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Abstract

The discovery in 1986 of the high-Tc superconducting cuprates has ushered in a new era of
research in condensed matter physics. There is still a great interest for these materials, which
stems not only from the lack of a clear theoretical picture, but also from the perspective of
practical applications which could have an enormous impact on everyday’s life. The complex-
ity of the cuprates has stimulated a critical reassessment of many theoretical concepts and
the development of new ideas, and fueled an unprecedented experimental activity to char-
acterize their electronic structure. Besides the obvious occurrence of superconductivity, the
two-dimensional character and the proximity to other ordered states, appear as prominent
characteristics of these materials. The interplay of these properties is the subject of intense
theoretical activity, since it is believed that it could play an important role in the emergence
of the unconventional superconducting state. At the same time, it has been realized that sim-
ilar situations may also arise in other classes of materials, where they lead to complex phase
diagrams and to the emergence of new, unusual properties. These materials therefore offer

interesting opportunities for related research.

This thesis presents an investigation of the electronic structure of selected quasi-2D mate-
rials, and of their electronic instabilities — charge-density-wave (CDW), Mott metal-insulator
transition, superconductivity — by means of angle resolved photoemission spectroscopy (ARPES).
ARPES is a very powerful probe of solids which, thanks to its unique energy and momen-
tum selectivity, provides a clear and direct view of the electronic states and of their interac-
tions. Most of this work is concentrated on the low-energy excitations near the Fermi surface,
the quasiparticles. These states play a crucial role in the thermodynamic, magnetic and trans-
port of solids. Together with the shape of the Fermi surface, they determine the possible occur-
rence of electronic instabilities like charge- or spin-density waves, or again superconductivity
(SQ). A leitmotiv of this work is the study of how the nature of the quasiparticles, reflected in
the ARPES spectral function, and the Fermi surface are influenced by an underlying instability,
or by the competition between several instabilities. I have performed high-resolution ARPES
experiments at the LSE-ICMP, and at two synchrotron radiation laboratories: the Swiss Light
Source (PSI-Villigen) and SOLEIL (Paris).

A large part of this work is concerned with the electronic properties of compounds which



iv

belong to the class of transition metal dichalcogenides (TMDs). TMDs are layered materials
with rather strongly two-dimensional (2D) electronic properties. They often exhibit charge-
density-wave (CDW) instabilities, and in selected cases superconductivity, but also peculiar
metal-insulator (Mott) transitions. Among the TMDs, the 17 and 2H polytypes of TaS, are
representative of CDW materials which do not naturally exhibit SC, where SC can nonetheless
be induced e.g. by applying external pressure. For 1T-TaS; I show that a small amount of
disorder entirely removes a Mott transition to a low-temperature insulating phase, opening
the way to a non-homogeneous SC phase below ~ 2K. ARPES here shows that SC emerges
from a ‘bad-metal’ normal state. I have performed a detailed study of Sn-doped 2H-TaS,,
where doping suppresses the CDW, but seems to enhance SC. I namely examine the partial
gapping of the Fermi surface, as well as the spectral signatures of the interaction with the
lattice. The spectral consequences of disorder induced by doping are also captured by ARPES
in the degenerate semiconductor 17-Nb,Ti;_,S,.

The second part of the thesis is the devoted to two members of the high-T. cuprate BSCCO
family. The two-layer Bi2212 member of this family has been the object of countless spectro-
scopic studies. I present here results for two considerably less-studied members of this family:
the three-layer Bi2223, which has the highest T., and the single-layer Bi2201. In Bi2223 I
found circumstantial evidence for the elusive threefold splitting of the Fermi surface expected
from interlayer coupling. The momentum- and temperature dependence of the d-wave SC
gap are illustrated by the ARPES data. The data also contain interesting information on the
normal state low-energy kink (~ 70 meV) — the fingerprint of the coupling of the electrons
to a bosonic mode — and the high-energy anomaly in this compound. The originality of the
results for Bi2201 lies in the nature of the samples, thin films prepared in situ by pulsed-
laser-deposition (PLD), in the framework of a collaboration with the CREAM-ICMP laboratory.
The ARPES results clearly demonstrated the feasibility of such studies, but also evidenced
some difficulties related to the twinned nature of the films, which will have to be addressed
in future studies. The ARPES data on the cuprates are complemented by the results of high-
resolution resonant inelastic x-ray scattering (RIXS) experiments performed at the new SAXES
end-station of the SLS. At variance with ARPES, which probes electron-removal states, RIXS
probes neutral excitations, and therefore provides a complementary view of the electronic
structure, similar to optics, but not limited to zero-momentum transitions. The resolution of
RIXS is at present insufficient to address the low-energy gap scale, but it opens an entirely new

window on the magnetic excitations, namely in the insulating parent compounds.
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Figure 2.14: Zaanen-Sawatzky-Allen scheme taken from [17].






