(1.15)

where εk is the bare band energy of the electron. By applying these considerations, the

total ARPES intensity can be expressed as:

I(k, E) = I0(k, ν,A)f(E)A(k, E) (1.16)

with I0(k, ν,A) ∝ |Mk
f,i|2 and f(E) = (e(E−EF )/kBT + 1)−1 denoting the Fermi distri-

bution which takes into account that photoemission only probes occupied states.

Second step: Comming back to the three-step model, the second step describes the travel

of the electron to the crystal surface. The photoexcited electron mainly ineracts via inelastic

electro-electron scattering on its way to the surface. By assuming an isotropic scattering

rate, the inelastic mean free path only depends on the energy of the electron and is described

by the so called universal curve, presented in fig. 1.5. The energy range of the SIS beamline

is indicated by the shaded region. This curve is called universal because the escape depth of

the electron is roughly material independent. Inelastic scattering processes of electrons on

the way to the surface form the intrinsic background which is usually ignored or subtracted.

Third step: Step number (3) describes with the escape of the electron through the crystal

surface. To escape the crystal the electron has to overcome the surface potential barrier

φ. Therefore the escape probability depends on the energy of the electron and the material

work function φ.

As mentioned in the beginning of this section, the three step model is purely phenomeno-

logical but has proven to describe the lowlying physical properties of the PE process success-

fully. To subdivide the whole process into three independent steps, relevant simplifications

have to be done. The stronges approximations are: The interference of the bulk outgoing

state and surface emitted state are neglected. The model also doesn’t account for inter-

ference of scattered and unscattered waves during their way to the surface. The escaping

process is very simplified and only described by a single parameter. A correct treatment of

the PE process is given by the so called one - step model which is illustrated in fig. 1.4.

The excitation is based on Fermi’s golden rule which is presented in equation 1.4 and uses

the proper wave functions for the initial and final state. All the physics is contained in the

dipole operator for the electron-phonon interaction. Unfortunately the problem cannot be
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(a) (b)

Figure 1.4: (a): Schematic of the three-step
model: (1) Escitation of the electron by the
photon. (2) travel of the electron to the sur-
face (3) transmission through the surface into
the vacuum. (b): One-step model: Bloch
wave electron is excited and described as a free
wave in vacuum which is decaying in the solid.
Taken from [61]

Figure 1.5: Universal curve of the photo-
electron escape depth for various materials.
The shaded region is representing the usual
energy range of the SIS beamline at PSI.
Taken from [64]

solved rigorously without employing various approximations. A succesfull approximation is

given by the inverse LEED final state, presented e.g. in the book of Hüfner et al. [61]. A

complete treatment of the whole formalism invoked in one-step calculation would surely go

beyond this work. Further information and extensive treatment can be found in [61, 63, 65].
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Chapter 2

Experimental Methods:

Measurement setup - sample

preparation

2.1 Experimental setup - ARPES applied

The ARPES measurements were done at the ARPES end station of the SIS beam line

at PSI, Villigen (CH) using a high resolution photo emission analyzer Scienta R4000. A

schematic of an ARPES beamline at a synchrotron facility is presented in figure 2.1. The

advantage of synchrotron light compared to gas-discharge lamps (for example He-lamps) and

laser sources is given by the availability of wide energy range of intense and highly polarized

light. The beam of white light is produced by the undulator, see fig, 2.1. In synchrotron

facilities, these ‘insertion devices’ appear as straight lines in the circle of the electron beam.

To select the appropriate wavelength of the light, the white light is monochromated by a

grating monochromator. After the light was focused on the sample, the emitted electrons

travel through the electron-lens system into the analyzer where an electric field is applied

between the inner and outer concentric spheres. Deflected by the electric field, electrons with

different kinetic energies travel on a half-circle with differnt radii to the detector. Electrons

with higher kinetic energy are deflected less and therefore hit the detector at a bigger radius

than low-kinetic energy electrons do. Now, the electrons are energy resolved according to

the detector-radial axis. The tangential component of the 2 dimensial detector describes the

momentum of the electron. Modern detectors commonly use a CCD camera to detect the

electrons. According to the detector datasheet, provided by the company [66], the angular

resolution is 0.4 for a 1 mm emission spot on the sample. The energy resolution during our

measurements was approximately 19 meV in a temperature region of T ≈ 12 − 22 K. Due

to matrix element effects the measurements were done mainly in the second Brillouin zone

with circular polarized light of 55 eV.
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Figure 2.1: Schematic of an ARPES beamline of a synchrotron source. As detector a
hemispherical analyzer is used. Adapted from [2].

2.2 Cuprate Compounds

2.2.1 Crystal structure

Figure 2.2: Ordering of the individual layers in
a pure LaCuO4 crystal. La - atoms are replaced
by Sr and Nd in our crystal. Taken from [67].

In this chapter, the basic crystal pro-

porties of the high temperature supercon-

ductor (HTSC) La1.6−xSrxNd1.6CuO4 (Nd-

LSCO) will be discussed. In this mate-

rial Lanthanum atoms were replaced by a

fixed amount of Neodymium and a variable

amount of Strontium. Strontium has one

valence electron less than La and therefore

the amount of chemical doping (indicated

by x) directly gives the amount of holes

doped into the system (indicated by p). The

crystal structure which is presented in fig-

ure 2.2 consists of a pile of alternating LaO

and CuO2 layers which show weak interlayer

coupling. This makes the system highly two dimensional and therefore preferential for

ARPES (see section 1.1) . The weak interlayer coupling also allowed us to cleave the sam-

ples in situ to obtain a clean and flat surface. For temperatures below T / 70 K the crystal

is in the so called low temperature tetragonal phase (LTT) [19]. In the LTT phase, the

lattice constant along direction a and b (see fig. 2.2) are equal a = b = 3.78 Å. The lattice

constant along the c-direction is c = 13.18 Å. A phase diagram for this compound , based

on resistivity measurements is presented in fig: 1.1.
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2.2.2 Sample preparation

Ex-situ preparation:

The samples were grown by the group of J.B. Goodenough at Texas Materials Institute

(TMI) using the traveling-float-zone technique (TFZT). The doping of each crystal was

determined by R. Daou et al. from its Tc and ρ(250K) values compared to published data

[4]. The crystals were aligned by use of a Laue X-ray diffractiometer operated with a tube

current of 40 mA and a voltage of 40 kV. A typical Laue pattern with the X-ray beam

pointing along the crystal c-axis is presented in fig. 2.4. The angles α and β are not equal

and therefore a clear orientation of axis a and b is possible. The axis orientation is labeled

in figure 2.4. After orienting the crystal, a wire saw (tungsten wire) was used to cut the

crystal. Cutting these comparatively hard crystals with the wire saw took a large amount of

time (several hours), but minimized the wastage of sample because of the real thin tungsten

wire (≈ 0.1 mm). After the samples had been cleaned with Aceton, they were glued with

conducting silver epoxy 1 on specific copper sample holders which suite the CARVING 2

manipulator of the ARPES machine (see fig.2.3). By use of non conductive Torr seal 3, an

aluminium pin was glued on top of the sample and a small wireloop on top of the pin. After

glueing the whole setup was put for several hours on a heating plate (80◦ C).

