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Abstract

This thesis ranges within the vast framework of experimental condensed matter
physics. Several different systems, and physical phenomena, are presented here
from a structuralist standpoint. In fact, we show how, in solid condensed mat-
ter, the underlying arrangement of atoms, the symmetry of their structure, and
their mutual interactions, underpin the form and the nature of their collective
emergent properties. Our effort in this work was focused on unveiling complex
magnetic ground states in newly synthesized materials, as well as in the clar-
ification of unconventional symmetry breaking phenomena in highly debated
systems. In all cases, we could understand the physics of such systems only
when we elucidated the details, and temperature dependent evolution, of their
structures.

About the choice of target materials for our investigations, our starting point
has not only been fundamental condensed matter physics, but also forward look-
ing towards a sustainable future. Here we considered both the development of
energy efficient spintronics and quantum computing, as well as the need for
efficient conversion and storage of clean energy. Therefore, this project is con-
cerned with the advanced characterization of novel ”multifunctional” materials,
that constitute a unique playground for fundamental scientific research, but also
lend themselves to potential novel technical applications. Such materials might
indeed display high temperature dynamical properties, which make them suit-
able for rechargeable batteries and heat conduction applications. At the same
time, they are also strongly correlated electron systems at lower temperatures,
and their fundamental magnetic and electronic properties are relevant for the
development of quantum devices. To explore these properties, extensive ex-
perimental studies using large-scale research facilities were employed. In this
project, several unique and powerful state-of-the-art high-resolution neutron
scattering, X-ray scattering, and muon spin rotation techniques were used.
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Sammanfattning
Denna avhandling har utvecklats inom den vidsträckta ramen för experimentell
kondenserad materiens fysik. Flera olika materialsystem, och fysiska fenomen,
presenteras fr̊an ett strukturalistiskt perspektiv. I synnerhet visar vi hur mate-
rialens underliggande arrangemang av atomer, symmetrin i deras struktur och
deras ömsesidiga interaktioner, bestämmer och kontrollerar deras unika egen-
skaper. Flera av dessa material har endast mycket nyligen syntetiserats för
första g̊angen, därför saknades deras detaljerade strukturella karakterisering.
För vissa andra material var den tillgängliga strukturella karakteriseringen inte
korrekt, och detta ledde till feltolkning av deras fysiska beteende, s̊aväl som
inkonsekvenser inom den relaterade publicerade litteraturen. I samtliga fall
kunde vi bara först̊a dessa systems fysik när vi klargjorde detaljerna och den
temperaturberoende utvecklingen av deras strukturer p̊a ett korrekt sätt.

När det gäller valet av material för v̊ara undersökningar, har v̊ar startpunkt
inte bara varit fundamental fysik men ocks̊a med en framåtblick mot en framtida
h̊allbar utveckling. Här har vi haft b̊ade effektiv spintronik/kvantdatorer i
åtanke men även problemen kring effektiv omvandling och lagring av ren en-
ergi. Framför allt handlar projektet om avancerad karakterisering av nya ”mul-
tifunktionella” material, som utgör ett unikt smörg̊asbord för grundläggande
vetenskaplig forskning, men som ocks̊a är idealisk för nya potentiella tekniska
tillämpningar. I synnerhet kan de uppvisa dynamiska egenskaper vid hög tem-
peratur, vilket gör dem lämpliga för uppladdningsbara batterier och värme-
ledningstillämpningar. Samtidigt är de starkt korrelerade elektronsystem, med
kopplade grundläggande magnetiska och elektroniska egenskaper vid lägre tem-
peraturer, vilket gör dem lämpliga för utveckling av kvantdatorer och spintronik.
För att utforska s̊adana egenskaper utfördes omfattande experimentella studier
vid framför allt storskaliga forskningsanläggningar där unika, kraftfulla, topp-
moderna och högupplösta experimentella tekniker baserade p̊a neutronsprid-
ning, röntgenspridning och myon spinrotation, har använts.
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Preface

This thesis includes a collection of original results, which are part of my contri-
bution to the scientific production in the field of experimental condensed matter
physics. Nonetheless, it also represents a summa of the knowledge I matured
during the five and a half years of my doctoral studies. Such knowledge, which
I treasure like the most precious of all the gifts, was acquired through notes,
lectures and discussions with the brilliant experts and young colleagues I had
the privilege to encounter on my path. I tried to summarize the main take-home
concepts from my interaction with them in the first part of my thesis. The lat-
ter, serves as brief introductory overview of the background notions in physics,
and the experimental methods adopted, in the production of the papers here
attached. I hope I managed to transmit the depth of the concepts they were
trying to convey; I owe these people a great deal of gratitude.

