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Abstract

This thesis work presents some of the results obtained on one- and two-
dimensional cuprates with resonant inelastic X-ray scattering (RIXS) during
my three years activity in the group held by Prof. G. Ghiringhelli of the
Physics Department of the Politecnico di Milano (Italy).

In the last two decades the group has largely contributed in the develop-
ment of this technique, especially in terms of realization of dedicated RIXS
instrumentations. In particular, they designed three spectrometer: AXES
(Advanced X-ray Emission Spectrometer) for the ID08 beamline at the ESRF
- the European Synchrotron in Grenoble (France), which has been opera-
tional since 1995, and SAXES (Super-Advanced X-ray Emission Spectrome-
ter), an evolution of AXES, installed in 2006 at the ADDRESS beamline at
the Swiss Light Source (SLS) in Villigen (Switzerland). With the continuous
improvements in their performances, accompanied by the need to improve
the overall energy resolution, the group joined the ESRF staff for the realiza-
tion of the first ultra high-resolution ERIXS (European-RIXS) spectrometer,
which holds nowadays the world record of energy resolution with a combined
(beamline + spectrometer) resolving power of 30,000 at the Cu L3-edge.

Moreover, this activity has been followed by several achievements also
from the scientific point of view that have been made possible thanks to
the unprecedented performances offered by the dedicated RIXS end-stations
available nowadays.

Here I will present some of the results achieved with the ERIXS spec-
trometer in the last three years on insulating and superconducting cuprates,
especially focusing the attention on the possibility to perform polarization-
resolved RIXS at the Cu L3-edge.

RIXS is a synchrotron-based spectroscopy technique used to study the
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properties of correlated electrons systems such as cuprates, through the anal-
ysis of the elementary excitations probed by X-rays. In particular, the exci-
tations accessible by RIXS carry information about the degrees of freedom
which characterize the superconducting cuprates. In fact, with RIXS we can
simultaneously study the energy, momentum and polarization of the elec-
tronic, magnetic and charge excitations of the CuO2 planes. The latter are
at the basis of the superconducting behavior and they represent the core
of all the copper-based compounds. In fact, cuprates are layered materials
characterized by a stacking of superconducting CuO2 layers, consisting of
Cu2+ ions alternated to O2− ions, intercalated by so-called blocking layers
that act as charge reservoirs.

Due to the strong electron-electron interaction typical of the transition
metal oxides, the parent compounds of the high-T c superconducting cuprates
are characterized by a strong antiferromagnetic (AFM) correlation which
persists upon doping. As a consequence, undoped cuprates are usually de-
scribed as Mott insulators where the valence d electrons are localized on the
Cu atomic sites. Here, the Cu2+ ions are in a 3d9 electronic configuration
with the unpaired spin 1/2 per Cu site coupled via superexchange (which is
exceptionally high in cuprates), that is mediated by the surrounding oxygen
ions. The net result of this interaction is reflected in the two-dimensional
(2D) nature of the electronic and magnetic physical properties.

A system can become a superconductor with an increasing of the critical
temperature by adding holes or electrons in the CuO2 planes of insulating
parent compound: in this way T c has a maximum in correspondence of the
so-called optimal doping. Superconductivity in cuprates is usually achieved
by altering the number of mobile carriers (holes or electrons) in the parent
compounds via chemical substitution or by varying the oxygen content. The
transition from the insulating to the superconducting regime is triggered
by the dopant charges in the CuO2 planes which alter the local physical
properties. In this context, long-range orders are rapidly destroyed giving
way to new intriguing scenarios.

High-T c superconductivity is a fascinating phenomenon, which still needs
to be understood. In the last thirty or more years, physicists deployed all
sorts of experimental and theoretical efforts to shed light on the mechanism
behind it. In recent years, RIXS contributed enormously to the debate by
providing information complementary to existing techniques (including in-
elastic neutron scattering, resonant X-ray diffraction, angle-resolved photoe-
mission, etc.). RIXS is a spectroscopic technique capable of probing orbital,
charge and spin excitations and the possibility of measuring the polariza-
tion of scattered photons gives access to further crucial information that
is usually unavailable in polarization-integrated RIXS spectra, such as the
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interplay between charge, spin and orbital excitations.
The ability to disentangle the spectral features of complex RIXS spectra

is crucial to pinpoint the various contributions to the lattice, magnetic and
electronic dynamics at play in high-T c systems. Nowadays, only at the ID32
beamline of the ESRF it is possible to perform polarization resolved RIXS
measurements which have played a crucial role in many cases, such as in the
confirmation of the charge nature of the ordering discovered in the overdoped
region of (Bi,Pb)2(Sr,La)2CuO6+δ, in the assignment to spin excitations the
enhanced dynamic response at the charge order vector of Nd2−xCexCuO4

and finally in the confirmation of the charge nature of the zone-center fast-
dispersing excitations in La2−xCexCuO4. The polarization analysis has been
applied also to systems other than cuprates, that is the case of CeRh2Si2.
All these works will be discussed as an example of the potentialities offered
by polarization-resolved RIXS.

The main objective of this thesis work regards the study of insulating
and superconducting layered cuprates, using resonant inelastic X-rays scat-
tering technique, with special emphasis on the possibility to infer about the
polarization state of the scattered photons. With regard to this, we present a
systematic RIXS study of orbital, magnetic and vibrational excitations in a
prototypical cuprate system belonging to the “123” family (NdBa2Cu3O7−δ).
We measured Cu L3-edge RIXS spectra of undoped, underdoped and opti-
mally doped NdBa2Cu3O7−δ thin films at different in-plane momenta with
both perpendicular and parallel (with respect to the scattering plane) polar-
ization of the incident X-rays. The experimental dataset allows to unequiv-
ocally determine the polarization dependence and the evolution of electronic
dd excitations as a function of doping and scattering geometry. Moreover,
we show that the polarimetric device, a polarization-selective optical element
based on a multilayer, can provide crucial insights to disentangle the differ-
ent contributions in the low energy scale due to spin and phonon excitations.
Finally, we discuss the interpretation of the experimental data within the
framework of the single-ion model and in terms of Stokes parameters. Our
results will be of interest to the large scientific community interested in cor-
related electron systems because they provide important insights into the
interpretation of polarization resolved RIXS data of cuprates.

Besides the polarimetric study of the excitations probed by RIXS in
cuprates, we present a detailed study of the dispersing behavior of orbital
excitations in quasi-one dimensional (1D) systems. It is known that in corre-
lated oxides orbital excitations tend to have a localized character and are usu-
ally described by orbital and spin quantum numbers in a symmetry adapted
atomic picture: thus orbital excitations do not disperse, irrespective of their
spin character. However, theory predicts that at low dimensionality, dd ex-
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citations can split their orbital and spin components, giving rise to complex
dispersion in momentum space. Indeed, orbital excitations with sizable dis-
persion, called ‘orbitons’ due to their collective character, were observed with
RIXS on quasi-1D cuprates.

Our results on the quasi-1D spin = 1/2 AFM Heisenberg chain Ca2CuO3

are consistent with those of Sr2CuO3 but they are analyzed with an improved
theoretical model. In particular, we verify how the Hund’s exchange affects
the observed spectra and whether a predicted interaction between spinon and
orbiton can be observed.

Moreover, our RIXS dataset on the insulating 2D infinite layer CaCuO2

suggests that dd excitations may disperse also in 2D systems. Unfortunately,
the theoretical model adopted for the interpretation of the dispersing orbital
excitations in quasi-1D cuprate cannot takes into account the the sizable dis-
persion measured in the 2D CaCuO2. It is worth mentioning that CaCuO2,
differently from all the other well known 2D cuprates, it is characterized by
the absence of apical oxygens. It has been demonstrated that the apical oxy-
gens largely influence the possibility of valence electrons to ‘jump’ from site
to site in the CuO2 planes. This affects the magnetic spectra of the insulat-
ing parent compounds, where the in-plane hopping is larger in compounds
where there are no apical oxygens, that is the case of CaCuO2. Regarding
the dispersing behavior of orbital excitations in this material, and without a
theoretical model that explain this phenomenon, we believe that the role of
the apical oxygens could be relevant also in the orbital excitations physics.

Finally, motivated by the recent synthesis of the high temperature super-
conducting cuprate with putative d3z2−r2 ground state symmetry Ba2CuO3+δ

(BCO), we investigated its electronic structure by means of X-ray absorp-
tion (XAS) and RIXS techniques on a polycrystalline sample. We show that
the XAS profile of BCO is characterized by two peaks that we ascribe to
inequivalent Cu sites, a scenario that is reminiscent of the double Cu sites in
YBa2Cu3O6+δ. By tuning the incident X-rays energy to the peak ascribable
to the Cu ions in the planes, the RIXS response features a single, sharp peak
associated to crystal-field excitations, and argue that these observations are
incompatible with the previously proposed crystal structure of BCO. We thus
propose an alternative structure, which accounts for our results and previ-
ous powder X-ray diffractions experiments. Based on this, we analyze the
low-energy spectral range of the RIXS spectra and estimate the magnitude
of the magnetic interactions in BCO.
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Introduction

The aim of this thesis is to show how the recent developments of the resonant
inelastic X-ray scattering (from now on RIXS) technique in the soft X-ray en-
ergy range have made possible the realization of a novel kind of experiments.
In particular, we will show that RIXS can be used to probe several degrees
of freedom in insulating and superconducting cuprates, such as spin, charge
and orbital. The improvements in the soft RIXS instrumentation (beamline
optics and spectrometers) at the third generation synchrotron facilities allow
to reach unprecedented performances, especially in terms of energy resolu-
tion and photon flux. After the successful era driven by the AXES [1, 2]
and SAXES [3] spectrometers, most of the synchrotron facilities have or are
realizing high quality RIXS end-stations.

RIXS is a synchrotron-based spectroscopy technique used to study the
properties of correlated electrons systems such as cuprates, through the anal-
ysis of elementary excitations. RIXS is based on a second order process that
makes it a “photon in-photon out” technique [4]. The excitations accessible
by RIXS span from phonons and magnons, at the meV energy scale, to or-
bital (or dd) and charge transfer excitations at few eV. What makes RIXS
an extremely powerful technique is the possibility to simultaneously study
all these excitations. The incident photon energy is chosen such that it cor-
responds to the binding energy of one element in the compound, in our case
the the Cu L3-edge (' 931 electronvolt), greatly enhancing the scattering
cross-section.

In the specific case of cuprates, the incident X-ray energy is tuned to
match exactly the absorption edge promoting a 2p electron into a bound
state just above the Fermi level. At this stage the system is in an unstable
state: although the de-excitation is mostly through Auger processes, the
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radiative decay of the core hole produces the emission of an X-ray photon
that carries information about the excitation left in the system. The whole
process can be thus viewed as the inelastic scattering of X-ray photons, i.e. an
energy loss spectroscopy holding several similarities to Raman and electron
energy loss spectroscopies. Therefore, by analyzing the inelastic features one
can infer about the energy, momentum dependence, symmetry and physical
origin of the excitations left in the sample. In particular, the excitation
in the final state is characterized by an energy E = ~ωi − ~ωo, which is
defined as the energy difference between the incident and emitted photon.
Moreover, the final state of the RIXS process has an intrinsic transferred
momentum, mainly dictated by the adopted scattering geometry, defined as
~q = ~ki − ~ko. Often, in cuprates the relevant transferred momentum is
only the projection onto the CuO2 ab plane q‖ because of the intrinsic two-
dimensional (2D) nature of these materials. RIXS preserves the neutrality of
the measured system since during the scattering process there are no charges
added or removed from the sample. Moreover, RIXS provides an element
and chemical selectivity because of the incident photon energy is tuned to
a specific absorption edge. RIXS even in the soft X-ray range does not
require complicated cleaning procedures for the sample surface because the
penetration depth of X-rays varies from 10 nm in case of soft X-rays to few
micron in the hard X-rays energy range.

The recent development of this technique was particularly favored by the
discovery done by Braicovich et. al. in 2010 [5], where they showed that using
RIXS it is possible to measure the magnon dispersion at the Cu L3-edge. This
has been an important turning point because dispersion of magnons were
traditionally studied using inelastic neutron scattering (INS) which typically
requires large single crystal samples of several cm3 in volume. With X-rays,
instead, one can do experiments with very small samples. Finally, RIXS has
q-resolution: at the Cu L3-edge the incident X-ray wavelength is λ ≈ 10 Å,
value comparable with the typical inter-atomic distances. So that, a sizable
portion of the first Brillouin zone can be investigated.

In this thesis work we have mainly performed RIXS measurements at the
Cu L3-edge in several insulating and superconducting cuprates. RIXS allows
us to access electric-dipole forbidden transitions, such as the 3d → 3d one,
that involved the most relevant properties of these materials. Cuprates are
classified as strongly correlated electron systems and show unusual electronic
and magnetic properties. These systems cannot be described by using a one-
particle theory because electrons are strongly influenced by the other ones
and their collective motion is deeply correlated. Notably, CuO2 layers exhibit
an insulating antiferromagnetic (AFM) phase and, when chemically doped,
a superconducting state below a specific critical temperature. Cuprates are
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also characterized by a very strong in-plane superexchange coupling that
stabilizes a 2D AFM order. The interest in these superconducting materials
has grown during last decades, especially due to their physical properties
and to the possible future powerful technology applications. Since their dis-
covery in 1986 [6] many progresses were done in order to understand the
mechanisms beyond the high temperature superconductivity, but an exhaus-
tive and complete explanation is still unknown [7]. The scenario is open
to novel discoveries due to the development of theoretical models and new
experimental setup.

In particular, in this work we have taken advantage from the possibility
to perform the polarization analysis of the scattered X-rays. The aim is to
show how the polarization state of the scattered photons can add crucial
information in the understanding of the spectral features. The capability to
carry out polarization-resolved RIXS measurements is available solely at the
ID32 beamline at the ESRF - the European Synchrotron [8]. The ERIXS
spectrometer, jointly designed by our group at the Politecnico di Milano and
the ESRF staff, is equipped with a graded multilayer mirror which allows the
determination of the degree of linear polarization of scattered photons while
preserving the energy resolution of the spectrometer.

In Chapter 1 we will give a brief introduction on the materials object
of this thesis, the copper-oxides high-T c superconductors. In particular, we
will describe the electronic, magnetic and crystal structure of cuprates high-
lighting their importance for the manifestation of high critical temperature
superconductivity. In the last section of this Chapter, the phase diagram of
cuprates will be presented underlying its richness and complexity.

Chapter 2 is dedicated to the description of RIXS. We start giving an
overview about all the capabilities offered by this technique. Then we de-
scribe the scattering process and its implications in terms of conservations
laws, which make possible the definition of the energy, momentum and even
the polarization state of a specific excitation left in the system during the
scattering process. We describe the main excitations probed by RIXS and
the experimental setup of the ID32 beamline, which has been widely used
during the three years of my PhD. We will give a brief description of the
ERIXS spectrometer, whose main innovations regard the energy resolution
(30 meV of combined bandwidth at the Cu L3-edge) and the polarization
analysis of the scattered beam which allows a better insight on the symme-
try of the excited states. Other relevant characteristics are the possibilities
to have a continuous regulation of the scattering angle and of the sample ori-
entation which permits to investigate the reciprocal space. Moreover, ERIXS
is characterized by a high luminosity due to the presence of a specific optical
layout. Here we will stress the importance to achieve an energy resolution
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of ≈ 30 meV, giving some examples of works made possible solely thanks to
such performances. That is the case, for example, of the first detection of
the superconducting energy gap by RIXS, the systematic study of low-energy
phonons and the discovery of charge density fluctuations characterized by an
energy of few meV. In the last sections of this Chapter we give the theo-
retical background for the understanding of the polarization analysis, where
we have adopted the approach based on the Stokes parameters and Poincaré
sphere [9, 10] to interpret the polarization state of the light.

In Chapter 3 we present a systematic RIXS study of orbital, magnetic and
vibrational excitations in a prototypical cuprate system (NdBa2Cu3O7−δ).
We measured Cu L3-edge RIXS spectra of undoped, underdoped and opti-
mally doped NdBa2Cu3O7−δ thin films at different in-plane momenta with
both perpendicular and parallel (with respect to the scattering plane) po-
larization of the incident X-rays. The experimental dataset allows to un-
equivocally determine the polarization dependence and the evolution of dd
excitations as a function of the scattering geometry and doping. Moreover,
we show that the polarimeter can provide crucial insights to disentangle the
different contributions in the low energy scale. Finally, we discuss the in-
terpretation of the experimental data within the framework of the single-ion
model [11] and in terms of Stokes parameters [9, 10].

Chapter 4 gives an overview of all the polarization-resolved RIXS mea-
surements performed at the ID32 beamline of the ESRF, showing some of all
the feasible and potential applications of polarization-resolved RIXS. Here we
demonstrate how this kind of experiments allowed us to infer about the many
and different mechanisms at play in the low energy scale of undoped and hole
doped cuprates, such as charge order and magnetic excitations. Moreover,
we show that in the case of electron doped cuprates the outgoing polarization
analysis of the RIXS spectra has been also crucial for the assignment of a fast
dispersing mode to a plasmonic excitation and for the existence of dynamic
correlations at the charge-order wave vector which primarily involves spin-
flip excitations. In the last section of this Chapter we report the systematic
work done for the assignment, with unprecedented accuracy, of the crystal
field excitations in a Ce-based compound.

In Chapter 5 we present a systematic high-resolution RIXS study at the
Cu L3-edge on the quasi-1D spin = 1/2 AFM Heisenberg chain Ca2CuO3 and
on the insulating 2D infinite layer CaCuO2. The idea behind this work is
to investigate the dispersing behavior of orbital excitations as a function of
the dimensionality. In correlated oxides electronic excitations tend to have
localized character and are usually described by orbital and spin quantum
numbers in a symmetry adapted atomic picture: usually dd (i.e. orbital)
excitations do not disperse, irrespective of their spin character. On the con-



Introduction 5

trary, pure spin excitations have collective nature: spin-waves (or magnons)
display large energy dispersion vs momentum. Theory predicts that at low
dimensionality dd excitations can split their orbital and spin components,
giving rise to complex dispersion. Starting from the quasi-1D Ca2CuO3

(Section 5.1.4), besides the magnetic excitations, being well-described by
the two-spinon continuum, we observe two dispersive orbital excitations, the
3dxy and the 3dyz orbitons. A quantitative comparison of the RIXS spec-
tra, obtained with two distinct incident polarizations, with the theoretical
model is performed. We show that a realistic spin-orbital model needs to
contain a finite, but realistic, Hund’s exchange JH ≈ 0.5 eV. Differently from
the 1D case, in 2D cuprates dd excitations do not usually show any size-
able energy dispersion vs momentum. On the contrary, pure spin excitations
(or magnons) display large energy dispersion thanks their collective nature.
However, our data on CaCuO2 (Section 5.2.4) suggest that dd excitations
disperse also in 2D systems. It turns out that the theory model based on the
Hund’s exchange used in the 1D case cannot account for the orbital excitation
dispersion seen in the 2D CaCuO2.

Finally, in Chapter 6, we discuss the first RIXS results obtained on a
polycrystalline Ba2CuO3+δ sample. This novel high-T c copper-based super-
conductor, supposedly isostructural to the well known (La2−x,Bax)CuO4, has
challenged the common belief about the dx2−y2 symmetry of the ground state
in the insulating parent compounds, which eventually gives rise to d-wave su-
perconductivity upon doping [12]. It is well known that the electronic struc-
ture of cuprates is characterized by a ground state of predominant dx2−y2
symmetry [13], due to the structural elongation of the CuO6 octahedra. This
fact that is widely accepted to be a key ingredient for d-wave superconduc-
tivity observed in these materials. On the contrary, it has been proposed
that Ba2CuO3+δ is characterized by a d3z2−r2 ground state due to a slightly
compressive distortion of the CuO6 octahedra. After the discovery of this
new material, many theoretical models have been already proposed trying to
explain the implication of a d3z2−r2 ground state in the manifestation of su-
perconductivity, also because it apparently undermines the role of the dx2−y2
ground state. We decided to carry out RIXS at the Cu L3 absorption edge to
shed new light on the electronic and magnetic structure of this material. Un-
fortunately, a powder sample cannot allow a systematic study playing with
the photons polarization and the scattering geometry. Nevertheless, we are
able to extract useful information about the in-plane magnetic interaction
and, surprisingly, on the crystal structure.

In this thesis I will present only some of the important results achieved
by myself together with my group and collaborators among these years. Ob-
viously, all the results presented in the following could not be achieved by
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one single person. However, all the experimental data discussed in this the-
sis, except few cases, have been taken by myself. Moreover, for the results
reported in Chapter 3, 5 and 6, I have personally taken care of the data
analysis, and in the specific case of Chapter 3, I have also calculated the
RIXS cross-sections within the framework of the single-ion model which had
a fundamental role in the understanding of the experimental data. Regard-
ing Chapter 4, I contributed in different ways to the data analyses done
by my collaborators and coworkers (except in the cases of Chapter 4.5 and
Chapter 4.6). Finally, I had the chance to join many other experiments
not discussed hereafter, whose results are somewhat enclosed in my list of
publications reported at the end of this thesis work.



CHAPTER 1

Superconducting cuprates

In this first Chapter we will give a generic introduction about the histor-
ical importance of high critical temperature (T c) superconductors in the
field of condensed matter physics. We will describe the crystal structure to-
gether with the electronic and magnetic properties of high-T c superconduct-
ing cuprates summarized by their impressively rich phase diagram. Finally,
a brief introduction to their superconducting properties will be given.

Contents
1.1 High T c superconductors . . . . . . . . . . . . . . 7

1.2 Superconducting cuprates . . . . . . . . . . . . . 9

1.2.1 Crystal structure . . . . . . . . . . . . . . . . . . . 9

1.2.2 Electronic and magnetic properties . . . . . . . . . 10

1.2.3 Superconducting properties . . . . . . . . . . . . . 14

1.2.4 Phase diagram . . . . . . . . . . . . . . . . . . . . 15

1.1 High T c superconductors

For 40 years, the interest in strongly correlated electrons systems, such as
3d transition metal oxides (TMOs), has increased because of the emergence
of novel quantum ground states. These materials show many interesting
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phenomena, as for example high critical temperature (T c) superconductiv-
ity in cuprates [6], colossal magnetoresistance in perovskite manganites [14]
and multiferroicity [15]. These properties result from the strong electronic
correlation that significantly affects the physics of these compounds. This
leads to a variety of novel exotic properties, i.e. Mott insulators, broken
symmetry orders, high-temperature superconductivity and metal-insulator
transitions [16].

In this scenario, cuprate superconductors have played a big role attract-
ing the attention of the entire scientific community since their discovery by
J. G. Bednorz and K. A. Müller in 1986 (awardees of the Nobel Prize in
1987) [6], representing a breakthrough in condensed matter physics. One of
the most fascinating properties of superconducting cuprates is that they show
a critical transition temperature much higher than the one predicted by the
BCS theory and measured in conventional superconductors where it could
not exceed 30 K at the time [17]. J. G. Bednorz and K. A. Müller demon-
strated that ceramic materials such as copper oxides, if chemically doped,
can reach a critical temperatures well above the boiling point of liquid nitro-
gen (77 K), making high temperature (or “unconventional”) superconductors
highly significant for possible technological applications, as liquid nitrogen
is far less expensive than liquid helium, which is needed to cool conven-
tional superconductors in order to achieve their superconducting state. The
fact that the BCS theory can neither predict nor explain the high supercon-
ducting transition temperature of unconventional superconductors suggests
that these materials are characterized by uncommon physical properties. For
example, the mechanism beyond superconductivity in cuprates cannot be ex-
plained with the s-wave pairing mediated by the electron-phonon coupling
that characterized conventional superconductors.

After the discovery of superconductivity in La2−xBaxCuO4, many other
materials have been found to be superconductors. In Figure 1.1 we report
a summary of the most important high-T c superconductors (HTS) discov-
ered in the last 40 years, together with their critical temperatures and their
most common crystal structures. In specific conditions, such as under high
pressure, the highest superconducting transition temperature has been mea-
sured in a mercury-based copper-oxide (T c = 165 K), which is unfortunately
still too low for possible technological applications. The interest in this new
fascinating phenomenon brought the scientific community to discover other
materials that display unconventional superconductivity, and among these
the most important to mention are the layered iron-based superconductors.

The discovery of unconventional superconductors generated an enormous
amount of scientific investigation: despite the countless experiments and the-
oretical models proposed in more than 30 years since their discovery, there



1.2 Superconducting cuprates 9

Figure 1.1: Superconducting transition temperatures versus year of discovery for
different families of superconductors. On the right side the crystal structures of some
of them is shown. Figure from Ref. [7].

is not yet a convincing and conclusive explanation of high-T c superconduc-
tivity [7].

1.2 Superconducting cuprates

Copper-based superconductors belong to the 3d transition metal oxides fam-
ily. They are layered materials characterized by CuO2 layers, which play
the major role for the superconducting properties, separated by spacer layers
that generally differ from one compound to another. In the following we will
summarize their crystal, electronic and superconducting properties.

1.2.1 Crystal structure

Most of the HTS cuprate families are characterized by having a two dimen-
sional (2D) layered crystal structure made of CuO2 planes, where supercon-
ductivity is induced. They are usually separated by the so-called “charge
reservoir” layers: the interaction between these intermediate layers and the
CuO2 planes plays an important role in the physical properties of cuprates.
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In fact, superconductivity is usually achieved in doped samples, that are
obtained by chemical substitution (or oxygen stoichiometry) in the spacing
layers.

Figure 1.2: Partial representation of the crystal structures of some representative
2D cuprate families. Figure from Ref. [18].

In Figure 1.2 we report the partial schematic representation of the crys-
talline structures of some 2D cuprate families: the compounds reported here
differ by the number of apical oxygens, which play an important role in the
physics of HTS, as we will explain later. In particular, from the left to the
right of Figure 1.2, we show the single-layer Bi2Sr2CuO6+δ (Bi2201), the bi-
layer NdBa2Cu3O7−δ (NBCO) and the infinite layer CaCuO2 (CCO). As we
can see, all these structures of square plaquettes are characterized by the
common 2D CuO2 planes divided by spacing layers which can contain differ-
ent chemical elements. Usually, the copper ions in 2D layered cuprates are
nominally divalent (Cu2+) and are coordinated with four in-plane O2− (in
the case of filled 2p orbitals) ions which leads to the formation of squared
plaquettes (see Figure 1.4). The presence of the out-of-plane apical oxygens
is responsible for the creation of Cu-O polyhedra: in particular, one apical
oxygen leads to the formation of a pyramid, while an octahedron is arranged
by the presence of two apical oxygens. The typical in-plane Cu-O distance is
of the order of 1.91-1.94 Å, whereas the distance between the apical oxygen
and the CuO2 planes can span in the range of 2.3-2.7 Å [19].

1.2.2 Electronic and magnetic properties

Regarding the electronic structure of HTS cuprates, in a pure ionic picture
the copper ions (Cu2+) in the CuO2 planes are nominally in a 3d9 electronic
configuration [20] with one unpaired electron in the 3dx2−y2 orbital [13]. For
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this reason, their electronic properties are generally described considering a
one hole system with dx2−y2 symmetry. The occupied 3d orbitals, depending
on the symmetry group (which is in general tetragonal or orthorhombic) and
on the ligands coordination are non-degenerate in energy. In fact, consider-
ing the crystal field model, the surrounding oxygens atoms break the pure
spherical symmetry of the crystalline potential leading to a splitting of the
3d states.

Figure 1.3: Illustration of the Cu 3d levels split by the crystal field and the energy
level diagram for 3d orbitals in spherical, cubic and tetragonal symmetry. Figure from
Ref. [11].

In Figure 1.3 we report the diagram of the energy level in the present case
of 3d orbitals as a function of the crystalline distortion. The parameter 10Dq,
called crystal field splitting, is defined as the energy difference between the
double degenerate eg (dx2−y2 and dz2−r2) and the triply degenerate t2g (dxy,
dxz and dyz) orbitals, whereas the terms 4Ds+5Dt and 3Ds-5Dt give the
energy splitting between the eg and the t2g states. Moving from a cubic
(Oh) to a tetragonal (D4h) symmetry, the degeneracy of the eg and t2g levels
is removed leading to a more complicated energy level diagram where the
orbitals separation is mainly dictated by the distance between the apical
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oxygens and the Cu ion.
The symmetry and energy of the Cu-3d states have been recently revealed

in a large number of HTS cuprates thanks to the new unique properties of-
fered by the spectroscopic resonant inelastic X-ray scattering (RIXS) tech-
nique (see Chapter 2). The determination of the electronic configuration has
been done by combining the RIXS experimental results together with the
calculated RIXS cross-sections in a pure ionic picture in order to assign the
crystal field parameters mentioned above [11]. Throughout most of the ex-
perimental results discussed in this thesis we will extensively use this method
for the study of orbital excitations.

Concerning the magnetic properties, layered copper-oxides can be classi-
fied as 2D Heisenberg antiferromagnets. In fact, below the Néel temperature
TN (that is of the order of ∼300 K in layered cuprates), the Cu2+ spins 1/2 are
ordered antiferromagnetically (AFM) via super-exchange interaction, mainly
mediated by the surrounding oxygens present in the CuO2 planes. The insu-
lating behavior of the undoped cuprates originates from the electron-electron
repulsion (U) at each Cu atom. Being the 2D layered cuprates Mott insula-
tors, the super-exchange constant is generally of the order of ∼ 130 meV and
it is inversely proportional to the Coulomb repulsion U . Moving from the
undoped cuprates (which are the insulating parent compounds of the HTS)
to doped compounds, the AFM long-range order is progressively destroyed
by the added charges and superconductivity appears. Since all the super-
conducting cuprates are characterized by having an AFM ordering in the
CuO2 planes, many ideas have been proposed in the literature trying to link
antiferromagnetism and superconductivity [21]. More recently, many the-
ories supported by experiments suggest that coherent collective excitations
of the electrons spin structure in a 2D square lattice, quasi-particles usu-
ally called magnons that are the eigenstates of the 2D AFM ordered CuO2

planes, could be the acting force that drives the pairing mechanism instead
of the one where superconductivity is mediated by the electron-phonon cou-
pling. Since magnons are classified as collective modes, they involve more
than one Cu site and can propagate through the planar lattice. The weak
dispersion visible also along the perpendicular direction has attracted much
less interest, since the coupling between the CuO2 planes is almost absent.

More recently, dispersing spin-wave-like excitations (hereafter param-
agnons) in doped compounds have been discovered firstly in the underdoped
La2−xSrxCuO4 [5] and subsequently in YBa2Cu3O6+δ HTS [22]: here, they
demonstrated that paramagnons persist up to the optimally doped regime,
preserving the spectral weight and the dispersing character of magnons in
insulating cuprates. This important breakthrough in the knowledge of HTS
cuprates opened the path to new theories in support of a magnetic-mediated
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high-T c superconductivity. In fact, even in the absence of the AFM long-
range order, magnetic fluctuations persist in the superconducting state, and
for this reason they have attracted a lot of interest in the recent years [21].

Putting all together the properties mentioned above, we can say that HTS
cuprates show a 2D character that allows us to restrict the study solely to the
bidimensional first brillouin zone (BZ). In the right of Figure 1.4 we report
the schematic representation of the first BZ highlighting the high symmetry
points marked in reciprocal lattice units (r.l.u.): Γ represents the center of
the BZ, while M the AFM scattering vector.

Figure 1.4: Generic scheme of a CuO2 plaquette: copper atoms are in orange,
while oxygens in blue. On the right side the reciprocal lattice together with its high
symmetry points is illustrated. The points Γ, X and M are reported in reciprocal
lattice units (r.l.u.). Figure from Ref. [23].

Besides the 2D cuprates introduced in this chapter, a special mention has
to be made also for the family of the quasi-one dimensional (1D) cuprates,
which will be discussed in greater detail in Chapter 5. These compounds,
such as for example Sr2CuO3 and Ca2CuO3, are particularly interesting due
to their peculiar electronic and magnetic properties. Both materials show
the same crystalline structure [24, 25, 26], characterized by the quasi-1D
CuO3 chains of corner-sharing CuO4 plaquettes along one particular crystal-
lographic axis. Concerning the electronic properties, they can be classified
as charge-transfer (CT) insulators due to the presence of an unoccupied O
2p band between the Cu 3d upper and lower Hubbard bands [27], while the
strong on-site Coulomb repulsion U results, as in the 2D case, in a ground
state with one localized hole per Cu ion in the 3dx2−y2 orbital. From the mag-
netic point of view, Sr2CuO3 and Ca2CuO3 constitute probably the best rep-
resentation of the quasi-1D spin 1/2 AFM Heisenberg chain [26]. The strong
anisotropic interaction comes from the Cu-O-Cu bonds along the chains direc-
tion, while the coupling along the other crystallographic directions is almost
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negligible: as a consequence, these materials are 1D magnetic systems with
a particularly large super-exchange interaction.

As we will explain much more in detail in Chapter 5, quasi-1D cuprates
host one of the most fascinating phenomena in condensed matter, the electron
spin-orbital (or spin-charge) fractionalization (or separation). A separation
usually occurs when an electron fractionalizes into its constitutive parts,
such as charge, orbital and spin. The quasi particles that describe these
three degrees of freedom of an electron in solids are named holon, spinon
and orbiton and they can be independently studied [28]. In Chapter 5 we
will focus the attention on the case of the spin-orbital fractionalization in the
quasi-1D Ca2CuO3 material.

1.2.3 Superconducting properties

As previously mentioned, superconductivity is achieved into the CuO2 planes
by changing the carrier concentration in the interstitial layers. Limiting the
discussion to the hole doped case, it is widely accepted that the doping holes
mainly occupy the oxygen states that surrounded the Cu atom in the plaque-
tte. Having an opposite spin direction with respect to the one of the Cu2+

ion, the increase of the doping concentration breaks the long-range AFM
order, although the short range spin-spin correlation is largely preserved. In
this scenario, where the system has one more hole and a zero net spin with
respect to the AFM ground state, the quasi-particle known as Zhang-Rice
singlet (ZRS) [29, 30] is formed by the Cu 3x2−y2 hole hybridized with the
delocalized added doped ligand hole on the planar O 2px and 2py orbitals.
The propagation of the ZRS along the CuO2 planes as a Cooper channel has
been proposed to be one possible explanation of the mechanism beyond the
high-T c superconductivity in cuprates.

Knowing that electrons in solids can form pairs, another important as-
pect that has to be taken into account is their pairing mechanism responsible
of the conductivity in HTS cuprates [31]. It is widely accepted that in con-
ventional superconductors the pairing mechanism has a s-wave symmetry
with a spin-singlet pairing due to the phonon-mediated many-body electron-
electron interaction [17]. Since we know that this theory cannot work in the
case of high-T c superconductors, another model is needed. Historically, the
starting point for the understanding of this complex scenario is the Hubbard
model, where the main ingredients are the on site electron-electron Coulomb
repulsion U and the hopping parameter t (usually expressed in form of the
bandwidth W = 8t). Unfortunately, especially in the doped cases, an an-
alytic solution of this model cannot be provided. Nevertheless, approxi-
mate solutions can be obtained revealing a d-wave superconducting ground
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state [7], which differs from the s-wave type proposed by the BCS theory.
This hypothesis has been experimentally investigated in single crystals and
c-axis oriented films of YBCO: SQUID, magnetometry and single/tricrystal
junction interferometry have confirmed this assumption [32, 33, 34, 35], and
subsequently these evidences have become a common feature to all the HTS
cuprates. In reality, as discussed in the previous section, the ground state
of the cuprates is antiferromagnetic, a property that has been successfully
captured by the so-called t−J model, one of the developments of the single-
band Hubbard model. This model works especially in the strong-coupling
limit considering a large U/t ratio [36], that is the case of strongly correlated
electrons systems such as cuprates.

Despite the several models and theories proposed in the last decades,
the high temperature superconductivity is still a mystery, but its solution
must be built on a number of features common to all the HTS cuprates. As
previously mentioned, one of the most and widely accepted interpretations
is based on the fact that the symmetry of the ground state in the insulating
parent compounds has a dx2−y2 character, due to the structural elongation
of the CuO6 octahedron, which leads to a d-wave superconductivity upon
doping.

1.2.4 Phase diagram

The complexity of the physics of cuptrates is summarized in the phase di-
agram shown in Figure 1.5. This phase diagram, characterized by unique
features, displays the temperature behavior as a function of the hole concen-
tration in copper oxides. Here the superconducting phase is one of the several
phenomena that take place, and a complete explanation of this abnormally
rich phase diagram is still missing [37].