In situ preparation:

Before cleaving the sample, the sample holder was sputtered for approximately 30 min with

argon gas to clean some part of the sample holder (pressure inside the sputtering chamber

stayed below 10−6 Torr). The gun controll settings 4 were 10 mA and 1000 V. This allowed

us to record a copper spectrum for the purpose of determining the Fermi level (the exact

procedure of the Fermi calibration will be explained in one of the following sections). In

order to avoid an artificial shift of the Fermi level of the sample surface with respect to the

copper sample holder it was very important that the sample surface was in good electrical

contact with the sampleholder.

After the sample had been mounted on the manipulator and cooled to base temperature, it

was cleaved in UHV (/ 5 · 10−11 Torr). The cleaving process guaranteed to obtain an ultra

clean surface of the sample, essential for successful ARPES measurements. The loop on the

pin helped to recover the pin together with the part of the sample which was sticking on it.

The recovering of the pin was done with aid of a specially designed pin can which was in

principle a usual sampleholder with a large hole drilled inside.

1Polyscience AG, EPO-TEK E 411
2CARVING: (Complete Angle Resolved Variation for electron spectroscopy IN VilliGen) is the name of

the current manipulator installed at the Surface and Interface Spectroscopy (SIS) beamline at Paul Scherrer
Institute, Switzerland

3Torr Seal Resin Sealant, Agilent Technologies. Special sealant for UHV applications. Is harder then
silver epoxy.

4Commercial system, Omicron ISE 10 Sputter Ion Source
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Figure 2.3: Shape of the usual ARPES sam-
pleholder, suitable for the CARVING manipu-
lator at SIS beamline. The sample (blue) was
glued with conducting silver epoxy. A pin was
glued on top of the sample by Torr seal in or-
der to cleave in situ. The loop helped to han-
dle the pin after cleaving. The marker on the
sampleholder indicated the direction of A and
B axis.
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Figure 2.4: Typical Laue diffraction
pattern of a Nd-LSCO single crystal mea-
sured with 40 mA and 40 kV with the X-
ray beam along the c-axis. The diffraction
shows a four fold symmetry. The fact that
α is not equal to β allows to orient the
crystal.

2.3 Calibration and Normalization of ARPES spectra

In this section a first, brief intruduction of ARPES spectra is presented and one possible

way of determining the Fermi level and normalizing the ARPES spectra is shown. Figure

2.5, (a) shows a raw ARPES spectrum, a colorcoded intensity map as function of energy

and detector angle (detector channel), of polycristalline copper. By analazing the spectrum,

a significant step of intensity at a kinetic energy of ≈ 50.65 eV and a modulation of energy

integrated spectral weight at different angles (detector channels) can be observed. In order

to do a first step of analysis, we go back to the theoretical prediction for an ARPES spectrum

of section 1.2: I(k, E) = I0(k, ν,A)f(E)A(k, E). In the vicinity of the Fermi level EF , the

spectral function A(k, E) and the Matrix element which is proportional to I0(k, ν,A) is

assumed to vary only slightly as function of energy. Because the copper is polycrystalline

with random orientation of the individual microscopic crystals, the intensity is independent

of k. Comparing the observation of the spectrum with these considerations on energy and

momentum dependence, the following conclusions can be drawn: The most significant step

of the ARPES intensity is due to the Fermi distribution (FD) f(E) = [1 + e(E−EF )/kBT ]−1

and therefore can unambiguously be associated with the drop of intensity at 60.65 eV. A

constant momentum cut as indicated by the white dashed line in panel (a) is presented for

the energy region around EF in panel (c). To determine the detector channel dependent

value of the Fermi level EF (n) (n indicating the detector channel), the measurement is fitted

by the FD function f(E). A momentum independent value of the Fermi level is obtained

by transforming the kinetic energy into the binding energy for each detector channel n:

−EB = Ekin − EF (n) (2.1)
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Figure 2.5: (a): Raw, unmodified ARPES spectrum of polycrystalline copper of the Ar-sputtered
sampleholder at T = 22 K. The significant intensity step is interpreted as the Fermi level. The Fermi
level and the overall intensity vary for each detector channel. (b): Calibrated polycrystalline copper
spectrum (panel (a)) according to equation 2.1. Each detector chanel intensity is normalized with
respect to the intensity above the Fermi level. (c): Intensity distribution vs. kinetic energy of
the electrons at the cut indicated by the white dashed line in panel (a). ∆EFD denotes the total
energy resolution in the 12%-88% criterion. The data is fitted by the Fermi distribution function.
(d): This figure presents the resolution for each channel extracted by the method which is shown
in panel (c). The average resolution is shown by the red line.

Secondly the strong variation of intensity for different momenta is explained by different

detector channel efficiencies. Therefore, for each measurement, the intensity of each detector

channel is normalized by background spectral weight above EF
5. The calibrated and

normalized spectrum of the one presented in panel (a) is plotted in (b). From now on,

each spectrum was calibrated with respect to the fermi level in polycrystalline copper and

normalized with respect to its own background intensity. The total energy resolution of the

experiment was determined by the broadening of the Fermi edge. In this report, the total

energy resolution is given by ∆Etot = 4kBT what is the energy range between 12% and 88%

of the maximum as indicated in panel (c). ∆Etot for each channel n is indicated in panel

(d). The average is illustrated by the red line. During the whole experiment the energy

resolution was around 17-19 meV for base temperatures (12-22) K and approximately 30

meV for T = 80 K.

