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into the electronic correlations. To reconcile all the existing measurements, a detailed
knowledge of the low-energy electronic structure is needed. Until now, the study of
the detailed electronic band structure of LiTioO4 has been hindered by the lack of
high-quality single crystals and high energy resolution. This chapter follows up on
this and presents the three-dimensional band structure measured on thin films by
ARPES.

5.2 Three-Dimensional Electronic Band Structure

The success in preparing high-quality epitaxial thin films of LiTi;O4 by PLD opens
the opportunity to perform band structure measurements by ARPES. Even more
importantly, the SIS beamline at the Paul Scherrer Institute in Switzerland provides
users with a PLD system that can be connected to the ARPES endstation, making it
possible to perform in situ measurements without exposure to air. This is important
since LiTi,0y is extremely air-sensitive, as mentioned above. With this technique, the
electronic correlations can be probed in momentum space, offering vital information
about the nature of this unique superconductor.

5.2.1 Methods

LiTisO4 (111) thin fihns were grown in situ by PLD on Nb-doped SrTiOs (111)
substrates. The Nb doping ensures that the substrate is metallic and thus that
the sample is grounded to the ARPES endstation. The sample quality was char-
acterized by RHEED to confirm a smooth two-dimensional surface condition; see
Fig. 5.2a. Ultraviolet ARPES experiments were carried out at the SIS beamline at
the Swiss Light Source. The sample temperature was approximately 20 K, unless
stated otherwise. Photon energies ranged between 40 and 180 eV, with linear light
polarizations perpendicular and parallel to the mirror plane indicated as LV and
LH, respectively, following the notation of the previous chapters. The reciprocal
space is indexed by k, along the (111) direction and k,, perpendicular in-plane to
the (111) direction. Due to the high sensitivity of the sample, a fast degradation
of the band structure upon photon irradiation was experienced. After one minute
of irradiation, the bands broadened considerably, and after two minutes, they were
merging with the background. This disappearance of the bands in the spectrum
was irreversible, but did not result in any change in the XPS spectrum of the core
levels, hinting towards local damage to the crystallinity rather than the dissipation
of lithium. Therefore, high-statistics data were recorded by rasterizing the beam
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Figure 5.2: LiTi,04. @ RHEED pattern of LiTisO4 (111) thin film grown by PLD.
b Resistivity as a function of temperature, for different magnetic fields, measured on
the thin film after the ARPES measurement. The inset shows the resistivity evolution
up to 300 K.

over different sample spots. After the experiment, the superconducting transition
temperature of 11 K was verified by a resistivity measurement; see Fig. 5.2b.

5.2.2 Results

An overview of the Fermi surface along the (111) direction in the normal state of
LiTiy Oy is given in Fig. 5.3. The k. dependence clearly shows the three-dimensional
character of the Fermi surface with a periodic structure of pockets around the I'
points. The in-plane Fermi surface maps acquired with high photon energy, shown
in Fig. 5.3b and ¢, give an overview of the 6-fold symmetric band structure expected
for the (111) orientation. This confirms that the PLD-grown sample adapted to the
substrate’s (111) orientation.

The in-plane Brillouin zone boundary in this orientation can be inferred from the
three-dimensional Brillouin zone shown in Fig. 5.3d. The Brillouin zone of an fcc
lattice is a truncated octahedron, and adjacent zones are shifted in height compared
to one another. The first Brillouin zone is shown on the right in the lower part of
panel d, and the second zone to the left, shifted in height to connect two hexagonal
faces. A horizontal cut through this structure therefore results in the zone boundaries
indicated by solid black lines in panels b and c.

The evolution of the band structure at the Fermi level between the L and I' points is
shown in Fig. 5.4. At the L point, the Fermi surface is flower shaped with a weak
pocket in the centre, which becomes larger and more pronounced with decreasing
photon energy towards the I point. The flower-shaped feature gradually divides into
six separated structures until they form necks at the corners of the hexagonal pocket
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Figure 5.3: Three-dimensional band structure of LiTi;O4. a Out-of-plane
Fermi surface covering more than three Brillouin zones. b, ¢ In-plane Fermi surfaces
recorded at photon energies cutting through the L and I" points in the out-of-plane
direction, respectively. Solid lines indicate zone boundaries. d Sketch of the Brillouin
zone and in-plane cuts in b, €, neglecting the bending of the cuts due to fixed absolute
momentum. Courtesy of P. Usai.

around I'. In the following, the focus lies on the band structure recorded at 52 eV in
the cut through I.