It has to be underlined that the phase diagram as a function of the electron
doping is similar (with some exceptions, such as for example the absence of
the pseudogap phase) to the one sketched in Figure 1.5. As mentioned above,
the hole (or electron) doping level can be varied via chemical substitution
or by introducing extra oxygen atoms in the CuO2 planes, and as a result
doped compounds with different doping level (and T c) can be obtained. More
specifically, hole (electron) doped compounds are obtained when electrons
are removed (added) from (to) the CuO2 layers. At zero (or extremely low)
doping level, cuprates can be classified as Mott-Hubbard insulators with a
long range AFM order having an optical gap of the order of ∼2 eV. By
increasing the hole concentration, the AFM order is substantially destroyed
and superconductivity appears: the superconducting critical temperature
T c increases up to its maximum at a doping level defined as optimal (OP).
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Figure 1.5: Schematic illustration of the phase diagram of HTS cuprates as a func-
tion of the hole doping, where the main phases that occur int these materials are
highlighted. Figure from Ref. [7].

Between the AFM and the OP region, a phase denoted as underdoped (UD)
region has attracted much attention due to its unusual properties. Here,
above the superconducting dome (the region in the phase diagram where
T c 6= 0), the so called pseudogap phase persists up to temperature well
above T c. From the experimental point of view, a hint of the presence of
this phase is given by a partial energy gap in the proximity the Fermi energy
(where there is a substantial reduction of the density of states) usually seen in
spectroscopic data. Furthermore, its presence can be related to the formation
of Fermi arcs along the nodal direction in the Brillouin zone [38]. Despite
the several experimental investigations, the interplay between this phase and
superconductivity remains unclear [39]. Though the origin of this intriguing
phase is still under debate, recent experimental evidences show that at these
doping levels the system is characterized by several and different incipient
orders that occur on intermediate length scales, such as charge order or charge
density waves (CDW), spin density waves (SDW), electron nematic order and
probably pair density waves (PDW).

The charge order, common to all the HTS cuprates, has been firstly
discovered in the form of stripe order in the “214” cuprate families (i.e.
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La2−x−y(Sr,Ba)x(Nd,Eu)yCuO4) [40, 41, 42] where it is strictly related to
the uniaxially modulated AFM of the CuO2 planes. This competing order
is characterized by commensurate modulation of period 4a in the case of
charges, while it is twice in the case of the spins modulations (here a is
the lattice parameter which indicates the distance between neighboring Cu
atoms). Their interplay is responsible of the suppression of T c at a hole con-
centration p ∼ 1/8 (doping level p = 0.125). This is the experimental evidence
of the competition between stripes and superconductivity.

In other cuprate families, such as “123” compounds, the signature of
charge density in the underdoped regime has been initially detected solely in
the presence of magnetic field [43, 44]. Subsequently, in 2012 the presence of
long-range incommensurate charge density waves in (Y,Nd)Ba2Cu3O6+δ has
been discovered [45]. The incommensurability (with respect to the underlying
lattice) of the CDW wave vector has been found thanks to X-ray experiments,
that after this discovery became one of the most widely used techniques
for the investigation of charge order in cuprates. In fact, resonant X-ray
scattering (RXS) experiments demonstrate that the presence of CDW in
both hole [46, 47, 48] and electron [49] doped cuprates can be considered as
a generic property common to all the HTS cuprates. Finally, as in the case
of stripe-ordered cuprates, the experimental signature of the CDW signal
strengthens the idea of a competition between charge ordering phenomena
and superconductivity. In particular, the CDW signal shows a maximum at
the superconducting transition temperature T c followed by a considerable
drop below T c.

The phase diagram reported in Figure 1.5 summarizes all the physical
properties discussed above. The presence of competing order is mainly in the
underdoped regime: the onset temperatures of these phenomena are present
in the pseudogap phase and it seems that their evolution can affect the su-
perconducting dome. Going towards higher level of hole doping, at high
temperatures doped cuprates in the OP and in the overdoped (OD) regions
act as strange metals, the enigmatic normal state from which superconduc-
tivity emerges that does not follow the conventional transport properties. In
fact, at temperatures higher than T c, the conductivity is significantly smaller
than the one registered in normal metals, and in addition to that its tem-
perature and frequency dependences are incompatible with the conventional
theory of metals.

Despite the extensive scientific inquiry, both from the experimental and
theoretical point of view, an overall and accepted understanding of the super-
conducting mechanism in cuprates is lacking, making the unresolved problem
of superconductivity one of the biggest challenges in the solid state physics.

We would like to remark that the scope of this thesis is to present the
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results with a phenomenological and empirical approach. In most of the cases,
the measurements reported hereafter are often interpreted using calculations
and theories: being an experimental thesis, we will provide to the reader a
qualitative description of the theoretical background supported by references,
without going into the details since this is not the scope of this work.



CHAPTER 2

Resonant inelastic X-rays scattering

In this chapter we will introduce the resonant inelastic X-ray scattering (from
now on RIXS) spectroscopic technique. Due to the recent improvements in
the performance of the instrumentation, especially in terms of energy resolu-
tion and efficiency, this technique has gained a lot of attention in the study
of transition metal oxides, such as high-T c cuprate superconductors. RIXS
is particularly suitable to investigate the elementary excitations in solids re-
lated to all the degrees of freedom in solids, i.e. lattice, spin, charge and
orbital. After discussing the main features of this spectroscopic technique,
such as the scattering process, the RIXS cross sections and the several exci-
tations that can be probed, we will focus on the advantages brought by the
polarization analysis of the scattered X-ray photons.
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2.1 Introduction

Resonant inelastic X-ray scattering is a “photon in - photon out” energy loss
synchrotron-based spectroscopic technique [4] which has gained, especially in
the last two decades, the interest of the scientific community due to the pos-
sibility of studying a wide range of excitations in solids. What makes RIXS
a powerful and unique technique for the study of the electronic and magnetic
properties in a large variety of materials lies in the following characteristics:

• element (and chemical) selectivity : in a typical RIXS measure-
ment, the energy of the incident X-ray photons is chosen to match a
specific absorption edge of the system under study. In this way, the
inelastic scattering cross-sections are enhanced and, consequently, it
is possible to probe with remarkable accuracy the different degrees of
freedom (charge, magnetic and orbital) for the selected atom. Further-
more, being the absorption line shapes and the peak energies affected
by the chemical environment, one can selectively choose among the dif-
ferent oxidation states or coordination symmetries. Once the photons
are scattered by the sample, an excitation is created and the system is
left in a state different from the initial one. The RIXS spectra and their
polarization and geometrical dependencies carry valuable information
on the symmetry and momentum of the excitations in the solid.

• momentum resolution: X-ray photons carry a larger momentum
than the one of the optical photons. As a consequence, the transfered
momentum is enough to probe a large portion of the reciprocal space.

• neutrality : the overall neutrality of the system is preserved during the
scattering process, since there are no charges added or removed from
the sample. As a result, we can avoid charging problems when studying
insulating compounds. Moreover the experiment can be made in the
presence of electric and magnetic fields and, when using hard X-rays,
under high pressure.

• bulk sensitivity : already in the soft X-rays energy range (400-1500
eV) RIXS is considered a bulk sensitive technique because the pene-
tration depth inside the material spans from tens of nm to few µm.
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Exploiting this capability, it is possible to study the bulk properties
even in the presence of surface contamination.

• small samples : differently from inelastic neutron scattering (INS),
where the neutron-matter interaction is relatively weak requiring big
sample volumes, RIXS measurements are possible in the case of small
sample volumes, such as, for example, thin films and nano-samples.

In a RIXS spectrum the scattered photon intensities are usually reported
as a function of the energy transferred to the sample, which is representative
of the excitations occurred in the material during the process. The spectral
features of interest in RIXS generally involve low-energy excitations in the
quasi-elastic region (∼ O energy loss), phonons and magnons in the meV
scale, orbital excitations and charge transfer at few eV. Throughout the
thesis, we will discuss each of them showing different experimental works.

Focusing on the soft X-rays regime, that is the case for example of RIXS
at the Cu L2,3-edges, one of the main limitations has been the energy reso-
lution, often not good enough to disentangle low-energy excitations. A quite
impressive work in the last few years has been done to overcome some techni-
cal issues. A new era for this technique was born thanks to the realization of
the ERIXS spectrometer at the ID32 beamline of the ESRF - The European
Synchrotron [8]. This instrument has set new standards conceiving a new
generation of RIXS experiments, especially where all the low-energy excita-
tions are detectable and with full access to the two- and three-dimensional
reciprocal space. Equivalent, and in some cases more ambitious, projects in
other facilities all over the world are going to be operational in the next years,
that is the case, for example, of the SIX beamline at NSLS in Brookhaven
National Lab. and I21 at Diamond Light Source.

Hereafter in this Chapter we will give a general description of RIXS tech-
nique, together with an introduction to the theoretical description of its
cross-sections mainly following Refs. [4] and [50]. In the last part of this
Chapter we will concentrate the attention on the instrumentation needed to
perform the polarization analysis of the scattered radiation: about this topic,
we will also describe the physical interpretation of polarization-resolved RIXS
describing the different spectral contributions in terms of Stokes parameters
and within the framework of the single-ion model.

2.2 Scattering process

RIXS is well described as a second order process where the intermediate
state is not observed: initially, an incident monochromatic X-ray photon,
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with momentum ~ki and energy ~ωi dictated by the resonant condition, is
absorbed by the sample. As a direct consequence, a core electron is promoted
to an empty state above the Fermi level leaving a deep core hole. At this
stage, the system is in an unstable condition with a lifetime of the order of
∼1 fs, and rapidly decays filling the core hole emitting another X-ray photon
with energy ~ωo and momentum ~ko.

The energy diagram of the RIXS process is reported in Figure 2.1, where
we can easily identify RIXS as a two-steps process.

Figure 2.1: Scheme of the RIXS two-steps process: a core electron is promoted to
an empty state above the Fermi level after being absorbed. The system rapidly decays
by filling the core-hole created during the first step emitting a photon characterized
by an energy ~ωo and momentum ~ko. Figure from Ref. [51].

In general, ~ωo 6= ~ωi, which means that the final state of the RIXS process
does not coincide with the ground state: the energy difference ~ωi − ~ωo is
thus the energy of the final state. If ~ωo = ~ωi, no excitations are left in the
system: the final state coincides with the initial one, and we will refer to it
as elastic scattering. Due to the conservation laws of energy and momentum
during the scattering process, each final state has an intrinsic energy loss E
and momentum ~q

E = ~ωi − ~ωo (2.1)

~q = ~ki − ~ko (2.2)

In Figure 2.2 the conservation laws of energy and momentum are schemat-
ically illustrated. By applying the conservation law of the total angular mo-
mentum involved during the RIXS process, we can also retrieve information
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about the polarization state of the ingoing and outgoing photons (εi,o). As a
matter of fact, the analysis of the RIXS spectrum is done by fully character-
izing the incident and scattered photons in terms of their energy, momentum
and, when possible, polarization.

Figure 2.2: Schematic illustration of the kinematic (left) and conservation laws
(right) in the RIXS process. The energy E transferred to the sample in a solid
angle Ω is given by the energy difference between the incident and scattered photons
(~ωi − ~ωo). Here 2θ represents the scattering angle, which defines the transferred
momentum to the sample ~q = ~ki − ~ko.

2.3 Features in a RIXS spectrum

As previously mentioned, RIXS is capable to probe several degrees of freedom
of the system under study, such as charge, spin and orbital. In the specific
case of RIXS at the Cu L3-edge (~ωi ∼ 931 eV), an electron from the 2p3/2

states is promoted to the empty 3dx2−y2 orbital, which is the only one valence
state above the Fermi level [13] and the radiative decay can involve all the
other 3d states.

The energy diagram of RIXS performed at the Cu L3-edge is schematically
represented in Figure 2.3. Since the copper atom in the layered cuprates
usually has valence 2+, its electronic configuration can be described with
9 electrons filling the 3d orbitals, and the only 3d unoccupied orbital has
usually a dx2−y2 symmetry. This assumption will help us in the following
discussion avoiding the problem related to the particle-particle interaction.
In Figure 2.3 we highlight the presence of an highly unstable intermediate
state, where the spin state is mixed due to the large spin-orbit interaction
between the 2p states (∼20 eV). The very short lifetime of this state is mainly
driven by the Auger decay processes, although it is not directly observable
during a RIXS experiment. Finally, an excitation is left in the solid when we
have a hole in one of the 3d orbitals and the energy and momentum of the
emitted photon differs from the incident one.
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Figure 2.3: Energy scheme of the RIXS process at the Cu L3-edge and associated
typical RIXS spectrum.

In the left side of Figure 2.4 we report the Cu L3-edge absorption spec-
trum measured in total electron yield (TEY) on a CaCuO2 single crystal. As
explained before, this measurement is essential to exactly tune the incident
energy on the main L3 absorption peak. Once the incident energy is set, the
RIXS spectrum (shown in the right side of Figure 2.4) can be measured.

In a RIXS experiment it is possible to tune the incident photon energy
across the resonance and see how the excitations evolve. By keeping the same
momentum transfer, the energy of the emitted photons (~ωo) relative to a
specific excitation can be constant or changing as a function of the incident
one (~ωi). We will refer to Raman-like excitations when the spectral features
have a constant energy loss ~ωi − ~ωo, while for those characterized by the
constant energy of the scattered photons (independently from the incident
energy) we will refer as fluorescence-like excitations. Hereafter we will restrict
the study to solely the Raman-like excitations accessible by RIXS.

As previously mentioned, a finite momentum ~q is transferred from the
incident photons to the system under study during the RIXS process. By
changing the scattering geometry, it is possible to track the momentum de-
pendence of the Raman-like features allowing us to single out their local or
collective character. The main differences between them lies in the fact that
the latter show a dispersion in the reciprocal space, usually symmetric with
respect to the q inversion, whereas for localized excitations the momentum
transferred is not a good quantum number. In the latter case no dispersion
can be observed.

As we will better describe in the last part of this Chapter, one can also
infer about the polarization state of the emitted photons. In this way, by
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Figure 2.4: Left panel: X-ray absorption spectrum at the Cu L3-edge measured in
total electron yield (TEY) on a CaCuO2 thin film. Right panel: example of a typical
CaCuO2 RIXS spectrum: in the low-energy range (inset) we can distinguish the quasi-
elastic peak at ∼0 eV, phonons and magnetic excitations (single-and bi-magnon). At
higher energies the spectrum is dominated by the dd and charge transfer excitations.

exploiting the possibility of controlling either the polarization (linear and
circular) of the incident and scattered photons, a total control on the sym-
metry of both the initial and final states can be achieved. In fact, due to the
conservation of the total angular momentum during the RIXS process, the
photon polarizations εi,o have to obey to well defined selection rules.

Regarding the instrumentations that make this kind of experiments pos-
sible, with the installation of the insertion devices in synchrotrons, the po-
larization of the incident X-rays can be easily set either linear or circular.
Much more problematic, especially in the soft X-ray energy range, is the con-
trol of the outgoing polarization εo: differently from the hard X-rays case,
where the detection of the polarization of the scattered photons is achiev-
able thanks to the Bragg optics, in the soft X-rays one has to depend on
multi-layered mirrors characterized by a lower polarization sensitivity and
reflectivity. However, a polarimeter for the detection of the polarization of
the scattered radiation has been installed on the ERIXS spectrometer of the
ID32 beamline at the ESRF and it is currently available to users [8]. As it
will become clear later on, this device allowed us to disentangle the nature
of almost all the spectral features present in a typical Cu L3-edge spectrum.

Starting from the low energy region shown in the top-left inset of Fig-
ure 2.4, we can distinguish four different contributions. The quasi-elastic
peak at ∼0 energy loss is mainly limited by the energy resolution and by
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the quality of the sample. In fact, thermal diffuse scattering, defects and
roughness of the surface can generally give additional intensity. Despite this,
the study of the elastic peak intensity has become a well established routine:
it has been demonstrated that the evolution of the elastic signal as a func-
tion of the in-plane momentum reveals the presence of charge density waves
in cuprates [45]. Moreover, with a pioneering work published in Science we
have recently demonstrated that short-range dynamical charge density fluc-
tuations (CDF) exist throughout the cuprate phase diagram and are charac-
terized by finite energies of few meV (below the limit of the resolving power
of the spectrometer) [52].

Below 100 meV, the spectrum is dominated by the phononic peaks. Dur-
ing the RIXS process, and in particular in the intermediate state, the electron
promoted from the deep core 2p to the 3d states plays a fundamental role:
it alters the charge distribution of the Cu ions repelling the nearby oxygen
ions. As a consequence, the phonon peaks observed with RIXS are related
to the lattice distortions characterized by different symmetries.

It has been demonstrated that RIXS can probe magnetic excitations [5],
that can be classified as single and multiple magnons. Braicovich et al.
demonstrated that the momentum-dependence of the single magnon in the
undoped La2CuO4 exactly corresponds to the one measured with INS [5],
as shown in Figure 2.5. This has been an important turning point since
the magnon dispersion was traditionally studied using INS, which typically
requires large single crystal samples of several cm3 in volume.

Figure 2.5: Left panel: decomposition (A elastic, B single magnon, C multiple
magnons, D optical phonons) of the La2CuO4 (LCO) RIXS low-energy range spectrum
at q‖ = 1.85. In the inset we report the Cu L3-edge absorption spectrum highlighting
the excitation energy with the red arrow. Right panel: comparison between RIXS
(blue circles) and INS (magenta lines from Ref. [53]) single magnon extracted energies.
Figure from Ref. [5].

A single magnon can be excited by the RIXS process thanks to the large
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spin-orbit coupling of the 2p states involved in the intermediate state which
mix the spin, whereas multiple magnons excitations, such as bimagnons
(multiple magnons characterized by two spin waves), can be seen as single
magnons propagating in different directions at the same time. The possibility
to probe bimagnons lies in the transitory 3d10 configuration of the interme-
diate state accompanied by a 0 net spin. This transient “non-magnetic”
impurity quenches the Cu ions super-exchange in the AFM lattice giving rise
to magnetic excitations that can be seen in the RIXS spectrum since during
this process a finite amount of energy and momentum is transferred from the
system to the outgoing photon. Moreover, magnetic excitations probed by
RIXS show a collective character, which means that their energy changes as
a function of the transferred momentum.

It has been also demonstrated that RIXS is a valuable tool for probing low
energy collective excitations such as acoustic plasmons [54]. The possibility
to perform the polarization analysis of the scattered radiation gave us the
confirmation of its charge origin.

Moving towards higher energies, from Figure 2.4 we can clearly notice
that most of the total spectral weight is given by the dd (or orbital) exci-
tations. In the simplest picture, a dd excitation is created by the transition
of an electron from one 3d level to another one. Since RIXS is based on a
second order process, a ∆l = 0 transition, such as a dd excitation, is allowed.
In fact, RIXS can probe a two-dipole transition d → p and p → d having
∆l = 1. The study of orbital excitations has a fundamental importance in
the understanding of the main crystal field parameters. By comparing quan-
tum chemistry calculations together with systematic measurements of the dd
excitations, it is possible to assign the energy and symmetry coordination of
the Cu 3d states, giving useful information about the crystal field and the
octahedral distortion [11]. It is also worth mentioning that orbital excita-
tions in 2D systems do not show momentum dependence due to their local
character. Contrarily, 1D compounds such as Sr2CuO3 [55] and Ca2CuO3

(see Chapter 5) show sizable dispersions interpreted in terms of spin-orbital
separation. Finally, at even higher energies usually in the range of few eV,
the RIXS spectrum is characterized by charge transfer excitations that can
be explained in terms of molecular orbital excitations from bonding to anti-
bonding states which involve the oxygens ligands.

2.4 Experimental set-up

In the previous Sections we have discussed about the ability offered by RIXS
technique to probe several degrees of freedom in materials such as HTS
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cuprates. In a RIXS spectrum, the typical energy range of low energy exci-
tations is below 400 meV. Regarding phonons, the energy range is approx-
imately between 0 and 100 meV of energy loss, rendering impossible their
observation with the typical RIXS instrumentations. For this reason, in the
last decades many efforts have been made for the development of the in-
strumentations in order to overcome some technical limitations, especially in
terms of energy resolution, scattering intensity, outgoing polarization anal-
ysis and sample control. Much progress has been recently made especially
thanks to the realization of dedicated optical layouts and spectrometers in
the third generation synchrotrons. In this section we will introduce the es-
sential concepts at the base of a RIXS beamline that allow the study of
elementary excitations in solids with unprecedented control. In particular,
we will briefly describe the main features of the ERIXS spectrometer at the
new ID32 soft X-ray beamline of the ESRF - the European Synchrotron,
where we measured most of the data discussed in this thesis work.

2.4.1 ID32 beamline and the ERIXS spectrometer

The ID32 beamline has been inaugurated in 2015 after the ESRF Upgrade
Phase I and represents the state-of-the-art for the inelastic soft X-rays scat-
tering. The beamline has been conceived primarily for the investigation of
the magnetic and electronic structures of several compounds that show prop-
erties well suitable for the study in the soft X-rays energy range. That is the
case of the O K absorption edge and the L2,3-edge for the 3d transition ele-
ments and, finally, the M4,5-edge in the case of rare earths-based materials.

Besides RIXS, at ID32 it is possible to carry out X-ray absorption spec-
troscopy (XAS), X-ray magnetic circular dichroism (XMCD) soft X-ray diffrac-
tion and coherent scattering measurements. Regarding the optical layout,
ID32 is one of the longest beamlines of the ESRF (∼ 125 m) and it is con-
stituted by two main branches having different optical schemes.

Figure 2.6 shows the beamline floor plan, where the distances are re-
ferred to the X-ray source. The three insertions devices (APPLE-II undula-
tors [56]) provide the full control of the two linearly (horizontal and vertical
with respect to the plane of the synchrotron) and circular polarized emitted
radiations in the 400-1600 eV energy range. Once the X-rays are generated
at a specific wavelength and with a chosen polarization, they are forced to
go through many optical elements along the beam path (here not discussed
because their treatment is beyond the purpose of this thesis). Their function-
ality is to provide a monochromatic, collimated and focused (4×50 microns
of full-width at half-maximum in the vertical and horizontal direction) beam
on the sample. Since the beamline operates in the soft X-rays energy range,
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Figure 2.6: Top view of the ID32 beamline at the ESRF. The distances are calcu-
lated from the source. Figure from Ref. [8].

it is windowless and all the elements are kept in vacuum.
Hereafter we will discuss more in detail the RIXS branch, briefly describ-

ing the design and the main performances of the ERIXS spectrometer and
finally focusing the attention on the unique possibility offered by this beam-
line to detect the polarization of the scattered X-rays in a RIXS experiment.

Figure 2.7: The ERIXS spectrometer at the ID32 beamline of the ESRF. Figure
from Ref. [57].

The realization of the ERIXS spectrometer (shown in Figure 2.7) is the
result of a long and very fruitful collaboration between the ID32 beamline
staff and the group at Politecnico held by Prof. G. Ghiringhelli and the
Prof. Emeritus of the ESRF L. Braicovich. Conceptually, this spectrometer
is the evolution of the AXES [1, 2] (previously installed at the old ID08
at the ESRF) and SAXES spectrometer at the ADDRESS beamline of the
Swiss Light Source in Switzerland [3]. The main goal was to achieve an
improvement of at least a factor 2-3 in combining resolving power with respect
to SAXES spectrometer while keeping a comparable count rate.
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Since its inauguration, ERIXS has offered to the users unprecedented
capabilities, such as:

• energy resolution : the resolving power (E/∆E) at the Cu L3-edge
is 30,000, allowing to reach an overall (beamline + spectrometer) band-
width of 30 meV (see Figure 2.10). With respect to the SAXES spec-
trometer, the improvement in terms of energy resolution is more than a
factor 3 keeping the same count rate. The implications of such a result
will be explained later on.

• scattering angle : the possibility to continuously rotate around the
sample the 11 meter-long scattering arm (entirely supported by air
pads) from 50◦ to 149.5◦ without breaking the ultra high vacuum offers
unique potentialities in terms of accessible zones in the reciprocal space.

• polarization control : thanks to the multi-layered mirror installed
along the scattered beam path, ERIXS offers the unique capability
to fully control the symmetry of the excited states by studying the
polarization-dependence of the scattered photons.

• sample control : the sample chamber hosts a four-circle UHV diffrac-
tometer which allows the full control of the sample orientation and the
regulation of the scattering angle (see Figure 2.8).

• high luminosity : differently from the AXES and SAXES spectrom-
eters, ERIXS houses a parabolic collimating mirror and two exchange-
able spherical gratings that allows a gain of a factor ∼5-7 in angular
acceptance, and thus in count rate, at any given energy resolution.

The possibility to continuously rotate the spectrometer scattering arm
has been made possible thanks to the innovative design of the RIXS sam-
ple chamber, which is furnished by a double-differentially steel ribbon with
a nozzle that allows a 100◦ free rotation. Regarding the sample control
and orientation, the chamber is equipped with an in-vacuum 4-circle sam-
ple goniometer that allows both the motorized translation (sub-micron) and
rotation (∼0.01◦ resolution) in vacuum (see Figure 2.8). The samples are
usually mounted on a shuttle and then inserted in the chamber via a load-
lock system. Once the sample is on the sample stage inside the chamber, it
is electrically insulated in order to measure the total electron yield (TEY)
signal thanks to the connection of a wire to an ammeter that registers the
drain current coming from the sample.



2.4 Experimental set-up 31

Sample

Figure 2.8: Picture and schematic representation of the RIXS sample chamber. In
the right panel all the sample motions are illustrated. Figures from Ref. [8].

The ability to have a complete control of the sample orientation made the
ID32 beamline the fist one in the soft-RIXS spectroscopy capable of measure
dispersion relations in 3D materials.

Regarding the ERIXS spectrometer, the main idea behind it is the capa-
bility to collect the scattered photons at a certain solid angle and then infer
about their energy. In the present case of soft X-ray regime, this is usually
obtained thanks to the presence of a dispersive grating in the spectrometer.

The ERIXS optical layout is schematically illustrated in Figure 2.9. The
first two in-vacuum chambers, supported on a granite base, host a collimating
parabolic mirror in the horizontal direction with 2◦ of incidence angle (CM)
and two interchangeable variable line spacing (VLS) spherical gratings (G1
and G2), respectively. The collimating mirror is located at 1.1 m from the
sample and collects ∼20 mrad at ∼88◦ incidence angle.

Regarding the VLS grating, its main function is to focus and disperse the
photons at the same time. After the action of the grating, the photons of
different energies are focused in different vertical positions on the detector
defining in this way the focal plane. Moreover, the grating is motorized in or-
der to be moved along the spectrometer axis and to minimize the aberrations
that occur at each energy. Concerning the two gratings, they are character-
ized by a different groove density, 1400 lines/mm (G2) for high efficiency and
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Figure 2.9: Optical layout of the The ERIXS spectrometer. Figure from Ref. [8].

2500 lines/mm (G1) for the high resolution mode and can be independently
moved. They both work at the first internal diffraction order and they are
optimized for a resolving power of 25,000 and 40,000 for the optimum flux
and high resolution mode, respectively.

The main goal behind the realization of the ERIXS spectrometer was to
achieve an overall energy resolution of ≈30 meV at the Cu L3-edge, which is
obtained by combining the resolution of the beamline and the spectromter.
The main contributions to the overall energy resolution given by the beam-
line are dictated by the diffraction properties of the beamline gratings, the
aperture of the monochromator’s exit slit and by the aberrations and slope
errors that affect the focusing properties. Concerning the spectrometer, its
resolution is provided by the vertical beam size on the sample, the diffraction
and focusing properties of the grating, and finally, by the intrinsic detector
resolution.

By combining the two gratings of the spectrometer with the gratings of
the beamline, three configurations are normally used. The results, in terms
of combined (beamline + spectrometer) energy resolution, are reported in
Figure 2.10. In particular, the high resolution mode is achieved by using the
high line density for both the gratings. This configuration gives unprece-
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dented performances in terms of energy resolution but with low intensity. It
is worth mentioning that the low resolution/high flux configuration gives a
reasonable resolution (56 meV) while keeping a good intensity. Finally, the
medium setup gives instead a reasonable compromise between resolution and
intensity.

Figure 2.10: Energy resolution of the ERIXS spectrometer obtained in three differ-
ent grating configurations of the beamline and spectrometer. Dots represent the data
point of the elastic peak measured from a carbon tape with an incident energy of 932
eV (Cu L3-edge). Continuous lines are the Gaussian fits. Figures from Ref. [8].

The main performances and characteristic of ERIXS are reported in Fig-
ure 2.11. Here we show the resolving power, band-width, pixel to energy
conversion and total energy window as a function of the incident photon
energy for the two gratings.

The third and last chamber is situated at the end of the scattering arm,
where two Andor Ikon L soft X-ray direct illumination CCD detectors (CCD1
and CCD2) are located. Moreover, just before the two CCDs, there is the
multi-layered mirror (polarimeter) which allows the polarization analysis,
which will be discussed in the next section. CCD2 is used for the detection
of the photons scattered by the ML (when inserted along the beam path for
polarimetric experiments), while CCD1 is used for standard measurements
being positioned along the straight path of the scattered radiation.
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Figure 2.11: The resolving power, band-width, pixel to energy conversion and total
energy window for the two gratings of ERIXS. Figure from Ref. [8].
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High-sensitivity two-dimensional position sensitive detectors are needed along-
side the recent improvements in energy resolution and efficiency in soft RIXS
experiments. In fact, the spatial resolution of a CCD camera is intrinsically
limited by the dimension of the so-called charge cloud. This phenomenon
is attributable to the absorption-process of a photon in Si that generates a
number of electrons proportional to its energy that spread by diffusion over
several pixels [58], giving another not negligible contribute to the overall en-
ergy resolution. This limitation has been solved using the Single Photon
Counting algorithm [59], a centroid reconstruction method based on single
events acquisition. With this method, the position of the absorption event
is reconstructed by evaluating the accumulated intensities in the pixels sub-
jected to the charge cloud.

2.4.2 The standard experimental geometry

For all the measurements reported hereafter we have used the experimental
geometry shown in Figure 2.12, where both the real and reciprocal spaces
are illustrated. In panel a) of Figure 2.12 the meaningful angles are reported:
2θ is the scattering angle, while δ is defined as the angle between the sample
c-axis and the bisector of the kin and kout vectors which represent the wave
vectors of the incident and scattered X-ray photons. q is the total transferred
momentum to the sample during the RIXS process, while q‖ represents its
projection onto the ab plane. kin is defined by the energy of the incident
X-rays, while the maximum reachable q is given by 2θ. These considerations
can be summarized by the following equation, where the analytical definition
of q‖ is given: q‖ = 2|kin| sin

(
2θ
2

)
sin(δ). In fact, the 2D nature of cuprates

greatly simplifies the study of elementary excitations because the most inter-
esting physics of these materials takes place in the CuO2 planes. The direct
consequence of the bi-dimensionality of cuprates makes q‖ the meaningful
quantity to be studied, allowing to restrict the investigation to solely the 2D
first Brillouin zone shown in Figure 2.12(b).
Here Γ represents the [0 0] point in the 2D Brillouin zone, while the other
points of the momentum space are expressed in reciprocal lattice units (r.l.u.),
usually defined in units of reciprocal lattice vectors 2π/a, 2π/b and 2π/c,
where a, b and c are the lattice constant of the material under study.

Regarding the possibility to measure the momentum dependence of a se-
lected spectral feature, the q‖ can be easily tracked by keeping fixed the
scattering angle 2θ and gradually changing the angle δ (lying in the scat-
tering plane) by rotating the sample around its b axis perpendicular to the
scattering plane. From the 3D representation of the scattering geometry re-
ported in Figure 2.12(c) we can see that the polarization is another degree
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Figure 2.12: a) Sketch of the scattering geometry. b) Schematic illustration of the
first 2D nuclear and magnetic Brillouin zone. c) Representation of the experimental
geometry which highlights the possibility to perform the polarization analysis of the
scattered light. Figure adapted from Ref. [60].

of freedom that can be exploited. In fact, at the ID32 beamline the incident
polarization (direction of the electric field vector E) can be set either parallel
(π) or vertical (σ) with respect to the scattering plane. As explained before,
ERIXS is the only spectrometer that, thanks to the polarimeter device in-
serted along the beam path, allows the possibility to disentangle these two
linearly polarized channels of the scattered X-rays.

.

2.5 Examples of RIXS measurements carried

out at ID32

In this Section we will give some examples about RIXS measurements on HTS
cuprates and their parent compounds which show the capability of ERIXS
to study with unprecedented detail the spectral features in the low energy
range. We will briefly present three different cases, where the high energy
resolution (keeping a reasonable count rate) played a crucial role.
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Probing the energy gap of HTS cuprates

The summary of the data and analyses discussed in this Paragraph have been
published in “Probing the energy gap of high-temperature cuprate supercon-
ductors by resonant inelastic X-ray scattering”, by H. Suzuki, M. Minola, Y.
Lu, Y. Y. Peng, R. Fumagalli, E. Lefrancois, T. Loew, J. Porras, K. Kum-
mer, D. Betto, S. Ishida, H. Eisaki, C. Hu, X. Zhou, M. W. Haverkort, N.
B. Brookes, L. Braicovich, G. Ghiringhelli, M. Le Tacon and B. Keimer, npj
Quantum Materials 3, 65 (2018).

Being RIXS sensitive to the charge response of the system, it has been
theoretically proposed as a tool that can be used to probe the phase and the
excitations of the superconducting (SC) order parameter in cuprates [61].
The possibility to experimentally quantify the SC order parameter is very
challenging for several reasons. First of all, different order parameters coexist
and compete with superconductivity, involving both spin and charge degrees
of freedom [7]. Secondly, in unconventional superconductors the SC order
parameter is momentum-dependent, and for this reason it has been widely
investigated with angle-resolved photoemission spectroscopy (ARPES), a
momentum-resolved spectroscopic technique that probes single-particle exci-
tations, and by scanning tunneling spectroscopy (STS).

Figure 2.13 (left panel) shows the typical angular dependence (restrict
to solely one quadrant of the first Brilluoine zone) of the energy of the su-
perconducting gap and pseudogap in doped cuprates. The presence of the
pseudogap (top-right panel) is reflected by the appearance of Fermi arcs (gap-
less region around the d-wave superconducting node) in the antinodal region
of the Fermi surface (shown in the bottom-right panel). The SC state is
characterized by an anisotropic behavior typical of a standard d-wave form
∆SC = (∆0/2)|cos(kxa)− cos(kya)|, where ∆0 is the maximum energy of the
gap. In the particular case of cuprates, ARPES measurements contributed
in the understanding of the SC gap symmetry, which clearly shows a d-wave
order with a dx2−y2 symmetry [46, 62].

However, there are two major limitations related to ARPES: the first one
is related to the fact that ARPES needs single crystals with a natural cleavage
plane, restricting the number of compounds that can be investigated with
such technique. The other one is connected to the intrinsic surface sensitivity
of ARPES, so that one has to accept that ARPES results are relevant for
the bulk electronic structure despite being acquired at the surface of the
materials. For these reasons, among all the cuprate families, the Bi-based
cuprates represent the best candidates for the investigation of the energy gap
through RIXS, especially because they can be easily cleaved and they show
a quite large energy gap.
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Figure 2.13: The left panel shows the angle dependence revealed by ARPES and
STS of the energy of the superconducting ∆SC and pseudogap ∆PG as a function of
the in plane momenta kx and ky. In the right panels the Fermi surface of overdoped
cuprates is shown (bottom panel). The effect of the pseudogap is highlighted in the
top–right panel by the presence of Fermi arcs. Figures from Ref. [7].

By taking advantage of the high-energy resolution offered by the ERIXS
spectrometer, accompanied by the possibility to measure the alterations of
charge and spin susceptibilities induced by the opening of the SC gap with
RIXS, we investigated the optimally doped double-layer Bi2Sr2CaCu2O8+δ

(Bi2212, Tc = 90 K) and the triple-layer Bi2Sr2Ca2Cu3O10+δ (Bi2223, Tc

= 110 K) compounds. These systems have already been investigated by
ARPES revealing an energy gap (including the pseudogap) of the order of
40 and 80 meV, respectively [64, 65]. This means that the energy resolution
available nowadays at the ID32 beamline facilitates the detection of the SC
order parameter.

In the top panels of Figure 2.14 we report the Cu L3-edge RIXS spectra
measured at q‖ = (0.15, 0.0) r.l.u. with σ incident polarization for both
Bi2212 (left panels) and Bi2223 (right panels). The choice of the momentum
has been made evaluating the charge susceptibility χc(q, ω) of the system.
Figures 2.15(a-b) show the calculated imaginary part of χc(q, ω) in the nor-
mal and SC state for Bi2212 using a tight-binding band structure. The
constant-q cut of Imχc(q, ω) reported in panels c-e suggest that solely at
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Figure 2.14: a-b) Low energy spectral range of Cu L3-edge RIXS spectra for Bi2212
and Bi2223 measured at q = (0.15 0.0) r.l.u with σ polarization of the incident light
at different temperatures, respectively. c-d) RIXS spectra after the subtraction of the
elastic lines. e-f) Difference (dotted lines) of the spectra reported in panels c-d) from
the highest temperature. Smoothed data are represented by continuous lines. Figure
from Ref. [63].

q‖=(0.15, 0.0) a clear spectral weight transfer is visible. In fact, this partic-
ular momentum value is close to that connecting the antinodal region of two
neighboring Fermi surfaces [66]. At q‖=(0.4, 0.0) (panel d) the SC-induced
changes are almost negligible since at this momentum there are no connec-
tion between different part of the Fermi surface. Finally, along the diagonal
direction (panel e) the spectral weight transfer is moderate.