5Due to thermal broadening, only states far above EF + 2kBT should contribute to the normalizing
factor.
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2.4 Analyzing ARPES data

2.4.1 MDC and EDC method

In the preceding section a usual ARPES spectrum was presented as an 2D-intensity plot as

function of binding energy EB and momentum (fig.2.5, (b)). To extract all the information

which is contained in these spectra several ways of analysis will be discussed. A very basic

way of presenting ARPES data is given by either plotting momentum distribution curves

(MDC) i.e. intensity versius momentum for a given binding energy (fig. 2.6, (b)) or plotting

an energy distribution curve (EDC) at a given momentum (fig. 2.6, (c)). If we assume slowly

varying Matrix elements and momentum independence of the self energy (∂Σ/∂k ≈ 0), the

MDC lineshape which is then entirely described by A(k, E) is Lorentzian like 6 [59].

A(k, E) = − 1

π

Σ
′′
(E)

[E − εk − Σ′(E)]2 + [Σ′′(E)]2
(2.2)

Kaminski et al. [68] found in a systematic study that the background of the MDC is purely

extrinsic and can be described by:

IMDC(k) = a+ bk (2.3)

where a and b are constant and k denotes the momentum. Due to the extrinsic nature

of the background, the total ARPES intensity can be written as the sum of the intrinsic

contribution Iint(k, E) and the extrinsic background Ibg(k, E):

I(k, E) = Iint(k, E) + Ibg(k, E) (2.4)

= I0(k, ν,A)f(E)A(k, E) + Ibg0 (k, ν,A)f(E)B(k, E) (2.5)

Where the matrixelement containing function Ibg0 (k, ν,A) depends differently on the

photon energy and k than I0(k, ν,A). The fitted Lorientzian (black curve) is overlaid on

the MDC (red dots) in panel (b). Because the spectral function which is given in equation

2.2 is highly energy dependent and the FD function gives another additional step in the

ARPES spectrum, the EDC can not be described by such a simple lineshape.

Fortunatelly, to simplify the lineshape of the EDC, a method exists to get rid of the big

effects in the vicinity of EF caused by the FD function. For a quantitative gap analyisis

which takes place in the direct region around EF this is a very helpful achievement. By

assuming particle hole symmetry, the EDC can by symmetrized with respect to EF = 0 eV

by reflecting the EDC at EF = 0 eV and summing up the original and reflected EDC:

6Broadening by finite momentum resolution as negligeible
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Figure 2.6: (a):ARPES intensity map showing a part of the band dispersion of Nd-LSCO x = 0.20
as function of the binding energy and momentum k. The horizontal red dashed line indicate the
position of the momentum distribution curve (MDC) presented in (b) and the blue curve the
position of the energy distribution curve (EDC) shown in (c). The blue shaded area in (b) indicates
extrinsic background (∝ B(k, E) where the red region marks intensity described by the spectral
function A(k, E). The MDC is fitted by a Lorentzian. The EDC cannot be described by such a
simple lineshape.
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Isym(k, E) = I(k, E) + I(k,−E) = I0(k)f(E)A(k, E) + I0(k)f(−E)A(k,−E)

= I0(k)f(E)A(k, E) + I0(k)[1− f(E)]A(k, E)

= I0(k)A(k, E) (2.6)

Here, the identity f(−E) = 1 − f(E) was used and the particle hole symmetry of the

system is contained in A(k, E) = A(k,−E). This method was commonly used for cuprates

[28, 44, 52, 37]. To extract the gap value, a phenomenological self energy function Σ which is

based on the BCS self energy and modified for the pseudogap state was proposed by Norman

et al. [37].

Σ(k, E) = −iΓ1 +
∆2

E + εk + iΓ0
(2.7)

Where Γ0 was interpreted to be the inverse pair lifetime which is infinit below Tc. Γ1 is the

single particle scattering rate and ∆ the gap size. The symmetrizing process is visualized

in fig. 2.7, (a) for Nd-LSCO, x = 0.20 in the antinodal region around (1,0)7 (upper curve)

where the pseudogap is open and in the nodal region around (1/2, 1/2) (lower curve) where

the spectrum is ungapped. To account for the energy resolution, the raw intensity had to

be convolved with the finite energy resolution of the setup. The resolution function R(E)

was usually given by a Gaussian with the FWHM representing the total energy resolution

∆Etot.

Isym(k, E) = I0(k)A(k, E)⊗R(E) (2.8)

Panel (b) shows again the symmetrized data of panal (a) in form of open circles with the

fit on top. In the case of the ungapped spectrum (bottom), the spectral function, A(k, E),

was assumed to be Lorentzian and thus the convolution with the Gaussian resolution is is

called a Voigt profile.

7The units are given in π
a

Å−1 with the lattice constant a = 3.78 Å.
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Figure 2.7: (a): Blue: EDCs of Nd-LSCO x = 0.20 in the antinode (AN), (top curve) in the node
(N), (bottom curve). Red : EDCs reflected at E = 0 eV.Black : Sum of the original and reflected
EDCs (symmetrized EDC). (b):Symmetrized EDCs of (a) are fitted with a resolution broadened
Lorentzian (Voigt) curve (bottom red curve) and a gapped, resolution broadened Lorentzian function
[37].

2.4.2 Conversion from detector angles into k-space
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α

Figure 2.8: Sketch of the ARPES angles avail-
able at the CARVING manipulator.

To study a wide range of the reciprocal

space by ARPES with cuts along different

orientations, the ARPES endstation pro-

vides the CARVING manipulator with ro-

tational freedom around three axes. A

schematic (fig. 2.8) illustrates the setup of

the axes. The intrinsic manipulator coor-

dinate system (blue) x′, y′, z′ is oriented

along the high symmetry lines of the sam-

ple with x′ and y′ along a and b and z′ along

the c-axis of the sample. If all manipulator

angles are set to zero, the intrinsic coordi-

nate system is equal to the laboratory sys-

tem which is indicated by the red lines x,

y, z. In the laboratory system, the analyzer

slit lies in the x-z plane. 8. The rotations of

the manipulator are described by the angles

Θ (around Y), χ (around the new axis X
′
) 9

and Φ (around the new axis Z
′
). Note, that α denotes a rotation around the same axis as Θ

(y-axis). As we saw already in equation 1.2, the absolute value of the momentum-component

8This is valid for horizontal slit setting. For vertical setting, the analyzer slit is parallel to y and perpen-
dicular to x and z. The transformation would be the basicaly the same.