The general introduction of this thesis was inspired by discussions with
Martin Månsson and Marco Laudato.

The section about crystal symmetry was inspired by the lectures and notes
of Carmine Antonio Perroni, Ulrich Häussermann, Lars Eriksson, Denis Shep-
tyakov, Oksana Zaharko, Magnus H. Sørby as well as by discussions with
Vladimir Pomjakushin, Juan Rodriguez-Carvajal, Romain Franck Sibille, Nami
Matsubara.

The section about phase transitions and symmetry breaking phenomena
was inspired by the lectures and notes of Yasmine Sassa, Luca Peliti as well as
by discussions with Martin Månsson, Ola K. Forslund, Daniel Mazzone, Toni
Shiroka, Andreas Suter, Marek Bartkowiak.

The section about neutron scattering was inspired by the notes and lectures
of Martin Månsson, Kim Lefmann, Diana Lucia Quintero Castro, Oscar Fabelo,
Andrew Wills, Bella Lake, Branton J. Campbell, Maria Teresa Fernandez-Diaz,
J. Manuel Perez-Mato, Juan Rodriguez-Carvajal, Helen Walker, Simon Ward,
Jens Birch, Tatiana Guidi, Takatsugu Masuda as well as by discussions with Uwe
Stuhr, Daniel Mazzone, Christof Niedermayer, Jakob Lass, Alexandra Turrini,
Amirreza Hemmatzade, Christian Wessler, Victor Alexis Poree, Fanni Juranyi,
Maria Luisa Medarde Barragan, Shunsuke Hasegawa, Shinichiro Asai.

The section about muon spin rotation, relaxation and resonance was in-
spired by the notes and lectures of Martin Månsson, Daniel Andreica, Alex
Amato, Roberto De Renzi, Thomas Prokscha, as well as by discussions with
Jun Sugiyama, Ola K. Forslund, Andreas Suter, Chennan Wang, Chris Baines,
Roustem Khassanov, Stephen Cottrell, Isao Watanabe, Adrian Hillier, Koji
Yokoyama, Akihiro Koda, Peter Baker, Mark Telling.
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The Starry Data: Note on the cover figure of this thesis

This is my attempt to reproduce Vincent van Gogh’s painting The Starry Night,
by combining some of the data I worked with during my doctoral studies. In
particular, the figure contains: neutron powder diffraction and bulk µ+SR data
from NaCr2O4, collected at the diffractometer iMATERIA (J-PARC) and at
the multipurpose muon instrument Dolly (PSI) respectively [see also paper 1];
longitudinal field µ+SR data from NaCr2O4, collected at the muon instrument
EMU (ISIS) [see also paper 2]; low energy µ+SR data from LiTi2O4, collected
at the LEM spectrometer (PSI) [see also paper 5]; synchrotron X-ray single
crystal diffraction data from LaPt2Si2, collected at the P21.1 diffractometer
(Petra III) [see also paper 10]; inelastic neutron scattering data from YbBr3
(sample of Christian Wessler), collected at the multiplexing neutron spectrom-
eter CAMEA (PSI). The latter measurement was carried out in the course of
the commissioning and test of the instrument CAMEA. I joined the commis-
sioning as a visiting scientist, for my mandatory SwedNess extended stay, and I
had the privilege to participate and partially support this stunning experiment.

Since it contains data acquired with the main techniques I used and learned
during my PhD, I believe this picture is a very effective visual summary of my
work. It also reflects my general view on science, which is deeply intertwined
with art and is notoriously influenced by it (and viceversa). Art and science are
different but deeply interpenetrated manifestations of the human culture, and
I consider myself very lucky to be given the possibility to access this beauty.

iv



Acknowledgements

It’s dangerous to go alone. To quote the universally known-to-be the best
videogame-series of all times [1], [2]. This section is dedicated to those people
that I think contributed, to a personal and/or scientific extent, to my growth
during my doctoral studies and made it possible for me to successfully complete
this thesis. Here, there is a mixture of scientific and personal acknowledgments,
since these two aspects are strongly intertwined when working in an academic
environment. The interested reader, that is not interested in effusive comments,
has been warned.