The crucial point of our investigations in the study of the SC gap is based
on the differences between RIXS spectra taken at temperatures below and
above the superconducting critical temperature Tc at different transferred
momenta. Since we are looking at differences in the spectral weight in the
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Figure 2.15: Calculated imaginary part of the charge susceptibility χc (q, ω) for
Bi2212 in the normal (panel a) and in the SC (panel b) states. Panels c-e) show
constant-q cut of Imχc (q, ω) in both the normal and SC states together with their
difference at selected momenta. Figure from Ref. [63].

energy range below 100 meV, the subtraction of the elastic lines is needed.
This procedure has been done by fitting the peak at 0 energy loss with a
Gaussian lineshape having a FWHM equal to the energy resolution. The
middle panels of Figure 2.14 show the RIXS spectra after the subtraction of
the elastic lines. It has to be noted that the remaining spectral weight, where
the low-energy electronic excitations give the biggest contribution, is clearly
temperature-dependent. By subtracting the spectra from the one measured
at highest temperature we can infer about the energy of the SC gap (where
we have the maximum spectral reduction), which is around 32 meV in Bi2212
and 42 meV in Bi2223 (bottom panels of Figure 2.14). Moreover, we note the
monotonic decrease of the spectral weight as a function of the temperature,
according to the monotonic closing of the SC gap and the residual opening
of the pseudogap at higher temperature.

With this method we have demonstrated that high-resolution RIXS allows
the detection of the SC gap opening which is accompanied by the reduction
of the spectral weight across Tc in the low energy spectral range. This ex-
perimental determination of the SC order parameter opens the way to new
interesting scenarios, such as the possibility to investigate the energy gaps in
HTS cuprates where reliable ARPES measurements are absent (e.g. YBCO).
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Dynamical charge density fluctuations

The summary of the data and analyses discussed in this Paragraph have
been published in “Dynamical charge density fluctuations pervading the phase
diagram of a Cu-based high-Tc superconductor” by R. Arpaia, S. Caprara,
R. Fumagalli, G. De Vecchi, Y. Y. Peng, E. Andersson, D. Betto, G. M. De
Luca, N. B. Brookes, F. Lombardi, M. Salluzzo, L. Braicovich, C. Di Castro,
M. Grilli, and G. Ghiringhelli, Science 365, 6456 (2019).

Charge density waves have been intensively studied in both electron- and
hole-doped cuprate families, but their connection (intertwining/competition)
with the mechanism of superconductivity remains unclear. More in general,
their role in determining the physics of HTS compounds, both at low tem-
peratures, where superconductivity occurs, and at high temperature, where
the strange metal phase sets in, has been strongly questioned: the main ar-
gument is that they have been found until now only in a limited portion of
the HTS phase diagram, both in oxygen doping and in temperature. In the
following we will present our recent discovery of charge density fluctuations
over a sizable portion of the phase diagram in Nd1+xBa2−xCu3O7−δ (NBCO)
and YBa2Cu3O7−δ (YBCO) thin films, as a function of both doping and
temperature [52].

In the three left panels shown in Figure 2.16 we report the quasi-elastic
integrated intensity at different temperatures as a function of the in-plane
momentum for optimally doped (OP) NBCO, and underdoped (UD) YBCO
and NBCO [67, 68]. The quasi-elastic peak in all these samples present two
distinct regimes: below 170-190 K, it has a rather strong temperature depen-
dence; above this temperature range it is almost temperature independent.
The temperature dependence of the peak at lower temperatures, at the in-
commensurate wave vector q‖ = (0.31, 0.0) r.l.u., is the clear signature of
the already well-known charge density waves (CDWs) [45]. Here we have
addressed the presence of a not negligible component of the charge order re-
vealed in the quasi-elastic region of the RIXS spectra, even at temperatures
well above the CDW onset. In previous works, this quasi-T independent
contribution has been treated as a high-temperature background and, as a
consequence, not carefully investigated.

In the central panels of Figure 2.16 we explore more in detail the line
shape of the quasi-elastic integrated signal. Here we report the fitting results
for the sample NBCO UD60 after the subtraction of the background, that
has been evaluated from the scan measured along the nodal direction. The
fit at low temperature clearly shows the presence of two peaks in momentum
space, one broader than the other one. The narrow peak (NP) shows all
the characteristics (temperature and doping dependence, correlation length)
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Figure 2.16: Left panels: quasi-elastic integrated intensity extracted from the Cu
L3-edge RIXS spectra measured at different temperatures on optimally doped NBCO
(p ∼ 0.17, Tc = 90 K), underdoped YBCO (p ∼ 0.14, Tc = 81 K) and underdoped
NBCO (p ∼ 0.11, Tc = 60 K). Middle panels: quasi elastic scan measured along
the anti-nodal (H scan) and along the nodal ((H, H) scan) at 60 K. In the bottom
panel the fitting procedure (after the background subtraction) underlying the presence
of two distinct peaks is illustrated. Left panels: low energy spectral range RIXS
measurements on the sample OP90 carried out at different temperatures and centered
at the BP wave vector. The bottom panels show the experimental difference spectra.
Figure reproduced from Ref. [52].

previously observed in several underdoped cuprates and attributed to the
incommensurate CDWs. Whereas the broad peak (BP), which shares with
the NP almost the same position in the reciprocal space, can be associated
to very short-ranged charge density fluctuations (CDF) having a relatively
weak (and almost constant) temperature dependence.

To better characterize the nature of this broad peak we carried out high-
resolution RIXS measurements on the sample NBCO OP90 at selected tem-
peratures and at the BP wave vector (top left panel in Figure 2.16). The
main idea was to observe a possible dynamical character of the BP, and con-
sequently, assign its energy. Below 100 meV the main spectral contributions
are given by phonons and electronic excitations related to charge fluctuations.
For this reason, after the subtraction of the phonon contribution, measured
on the nodal direction, we have isolated the contribution coming from the
charge order. In the bottom left panels reported in Figure 2.16 we have sub-
tracted the high-temperature spectrum from the low temperature ones. The
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low energy peak of the two spectra at T = 150 K and T = 250 K, where
the broad peak dominates the total charge order of the system, is centered
at finite energy. As a consequence, also the difference between these two
spectra is centered at a finite energy loss (∼ 15 meV), revealing therefore a
dynamical character of the BP. Contrarily, the NP shows a static behavior
being the spectral difference at low temperature almost negligible. On the
contrary, the difference between T = 90 K and T = 150 K is centered almost
at zero energy loss, since at low temperatures the charge order is dominated
by quasi-static CDW.

In conclusion, despite their intensity, being at low temperatures (i.e. be-
low T c) weaker than that of CDW, dynamic CDF do not compete with
superconductivity and are pervasive in the HTS phase diagram: they are
present even at oxygen doping range, as the overdoped one, where CDW are
absent, and up to room temperature. For this reason, CDF are believed the
long-sought mechanism which mediates the scattering mechanism in the nor-
mal state of HTS and which can therefore explains the anomalous properties
of the strange metal phase [69, 70]

Experimental determination of momentum-resolved electron-phonon
coupling

The summary of the data and analyses discussed in this Paragraph have been
published in “Experimental determination of momentum-resolved electron-
phonon coupling” by M. Rossi, R. Arpaia, R. Fumagalli, M. Moretti Sala,
D. Betto, G. M. De Luca, K. Kummer, J. Van Den Brink, M. Salluzzo, N.
B. Brookes, L. Braicovich, and G. Ghiringhelli, Physical Review Letters 123,
027001 (2019).

In this paragraph we will show that thanks to high-resolution RIXS we
can estimate the momentum dependence of the electron-phonon coupling
(EPC) by taking advantage of the possibility to carry out energy detuned
measurements. Already in the BCS theory, the EPC is known to be the key
ingredient for the formation of the Cooper pairs in conventional supercon-
ductors [17]. In HTS cuprates, as in all the other unconventional supercon-
ductors, the role played by the EPC is still under debate and not completely
understood [7, 37, 71, 72, 73]. In this scenario, a purely phonon-mediated
superconductivity cannot explain the high Tc displayed by optimally doped
cuprates, and for this reason the interaction between the electrons with the
underlying lattice with the formation of Cooper pairs has to be driven by
other mechanisms. Up to now, the EPC has been experimentally investi-
gated by several spectroscopies such as INS [74] and IXS [75], Raman spec-
troscopy [76] and ARPES [62].
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Figure 2.17: a) Representative NbBa2Cu3O6 Cu L3-edge RIXS spectrum (circles)
at q‖ = 0.4 r.l.u. measured with σ polarization of the incident radiation. The contin-
uous red line represents the fit of the low-energy spectral range. The single Gaussian
features are also plotted. b) The shaded area is the X-ray absorption spectrum while
with the detuning dependence of the main spectral features is reported with symbols.
Error bars represent 95% confidence intervals on the fitting results. c) Detuning de-
pendence in the particular case of the BS mode (filled circles) and expected theoretical
phonon intensity dampening. Figure from Ref. [77].

Recently, it has been theoretically proposed [4, 78] that RIXS can be
used for the direct evaluation of the momentum-dependent coupling strength
between a given vibrational mode and the photoexcited electron during the
RIXS process. Vibrational modes can be probed by RIXS due to the presence
of an highly excited intermediate state: at this stage, the presence of an extra-
electron in the valence states alters the charge density and consequently the
equilibrium positions of the nearby ions, which can be simply described by
a superposition of phonons. As a consequence, the intensity of the RIXS
phonon peak can be related to the coupling between the photoexcited electron
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and the phonon [4].

The first approach to determine the EPC from RIXS measurements ex-
ploited the ratio between the phonon intensities and their overtones [4, 79,
80, 81, 82, 83]. Unfortunately, this method cannot be applied to cuprates
at the Cu L3-edge, where the phonon overtones are hidden by the other
spectral features in the low energy range (charge, magnetic and particle-hole
excitations). We thus proposed a novel method suitable for the detection of
the EPC in cuprates, by means of RIXS experiments where the incident X-
rays energy is detuned away from the Cu L3 absorption resonance peak [77].
This approach is therefore based on energy-detuned systematic RIXS mea-
surements that allow us to quantify the momentum dependence of the EPC
by comparing the measured incidence-energy dependence of a given phonon
intensity with predictions based on available theoretical models.

In panel a) of Figure 2.17 we show a representative Cu L3-edge RIXS spec-
trum measured at q‖ = -0.4 r.l.u.. Beside the magnetic excitations (single-
and bi-magnon) we see that the spectrum in the energy range below 0.2 eV
is populated by at least two resolution limited phonon modes and their over-
tones. In this work we focused our attention to the phonon centered at -70
meV, attributed to the in plane Cu-O bond stretching (BS) mode, usually
labeled as breathing mode. In the bottom panels of Figure 2.17 we report
the integrated intensities (normalized to their intensity value at resonance)
of the features highlighted in panel a) as a function of the incident photon
energy. Surprisingly, both the intensities of the bimagnon (broad feature at
∼-0.4 eV) and of the BS mode deviate from the expected intensity damping
given by the XAS (shaded area). On the other hand, the intensity of the
magnon and dd excitations (not shown in Figure 2.17(a)) follow the the Cu
L3 resonance.

The estimation of the EPC from the detuned peak intensities is based
on consideration concerning the effective duration of the scattering process,
given by the lifetime of the intermediate state, and its relationship with the
detuning energy. The detailed explanation of this approach, which is far
beyond the scope of this work, is reported in Ref. [77, 84].

In summary, the main result obtained by applying this pioneering method
is in agreement with previous works; moreover, it shows that RIXS can be
used for the study of vibrational modes giving access to essential information
about the electronic coupling to the lattice and its momentum dependence
in quantum materials.
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2.6 RIXS cross-section

In this section we will give a general overview of the theoretical background
at the basis of the RIXS cross-section. In particular, following the work done
by Ament et al. [4], we will present and comment the Kramers-Heisenberg
relation obtained within the dipole approximation. Finally, we will show how
to derive the RIXS cross-section by implementing the Kramers-Heisenberg
equation considering solely a single Cu2+ ion. In this case, the fact that
cuprates can be classified as one-hole systems greatly helps the calculations
of the RIXS cross-section for undoped cuprates. The results obtained within
this model, usually labeled as single-ion, will be widely used in this thesis for
the interpretation of the experimental results.

2.6.1 The Kramers-Heisenberg formula

The Kramers-Heisenberg (KH) formula for a second order process such as
RIXS in dipole approximation is written in the following way:

d2σ

d~ωdΩ
= r2

em
2ωkiω

3
ko

∑
f

∣∣∣∣∣∑
n

N∑
j,j′

〈f | D† |n〉 〈n| D |g〉
Eg + ~ωki − En + iΓn

∣∣∣∣∣
2

δ(Eg − Ef + ~ω).

(2.3)
This equation represents the cross-section for the scattering of a photon of
energy ~ω by an electron in an atom. In other words, it is an expression
of the probability to have the emission of a photon with energy ~ω + (Eg −
Ef ) in a solid angle dΩ (here Eg and Ef represent the energy of the initial
and final state, respectively). |g〉, |n〉 and |f〉 are the three states involved
during the RIXS process characterized by the energies Eg, En (energy of the
intermediate state) and Ef , respectively. The summations run all over the
possible intermediate and final states and all over the electrons (N), while
D represents the dipole operator. Finally, Γn takes into account the intrinsic
lifetime broadening of the core hole created in the intermediate state, whereas
the delta function ensures the overall energy conservation during the process.

2.6.2 Single-ion model and RIXS cross-section calcu-
lations

In the straightforward case of cuprates, the KH equation (Eq. 2.3) can be
easily implemented especially if we consider that Cu2+ ions are in a 3d9

electronic configuration, and therefore we can reason in terms of one-hole
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system. In fact, both the initial and final 3d states involved during the RIXS
process are filled by one hole, and the same happens in the intermediate
state, where a hole is present in the spin-orbit coupled 2p3/2 states. For the
sake of simplicity, the two-steps RIXS process (with three states involved) at
the Cu L3-edge can be readily expressed using the following short notation:
2p4

3/23d
9 (initial state) → 2p3

3/23d
10 (intermediate state) → 2p4

3/23d
9∗ (final

state). The symbol * is related to the final state and denotes that the hole
can either occupy the ground state 3dx2−y2 or another 3d orbital with different
symmetry and/or spin direction. Regarding the spin, each 3d state is split
due to the super-exchange interaction between the neighboring Cu2+ ions,
while the weak spin-orbit coupling of the 3d states is negligible.

In the following we will assume a 3dx2−y2 , ↓ ground state, where the arrow
is related to the spin direction (↓ for spin down and ↑ for spin up). With
this hypothesis, the elastic scattering is characterized by the 3dx2−y2 , ↓ final
state, while the other possible final states involved in the inelastic scattering
can be a single spin-flip excitation (3dx2−y2 , ↑), a different 3d orbital (e.g.
3dxy, ↓) or both (e.g. 3dxy, ↑).

It is worth mentioning that the Cu2+ single-ion model has been widely
exploited in the study of the electronic, magnetic and crystal structure in the
parent compounds of the HTS cuprates. First of all, it explained the possibil-
ity to experimentally probe single spin-flip excitations in layered cuprates [5,
85] where the Cu2+ spins always lie in the ab-plane [86, 87, 88, 89, 90].
The explanation is mainly tied to the large spin-orbit coupling of the core-
hole in the 2p3/2 states. Regarding the electronic structure, this model has
been successfully applied for the assignment of the energy and symmetry of
the Cu 3d states, by means of the systematic study of the local dd excita-
tions [11, 91, 92].

Recalling the KH equation (Eq. 2.3), the matrix element of the RIXS
amplitude for a given final state f at the Cu L3-edge can be conveniently
written in the following way:

Af ∝
∣∣∣∣∣∑
m

〈f | D†f |2p3/2,m〉 〈2p3/2,m| Da |3dx2−y2 , ↓〉
∣∣∣∣∣
2

. (2.4)

With this notation we clearly see that the KH formula captures the double
RIXS step, where we firstly have the absorption process (Da) followed by
the emission (D†f ) of a photon carrying information about the specific crystal
field excitation. Moreover, it allows to express the scattering probabilities in
terms of atomic scattering tensors [93]. The atomic scattering tensor depends
on the Cartesian axes (that coincides with the crystallographic axes a, b and
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c) in the following way:

ARIXS =

xx xy xz
yx yy yz
zx zy zz

 . (2.5)

A detailed analysis of this irreducible representation brings information about
the symmetry of a specific excitation.

Here we report the atomic scattering tensors for the elastic ARIXS
3dx2−y2 ,↓

and

spin-flip ARIXS
3dx2−y2 ,↑

excitations probed by RIXS in cuprates:

ARIXS
3dx2−y2 ,↓

=

2 0 0
0 2 0
0 0 0

 (2.6)

ARIXS
3dx2−y2 ,↑

=

0 −i 0
i 0 0
0 0 0

 . (2.7)

These two cases have a relatively simple form, since for elastic and spin-
flip excitations probed by RIXS there is no change in the orbital symmetry
between the initial and final state. By carefully studying the scattering
tensors it is possible to retrieve a lot of information about the excitation
under study. In the case of the elastic scattering, for example, there is no
transfer of angular momentum from the photon to the system due to the
conservation of the total angular momentum. As a consequence, the atomic
scattering tensor (Eq. 2.6) is diagonal. Whereas in the case of a single spin-
flip excitation, an angular momentum transfer is needed in order to actually
rotate the spin, and not surprisingly the scattering tensor reported in Eq. 2.7
shows non zero off-diagonal elements [89, 90].

Regarding excitations accompanied by a change of the orbital symmetry,
that is the case off dd excitations, the scattering tensors have a more complex
form and they will be widely discussed in Chapter 3.

In order to extract useful information by comparing the calculations with
the experimental results, we have to take into account also the scattering
geometry and the photons polarization. For this purpose, we can express the
RIXS amplitudes as in the following

ARIXS
f ≡ ε

′∗
o Af εi (2.8)

where the terms εi,o bring information about the scattering geometry and
the polarization of the ingoing and outgoing photons.
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Figure 2.18: In-plane momentum dependence of single ion Cu2+ L3-edge RIXS
cross-sections for σ (left) and π (right) polarization of the incident light. For these
results the scattering angle was fixed at 2θ = 150◦ and the scattering plane parallel
to the ac sample plane. The arrows denotes the direction of the Cu spin. All the
possible RIXS final states are reported.

The results of the RIXS cross-sections calculations applied to the cuprates
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case have been widely discussed in Refs. [11, 50] and as a function of different
scattering geometries. In Figure 2.18 we report the results of the calculations
for all the possible RIXS final states as a function of the in-plane momentum
q‖. It has to be underlined that most of the cuprates have a tetragonal (D4h)
symmetry, and consequently the t2g 3dxz and 3dyz states are degenerate.
To facilitate the comparison between the calculations and the experimental
results presented in this thesis, the scattering angle has been fixed to 150◦

and we have also considered both the incident linear polarizations of the light
(σ and π).

In the last Section of this Chapter we will recall the RIXS cross-sections
calculated within the single-ion model interpreted in terms of Stokes param-
eters. This novel approach will be extremely useful for the understanding of
the polarization-resolved experimental findings.

2.7 Polarization analysis

As introduced in the previous Section, the possibility to perform the polar-
ization analysis of the scattered X-rays greatly helps the disentanglement
of selected spectral features, especially when their intrinsic broadening or
quasi-degeneracy makes high-energy resolution partially insufficient.

The main idea behind the polarization analysis of the scattered photons
in the soft X-ray regime lies in the possibility to exploit the polarization
dependence of the reflectivity. In fact, differently from the hard X-rays, Bragg
optics based on crystals cannot be implemented due to their low efficiency.
To overcome this limitation, a prototype of a polarimeter device based on a
graded multi-layered (ML) mirror had been successfully installed and tested
on the AXES spectrometer of the old ID08 beamline of the ESRF [94, 95].

The idea behind the new polarimetric device installed on the ERIXS spec-
trometer follows the same concepts: the W/B4C graded ML mirror exploits
the different sensitivity of the reflectivity for the two linearly polarized chan-
nels, namely π and σ. In order to keep the reflectivity constant over several
eVs, the graded ML has been designed with a period that changes linearly
along one specific direction on its surface, consistently with the photon energy
dispersion of ERIXS at the position of the ML.

Differently from AXES, however, this new device delivers horizontally
collimated radiation, which means that the incident angle is the same for
all the photons. The polarimeter is installed just before the CCD cameras
(see Figure 2.9): in this way, the multilayer can be translated to intercept the
straight path of the scattered photons by the sample and used to deflect them
towards the second CCD camera (CCD2). In order to fulfill these require-
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ments, the period of the ML changes along the dispersion direction to match
the energies of the photons scattered by the grating G2, as schematically
shown in Figure 2.19.

Figure 2.19: Schematic representation of the polarimetric device based on a graded
multi-layered mirror in a grating spectrometer such as ERIXS. Figure from Ref. [8].

Moreover, the ML works with an intermediate incident angle and fulfills
the Bragg condition at the chosen photon energy in order to have a slightly
larger reflectivity for the σ′ channel. In fact we do not work at the Brewster
angle for X-rays (45◦), where we could in principle entirely suppress the π′

channel, because the σ′ signal would have a too much reduced reflectivity
(Rσ′ ≈ 0.012). For this reason, the nominal working angle of the ML is
∼ 20◦, which leads to reflectivities Rσ′ and Rπ′ for the σ and π components
of the order of 0.14 and 0.085, respectively. Hereafter we will refer to the
scattered polarization with an apex (e.g. σ′ and π′), while with the unprimed
symbols will be used to describe the incident polarization. We can thus define
the average reflectivity of the ML mirror as R0 = (Rσ′ + Rπ′)/2, which is
in our case approximately 11.2%. In summary, the overall system can be
viewed as a filter with relatively small efficiency and preferred transmission
of the σ′ component with respect to π′.

The ability to disentangle the spectral features of complex RIXS spectra
is crucial to pinpoint the various contributions to the lattice, magnetic and
electronic dynamics at play in high-T c superconducting systems. Nowadays,
only at the ID32 beamline of the ESRF it is possible to perform polarization
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resolved RIXS measurements which played a crucial role in many cases, such
as, for example, the confirmation of previous assignment of orbital and spin
excitations in undoped NBCO and in the estimation of the spin-flip contribu-
tion at all dopings [60] (this work will be presented in Chapter 3). Moreover,
polarization-resolved measurements confirmed the charge nature of the or-
dering discovered in the overdoped region of (Bi,Pb)2(Sr,La)2CuO6+δ [96]
(see Chapter 4), the assignment to spin excitations of the enhanced dynamic
response at the charge order vector in Nd2−xCexCuO4 [97] and finally the con-
firmation of the charge nature of the fast-dispersing zone-center excitations
in La2−xCexCuO4 [54] (see Chapter 4). The polarization analysis has been
applied also to systems other than cuprates, that is the case of CeRh2Si2,
where the use of the polarimeter allowed to assign the energy and symmetry
of ff excitations [98].

Poincaré sphere and Stokes parameters

In this Section we will describe the method used to extract the information
about the polarization dependence of the scattered X-rays, mainly following
the procedure reported in Refs. [60, 94]. The polarization-resolved RIXS
analysis is obtained taking advantage of the difference in the ML reflec-
tivity and by combining two independent measurements: one polarization-
unresolved spectrum collected on the CCD1 along the straight path of the
scattered photons (I, “direct” beam) and the other one after being deflected
by the ML onto the CCD2 camera (IM).

At this point we need a method that allow us to describe the polarization
state of the light. Hereafter we will adopt the approach based on the Stokes
parameters and Poincaré sphere [9, 10], that will be extremely useful since
Stokes parameters are measurable quantities that can be directly connected
to our experimental findings.

The polarization state of the electromagnetic (EM) radiation is commonly
described by an ellipse, as depicted in Figure 2.20(a). Once the orientation
and the ellipticity angles are defined, any polarization state of the light can
be expressed by the complex components of the electric field (E) in the
coordinate axes (εσ and επ) perpendicularly to the propagation direction
defined by the wave vector K [99, 100, 101, 102]. Combining appropriately
the phase and amplitude of the electric field it is possible to describe the
polarization state of an EM wave, including linearly (horizontal or vertical
with respect to the laboratory frame), right or left circularly and linear ± π

4

polarized light. The latter two cases are usually expressed as a combination
of linear polarizations.

The polarization state of an electromagnetic wave is usually described by
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Figure 2.20: a). Polarization ellipse. All the possible light polarized states can be
expressed as a function of the two linear polarized state horizontal (π) and vertical (σ).
b). Schematic representation of the Poincaré sphere where the Cartesian coordinates
represent the three Stokes parameters S1, S2 and S3.

the quantities known as Jones vectors that can be written in the following
way [103]:

E =

[
Eσ
Eπ

]
=

[
|Eσ|eiδσ
|Eπ|eiδπ

]
. (2.9)

By applying the formalism of the Jones matrices we can easily take into
account the action of any optical element, for example a graded ML mirror,
on the properties of the electromagnetic radiation. In this specific case, the
Jones matrix J for the reflection reads [104]

JR =

[
−√Rσ 0

0
√
Rπ

]
(2.10)

and the respective Jones vectors of the reflected radiation are thus given
by [103, 99]

Er = JrE =

[
−√RσEσ√
RπEπ

]
=

[
−√Rσ|Eσ|eiδσ√
Rπ|Eπ|eiδπ

]
. (2.11)

Though these quantities are not directly accessible during a RIXS ex-
periment since the information about the phase is lost when measuring the
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intensities, they can be used to introduce the Stokes vector S based on the
four Stokes parameters [9, 10]. The relationship between Stokes and Jones
vectors can be written in the following way [99, 100]:

S =


S0

S1

S2

S3

 =


|Eσ|2 + |Eπ|2
|Eσ|2 − |Eπ|2

1
2

(|Eσ+Eπ|2 − |Eσ−Eπ|2)
1
2

(|Eσ−ıEπ|2 − |Eσ+ıEπ|2)

 =

=


EσE

∗
σ + EπE

∗
π

EσE
∗
σ − EπE∗π

EσE
∗
π + E∗σEπ

ı(EσE
∗
π − E∗σEπ)

 =


EσE

∗
σ + EπE

∗
π

EσE
∗
σ − EπE∗π

2 Re{EσE∗π}
2 Im{E∗σEπ}

 =

=


|Eσ|2 + |Eπ|2
|Eσ|2 − |Eπ|2

2|Eσ||Eπ| cos(δσ − δπ)
−2|Eσ||Eπ| sin(δσ − δπ)

 . (2.12)

Here the four components of the Stokes vector S represent the total intensity
of the electromagnetic radiation (S0) and the degrees of the linear (S1 and
S2) and circular (S3) polarization. Since only the degenerate polarization
states of the light can be expressed using an ellipse, Poincaré introduced the
use of a sphere to represent and describe all possible light polarization states
(see Figure 2.20(b)). Here the circular polarized light represents the north
and south poles of the sphere, whereas all the linear polarization states lie
on the equator.

As a consequence, one can define the Poincaré-Stokes parameters Pi =
Si/S0 (i = 1, 2, 3) [99, 100] where it is generally true that S2

1 + S2
2 + S2

3 ≤ S2
0

(P 2
1 + P 2

2 + P 2
3 ≤ 1). The case of the equality in the last relationship means

that we are dealing with fully polarized radiation, in which case the Poincaré-
Stokes parameters define a point on the so-called Poincaré sphere of unit
radius, as illustrated in Figure 2.20(b).

Defining the Müller matrix as M = A(J ∗ ⊗ J )A−1 [99], where

A =


1 0 0 1
1 0 0 −1
0 1 1 0
0 ı −ı 0

 , (2.13)

one can write it down considering the action of reflection optics in the fol-
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lowing way:

MR =


1
2
(Rσ +Rπ) 1

2
(Rσ −Rπ) 0 0

1
2
(Rσ −Rπ) 1

2
(Rσ +Rπ) 0 0

0 0
√
RσRπ 0

0 0 0
√
RσRπ

 . (2.14)

The action of MR is used to describe how the Stokes vector S, that char-
acterizes a given electromagnetic radiation, is affected by the reflection from
an optical element. The result is

Sr =MrS =


SR,0
SR,1
SR,2
SR,3

 =


1
2

[Rσ(S0 + S1) +Rπ(S0 − S1)]
1
2

[Rσ(S0 + S1)−Rπ(S0 − S1)]√
RσRπS2√
RσRπS3

 , (2.15)

where SR,0 is the total intensity of the reflected electromagnetic radiation
and similarly for the other Stokes parameters SR,i (i = 1,2,3).

Spectral decomposition

As previously mentioned, the polarization-resolved RIXS spectrum is ob-
tained by combining the polarization-unresolved measurement I with the
one reflected by the multi-layered mirror IM . Having introduced the formal-
ism based on the Stokes parameters, we can therefore introduce the Stokes
vector that models the two different acquisitions I and IM .

For the direct beam we have:

S =


S0

S1

S2

S3

 =


|Eσ′|2 + |Eπ′|2
|Eσ′|2 − |Eπ′ |2

1
2

(|Eσ′ + Eπ′|2 − |Eσ′ − Eπ′ |2)
1
2

(|Eσ′ − ıEπ′ |2 − |Eσ′ + ıEπ′ |2)

 , (2.16)

where S0 = |Eσ′|2 + |Eπ′ |2 = I represents the total intensity of the scat-
tered radiation as measured on the detector. Following the general pro-
cedure introduced above, the Poincaré-Stokes parameters read Pi = Si/S0

(i = 1, 2, 3) [99, 100]. Whereas for the beam reflected by the multilayer the
Stokes parameters can be obtained from SM =MS, where M is the Müller
matrix for reflection by an optical elements. In this way, similarly to Eq. 2.15,
we get
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SM =


SM,0

SM,1

SM,2

SM,3

 =


1
2

[Rσ′(S0 + S1) +Rπ′(S0 − S1)]
1
2

[Rσ′(S0 + S1)−Rπ′(S0 − S1)]√
Rσ′Rπ′S2√
Rσ′Rπ′S3

 , (2.17)

where SM,0 = IM is the total intensity of the beam after being reflected by the
ML. Differently from Eq. 2.15, here we have made explicit the dependence
on the polarization of the scattered photons (σ′ and π′).

It is important to underline that all the polarization states usually con-
tribute to define the intensity of the spectrum IM via their projection on the
coordinate axes εσ′,π′ . In order to extract the two linearly polarized com-
ponents in a RIXS spectrum we assume that the scattered X-rays are fully
linearly polarized leading to have |S1| = S0 (|P1| = 1) and S2 = S3 = 0
(P2 = P3 = 0). In the analysis of polarization-resolved RIXS spectra of
NdBa2Cu3O7−δ presented in Chapter 3 we will justify this assumption (ex-
cept few cases). Under this hypothesis, the polarization-resolved intensities
of the scattered beam by the multilayer are defined as

Iσ′,π′ =
S0 ± S1

2
=
I ± S1

2
, (2.18)

with

S1 =
1

A

(
SM,0

R0

− S0

)
=

1

A

(
IM
R0

− I
)

(2.19)

and

A =
Rσ′ −Rπ′

Rσ′ +Rπ′
=
Rσ′ −Rπ′

2R0

. (2.20)

A represents the multilayer polarization sensitivity (A ≈ 0.25), equivalent
to the Sherman function of Mott detectors for spin-resolved photoemission
experiments [105]. This formalism will be used in Chapter 3 to describe the
polarization-resolved RIXS spectra in terms of Stokes parameters within the
framework of the single-ion model.

Self-absorption corrections

It is well established that the knowledge of the scattered photons polariza-
tion state has a crucial relevance in the determination of the self-absorption
corrections [95]. Indeed, in a RIXS experiment the self-absorption of the
outgoing photons modifies the overall line shape of the spectra. Due to the
resonance process, the scattered photons are in general strongly re-absorbed
at small energy losses. Morevoer, the absorption coefficient depends on the
photon polarization, and, as a consequence, also the self-absorption process
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itself. With the possibility to discriminate the polarization of the scattered
beam it is therefore possible to correct this unwanted effect more carefully
than in the case of unpolarized RIXS measurements.

By taking the advantage of the polarization resolution of the scattered ra-
diation, we applied the self-absorption corrections to most of the polarization-
resolved RIXS measurements discussed in this thesis following the procedure
presented in the Supplemental Material of Ref. [95].

For this purpose, we define the correction factor Cε,ε′(ω1, ω2) that depends
on the energy ω1 (ω2) and polarization ε (ε′) of the incident (scattered)
photons.

Figure 2.21: Left panel: X-ray absorption (XAS) of NBCO measured with π po-
larization of the incident light. Right panel: example of self-absorption correction for
both the ππ′ and πσ′ channels.

Hence, the intensity of the measured RIXS spectrum Imeas
ε′ (ω2) can be related

to the corrected one Icorr
ε′ (ω2) by

Icorr
ε′ (ω2) =

Imeas
ε′ (ω2)

Cε,ε′(ω1, ω2)
, (2.21)

where the correction factor is obtained in the following way:

Cε,ε′(ω1, ω2) =
1

1 + tε,ε′(ω1, ω2)u
. (2.22)

The experimental scattering geometry is taken into account by the geomet-
rical factor u = cos(θin)/ cos(θout) that depends on the photon angles of
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incidence (θin) and scattering (θout) as measured from the normal (usually
the sample c axis) to the sample surface (see Figure 2.12(a)) and by the
factor tε,ε′(ω1, ω2), defined as

tε,ε′(ω1, ω2) =
α0 + αε′(ω2)

α0 + αε(ω1)
. (2.23)

Here α0 and αε(ω) are parameters that can be experimentally determined
and are related to the non-resonant and resonant part of the absorption co-
efficient, respectively (right panel in Figure 2.21). Due to the large anisotropy
of the 3d orbitals in cuprates, the absorption coefficient αε(ω) greatly differ
depending on the orientation of the polarization vector with respect to the
sample crystallographic directions. For example, the absorption process at
resonance (Cu L3-edge in our case) is maximized when ε is perpendicular
with respect to the sample c axis orientation [13]. We anticipate here that at
low energy losses (where phonons and magnetic excitations play the biggest
role) the difference between the correction factors for the two possible linearly
polarization states of the scattered light does not exceed ≈ 20%, while in case
of dd excitations with higher energy losses the self-absorption correction is
negligible.

In the right panel of Figure 2.21 we show an example of self-absorption
correction applied to a polarization-resolved RIXS measurement carried out
on NBCO. The correction has been applied for both the σ′ and π′ chan-
nels and we note how it differently affects the intensities of the decomposed
spectra. In Chapter 3 we will show the Cε,ε′(ω1, ω2) factor obtained for dif-
ferent selected in-plane momenta for both the cases with σ and π incident
polarizations.

Error bars

The uncertainty related to the error propagation in the polarization analysis
of a RIXS spectrum is non-trivial. The main reason is that the spectral de-
composition in its linearly polarized components is indirectly obtained from
the measurements of two independent spectra, the direct beam (I) and the
one reflected by the multi-layered mirror (IM). In this Section we will de-
rive the procedure to calculate the error bars for polarization-resolved RIXS
measurements mainly following the same approach used for spin-resolved
photoemission with Mott detectors [105].