9At SIS beamline, this angle is called tilt.
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which is parallel to the surface is given by: p|| =
√

2mEkin sinϑ. The angle ϑ can be directly

connected with the detector angle α. The crystal momentum k = p/~ of the electron in the

laboratory system is therefore given by:

k =

√
2mEkin

~

− sinα

0

cosα

 (2.9)

In order to transform the components of this vector into the crystal coordinate system, we

use the following rotation matrices:

RΘ =

cos Θ 0 − sin Θ

0 1 0

sin Θ 0 cos Θ

 , Rχ =

1 0 0

0 cosχ sinχ

0 − sinχ cosχ

 , RΦ =

cos Φ − sin Φ 0

sin Φ cos Φ 0

0 0 1


(2.10)

The momentum in the crystal coordinate system, k′, is consequently given by:

k′ = RΦRχRΘk (2.11)

So far we assumed, that the crystal axes a,b and c are perfectly alligned with the axes of

the manipulator. In real ARPES experiment, this is rarely achieved and therefore has to be

corrected by the followein correlation. The missmatching angle between the crystal c-axis

and the manipulator z′-axis will be considered as γ and β denotes the angle between the

a-axis and manipulator x′-axis. The resulting crystal momentum is then given by:

k′ =

cosβ − sinβ 0

sinβ cosβ 0

0 0 1


cos γ 0 − sin γ

0 1 0

sin γ 0 cos γ


 cosβ sinβ 0

− sinβ cosβ 0

0 0 1

RΦRχRΘ k (2.12)
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Chapter 3

The Fermi surface of Nd-LSCO

Having introduced all relevant aspects of angular resolved photoemission spectroscopy (ARPES),

sample preparation and basic characteristics of the high temperature superconductor (HTSC)

compound La1.6−xSrxNd0.4CuO4 (Nd-LSCO) we now turn to the results. In this chapter

the evolution of the Fermi surface as function of doping will be presented.

3.1 Evolution of the Fermi surface - Introduction

The concept of the Fermi surface (FS) is playing an important role in the field of condensed

matter physics. In metallic material, filled and unfilled states in the reciprocal space (k -

space) are separated by the locus of points which describe gapless electronic excitations,

called the Fermi surface. To obtain new insights on the mechanism of HTSCs, major efforts

were done to resolve and understand the doping dependence of low-energy excitations near

the FS. For example on high Tc cuprates an amazing amount of research was done to reveal

the correct size and shape of the FS. In order to get a direct probe of the FS of a material,

ARPES and quantum oscillations (QO) are among the best techniques.

On the overdoped side, there is common agreement that the FS is rather large and centered

around (0,0) (Γ) or (1,1) in reciprocal space. This is seen e.g. by QO on Ti2Ba2CuO6+δ

(Ti2201) [6] or ARPES on Ti2201 and LSCO [7, 9] and is supported by LDA calculations

[8]. The large electronlike Fermi surface satisfies the Luttinger theorem [10] which states

that the Fermi surface is unchanged in presence of weak interactions. In this picture, the FS

area is scaling with the electron density n = 1−p. Where p is the hole doping concentration

per Cu.

Inside the pseudogap phase the low energy excitation particles are ‘gapped out’ in the region

around (1, 0) (antinode) and ‘survive’ only as so called ‘Fermi arcs’ around (1/2,1/2) (nodal

region). On the underdoped side, concerning the Fermi surface, two scenarios exist and

are supported by different experiments. Quantum oscillation experiments in underdoped

YBa2Cu3O6.5 (YBCO) reveal the existence of a Fermi surface made of at least one small

pocket [11, 12]. This suggests a Fermi surface reconstruction by charge and spin ordering
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phase states (‘spripe’ state) in these material [15, 16].

In contrast, ARPES experiments observe the above mentioned Fermi arcs [42, 17, 43].

A common procedure in ARPES experiments is to investigate the ‘underlying’ Fermi surface.

One possible way to determine the‘underlying’ Fermi momenta kF is given by the so called

‘MDC-method’ which is described in the following section and in works of Yoshida et al. [9]

or Shen, K.M. et al. [17]. In underdoped LSCO, Yoshida et al. [9] found a large underlying

Fermi surface. The enclosed area was in good agreement with the expectations by electron

count n = 1− p while experiments on Ca2−xNaxCuO2Cl2 Ca2−xNaxCuO2Cl2 (Na-CCOC)

[17] revealed significantly larger Fermi surfaces as predicted by the Luttinger theorem.

In this chapter, the evolution of the underlying Fermi surface in the normal state (Tc < T <

T
∗
) of Nd-LSCO (La1.6−xSrxNd0.4CuO4) within a wide doping range x = 0.15, 0.20 and

0.24 is presented in a systematic ARPES study. The results will be compared to former

ARPES studies on other hole doped cuprates.

3.2 The FS of Nd-LSCO

3.2.1 Results

The measured Fermi surface of Nd-LSCO, x = 0.15, 0.20 and 0.24 is presented in spectral

intensity maps in k-space in figure 3.1, a)-c). The spectral weight was integrated around

EF in a region of ±10 meV and normalized to background intensity above EF of each EDC

(described in section 2.3). By fitting a Lorentzian curve to the energy-integrated momentum

distribution curve (MDC) at EF , the Fermi momentum kF could be identified by the peak

position of the fit (MDC-method). The resulting kF are indicated as white dots in figure

3.1, a)-c). It was shown by Borisenko et al. [18] that the error by determining kF with this

method is very small for ungapped systems and also can be applied if a gap opens in the

electronic excitation spectrum at the Fermi level. If the pseudogap opens in the antinodal

region, spectral weight is suppressed at the Fermi level. However, the suppression is only

partial and therefore states near the Fermi level are sufficiently occupied to determine the

underlying Fermi momenta kF .