Chapter 3

Description of the experiment

In this chapter I will describe some relevant aspects of the experimental set-up, including
preparation, characterization and measurement on the samples studied in the thesis. And I
will also introduce the ARPES technique which I have exploited during the whole process of
this work at EPFL and at Swiss Light Source.

During an ARPES experiment, electrons are extracted from the sample with a monochro-
matic light. The angle and the energy of the photoelectrons are then analyzed. Simple conser-
vation rules lead directly to the band diagram (EB(E)) for simple materials. A more complex
analysis of the data allows us to extract precious information on the electron correlations and
the dressing of the quasiparticles by the low energy excitations in the material. ARPES is a
very powerful technique because experimental data are in principle comparable to the single-
particle spectral function (see below) which contains most of the physics and can be calculated
by theoreticians for a given model. We will see also that ARPES allows us to follow the evolu-
tion of the Fermi surface with respect to temperature. Nevertheless, an experiment is subject

to some drastic restrictions.
e The sample must be a conductor.

e The momentum can only be relevant for crystalline structures. Thus the crystallographic

structure must be well ordered.

e The energy of the incoming light is linked to the momentum resolution and to the mo-
mentum detection limit. Therefore, UV photons (from a few eV to 100 — 200 eV) are
commonly used for ARPES. The short mean free path of UV photoemitted electrons in
the crystals restrains the probing depth of the technique to the surface atomic planes.
Thus, the samples must be clean and well ordered at the surface. The physics of the

surface electrons must also be relevant.
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e The photoelectrons are collected by a detector with distance around 1 m from the sam-

ple, so - for practical reason - the ARPES experiments are performed under vacuum.

Two-dimensional materials are perfectly suited for ARPES experiments. In Lausanne and
in SLS, experiments were performed under ultrahigh vacuum (UHV) and the samples where
cleaved in-situ to obtain clean surface. Both of these two set-ups are adapted to state of the

art photoemission experiments.

3.1 Experimental technique of ARPES

3.1.1 The electron analyzer

The analyzer of photoelectrons is the heart of the ARPES experimental technique. The data
used in the present work were acquired using modern Scienta SES20002 electron analyzer
and SPECS PHOIBOS 150 Hemispherical analyzer (Fig. 3.1). Both analyzers are electrostatic
analyzers, optimized for high transmission and maximum energy resolution. These electron
analyzers collect the photoemitted electrons as a function of their kinetic energy and emission
angle. The hemispherical energy analyzer and the lens system are constructed entirely from
non-magnetic materials inside the y-metal shielding. The electric grounding and the magnetic

shielding provide a perfect control of the electrons trajectory in the analyzer.

Scienta
hemispherical
analyzer

Entrance slit
Ox

Ex Electrostatic lens
Detector
- Photons

Sample

Figure 3.1: (a) Schematic view of a hemisphere electron analyzer. (b) Photo of SPECS PHOIBOS 150
Hemispherical analyzer.

During the photoemission process, the electrons are emitted from the sample into a cone
and collected by the electronic lens system. Then they are focused by the lens and reach to
the exit plane of the analyzer at different positions depending on the direction of their initial

momentum. At the same time the analyzer accepts only the electrons whose energy correspond
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to the user defined pass energy !. Other electrons with energies substantially different from
the pass energy cannot reach the detector (Fig. 3.1 (a)). The accepted photoelectrons are
accelerated towards a 2D phosphorescent screen. The intensity map is recorded with a high
sensitivity CCD camera and quantitatively represents the number of photoelectrons versus
their angle of emission and their kinetic energy (Ey;,). The images can be processed by a
computer. The processed images link the the binding energy (E) of the quasiparticles (QP)
in the crystal to their momentum (k). A set of intensity images can be collected when moving
the normal and azimuthal angle of the sample with respect to the entrance slit. One can scan
the electronic properties in the reciprocal space along k, and k, by varying the normal and
azimuthal angles. For example, a complete scan of the electronic properties near the Fermi
level allows the experimentalist to plot the Fermi surface of the studied material.