Due to the low efficiency of the multi-layered mirror, the two RIXS spec-
tra I and IM are usually collected with different acquisition times (τ < τM).
Recalling the multilayer reflectivities Rπ′ (Rσ′) for the π (σ) polarization
channel, and assuming that nπ′ and nσ′ are the energy-dependent numbers
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of photons impinging the detectors per unit time in the two different polar-
ization cases, we have that

I = (nπ′ + nσ′)τ = nτ (2.24)

IM = (Rπnπ′ +Rσ′nσ′)τM = nMτM (2.25)

are the total numbers of photons detected on the two CCD cameras (CCD1
and CCD2, see Figure 2.9). The reflectivity of the ML can be written as
Rσ,π = R0(1∓A), where A is the Sherman constant (Eq. 2.20) and R0 is the
average reflectivity of the multilayer previously defined. In order to get the
formulas for the error bars, we define the degree of linear polarization as

P =
nσ′ − nπ′
nσ′ + nπ′

, (2.26)

and thus the measured asymmetry between I and IM in the following way

D = AP =
IMτ

IτMR0

− 1. (2.27)

Since I + IM gives the total number of the detected photons during an out-
going polarization-resolved RIXS measurement, and considering a Poisson
statistical distribution of uncertainties, the error bars for both π and σ po-
larization channels are given by

∆D =

[(
∂D

∂I

)2 (
∆I
)2

+ +

(
∂D

∂IM

)2 (
∆IM

)2
]1/2

=

=
τ

τMR0

√
IM

2 + IMI

I3
. (2.28)

Here ∆I and ∆IM are the different error bars of the direct beam and the
beam past the multilayer intensities, respectively. Having introduced the
degree of photon polarization P , we can rewrite the two terms nπ′,σ′ as

nπ′,σ′(ω2) = (1∓ P )
I

2τ
. (2.29)

Since ∆P = ∆D/A, Eq. 2.28 can be casted in the form

∆nπ′,σ′ =
1

2AτMR0

√
IM

2 + IMI

I
, (2.30)

or, alternatively,

∆Iπ′,σ′ = τ∆nπ′,σ′ =

=
τ

2AτMR0

√
IM

2 + IMI

I
. (2.31)
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Figure 2.22: Example of polarization-resolved RIXS spectrum of NdBa2Cu3O6 mea-
sured with incident π polarization at in-plane momentum q‖=0.2 r.l.u.. In the inset
the close view of the low-energy excitations is shown. The error bars are calculated
on raw data, while continuous lines represent data smoothed on seven points. For
clarity, we show only every second data point (symbols).Figure from Ref. [60].

Figure 2.22 shows an example of polarization-resolved RIXS spectrum of
undoped NBCO where we report the error bars calculated with the procedure
described in this section. The interpretation about the polarization state of
the different spectral features will be discussed in Chapter 3. Finally, from
Eq. 2.31 we notice that if the total number of accumulated counts is roughly
the same for the direct beam and the beam reflected by the multilayer, we
have I ' IM , implying that τM ' τ/R0 and ∆Iπ′,σ′ '

√
n(ω2)/(A

√
2).



CHAPTER 3

Polarization resolved Cu L3-edge resonant inelastic X-ray

scattering of orbital and spin excitations in

NdBa2Cu3O7−δ

The data and analyses discussed in this Chapter have been published in
“Polarization resolved Cu L3-edge resonant inelastic X-ray scattering of or-
bital and spin excitations in NdBa2Cu3O7−δ”, by R. Fumagalli, L. Braicovich,
M. Minola, Y. Y. Peng, K. Kummer, D. Betto, M. Rossi, E. Lefranois, C.
Morawe, M. Salluzzo, H. Suzuki, F. Yakhou, M. Le Tacon, B. Keimer, N.
B. Brookes, M. Moretti Sala, and G. Ghiringhelli, Physical Review B 99,
134517 (2019) and selected as an Editor’s Suggestion.

In this Chapter we present a systematic RIXS study of orbital, magnetic
and vibrational excitations in a prototypical cuprate system (NdBa2Cu3O7−δ,
from now on NBCO). We measured Cu L3-edge RIXS spectra of undoped,
underdoped and optimally doped NBCO films at different in-plane momenta
with both perpendicular and parallel (with respect to the scattering plane)
polarization of the incident X-rays. The experimental dataset allows to un-
equivocally determine the polarization dependence and the evolution of elec-
tronic dd excitations as a function of doping and scattering geometry. More-
over, we show that the polarimetric device, a polarization-selective optical
element based on a multilayer, can provide crucial insights to disentangle the
different contributions in the low energy scale due to spin and phonon excita-
tions. Finally, we discuss the interpretation of the experimental data within
the framework of the single-ion model [11] and in terms of Stokes parameters
[9, 10].
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3.1 Introduction

Since the discovery of high T c copper-based superconductors [6] many vig-
orous attempts have been deployed to the understanding of the microscopic
mechanism beyond unconventional superconductivity. Despite several exper-
imental findings and theoretical models proposed, an exhaustive and gener-
ally accepted explanation of this phenomenon is still missing.

In Chapter 1 we have introduced the general properties of superconduct-
ing cuprates, especially underlying the complexity of their phase diagram [7],
which is the result of the interplay between antiferromagnetism (AFM),
strong electronic correlation, different incipient orders and low dimension-
ality. Since the advent of RIXS technique as a powerful tool for the study
of different degrees of freedom such as spin, charge and orbital in copper-
based superconductors, a step forward has been taken in the understanding
of these fascinating materials. Besides the discovery of incommensurate long-
range charge density fluctuations in the “123” family [45] and subsequently
in all the other hole [46, 47, 48] and electron [49] doped cuprates, it has
been demonstrated that RIXS is a valuable tool to probe magnetic excita-
tions in the parent compounds of HTS cuprate [85]. Furthermore, RIXS has
shown that a short-range antiferromagnetism persists up to a very high dop-
ing level, even above the optimal one [22]. Therefore, whereas some orders
such as charge density waves seem to compete with superconductivity and
magnetic fields are known to suppress it, the presence of spin fluctuations
even in doped compounds suggest that magnetism can have a crucial role in
the formation of Cooper pairs [71].

The recent impressive developments in soft RIXS instrumentations and
optics have opened new scenarios regarding the accessible excitations. In par-
ticular, thanks to the high quality performances of the ERIXS spectrometer
in terms of efficiency and energy resolution (∼ 30 meV at the Cu L3-edge,
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an energy scale where most of the low energy excitations can be studied, see
Chapter 2.4.1), we have recently demonstrated that RIXS can get insights
into the low energy region where phonons play a crucial role: in particular,
we proposed a new methodology for the experimental determination of the
electron-phonon coupling in the insulating NdBa2Cu3O6 [77]. Finally, RIXS
can also give information about the crystal field and the electronic config-
uration of the valence electrons: in the specific case of cuprates, RIXS has
been used in the determination of the energy and symmetry of the Cu 3d
states by studying the dd (or orbital) excitations in almost all the insulating
cuprates [11, 91, 92, 106].

Mainly due to technical limitations, the degree of freedom related to the
polarization of the scattered photons has not been exploited before the inau-
guration of ERIXS, except for a pioneering work done by my Minola et al.
in the study of the polarization dependence of spin-flip excitations [95]. By
using a prototype [94] of the polarimeter device installed nowadays in the
ERIXS spectrometer, they demonstrated that magnetic excitations flip the
spin of the ground state and they necessarily lead to a change in the angular
momentum of the photons: from law conservation of angular momenta this
yields also a change in the photon polarization which can be detected with
a device sensitive to different linearly polarized light [89].

The examples of excitations accessible by RIXS just mentioned suggest
that a full characterization of the excitations is needed in order to better
understand the fascinating and intriguing physics that characterize HTS
cuprates. For example, studying the polarization dependence of spectral
features gives access to further crucial information that is usually unavail-
able in polarization-integrated RIXS spectra. In particular, understanding
the polarization dependence of electronic and magnetic excitations could be
helpful to learn how charge, spin and orbital orders interact with each other.

In this Chapter we report the first systematic high-resolution polarization-
resolved soft RIXS study of low energy (magnons and phonons) and orbital
excitations in the high-T c superconductor NdBa2Cu3O7−δ and we prove the
capability and reliability of polarimetric measurements. In this work we used
a pure ionic picture to study the experimental results calculating the theo-
retical RIXS cross-sections for all the possible excitations (for further details
see Chapter 2.6.2). This model can be easily applied to the case of cuprates
because these are one-hole systems, where the Cu atoms are in a 3d9 con-
figuration (Cu2+), i.e. having only one hole normally residing in the 3dx2−y2
orbital. With respect to previous works, we added in the calculations the po-
larization dependence of all the possible RIXS final states which greatly helps
the understanding of measured polarization-resolved spectra. In particular,
we are able to describe and interpret the different polarized resolved contri-
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butions in terms of Stokes parameters [9, 10] which can be also calculated
using a single-ion model.

3.2 Experimental methods

Samples

The NdBa2Cu3O7−δ (hereafter NBCO) thin films investigated in this chapter
were grown by our collaborators at the CNR/SPIN lab located in Napoli.
NBCO belongs to the “123” family and shares the same crystal structure
of the most well studied YBa2Cu3O7−δ (YBCO). As shown in Figure 3.1(a),
the NBCO crystal structure is characterized by CuO2 bilayers separated by
insulating blocks composed by BaO layers and CuO chains and the central
CuO2 sheets are separated by a Nd ion each.

NBCO thin films have been epitaxially grown by a high oxygen pressure
diode sputtering on a (001) surface of SrTiO3 single crystal, and as a conse-
quence the lattice parameters a and b are almost identical (= 3.9 Å, while c =
11.7 Å) since the almost in-plane matching with the substrate and a tetrag-
onal description will be conveniently used. Whereas in the case of YBCO
a 6= b 6= c, since it belongs to the D2h point group with a crystalline struc-
ture composed by a rhombic dipyramidal. Superconductivity in the CuO2

planes with a maximum T c of 95 K is achieved through the control of the
holes density (hole doping) by adjusting the excess of Nd at the Ba sites
(Nd1+xBa2−xCu3O7−δ) and the oxygen content in the CuO chains.

In this work we have measured undoped (AF), underdoped (UD, Tc =
63 K and hole concentration p = 0.11) and optimally doped (OP, Tc = 90
K and p = 0.17) NBCO thin films. More details on samples growth and
characterization can be found in Refs. [107] and [108].

RIXS measurements

RIXS spectra have been acquired with the new high-resolution ERIXS spec-
trometer (for further details see Chapter 2.4.1) with a combined energy res-
olution (beamline and spectrometer) of ∼ 80 meV, evaluated by measuring
the full width at half maximum of the non-resonant response from silver
paint deposited on a corner of the sample surface, for both the direct beam
and the beam measured through the multi-layered mirror. The incident pho-
ton energy was tuned at the Cu L3-edge (∼ 931 eV) where the scattering
cross-section is greatly enhanced, while the polarization of the incident X-
rays could be set either parallel (π, horizontal) or perpendicular (σ, vertical)
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Figure 3.1: a) NdBa2Cu3O7−δ crystal structure. b) First Brillouin zone where the
two circles along the [1 0] direction represent the in-plane momentum values of the
experimental data discussed in this chapter (h = 0.2 and 0.4 r.l.u.). c) Sketch of the
experimental scattering geometry adopted for the RIXS measurements reported here
which underlines the possibility to perform polarization analysis of the scattered light.
Figures from Refs. [77] and [60].

with respect to the scattering plane (see panel c in Figure 3.1). All the mea-
surements were collected at 20 K and the scattering angle 2θ was fixed at
149.5◦ with the scattering occurring in the sample ac plane. Experimental
data have been taken at two fixed in-plane momenta, namely at q‖=0.2 r.l.u.
and 0.4 r.l.u. along the anti-nodal direction Γ −→ X (or [1 0], parallel to
the Cu-O bonds in the CuO2 planes), as indicated in Figure 3.1(b). In order
to change the absolute value of the in-plane transferred momentum q‖ the
sample could be rotated azimuthally around the b axis perpendicular to the
scattering plane.

All the polarization-resolved RIXS spectra presented in this Chapter have
been corrected for self-absorption as explained in Chapter 2.7 and their inten-
sities express as “scattering probability” in units of eV−1srad−1. For that the
measured RIXS intensities were thus normalized to the collection solid angle
of ERIXS (5·10−5, obtained from the product of the angular acceptance of
the grating and of the collimating mirror, which are ∼2.5 mrad and 20 mrad,
respectively) and to the incident photon flux obtained by measuring the drain
current generated by the incident beam in the last optical element before the
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sample (∼1012 photons/s in a typical bandwidth of 45 meV). Moreover, we
have taken into account the spectrometer efficiency, where the limiting factor
is mainly given by the reflectivity of the grating (0.1 for the 1400 mm−1 grat-
ing used for the measurements reported here [8]) and the sampling channel
width, 10 meV in the present case.

The use of the scattering probability to express the RIXS intensities will
facilitate in the future a direct comparison between spectra acquired in dif-
ferent working conditions (experimental setups) and in different synchrotons
(beamlines, spectrometers, etc.).

Self-absorption corrections

As mentioned in the previous Section, the RIXS spectra presented hereafter
were corrected for self-absorption. As explained in detail in Chapter 2.7,
the knowledge of the scattered photon polarization allows us to correct the
spectra without uncertainty. For the specific case of the data discussed here,

Figure 3.2: Self absorption correction factors at selected transferred momenta (q‖
= 0.2 and 0.4 r.l.u.) for both σ and π polarization of the incident and scattered light.
These results were calculated from the x-ray absorption spectra measured by total
electron yield on the AF NBCO sample. Figures from Ref. [60].

and since the self-absorption strongly depends on the scattering geometry, we
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calculated the correction factor Cε,ε′(ω1, ω2) (Eq. 2.22) for the two selected
transferred momenta at which we measured the spectra. The results are
illustrated in Figure 3.2.

Here, the correction factors for the two linearly polarized outgoing chan-
nels (σ′ and π′) calculated at q‖ = 0.2 and 0.4 r.l.u. were obtained from the
X-ray absorption spectra measured by total electron yield on the AF NBCO
sample. As we can note in Figure 3.2, the self-absorption mainly affects the
low-energy spectral range (below 1 eV), while it remains almost polarization
independent at higher energies, where orbital excitations take place. Finally,
Figure 3.2 shows that the correction factor is momentum dependent, giving
a bigger contribution at higher transferred momenta, obtained in a grazing
out scattering geometry. The XAS spectrum and an example of the self-
absorption correction applied on the ππ′ and πσ′ decomposed spectra has
been described in Chapter 2.7 and illusrated in Figure 2.21.

3.3 Single-ion model for the calculation of the

RIXS cross-section

In Chapter 2.6.2 we have introduced the procedure to calculate the RIXS
cross-sections within the single-ion model. Moreover, we have shown that
the polarization of the light can be interpreted in terms of Stokes vector.
Here we will combine these two approaches exploiting the possibility to ex-
plicit the outgoing polarization dependence of the RIXS cross-sections in
order to calculate the Stokes vector and the corresponding Poincaré - Stokes
parameters P. Recalling the RIXS amplitudes obtained in the framework of
the single-ion model given by the Eq. 2.8, the Stokes vector S (Eq. 2.16) can
be rewritten in the following way

S =


S0

S1

S2

S3

 ∝


|Aσ′|2 + |Aπ′|2
|Aσ′|2 − |Aπ′|2

|Aσ′+Aπ′ |2 − |Aσ′−Aπ′ |2
|Aσ′−ıAπ′ |2 − |Aσ′+ıAπ′ |2

 . (3.1)

Poincaré-Stokes parameters P ′i = Si/S0, i = 1, 2, 3 are reported in Tables
3.1 and 3.2 for the scattering geometry adopted in our measurements and
reported in Chapter 2.12(a) and in Figure 3.1 for both σ and π polarization
of the incident photons.

As we explained in Chapter 1.2.2, being the Cu2+ ions in the CuO2 planes
in a 3d9 configuration, the ground state of cuprates is assumed to be 3dx2−y2 ↓,
where the arrow denotes the spin state. As a consequence, in our calculations
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P1 P2 P3

x2 − y2 ↓ 1 0 0
x2 − y2 ↑ -1 0 0
xy ↓ -1 0 0
xy ↑ 1 0 0
xz ↓ -1 0 0
xz ↑ -1 0 0

yz ↓ 4 cos(2θout)−3

1+8 sin2 θout
0 4

√
2 sin θout

1+8 sin2 θout

yz ↑ 1 0 0

3z2 − r2 ↓ 1
2

cos(2θout)+3

2+sin2 θout
0 2

√
2 sin θout

2+sin2 θout

3z2 − r2 ↑ -1 0 0

Table 3.1: Poincaré-Stokes parameters of scattered radiation calculated within the
Cu2+ single-ion model with σ incident photon polarization for all the possible final
states. θout is the angle between the scattered photons and the normal to the sample
surface (see Figure 2.12(a)).

the final state 3dx2−y2 ↓ always refers to a pure elastic scattering, whereas
a pure spin flip excitation is characterized by having a 3dx2−y2 ↑ final state.
The other final states that can occur during the RIXS process involve an
orbital change (3dxy ↓, 3dxz ↓, 3dyz ↓ and 3d3z2−r2 ↓) or both an orbital
change and spin flip (3dxy ↑, 3dxz ↑, 3dyz ↑ and 3d3z2−r2 ↑).

Differently from previous works where the single-ion model has been used
to study the angular dependence of the RIXS final states (especially for dd
excitations [11]), in Tables 3.1 and 3.2 give a direct information about their
polarization dependence in terms of Poincaré-Stokes parameters. Having a
close look at both Tables 3.1 and 3.2, we can extract useful indications that
will be used in the understanding of the experimental data. For example, we
note that if the scattering process occurs in the sample ac (xz) plane (see
Figure 3.1) in both the cases with σ and π polarization of the incident radia-
tion, the scattered photons are fully σ′ and π′, respectively. This affirmation
comes from the fact that P1 = 1 or -1, respectively, and P2 = P3 = 0 for all
the excited states except for yz, ↓ (yz, ↑) and 3z2 − r2, ↓ (3z2 − r2, ↑) for σ
(π) incident photon polarization, where S3 6= 0 (P3 6= 0).

In the description of the polarization analysis given in Chapter 2.7 we have
underlined that the polarimetric device installed on the ERIXS spectrometer
can separate solely the two pure linearly polarized states of the scattered light
σ′ and π′. The fact that some final states are characterized by P3 6= 0 and
S3 6= 0 could make, sometimes, the interpretation of the polarization resolved
RIXS spectra ambiguous. For example, if we assume that the scattered
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P1 P2 P3

x2 − y2 ↓ -1 0 0
x2 − y2 ↑ 1 0 0
xy ↓ 1 0 0
xy ↑ -1 0 0
xz ↓ -1 0 0
xz ↑ -1 0 0
yz ↓ 1 0 0

yz ↑ 1−2 sin2 θout
1+2 sin2 θout

0 2
√

2 sin θout
1+2 sin2 θout

3z2 − r2 ↓ -1 0 0

3z2 − r2 ↑ 1−2 sin2 θout
1+2 sin2 θout

0 2
√

2 sin θout
1+2 sin2 θout

Table 3.2: Poincaré-Stokes parameters of scattered radiation calculated within the
Cu2+ single-ion model with π incident photon polarization for the various final states.
θout is the angle between the scattered photons and the normal to the sample surface
(see Figure 2.12(a)).

radiation is fully circularly polarized, then |S3| = S0 (|P3| = 1) and S1 = S2 =
0 (P1 = P2 = 0): the intensity recorded on the detector after reflection from
the multilayer mirror will be SM,0 = R0S0. Eqs. (2.18) and (2.19) will provide
Iσ′ = Iπ′ = S0/2, i.e. the scattered intensity is equally distributed between
the two polarization channels. Here we have thus demonstrated that by
expressing the RIXS cross-sections calculations in terms of Poincaré-Stokes
parameters is of crucial importance to determine the effective polarization
state of the excited states.

In the upper panels of Figure 3.3 we show the polarization-resolved RIXS
cross-sections obtained with the single ion model for all the excited states
that involve an orbital change. The results are plotted as a function of
the in-plane transferred momentum q‖ along the [1 0 0] direction of the
Brillouin zone with both σ (left) and π (right) incident photon polarization
and having considered the scattering angle 2θ = 150◦. In the calculations we
have summed over all the two possible spin final states (up and down) since
the super-exchange coupling is negligible for all the 3d orbitals except for the
ground state (3dx2−y2) [11]. Moreover, in the measured RIXS spectra of all
the 2D cuprate families there is no evidence of a possible spin splitting for
dd excitations (and if present, it is not resolved). Therefore, in Chapter 3.3
we have considered as degenerate the final states with ∆S = 0 and ∆S = 1,
which are related to spin-conserving (∆S = 0) and single spin-flip excitations
(∆S = 1), respectively.

Following the same procedure adopted by Moretti et al. [11], we simulate
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Figure 3.3: The top panels show the in-plane momentum dependence of Cu L3-edge
polarized RIXS cross-sections calculated in the framework of the single-ion model for
dd excitations (3dxy, doubly degenerate 3dxz/yz and 3d3z2−r2 orbitals). For each curve
we consider as degenerate the final states with ∆S = 0 and ∆S = 1. For all cases
the scattering angle (2θ) has been fixed at 149.5◦. In the bottom panels we report
the simulated spectra with outgoing polarization analysis of AF NBCO (the energy
positions of the 3 dd excitations are taken from Ref. [11]) at q‖ = 0.2 rlu along [1
0 0] direction of the Brillouin zone with both σ (left) and π (right) incident photon
polarization of the light. Figure from Ref. [60].
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the RIXS spectra of AF NBCO at q‖ = 0.2. The energy positions and the
intrinsic Lorentzian lifetime broadening of the three dd excitations have been
taken from Ref. [11]: the transition from the ground state to the 3dxy orbital
is the one at lower energy loss (-1.52 eV), the doubly degenerate final state
3dxz/yz at -1.75 eV, while the other eg final state 3d3z2−r2 at -1.98 eV. In
order to allow a direct comparison with the experimental data (shown in
Chapter 3.4), the calculated spectra were convoluted with a Gaussian func-
tion having a full width at half maximum of 80 meV which takes into account
the experimental energy resolution. The simulated spectra, including their
polarization-resolved decompositions, show an excellent agreement with the
measured polarized-RIXS spectra of undoped NBCO illustrated in the upper
panels a-b) of Figure 3.4. The capability offered by the single-ion model to
assign the energy and symmetry of the Cu 3d states in undoped cuprates has
been confirmed by several works [11, 92], while in this work we also demon-
strate how this tool allows the study of the polarization dependence of the
excited states. Therefore, we will use in the following the combination of the
Poincaré-Stokes parameters together with the RIXS cross-sections to discuss
the polarization and doping dependence of the main spectral features in the
NBCO RIXS spectra.

3.4 Results and discussion

Figure 3.4 shows the polarization-resolved RIXS spectra of AF (upper pan-
els) and OP (bottom panels) NBCO measured with both σ and π at two
selected in-plane transferred momenta (q‖ = 0.2 and 0.4 r.l.u.). For clarity,
we show only every second data point (symbols), while the continuous lines
represent data smoothed on seven points. The four different polarization
combinations (ππ′, πσ′, σσ′ and σπ′) have been obtained by applying the
procedure described in Chapter 2.7 (here the spectrum acquired after being
reflected by the ML is not shown). The low energy region is characterized
by dispersing inelastic excitations and by a resolution limited (quasi)elastic
peak, while at higher energy losses (between-1 and -3 eV) the spectral weight
is dominated by the crystal field excitations. All the spectral feature inten-
sities show momentum and polarization dependence, while the effect of the
doping is reflected in a significant broadening of all the spectral lineshapes.
In the following, we will detail our analysis on each of the excitations.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3.4: Polarization-resolved RIXS spectra of undoped (top panels) and opti-
mally doped (bottom panels) NBCO. The measurements were carried out at the two
selected momenta q‖ = 0.2 and 0.4 r.l.u. with both σ (panels a,c,e,g) and π (panels
b,d,f,h) polarization of the incident light. In the decomposed spectra symbols rep-
resent raw data while continuous lines are smoothed data on 7 points. Figure from
Ref. [60].
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3.5: Low energy spectral range of the polarization-resolved RIXS spectra of
undoped (top panels) and optimally doped (bottom panles) NBCO at the two selected
momenta q‖ = 0.2 and 0.4 r.l.u. and measured with both σ (panels a,c,e,g) and π
(panels b,d,f,h) polarization of the incident light. In the decomposed spectra symbols
represent raw data while continuous shaded areas are smoothed data on 7 points.
Figure from Ref. [60].
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(Quasi)elastic line and phonons

In Figure 3.5 we highlight the low-energy spectral range of the RIXS spectra
shown in Figure 3.4. As mentioned above, the undoped NBCO spectra are
sharper than optimally doped cases, facilitating the distinction of the spectral
features. Although the (quasi)elastic peak (centered at∼ 0 energy loss within
the uncertainty related to the finite energy resolution) in all the spectra
of the undoped and optimally doped NBCO mainly belongs to the non-
crossed polarization channels (ππ′ and σσ′), a non negligible crossed (πσ′

and σπ′) contribution is clearly visible. This experimental finding seems to
be in contradiction with the well established RIXS cross-sections calculated
within the single-ion model, especially in the case of undoped cuprates. As
a consequence of the total angular momentum conservation law, the spin-
conserving elastic scattering (∆S = 0) without orbital character in cuprates
(x2 − y2 ground state) is purely non-crossed, as illustrated in the top panels
of Figure 3.6.

Since the energy resolution of the present experiment is ≈ 80 meV, exci-
tations such as phonons might help in the understanding of this apparent in-
consistency. In fact, the two main phonons probed by RIXS are the buckling
(out-of CuO2 planes vibrations of the planar O atoms) and breathing (Cu-O
bond-stretching vibrations) mode, which for the present case of NBCO have
an energy of ≈-35 and ≈-70 meV, respectively [77]. In the spectra reported
in Figure 3.5 we can not resolve the two distinct phonon contributions due to
the intrinsic broadening given by the finite energy resolution. Although an
accurate and detailed systematic study of the vibrational modes requires an
energy resolution at least twice better than the present one, the polarization-
resolved measurements clearly reveal their presence in the low energy region.
We thus exploit this analysis to note that specific phonons can give a contri-
bution in the crossed-polarization channel, as seen in Raman measurements
[109]. Nevertheless, a systematic investigation of polarization and doping de-
pendence of the buckling and breathing mode accessible by RIXS is out of the
scope of this work. However, our work suggests that a further improvement
in the energy resolution in RIXS experiments, specifically in the polarization-
resolved ones, could in principle provide essential hints about the symmetry
of the different phonon modes and eventually greatly contribute to uncover
the nature of the electron-phonon coupling in undoped and superconducting
cuprates.
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Figure 3.6: q‖-dependence of the polarization-resolved RIXS cross-sections within
the single-ion model for spin-conserving (∆S = 0) and pure spin-slip (∆S = 1)
excitations without orbital change. In the top panels the ground state is considered
to have a x2 − y2 symmetry, while in the bottom panels a 3z2 − r2 symmetry. For
these calculations the scattering angle 2θ is 149.5◦ and we consider both the incident
polarizations of the light (σ and π). Figure from Ref. [60].

Magnetic Excitations

Magnetic excitations (single and/or multi-magnons) are usually described as
collective due to their dispersing character in the reciprocal space. Start-
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ing our discussion from the undoped case illustrated in the top panels of
Figure 3.5, the sharp peaks found at ≈-250 meV at q‖ = 0.2 r.l.u. and at
-300 meV at q‖ = 0.4 r.l.u. are single-spin flip (magnon) excitations and oc-
cur predominantly in the crossed-polarization channels. Previous theoretical
[89] and experimental [95] works have already shown that spin-flip excitation
(∆S = 1) leads to a rotation of the scattered light polarization with respect
to the incident one. However, as in the case of the (quasi)elastic peak, our
polarization-resolved RIXS spectra seem to slightly contradict this common
belief, showing a sizable spectral weight with non-crossed character behind
the magnon peaks.

Nevertheless, it is well known that the shoulder of the magnon peak seen
in the spectrum measured with σ polarization is usually ascribed to the
bimagnon (excitation of two interacting magnons) continuum, that in the
specific case of RIXS at Cu L3-edge is characterized by a dispersive branch of
its continuum [110] and, as a consequence, more visible at larger momentum.
In fact, at q‖ = 0.4 r.l.u. the bimagnon can be easily recognized at -450
meV, and contrarily to single magnons, it mainly occurs in the non-crossed
polarization channels. The tail of the bimagnon can therefore extend up to
the single magnon energy justifying the ππ′ and σσ′ contributions. Another
plausible explanation that can be taken into account is the consideration of
a 3dx2−y2 ground state mixed with the 3d3z2−r2 , a scenario that has already
been considered before [111]. To check the feasibility of this hypothesis, we
calculated the ∆S = 0 and ∆S = 1 RIXS cross-sections within the single ion
model assuming a 3z2−r2 ground state. The results, sketched in the bottom
panels of Figure 3.6, show that spin-flip transitions are allowed in the ππ′

and not σσ′ case.
Both of the hypotheses discussed here can simultaneously be at play,

however the non-crossed contribution coming from the bimagnon seems more
likely to dominate.

Let’s now have a look to the low energy spectral range of the optimally
doped NBCO spectra illustrated in the bottom panels (e-h) of Figure 3.5. If
compared to the undoped NBCO discussed above, the first thing that stands
out is that OP spectra are broader, making the distinction of the spectral
features more difficult, and sit on an unpolarized continuum. This spectral
weight is related to the presence of added charges in the system and it is
usually ascribable to an electron-hole pair excitation continuum. The single
magnon excitations (usually called paramagnons in doped compounds) are
heavily damped but persist when mobile holes are added to the system [5,
22, 23, 112, 95, 113, 114]. Finally, our measurements demonstrate that,
especially in the case of π polarization of the incident photons, paramagnons
still belong to the crossed-polarization channel preserving the polarization
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dependence of single spin-flip excitations as in the undoped NBCO.

Crystal-field excitations

The study of crystal-field (or dd excitations) in undoped cuprates with RIXS
has been extensively done in the past by our group to assign the energy
and symmetry of the 3d Cu2+ orbital states by examining the momentum-
dependence of the dd peak intensities and compared with the RIXS cross-
sections [11]. As we pointed out in the introduction of this work, and dif-
ferently from the magnetic excitations case, the spectral features related to
orbital excited states usually do not show any energy-momentum dispersion.
In addition to that, the noticeable agreement with simulated RIXS spectra
obtained within the single-ion model underline the localized (non-collective)
nature of orbital excitations in NBCO, as already demonstrated by some of
us et al. [11].

It could therefore be interesting to track their evolution upon doping, as
we show in the top panels of Figure 3.7. Here we show the doping dependence
of the polarization unresolved AF, UD and OP NBCO spectra taken with
both π and σ incident polarization at q‖ = 0.2 r.l.u. and q‖ = 0.4 r.l.u..
Moving towards higher doping levels we observe two major effects:

• the overall dd lineshapes broaden and the different orbital peaks in-
creasingly overlap with each other, making almost impossible their as-
signment;

• the energy position of the resulting broad distribution shifts towards
lower energy loss.

In order to quantify the latter effect, we estimated the dd spectral centroid
(center of mass) by integrating the distribution of orbital excitations in the
energy range between -3 and -1 eV. While regarding the overall shift to lower
energy loss of the dd distribution, we assessed the energy of the dxy peak (the
one at lowest energy loss) by computing the second derivative of the spectra.
We decided to not implement a multi-peak fitting procedure because in the
case of OP NBCO RIXS spectra the results are affected by a considerable
uncertainty of the fitting parameters due to the broadening of the dd exci-
tations. However, with this approach we obtain the same value of the dxy
energy position (1.52 eV) in the AF NBCO reported in Ref. [11]. These two
quantitative analyses are summarized in the bottom panel of Figure 3.7. The
average softening of the overall dd distribution amounts to ≈50 meV from
the AF to the OP case and seems to be mostly caused by a ≈150 meV shift
of the dxy peak towards lower energy losses. By taking advantage of the
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Figure 3.7: Top panels: doping dependence (undoped, underdoped and optimally
doped NBCO) of dd excitations at q‖ = 0.2 and 0.4 r.l.u. measured with π and σ
incident light polarization. The bottom panel shows the doping dependence of the dd
spectral centroids and the xy peak positions. Figure from Ref. [60].

polarization resolution we further inspected these properties in the AF and
OP NBCO polarization-resolved RIXS spectra.

In particular, we concentrated on the cross-polarization πσ′ and σπ′ spec-
tra taken at q‖ = 0.4 r.l.u.: in this scattering geometry, our RIXS cross-
sections calculations suggest that we can follow the evolution upon doping
of the two different dxy and dxz/yz states. In fact, the former is enhanced
by the πσ′ polarization channel, while the latter has a predominant σπ′ con-
tribution. The feasibility of these considerations are supported by the fact
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(a) (b)

(c) (d)

(e) (f)

Figure 3.8: (a-b) Simulated πσ′ and σπ′ (cross-channels polarization) spectra of AF
NBCO for momentum transfers of q‖ = 0.2 r.l.u. and q‖ = 0.4 r.l.u. (orbital energies
are taken from Ref. [11]). Comparison between cross-channels polarization spectra of
AF (c,d) and OP (e,f) NBCO at q‖ = 0.2 r.l.u. (left panels) and q‖ = 0.4 r.l.u. (right
panels). Continuous lines are smoothed data on 7 points. Figure from Ref. [60].

that simulated RIXS spectra shown in Figure 3.8(b) nicely reproduce the
experimental data of AF NBCO sketched in Figure 3.8(d). Figure 3.8(f)
shows that the main effect given by the added holes is the broadening of
both the dxy and dxz/yz states, while the previously discussed shift of the
spectral centroid of the entire dd distribution could be ascribable to the ad-
ditional spectral weight visible in the low-energy side of the dxy peak in both
πσ′ and σπ′ channels. The spectra taken at q‖ = 0.2 r.l.u. (Figure 3.8(c)
and (e)) confirm what we have determined in the spectra at q‖ = 0.4 r.l.u..
An additional spectral weight can also be observed in the high-energy side
of the dxz/yz state, but its effect seems to be smaller with respect to the one
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related to the dxy and therefore we can confirm that the shift to lower energy
losses of the dd center of mass is substantially provided by the dxy softening.

The shift of dd excitations distribution can be explained by the reduction
of the effective crystalline electric field given by the partial screening of the
(negative) oxygen charges by doping holes. The effect seems to be larger for
the in-plane dxy orbital consistently with the formation of the Zhang-Rice
singlets [29] which mainly take place in the CuO2 planes, thereby providing
a more effective screening of the in-plane O charges.

3.5 Conclusions

In the work presented and discussed in this Chapter we provided a systematic
analysis of high-resolution polarization-resolved RIXS spectra of NBCO as a
function of doping. In particular, we we studied with unprecedented accuracy
the polarization dependence of all the main features accessible to Cu L3-edge
RIXS, such as phonons, single- and multiple magnon excitations, and finally
orbital excitations. Thanks to the polarization resolution of the scattered
photons from the sample, by simply tracking the evolution of the various
excitations as a function of doping we were able to disentangle all the spectral
components.

As a result of our analysis on the dd excitations, we reported a broadening
and shift of the spectral centroid (center of mass) of the whole dd excitations
distribution towards lower energy losses. In particular, the analysis of the
doping dependence of the cross-polarization πσ′ and σπ′ channels allowed us
to discriminate between dxy and dxz/yz excited states and ascribe the shift
of dd excitations to the softening of the dxy state. Moreover, we show that
a proper correction for self-absorption effects can be done only if we have a
complete knowledge about the scattering geometry and of the polarization of
the scattered radiation. This fact could have relevant repercussions especially
when investigating little intensity differences, as in the case of the low energy
spectral range where phonons are detected.

Finally, we interpret the polarization-resolved RIXS spectra in terms of
Poincaré-Stokes parameters that can be evaluated from calculations of the
RIXS cross-sections within the framework of the single-ion model. We find
out that the decomposition in the σ′ and π′ components is accurate solely
when the scattered photons are fully σ′ or π′ polarized, namely |S ′1| = S ′0
(|P ′1| = 1), that is the case of most of the excited states. In general, we have
demonstrated that by carrying out systematic polarization-resolved measure-
ments it is possible to add fundamental information on the nature of all the
excitations probed by RIXS. As an example, it might help in the future to
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single out phonon modes with different symmetries.
In addition, polarization resolution of the scattered light reduces issues

related to the intrinsic broadening of the RIXS spectral features upon dop-
ing, for which a high energy resolution does not necessarily help, e.g. for
magnetic excitations, phonons and electron-hole pair excitations sharing the
same energy range or for orbital excitations, which broaden and merge into
a single feature.
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CHAPTER 4

Review of polarimetric measurements

In this Chapter we report a summary of all the polarization-resolved RIXS
measurements carried out at the ID32 beamline of the ESRF. The idea behind
this Chapter is to show some of all the possible applications of polarization-
resolved RIXS in cuprates and rare-earth materials.

In the previous Chapter we have shown how polarimetric measurements
can help the disentanglement of the low energy spectral features and how
they can permit a systematic study of orbital excitations, for example their
doping dependence. Here we will concentrate our attention on the study of
different mechanisms at play in the low energy scale of undoped and super-
conducting cuprates, such as charge order and magnetic excitations. The
outgoing polarization analysis of the RIXS spectra in the case of electron
doped cuprates was also crucial for the detection of a fast dispersing mode
ascribable to a plasmonic excitation and for the existence of dynamic cor-
relations at the charge-order wave vector which primarily involves spin-flip
excitations.

Finally, in the last Section we will show that the analysis of the scattered
photons polarization helped in the unique assignment of the crystal field
excitations in a Ce-based compound.