A first implication which could be drawn by analyzing the extracted kF is the following:

For the doping value x = 0.15 the Fermi surface is clearly hole like and centered around the

Y point at (1,1). By contrast, the Fermi surface for x = 0.24 is electron like and centered

around Γ. For x = 0.20 the positions of extracted kF values indicate a hole like FS. However

a cut at (1, 0) as indicated in the inset of figure 3.2, a) suggests an electron like FS. The

intensity distribution shows a peak at ky = −1.2 π
a on one side of the Brillouin zone (BZ)

boundary and a shoulder at ky = −0.9 π
a on the other side (in the first BZ). The shoulder

could be interpreted as a peak of similar shape which is strongly suppressed by small matrix

elements in the first BZ [20]. Two peaks on both sides of the BZ-boundary would unam-

biguously lead to the conclusion, that the Fermi surface is electron like. To draw a clear

21



conclusion on that issue, further investigations in this region of the BZ have to be done in

future experiments.

3.2.2 Analysis of the FS

For temperatures below T ≈ 60 K the system is in low temperature tetragonal (LTT) phase

[19]. Therefore the Fermi momenta were symmetrized according to tetragonal symmetry

and visualized by blue dots in figures 3.1, e) - h).

A tight binding fit of the extracted values of kF according to equation 3.1 is shown by green

lines in figures 3.1 a) - d) and by black lines in figures e) - h).

εk = ε0 − 2t[cos(kxa) + cos(kya)]− 4t′(cos(kxa) cos(kya))− 2t′′[cos(2kxa) + cos(2kya)]

− 4t′′′[cos(2kxa) cos(kya) + cos(kxa) cos(2kya)]− 4t′′′′ cos(2kxa) cos(2kya))

(3.1)

The parameters t, t′, t′′, t′′′, t′′′′ are the first-, second-, third-, fourth-, and fifth nearest

neighboor hopping parameters between Cu sites. The ratios with respect to t are presented

in table 3.1.

xFS ε0/t t′/t t′′/t t′′′/t t′′′′/t

p = 0.15 0.247 1.2180 -0.3097 0.001 -0.01 0.02

p = 0.20 0.268 1.2377 -0.3182 -0.0025 0 -0.001

p = 0.24 0.29 1.0682 -0.2319 0.004 0.01 0.02

Table 3.1: Fermi surface area and tight binding fitting parameters of equation 3.1) as shown by
green/black lines in 3.1, a) - d)/e) - h).

The FS which is now described by this tight-binding model separates the occupied

(shaded region in fig. 3.2) from the unoccupied part in the BZ. The hole number xFS ,

as deduced by the area of the shaded region of panel e) - h) is plotted in figure 3.2, b)

against the expectation by Luttinger’s theorem (dashed black line) and measurements on

LSCO [9] and Na-CCOC [17]. As the figure shows, on the overdoped side, LSCO tends to

have a slightly smaller 1 FS area than in uncorrelated systems. Towards the underdoped side

the FS area of LSCO and Na-CCOC is larger implying smaller (even negative) hole counts.

Compared to these former ARPES studies on LSCO [9] the volume of the underlying Fermi

surface follows a similar behavior and satisfies Luttinger’s theorem within the error bars

for the whole. The Fermi surface volume xFS ≈ 0.12 for x = 0.12 is taken from former

studies by Chang et al. [14]. Measured data is in contrast to studies on Na-CCOC [17] and

1Here we are using the nomenclature of Yoshida et al., [9]. A smaller electron like FS results in larger
hole count.
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Figure 3.1: (a),(c),(e): Intensity maps in k space of the Nd-LSCO Fermi surface (spectral
weight at EF , integrated over ±10 meV). White circles indicate the position of kF determined by
the MDC maximum at EF . Green lines indicate a fit by the tight binding model, (see equation:
3.1). (b),(d),(e): The values of kF , indicated as white circles in (a) - (d) are folded into the first
BZ and symmetrized according to the tetragonal crystal structure. The Fermi surface area xFS is
indicated by the shaded area.
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previosly mentioned models which show small, hole like FS - pockets.
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Chapter 4

The gap in the normal state

4.1 Introduction

A clue to resolve the microscopic mechanism driving unconventional superconductivity in

cuprates is to understand the origin of the pseudogap phase [24, 31]. A substantial question

in the field of cuprate superconductors is whether the pseudogap is a precursor to super-

conductivity with preformed cooper pairs but lacking phase coherence. In the low energetic

excitation spectrum is characterized by a single gap. Or the pseudogap phase is a distinct,

competing phase [21, 22] which introduces beside the superconducting gap a second energy

scale for the pseudo gap. Since the discovery of this mysterious phase countless different

experiments have been carried out to solve this problem; ending in contradicting explana-

tions. In summary, both of the above mentioned scenarios is supported by a number of

experiments which surprisingly can even base on the same technique; see for example re-

views by Norman et al. [21], Hüfner et al. [22] or Millis et al. [23]. To mention the most

prominent: Some experiments based on Nernst effect measurements [25, 26] and scanning

tunneling spectroscopy (STS) [27] favor a one-gap scenario. The two-gap scenario is sup-

ported by resistivity measurements [4], Andreev reflection [29] and Raman scattering [30].

The above mentioned techniques, Nernst effect [31] and STS [32] also support in more recent

experiments the competing scenario. ARPES is yet another technique, that has provided

evidence in both directions. A similar temperature, momentum and doping dependence of

the pseudogap and the superconducting gap [28, 33] fueled the idea that the pseudogap

phase is a precursor to superconductivity. In two gap scenarios two distinct energy scales

were observed which show different temperature- and k-dependent behaviour [34, 35, 36].

Confronted by these results we conclude that the doping and k-dependence of the gap size

in the pseudogap phase (normal state) plays an essential role in describing the relationship

between the superconducting phase and the pseudogap phase and in finding the description

of the pseudogap phase.

In the following part of the report the lineshape and the gap size is investigated in the
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Figure 4.1: a)-d): ARPES intensity maps of antinodal cuts as indicated by the black line in the
inset of figure e). On top of each spectra the MDC at the Fermi level integrated over an energyrange
of ±10 meV is shown. The MDC is fitted by a two- peak Lorentzian curve (red solid line) which is
the sum of two single peak Lorentzian curves (green dashed lines). Values of kF are given by the
peak position.

antinodal (1, 0) region where the magnitude of the pseudogap is maximum [2, 34, 38]. Also,

ARPES measurements of the gap as function of the momomentum k will be shown and

compared to previous measurements. Finally, the behaviour of the pseudogap for different

temperatures will be presented and discussed.