Energy distribution maps show the evolution of the electronic bands as a function of
binding energy and are presented in Fig. 5.5 for cuts along the T K and approximately
along the I'L directions, with a 30° angle between them. It has to be noted that the
T'L cut with a constant k. value does not cross the high-symmetry point L, since that
is located at a different k, value in the three-dimensional reciprocal space. Instead,
the zone boundary following this cut is located between the L and U points. For
simplicity, the cut is called T'L nevertheless.

The comparison of LH and LV polarizations reveals only a weak polarization de-
pendence. The LH data show more asymmetry with respect to the I' point, with
a weak and broad additional intensity below —0.5 A™" and above 0.5A7" that is
strongest around —0.1eV. The main band shows a broadening when probed with
LH polarization compared with the LV polarization data. Most interestingly, the
band in the cut T'K shows strong correlation effects. The band has a kink around
50meV and a pronounced broadening at higher energies. At I', the intensity is fully
suppressed, but from higher photon energy measurements, the band bottom is visible
at ~ 500 meV.

From the cut data in Fig. 5.5d, the correlation effects can be estimated by analysing
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52 eV

Figure 5.4: In-plane Fermi surfaces between I' and L. a-e Fermi surface maps
recorded with LV light polarization and photon energies as indicated.
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Figure 5.5: Band structure at I'. a-d Raw data energy distribution maps recorded
at 52¢eV showing the band structure along the directions and recorded with light
polarizations as indicated.

the MDCs and EDCs after subtracting a background EDC. The MDC analysis is
summarized in Fig. 5.6 and shows initial signs of strong correlations. As explained in
section 2.2, the ARPES intensity along an MDC assumes the form of a Lorentzian
lineshape in the case of momentum-independent self-energy. For LiTi,O,4, such a
Lorentzian lineshape can be observed at higher binding energies in Fig. 5.6a, where
a Lorentzian fit describes the data well. However, when approaching Er, the MDC
peak becomes increasingly asymmetric, and a Lorentzian fit no longer provides a good
description of the data. There are several possible origins for such an asymmetry, for
example a momentum-dependent self-energy, resolution effects or a contribution from
another feature in the band structure. To extract the band dispersion, a different
fitting approach is therefore required. To account for the asymmetry, the fitting
function in Fig. 5.6b is composed of a constant background and a split Lorentzian
function of the form

L(k;, A) FT7 Fl) H) =

2A r? 2
O —k)+ —F5——= - O(k—
A +1,) ((k—u)urf =k + e O
(5.1)
where I'; and T',. are the widths of the left and right side of the peak position u, A is
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Figure 5.6: MDC analysis. a, b Example MDCs extracted from the energy
distribution map in Fig. 5.5d at energies as indicated. Solid lines show a fit to the
data composed of a Lorentz lineshape (@) or a split Lorentz lineshape (b) with a
constant background. Black arrows denote the fitted peak position. ¢ Band dispersion
as extracted from peak positions in b. Solid lines show the fitted group velocities
for the bare and renormalized quasiparticles. d Half-width-half-maximum (HWHM)
extracted from fits in a, b. Error bars throughout the figure represent standard
deviation from fitting.

the amplitude, O is the Heaviside function and the HWHM is given by (I, +I,.) /2.
This lineshape describes the data well across all binding energies and allows for
precise tracking of the peak position. The extracted dispersion is shown in Fig. 5.6¢
and reveals the pronounced kink at 65meV that was observed in the raw energy
distribution map. This kink structure was measured outside the superconducting
state at 20 K. With the MDC dispersion, it is possible to extract the bare and
quasiparticle group velocities from the linear slope at high and low binding energies,
respectively. Corresponding fits are shown in orange and red. Furthermore, the
HWHM of the MDC peak can be inferred from the fit and is shown in Fig. 5.6d.
Characteristically for a kink structure, the HWHM shows a step-like feature at the
kink energy from the interaction. Interestingly, a second change in the behaviour of
the HWHM can be observed at ~ 150 meV, where the slope starts to increase again
after a plateau around 100meV. Comparing the two different fitting routines, with
symmetric and split Lorentzian lineshapes, shows that the same behaviour of the
HWHM is observed for both, indicating its robustness.