I would like to underline that I have been involved in all the experiments
and data analyses discussed in this Chapter, except for the works reported
in Chapters 4.5 and 4.6. We decided to include these two works in order
to provide to the reader the most complete review about the polarization-
resolved soft-RIXS measurements carried out at the ID32 beamline.
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4.1 Re-entrant charge order in overdoped

(Bi,Pb)2.12Sr1.88CuO6+δ

The data and analyses discussed in this Section have been published in “Re-
entrant charge order in overdoped (Bi,Pb)2.12Sr1.88CuO6+δ”, by Y. Y. Peng,
R. Fumagalli, Y. Ding, M. Minola, S. Caprara, D. Betto, M. Bluschke, G. M.
De Luca, K. Kummer, E. Lefranois, M. Salluzzo, H. Suzuki, M. Le Tacon,
X. J. Zhou, N. B. Brookes, B. Keimer, L. Braicovich, M. Grilli and G. Ghir-
inghelli, Nature Materials 17, 697 (2018).

In high-T c cuprate superconductors the doping of either hole or electron
carriers to the Mott insulator parent compounds introduces superconduc-
tivity and a number of instabilities [7]. Charge density waves (CDW) have
emerged as a universal feature of underdoped materials but their relevance
to pseudopgap and superconductivity is less clear. Early evidence of charge
order had come from stripe formation in La-based cuprates near the doping
level p = 1/8 hole/Cu [40, 115, 42]. Only later incommensurate charge order,
competing with superconductivity, has been observed in the “123 family”
[45, 116] and in Bi- and Hg-based cuprate families [46, 117]. In Bi-based
cuprates the onset temperature is similar to the pseudogap temperature T ∗
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and the wavevector is comparable to the distance between the Fermi arc tips,
therefore hinting at a link between CDW and the pseudogap in hole-doped
systems [48, 118]. In contrast, in electron-doped cuprates CDWs extend well
above T ∗, with an onset temperature close to that of the AF fluctuations,
thus suggesting a possible connection between the two [49, 119].

Based on these observations, it is largely accepted that the charge or-
der phenomenon is present in all the cuprate families but it is restricted
inside in the underdoped portion of the phase diagram. Contrarily to this
common belief, by employing RIXS at the Cu L3-edge we have discovered
a strong and very sharp incommensurate quasi-elastic peak along the Cu-
O bond directions (see Figure 4.1(d)) in the overdoped single-layer cuprate
(Bi,Pb)2.12Sr1.88CuO6+δ (Bi2201). This RIXS signal, reported in Figure 4.1
(panels a-c), can be ascribable to very long-range charge density modula-
tions. The Fermi surface (FS) measured by angle resolved photoemission
spectroscopy (ARPES) allows us to exclude the nesting scenario as origin of
the CDW (see panels e-f of Figure 4.1). This finding suggests the ubiquity
of charge ordering also in the Fermi liquid region of overdoped cuprates.

From the energy/momentum intensity map illustrated in Figure 4.1(a)
on the OD11K Bi2201 we can distinguish two main spectral regions: the
one centered at ∼0 energy which exhibits a maximum at q‖ = 0.14 r.l.u.
(reported in Figure 4.1(c)) and the inelastic features related to orbital ex-
citations in the energy range between -1.4 and -2.5 that do not show any
momentum dependence [11]. In particular, as shown in Figure 4.1(b), the
RIXS spectrum measured at q‖ = 0.14 r.l.u. is completely dominated by the
elastic signal, that is at least 20 times more intense than dd peaks. In the
following we will refer to this feature as EI-RXS (energy integrated resonant
X-ray scattering) peak since in all our measurements we have found it to be
elastic within our experimental uncertainty, that is ∼10 meV.

ARPES, measured on the OD11K sample at T = 20 K, suggest that the
FS nesting in not the origin of the strong intensity of the quasi-elastic peak.
In fact, photoemission data in panel e of Figure 4.1(b) do not display any
replicas of the Fermi surface. Moreover, the shape of the FS does not give
parallel segments suitable for a good nesting at q‖ = 0.14 r.l.u. and the band
in the antinodal region (Cu-O bond direction) lies close to the Fermi energy
level Ef offering no space for a possible nesting (Figure 4.1(f)). Figure 4.1(g)
shows that there is no opening of a gap at Ef , which should be expected in
a folded FS due to the presence of charge order [120]. Finally, a strong Van
Hove singularity (vHs) is situated slightly below the Fermi energy level at
the M point in the Brillouin zone boundary [121], as shown in Figure 4.1(h).

Regarding the RIXS data, this strong and sharp quasi-elastic peak has
been measured at three different doping levels (OD17K, p ∼ 0.205; OD11K,
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Figure 4.1: Observation of a quasi-elastic peak by RIXS in overdoped
(Bi,Pb)2.12Sr1.88CuO6+δ (OD11K, T c = 11 K, p ∼ 0.215). a) RIXS intensity color
map as a function of both energy and transferred momentum. Spectra have been
measured at T = 20 K and with σ polarization of the incident photons along the
(-0.5 0) → (0 0) symmetry direction in the first Brillouin zone indicated by the light
blue line in panel d. b) RIXS spectrum measured at H'0.14 r.l.u. (white dashed
line in panel a). c) Integrated intensity of the quasi-elastic peak in the energy range
indicated in panel a). d) Schematic representation of the 2D Brillouin zone. The open
red circles represent the position of the observed quasi-elastic peak. e) Photoemission
intensity at the Fermi energy (EF ) as a function of the in-plane momenta kx and ky
measured on the OD Bi2201 (T c = 11 K). The red lines have been obtained by fitting
the data with a tight-binding model and have been illustrated as a guide of the eyes,
while the dashed yellow lines are related to the Fermi surface shifted horizontally by
0.14 r.l.u.. f-g) Electronic dispersions for the cuts 1 and 2 indicated by the continu-
ous white lines in panel e). h) Electronic dispersion for the cut along the M-Γ high
symmetry direction near the Brillouin zone boundary. Figure from Ref. [96].

p ∼ 0.215; OD0K p ∼ 0.23 and OD5K p ∼ 0.225) and shows all the typical
characteristics of the charge order signal present in the underdoped region.
In fact, it has been found at both negative and positive q‖ values with com-
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parable intensity and both along H and K, as shown in Figure 4.2(a), and
not along the (H,K) directions of the reciprocal space.

In panel b) of Figure 4.2 we report the doping dependence of the inte-
grated intensity of the quasi-elastic peak measured along both the H and K
directions. All the samples were obtained by post-annealing treatments of
as-grown samples OD5K, and as a consequence, the latter displays a large
and anisotropic peak width since it is characterized by a higher structural
disorder. Furthermore, in order to check if this signal arises from structural
orders, we have measured its energy dependence (not shown here). In fact, a
modulation of the valence charge density is detectable only at the resonance,
and our data demonstrate that the incident photon energy dependence of the
quasi-elastic peak resembles the Cu L3-edge X-ray absorption spectrum.

Figure 4.2: a) Quasi-elastic integrated intensity of the EI-RXS signal measured
with σ polarization of the incident photons in the OD11K Bi2201 at both negative
and positive values of H. b) Integrated intensities at the H and K cuts for all the
overdoped Bi2201 that we have investigated. Continuous lines represent the fits made
by using a Lorentzian lineshape. c) Polarization-resolved RIXS spectra for OD0K
measured at q‖ = 0.115 r.l.u. with both σ (top panel) and π (bottom panel). Error
bars have been calculated following the procedure discussed in Chapter 2.7. Figure
from Ref. [96].

Finally, in order to determine the character of the EI-RXS peak, we
have exploited the possibility to perform polarization-resolved RIXS mea-
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surements with the polarimetric device installed at the ERIXS spectrometer
(see Chapter 2). Being the EI-RXS peak characterized by an energy of ∼0
eV, its nature could be ascribable solely to be charge or spin, since it is very
unlikely that orbital changes are involved at so low energy losses. We know
that a scattering that implies a flip of the spin in the ground state without
involving an orbital change has to be followed by a 90◦ rotation of the pho-
ton polarization due to the conservation of the total angular momentum of
the system [89]. On the contrary, in the absence of a spin-flip event, a pure
charge scattering conserves the photon polarization during the RIXS pro-
cess. As illustrated in Figure 4.2(c), the strong and sharp elastic peak in the
OD0K spectra measured at q‖ = 0.115 r.l.u. with both σ (top panel) and π
(bottom panel) completely belongs to the non-crossed polarization channels
σσ′ and ππ′ within the experimental error bars, while the signal coming from
σπ′ and πσ′ spectra displays no intensity in the quasi-elastic spectral range.
This experimental finding tells us that the EI-RXS peak arises from charge
order, since its scattering conserves the photon polarization.

4.2 Dispersion, damping, and intensity of spin

excitations in the monolayer

(Bi,Pb)2.12Sr1.88CuO6+δ cuprate supercon-

ductor family

The data and analyses discussed in this Section have been published in
“Dispersion, damping, and intensity of spin excitations in the monolayer
(Bi,Pb)2.12Sr1.88CuO6+δ cuprate superconductor family”, by Y. Y. Peng, E.
W. Huang R. Fumagalli, M. Minola, Y. Wang, X. Sun, Y. Ding, K. Kummer,
X. J. Zhou, N. B. Brookes, B. Moritz, L. Braicovich, T. P. Devereaux, and
G. Ghiringhelli, Physical Review B 98, 144507 (2018).

We carried out Cu L3-edge measurements on a large doping range (0.03 .
p . 0.23) of high-T c (Bi,Pb)2.12Sr1.88CuO6+δ (Bi2201) cuprate superconduc-
tor. In particular, we focused our attention to the damping and dispersion
of magnons and paramagnons along both the nodal (Cu-Cu) and anti-nodal
(Cu-O) directions. One of the most important results is that, thanks to the
possibility to infer about the polarization of the scattered photons, we demon-
strated the spin-flip nature of damped magnetic excitations (paramagnons)
in the overdoped region of the phase diagram.

In 2D layered cuprates, high critical temperature superconductivity is
obtained by adding charge carriers into the CuO2 planes with a subsequent
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rapid suppression of the longrange antiferromagnetic (AFM) order of the
insulating parent compounds [37]. However, the exceptionally large nearest-
neighbor super-exchange interaction among Cu sites helps the preservation
of the short and mid range spin correlation, even at very high doping. Anti-
ferromagnetism is a ubiquitous wallpaper for any scenario aiming to explain
high-T c superconductivity, therefore its detailed and complete understanding
is necessary. In the absence of long-range AFM order, the most insightful
information is encoded in the dispersion, broadening and intensity of spin
excitations. Historically, the study of magnetic order and excitations of HTS
cuprates has been usually done with inelastic neutron scattering (INS) ex-
ploiting both its momentum and energy resolution.

In the last decade, RIXS experiments carried out at the Cu L3-edge have
become more than a promising alternative to INS to measure spin excitations
[89, 90, 5]: in fact, thanks to the more favorable cross sections and beam flux
available in the third generation synchrotron, it is possible with RIXS to
measure small crystals, films and even heterostructures. INS experiments
have shown that the zero-energy scattering peak at the antiferromagnetic-
order wave vector qAF = (0.5, 0.5) rapidly loses intensity moving from the
undoped cuprates to the overdoped SC compounds [122, 123]. Moreover, INS
has revealed that around qAF both elastic and inelastic scattering related to
spin order get suppressed by doping. On the contrary, RIXS experiments
have demonstrated that spin excitations persist up to heavily overdoped and
non-superconducting compounds in a large portion of the 2D Brillouin zone
around the Γ point (0, 0) [22, 23, 113, 112, 114, 95].

There is therefore an apparent contradiction between the results ob-
tained with INS and RIXS that can be easily explained by the fact that
these two techniques probe different areas of the reciprocal space. In this
context, the numerical calculations of the spin dynamical structure factor
S (q,ω) [124, 125] show that the short-range and high-energy spin excita-
tions measured by RIXS close to the magnetic Brillouin zone boundaries are
less relevant in the pairing mechanism of HTS cuprate than the low-energy
ones measured with INS around the antiferromagnetic point qAF. All this
information leads to consider spin fluctuations as a key ingredient for the
explanation of superconductivity in cuprates [126, 71].

However, most of the results mentioned above obtained by RIXS concern
solely the high symmetry anti-nodal direction Γ→ X or [10] (related to the
Cu-O bonds). On the contrary, in the RIXS spectra acquired along the nodal
direction it is difficult to identify excitations having a collective nature. In
this case, the experimental findings have been interpreted with an itinerant
picture (particle-hole excitations) supported by random-phase approximation
(RPA) calculations, thus questioning the mere existence of damped collective
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spin excitations (paramagnons) in doped cuprates [127, 128, 129, 130, 131].
An apparent dichotomy emerges between dispersing spin-excitations along
the [10] direction that preserve they spectral weight upon doping and the
continuum given by charge modes along the [11] direction that softens as
the doping is increased [127, 128]. As a consequence, the doping evolution of
magnons into paramagnons calls for revised interpretations especially regard-
ing the microscopic description of spin fluctuations in overdoped compounds.
These issues are even more interesting in consideration of the recent RIXS
study of several AFM parent compounds that showed how apical oxygen ions
tend to localize the in-plane exchange coupling, with detrimental effects on
the optimal T c and thus superconductivity in the respective doped materials
under the assumption that doping does not modify significantly the spin ex-
citation dispersion [18]. In support of these hypotheses, recent determinant
quantum Monte Carlo (DQMC) calculations showed that the reduction of
spectral weight as well as the hardening of paramagnons near qAF leads to a
substantial decrease of the d -wave pairing strength in the overdoped regime
[132]. Furthermore, a low-energy spin excitation was predicted along the
nodal direction for overdoped La1.77Sr0.23CuO4 (LSCO) from RPA calcula-
tions, which was proposed to be resolvable by RIXS if energy resolution is
improved to ∼60 meV [129]. Overall, an extensive high-resolution study of
the doping and momentum dependence of paramagnons might shade lights
about the different perspectives mentioned above.

In the work presented in this section we have performed a systematic Cu
L3-edge RIXS study of magnetic excitations on four doping levels, spanning
from the AFM insulator to the overdoped superconductor, of single-layer
Bi2201. We have covered a sufficiently large region of the reciprocal space
and we have determined the energy vs. momentum dispersion, damping and
spectral weight as a function of both doping and momentum of the magnetic
excitations. The main results obtained with this work is that both the un-
dumped frequency and the damping factor increase from the AFM to the
overdoped compound. Furthermore, a remarkable momentum dependence
is displayed by the damping and the spectral weight. These observations
were captured by DQMC calculations of S (q, ω) for the three-band Hub-
bard model, which allow us to interpret quantitatively the conclusion that
can be drawn from the experimental findings.

Among all these results reported in detail in Ref. [133], in this section
we would like to emphasize the polarization-resolved RIXS measurements of
the overdoped Bi2201 that allowed us to isolate the spin-flip contribution
even at this level of doping. Panels a-b) of Figure 4.3 show the low energy
range of two RIXS spectra measured on the overdoped Bi2201 (OD11K, T c

= 11 K, p ∼ 0.215) sample at two selected in-plane momenta along the
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Figure 4.3: a-b) RIXS spectra of overdoped Bi2201 (OD11K, T c = 11 K, p ∼ 0.215)
at (0.4 0) and (0.25 0.25) (see the insets), respectively, measured with π polarization
of the incident photons at T = 20 K. Both the two spectra illustrated have been
decomposed in the following way: magnetic excitations are represented by the contin-
uous red lines, phonons with green dotted lines and the elastic signal with continuous
blue lines. The background coming from the scattering given by the continuum of
charge modes is represented with the dotted magenta lines. Raw data (black dots)
have been smoothed (continuous black lines). c-d) Polarization-resolved RIXS spectra
of OD11K Bi2201 (p ∼ 0.23) measured with π polarization of the incident light. Red
spectra correspond to the crossed πσ′ polarization channels, while the blue ones to the
non-crossed ππ′. Error bars have been calculated following the procedure introduced
in Chapter 2.7. e) Schematic representation of the spin-flip process probed by RIXS.
Figure from Ref. [133].
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anti-nodal (panel a) and nodal (panel b) direction of the first Brillouin zone
(see the two insets). Both the two spectra were taken at T = 20 K and
with π polarization of the incident photons and were decomposed onto a
resolution limited elastic line (centered at ∼0 energy, continuous blue line)
and a generic phonon contribution (dashed green line). As we can clearly see,
the magnetic peak (paramagnon, red line) dominates the low energy spectral
range, as expected.

In analogy with INS experiments, RIXS can probe the spin dynamical
structure factor S (q, ω) which is directly proportional to the imaginary part
of the magnetic susceptibility χ′′(q, ω). Since RIXS and INS are charac-
terized by a different microscopic scattering process, we can not therefore
compare the absolute intensity values. However, knowing that the intensity
of spin excitations has a weak dependence on the scattering angles and po-
larization, we can indeed make a comparison between the relative intensities
[89]. We decided therefore to fit the magnetic peak using a function that has
been obtained from the expression of χ and from its imaginary part χ′′(q, ω).
In this way we can easily estimate the energy, width, and relative intensity
of the spin-flip peak and, ultimately, of χ. A damped harmonic oscillator
characterized by the undamped frequency ω0 and damping factor γ, can be
described by the complex susceptibility χ′′(ω) ∝ 1/[(ω2

0 − ω2)+2iγω]. For a
given momentum transferred, we can thus explicit the imaginary part of the
magnetic susceptibility in the following way:

χ′′(q, ω) ∝ γω

(ω2 − ω2
0)2 + 4γ2ω2

. (4.1)

In the case of a not too large damping (γ < ω0) the shape of χ′′ can be
obtained in the same way by an antisymmetrized Lorentzian function L(ω)
that can be expressed as the difference of two Lorentzian peaks centered at
±ωp and same width γ:

L(ω) =
γ

(ω − ωp)2 + γ2
− γ

(ω + ωp)2 + γ2
. (4.2)

The use of the antisymmetrized Lorentzian function L(ω) to fit damped
magnetic excitations can lead to an inaccurate estimation of ω0 [22, 23],
especially in the case of overdamped paramagnons where γ > ω0. Therefore,
we have fitted the paramagnon peaks in a consistent way using the function
χ′′ reported in Eq. 4.1 after being convoluted with a Gaussian lineshape to
take into account the overall experimental energy resolution (∼55 meV). By
using this fitting procedure we could estimate the values of γ and ω0 for all
the measured RIXS spectra. Moreover, in order to get a reliable fit, we have



4.3 Multiple-magnon excitations shape the spin spectrum of cuprate parent
compounds 93

also included the scattering due to the particle-hole continuum given by the
added charges (magenta dashed lines).

The spectral assignments have been widely confirmed by the polarization-
resolved RIXS measurements reported in the panels c and d of Figure 4.3.
The quasi-elastic region belongs to the non-crossed ππ′ polarization channels
due to the charge scattering that preserves the polarization during the RIXS
process. Since for these measurements we had to relax the energy resolution
(∼80 meV) due to the low efficiency of the polarimeter, we can not distinguish
the phononic peaks from the quasi-elastic line. Regarding the magnetic peak,
in both the two polarization-resolved RIXS spectra reported in Figure 4.3
it is present in the πσ′ channels, as expected for spin-flip transitions (see
Chapter 3.4). In fact, as schematically illustrated in Figure 4.3(e), since
RIXS probes the flip of the ground state spin, in order to conserve the total
angular momentum of the system the polarization of the scattered photons
has to be rotated by 90◦.

The important finding is that we demonstrate that magnetic excitations
along both the [10] and [11] directions of the reciprocal space preserve their
polarization dependence upon doping, even in the overdoped region of the
phase diagram where paramagnons show a noticeable damping.

4.3 Multiple-magnon excitations shape the spin

spectrum of cuprate parent compounds

The data and analyses discussed in this Section have been recently submitted
as a part of the work “Multiple-magnon excitations shape the spin spectrum
of cuprate parent compounds” by D. Betto, R. Fumagalli, M. Rossi, R. Pi-
ombo, K. Yoshimi, D. Di Castro, E. Di Gennaro, D. Bonn, G. A. Sawatsky,
F. Miletto-Granozio, L. Braicovich, N. B. Brookes, J. Lorenzana, and G.
Ghiringhelli.

In this work we measured the dispersion of spin waves using RIXS on sin-
gle crystals of Sr2CuO2Cl2 (SCOC) and thin films of La2CuO4 (LCO), both
insulating antiferromagnets and well studied examples of the two-dimensional
(2D) Heisenberg square lattice. We found that the dispersion across the 2D
Brillouin zone is in very good agreement with inelastic neutron scattering
(INS) data except when close to the zone boundary along the [10] direction
(X-point, q‖ = (1/2, 0)). The analysis of the polarimetric data, which gives
the possibility to disentangle the two linear polarizations of the scattered
light, points to the existence of a continuum of excitations which couples to
the spin waves, broadening and shifting them to higher energy loss. This un-
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expected behavior might give additional contributions to the RIXS scattering
operator especially in the crossed polarization channels, shedding a light on
the different line shape with respect to neutrons. The results discussed in the
following draw special attention to the importance of quantum fluctuations
in spin-1/2 systems at the zone boundary.

The 2D spin-1/2 antiferromagnet square lattice represents one of the most
investigated quantum systems and constitutes a standard reference for quan-
tum magnetism. Specifically, it describes the CuO2 planes that characterize
all the layered parent compounds of the high-T c superconducting cuprates
and for that reason it has been widely inspected. As discussed in Chap-
ter 1.2.2, the ground state of the undoped parent compounds is described by
a long-range antiferromagnetic order [53, 134], while, in the case of doped
superconductors, damped and broadened magnons result from the short-
range in-plane spin correlations [5, 23, 95]. These considerations lead to the
proposal of spin-fluctuations as a candidate for the “glue” for Cooper pairs
in high-T c cuprate superconductors [71]. The most relevant coupling pa-
rameters, such as the super-exchange interactions JSE, the nearest-neighbors
hopping parameters t and the Coulomb repulsion U , have been estimated
from the analysis of the measured momentum dependence of spin excitations
on a large variety of systems [53, 134, 135, 136, 18].

We decided to carry out Cu L3-edge RIXS measurements to study the
momentum dependence of spin excitations in the LCO and SCOC parent
compounds because they represent good 2D antiferromagnetic prototypes
where the single-layer CuO2 planes are separated by LaO2 planes or Sr and
Cl atoms, respectively. Historically, this kind of experiments has been done
using INS and the measured dispersion usually interpreted by an improved
Heisenberg model which includes higher-order terms [134, 137].

In Chapter 2 we have discussed all the advantages given by RIXS, es-
pecially for the study of magnetic excitations in cuprate superconductors
[5, 22, 23, 95, 18] and other strongly-correlated compounds[138, 139, 140].
Furthermore, the resonant nature of the RIXS process allows us to investigate
very small samples, such as, for example, nanometer-thick thin films. Finally,
this technique includes also the possibility of retaining the energy resolution
at higher energy transfer. On the other hand, the very small scattering
cross-section of neutrons requires the use of bulk samples and the magnetic
excitations have to be extracted by subtracting a non-magnetic background,
which can lead to partially incorrect interpretations of the experimental data.
Nevertheless, from the theoretical point of view the scattering process in INS
is fully explained in terms of the dynamic magnetic susceptibility [141], while
in the case of the RIXS cross-sections of magnetic and other collective modes,
a complete theoretical explanation is still missing and further investigations
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are needed [142]. Recently Plumb et al. [137] identified some differences
between INS and RIXS measurements in the magnetic dispersion of the AF
SCOC close to the X-point of the Brillouin zone, where apparently RIXS
overestimates the magnon energy by ∼ 25 meV.

In this work we report state-of-the-art high-resolution RIXS measure-
ments, acquired with the ERIXS spectrometer at the ID32 beamline of the
ESRF [8] on a SCOC single crystal and LCO thin film, focusing our attention
to the spectral range where magnetic excitations take place. To better clarify
the discrepancy between RIXS and INS results, we compared the extracted
single magnon peak positions (for more details see below) of LCO and SCOC
with the most recent INS measurements carried out on the same materials
[134, 137], as shown in panels a) and b) of Figure 4.4, respectively. The agree-
ment between the two datasets is remarkable everywhere except near q‖ =
(1/2, 0) in SCOC, as pointed out by Plumb et al. [137]. The amount of the
discrepancy is of the order of 10-25 meV depending on the model used to fit
the RIXS spectra. We underline that both the RIXS and INS measurements
display a substantial decrease of the magnetic peaks intensity approaching
the X-point. This behavior has been also found in other cuprates and spin-1/2

systems, but the mechanism beyond it remains still unclear.
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Figure 4.4: a-b) Extracted energy positions of the single magnon peak extracted
from the RIXS spectra and superimposed to the ones obtained with INS in Refs. [134]
and [137]. c) Incoming polarization dependence of the SCOC RIXS spectra measured
at q‖ = (0.5, 0). d-e) Example of the fitting procedure in the low energy spectral
range applied to LCO (d) and SCOC (e) at q‖ = (0.4, 0). Raw data are illustrated
with the black dots and the fit with the red continuous line, while for the decomposed
spectral features we have: brown curve for the elastic peak, magenta curves for the
phonon contributions, blue curves for the single magnon and its tail and finally green
curve for the multimagnon contribution.

Regarding the RIXS spectra, we decomposed them into a resolution lim-
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ited quasi-elastic peak centered at 0 energy loss, a generic phonon contri-
bution with its overtone and finally a single- and multi-magnon peaks. We
used a Gaussian line shape to model the elastic and the multimagnon peaks,
while for the phonons we adopted a Lorentzian shape convoluted with a
Gaussian function in order to take into account the overall energy resolu-
tion. Regarding the single-magnon peak, the high-energy resolution offered
by the ERIXS spectrometer (∼ 45 meV for LCO and ∼ 32 meV for SCOC
measurements) allowed us to clearly distinguish the asymmetry of the line
shape and, therefore, we used a Fano line shape for the fitting. Using this
procedure we obtained reliable results across the entire Brillouin zone, espe-
cially when matching the low-energy side of the single-magnon peak. This
approach allowed us to better capture the asymmetry (single peak + tail) of
this peak, especially close to the zone boundary. The results are reported in
panels c-e) of Figure 4.4.

Concerning the difference between RIXS and INS spectra close to the X-
point, a conceivable explanation could be due to the fact that RIXS, like for
example Raman and other IR spectroscopies, is sensitive to spin-conserving
(∆S = 0) excitations such as bimagnons. The presence of a sharp peak in
the mid-IR spectra of insulating parent compounds is usually assigned to a
bimagnon plus a phononic excitation [143], which becomes abnormally sharp
at the zone boundary. Its energy is well established from IR experiments.

At this point, we decided to gain further insight on the RIXS line shape,
especially at the zone boundary, thanks to the polarization analysis of the
scattered photons. We performed polarization-resolved RIXS measurements
on SCOC at q‖ = (1/2, 0), (1/4, 1/4) and (1/4, 0) with both π and σ incident
polarizations. The results in the low-energy spectral range are illustrated
in Figure 4.5. The decomposition of the spectra into two linearly polarized
outgoing channels π′ and σ′, and the statistical error bars have been obtained
following the procedures described in Chapter 2.7.

Starting with the comparison between the spectra reported in Figure 4.5(a)
and Figure 4.4(c), the polarization-resolved RIXS spectra clearly show that
the main contribution to the overall line shape at ∼ 0.3 eV belongs to the
crossed polarization channel πσ′. As explained above, the bimagnon excita-
tion conserves the spin (∆S = 0) and as a consequence should give contri-
bution solely to the ππ′ signal. Following this consideration, we can exclude
the scenario in which the bimagnon becomes dominant at (1/2, 0). An un-
expected complexity is revealed by carefully inspecting the spectra shown in
Figure 4.5. It is often assumed that in the crossed polarization channel the
scattering involves only a single magnon operator, but the RIXS spectrum
should be proportional to the full transverse magnetic structure factor S⊥(q,
ω), which also includes a three-magnon continua developing above the single
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Figure 4.5: Polarization-resolved SCOC RIXS spectra measured at selected q along
the high symmetry directions of the whole Brillouin zone. The spectra were taken
with both π and σ polarization of the incident light. The unpolarized spectra (black
lines) have been smoothed on 3 points.

magnon [144, 145, 146, 147] and ideally other odd number of magnons excita-
tions with increasingly lower importance. The continuum given by the three
magnons has a 21% spectral weight on average in the entire Brillouin zone
[144] with a relative maximum (40%) at the boundary zone [145]. We there-
fore assign the high-energy tail of the single-magnon peak to a three-magnon
process, which is also responsible to the asymmetric Fano line shape.

We note that these considerations are experimentally reproduced in the
spectra measured with incident π polarization (left panels of Figure 4.5):
in fact, at (0.25, 0.25) and (0.25, 0) the spectra are dominated by the πσ′

channels related to the single magnon peak accompanied by a higher energy
continuum that shows an increased weight at (0.5, 0). Furthermore, if only
a single magnon is considered, the σπ′ channel reported in Figure 4.5(b)
should be proportional with the πσ′ one in Figure 4.5(a), which is without
any doubts not the case. The direct consequence of this discrepancy implies
that the scattering operator may be constituted by another spin-flip channel,
e.g. a three magnon operator as proposed in Ref. [148]. The idea behind
this claim is that these two spin-slip channels, despite being different but
characterized by the same symmetry, could interfere yielding a different line
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shape than the neutron S⊥(q, ω), and therefore they might have a different
directional dependence reflected in the two crossed channels σπ′ and πσ′.

Concerning the spin-conserving processes that can be seen in the non-
crossed channels, the scattering operator is usually derived assuming a local
approximation where the most relevant effect of the intermediate 2p53d10

state probed by the RIXS process is to transiently eliminate one magnetic
site, without displaying any polarization dependence. However, we note that
in our data at (0.5, 0) the non-crossed polarized channels ππ′ and σσ′, re-
ported in the top panels of Figure 4.5, show different line shapes. This calls
for non-local effects of the core hole, where the polarization direction selects
particular magnetic bonds in real space. The simplest spin-conserving exci-
tation is a finite momentum generalization of Raman operators [149] which
resemble the ones appearing in the theory of phonon-assisted multimagnon
absorption in IR [150, 151]. These operators should not be symmetry-allowed
in RIXS at the zone boundary but, nonetheless, we note that the ππ′ spec-
trum at (0.5, 0) displays a peak at ∼ -0.3 eV which is consistent with the
bimagnon peak found in IR experiments [151]. Furthermore, the ππ′ channel
is characterized by higher energy structures that we assigned to four and
more (even number of magnons) processes. The breaking of the symmetry
rule could be due to the resonant nature of the RIXS process or external
effects such as disorder.

To summarize, we studied the spin-wave dispersion in Sr2CuO2Cl2 and
La2CuO4 along high-symmetry directions across the whole Brillouin zone.
We compared our high-resolution RIXS spectra to that obtained with INS
and we found a perfect agreement in LCO, while SCOC spectra show a
discrepancy near the X-point, at the zone boundary. Across the entire Bril-
louin zone, our measurements clearly show that the single magnon peak is
characterized by an asymmetrical line shape, reminiscent of a Fano process.
In our investigation we added polarization-resolved RIXS data, where we
noted that the main contribution to the spectra (single-magnon peak) be-
longs to the crossed polarization channels. Coming back to the discrepancy
seen in RIXS and INS spectra at the X-point, our polarization-resolved mea-
surements allow us to attribute it to the interference between two different
spin-flip channels that can be probed simultaneously solely by RIXS. On the
contrary, only one of them contributes to neutrons. Finally, the RIXS-INS
anomaly in the crossed polarization channels and the strong multimagnon
effects present in the ππ′ channel both close to the X-point are suggestive
of the proximity to more exotic ground states, as proposed by INS studies
[134, 152, 153].
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4.4 Three-dimensional collective charge ex-

citations in electron-doped copper oxide

superconductors

The data and analyses discussed in this Ssection have been published in
“Three-dimensional collective charge excitations in electron-doped copper ox-
ide superconductors cuprate superconductor family”, by M. Hepting, L. Chaix,
E. W. Huang, R. Fumagalli, Y. Y. Peng, B. Moritz, K. Kummer, N. B.
Brookes, W. C. Lee, M. Hashimoto, T. Sarkar, J.-F. He, C. R. Rotundu,
Y. S. Lee, R. L. Greene, L. Braicovich, G. Ghiringhelli, Z. X. Shen, T. P.
Devereaux, and W. S. Lee, Nature 563, 374 (2018).

Since the core of high-temperature copper oxide superconductors lies in
the CuO2 planes, the main electronic and magnetic properties have a two-
dimensional (2D) nature [62, 154], whereas superconducting coherence dis-
plays a three-dimensional (3D) character. Optical measurements have re-
vealed that, in a limited area of the reciprocal space, out-of-plane charge
dynamics, such as plasmons, are incoherent in the normal state [155, 156].
Plasmons have been experimentally detected with other spectroscopic tech-
niques [156, 157, 158] and transmission electron energy loss spectroscopy
(EELS) [159]. Unfortunately, these investigations carry information solely in
a restrict portion of the Brillouin zone, in particular near the Γ-point and
without exploring the out-of-plane qz-dependence. In systems with quasi-
2D conducting layers, the charge dynamics are significantly affected by the
poorly screened out-of-plane Coulomb interactions. The dispersion of charge
collective modes changes from optical-like to acoustic-like plasmons as a func-
tion of the momentum perpendicular to the conducting planes.

In the specific case of superconducting cuprates characterized by conduct-
ing CuO2 planes stacked along the c-axis with an almost negligible interplane
Coulomb screening, an analogous charge dynamics has been proposed to be
present [160, 161, 162]. In the work discussed in this Section we have ex-
ploited the capability of RIXS to probe charge excitations across all the three
dimensions of the first Brillouin zone, and moreover, to infer about the polar-
ization of the scattered photons. We found that the excitations have a pure
charge nature without mixing with magnetic components, confirming their
3D character from the out-of-plane dispersion. The periodicity along the
direction perpendicular to the CuO2 planes corresponds to their relative dis-
tance, without showing a correlation with the crystallographic c-axis lattice
constant. This evidence points to consider the interplane electron-electron
Coulomb interaction to be responsible for the coherent out-of-plane charge
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dynamics. All these properties suggest that our experimental findings are
the confirmation of the presence of acoustic plasmon, a distinct branch of
charge collective modes that has been predicted to play a significant role in
mediating the pairing in layered systems [163, 160, 161, 162].

Figure 4.6: Polarization-resolved RIXS spectra of LCCO at two representative in-
plane momenta q‖ = (0.045, 0) and (0.095, 0). σσ spectrum (shown in red) is related
to the charge scattering, while magnetic excitation, such as paramagnons, belongs to
the crossed-polarization channel σπ (blue lines). Circles represent the unpolarized
spectrum, which is given by the sum of the σσ and σπ contributions. Figure from
Ref. [54].

In this work we investigated the enigmatic “zone center” excitation previ-
ously discovered by Cu L3-edge RIXS in the electron-doped superconductor
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Nd2−xCexCuO4 (x=0.15) [164, 165], from now on NCCO, and Sr1−xLaxCuO2

[166]. We found in another electron-doped compound, namely La2−xCexCuO4

(LCCO) (x=0.15), spectral features similar to those of NCCO, suggesting the
universality of this collective mode in electron-doped cuprate superconduc-
tors. Although the mode has been suspected to be of charge character, such
as for example plasmons [167], collective modes of quantum phase [165] and
intra-band transitions [164], a definitive assessment has not been possible
due to the impossibility to disentangle the charge and magnetic nature of
the excitations [4, 142].

We therefore decided to exploit the possibility to resolve the polarization
of the scattered photons offered by the ERIXS spectrometer to determine
the character of this excitation. As we have already explained, magnetic
excitations that involve the flip of the spin necessarily yield to rotate the
polarization of the scattered photons in order to conserve the total angular
momentum of the system. As a result, in a RIXS spectrum, a single spin-
flip excitation contributes to the crossed-polarization channels (σπ′ or πσ′).
Contrarily, charge excitations conserve the polarization of the photons during
the scattering event and as a consequence they are usually detected in the
parallel polarization channels (σσ′ or ππ′).

In Figure 4.6 we report the low-energy range of polarization-resolved
RIXS spectra measured on LCCO with σ polarization of the incident light
at two representative in-plane transferred momenta. In the top panel of
Figure 4.6 the spectrum is completely dominated by the σσ′ spectral compo-
nent: Here we can distinguish two peaks: the quasi-elastic at 0 energy loss
and the other one, related to the zone center excitation, at ∼ 0.28 eV. At
larger momentum (bottom panel of Figure 4.6), the mode disperses reaching
an energy of ∼ 0.8 eV and, as expected, a magnetic excitation (paramagnon)
appears at about 0.3 eV [164, 165, 166, 4]. As we have seen in many other
cases [95, 133, 60], paramagnons mainly belong to the crossed-polarization
channel. In particular, at q‖ = (0.095, 0) the zone center excitation is well
separated in energy from the paramagnon and still occurs in the σσ′ spectral
component. Finally, thanks to the insights given by polarization-resolved
RIXS, we ascribe the zone center excitation to be a pure charge mode.