This research is funded by the Swedish Foundation for Strategic Research (SSF)
within the Swedish national graduate school in neutron scattering (SwedNess),
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Yasmine Sassa
Physical Review B (2022) - Accepted [arXiv:2111.05920]

Paper 12
Resonant inelastic soft x-ray scattering on LaPt2Si2
Deepak John Mukkattukavil, Johan Hellsvik, Anirudha Ghosh, Evanthia Chatzi-

xv



georgiou, Elisabetta Nocerino, Qisi Wang, Karin von Arx, Shih-Wen Huang,
Victor Ekholm, Zakir Hossain, Arumugum Thamizhavel, Johan Chang, Martin
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Chapter 1

Introduction

The concept of Geometry is familiar to intelligent beings since, through geom-
etry, the brain intuitively perceives and represents the space; this is at least the
Kantian interpretation of the role of Geometry (or better, Euclidean Geometry)
in the human knowledge. The philosopher Immanuel Kant indeed indicates Ge-
ometry as an example of synthetic a priori1 knowledge, in opposition to analytic
a posteriori knowledge [6]. In the history of science, the relevance of Geom-
etry in the human effort towards understanding Nature’s working principles is
beautifully synthesized in Galileo Galilei’s treaty ”Il Saggiatiore” [7] (fig. 1.1):

”[Natural] Philosophy is written in this great book, that is contin-
uously open before our eyes (I say the Universe) but it cannot be
understood until its language is understood, and the characters in
which it is written are known. It [the book of Nature] is written
in the language of mathematics, and the characters are triangles,
circles, and other Geometric figures, without which it is impossible
to humanly understand a word of it; without these, humanity vainly
wanders through a dark maze.”
Galieo Galilei, 1623 (transl. E. Nocerino)

The concept of Geometry as the language of Nature found a more complex
declination later on, when more and more sophisticated mathematical applica-
tions required the formulation of non-Euclidean geometries to describe curved
spaces with more than 3 dimensions [8]–[12]. These discoveries caused deep
confusion in the minds of XIX century mathematicians, since Geometry could
not be considered anymore as the intuitively certain Euclidean truth, easily

1In Logic and Philosophy, a synthetic a priori proposition is a statement that is true
independently of experience or logic concepts contained in its subject. Therefore, for Kant,
Geometry intended as the structure of space is a knowledge we intrinsically possess since the
day we are born.
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}

Figure 1.1: Picture of the Galilei’s writing. The quoted text about the book of
Nature is highlighted by the curly brace

conceivable through human cognitive faculties. This new Geometry was in-
stead considered as analytic a priori rather than synthetic (with all due respect
to Kant), since it embodied a system of axioms, deduced in pure mathemati-
cal terms, that did not seem to have any connection with the physical reality.
Fortunately, Felix Klein came to the rescue towards the end of the XIX century,
by presenting in his Erlangen Program [13] the revolutionary idea that all these
Geometries could be unified under the common frame of projective geometry,
establishing a paradigm shift in the view of the very logical basis of geometry.
Roughly speaking (I hope the mathematical physics colleagues won’t mind),
every geometry can be described as the study of an ensemble of properties
that are invariant with respect to a particular group of transformations (i.e.,
symmetries). In this way any classification of transformations into groups and
subgroups could be transposed as a classification of the different geometries, al-
lowing to interpret, e.g., the hyperbolic and elliptical non-Euclidean geometries,
together with Euclidean geometry, in the field of projective geometry. In this
regard, symmetry and geometry can be considered interchangeable concepts
since symmetry essentially defines geometry.