The energy resolution AE of the analyzer is determined by the mean slit width S (S =
(S1+ S2)/2, S; and S, are the width of entrance and exit slit, respectively), the pass energy
E,, the mean diameter of the analyzer D (D = (Dj, + Dout)/2, Din and Dy, are the radius
of inner and outer hemisphere, respectively), and the analyzer acceptance half angle « in the

dispersion direction. That is

AE = E, % (S/2D + a?/4). (3.1

On the one hand, clearly, smaller slit and pass energy lead to better resolution. The energy
resolution AE can be obtained by measuring the Fermi edge of metallic samples, for example
polycrystal Ag or Au. The limited resolution is AF < 2 meV in our system. The energy
resolution is also influenced by the spot size of the UV source - the smaller spot size the better
resolution. On the other hand, the intensity of the electrons reaching the detector is inversely
proportional to the UV light spot size, E, and S, which results in a trade off between the
intensity and resolution. In reality, in order to get more intensity and to record data related
to large parts of the BZ during the lifetime of the sample, we usually use relatively large pass
energy and big slit. Low pass energy and small slits are only used for ultimate resolution data
recording for the study of the electronic properties at the Fermi level and for some precise
angles.

For standard measurements, the resolution is better than 10 meV and 12 meV for SPECS
PHOIBOS 150 and Scienta SES2002, respectively. The solid angle of the emitted electrons
entering into the analyzer is determined by the width of the entrance slit. It determines
the angular resolution in the dispersive direction of the detector. The angular resolution is
estimated experimentally better than 0.2° and 0.15° for SPECS PHOIBOS 150 and Scienta

!For a fixed electrical field gradient, only particles with kinetic energies in a particular energy, which is called
pass energy (Ep), are able to pass through the full deflection angle from the entrance slit S; to the exit plane S-.
Particles with higher passe energy approach the outer hemisphere, whereas particles with lower kinetic energy are

deflected toward the inner hemisphere.
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SES20002, respectively.

The analyzer can be operated in two different modes 2:
(i) Fixed retarding ratio mode
In this mode all electrons are decelerated with the same fixed factor R = Fy;,/Ep. Thus
the pass energy is proportional to the kinetic energy. The intensity increases with the kinetic
energy I ~ FEy;,, while the energy resolution is decreasing.
(ii) Fixed analyzer transmission mode
In this mode, Ep and AE in Eq. 3.1 are adjustable constants. The signal of all electrons,
independent of the kinetic energy, are measured with the same resolution and the intensity

decreases with kinetic energy: I ~ 1/Ej;,.

3.1.2 EPFL and SLS set-ups

Both the equipments at Lausanne and SLS are under ultrahigh vacuum (UHV). The samples
can be introduced in the UHV chamber with a fast pumping loadlock in a few hours. Once the
samples are under UHV they can be transferred to the analyzer chamber with a set of manip-

ulators and wobble sticks. The manipulator of the photoemission chamber has 4 purposes:
e it keeps the surface of the sample exactly at the focus plane of the analyzer

e it fixes the sample normal and azimuthal angle with respect to the entrance slit of the

analyzer (so k,, k)

e it allows the experimentalist to move the light on the sample surface and to choose which

part of the sample is more promising

e the manipulator - thus the sample - is cooled by He cryostat. The ultimate temperature
for the sample is 10 K and around 20 K at SLS and Lausanne, respectively. Variable

temperature experiments can be performed up to room temperature.

The photons are provided by a synchrotron source at SLS and a helium plasma lamp at
Lausanne. Synchrotron sources allow the user to choose the photons energy and the polar-
ization of the monochromatized beam. Our monochromatized plasma lamp has a strongest
photon flux at 21.2 eV but the intensity drops drastically for photons lines of higher energy.
During operation the vacuum in the analyzer chamber is at the order of 5 x 10~ !!mbar at SLS
and fixed at 5 x 10~ mbar at EPFL. Indeed, the lamp is connected to the analyzer chamber
at Lausanne and maintaining the plasma requires a high pressure (around 3 x 10~* mbar) for
ultrapure He. For this reason, the lifetime of the samples will considerably be longer at the

synchrotron than for an experiment at EPFL.

2See details in the manual of PHOIBOS hemispherical energy analyzer series