To better characterize the charge mode, we studied its momentum depen-
dence in all the three dimensions of the reciprocal space, especially focusing
the attention on the never explored qz-dependence [163, 165, 166]. In Fig-
ure 4.7(a-b) we report the RIXS intensity maps at l = 1 and 1.65 r.l.u. as a
function of the transferred momentum along the hh and h directions. Here
l (h) indicates transferred momentum along the c (a)-axis and it is reported
in units of 2π/c (2π/a), where a and c are the lattice constants of LCCO.

The charge mode shows a different dispersion depending on l and an
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Figure 4.7: a-b) RIXS intensity maps of LCCO (x = 0.175) along the hh and h
direction as a function of the transferred momentum along the c-axis (l). Symbols
indicate the extracted energy of the zone center excitation (red) and the paramagnons
(grey). Statistical error bars have been evaluated from the uncertainty in energy-loss
reference-point determination (∼ ± 0.01 eV) together with the standard deviation of
the fits. c) Momentum dependence at different l values of the zone center excitation
(red symbols) and the paramagnon (grey symbols). The latter show no l-dependence.
d) RIXS intensity map along the out-of-plane (perpendicular to the CuO2 planes)
direction at h = 0.025. The transferred momentum along the c-axis (l, top scale) is
reported in units of 2π/c, while l∗ (bottom scale, units of 2π/d) corresponds to the
CuO2 plane spacing. Figure from Ref. [54].

almost linear in-plane momentum dependence (in both the two cases) orig-
inating from the zone center (0, 0, l), while the paramagnons, as expected
since their 2D nature, do not show any l-dependence. The summary of these
considerations is reported in Figure 4.7(c), where we compare the in-plane
momentum dependence along the hh and h directions for three different val-
ues of l. We further investigated the out-of-plane dependence by fixing the
in-plane momentum h = 0.025 and acquiring RIXS spectra at different l val-
ues. The results are shown in Figure 4.7(d). Here we denote the bottom
scale with the index l∗ (units of 2π/d, where d = c/2 is the nearest-neighbor
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CuO2 plane spacing), useful to describe the proper periodicity of the zone
center excitation. The dispersion is symmetric around the high symmetry
point l = 1, and in particular, increasing the values of l from 1 to 1.8 (the
maximum out-of plane momentum that could be reached in our experiment)
the zone center disperses towards high energy.

In summary, we used the polarisation analyser of ID32 beamline to disen-
tangle magnetic and charge contributions in the RIXS spectra and revealed
a pure charge character of the zone center mode. Moreover, we were able to
explore the relevant energy-momentum region thanks to the continuous rota-
tion of the spectrometer: in particular, we probed the excitations also along
the out-of-plane direction perpendicular to the CuO2 planes, demonstrating
that the coherent 3D charge dynamics are in agreement with the long-sought
acoustic plasmon. The experimental findings are also supported by theoret-
ical calculations, which change the prospective when describing the charge
dynamics in copper oxides, usually described with 2D models.

Our results open new perspectives regarding the connection between
acoustic plasmons and the enhanced superconducting transition tempera-
tures. As a consequence, the layered crystal structure of copper oxides has
to be taken into account when describing the superconducting properties
since the Coulomb energy stored between the CuO2 planes plays a part in
the energy savings associated with the superconducting transition.

4.5 Coupling between dynamic magnetic and

charge-order correlations in the cuprate

superconductor Nd2−xCexCuO4

The data and analyses discussed in this Section have been published in “Cou-
pling between dynamic magnetic and charge-order correlations in the cuprate
superconductor Nd2−xCexCuO4”, by E. H. da Silva Neto, M. Minola, B. Yu,
W. Tabis, M. Bluschke, D. Unruh, H. Suzuki, Y. Li, G. Yu, D. Betto, K.
Kummer, F. Yakhou, N. B. Brookes, M. Le Tacon, M. Greven, B. Keimer,
and A. Damascelli, Physical Review B 98, 161114(R) (2018).

Upon increasing doping the antiferromagnetic phase is suppressed and
within the pseudogap region in the underdoped regime of the phase dia-
gram all cuprate high-T c superconductors display charge order correlations
coexisting with superconducitivity and competing with it [40, 168, 169, 42,
43, 45, 116, 170, 48, 118, 46, 47, 49, 119, 117, 171]. These charge density
waves (CDW) can be described by a periodic configuration of low-energy elec-
tronic states. After the first theoretical predictions about the coexistence of
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charge and spin stripe orders [172, 173, 174, 175] later experimentally ob-
served in the La-based cuprates family [40], the more recent observations
of charge order (CO) in other cuprate families point to new interpretations,
some of which include and invoke an interplay between CO and AF fluctu-
ations [176, 177, 178, 179, 180]. In this framework, only nuclear magnetic
resonance measurements carried out on hole-doped YBa2Cu3O6+δ (YBCO)
materials shed light about a possible coupling between charge and spin fluc-
tuations [43, 181, 182, 183], while in the case of the other cuprate families
there is not yet a convincing manifestation of the co-action between the CO
evolution upon doping and the AF properties [119, 181]. In this scenario, the
electron-doped Nd2−xCexCuO4, hereafter NCCO, can be considered as a pro-
totypical system where to study the link between AF and CO fluctuations,
since this compound displays both CO [49] and noticeable AF correlations
that extend into the phase diagram at higher doping levels compared to the
hole-doped counterparts [184].

When we talk about CO we usually refer to charge correlations having a
static nature. Several experimental works conducted on a restricted doping
range in YBCO revealed an impressive increase of CO intensity and correla-
tion length above 12 T [43, 183, 185, 186, 187]. This experimental evidence
has been explained by considering that, without applying a magnetic field,
the short-range (≈65 Å) CO is supposedly a precursor state to the high-field
one. Moreover, CO correlations of the order of ≈25 Å have been found in
other hole- and electron-doped cuprates [48, 118, 47, 49, 119, 171]. The ob-
servations by static probes suggest therefore that the CO correlations found
at zero field could also have a dynamic nature and could then get static due
to disorder or defect pinning of the modulation [188, 189, 190].

In the recent years, Cu L3-edge resonant X-ray scattering, energy inte-
grated (EI-RXS) and energy resolved (RIXS) mode has become the tool of
choice to investigate CO in cuprates. The main difference between RIXS
and EI-RXS lies in the impossibility to extract from EI-RXS measurements
information about inelastic features, such as the finite energy excitations
that one would expect to be associated with dynamic CO. In the work pre-
sented in this Section [97], the high-resolution ERIXS spectrometer at the
ID32 beamline [8] at the ESRF - the European Synchrotron allowed to de-
tect the presence of finite energy (dynamic) correlations at the charge-order
wave vector (QCO) in both non superconducting (x = 0.106) and SC (x =
0.145) NCCO. The authors found that a sizable contribution coming from
the dynamic correlations at QCO shares the same energy range covered by
magnetic excitations. By performing polarization-resolved RIXS measure-
ments, they were able to ascribe the enhancement of the dynamic response
at QCO to spin-flip processes, revealing therefore a direct link between CO
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and dynamic magnetic correlations in electron-doped NCCO.
Figure 4.8(a) shows Cu L3-edge RIXS spectra of non-SC NCCO at se-

lected in-plane momenta along the [1 0] direction, here reported in reciprocal
lattice units. These spectra are extracted from the full energy-momentum
RIXS color map illustrated in Figure 4.8(b), where we can identify the elastic
line at 0 energy loss, the dispersive magnetic excitations (paramagnons) in
the mid-infrared region (below 600 meV) and the dd excitations at higher
energies. In Figure 4.8(c) the authors illustrate the relationship between EI-
RXS and RIXS measurements, where the result of the integration of each
RIXS spectrum shown in Figure 4.8(b) in the energy range spanning from
-0.06 to 10 10 eV is a single momentum distribution curve. It is worth men-
tioning that this curve is well comparable with previous EI-RXS experiments
of NCCO [119]. It must be stressed that EI-RXS measurements are affected
by a huge background coming from all the elastic and inelastic features, and
most importantly, that the usual CO peak contributes to solely a small frac-
tion of the total integrated intensity [48, 118, 49, 181]. Therefore, the peak
at QCO in Figure 4.8(c) (highlighted by the arrow) can also originate from
spectral components that are not necessarily elastic. In this context, RIXS
can greatly help to understand the possible inelastic origin of the peak at
QCO.

Figure 4.8(d-e) shows the detailed comparison between the low-energy ex-
citations in the non-SC NCCO sample taken at 25 and 300 K. The measured
paramagnons dispersion reveals the same characteristics previously investi-
gated [165]. Moreover, the measurements at 25 K reveal an enhancement
of the signal at QCO above the quasi-elastic line and below the param-
agnon energy. Its presence is marked by the arrow at ∼100 meV and by
the huge intensity enhancement at ∼250 meV, suggesting a dynamical na-
ture. This assumption is reinforced by its suppression at high temperature,
as deductible from Figure 4.8(e). At this point it was of crucial importance to
determine if the enhancement of the RIXS signal at QCO comes from charge
scattering that coexists with paramagnons or if it arises from an additional
spin-flip scattering channel. To address this issue, the authors acquired high-
resolution (≈35 meV of combined energy resolution) Cu-L3 RIXS spectra of
non-SC NCCO at two distinct H values, at QCO and away from it. The two
spectra, reported in Figure 4.9(a), were measured with vertical polarization
of the incident light and at 25 K and clearly confirm that the enhanced signal
at QCO has the same energy of the paramagnon. However, all the experi-
mental findings mentioned here cannot demonstrate the magnetic nature of
the dynamic correlations at QCO. We know that, by resolving the scattered
photon polarization, it is possible to isolate the single-spin flip contributions
in the low-energy range [89, 90].
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Figure 4.8: a) Cu L3-edge RIXS spectra (vertically shifted for clarity) measured at
selected in-plane momenta along the [1 0] high symmetry direction of the first Bril-
louin zone (H values are expressed in reciprocal lattice units). b) Energy-momentum
RIXS color map in logarithmic scale. In the low-energy range the elastic line and
paramagnons can be found, while the excitations at higher energies are ascribable
to the transitions from the ground state to the Cu 3d orbitals (dd excitations). c)
EI-RXS momentum dependence of the non-SC NCCO obtained from the integrated
RIXS spectra in the energy range spanning from -0.06 to 10 10 eV. The RIXS spectra
have been acquired with the polarization of the incident light vertically oriented with
respect to the scattering plane (σ) and at 25 K. d-e) Close-up view of the low-energy
range in the energy-momentum RIXS color map of non-SC NCCO measured with
σ incident polarization at 25 and 300 K. The dashed line in d) denotes the QCO

obtained from th data shown in panel c). Figures from Ref. [97].
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Figure 4.9: a) Comparison between two high-resolution RIXS spectra of non-SC
NCCO measured on and off QCO at 25 K with σ incident polarization. b) Low-
energy polarization-resolved (σπ′ channel) RIXS map. Figure from Ref. [97].

The σπ′ polarization-resolved RIXS color map is shown in Figure 4.9(b).
As in the unpolarized RIXS data, here we can clearly distinguish the para-
magnons dispersion which shows a remarkable enhancement exactly at QCO,
not revealed in the σσ′ spectra, as expected in case of single-spin flip excita-
tions [95, 133, 60]. This result establishes, without any doubts, the magnetic
nature of the dynamic correlations at the CO wave vector. Surprisingly, the
increase of the σπ′ intensity at QCO near the paramagnons energy is not
accompanied by the enhancement at ∼100 meV seen in the unpolarized data
(highlighted in panel d) of Figure 4.8).

The main conclusion is that the low-energy peak at QCO presumably
arises from pure charge correlations at low temperatures and it is probably
given by the softening of the electronic response below 150 meV that results
in static charge order. At the same time, we assist to the enhancement of the
magnetic spectral weight given by a pure spin-flip process at the energies that
characterized the paramagnons. The simultaneous presence of charge order
and dynamic spin-flip correlations could be explained considering that the
fluctuations of a CO pattern necessarily require a transfer of charge between
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neighboring sites, regardless of the mode of fluctuation-phase shifts or ampli-
tude enhancements. Since in electron-doped cuprates the Af correlations are
strong, this intersite process is accompanied by spin-flip. As a consequence,
the excitation energy will mostly affected by the paramagnon energy scale at
QCO.

This work provides strong experimental evidences in support of the theo-
retically predicted interplay between magnetic fluctuations and charge order
in cuprates [176, 177, 178, 179, 180]. Moreover, the observed softening of the
low-energies electronic response could be in agreement with the prediction of
a d -wave form factor of charge order in the electron-doped NCCO [191], bol-
stering the similarities between CO in electron- and hole-doped copper-based
superconductors.

4.6 Crystal electric field in CeRh2Si2 stud-

ied with high-resolution resonant inelas-

tic soft X-rays scattering

The data and analyses discussed in this Section have been published in “Crys-
tal electric field in CeRh2Si2 studied with high-resolution resonant inelastic
soft X-ray scattering”, by A. Amorese, N. Caroca-Canales, S. Seiro, C. Krell-
ner, G. Ghiringhelli, N. B. Brookes, D. V. Vyalikh, C. Geibel, and K. Kum-
mer, Physical Review B 97, 245130 (2018).

In this last Section we will show how high-resolution and polarization-
resolved RIXS measurements can be useful for the study of materials such
as rare earth compounds. In this particular case, we will present a detailed
and systematic RIXS investigation that allowed the unique assignment of
the crystal electric field (CEF) scheme in CeRh2Si2. The results discussed
hereafter agree with INS and magnetic susceptibilities studies made in the
past.

Rare earth based compounds can be classified as strongly correlated ma-
terials containing, in addition to rare earth elements, metallic and optionally
non-metallic elements, where the resulting crystal structures strongly depend
on the constituents. The main physical properties of these materials derive
from the strong electron-electron correlation and from the anisotropic charge
distribution mainly given by the incompletely filled d or f electron shells.
Regarding CeRh2Si2, it is usually described as a heavy fermion compound
belonging to the 122 cerium-based family. It displays a tetragonal crystal
structure (D4h symmetry) centered around tT che Ce ion and it is charac-
terized by two different antiferromagnetic orders below TN1 = 37 K and TN2
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= 26 K [192, 193, 194, 195]. CeRh2Si2 has attracted a lot of attention after
the discovery of a superconducting phase revealed under pressure (1.1 GPa)
with a typical critical transition temperature T c ≈ 400 mK [196, 197].

Although CeRh2Si2 has been investigated for a long time, there is still not
a complete knowledge of the CEF scheme, in particular regarding the energy
splittings, symmetries and charge distribution of the Ce 4f states. The main
effect given by the CEF is the splitting of the ground state multiplet of Ce,
that has been usually studied with INS technique by probing excitations
from the ground state to excited states above the Fermi level. In this way,
one can infer about the energy and symmetry of the CEF levels. Over the
past few years RIXS has emerged as a powerful tool for the investigations
of low-energy excitations in correlated materials, especially thanks to the
huge improvements in the soft X-rays instrumentations. With the ERIXS
spectrometer at the ID32 beamline at the ESRF [8] it is possible nowadays to
achieve a combined energy resolution of∼ 30 meV at 1 keV of incident photon
energy. Moreover, the possibility to continuously move the spectrometer
scattering arm offers the capability to investigate a large portion of the three-
dimensional reciprocal space. Finally, as explained throughout this thesis,
ERIXS allows also the polarization analysis of the scattered photons. All
these features offered by the recent developments in RIXS technique opened
novel systematic studies of orbital, spin and charge degrees of freedom in a
large variety of materials. Unfortunately, due to the low energy resolution,
RIXS study done in the past on rare-earth materials allowed the study of
solely the high energy charge transfers, without any insight into the crystal
field excitations [198].

In the work reported here [98], the authors exploited all the above men-
tioned capabilities offered by the ERIXS spectrometer to assign the energy
splittings given by the CEF in CeRh2Si2. The aim of this work is to uniquely
assign the CEF levels in this material, since the schemes reported in literature
are in contradiction and still under debate [199, 200, 201, 202].

Differently from the examples reported in this thesis, where we have
mainly discussed RIXS measurements at the Cu L3-edge, here we will deal
with the Ce M5-edge at ∼ 883 eV which involves the transitions from the
3d to the 4f states. The CeRh2Si2 ground state is dictated by the Hund’s
rule that leads to three Kramers doublets resulting from the splitting of the
2F5/2 multiplet of the Ce3+ ions. In the Stevens’ approximation (spin-orbit
coupling of the 4f levels larger than the energy separation given by the CEF)
with a negligible mixing between the ground state multiplet and the higher
one 2F7/2, the three Kramers doublets can be written in the following way:
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Figure 4.10: Polarization-resolved RIXS spectra measured at transferred momenta
q = (0.0, 0.0, 0.12). On top the different adopted scattering geometries are shown.
Moreover, the experimental RIXS data were compared with the calculated RIXS
spectra as a function of the mixing parameter α. Figures from Ref. [98].

Γ1
7 = α |±5/2〉+

√
1− α2 |∓3/2〉 (4.3)

Γ2
7 =

√
1− α2 |±5/2〉 − α |∓3/2〉 (4.4)

Γ6 = |±1/2〉 . (4.5)

The Γ6 doublet is made of pure |±1/2〉, while the other two can be ex-
pressed as linear combinations of the |Jz = ±5/2〉 and |Jz = ∓5/2〉 states.
The CEF parameters A2,0, A4,0 and A4,4 define the energy of the three
Kramers doublets as well as the mixing α in the Γ1

7 and Γ2
7 states. As in

the case of dd excitations in cuprates, RIXS allows to probe transitions with
∆Jz = 0, ±1, ±2, which are the most relevant for the investigations of the
CEF in Ce-based materials. In Ref. [98], Amorese et. al report a detailed
high-resolution (≈ 30 meV at the Ce M5-edge) RIXS study compared with
theoretical calculations in order to assign the ground state and the energies
of the excited states in CeRh2Si2, revealing that most of the CEF schemes
proposed in the past are in contradiction with their RIXS data. The main
result is that the Γ1

7 ground state has a mixing factor α = 0.96, while the
energies of the two excited states Γ2

7 and Γ6 are of the order of 30 and 53
meV, respectively.

In order to better estimate the correct mixing (α parameter) between
the |Jz = ±5/2〉 and |Jz = ∓5/2〉 in the Γ7 states the authors exploited the
possibility to perform the polarization analysis of the scattered photons. By
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carefully inspecting the polarization-resolved RIXS spectra illustrated in Fig-
ure 4.10, we clearly see that the biggest effects given by changing α can be
detected solely when the outgoing photons polarization is known. This obser-
vation has been used to correctly assign both the sign and the absolute value
of the mixing CEF parameter in CeRh2Si2. This result has been achieved
by measuring RIXS spectra at different transferred momenta and by playing
with the incident photon polarization (σ or π). The three calculated RIXS
spectra as a function of α give completely different responses in the two out-
going linearly polarized channels (σ′ and π′), and this information was crucial
to assign the most compatible mixing CEF parameter with the experimental
data.

In conclusion, Amorese et. al demonstrated that RIXS allows to study
CEF excitations in rare earth intermetallics materials. In the particular case
of CeRh2Si2, by combining high-resolution measurements and the analysis of
the scattered photons polarization together with theoretical calculations it
was possible to determine the energy splittings and the symmetry of the CEF
levels, both the ground state and the excited states. Moreover, especially
thanks to the analysis of the outgoing polarization, the mixing parameter α
has been determined with unprecedented accuracy.
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CHAPTER 5

Dispersing orbital excitations in quasi-1D and 2D

cuprates

The data and analyses discussed in this Section will be submitted soon as
a part of the work “Mobile orbitons in Ca2CuO3: crucial role of the Hund’s
exchange”, by R. Fumagalli, J. Heverhagen, D. Betto, R. Arpaia, M. Rossi,
D. Di Castro, N.B. Brookes, M. Moretti Sala, M. Daghofer, L. Braicovich,
K. Wohlfeld, and G. Ghiringhelli.

In correlated oxides electronic excitations tend to have a localized char-
acter and are usually described by orbital and spin quantum numbers in a
symmetry adapted atomic picture: usually dd (i.e. orbital) excitations do
not disperse, irrespective of their spin character. On the contrary, pure spin
excitations have collective nature: spin-waves (or magnons) display large en-
ergy dispersion vs momentum. Theory predicts that at low dimensionality dd
excitations can split their orbital and spin components, giving rise to complex
dispersion. So far orbital excitations with sizeable dispersion were observed
and theoretically analyzed only in quasi-1D materials. In this Chapter we
investigate the Cu L3-edge Resonant Inelastic X-ray Scattering spectra of the
quasi-1D antiferromagnet Ca2CuO3. Beside the magnetic excitations, being
well-described by the two-spinon continuum, we observe two dispersive or-
bital excitations, the 3dxy and the 3dyz orbitons. A quantitative comparison
with the theoretical model reveals that a realistic spin-orbital model needs
to include a finite Hund’s exchange JH ≈ 0.5 eV. As the Hund’s exchange is
small with respect to the values of the spin-orbital exchange processes, the
spinon and orbiton can be regarded as noninteracting and the spin-orbital
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separation picture can well describe the orbiton motion in this compound.
However, our preliminary data on the infinite layer CaCuO2 suggest that dd
excitations may disperse also in 2D systems. It turns out that the theory
model used in the 1D case can hardly account for the dispersion we observed
in CaCuO2, and calls for a clarification.

We have exploited the unique resolution and polarization selectivity of
ERIXS spectrometer at ID32 to solve this puzzle whose solution would impact
on the very concept of dispersive orbital excitation, i.e. orbital-wave or
“orbiton”.
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5.1 Mobile orbitons in quasi-1D Ca2CuO3: cru-

cial role of the Hund’s exchange

5.1.1 Introduction

The importance of the Hund’s exchange and the multi-orbital character of
the states lying close to the Fermi level go hand in hand in the correlated
electron systems [28]. In addition to ‘Hund’s metallicity’ in itinerant sys-
tems [203], there are Mott-insulating transition-metal compounds with al-
most degenerate orbitals, which can show spin and orbitally ordered ground
states [28, 204]. Interestingly, the spin and orbital order in these compounds
often follows a special kind of ‘complementarity rule’, typically known as
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the Goodenough-Kanamori rule [205, 206]: the bond with a dominant alter-
nating orbital (ferro-orbital) correlation shows ferromagnetic (antiferromag-
netic) correlation, respectively. Consequently and especially once the typ-
ically strong Jahn-Teller effect is included, various transition metal oxides
or fluorides show strongly anisotropic magnetic ordering [207]—probably the
most famous example is the cubic LaMnO3 with its ab planes (chains along
the c axis) showing ferromagnetic (antiferromagnetic) order [208, 209].

∼ t1t2
U−2JH

low spin

high spin

∼ t1t2
U−3JH

virtual statestart final

Figure 5.1: A cartoon picture of the two possible spin-orbital exchange processes
along a bond with two distinct orbitals occupying the nearest neighbor sites. Whereas
in the limit of vanishing Hund’s exchange JH the amplitude of such processes is
solely ∝ t1t2/U (with t1, t2 being the nearest neighbor hoppings between respective
orbitals and U the Coulomb repulsion element on the same orbital), in a ‘realistic’
case it also depends on JH/U and is larger (smaller) for the the parallel (antiparallel)
spin alignment as presented on the bottom (top) panels, respectively. This not only
explains the origin of one of the Goodenough-Kanamori rules but also the dependence
of the orbiton velocity on the spin correlations as well as its overall increase with the
Hund’s exchange, as discussed in detail in this Section.

Let us understand a bit better why the Goodenough-Kanamori rules are
so intimately related to the Hund’s exchange. The crucial observation is that
Hund’s exchange is responsible for the ferromagnetic correlations suggested
by the Goodenough-Kanamori rules for alternating orbital order. Without
it, the singlet and triplet ‘virtual’ states occurring in the spin-orbital (‘Kugel-
Khomskii’) exchange processes along an alternating-orbital bond, illustrated
in Figure 5.1, would have the same energy (cf. Ref. [209] for detailed exam-
ples). This would yield the same amplitude for the two exchange processes
and would thus remove all energy gain from a ferromagnetic alignment rela-
tive to the antiferromagnetic one.
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Despite the fundamental importance of Hund’s exchange for the ground-
state ordering, little is known about its signature in dispersive collective
orbital excitations (orbitons). Such excitations were observed in quasi-1D
copper oxides with almost decoupled S = 1/2 antiferromagnetic chains [55,
210, 211] as well as in quasi-2D iridate Sr2IrO4 [212, 213]. In a Mott insu-
lator, the orbiton moves via superexchange processes that are rather similar
to the ones underlying the Goodenough-Kanamori rules, see the sketch Fig-
ure 5.1. Interpreting this as an ‘orbiton hopping’, the situation of an orbiton
moving through an antiferromagnet was then described with a minimal t–J
model, in perfect analogy to a hole in the same background [214]. However,
this – quite successful – treatment requires the orbiton hoppings on ferro-
and antiferromagnetically aligned bonds to be equal, while Hund’s exchange
implies that they are not.

The question of Hund’s exchange becomes particularly salient in the 1D
case, where the picture of spin-orbital separation was based on the above
analogy to a hole: whereas an orbiton always strongly couples to the elemen-
tary spin excitations of an antiferromagnet, it can effectively separate from
the spin excitation (‘spinon’) in a similar manner as a ‘holon’ separates from
the spinon when a single hole is introduced into an 1D antiferromagnet [215].
The fate of spin-orbit separation in the presence of Hund’s exchange was only
recently addressed theoretically [216]. Fractionalization into spinon and or-
biton was predicted to persist, even though Hund’s exchange was concluded
to mediate interactions between them. However, experimental information
on the impact of Hund’s exchange on orbiton propagation and spin-orbit
separation is so far missing.

In this Chapter we present a systematic and detailed high-resolution res-
onant inelastic X-ray scattering (RIXS) study at the Cu L3-edge on the
quasi-1D spin S = 1/2 antiferromagnetic Heisenberg chain Ca2CuO3. We
assess the importance of Hund’s exchange in modeling the experimentally
observed orbital excitations and conclude it to be necessary for a quantita-
tive description. To this end, we firstly discuss the experimental methods
and present the main RIXS spectra in Section 5.1.2. We start the discussion
with analyzing the spin excitations in great detail, see Section 5.1.3. Next,
we introduce an appropriate spin-orbital model in Section 5.1.3 and compare
the experimental and theoretical results in Section 5.1.3, paying particular
attention to the role of the finite Hund’s exchange in obtaining the results
which well-describe the experiment.
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5.1.2 Experimental methods

Samples

Together with Sr2CuO3, Ca2CuO3 (from now on Ca21) represents one of the
best prototype of the quasi-1D spin 1/2 AFM strongly anisotropic Heisenberg
chain [26]. The dicalcium cuprate shares the common crystal structure of the
better studied Sr2CuO3 [24, 25, 26] and it is characterized by having quasi-
1D CuO3 chains of corner-sharing CuO4 plaquettes along the crystallographic
b axis. Regarding the electronic properties, the strong on-site Coulomb U
repulsion results in a ground state with one localized hole per Cu ion, located
in the 3dx2−y2 orbital. Because of that, its 3d bands structure shows a Mott-
Hubbard gap. The Ca21 films used for this work were grown by pulsed laser
deposition, using a λ = 248 nm KrF excimer laser. We chose as the substrate
for the film deposition a 5x5 mm2 LaSrAlO4 (LSAO) (1 0 0), since it has a
crystal structure (K2NiF4-type) similar to Ca2CuO3 and compatible in plane
lattice parameters. On LSAO (1 0 0), the Ca21 grows along the c-axis and the
CuO3 1D chain lies in the ab plane along the b-axis [(see Figure 5.4(c)], with
chain oxygen at corner sharing CuO4 plaquettes. The Ca21 target for the
film deposition was prepared by standard solid state reaction: stoichiometric
mixtures of high-purity CaCO3 and CuO powders were calcined at about
800◦C in air for 20 hours, then pressed to form a disk and heated in air at
950 ◦C for 24 h. The distance between LSAO substrate and the target was
2.5 cm. The substrate holder was kept at T = 600 ◦C during the deposition
at an oxygen pressure of 0.1 mbar, and cooled down to room temperature
at the same pressure. High quality films with perfect c-axis orientation were
grown, with thickness about 30 nm.

The structural properties of the Ca21 thin films have been determined
by X-Ray Diffraction (XRD) analysis, using a Panalytical X’Pert PRO Ma-
terials Research 4-axis diffractometer. The beam from the Cu X-ray tube
passes through a 2-bounce Ge220 monochromator, which includes a mirror;
the diffracted beam is detected either by a rocking curve attachment or by
a 3-bounce symmetric analyzer crystal, used respectively for low-resolution
and high-resolution ω-2θ scans and reciprocal space maps. The XRD char-
acterization presented in the following is focused on the same sample [30 nm
thick Ca21 film on (1 0 0) oriented LaSrAlO4 (LSAO) substrate] on which all
the RIXS measurements presented in the paper have been taken. We have
however tested that the results are reproducible among several samples of
the same kind.

The ω-2θ scan [see Figure 5.2(a)] confirm that the film is crystalline and
c-axis oriented, without any hint of spurious phase, or misoriented domain.
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Figure 5.2: Symmetric XRD measurements on the Ca2CuO3 (30 nm)/LaSrAlO4

(1 0 0). (a) The low resolution 2θ-ω scan shows that, beside the substrate reflection,
only the Ca21 (0 0 2) reflection is present, related to the c-axis growth of the film. The
absence of any other orientation or spourius phase is confirmed by the high resolution
scan (inset) performed in a shorter range around the Ca21 reflection. (b) Rocking
curve of the Ca21 (0 0 2) reflection. (c)-(d) High-resolution reciprocal space maps of
the LSAO (2 0 0) and Ca21 (0 0 2) reflections. The c-axis of the Ca21 is perfectly
aligned to the out of plane direction of the substrate (they have the same q‖).

The high-resolution symmetric reciprocal space maps [see Figures 5.2(c)-(d)]
show instead that the Ca21 (0 0 2) reflection is aligned to the LSAO (2 0 0)
reflection, i.e. to the normal direction of the substrate (qCa21

‖ = qLSAO‖ ).
This occurrence, together with the full width at half maximum of only ≈
0.03◦ for the Ca21 (0 0 2) reflection [see Figure 5.2(b)], supports the high
texture of the film. Therefore the use of a substrate with such small in-plane
mismatch δm with the film (with δm = 1−xf/xs, and xf and xs in-plane lattice
parameters respectively of film and substrate, see Table 5.1), prevents the
distortion of the CuO4 plaquettes within the Ca21 unit cell. Such distortion,
causing a buckling of the atomic planes, is vice versa generally occurring in
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perovskite thin films, when they are grown on substrates with larger lattice
mismatch [217, 218, 219, 220]. Finally, the length of the c-axis parameter
has been estimated from the position of the Ca21 (0 0 2) reflection: its value,
q−1
⊥ = 3.262 Å, is very close to the bulk value.
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Figure 5.3: Asymmetric XRD measurements on the Ca2CuO3 (30 nm)/LaSrAlO4

(1 0 0). (a)-(b) Low-resolution reciprocal space maps, along the two in-plane LSAO
directions. Along the [0 1 0] direction [panel (a)] only the Ca21 (0 1 3) reflection
(b-axis) is present, while along the [0 0 1] direction [panel (b)] the Ca21 (3 0 3) is the
only measured reflection (a-axis). Where absent, the position of the Ca21 (0 1 3) and
(3 0 3) reflections has been marked in the maps by a yellow cross. The film is totally
detwinned, with the following film-substrate relations: Ca21(1 0 0)‖LSAO(0 0 1),
Ca21(0 1 0)‖LSAO(0 1 0), Ca21(0 0 1)‖LSAO(1 0 0). (c)-(d) High-resolution recipro-
cal space maps, along the two in-plane LSAO directions, used to determine the length
of the in-plane Ca21 parameters and the strain state.

To determine the twinning state of the Ca21 thin film, as well as the film-
substrate orientation relations and the strain conditions, we have explored by
both low- and high-resolution reciprocal space maps the asymmetrical (0 1 3)
and (3 0 3) Ca21 reflections. These two reflections, associated respectively
to the b-axis, where the CuO3 chains are oriented, and to the a-axis, are
characterized by almost identical q⊥, and similar q‖ values (∆q‖ = 0.2 nm−1).
The maps have been taken both along the [0 1 0] and the [0 0 1] in-plane
LSAO directions. Along the [0 1 0] LSAO direction, only the Ca21 (0 1 3)
reflection is present; vice versa, along the [0 0 1] LSAO direction, the Ca21
(3 0 3) reflection is dominant [see Figures 5.3(a)-(b)].

The film is therefore totally detwinned: the random exchange of the in-
plane parameters is eliminated, and the material properties, related to the
presence of CuO3 chains along the b-axis, can be singled out. The one-
dimensional nature of the Cu21 is preserved in thin film form, down to thick-
ness of few unit cells. Such film-substrate orientation relationship has severe
implications on the way the strain is applied on the Cu21 film. Along the
[0 1 0] LSAO ‖ [0 1 0] Ca21 direction, where the mismatch is negligible
(δm ≈ −0.7%), the Ca21 (0 1 3) reflection is aligned to the LSAO (3 1 0)
reflection: the b-axis of the Ca21 is totally strained on the b-axis of the
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LSAO, compressing its bulk value down to q−1
‖ = 3.758 Å[see Figure 5.3(c)].

Along the [0 0 1] LSAO ‖ [1 0 0] Ca21 direction, the mismatch is instead
larger (δm ≈ 3%): here, the Ca21 (3 0 3) reflection is misaligned with re-
spect to the LSAO (3 0 3) reflection [see Figure 5.3(d)], since the length of
the Ca21 a-axis parameter (q−1

‖ = 12.288 Å) approaches that of the LSAO
a-axis, though staying much shorter than that. The tensile stain along the
a-axis compensates the compressive one along the b-axis, in agreement with
the negligible change of the c-axis parameter, observed via ω-2θ scan.

The Ca21 and LSAO lattice parameters, in bulk form as well as in our
films, are summarized in Table 5.1.

material a (Å) b (Å) c (Å)
LaSrAlO4 3.756 3.756 12.617

Ca2CuO3 bulk [221] 12.262 3.783 3.263
Ca2CuO3 film 12.288 3.758 3.262

Table 5.1: The lattice parameters of our Cu21 thin films, as determined by the
XRD structural characterization, are compared with those of the bulk Cu21, and of
the LSAO substrate.

RIXS measuresements

RIXS [4] measurements were carried out at the ID32 beamline [8] of the
ESRF - the European Synchrotron. The energy of the incident beam was
tuned to the maximum of the Cu L3 absorption peak (∼ 931 eV) in order to
fulfill the resonance condition. The polarization of the incident light was set
either parallel (π) or perpendicular (σ) with respect to the scattering plane.
For all the measurements discussed below, the scattering angle 2θ was fixed
at 149.5◦ in order to maximize the in-plane transferred momentum, while the
temperature was kept fixed at 20 K. To explore how the dimensionality of
Ca21 affects the RIXS spectra, we were able to rotate by 90◦ the azimuthal
angle in order to put either the bc or ac plane of the sample in the scattering
plane, as shown in Figure 5.4 c) and e), respectively. Once the scattering
plane is defined, by rotating the angle perpendicular to it (θ) we were able
to change the in-plane transferred momentum q‖, defined as the projection
of the momentum transfer onto the CuO2 layers. From now on we will refer
to the transferred momentum values in terms of reciprocal lattice vectors
(r.l.u.) 2π/a, 2π/b and 2π/c. We acquired RIXS spectra along the two high-
symmetry direction [0 1] [Figure 5.4(a-c)] and [1 0] [Figure 5.4(d-e)] in the
first Brillouin zone. It has to be underlined that, due to the orthorombicity
of the crystal structure, these two directions are not equivalent. In fact, when
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Figure 5.4: Raw RIXS spectra of Ca2CuO3 measured along the [0 1] direction with
π (a) and σ (b) polarization of the incident light; on the right side we show a close-up
view of the RIXS intensity maps in the dd excitations energy range. c) Sketch of the
scattering and experimental geometry adopted to measure the spectra shown in a) and
b) together with the crystalline structure of CuO3 chains of Ca21. d) RIXS spectra
and close-up view of the orbital excitations measured with π polarization along the
direction perpendicular to the CuO3 chains ([1 0]). e) Experimental geometry adopted
for the data presented in panel b). In c) and e) the Ca atoms have been removed for
clarity.

the scattering occurs in the bc plane, the CuO3 chains lie in the scattering
plane; on the other hand, by measuring along the [1 0] direction, the chains
are perpendicular to it. These considerations on the different geometries
have an important impact and significant repercussions on the physics of 1D
systems, as we will explain in a more details in Section 5.1.3.