Klein’s innovative use of group theory for the classification of geometries

2



allowed to associate a group of symmetries to each geometry, hereby creating
a pure algebraic intrinsic approach that, later on, had a dramatic influence on
many different other fields of the human knowledge. Above all, in Physics. The
need to bind to the geometric principle of symmetry (i.e., invariance), assumed
fundamental importance in the general physics approach. In fact, the search
for transformations under which the system does not change simplifies greatly,
but still on rigorous grounds, problems that would not be solvable otherwise.
Outstanding milestones in modern physics can be indeed seen as direct conse-
quence of the Klein’s revolution. In the beginning of the XX century Albert
Einstein came up with the idea that coordinates do not exist a priori in na-
ture. They are just an artificial concept and, therefore, must not play any role
in the formulation of the fundamental laws of physics. In other words, physi-
cal laws should be formally invariant among different reference frames. This
covariant formulation of the physical laws led to birth of Special and General
Relativity [14], [15]. Few years later Emmy Noether understood that there is
an invariance behind every conservation law in a physical system. Specifically,
a conserved quantity corresponds to any continuous transformation of the gen-
eralized coordinates-time, that leaves unaltered the dynamics of a mechanical
system (i.e., the symmetries of the Lagrangian L(q,q̇, t)) [16], [17]. The set-
tlement symmetries-conservation laws, together with the geometric approach of
the Hamiltionian mechanics, which allows to easily formulate the compatibility
between probability and dynamics, constitute the very foundation of the formal-
ism of Quantum Mechanics. Around the same time Hermann Weyl, inspired
by Maxwell’s electrodynamics, conjectured the existence of a scale invariance
which would leave the internal space associated with the Theory or Relativity
unchanged under the local transformation of re-scaling [18]. Although such a
theory failed in its initial purpose of unifying Electromagnetism and General Rel-
ativity (since the scale invariance is actually broken in the latter theory), Weyl
opened the way to the formulation of deeply geometry-based gauge theories
[19], which led, later on, to the conception of the Standard Model of Particle
Physics [20]. Such a model describes profoundly and coherently the physical
interactions due to the three fundamental forces existing in nature (electromag-
netic force, weak force and the strong interaction), while its very construction is
entirely based on the idea of groups of symmetry. In the contemporary concep-
tion of physics, geometry dictates the structure and dynamics of the space-time
itself and generates the interactions, forces and forms of energy which build the
very physical reality around us. Symmetry (and therefore geometry) is the red
wire that connects all the fields of modern physics being, in fact, the language
in which the book of Nature is written (unlike Kant, Galilei seems to be still
right after all).

As the author of the present Thesis, I humbly take inspiration from the uni-
fying function of symmetry in the description of Nature to frame my work within
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a structuralist2 perspective. Here the concept of geometry is declined in its orig-
inal Euclidean form and used as a tool to classify the constituents of solid-state
condensed matter: crystals. Since the atoms in a crystal are naturally arranged
in periodically repeated symmetric patterns (i.e., a lattice), their description in
terms of discrete geometry is the most immediate and efficient [22]–[24]. In-
deed, Crystallography was one of the first fields of application of group theory,
starting from 1830 when Johann Friedrich Christian Hessel noticed that only
four kinds of rotational symmetries occur in crystals (with two-, three-, four-
and six-fold rotational axes). These give rise to just 32 possible kinds of crys-
tal classes (i.e., point groups) [25]. Later on, Auguste Bravais demonstrated
that for each point in a crystal lattice, it is possible to define a set of linearly
independent primitive vectors which are invariant under rigid translation. Such
vectors can generate only 14 possible types of cells in 3 dimensions (i.e., Bra-
vais lattices) [26]. Eventually, by combining the possible spatial symmetries of
translation, rotation and reflection, Evgraf Stepánovich Fedorov came to the
conclusion that there are only 230 different types of spatial symmetry groups in
nature (i.e., crystallographic space groups) [27]. Also in the case of Solid-state
physics (just like in every other field, as mentioned above), the symmetries of
a system and its physics are intimately intertwined and the crystal structure
of a material determines most of its physical properties. This fact was indeed
noticed by Hans Albrecht Bethe, who showed that an electric field of given
symmetry influences the atoms placed into a crystalline environment, causing a
characteristic grouping of the electron density according to the symmetry axes
of the crystal [28]. The electronic states, in turn, are ultimately responsible
for the the quantum mechanical state of crystalline solids. Therefore, in this
regard, it could be said that the physics of solids stems from the geometry of
their lattices.