4.2 Lineshape of the the EDC in antinodal region

4.2.1 Antinodal ARPES spectra

Figures 4.1, a) - d) show ARPES cuts for x = 0.12, 0.15, 0.20 and 0.24 in the antinodal

region along a cut parallel to the boundary of the Brillouin zone as indicated by the black line

in the inset of figure 4.2 e). The raw spectra are presented as intensity maps as function of

detector angle and binding energy Eb and are all measured in the normal state i.e. T > Tc at

temperatures as indicated. The calibration with respect to the Fermi level of polycristalline

copper and normalization to the background above EF was done as described in section 2.3.

The positions of the Fermi momenta kF were found by the MDC-method: The MDC, which

is plotted on top of each spectrum was obtained by integration of spectral weight in a region

26



of ±10 meV around EF . By fitting a double Lorentzian on top of a first order polynomial

background model (eq: 2.3) the peak positions of the MDC could be identified and assigned

to kF .

4.2.2 Raw energy distribution curves
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Figure 4.2: EDCs at selected Fermi momenta,
kF , indicated in fig. 4.1 a)-d) in the antinodal
region. The EDC for x = 0.24 (blue) shows the
most pronounced quasiparticle peak. With under-
doping (x = 0.20 and 0.15) the peak is suppressed
by the pseudogap. For x = 0.12 the peak is com-
pletely suppressed due to stripe ordering [41] and
the pseudogap is only visible in form of a kink
(green arrow). The black line in the inset indi-
cates the ARPES cut.

Extracted EDCs at one kF , in each case,

are presented for x = 0.12,0.15, 0.20 and

0.24 in figure 4.2. For x = 0.15 the line-

shape (dashed line) is similar to that of

x = 0.20. A spectral peak can be observed

in the x = 0.24 sample which gets slightly

suppressed and shifted to higher binding en-

ergies in the samples for x = 0.20 and 0.15

doping. The size and shape of this peak is

in good agreement to normal state (T > Tc)

measurements on LSCO (La2−xSrxCuO4)

x ≈ 0.15 [38, 43, 44] and slightly under-

doped Bi2212 , p ≈ 0.14 [45]. The increase

in size towards higher doping leads to the

conclusion that this quasiparticle peak is of

Fermi liquid like nature which describes the

system in the metallic regime (x & 0.27).

In the sample of x = 0.12, which is only

slightly more underdoped than 0.15, the

lineshape changed dramatically compared

to the one for 0.15 and 0.20. The spectral

peak gets entirely suppressed in a wide re-

gion below EF and a kink can be observed

at ≈ 30 ± 5 meV (indicated by the green

vertical arrow). In this sample which shows

no spectral peak, the position of the kink

is interpreted as the onset of the pseudogap

[14] and therefore determines ∆
∗
. One reason for this strong suppression could lie in the

phenomenon of charge and spin order within the copper planes around the x = 1/8 anomaly

[4]. Around this doping, also superconductivity is strongly suppressed and the suppercon-

ducting dome shows the characteristic dip. [39, 40]. In this so called stripe-phase state the

dopant induced charge carriers spatially order in 2 dimensional stripes in a periodic fash-

ion. These charge carriers exhibit higher binding energies leading to a depletion of particles

around EF . This new periodicity is accompanied by the opening of another gap and causes

an additional suppression of particles in the vicinity of EF [41].
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4.2.3 Symmetrized EDC - Analysis

For a quantitative gap-size analysis each EDC is symmetrized according to: Isym(k, E) =

I(k, E) + I(k,−E) = I0(k)A(k, E) (see eq: 2.6) to eliminate the Fermi distribution in

the measured data. The data which is illustrated in figure 4.3 a) is fitted for x = 0.15,

0.20, 0.24 by use of the phenomenological self energy, equation 2.7, (Norman et al.; [37])

and illustrated by a solid black line. The extracted gap value is marked by the vertical

black bars. In the case of x = 0.12 the black line is a guide to the eye and the exact gap

value is adapted from Chang et al. [14]. The relevant characteristics like the kink in the

x = 0.12 sample and the quasiparticle peak in the case of x = 0.15, 0.20 and 0.24 can also

be identified in the symmetrized EDCs. While in the x = 0.24 sample the gap is entirely

closed and the symmetrized spectrum results in a single peak, a gap opens for lower doping

which increases towards lower doping. The extracted gap values are presented in table 4.1

and presented in the phase diagram of Nd-LSCO in a two Y-axis plot 4.3 by green circles.

The left hand side (lhs) Y-axis (ordinate) indicates the energy of the gap while the right

hand side (rhs) axis scales with the temperature. The superconducting dome (Tc, black

solid line), is plotted with respect to the right (temperature indicating) axis. Similar to

measurements in LSCO (Yoshida et al. [38] the pseudogap size of Nd-LSCO ∆
∗

scales

approximately with T
∗

following the mean field approximation ∆
∗
MF = 4.3kBT

∗
/2 (Won

et al. [46]). To calculate ∆
∗
MF , values for T

∗
were adapted from the work by Daou et al..

∆
∗
MF is illustrated by the blue solid line, calculated from T

∗
values which are summarized

in Table 4.1. The phase diagram shows apparent (within the experimental resolution) that

the peudogap phase transition line is not gradually merging with the superconducting dome

on the overdoped side but that the superconducting dome is cut by ∆
∗
.

Tc [K] T
∗
[K] ∆

∗
[meV]

x = 0.12 3.5 155.4 30.0±5

x = 0.15 9.2 130.4 23.4±5

x = 0.20 19.0 80.0 19.4±5

x = 0.24 13.0 0.0 0±5

Table 4.1: Pseudogap size ∆
∗

for Nd-LSCO, x = 0.12, 0.15, 0.20 and 0.24, extracted by use of
the gapped Lorentzian function presented in eq. 2.7. The values of Tc and T

∗
are adapted from

the work of Daou et al. [4].
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Figure 4.3: (a): Symmetrized EDC for Nd-LSCO, x = 0.12, x = 0.15, x = 0.20, x = 0.24
in the normal state (temp., see fig. 4.2). The measurement position (AN) in momentum space
is sketched on the schematic Fermi surface in the inset of the figure. The symmetrized data is
fitted by a phenomenological function [37] to extract the gap values for x = 0.15 and x = 0.20 as
indicated by the vertical black bar. The gap value for x = 0.12 is adapted from [14]. (b): Two-axis
phase diagram of Nd-LSCO. The measured pseudogap size ∆