In the waterfall plots in the left panels of Figure 5.4, the spectra can be
decomposed into several features. The peaks at ∼0 energy loss represent the
quasi-elastic scattering (which includes diffuse elastic and phonons); up to
−0.5 eV all the spectra reveal the presence of dispersing spin excitations and
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between -1.5 and −3.5 eV the spectra are dominated by orbital excitations,
which correspond to the final states with the Cu hole in the other 3d orbitals.
The assignment of each orbital energy and symmetry has been done following
the same procedure adopted by Moretti Sala et al. [11]: in a pure ionic
picture, we calculated the cross sections for all the possible final states in the
RIXS process, and we used them to fit the experimental data.

We also exploited the unique capability of the ERIXS spectrometer to
perform polarization-resolved RIXS measurements [8, 60], disentangling the
two linearly polarized channels (π′ and σ′) of the scattered light. The pos-
sibility of disentangling the polarization of the scattered light gives us valu-
able insights on the nature of the various spectral features: recently, it has
been demonstrated that this method can be useful to distinguish the vari-
ous orbital [60] and the low-energy excitations [94, 96, 54, 97] in different
cuprate families. In particular, the polarimetric measurements confirm the
orbital energies assignment given by the single ion model. In Figure 5.5 we
show the polarimetric raw RIXS data of Ca21 measured with both incident
π (bottom panels) and σ (top panels) polarizations at two distinct trans-
ferred momenta values (0.26 and 0.436 r.l.u.). The decomposed outgoing
polarization-dependent channels and the experimental error bars have been
obtained following the procedure reported in Refs. [94, 60] and in Chap-
ter 2.7. On top of each spectrum we report the comparison between the
absolute values of the polarization-resolved RIXS cross sections calculated
within the single ion model as a function of the incident/scattered polariza-
tions and the peak areas for each orbital excitation. The results are shown in
the form of histograms keeping the same color code of the experimental data.
We remark the good agreement between the calculations and the experimen-
tal data. Most importantly, in the spectra measured with π polarization the
region which shows the larger dispersion has a predominant dxz/yz character.
The results obtained by combining the polarimetric data and the calculations
will be used in the detailed analysis presented throughout this paper.

The overall energy resolution was ∼ 60 meV for the unpolarized spectra,
while we relaxed it to ∼ 80 meV for the polarimetric measurements in or-
der to maintain an acceptable count rate. Each RIXS spectrum shown in
Figure 5.4 has been acquired in 15 min. In the case of polarization-resolved
measurement, the acquisition time was increased to 60 min in order to get
good statistics due to the lower efficiency of the polarimeter.
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Figure 5.5: Polarimetric RIXS spectra measured with incident σ (top panels) and
π (bottom panels) polarization at two selected transferred momenta (0.26 and 0.436
r.l.u.). On top of each spectrum we report the the comparison between absolute
values of the polarization-resolved RIXS cross section calculations and the peak areas
for each dd excitation. To help the reader, we use the same color code (blue for the
non crossed ππ′ and σσ′ and red for the crossed πσ′ and σπ′ channels) for both the
experimental data and the histograms.

5.1.3 Results and discussions

Two-spinon continuum

Spin excitations in quasi-1D systems have been intensively studied in the
last decades due to their importance in the realization of the 1D Heisenberg
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AFM model. The anisotropic AFM interaction of Ca21 comes from the Cu
atoms within the chains, along the b axis. The coupling along the other
crystallographic directions is negligible, making Ca21 a 1D magnetic system
with a Néel temperature of only 9 K [26] despite the large nearest neighbor
superexchange interaction along the chains. In fact, RIXS spectra measured
along the [1 0] direction do not show any dispersive spin excitations.

A clear signature of the 1D nature of Ca21 comes directly from the
momentum dependence of spin excitations along the [0 1] direction. In-
deed, in these systems the elementary magnetic excitations with S = 1
fractionalize into the two-spinon continuum carrying a spin quantum num-
ber of S = 1/2 [223]. In the left panels of Figure 5.6 we show the Ca21
RIXS intensity maps (between 0 and 0.8 eV of energy loss) measured with
both π (top left) and σ (bottom left) polarization which display strong dis-
persing spin excitations characterized by two different periodicities in re-
ciprocal space [222, 224, 225, 226, 227, 228]: π for the lower branch, 2π
for the upper one. In the intensity maps we show the extracted energy
positions of the main two-spinon peak from a preliminary fitting proce-
dure (dots). In order to determine the magnetic superexchange constant
(JSE), we assume that RIXS probes the spin dynamical structure factor
S(q, ω). This approximation has been intensively used through the years in
RIXS [55, 229, 4, 230, 231, 232] experiments on a large number of quasi-1D
antiferromagnets. Here we used the approximated expression of the two-
spinon dynamical structure factor reported in Ref. [222] to obtain a value of
the superexchange coupling JSE = 0.24 eV for the present case of Ca21, which
is not only close to the value found for Sr2CuO3 [233, 55] but also to the one
reported for Ca21 [234]. The results are represented by the continuous lines
shown in the left panels of Figure 5.6.

Furthermore, thanks to the good quality of our RIXS spectra, we can
directly compare the RIXS line shapes with the approximated expression of
the two-spinon dynamical structure factor S(q, ω) of the S = 1/2 Heisenberg
chain [222]. In the two right panels of Figure 5.6 we show the fitting results
at two transferred momenta values, which have been chosen by considering
the fact that here the two-spinon continuum is well separated from the other
spectral features.

Theoretical model for dd excitations

dd excitations in 1D feature the fractionalization of spin and orbital degrees
of freedom. To model the fractionalization, previous studies used an effective
t-J model, which accurately described the experimental spectra. We go one
step further and include the effect of Hund’s coupling, which should be finite
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Figure 5.6: Momentum transfer dependence of the magnetic two-spinon continuum
of Ca2CuO3 taken with π (top left panel) and σ (bottom left panel) polarization
measured along the [0 1] high-symmetry direction. The results of the fittings are
represented by dots (energy position of the spin excitations) while the continuous
lines are related to the approximate two-spinon continuum dynamical structure factor.
The right panels show the low energy RIXS line spectra at two particular momenta,
which were fitted by assuming the onset of four distinct features: the quasi-elastic
peak (purple), a generic phonons contribution (blue), its overtones (orange) and the
spinon (green/magenta for π/σ polarization). Whereas the first three were fitted with
a Lorentzian, the latter has been fitted with the approximate two-spinon dynamical
structure factor S(q, ω) and convoluted with a gaussian lineshape [222] in order to
take into account the overall experimental energy resolution.
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in realistic materials. Note that finite Hund’s coupling preserves fractional-
ization, but hinders the description with an effective t-J model and might
lead to a non-negligible interaction between orbitons and spinons.

To verify the spinon-orbiton separation, we employ a Kugel-Khomskii-
type Hamiltonian [28], which can be written in the following general form:

H = 2
∑
〈i,j〉

(
~Si · ~Sj +

1

4

)
A(T βi , T

α
j )

+
∑
〈i,j〉

K(T βi , T
α
j ) + ∆

∑
i

T zi . (5.1)

Here ~Si describes a spin S = 1/2 at site i and Tαi is a pseudo-spin T = 1/2
with component α ∈ {x, y, z} to describe the orbital degree of freedom be-
tween the ground state |x2 − y2〉 and one of the excited orbitals |{xy, xz, yz}〉
(note that the ‘nondispersive’ 3z2 orbital is not taken into account in the
analysis). Bonds 〈i, j〉 take nearest neighbors into account and ∆CF is the
crystal field splitting. Operators A(T βi , T

α
j ) and K(T βi , T

α
j ) only depend on

the orbital degrees of freedom and account for onsite repulsion U , Hund’s
coupling JH and nearest-neighbor hopping t1 and t2 for the ground state and
the excited orbital, respectively (see Appendix A for details). Note that for
the ferro-orbital ground state, Hamiltonian (5.1) reduces to the Heisenberg
model, which describes the spin excitations discussed in the previous section.

To model the orbital excitation in the RIXS spectrum, we calculate the
orbital spectral functions O(q, ω) and the spin-orbital SO(q, ω) with exact
diagonalization and cluster perturbation theory for each orbital separately.
The exact diagonalization results are broadened by a Lorentzian line shape of
120 meV FWHM to account for finite size effects (for details see Appendix A).
For direct comparison with the experiment, they have to be multiplied by
the RIXS matrix elements that can easily be obtained using the so-called
fast collision approximation to the Kramers-Heisenberg formula for RIXS
(for more details, see Refs. [4, 11, 60]). Finally, the results are convoluted
with a Gaussian function (FWHM = 60 meV) to account for experimental
resolution.

Even in the presence of Hund’s coupling, the spinon-orbiton fractionaliza-
tion is preserved [216], although it mediates an interaction between orbiton
and spinon that can wipe out signatures of spin-orbit separation if it becomes
too strong. In fact, for finite Hund’s exchange the hopping of an orbiton is
modified, as shown in Figure 5.1, by the distinct superexchange processes
for anti-parallel and aligned spins. For anti-parallel spins an excited electron
can move with superexchange constant t1t2/(U − 2JH), which increases to
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t1t2/(U − 3JH) in the case of parallel spins. Hence, orbital (O) and spin-
orbital (SO) excitations are distinguishable for non-zero JH and need to be
considered separately. Additionally, the bandwidth of the excitations (W )
increases for increasing JH. Note that this intuitive picture is supported by
numerical calculations [216].

Using this picture, we derived the approximate analytic relation between
JH and W (see Appendix B)

JH =

(
U − 8t1t2

W

)
1

3
, (5.2)

which makes it possible to calculate JH from the bandwidth of the excitation.
This implies that a theory for spinon-orbiton separation which ignores Hund’s
coupling always overestimates the hopping constant of the excited orbital.

Comparison between data and theory

In Figure 5.4 we show the measured RIXS spectra of Ca21 in different experi-
mental configurations. As mentioned above, the quasi-1D nature of Ca21 has
strong repercussion on the dispersion of the spectral features seen by RIXS.
This is already observed in the absence of spin excitations when spectra are
measured with the CuO3 chains oriented perpendicularly to the scattering
plane. In this configuration, we do not see any kind of dispersion also in the
dd excitations energy range (panel d of Figure 5.4). Therefore, let us from
now on focus solely on the geometry in which the chains are parallel to the
scattering plane (panels a-c of Figure 5.4). This configuration is similar to
the one reported by Bisogni et al. [211], where in the quasi-1D AFM spin-
ladder CaCu2O3, the spin-orbital separation occurs along the a direction in
the dxz orbital channel.

To explain the observed orbital spectra, with their peculiar dispersion
relations, we use the theoretical model already described in detail in Sec-
tion 5.1.3. We choose the parameters of the model in two steps. First, we
start with the parameter related to the dx2−y2 orbital—the hopping constant
t1 between the two nearest neighbor dx2−y2 orbitals. The latter could be
calculated from to the superexchange constant JSE = 4t21/U = 0.24 eV, as
obtained from the RIXS spin spectrum in Section 5.1.3. Assuming that typ-
ically for the cuprates the on-site Coulomb repulsion U = 8t1 [124] we get
that t1 = 0.49 eV and U = 3.92 eV.

We obtain the remaining model parameters—the hopping parameters t2
describing the hopping between the excited orbitals, the Hund’s coupling
JH and the on-site (crystal field) energies ∆CF of the excited orbitals, i.e.
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Figure 5.7: Experimental (a,c) and theoretical (b,d) second derivative RIXS inten-
sity maps in the orbital excitations energy range.

dxy, dyz, dxz, by directly comparing the second derivatives of the theoretical
results and experimental spectra, see Figure 5.7.

The results from the ‘best fit’ of the theoretical model to the experimental
data are given in Table 5.2.

As can be seen in Figure 5.7 the experimental and theoretical second
derivative maps are in very good agreement. Let us note in passing that the
second derivative curves easily track the peak position of the different spec-
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xy xz yz
JH (in units of t1) 0.8 1.2 1.2
t2 (in units of t1) 0.5 0 0.7
∆CF (eV) 1.87 2.32 2.45

Table 5.2: ‘Best fit’ microscopic parameters for the Kugel-Khomskii Hamiltonian.
(5.1). For definitions see main text and Appendices.

tral features, making the dispersion of the orbital excitations more evident
without any type of fitting. In fact, such a method has been previously used
in the analysis of RIXS data to disentangle dispersive orbital excitations from
the particle-hole continuum in Sr2IrO4 [212].

Notably, the obtained results can explain the apparent polarization de-
pendence, as could be observed by comparing the orbital RIXS spectra ob-
tained with π and σ polarizations [cf. Figure 5.4(a-b)]. In fact, such a result
might naively suggest a possible polarization-dependence of the spin-orbital
fractionalization phenomenon. This hypothesis could be supported by the
fact that, up to now, in RIXS studies the orbitons have been measured solely
with the incident π polarization [55]. Moreover, this apparent polarization-
dependent behavior is not reflected in the low energy region: as widely dis-
cussed in Section 5.1.3, the fractionalized spinon excitations show the same
momentum dependence for both π and σ incoming light. To unravel this
puzzle we take a closer look at the second derivative maps in the case of σ
incident polarization shown in the bottom panels (c-d) of Figure 5.7. They
reveal the presence of a dispersion even for σ incoming polarization, although
it is very weak. The reason for this polarization-dependent behavior lies in
the fact that with σ polarization the dxz RIXS cross section is enhanced,
and therefore hiding the dyz contribution. On the other hand, with the π
polarization the dyz excitation provides most of the RIXS signal. Thus, we
conclude that the spin-orbital fractionalization phenomenon is indeed an in-
trinsic phenomenon of the material and does not depend on the polarization
of the incoming light.

The theoretical RIXS spectra calculated with the ‘best fit’ model param-
eters from Table 5.2 are shown in Figures 5.8(b, e, f). Indeed, as already
suggested by the second derivative maps of Figure 5.7, one can observe a
very good agreement with the experimental RIXS spectrum shown e.g. in
Figure 5.8(a): first, the dispersion of the lowest energy excitation (dxy) is
well reproduced in both the cases with π and σ incident light polarization.
Its momentum dependence is characterized by 1/2 r.l.u. periodicity in re-
ciprocal space, as also shown in Sr2CuO3 [55]. Like in CaCu2O3, the dxz
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and dyz energies are split by ∼ 150 meV [211]. Second, regarding the dxz
orbital excitation, assuming t2 = 0 (due to the negligible overlap between
nearest-neighbor dxz orbitals along the y direction of the chain) results in a
non-dispersive excitation. Third, the spin-orbital fractionalization is really
very well-visible for the dyz excitation.

Thus, the momentum dependence of the dyz dispersion shows two strongly
dispersive branches giving a characteristic oval shape [214, 210]. This, as
discussed in detail in Appendix B, allows us to extract the bandwidth of
the excitation W ∼ 0.6 eV. The bandwidth can then be used in Eq. (11) to
obtain the Hund’s coupling to be of the order of ' 1.14t1, which is in good
agreement with the above-discussed ‘best fit’ procedure (compare Table 5.2).
Overall the values of Hund’s coupling are in good agreement with the ones
typically assumed for another quasi-1D cuprate (Sr2CuO3) [210].

Finally, we would like to stress that such a good agreement between the
theoretical model (with the parameters from Table 5.2) and the experimen-
tal result cannot be achieved without a finite value of the Hund’s coupling
[cf. Figure 5.8(c-d)]. For instance, if JH = 0 and we use the same values of
t2 as reported in Table 5.2 for all the three orbitals considered we do not get
a good agreement with the experimental data. It is then only when a much
larger value of the hopping parameter t2 (t2 > t1) is assumed [Figure 5.8(d)]
that we obtain a satisfactory agreement with the experiment. This demon-
strates that fitting the experimental results with the theoretical model with
JH = 0 requires a non-physical, i.e. far too large, hopping t2. This is due
to the fact that the hopping t2 of the excited orbital should not be larger
than the hopping related to the ground state orbitals (since otherwise the
hybridization would lower the energy of the excited orbital below that of the
ground state orbital).

These observations remain valid also in the case of σ incident polarization;
moreover, we observe [(Figure 5.8(e-f)] that also the spectral line shapes at
selected transferred momenta confirm that the best way to fit our data is to
include a finite, but realistic, value of the Hund’s coupling.

5.1.4 Conclusions

We have studied in detail the RIXS response at the Cu L edge of a quasi-1D
antiferromagnet, Ca2CuO3. We observed a clear signature of the dispersive
spin and orbital 3dxy and 3dyz excitations, at first sight qualitatively resem-
bling the ones recently found in the other quasi-1D copper oxide [55, 210, 211].
Thus, we can first conclude that also in this case it is correct to interpret the
spin (orbital) excitations in terms of the onset of the two-spinon continuum
(spin-orbital separation), respectively.
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a)

c) d)

b)

Figure 5.8: Comparison between the experimental RIXS (a) and the theoretical
color maps using different set of parameters (b-d) for π polarization. Panel (b) shows
the best fit with parameters listed in Table 5.2. In panel (c,d) Hund’s coupling is
set to zero and for panel (d) increased hopping for yz orbital was used to obtain a
best fit when assuming vanishing Hund’s coupling. Parameter sets used in (b-d) are
compared to experimetal RIXS spectra at selected k values in panels (e) and (f) for
π and σ polarization, respectively.



132 Dispersing orbital excitations in quasi-1D and 2D cuprates

Next, we performed a very detailed quantitative analysis of the experi-
mental data. First, in contrast to the previous studies, we exploit two distinct
incident polarizations of the light in our analysis. Moreover, for both polar-
izations we managed to quantitatively describe the experimental RIXS spec-
tra using the theoretically calculated spectrum based on the well-established
spin-orbital Kugel-Khomskii Hamiltonian.

The crucial finding of this paper is that a detailed modelling of the or-
bital spectrum requires a finite Hund’s exchange JH in the Hamiltonian.
Specifically, for Ca2CuO3 we obtain that a moderate, and realistic, value
of JH ' 0.5eV best explains the experimental data. Here the main role of
the Hund’s exchange is to increase the velocity of the orbiton so that the
theoretically predicted one matches well with the experimentally observed
one. We note that the assumed value of the Hund’s exchange is relatively
small with respect to the calculated spin-orbital exchange constants, so that
the interaction between orbitons and spinons is not that large and thus the
spin-orbital separation picture can still approximately describe the physics
present here, cf. Ref. [216] for details.

Altogether, this means that the Hund’s exchange plays a vital role in the
propagation of an orbiton.

5.2 Dispersing orbital excitations in the 2D

infinite layer CaCuO2

5.2.1 Introduction

The mere existence of orbitons [235, 236] is still controversial. Perhaps
the clearest signatures have been recently proposed based both on experi-
ments [55, 211, 237] and theory [214] in quasi-1D cuprates (e.g. Sr2CuO3)
and in quasi-2D iridates (here as spin-orbital waves due to the large spin-
orbit coupling in the 5d states) [213]. This is due to the fact that these two
cases are rather ‘special’: while in the quasi-1D cuprate the large orbiton
dispersion is observed thanks to the ‘liberation’ of the orbiton from the spin
excitation (by which it is inherently dressed), the 2D iridate case is actually
not a ‘pure’ orbiton (it is a j eff = 3/2 excitation which carries both spin and
orbital quantum numbers). Thus, an unambiguous observation of an orbiton
in a quasi-2D cuprate case would constitute a real breakthrough.

On the theory side, it was suggested [214, 238] that the orbiton excitation
in a quasi-2D cuprate might still be dispersive, even though its dispersion
relation should be different to that in a quasi-1D cuprate (which is due to
the polaronic coupling between orbitons and magnons that is absent in 1D).
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In the previous Section we have provided a refinement of the theoretical
models previously proposed to describe a realistic spin-orbital separation in
quasi-1D materials separation by including a finite Hund’s exchange [216].
Unfortunately, this model cannot explain the dispersing behavior of orbital
excitations in 2D cuprates probed by RIXS, as we will show in the following.

Here we will present high resolution RIXS measurements on the 2D infi-
nite layer CaCuO2, which display a surprising dispersion of the dd excitations.
Moreover, we exploit also the capability offered by the ERIXS spectrometer
to measure the polarization of the scattered radiation. It is clear that our
results can reopen a basic debate on the nature of the orbitons. One can
also argue whether the ‘revision’ of orbiton theory in 2D would not call for
a different interpretation of the result of the 1D system.

5.2.2 Experimental methods

Samples

The undoped “infinite layer” compound CaCuO2 (hereafter CCO) discussed
in this Section is characterized by the simplest crystal structure among all the
cuprate families. In fact, CCO is composed by an infinite stack of 2D CuO2

layers, which are essential for superconductivity in copper-based materials,
separated by calcium ions (see Figure 5.9). The infinite and compact stack-
ing of the CuO2 planes is guaranteed by the absence of the apical oxygens,
which is also of crucial importance for the electronic and magnetic properties.
As it will become clearer in the following, the absence of the apical oxygens
largely affects the Cu local coordination, which shows in the present case
the largest splitting between the eg states. Moreover, it has been recently
demonstrated by some of us that also the magnetism is affected by the ab-
sence of apical oxygens: the main consequence is the increase of the in-plane
hopping range [18].

The CCO films investigated in this work were grown by pulsed laser
deposition (PLD), using a λ = 248 nm KrF excimer laser. The substrate
used for the film deposition is 5x5 mm2 NdGaO3 (110) (NGO). Indeed, it
has been shown that NGO, with pseudocubic in-plane lattice parameter a
= 3.87 Å, is the most suitable substrate to grow CCO film [239].The target
with CaCuO2 nominal composition, was prepared by standard solid state
reaction, according to the following procedure: stoichiometric mixtures of
high-purity CaCO3 and CuO powders were calcined at 860◦ C in air for 24 h.
Then the powders were pressed to form a disk and heated at 950◦ C for 12 h.
The substrate was placed at a distance 2.5 cm from the targets on a heated
holder and its temperature during the deposition of the films was T ≈ 600◦
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C. The deposition chamber was first evacuated down to P ∼ 10 mbar and
then the deposition was carried out at 2x10−1 mbar oxygen pressure. At the
end of the deposition, the film was cooled down at the growth pressure. A
4 nm crystalline SrTiO3 (STO) cap layer was grown on top of the CCO film
at the same growth conditions, using a commercial STO crystal as a target.

c

b

a

Cu

Ca

O

Figure 5.9: Schematic illustration of the unit cell of the 2D infinite layer CaCuO2.

RIXS measuresements

In order to investigate the dispersing behavior of dd excitations in CCO we
carried out high resolution Cu L3-edge RIXS [4] measurements at the ID32
beamline [8] of the ESRF - The European Synchrotron. The incident energy
of the X-rays photons was tuned to the maximum of the absorption peak at
∼ 931 electronvolt (see Figure 2.4) and with a combined energy resolution
of ∼ 55 meV. We fixed the 2θ scattering angle equal to 149.5◦ to probe the
entire first Brillouin zone. In particular, we probed the system with both
π and σ polarizations measuring the high symmetry direction Γ → X ([1
0]). Differently from the 1D Ca21 discussed in the previous Section, the 2D
infinite layer CCO shows no differences between the [1 0] and [0 1] direction
in the reciprocal space due to the tetragonal crystal structure (the Cu-O
distance along both the in-plane directions is 1.93 Å). Hereafter, we will
express the values of the in-plane momenutum q‖ in terms of reciprocal lattice
units (r.l.u.) 2π/a, 2π/b and 2π/c, where a = b = 3.85 Å and c = 3.18 Å are
the lattice parameters of CCO During the experiments the temperature was
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kept fixed at 20 K.
The RIXS raw data of CCO measured along the [1 0] direction are shown

in Figure 5.10. In both the waterfall plots reported here each spectrum can be
decomposed into several features. In the low energy scale we can identify the
elastic peak and contributions at few meV coming from phononic excitations.
Up to -0.5 eV, and depending on the in-plane momentum transferred, all the
spectra are characterized by the presence of dispersing magnetic (magnon
and bimagnon) excitations, which reach their maximum at the zone bound-
ary. If we compare the low energy spectral range of the 2D CCO with the one
measured on the 1D Ca21 reported in Figure 5.6, we clearly note the com-
pletely different momentum dependence in the low energy magnetic spectra:
the 1D system has a two-spinon continuum while the 2D system has a sin-
gle dispersive peak. This experimental finding is a simple confirmation of
the effective bi-dimensionality of CCO, since it shows the same dispersion of
magnetic excitations detected in all the other well studied 2D cuprates [5, 18].
The absence of apical oxygens makes larger the range hopping and the ex-
change interaction. Moreover the infinite layer structure, with the CuO2

planes very close to each other leads to a non negligible inter-plane direct
exchange (AF), with a resulting 3D AF structure [18]. In the following we
will underline the importance of the missing apicals also in the physics of the
orbital excitations.

As in all the other RIXS spectra discussed in this thesis, at higher en-
ergies we find several peaks that are described in terms of dd (or orbital)
excitations, whose energies strictly depend on the crystal structure of the
compounds under study. In 2D cuprates, differently from the 1D case pre-
viously discussed (see Chapter 5.1.4), dd excitations are usually treated as
non collective modes, and therefore described in terms of localized excitations
without showing any in-plane momentum dependence [11]. Surprisingly, both
the waterfall plots and the RIXS intensity maps shown in Figure 5.10 reveal
the presence of dispersing orbital excitations similar to those present in the
RIXS spectra of Ca21 (see Figure 5.4). Moreover, the energy range of the
orbital excitations is larger than the one of NBCO reported in Figure 3.4
(a-d panels), showing, for example, a high energy peak that is ascribable to
the transition from the ground state to the d3z2−r2 orbital. The energy of
the d3z2−r2 excitation is particularly sensitive to the presence (or not) of the
apical oxygens: in fact, closer (to the CuO2 planes) apical oxygens reduce
the the split-off energy of the d3z2−r2 orbital and, at the same time, increase
its weight in the ground state which leads to localize charges in the d3z2−r2

orbitals [11].
The orbital-character has been done by fitting the experimental results

with the theoretical RIXS cross-sections calculated within the single-ion
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Figure 5.10: Raw RIXS spectra (left two panels) of CaCuO2 measured along the
[1 0] direction (as illustrated by the inset in the two color maps) with both π (top
panels) and σ (bottom panels) of the incident radiation. On the right side we show
the respective RIXS intensity maps.

model (for more details see Chapter 2.6.2 and Refs. [11, 50]). Our results are
in agreement with the ones previously reported on CCO [11], except for the
dxz/yz peak. In 2D cuprate characterized by a tetragonal crystal structure
the dxz and dyz orbitals should be degenerate in energy. Apparently, in the
spectra reported in Figure 5.4 it seems that at least two peaks are present
in the energy range between -1.8 and -2.5 eV, which should be marked by
solely one peak related to the dxz/yz excitation.

Finally, we have exploited the unique capability offered by the ERIXS
spectrometer to distinguish the polarization of the scattered light in order to
be much more confident about the assignment of the dispersing dd peaks and
to clarify their nature. For polarization resolved measurements we relaxed
the overall energy resolution to ∼ 70 meV by opening the monochromator
exit slit to improve the data acquisition efficiency.
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5.2.3 Results and discussions

As mentioned in the first part of this Section, our RIXS data on CCO reveal
fascinating phenomena especially in the dd excitations spectral range. The
two main peculiarities detected during our experiments are the presence of
multiple peaks and the dispersing character of orbital excitations.

In the two left panels of Figure 5.11 we show the close-up view of the
RIXS intensity maps in the dd excitations spectral range measured with
both π (top) and σ (bottom) polarization of the incident photons along the
[1 0] direction of the first Brillouin zone.

The assignment of the dd peaks energy has been done by fitting the ex-
perimental data with the RIXS cross-sections obtained within the framework
of the single-ion model. As anticipated above, our results are in agreement
with those reported in Ref. [11] for the specific case of CCO. At high energies
(∼2.6 eV) we find a non-dispersive peak related to the transition from the
ground state to the d3z2−r2 orbital, while the peak at lower energy losses is
ascribable to the transition to the dxy orbital. The latter displays a mono-
tonic increase of the energy as a function of the in-plane momentum. In
the energy range between -1.8 and -2.5 eV, our data surprisingly reveal the
presence of a double-peak structure which clearly shows a strong momentum
and polarization dependence. In particular, the dispersing behavior of the 3
dxy and dxz/yz peaks resemble the one presented in the previous Section (1D
Ca21), though with different symmetries.

In order to highlight the momentum dependence of the dd excitations in
CCO, we compared the RIXS raw spectra with their second derivative along
the high symmetry direction [1 0]. The results are illustrated in Figure 5.13.
As explained in the previous Section, this method allows us to track each
peaks energy without making any assumptions needed, for example, in a
multiple-peaks fitting procedure. As we noticed in the case of the 1D Ca21,
the d3z2−r2 peak does not show neither momentum nor polarization depen-
dence and its high energy is directly correlated to the local Cu coordination
that largely affects the eg orbitals splitting [11]. Differently from the 1D
case, the 2D infinite layer CCO should present a unique peak related to the
transition to the dxz/yz due to its tetragonal crystal structure. Contrarily to
this common belief, the second derivative maps reported in the left panels of
Figure 5.13 show the presence of two distinct spectral features in the energy
range between -1.8 and -2.5 eV.

The analogy with the 1D case (see Figure 5.7) is reflected also in the po-
larization dependence: the dispersion of these two spectral features seems to
be present solely when the system is probed with π polarization (top panels),
while with σ polarization the momentum dependence is almost flat (bottom
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Figure 5.11: In the left panels we show the close-up view of the RIXS intensity
maps in the dd excitations energy range measured with both π (top) and σ (bottom)
polarization of the incident X-ray photons along the [1 0] direction of the first Brillouin
zone. On the right side we report the respective second derivative maps.

panels). Without having a theoretical model explaining the dispersion in
terms of fractionalization of orbital excitations in 2D cuprates, we can any-
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way observe that the dependence of the atomic RIXS cross-sections on the
polarization must anyway drive the selection of the dominant components in
terms of orbital final states, and those are common to the 1D and the 2D
cases. Finally, the dxy peak shows the same kind of momentum dependence
with both the incident polarizations.

Figure 5.12: RIXS spectra measured with incident π polarization at selected in-
plane momenta in the energy ranges corresponding to the d3z2−r2 (a), dxz/yz (b) and
dxy (c) orbital excitations. d) Fit of the dd excitations spectral range of the RIXS
spectrum of CCO measured at h = 0.244 r.l.u.. e) Peak energy positions extracted
from the fitting procedure.

Since the model that we have used for the interpretation of the spin-orbital
separation in the 1D case cannot explain the dd excitations dispersion in
CCO, we decided to make a phenomenological analysis by multi-peak fitting
the RIXS spectra.

Before discussing the fitting results, in the top panels (a-c) of Figure 5.12
we show the energy ranges related to the d3z2−r2 , dxz/yz and dxy excitations,



140 Dispersing orbital excitations in quasi-1D and 2D cuprates

at selected momenta along the [1 0] direction. As previously pointed out,
a closer inspection to the single RIXS spectra confirms the non dispersing
character of the d3z2−r2 orbital peak (panel a). On the other hand, the dxz/yz
and dxy peaks show a complex momentum dependence with different sym-
metries. Regarding the dxz/yz spectral range (panel b), the main dispersing
peak lies at energies around ∼ -2 eV, while the second and less intense one
can be found at ∼ -2.3 eV. Finally, the peak related to the transition to the
dxy (panel c) shows a monotonic momentum dependence. Furthermore, if we
consider the spectrum measured at q‖ = (0.116 0) r.l.u., its line shape seems
to be asymmetric or, alternatively, composed of two features having different
spectral weights. These considerations lead us to fit both the dxz/yz and dxy
spectral range with two distinct peaks, as shown in Figure 5.12(d) where we
give an example of the fitting procedure at q‖ = (0.244 0) r.l.u.. We used
Lorentzian line-shapes convoluted with a Gaussian curve having a full-width
at half-maximum (FWHM) equal to the energy resolution.

As expected, two peaks are needed to get the correct fitting of the dxz/yz
and dxy orbital excitations. In Figure 5.12(e) we report the extracted peaks
positions. As demonstrated by taking the second derivative of the RIXS spec-
tra, this fitting procedure confirms the non-dispersing nature of the d3z2−r2

orbital excitation. Moreover, it evidences the presence of at least two dis-
persing spectral features in the dxz/yz energy range (between -1.8 and -2.5
eV) and the quasi-monotonic momentum dependence of the dxy excitations.
Concerning the latter, the presence of a double peaks could be explained con-
sidering two different scenarios: i) spin-orbital separation (as in 1D Ca21);
ii) charge-orbital-coupling [240], where each dd excitation peak is assisted by
phonons. For the dxz/yz orbital excitation, the spin-orbital separation phe-
nomenon could probably play the bigger role, especially because the RIXS
data taken on the 2D CCO are very similar to the one of the 1D Ca21. The
different symmetry of the dispersion could be affected by the dimensionality,
while it seems difficult to explain the sizable (∼ 300 meV) splitting of the t2g
dxz and dyz orbitals.

At this point, a question naturally arises: why other 2D AF cuprates
(YBCO, Bi2201, LCO etc.) do not display such dispersing orbital excita-
tion [11]? Without the possibility to recall any theoretical model that works
in the case of 2D cuprates, the only common point between CCO and Ca21
is the Cu local coordination: in fact, both the compounds have no apical
oxygens. As a main direct consequence, the in-plane excitations, such as
the transitions involving t2g orbitals, could be less screened and more free to
propagate giving rises to large dispersions in the reciprocal space.

Also due to the lack of a model, we enlarged our experimental basis set by
performing polarization-resolved RIXS measurements in order to have more
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Figure 5.13: Close-up view of the dd excitations energy range of polarization-
resolved RIXS spectra measured with both π (left panels) and σ (right panels) po-
larization of the incident radiation. The in-plane momenta at which we measured
the spectra are illustrated in the insets present in each panel. On top we report
the adopted scattering geometries highlighting the role of the incident and scattered
photon polarization.



142 Dispersing orbital excitations in quasi-1D and 2D cuprates

possible information about the orbital excitations in CCO. In particular, we
acquired RIXS spectra at selected in-plane momenta along the anti-nodal di-
rection [1 0] (h = 0.116, 0.25 and 0.404 r.l.u.) with both π and σ polarization
of the incident light. The scattering geometries are schematically illustrated
on top of Figure 5.13. The most relevant information that we can extract
from these measurements is that in the energy range of the dxz/yz excitation
(between -1.8 and -2.5 eV) both the peaks have the same polarization de-
pendence. This evidence tells us that probably the unexpected dispersing
double peak could be characterized by the same physical nature. Although
we relaxed the energy resolution for polarimetric measurements, the dxy peak
(the one at lower energy losses) surprisingly reveals its asymmetric line-shape
also in the polarization-resolved spectra.

5.2.4 Conclusions

The RIXS data discussed in this Section reveal the dispersing character of
orbital excitations in the quasi-2D infinite layer CaCuO2. Despite the dis-
persions in the dd spectral range resemble the one of Ca2CuO3 shown in the
previous Section, their symmetry (in particular for the dxy and dxz/yz or-
bitals) and periodicity is clearly different. It has been theoretically proposed
that orbital excitations in quasi-2D cuprate might be characterized by a dis-
persing nature, even though their dispersion is expected to be different to the
one revealed by quasi-1D cuprates. Our data seem to confirm this scenario.
In order to make a proper comparison between the 1D and 2D case, we col-
lected RIXS spectra along the [1 0] high symmetry direction in the reciprocal
space with both π and σ polarization of the incident light. Moreover, we have
also performed outgoing polarization-resolved measurements.

In Paragraph 5.1.4 we have demonstrated that, in order to explain a re-
alistic spin-orbital model in 1D system, a finite Hund’s exchange has to be
taken into account. We try to explain the unexpected orbital dispersion in
CCO using the same model adapted to the 2D case. Unfortunately, this
model is incompatible with the experimental findings, calling for a new ex-
planation of this unusual property manifested by CCO. Without a proper
model to fit our data, we implemented a multiple-peaks fitting procedure
that clearly highlights the dispersing behavior of the dxy and dxz/yz orbital
excitations. In order to obtain a reliable fit of the experimental data, we
considered a double-peaks for both the dispersing dxy and dxz/yz.