In this thesis, several aspects of the structure-property relationships in dif-
ferent physical systems have been explored, by means of large scale facility
experimental measurements (neutron/x-ray scattering and muon spin rotation
above all). The choice of materials of interest for our investigations is dictated
by the need to understand the fundamental physical properties displayed by
systems that are also suitable for applications in the wide field of sustainable
development. In this perspective, it could be said that our work is inspired
by the Nobel laureate John Goodenough, whose fundamental research in solid
state physics led to the development of Li-ion batteries [29], [30]. Therefore, in
general, our studies include energy materials with interesting diffusive behavior
for rechargeable batteries and hydrogen storage applications, as well as strongly

2Here the term ”structuralist” is used in its philosophical connotation. Structuralism
rejects the concept of human freedom, and is based on the belief that our experience and
behavior are determined by various structures, constituted by our interrelations within a
broader system. These structures underlie all the phenomena in the human life [21].
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correlated electron systems with intriguing fundamental magnetic and electronic
properties for developing efficient spin/quantum computing and data storage
devices [31]–[52]. We define ”multifunctional” the materials that possess all
these properties at once (fig. 1.2).
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Figure 1.2: A graphic representation of our definition of multifunctional
materials.

In this thesis it is presented a collection of experimental results on such
multifunctional materials, gathered in terms of their structural properties. In
particular, our studies include:

• Stable structures: systems with complex crystal-field symmetries resulting
in mixed valence states of their transition metal ions. Specifically, the
unconventional colossal magnetoresistive NaCr2O4 and its solid solution
with calcium Ca1−xNaxCr2O4 (papers 1, 2, 3), the antiferromagnetic
insulators NaMn2O4 and Li0.92Mn2O4 (paper 4), and the unconventional
superconductor LiTi2O4 (paper 5).

• Metastable structures: geometrically frustrated antiferromagnets with un-
conventional magnetic behavior arising from competing magnetic inter-
actions. Specifically, MgReO4 with a putative wolframite structure (pa-
per 9), and the triangular lattice antiferromagnets LiCrSe2, LiCrTe2 and
NaCrTe2 (papers 6, 7, 8). The latter series of works inspired the general
frame of this thesis.

• Unstable structures: systems with competing electron spectrum sym-
metry breaking phenomena, which can lead to changes in their crystal
structures. Specifically, the charge density wave superconductor LaPt2Si2
(paper 10, 11) and the topological semimetal ZrTe5 (paper 12).
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In all these works the crystal structure and the physical phenomena occurring
in the material of interest were proven to be in constant communication and
co-determination. In some cases, the very nature of the physical phenomenon
under investigation could not even be interpreted, until the crystal structure
(and its temperature evolution) was clarified. For this reason I believe that the
listed study cases provide tangible examples of the broader and deep fact that
Geometry is Physics.

In the following, a pedagogical excursus of the main physical concepts be-
hind the research papers will be presented, together with a description of the
experimental techniques adopted to carry out the measurements. Summaries
of the papers, whose full texts are enclosed as appendixes to this thesis, are
also provided.
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Chapter 2

Scientific Background

In this section are outlined fundamental concepts, which are not explained in
the main text of the presented papers, but are of the utmost importance for
their understanding, as they constitute ground knowledge which is common to
all of them.

2.1 Symmetry and Periodicity in Crystals
Symmetry operations are always referred to a symmetry operator (or symmetry
element). In a three-dimensional geometric space, the possible operators are:
symmetry axes, symmetry planes and symmetry centers. An axis is a symmetry
axis for a geometric object if, following rotations of 360◦/n around the axis, the
object is indistinguishable from its initial state. A plane is called a symmetry
plane if, following a reflection with respect to said plane, the geometric system
remains unchanged. A point is called a center of symmetry, if to every point of a
segment having the center of symmetry as mid point, corresponds a point on the
segment which is symmetrical with respect to the center itself. Combinations
of these symmetry operations give raise to additional operations such as roto-
reflexion (rotation axis + reflection plane) and roto-inversion (rotation axis +
inversion center). The set (group) of all possible symmetry operators for a
given molecule is called point group, as all such operations leave at least one
point unchanged within the molecule.