More information about the electronic band structure and the sign of correlations
can be inferred from the EDC lineshape. Fig. 5.7a shows example EDCs extracted
at different momenta. Around kg, the typical peak—dip—hump structure is observed,
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Figure 5.7: EDC analysis. a Example EDCs extracted from the energy distribution
map in Fig. 5.5d at the indicated momenta. b Comparison of two EDCs extracted at
kr for two different energy resolutions, as indicated. ¢ High-resolution EDCs at kr
for two different temperatures, as indicated.

which can be explained by the coherent and incoherent parts of the spectral function
for interacting electrons. However, the dip is suppressed by the lack of sufficient
energy resolution, as demonstrated in Fig. 5.7b, where a high-resolution spectrum
reveals a more pronounced quasiparticle peak and subsequent dip.

A high resolution is therefore important in the analysis of the EDC lineshape. To
gain insight into the superconducting state, the EDCs at kr inside and outside the
superconducting phase are compared in Fig. 5.7c. As expected, the opening of a
gap is not observed, since the adopted energy resolution is not sufficient to detect
a gap smaller than 2meV [151, 160]. Interestingly, the overall shape of the EDC
remains the same when crossing the superconducting transition, indicating that with
the current resolution, no noticeable change in the low-energy electronic structure
can be observed in the superconducting state.

5.2.3 Interpretation and Discussion

The observed kink feature, the peak—dip—hump structure and the step edge in the
peak width are attributes of the interaction of quasiparticles with a bosonic mode.
Indeed, in systems such as the cuprates, these features have been observed and
analysed to extract the electron—phonon coupling A [43, 161]. The electron—phonon
coupling results in dressed electronic states, described by a quasiparticle peak close
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to Er with a mass renormalized by a factor (1 + \). The coupling can be extracted
from the ratio of renormalized v, and bare vy group velocities by [43, 161, 162]

Vo

A= P 1. (5.2)
The velocities extracted from Fig. 5.6¢ are vy = 1.42eVA and v, = 0.78eV A,
resulting in a coupling strength of A = 0.83 4+ 0.02. This value is slightly higher
than previously reported [163, 164], which could be indicative of a relevant electron—
electron interaction. However, this result needs to be considered carefully, since the
self-energy analysis of ARPES spectra is derived for two-dimensional systems with
absent k, dispersion and a momentum-independent self-energy. The former condition
is not fulfilled by LiTi;Oy, and the latter has to be questioned in light of the highly
asymmetric lineshape in the MDC close to the Fermi level. A similar asymmetric
shape has been observed for layered cobaltates [165], and has been attributed to a
strong variation of the photoemission intensity with momentum.

Very recently, a preprint of an ARPES study on LiTisO,4 has been released [166]. The
presented electronic band structure is in agreement with the results presented here,
confirming the kink structure near the Fermi level. The temperature dependence of
the kink revealed its formation at 150 K, defining a characteristic temperature for
the electron-boson coupling. However, no sign of an energy gap opening or folding
of the bands could be detected at that temperature. This result, combined with the
absence of a change across the superconducting transition temperature presented
here, suggests that the correlations play an important role in defining the intriguing
electronic structure in LiTi,O4 over a broad temperature range.