The overall results about the dispersions in the dd spectral range have
been also confirmed by the second derivative of the RIXS raw data. Fi-
nally, we added to our data set polarization-resolved RIXS measurements
that clearly show, especially in the dxz/yz energy range, a double peak struc-
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ture characterized by the same polarization dependence.
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CHAPTER 6

Insights into the crystal and electronic structure of

Ba2CuO3+δ from resonant inelastic X-ray scattering

Motivated by the recent synthesis of Ba2CuO3+δ (BCO), a high temperature
superconducting cuprate with putative d3z2−r2 ground state symmetry, we
investigated its electronic structure by means of Cu L3 X-ray absorption
(XAS) and resonant inelastic X-ray scattering (RIXS) techniques on a powder
sample. We show that the XAS profile of BCO is characterised by two peaks
associated to inequivalent Cu sites and that its RIXS response features a
single, sharp peak associated to crystal-field excitations, and argue that these
observations are incompatible with the previously proposed crystal structure
of BCO. We therefore propose an alternative structure, which accounts for
our results and previous powder X-ray diffractions experiments. We analyze
the low-energy region of the RIXS spectra and estimate the magnitude of
the magnetic interactions in BCO.
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6.1 Introduction

Since the discovery of high temperature superconductivity in cuprates [6],
many efforts have been spent to provide a conclusive and generally accepted
explanation of this phenomenon. Unfortunately, results obtained so far are
only partially satisfactory [7].

The discovery of novel families of unconventional superconductors is ex-
tremely important to help distinguishing indispensable and unnecessary, or
even competing, ingredients for superconductivity. In this respect, the re-
cent synthesis of Nd0.8Sr0.2NiO2, an infinite-layer superconducting nickelate,
is extremely welcome [241] and, despite dissimilarities with superconducting
cuprates, the paradigm that a 3d9 ground state with dx2−y2 orbital symmetry
of the hole is key to achieve high temperature superconductivity is further
strengthened [242, 243, 244, 245]. Li et al., however, challenged this belief by
synthesizing Ba2CuO3+δ, a high temperature superconducting cuprate with
putative d3z2−r2 ground state symmetry [12].

Most cuprates are layered materials, with superconducting CuO2 planes
intercalated by blocking layers that act as charge reservoirs. In their antifer-
romagnetic, insulating parent compounds the ground state has predominant
dx2−y2 symmetry [13] due to the sign of the tetragonal crystal field acting
on the Cu2+-derived electronic states. Moreover, it has recently been sug-
gested that the larger the energy splitting between the dx2−y2 and the d3z2−r2

states, the higher the superconducting critical temperature [18]. Ba2CuO3+δ

(BCO) is supposedly isostructural to the prototypical (La2−x,Bax)CuO4 high-
temperature cuprate superconductors, which adopt a K2NiF4-type structure.
A small, but sizable elongation of the CuO6 octahedra typically stabilizes
the dx2−y2 ground state. In BCO, instead, it was suggested that a slightly
compressive distortion induces a ground state with predominantly d3z2−r2

character. This scenario is intriguing, because it undermines the relevance of
the dx2−y2 ground state for high temperature superconductivity and, there-
fore, motivates further investigations. At a theoretical level, a mechanism
for the pairing that heavily relies on the significant weight of both dx2−y2
and d3z2−r2 orbitals at the Fermi energy has been recently proposed[246].
Experimentally, instead, little has been done besides the initial work of Li et
al..

Here we probe BCO by means of X-ray absorption spectroscopy (XAS)
and resonant inelastic X-ray scattering (RIXS) at the Cu L3-edge to set
constraints on its crystal, magnetic and electronic structure. Experimen-
tal limitations due to the use of a polycrystalline sample prevented us from
exploiting all the possibilities offered by these techniques; in particular, we
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could not investigate the angular and polarization dependence of XAS and
RIXS cross-sections and determine the symmetry of the ground and excited
states in BCO, as done in the past for other cuprates [11]. Nevertheless,
we show that our results are incompatible with the crystal structure pre-
viously proposed for BCO and propose an alternative, consistent with our
measurements.

6.2 Experimental methods

A powder sample of Ba2CuO3+δ (BCO hereafter) has been synthesized ac-
cording to the procedure described in Ref. [12], with a superconducting crit-
ical temperature T c ≈ 70 K.

XAS and RIXS spectra were collected at the I21 beamline of the Diamond
Light Source (Didcot, UK). XAS measurements were carried out in total
fluorescence yield mode. RIXS spectra were measured with an overall energy
resolution of≈55 meV. The X-ray beam spot size was approximately 3 micron
× 20 micron, which is probably comparable to the grain size of the sample so
that the XAS and RIXS spectra were found to be partly position dependent in
shape. The polarization of the incident photons was vertical in the laboratory
reference frame and perpendicular to the scattering plane. The scattering
angle 2θ was kept fixed at 150◦. All measurements were carried out at a
temperature of 20 K.

6.3 Results

We report in Figure 6.1(a) the X-ray absorption profile of BCO across the
Cu L3 absorption edge. It shows two distinct features at approximately 936.9
and 938.6 eV, respectively.

We collected RIXS spectra for incident photon energies in the energy
window corresponding to the XAS spectrum and show the results in Fig-
ure 6.1(b). The strong, narrow feature at constant zero energy loss is the
elastic line, while higher energy loss features correspond to inelasitc exci-
tations which depend on the incident photon energy. The intense peak at
approximately 1.5 eV energy loss is maximized in the vicinity of the first
peak in the XAS spectrum (∼ 936.9 eV) and its position is rather constant
as the incident photon energy is scanned. In agreement with a number of
RIXS studies on cuprates [4, 11], these features are assigned to crystal field
(or dd) and charge-transfer excitations. A broader and weaker feature is
observed at higher energy losses: it is strongest at incident photon energies
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corresponding to the second peak in the XAS spectrum and partially dis-
plays a fluorescence-like behavior as seen, for example, in YBa2Cu3O6.99 (see
Supplemental Materials of Ref. [95]).

Figure 6.1: (a) Cu L3 edge XAS and (b) RIXS map of polycrystalline BCO at 20
K. The vertical lines correspond to the cuts reported in Figure 6.2. The dashed line
in panel (a) corresponds to a XAS spectrum taken on a different spot of the sample
(see main text for further details).

A closer inspection of the RIXS data is provided in Figure 6.2, which
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shows two vertical cuts of the RIXS map of Figure 6.1(b). The overall shape
of the spectra is markedly different: in particular, the RIXS spectrum taken
at low incident photon energy (blue) shows a single peak at 1.5 eV energy
loss, whereas the RIXS spectrum taken at high incident photon energy (red
line) is characterized by two broad features at approximately 2 and 4 eV. In
addition, we highlight in the inset the presence of a feature at approximately
0.2 eV, which resonates at the lower energy peak (936.7 eV) in the XAS
spectrum.

Figure 6.2: RIXS spectra of polycrystalline BCO measured at incident photon
energies of 936.7 (solid blue) and 938.6 eV (solid red line), corresponding to the
vertical lines in Figure 6.1, respectively. The spectrum reported with the dashed
black line corresponds to the XAS in Figure 6.1 measured on a different spot of the
sample. The inset shows a close-up view of the low energy loss window in logarithmic
scale.

Before moving to the discussion of the experimental results, we note that
the polycrystalline BCO sample was found to be rather inhomogeneous as
observed with both XAS and RIXS. The black dashed lines in Figures 6.1(a)
and 6.2 correspond to XAS and RIXS spectra, respectively, taken on a dif-
ferent area of the sample. The inhomogeneity is evidenced in the maps of
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Figure 6.3: in panel (a) we show the spatial dependence of the relative in-
tensity change of the two XAS peaks through the ratio

R =
I(936.9 eV)− I(938.8 eV)

I(936.9 eV) + I(938.8 eV)
, (6.1)

where I(X) is the XAS intensity at energy X; in panel (b) we show the spatial
dependence of the full width at half maximum of crystal-field excitations in
the RIXS spectra. The two maps show a clear correlation, and the first peak
in the XAS is larger in the part of the sample where the crystal-field transition
in RIXS is sharper. The length scale of the spatial variations amounts to a
few tens of microns.

We remind here that the beam spot is much smaller than the step in
the grid; and that these samples are particularly sensitive to exposure to
air: different grains might have been chemically stabilized differently, lead-
ing to local variations of doping and composition. According to published
results [12], the good spot is where the second XAS peak is weaker and so
we focus our attention here.

Figure 6.3: Spatial dependence of (a) the ratio between the two peaks in the XAS
spectrum of Figure 6.1(a) and (b) the width of the 1.6 eV excitation in the RIXS
spectrum of Figure 6.2.
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6.4 Discussion

We start the discussion by commenting in the Cu L3 edge XAS spectrum of
BCO: irrespective of its detailed interpretation, the presence of two distinct
features undoubtedly marks the presence of two, non-equivalent Cu sites in
the system. As established in the literature on cuprates, the first and sec-
ond XAS peak in Figure 6.1(a) can be associated to nominal Cu2+ and Cu3+

species, respectively [247, 95]. In the structure previously proposed for BCO,
reported for convenience in Figure 6.6(a) together with additional informa-
tion in Table 6.1, all the Cu sites are supposed to be equivalent at least from
the structural point of view. The double XAS peak, in that scenario, would
be possible only in the (unlikely) case of a strong charge discommensuration.
Based on this observation we have explored other scenarios, still compatible
with the powder diffraction patterns shown in Ref. [12], but also with the
existence of two inequivalent Cu sites, in analogy to YBCO.

In Figure 6.4, we compare the crystal field excitations in superconducting
BCO and two prototypical cuprate systems, i.e. the single-layer supercon-
ducting La2−xSrxCuO4 (LSCO, x = 0.15)[23] and the infinite-layer insulating
CaCuO2 (CCO) single crystals.

Crystal-field excitations arise from the redistribution of electrons within
the atomic d shell. For a Cu2+ ion, a single particle approach is justified and
dd excitations simply correspond to transitions between crystal-field split
states [4, 11].

The symmetry of the crystalline electric field is primarily determined by
the geometrical arrangement of the nearest neighbor oxygen ions around the
central Cu2+ ion, whereas the Cu-O bond distances set the magnitude of the
splitting. The scattering geometry and polarization dependence of the RIXS
cross-sections for dd excitations have been used to determine the symmetry
of the ground and excited states [11, 92, 60]. In particular, the assignment
of dd excitations in CCO is as follows: the peaks at approximately 1.7, 2.0
and 2.7 eV correspond to transitions from the dx2−y2 ground state to the dxy,
dyz/zx and d3z2−r2 excited states, respectively; in the case of LSCO, doping
causes an overall broadening of the spectrum, but one can still appreciate
that the energies of the dxy and dyz/zx transitions are similar to those in
CCO, whereas the d3z2−r2 excited state is found around 1.4 eV, in analogy
to the single-layer insulating parent compound La2CuO4. We note that the
energy of the dxy excited state is mainly dictated by the in-plane Cu-O bond
distance, which is similar for LSCO (1.91 Å) [248] and CCO (1.93 Å) [249].
Instead, the energy of the d3z2−r2 excited state is mostly determined by the
out-of-plane coordination of Cu [250]: in LSCO, the out-of-plane Cu-O bond
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Figure 6.4: RIXS spectra of powder BCO (as in Figure 6.2, blue), compared to
single-crystalline LSCO[23] (red) and CCO (yellow line) reference systems, normalized
to the spectral weight of the dd excitations.

distance is 2.46 Å, while the infinite-layer structure of CCO features CuO4

plaquettes with no apical oxygens (also shown in Figure 6.4), which pushes
the d3z2−r2 excited state at higher energies.

The RIXS spectrum of BCO is remarkably different from those of CCO
and LSCO, and of all the layere cuprates studied so far. In particular, Fig-
ure 6.4 suggests three main observations: dd excitations in BCO are i) lower
in energy than any other cuprate systems [250, 11], and are ii) sharper and
iii) more symmetric than in LSCO. As we discussed above, the centre of mass
of dd excitations is, to a large extent, determined by the in-plane Cu-O bond
distance, which is considerably larger in BCO (2.00 Å [252]) than in LSCO
and CCO, thus explaining i). However, we will argue in the following that,
besides the XAS, also ii) and iii) cannot be accounted for by assuming the
crystal structure previously proposed for BCO [12, 253].

Figure 6.5 shows the energy of the Cu 3d states as a function of the out-
of-plane/in-plane Cu1-O distance ratio obtained from the crystal field theory
reported in Ref. [251]. In this particular case, the energy of the different d
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Figure 6.5: Energy of the Cu 3d states as a function of the out-of-plane/in-plane
Cu-ligand distance [251]. In the inset we show the 10Dq energy as a function of the
in plane Cu1-O distances.

states were calculated assuming an hydrogen-like picture with an effective
natural charge Z such as 10Dq = 1.7 eV when the Cu1-Oin-plane distance is
1.91 Å, as in LCO. This model gives a qualitatively picture of the energy of
the Cu 3d states, since BCO should be characterized by a symmetry lower
than D4h, as it will become clearer in the following.

However, Figure 6.5 briefly summarizes the consideration previously made
about the discussion of the RIXS spectra reported in Figure 6.4, where we
used the energy of the dd excitations to infer about the local Cu coordination.
The energy of the 3d states can be easily seen in the following way: in the
case of compressed octahedron, the ground state has a d3z2−r2 symmetry, as
suggested for BCO in Ref. [12]. Whereas for an elongated octahedron (Cu1-
Oout-of-plane >Cu1-Oin-plane distances), the ground state is characterized by a
dx2−y2 symmetry with the energy of the other d states that is strongly affected
by the effective Cu1-Oout-of-plane/Cu1-Oin-plane ratio. In this configuration,
the theoretical model adopted in Ref. [251] confirms that the energy of the
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d3z2−r2 and the two-fold degenerate dxz/yz states is mostly influenced by the
Cu-Oout-of-plane distance. In fact, the energy of dd excitations in cuprates
qualitatively follows the energy diagram reported in Figure 6.5 [11]. Whereas
the 10Dq energy (energy difference between the dx2−y2 and dxy orbitals) is
mostly dictated by the Cu1-Oin-plane distance, as reported in the inset of
Figure 6.5.

Figure 6.6: (a) Crystal structure of BCO as reported in Ref. cite??. (b) and (c),
crystal structure of BCO as proposed in this work.

Space group : I4/mmm (# 139)
a = b = 4.003 Å, c = 12.942 Å
label symbol mult. Wyckoff x y z occupancy

Ba1 Ba 4 e 0.000 0.000 0.356 1.000
Cu1 Cu 2 a 0.000 0.000 0.000 1.000
O1 O 4 e 0.000 0.000 0.144 1.000
O2 O 4 c 0.000 0.500 0.000 0.625

Table 6.1: Principal parameters for the crystal structure of BCO as reported in
Ref. [254] and shown in Figure 6.6(a).

For a nominal δ = 0.25 stoichiometry the in-plane oxygens have a frac-
tional occupancy of 62.5%, i.e. the Cu ions are coordinated to 4.5 randomly
distributed oxygens, on average. However, disorder is known to broaden the
dd excitation spectrum [60], such as in the case of LSCO, so the observation
ii) of sharper crystal-field excitations in the RIXS spectrum of BCO does
not seem to be consistent with a highly disordered system. Moreover, the
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average coordination of Cu imposes that a large number of CuO4 plaquettes
are formed in BCO, therefore contributing to the RIXS spectrum with an
excitation at high energy losses (& 2.5 eV), similarly to the d3z2−r2 transition
in CCO. The observation iii) of a very symmetric line shape excludes the
presence of such a high energy peak, therefore suggesting that the Cu ions
have a coordination number larger than 4.

Recently, Liu et al. [253] confirmed that oxygen vacancies prefer to reside
in the planar rather than the apical sites, but suggested alternative, more
stable crystals structures; in particular, they considered a 2× 2× 1 supercell
and calculated the energies associated to 26 possible crystal structures with
various arrangements of 6 oxygen vacancies (corresponding to a δ = 0.25
phase): they find that the most favorable structures contain 6 and 4 oxygens
within layers at fractional coordinates z = 0 and z = 0.5, respectively, but
none of them satisfies the structural constraints imposed by our XAS and
RIXS measurements. Based on their results, we propose two alternative
crystal structures for BCO as shown in Figure 6.6(b) and (c). The two
structures have the following characteristics in common: i) they contain 6
and 4 oxygens within layers at fractional coordinates z = 0 and z = 0.5,
respectively, as prescribed by theoretical calculations; ii) they feature two,
inequivalent Cu sites. In particular, we tentatively distinguish between Cu2+

and Cu3+ within the z = 0 and z = 0.5 layers, respectively; iii) Cu2+ ions,
contributing to the RIXS spectra of Figure 6.4, are coordinated in pyramids,
while Cu3+ ions (which corresponds to Cu 3d8 or Cu 3d9L), silent for RIXS,
are coordinated in plaquettes. The two structures only differs in the relative
orientation between pyramids and plaquettes in the z = 0 and z = 0.5 layers.
Tables 6.2 and 6.3 report additional information about the crystal structures
we propose for BCO.

We note that the crystal structure originally proposed for BCO was ob-
tained by fitting the powder x-ray diffraction (pXRD) pattern [12]. The
corresponding simulated pXRD pattern is reported in Figure 6.9 as a solid
blue line, which we use as a reference for comparison with the simulated
pXRD patterns of the crystal structures we proposed in this work: it turns
out that the pXRD patterns of the crystal structures reported in 6.6(a), (b)
and (c) largely overlap. When the intensities are plotted on a logarithmic
scale (inset), little discrepancies can be appreciated, but only below the de-
tectability limit of the pXRD experiment (red line).

Having established the crystal structure of BCO, we finally discuss the
low-energy excitations in Figure 6.8. The RIXS spectrum is simultaneously
fit to three symmetrical, energy resolution-limited curves (grey lines) and one
asymmetrical curve (dashed red line); in agreement with existing literature
on cuprates [77, 84], the peaks at 60 and 110 meV are tentatively assigned to
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Space group : Cmmm (# 65)
a = b = 8.006 Å, c = 12.942 Å
label symbol mult. Wyckoff x y z occupancy

Ba1 Ba 8 n 0.000 0.250 0.144 1.000
Ba2 Ba 8 o 0.750 0.000 0.357 1.000
Cu1 Cu 4 g 0.750 0.000 0.000 1.000
Cu2 Cu 4 j 0.000 0.250 0.500 1.000
O1 O 2 a 0.000 0.000 0.000 1.000
O2 O 4 e 0.250 0.250 0.000 1.000
O3 O 8 o 0.750 0.000 0.143 1.000
O4 O 8 n 0.000 0.250 0.359 1.000
O5 O 2 d 0.000 0.000 0.500 1.000
O6 O 2 c 0.500 0.000 0.500 1.000

Table 6.2: Principal paramaters for the crystal structure of BCO as proposed in
this work and shown in Figure 6.6(b).

Figure 6.7: Simulated pXRD patterns for the crystal structures reported in Fig-
ure 6.6(a), (b) and (c).
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Space group : Cmmm (# 65)
a = b = 8.006 Å, c = 12.942 Å
label symbol mult. Wyckoff x y z occupancy

Ba1 Ba 8 o 0.250 0.000 0.144 1.000
Ba2 Ba 8 n 0.000 0.750 0.357 1.000
Cu1 Cu 4 i 0.000 0.750 0.000 1.000
Cu2 Cu 4 h 0.250 0.000 0.500 1.000
O1 O 4 e 0.250 0.250 0.000 1.000
O2 O 2 a 0.000 0.000 0.000 1.000
O3 O 8 n 0.000 0.750 0.143 1.000
O4 O 8 o 0.250 0.000 0.359 1.000
O5 O 4 f 0.250 0.250 0.500 1.000

Table 6.3: Principal paramaters for the crystal structure of BCO as proposed in
this work and shown in Figure 6.6(c).

phonons and the peak at 200 meV to magnetic excitations (paramagnons)[5,
22]. Based on this interpretation, we will try in the following to give an
estimate of magnetic interactions in BCO.

The ab-plane crystal structure of BCO is shown in the inset of Fig-
ure 6.9(b), where Cu-O-Cu super-exchange paths exist between nearest-
neighbour Cu2+ ions along three bonds, only. The fourth magnetic bond
is broken by the systematic absence of oxygen ions, thus preventing the sys-
tem from forming the square magnetic lattice common to all cuprates. Mag-
netic excitations are in general highly dispersive, i.e. their energy depends
on the magnitude and orientation of the transferred momentum, so precau-
tions should be taken before drawing conclusions on magnetic interactions
because, for a powder sample, the RIXS signal is averaged over the fraction
of reciprocal space accessible by the available transferred momentum.

Assuming an isotropic (Heisenberg) antiferromagnetic coupling J between
the nearest-neighbor spins 1/2, we calculated the structure factor of magnetic
excitations using linear spin wave theory, as implemented in SpinW [255].
The results are reported in Figure 6.9: the momentum transfer dependence
of the magnetic structure factor for a powder sample is shown in panel (a)
to be bounded at 1.5J , as expected; a cut at 0.91 Å−1 momentum transfer,
corresponding to performing RIXS at 2θ = 150◦ scattering angle, as in our
experiment, is reported in panel (b) and mostly consists of a single peak at
an energy of 1.5J . The comparison with our RIXS data, then, suggests a
superexchange coupling constant J ≈ 130 meV, in line with the magnitude
of the antiferromagnetic magnetic interaction in most cuprates.
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Figure 6.8: Close-up view of the RIXS spectrum of powder BCO measured at 936.7
eV incident photon energy (solid blue line) and its fit to an elastic line, two low-energy
modes tentatively assigned to phonons (grey lines) and an asymmetric paramagnetic
contribution (dashed red line with shaded area).

6.5 Conclusions

In our work, we probe the electronic structure of BCO by combining XAS and
RIXS techniques. We argue that our measurements are inconsistent with the
crystal structure previously proposed for BCO and propose an alternative
structure that is compatible with both previous pXRD measurements and
recent theoretical calculations. The proposed structure features two inequiv-
alent Cu sites and naturally justifies the double peak structure in the XAS
profile. Moreover, the systematic vacancies of oxygens in the z = 0 layer
explains the absence of a high energy crystal field excitation in the RIXS
spectra and leads to an estimate of the magnetic interactions in BCO in line
with most common cuprates.

We have thus demonstrated an alternative use of XAS and RIXS, which
were employed to set constraints on the plausible crystal structure of a re-
cently synthesized cuprate system. Unfortunately, our present experimental
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Figure 6.9: (a) Simulated momentum dependence of the magnetic structure factor
and (b) its cut at 0.91 Å−1, corresponding to scattering angles of θ = 150◦ for powder
BCO. The considered nearest-neighbours superxchange interactions can be seen from
the ab-plane crystal structure of BCO, also shown.

data on powder BCO are insufficient to provide information about the ground
state symmetry, but will possibly serve as a basis for future investigations on
single crystal BCO samples.
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Conclusions

This thesis, besides presenting some important Cu L3 RIXS results on cuprates
obtained in the conventional way, i.e., by summing over the polarizations
of the scattered photons, presents a comprehensive review of polarization-
resolved RIXS measurements. The experiments were carried out with the
ERIXS spectrometer at the new ID32 beamline of the ESRF The European
Synchrotron, an instrument that, since 2015, has set new standards in high
resolution soft X-ray RIXS: higher energy resolution, full control of the scat-
tering geometry with diffraction quality standards, and linear polarization
analysis of the scattered photon.

This thesis work reports the first systematic high-resolution polarization
resolved RIXS study of low energy (magnons and phonons) and orbital exci-
tations in the high Tc superconductor Nd2BaCu3O6+δ, which sereve also as
a prove of the capability and reliability of polarimetric measurements. Here
we used a pure ionic picture to study the experimental results calculating
the theoretical RIXS cross sections for all the possible excitations. Further-
more, we are able to describe and interpret the different polarized resolved
contributions in terms of Stokes parameters. The thesis presents also other
examples where the full polarization analysis has significantly contributed to
the interpretation of the normal RIXS spectra. For example, polarization-
resolved measurements confirmed the charge nature of the order parameter
discovered in overdoped (Bi,Pb)2(Sr,La)2CuO6+δ, the assignment to spin ex-
citations of the enhanced dynamic response at the charge order vector in
Nd2−xCexCuO4 and finally the confirmation of the charge nature of the fast-
dispersing zone-center excitations in La2−xCexCuO4. The polarization anal-
ysis has been applied also to systems other than cuprates, such as CeRh2Si2,
where the use of the polarimeter allowed to assign the energy and symmetry
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of ff excitations.
The thesis presents also the study of the momentum-dependence of orbital

excitations in RIXS spectra of 1D and 2D cuprates. In correlated oxides elec-
tronic excitations tend to have localized a character and are usually described
by orbital and spin quantum numbers in a symmetry adapted atomic picture:
usually orbital excitations do not disperse, irrespective of their spin charac-
ter. On the contrary, pure spin excitations have collective nature: spin-waves
(or magnons) display large energy dispersion vs momentum. Theory predicts
that at low dimensionality orbital excitations can split their orbital and spin
components, giving rise to complex dispersion. So far orbital excitations
with sizeable dispersion had been observed and theoretically analyzed only
in quasi-1D materials. We have investigated the Cu L3-edge RIXS spectra
of the quasi-1D AF Ca2CuO3, which display two dispersive orbital excita-
tions. Unexpectedly, also the data of the 2D infinite layer CaCuO2 show a
non-negligible dispersion of the dd excitations, a phenomenon that cannot
be explained by the model used in the 1D case.

Finally, we used Cu L3-edge RIXS to directly probe the orbital structure
and the energy scale of the in-plane exchange interaction of a polycrystalline
Ba2CuO3+δ sample. This novel cuprate superconductor has recently chal-
lenged the universality of the assumption where insulating parent compounds
are characterized by a dx2−y2 ground state, giving rise to a d-wave supercon-
ductivity upon doping. In fact, it has been proposed that Ba2CuO3+δ is
presumably characterized by a predominant 3d3z2−r2 or a markedly mixed
(3d3z2−r2-3dx2−y2) character of the ground state. Our experimental results
suggest, partially in agreement with previous theoretical predictions, that
the crystalline structure of Ba2CuO3+δ is made by two inequivalent Cu sites
with the oxygen vacancies lying in the planar CuO2 planes. Despite this fact,
the in-plane magnetic interaction strength is similar to the one displayed by
other cuprates. We have thus demonstrated that, by exploiting the capabil-
ities offered by RIXS to probe a specific atomic species, it is also possible
to infer about the crystal structure and the atomic arrangement in mate-
rials such as cuprates. However, our experimental data are insufficient to
obtain crucial information on the energy and symmetry of the Cu 3d states
in this novel material, and for this scope crystalline (or thin films) samples
are needed.

In the last decade RIXS has become one of the most used techniques for
the study of strongly correlated electron systems. ERIXS at the ID32 beam-
line of the ESRF has set a new standard and is being followed by equally or
even more ambitious projects at storage rings and free electron lasers. The
future developments in the RIXS instrumentations will bring to a better en-
ergy resolution, count rate and sample environments: all together, these new
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achievements will lead to study with more accuracy cuprates and other inter-
esting and fascinating materials. In this thesis work we have shown another
possible use of this technique, as demonstrated in the last Chapter. Here we
infer about the crystal structure of the novel Ba2CuO3+δ superconductor by
carefully studying the energy of the different spectral features. In the hard
X-rays regime this kind of investigation is routinely performed because, de-
spite providing more indirect information than soft-RIXS, it is easy to carry
out especially in the case of non ‘ideal’ samples.

This thesis provides useful contents for both the two future applications
of high-resolution RIXS. In fact, we have shown how this technique can be
useful for the investigation of the low-energy physics (superconductivity, spin
orders, charge and orbitals) and of the chemistry of materials (crystalline
field). Finally, the possibility to infer about the polarization of the scattered
photons can provide extra information to disambiguate a specific problem.
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Appendix A

Theoretical model and methods

Ca2CuO3 is a strong Mott insulator, with one hole in the |x2 − y2〉 orbital.
Hence spin and orbital excitations are described by a Kugel-Khomskii Hamil-
tonian with the generic form described by equation (5.1). The operators
A(T βi , T

α
j ) and K(T βi , T

α
j ) describe the dynamics of the orbital degrees of

freedom and are obtained by the second order perturbation theory from the
multi-orbital Hubbard model, assuming: 1.) dominant onsite Coluomb repul-
sion (‘Hubbard’ U is much larger than the hopping between the ground state
orbital t1), i.e. omitting charge fluctuations; 2.) strong crystal field splitting,
to polarize the ground state in the lower orbital; and 3.) one excited orbital
at most. They read
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Here, t1 and t2 are the hopping parameters of the ground state, i.e. be-
tween neighboring |x2 − y2〉 orbitals, and the excited orbital, i.e. |xy〉, |yz〉
or |xz〉, respectively. (~Si, T

α
i and all other model parameters are defined

in the main text.) As an approximation we set the inter-orbital repulsion
U ′ = U − 2JH , as in the case of the atomic orbitals subject to a spherically
symmetric potential [256]. Note however, that a small departure from this
relation does not alter the results significantly [216].

To calculate dd-excitation spectrum probed by RIXS we define the spec-
tral function for orbital excitations and spin-orbital excitations. The orbital
spectral function is

O(q, ω) =
1

π
Im 〈gs|T x−k

1

ω + Egs −H − iΓL
T xk |gs〉 , (4)

where T xk is the Fourier transform of T xi , |gs〉 is the ground state of Eq. (5.1),
and ΓL is the Lorentzian broadening to mitigate finite-size artefacts. We
set ΓL = 0.06 eV. The spin-orbital excitation function SO(q, ω) is defined
analogously, with T xi replaced by Szi T

x
i .

We calculate the excitation spectra using exact diagonalization in com-
bination with the spin cluster perturbation theory [257] on a 20 site chain.
Additionally, we derive in Appendix B an effective Hamiltonian, which yields
an analytic relation between bandwidth of the excitation and the Hund’s cou-
pling.
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Effective Hamiltonian for spin-
orbital excitation

Here we derive an effective Hamiltonian, which captures accurately the spin-
orbital excitation spectrum SO(q, ω) of Hamiltonian (5.1) and which can
be mapped onto the t–J model. The latter enables us to find an analytic
relation between the Hund’s coupling and the bandwidth W of the excitation
spectrum.

The ground state of Hamiltonian (5.1) is antiferromagnetically (AF) and
ferro-orbitally (FO) ordered. Hence we approximate the ground state |gs〉 at
a bond 〈i, j〉 as spin-singlet with an FO order

|gs〉 ∝
∣∣∣ 〉

−
∣∣∣ 〉

. (5)

The excited state for SO(q, ω) excitation is then given by

SzjT
+
j |gs〉 ∝

∣∣∣ 〉
+
∣∣∣ 〉

. (6)

Thus, we are now allowed to skip the parts in Hamiltonian (5.1) which hinder
the mapping onto a t–J model. This yields an effective Hamiltonian of the
form (5.1), with the modified orbital operators
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and

K̃(T βi , T
α
j ) = −2t21

U

1

1−
(
JH
U

)2

(
T zi −

1

2

)(
T zj −

1

2

)
+

+
t21 + t22
U ′

1

1− JH
U ′

[(
T zi −

1

2

)(
T zj +

1

2

)
+ (i↔ j)

]
. (8)

Note that the effective Hamiltonian can now be mapped onto a t–J
model [214].

The mapping on the t–J model gives analytic expressions for upper and
lower boundaries of the spinon-orbiton continuum [258, 259], which read

εlo(k) =∆ + J − 2
t21 + t22
U ′

1
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−{√
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, (9a)
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Here k0 is given by cos(k0) = J /(2t̃) and the rescaled hopping and rescaled
superexchange constants are given by

t̃ = 2
t1t2
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Figure 10: Orbital (a) and spin-orbital (b) spectral function of the full Hamilto-
nian. (c) Spin-orbital spectral function of the effective Hamiltonian. W indicates the
bandwidth of the excitation. Parameters of dyz orbital are used.
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respectively. The bandwidth is then given by

W = εup(k = π/2)− εlo(k = π/2) = 4t̃. (11)

This relation can be used to extract Hund’s coupling from the bandwidth of
the excitation spectrum.

Figure 10 shows the orbital (a) and the spin-orbital (b) excitation spec-
trum of the full Hamiltonian as well as the spin-orbital (c) excitation spec-
trum of the effective Hamiltonian, for parameters modeling the yz orbital
excitation in Ca21. The effective Hamiltonian reproduces the shape as well
as the intensity of the spin-orbital excitations of the full Hamiltonian. RIXS
measures a combination of orbital and spin-orbital excitation, however due
to the same bandwidth of O(k, ω) and SO(k, ω) this does not affect the
expression of the bandwidth (11).
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U. Scotti di Uccio, and R. Vaglio, “Thickness effect on the structure
and superconductivity of Nd1.2Ba1.8Cu3Oz epitaxial films,” Physical
Review B 72, 134521 (2005).

[109] C. Thomsen and G. Kaczmarczyk, “Vibrational Raman Spectroscopy
of High-temperature Superconductors,” in Handbook of Vibrational
Spectroscopy (American Cancer Society, 2006).

[110] V. Bisogni, L. Simonelli, L. J. P. Ament, F. Forte, M. Moretti Sala,
M. Minola, S. Huotari, J. van den Brink, G. Ghiringhelli, N. B. Brookes,
and L. Braicovich, “Bimagnon studies in cuprates with resonant inelas-
tic x-ray scattering at the O K edge. I. Assessment on La2CuO4 and
comparison with the excitation at Cu L3 and Cu K edges,” Physical
Review B 85, 214527 (2012).

[111] H. Sakakibara, H. Usui, K. Kuroki, R. Arita, and H. Aoki, “Two-
orbital model explains the higher transition temperature of the single-
layer Hg-cuprate superconductor compared to that of the La-cuprate
superconductor,” Physical Review Letters 105, 057003 (2010).

http://dx.doi.org/ 10.1140/epjst/e2012-01630-3
http://dx.doi.org/ 10.1140/epjst/e2012-01630-3
http://dx.doi.org/10.1364/JOSA.31.000488
http://dx.doi.org/10.1103/PhysRevB.92.104507
https://doi.org/10.1063/1.121947
http://dx.doi.org/10.1103/PhysRevB.72.134521
http://dx.doi.org/10.1103/PhysRevB.72.134521
http://dx.doi.org/ 10.1002/0470027320.s6305
http://dx.doi.org/ 10.1002/0470027320.s6305
http://dx.doi.org/10.1103/PhysRevB.85.214527
http://dx.doi.org/10.1103/PhysRevB.85.214527
http://dx.doi.org/ 10.1103/PhysRevLett.105.057003


188 Bibliography

[112] M. Le Tacon, M. Minola, D. C. Peets, M. Moretti Sala, S. Blanco-
Canosa, V. Hinkov, R. Liang, D. A. Bonn, W. N. Hardy, C. T. Lin,
T. Schmitt, L. Braicovich, G. Ghiringhelli, and B. Keimer, “Disper-
sive spin excitations in highly overdoped cuprates revealed by resonant
inelastic X-ray scattering,” Physical Review B 88, 020501 (2013).

[113] M. P. M. Dean, A. J. A. James, R. S. Springell, X. Liu, C. Monney,
K. J. Zhou, R. M. Konik, J. S. Wen, Z. J. Xu, G. D. Gu, V. N. Stro-
cov, T. Schmitt, and J. P. Hill, “High-energy magnetic excitations in
the cuprate superconductor Bi2Sr2CaCu2O8+δ: towards a unified de-
scription of its electronic and magnetic degrees of freedom,” Physical
Review Letters 110, 147001 (2013).

[114] Y. Y. Peng, M. Hashimoto, M. M. Sala, A. Amorese, N. B. Brookes,
G. Dellea, W.-S. Lee, M. Minola, T. Schmitt, Y. Yoshida, K.-J.
Zhou, H. Eisaki, T. P. Devereaux, Z.-X. Shen, L. Braicovich, and
G. Ghiringhelli, “Magnetic excitations and phonons simultaneously
studied by resonant inelastic x-ray scattering in optimally doped
Bi1.5Pb0.55Sr1.6La0.4CuO6+δ,” Physical Review B 92, 064517 (2015).

[115] M. Fujita, H. Goka, K. Yamada, and M. Matsuda, “Competition be-
tween charge- and spin-density-wave order and superconductivity in
La1.875Ba0.125−xSrxCuO4,” Physical Review Letters 88, 167008 (2002).

[116] J. Chang, E. Blackburn, A. Holmes, N. B. Christensen, J. Larsen,
J. Mesot, R. Liang, D. Bonn, W. Hardy, A. Watenphul, M. v. Zim-
mermann, E. M. Forgan, and S. M. Hayden, “Direct observation of
competition between superconductivity and charge density wave order
in π shift in YBa2Cu3O6.67,” Nature Physics 8, 871 (2012).

[117] W. Tabis, B. Yu, I. Bialo, M. Bluschke, T. Kolodziej, A. Kozlowski,
E. Blackburn, K. Sen, E. M. Forgan, M. v. Zimmermann, Y. Tang,
E. Weschke, B. Vignolle, M. Hepting, H. Gretarsson, R. Sutarto, F. He,
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