However, in order to describe the organization of matter in crystalline solids,
translation symmetries also need to be introduced. Given a set of objects regu-
larly arranged in space, translations of a given entity along assigned directions
can lead to a new set of objects indistinguishable from the original arrangement.
For a set of objects that regularly repeat in space along assigned directions, a
point can be associated to each object (e.g., its center of mass), and reduce
the repetition of objects to a repetition of points. The regular set of points
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thus defines a lattice of repetition, associated with the repetition periods along
the assigned directions. In a crystal, the lattice of repetition is called the Crys-
talline Lattice, an abstract concept that greatly simplifies the description of the
periodic organization of atoms in solid matter.

The crystal lattice is numerically described by the periods of repetition and
the angles formed by the directions of repetition. For a 3-dimensional lattice
these periods are called a, b, c and the angles formed by their direction α, β,
γ. The minimum periods of repetition in the assigned directions define the unit
cell of the lattice, i.e., the minimum spatial unit which, by translation along
the assigned directions, generates the entire lattice.

The points of the lattice that mark the atomic positions in the crystal are
called lattice nodes. As already mentioned in the Introduction of this thesis,
a crystal lattice will have its own symmetry, depending on how the matter is
arranged in the crystal. The choice of the unit cell is, therefore, not unique
and, usually, it is the symmetry that dictates such a choice, since it is com-
mon to consider the smallest unit that accounts for all the symmetries of the
lattice. Conventionally such units are called dBravais Lattices, and the size
and relative orientation of the periods of a lattice define the Crystalline Sys-
tem. The determination of the unit cell (i.e., of the crystalline system and of
the Bravais lattice) is essential to any structural determination by crystallogra-
phy and, therefore, it constitutes a preliminary and indispensable step for any
crystal structure refinement. According to the Bravais convention, indicating
with a, b and c the repetition vectors (i.e., the lattice parameters), considering
all the possible conceivable lattices, the length and mutual orientation of the
lattice parameters (i.e., the α, β, γ angles) generates only a limited number
of unitary cells. A unit cell which has nodes only at its vertices is said to be
primitive, while if the nodes are found also elsewhere in the cell, it is called
non − primitive. The position of the nodes and the symmetry properties of
the crystal (expressed through the concept of centering), together with all the
possible choices of unit cell parameters, gives rise to just 14 Bravais lattices.
Even thought he concept of lattice is abstract, in a real crystal the unit cell is
actually able to generate the lattice by simple translation along three assigned
directions. Of course, this property constrains the symmetry of the unit cell,
since it must be compatible with the generated crystal lattice. Therefore, ap-
plying a rotational symmetry operation on a unit cell must bring the cell in
a new position, that should be also obtainable by any translational symmetry
operation. It can be proved ([53] chapter 4) that in crystals such rotations can
only be up to 6-fold. In other words, the lattice can have its own symmetry,
but, unlike in generic geometric objects, the symmetry of the lattice is compat-
ible only with binary axes (2-fold rotation, 180◦), ternary axes (3-fold rotation,
120◦), quaternary axes (4-fold rotation, 90◦) and senary axes (6-fold rotation,
60◦). Intuitively, this restriction is due to the fact that it is impossible to ”fill
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a space” with, e.g., axes of order 5 (72◦). Consequently, if we consider the
set of possible symmetry operations, which do not provide translation but are
compatible with the lattice, the number of possible distinct sets of symmetry
operators in 3 dimensions is equal to 32. Therefore, there are 32 sets of distinct
point symmetry operators, compatible with the symmetry of three-dimensional
lattices, i.e., crystallographic point groups. Conventionally, point groups are
labelled with groups of letters indicating the symmetry operators needed to
generate all the elements of that group (e.g., the symmetry operators of the
group Cn consist only in n-fold rotational axes). Detailed description of each
point group can be found in several sources [53], [54], including Wikipedia. A
classification of the symmetries in crystals has be conveniently summarized in
table 2.1.