Overall, the correlated electronic band structure presented here resembles what is
found in the cuprates in many respects [43]. However, several distinct differences
are observed. First, the MDC lineshape does not follow a simple Lorentzian, but is
highly asymmetric close to Fr. Second, the HWHM, which is proportional to the
imaginary part of the self-energy and therefore an indication of the quasiparticle
lifetime, shows an additional change of trend above the kink energy. The value of
the electron—boson coupling extracted here should be carefully put into perspective
with the transition temperature and measurements of electron—phonon coupling
performed using other techniques. Therefore, many open questions concerning the
superconducting mechanism in LiTi;O4 remain, and higher energy resolution ARPES
studies on high-quality films are necessary to confirm the superconducting gap

symmetry.
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5.2.4 Conclusions

The ARPES study on LiTisO4 reveals its three-dimensional band structure and will
therefore allow for a direct comparison of theory and measurements. Furthermore,
the photon energy dependence allows for precise orientation within the bulk Fermi
surface, identifying high-symmetry points. The cuts along high-symmetry directions
reveal the strong electronic correlations present in this long-debated superconductor
in the form of a pronounced kink structure, concomitant with a step edge in the
peak width and the characteristic peak—dip—hump spectral lineshape. The analysis
of this feature reveals a moderate electron—boson coupling. Future high-resolution
measurements will be needed to gain insight into the superconducting energy gap
symmetry and, with that, the elusive pairing mechanism.
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Quantum materials are deeply intriguing due to their useful emergent and tunable
phases, like superconductivity, magnetic excitations and metal-to-insulator transitions.
At the heart of these properties lie many-body systems composed of elementary
particles, interactions and excitations, which often cannot be understood as isolated
problems, but form part of a complex system. The various interactions between the
elementary degrees of freedom, like the lattice, orbital, charge and spin degrees of
freedom, result in a ground state from which different competing macroscopic phases
can emerge. Unconventional superconductivity is found close to an antiferromagnetic
insulating phase; however, other competing magnetic and electronic phases are
usually present in the phase diagram too. An understanding of the macroscopic
properties therefore requires knowledge of the microscopic interactions.

In this thesis, three projects on different quantum material families investigate such
microscopic interactions in phases close to unconventional superconductivity.

In the ruthenate single-layer Cas ,Sr,RuQy, the system evolves from a Mott insulator
to an unconventional superconductor by Sr substitution. Here, the focus is on the
Ca side, where strong correlations lead to a magnetic insulating phase. The study
of the low-energy excitation spectra in single-layer CasRuQO,4 and bilayer CazRu,O7
shows how the effective dimensionality and its different in-plane magnetic order
results in fundamentally different excitation spectra. Furthermore, the extremely
rich low-energy excitation spectrum in CasRuQOy is shown to be a result of the
interplay between crystal-field splitting and spin—orbit coupling, and the lowest
excitations exhibit a significant orbital character. The probing of such an excitation
spectrum therefore allows for a determination of the spin—orbit coupling and provides
valuable insights into the energy levels set by Coulomb interaction, Hund’s coupling,
crystal-field splitting and spin—orbit coupling.

Another compound family within the perovskite crystal lattice compounds that
exhibit unconventional superconductivity are the famous high-temperature cuprate
superconductors. Here, the La-based hole-doped cuprates have been investigated
by RIXS to track the charge order phase, which is adjacent to and competes with
superconductivity. The sensitivity of RIXS allows to the charge order to be tracked
to high temperatures above the pseudogap phase and up to optimal doping, whereas
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weaker charge correlations persist up to the highest doping levels measured. This
result contributes to a long debate about the extent of charge order and its connection
to superconductivity and the pseudogap phase. In addition, measuring phonon modes
by RIXS allows extraction of the momentum-dependent electron—phonon coupling
and its connection to charge order. It was shown that an electron—phonon coupling
enhancement triggers a lock-in of the charge stripes. The interaction between the
electronic and lattice degrees of freedom therefore has a direct impact on the charge
order phase, and may also have implications for superconductivity.

The spinel superconductor LiTi,O4 was first believed to be a conventional s-wave
superconductor, but recent evidence has pointed to an anomalous superconducting
mechanism, and several parallels to cuprates have been drawn. With the ARPES
study presented in this thesis, the three-dimensional band structure in the normal
state is revealed, showing strong correlation effects. The kink structure allows for
the extraction of a moderate electron—boson coupling, which is a key parameter in
the formation of conventional Cooper pairing. These results, therefore, contribute
to the determination of the relevant energy scales responsible for superconductivity
and add crucial information to the debate around the pairing mechanism in this
compound.