∗
is ploted in form of green circles and

referring to the left hand side. The superconducting dome (black solid line) is drawn with respect
to the right hand side axis. The blue line is the mean field expectation ∆

∗
= 4.3kBT

∗
/2 (Won et

al., [46])

4.3 Momentum dependence of the pseudogap

For further analysis of the interplay between pseudogap and superconductivity and their

individual dominance in different momentum space regions, the k-dependence of the normal-

state gap size of Nd-LSCO x = 0.20 will be presented. A comparison to studies by Chang

et al. [14] on Nd-LSCO x = 0.12 reveals a similar evolution of the Fermi arc of gapless

quasiparticle dispersion as seen in other cuprate compounds like Bi2212 by Lee et al. or

LSCO [38, 43, 34]. In these studies an increasing Fermi arc length is seen towards higher

doping. In contrast to these and our results, measurements on La2−xBaxCuO4 (LBCO)

revealed a dx2−y2 -wave (d-wave) gap in the normal state [33]. A gap with a d-wave form

only vanishes at the nodal points.

Our measurements on the normal state gap size for x = 0.20 as function of the Fermi surface

angle ϕ are presented in figure 4.5. Symmetrized EDC (panel (a)) at different FS angles

(indicated in (c)) are fitted by the previously mentioned phenomenological function (Norman

et al.) to extract the size of ∆
∗

(indicated by vertical markers). The result is summarized

in panel (b) by red and blue circles (finite gap size / gapless spectra) illustrating ∆
∗

versus

ϕ. Data for x = 0.12 is taken from Chang et al. and for direct comparison replotted in

panel (d). Chang et al. found the pseudogap vanishing for ϕ ≥ 33.2±7.7◦ while we measure
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gapless EDC at angles ϕ ≥ 30.7± 4.2◦ in the compound for x = 0.20.
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Figure 4.4: Fermi arc length Ka for different
cuprate compounds and dependent on the hole
concentration x relative to the full Fermi surface
2πkF . Data for compounds except Nd-LSCO is
adapted from Yoshida et al. [34] and replotted.
Nd-LSCO data is taken from our measurement.
Dashed line is a guide to the eye.

A comparison with different cuprate

compounds in figure 4.4 for different holde

doping values affirms the trend to increas-

ing Fermi arc length Ka for increasing holde

doping x. This can be interpreted, in accor-

dance with the increase of the quasiparticle

peak, as a trend of the system to follow more

and more the description by Fermi-liquid

theory and dive into the metallic region in

the phase diagram. However, a finite Fermi

arc length Ka is in sharp contrast to the

momentum dependence of the Fermi arc of

the superconducting (SC) gap which shows

no doping evolution. The superconducting

gap is assumed to follow simple d-wave be-

haviour for all doping values [47, 44, 34, 49]

(dashed black line in figure 4.5, (b)/(d)) and

vanishes only in one point in the node.
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Figure 4.5: (a): Black curve: Symmetrized EDC curves for different Fermi surface angles ϕ
(figure (e))) from the antinode (1) to the node (10) for x = 0.20 (Tc ≈ 19 K) measured in the
normal state (T = 22 K). Red/blue curve: Fit of the symmetrized EDC by a phenomenological
function as proposed by Norman et al. [37]. Vertical lines indicate the extracted gap values. Red
curve indicates gapped EDCs while blue stands for EDC without gap. (b) (d): Extracted gap
values ∆

∗
as indicated by vertical lines in (a) for x = 0.20 and adapted from Chang et al. [14]

for x = 0.12, as function of the Fermi surface angle ϕ. The dashed black lines represent the
d-wave form of the superconducting gap value. (c),(e) Fermi surface for x = 0.20 / x = 0.12.
Blue/red dots indicate the position of kF of gapped/ungapped spectra in (a),(b)/(e). The cut of
the x = 0.20-ARPES spectra was taken along the grey lines in (c).

4.4 Temperature dependence of the pseudogap

4.4.1 Introduction

In previous sections we discussed the measurements on doping and k-dependence of the

pseudogap ∆
∗

in normal state. In this section, a temperature dependent study of the pseu-

dogap of the x = 0.20 sample completes this report about investigations on the pseudogap

phase in Nd-LSCO.

Previous ARPES studies of the pseudogap as a function of temperature have been in-

terpreted differently. In one scenario the pseudogap size is gradually decreasing as the T

approaches T
∗

[2, 49, 50]. In these studies the gap size was measured by the leading edge

(LEM) shift with respect to the Fermi level. In a second scenario, the pseudogap is extracted

by the EDC peak displacement with respect to an ungapped spectrum. In this scenario, ∆
∗

is not decreasing successively but abruptly vanishes near T
∗

[51, 52, 53]. A common finding

by all of these studies was the phenomenon of successive ‘filling-in’ due to growth of in-gap

states (see also Kanigel et al. [52], Matsui et al. [55] and others [51, 54].
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4.4.2 Result: ∆
∗
in Nd-LSCO, x = 0.20

Our temperature dependent measurements in the antinodal region of Nd-LSCO, x = 0.20

in the normal state are presented in fig. 4.7. Panel (a) shows symmetrized EDCs extracted

at kF (see panel (b)) for different temperatures as indicated. For temperatures lower than

80 K, a two-peak structure was observed. This was taken as clear evidence for a gap in the

excitation spectrum. If the gap size ∆
∗

is defined by the maximum position (green arrows)

an abrupt closing of the gap could be observed. A gap of size ∆
∗
(T ) ' 20 ± 5 meV for

temperatures up to T = 70 K vanishes within a range of 10 K, compatible with the above

mentioned filling-in of the ingapped states which also applies to our measurements. This

allowed us to define the pseudogap onset temperature T
∗

= 80± 10 K for this sample. This

is in excellent agreement with resistivity measurements presented in fig. 1.1.

4.4.3 Analysis

In order to use a consistent way of extracting the gap value ∆
∗

throughout the whole report,

the low energetic spectral weight was fitted by the resolution broadened spectral function as

introduced in section 2.4.1. Black vertical lines indicate the obtained values of ∆
∗
. While

the gap was open for temperatures below 80 K and two peaks could be observed, for T = 80

K the gap entirely closed and one single spectral peak occured in the symmetrized EDC.