In summary, the presented projects present an experimental investigation of electronic
interactions in correlated materials close to unconventional superconductivity or,
in the case of LiTi;Oy4, the debated superconducting mechanism. It was possible
to infer useful information about interactions like the spin—orbit coupling and the
electron—phonon interaction. This contributes specific pieces to the larger puzzle of
understanding the microscopic mechanisms in these materials, which will require a
more holistic approach combining several experimental and theoretical approaches.

For example, the improved energy resolution in RIXS allows for a more detailed
analysis of the excitation spectrum in CayRuQOy, revealing a set of excitations and a
dispersive behaviour for several of them. This challenges the theoretical model, which
has been extended to a larger cluster size to compare it with the experimental results.
However, the model would need a much larger cluster size or a different approach to
capture a delocalized nature and dispersions. On the other hand, the resolution of
RIXS is still limited compared to other techniques like neutron scattering. A further
improvement is likely to reveal even more details in the excitation spectrum, e.g. in
the excitation sector around 350 meV or the dispersion of the 40 meV mode.

Similarly, an improvement in resolution will benefit the understanding of the charge
order phase and electron—phonon interaction in the cuprates. So far, only the bond-
stretching phonon was resolved; the observation of lower-lying phonon modes with
RIXS will allow for a more complete picture of the electron—phonon coupling, as
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further modes might have a considerable effect on charge order via electron—phonon
coupling. Concerning the charge order signal itself, future studies could focus on
measuring the higher doping levels or, with improved resolution, confirm the possible
dynamical nature of the weak charge correlations.

In LiTiyOy4, the experimental investigation of the electronic band structure has just
begun. So far, the study has been limited to the (111) orientation of the crystal
lattice, leaving other termination planes untouched. Additionally, the current energy
resolution is not sufficient to directly extract the superconducting gap from the
spectrum, leaving the question about the pairing symmetry open. The role of the
phonon modes in superconductivity is also still debated, and a combination of different
experimental approaches is needed to gain further insight. Future developments in
thin-filin and single-crystal growth could also help the experimental efforts to resolve
the many open questions about superconductivity in LiTisOy.

In addition to these considerations closely related to the presented projects, the scope
can be broadened by including the studies in surrounding phases, additional tuning
parameters like strain or the effect of heterostructures. Moreover, new materials are
being designed, not only in the search for a room-temperature superconductor, but
also for the development of new technologies like spintronics and optoelectronics.

Concerning superconductivity, most discoveries are made by serendipity, rather than
by design. So far, no clear recipe has been established for developing superconducting
materials, and the known superconductors show wide variations in crystal structure
and elemental composition. In unconventional superconductors, a layered structure
is often found; however, the electronic correlations are influenced strongly by the
detailed atomic arrangement. One would need to fully understand all present
interactions and their interplay, and with this the organizing principles of complex
phase diagrams, which represents a major intellectual challenge. Effort have also
been made to find new superconductors by computational means [167]. On the
experimental side, improvements in techniques are providing increasingly detailed
insight into the electronic correlations. Several European synchrotrons are now
upgrading to a new generation, which will lead to higher brilliance and coherence.
Together with improvements in optics and detectors, this could help to reach higher
energy resolutions in spectroscopic techniques without loss of flux. Experimental
improvements will provide new valuable input for theoretical models and vice versa.
In a completely different direction, deeper insight can be gained by studying dynamics
with time-resolved techniques. Researchers on this frontier have been awarded this
year’s Nobel Prize “for experimental methods that generate attosecond pulses of light
for the study of electron dynamics in matter” [168]. With attosecond techniques,
our current understanding of electron dynamics will be challenged, as we will be
able to probe beyond broadly adopted simplifications like the sudden approximation.
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Altogether, the central challenge is to relate all experimental and theoretical findings
to one another and to keep the overall picture in mind. The study of strongly
correlated quantum materials is a complex field of research and involves exploring a
wide variety of electronic and magnetic phenomena. Although great effort has been
put into the understanding of these materials, there is still much to learn.
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