In panel (c), ∆
∗
(T ) is plotted against the temperature T . The black dashed line marks the

BCS prediction. This way of analysis revealed that ∆
∗
(T ) remained unchanged for a large

temperature range T / 50 K and gradually closed above 50 K for T → T
∗
. Compared to

the values which were given by the peak maxima, a much less abrupt closing of the gap

could be obeserved.

4.4.4 Vacum issues and self surface doping
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Figure 4.6: (a): Pseudogap before heating the
sample. The gap size is 22 meV. (b) Recooled
after T - dependent measurement. ∆

∗
= 13 meV.

As mentioned previously (section 1.2),

ARPES is an extremely surface sensitive

technique. Ultra high vacuum (UHV) con-

ditions (pressure of less than 10−10 Torr)

have to remain constant inside the measure-

ment chamber to prevent the surface state

and surface doping being changed by con-

taminants. This effect is usually called sur-

face aging. A measure for the degree of sur-

face aging is given by the size of the gap

[56]. Figure 4.6 illustrates the symmetrized

EDC before heating the sample and after-

wards. Both EDCs are measured at base
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Figure 4.7: (a): Symmetrized EDCs in the antinodal region at kF , indicated by the black circle
in (b) for Nd-LSCO x = 0.20 at different temperatures. The fit by the phenomenological function
of Norman et al. (black line) reveals the gap value ∆

∗
which is shown by vertical bars. (b):

Tight-binding model of the FS for x = 0.20. The black circle indicates the measurement position
of the symmetrized EDC presented in (a). (c): ∆

∗
vs. temperature T. The black line indicates the

expectation by BCS theory (adapted from [48]).

temperatures (T = 22 K). As indicated in the plot, the gap size of the recooled EDC was

approximately half the size of the initial gap value. To estimate a rough value for the change

of the surface doping a simple linear gap-vs-doping dependence was assumed. Conclusively,

the surface doping was given by x = 0.20± 0.02.

4.4.5 Outlook

In order to find a description of the microscopic mechanism of the pseudogap state the ques-

tion of the broken symmetry when cooling into the pseudogap phase arises. Recent reports

on single-layered Pb-Bi2201 (Pb0.55Bi1.5Sr1.6La0.4CuO6+δ) [57, 58] conclude a particle hole

symmetry breaking at the transition to the pseudogap phase at T
∗
. The conclusion was

drawn on the observation of an abrupt change of kF when cooling below T
∗
. In the limited

time for this master project, we couldn’t succeed to observe a relevant change in kF within

small enough error bars. Improved experimental conditions might solve this problem and

allow us to make reasonable conclusions.
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Chapter 5

Conclusion

The pseudogap phase, characteristic for high-Tc cuprate superconductors, was investigated

by angle resolved photoemission spectroscopy (ARPES). The measurements were done on

single crystalline La1.6−xNd0.4SrxCuO4 in a wide doping range between x = 0.12 and 0.24

in the normal state (T > Tc).

Underlying Fermi surface: In a first step, the underlying Fermi surface (FS) was mea-

sured. Similar to measurements in LSCO [9] the underlying Fermi surface was of large, hole

like character for x = 0.15, centered around (1,1) and of large, electron like character for

x = 0.24, centered around (0,0). We concluded that the transition from hole to electron

like has to be at a doping around x = 0.20. A tight binding (TB) model was used to fit

and parametrize the FS topology. In this fashion the FS area was derived and compared to

results obtained for LSCO [9] which show similar bahaviour and also follow quite reasonable

the expectation by Luttinger’s sum rule (see fig. 5.1, (a)).

Momentum dependence: Connected to the Fermi surface is the question of the Fermi

arc. The Fermi arc is defined by the locus of kF -points in momentum space where the quasi-

particle excitations in normal state are gapless. As summarized in figure 5.1, (b), the length

of the Fermi arc, Ka, is found to increase with increasing doping, consistent with various

other hole doped cuprate compounds. The finite length of the Fermi arc in normal-state is

in big contrast to the momentum dependence in the superconducting phase where the gap

anisotropy shows d-wave form and the gap vanishes only in the nodal point. This difference

of the gap-momentum dependence for different dopings between the superconducting and

the normal (pseudogap) phase is a clear indication of their different microscopic origin and

allots the pseudogap phase to a competing phase.

Temperature dependence: Studying the pseudogap size for the sample of x = 0.20

(shown in panel (c)) lead to further characterization of the the pseudogap state and re-

vealed T
∗

for x = 0.20.

Antinodal lineshape: Finally, to complement the phase diagram of Nd-LSCO, the pseu-

dogap size and the EDC - lineshape were studied in the antinodal region around (1, 0) where

the pseudogap is most distinctive. A gradual closing of the gap could be observed towards
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Figure 5.1: (a): Fermi surface volume xFS for different doping and different cuprate compounds.
Black dashed line illustrates the expectation of Luttinger’s theorem. (b): Length of Fermi arc Ka

normalized to total circumference of the Brillouin zone for different cuprate coumpounds. Dashed
black line is a guide to the eye. (c): Temperature dependence of the pseudogap size ∆

∗
for Nd-

LSCO, x = 0.20. Dashed black line indicates the expectation of BCS theory. (d): Resulting cuprate
phasediagram. Green circles: Measured pseudogap size ∆

∗
; Blue line: Mean field expectation of

pseugoap size ∆
∗

= 4.3/2kBT
∗

[46]. T
∗

is adapted from [4]. Black line: Tc, adapted from [4].

higher doping, vanishing in the sample with x = 0.24 which still exhibits superconductivity

(fig: 5.1 (d)). This, again, leads us to the conclusion that the pseudogap phase cannot

be a pre-superconducting phase. The study of the doping dependence of the normal state

gap size revealed, similar to observations in La2−xSrxCuO4 (LSCO), a linear scaling de-

pendence between the pseudogap size ∆
∗

and the pseudogap transition temperature T
∗
,

∆
∗
MF = 4.3kBT

∗
/2, as predicted by mean field calculations by Won et al. [46]

Previous measurements concerning particle-hole symmetry breaking when cooling into the

pseudogap phase [57, 58] (crossing T
∗
) could, so far, not conclusively be observed in Nd-

LSCO and remain a matter of future interest. The observation of a broken symmetry,

characteristic for the pseudogap phase, would contain a big amount of physical information

about the underlying microscopic mechanism and therefore is of great interest.
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