By combining the point symmetry elements, with the translational ones we
get a set of operators and symmetry operations that describe all the symmetries
of the crystal. There are only 230 sets of symmetry operations that define in
a complete way the crystal and they are called Space Groups [25]–[27]. It is
possible to uniquely determine the structural organization of matter in the entire
crystal by just knowing the crystallographic space group and the asymmetric
unit of the crystal, i.e., the atomic arrangement that has no further symmetry
elements and cannot be further reduced into smaller structural units.

A symmetry operation is substantially equivalent to a transformation of the
coordinates of a point [55]. To each symmetry operation it is possible to asso-
ciate a matrix operator which allows to determine the new coordinates of the
point that undergoes a symmetry operation, knowing the original coordinates of
such point. The matrices that are representative of the symmetry operations
can be defined for a given set of elements (e.g., atomic coordinates) on which
the symmetry operation should act. By choosing such elements we are setting a
basis for the representation matrices. By way of example, given the coordinates
of a point (x y z) as a basis set, the representation matrix for the symmetry
operation of inversion, that brings the system in a new set of coordinates (x′

y′ z′) = (−x −y −z), is such that the following relationship holds:

x′

y′

z′

 =

−1 0 0
0 −1 0
0 0 −1

xy
z

 (2.1)

Of course, by changing the basis set for the representation matrix of the
symmetry operator, the matrix will also change.

In general, given a symmetry group formed by a set of abstract symme-
try operators {A, B, C, ... N}, together with an operation of sequential
application of two symmetry operations, we call a representation of the group
each set of matrices Γ(N), together with the operation of matrix multiplication
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Crystal System Bravais Lattices Point Groups Number of
symmetry elements

Triclinic
a ̸= b ̸= c
α ̸= β ̸= γ

Triclinic Simple C1
S2(Ci)

1
2

Monoclinic
a ̸= b ̸= c
α = γ = 90◦ ̸= β

Monoclinic Simple,
Base centered

C1h

C2
C2h

2
2
4

Orthorhombic
a ̸= b ̸= c
α = β = γ = 90◦

Orthorhombic Simple,
Base Centered,
Body Centered,
Face Centered

C2h

D2(V )
D2h(Vh)

4
4
8

Tetragonal
a = b ̸= c
α = β = γ = 90◦

Tetragonal Simple,
Body Centered

C4
S4
C4h

D2h(Vh)
C4v

D4
D4h

4
4
8
8
8
8
16

Rhombohedral
a = b = c
α = β = γ ̸= 90◦

Rhombohedral Simple

C3
S6(C3i)
C3v

D3
D3d

3
6
6
6
12

Hexagonal
a = b ̸= c
α = β = 90◦,
γ = 120◦

Hexagonal Simple

C3h

C6
C6h

D3h

C6v

D6
D6h

6
6
12
12
12
12
24

Cubic
a = b = c
α = β = γ = 90◦

Cubic Simple,
Body Centered,
Face Centered

T
Th

Td

O
Oh

12
24
24
24
48

Table 2.1: Classification of crystal systems in terms of their rotational and
translational symmetries.
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Γ(A)Γ(B) = Γ(AB), that satisfies the group’s multiplication table (i.e., there
is an exact correspondence between the sequential application of the symmetry
operations and the multiplication of matrices). The representations of symme-
try groups can be constructed out of combinations of smaller representations.
In this case, an element of the large representation Γ(N) can be expressed as
a block matrix whose blocks are the matrices representing the corresponding
element N in the smaller representations:

Γ(N) =
[
Γ1(N) 0

0 Γ2(N)

]
(2.2)

A representation that can be reduced to block form, such as in equation
2.2, is said to be reducible. If, instead, a representation cannot be expressed
through the combination of representations of lower dimensionality, it is said
to be irreducible. Therefore, irreducible representations are the simplest rep-
resentations that can describe the operations of a symmetry group and satisfy
its multiplication table. In the papers of this thesis, the concept of irreducible
representation is introduced in relation to magnetic structure determination in
several magnetically ordered materials (papers 1, 4, 6 and 7). Here, the re-
ducible representation of the propagation vector group, associated to the sym-
metry of the magnetic unit cell, is conventionally represented as a direct sum
of its irreducible representations:

Γ = Γ1
⊕

Γ2
⊕

Γ3
⊕

...
⊕

Γn (2.3)

For the determination of a magnetic structure, as well as for the under-
standing on any physical phenomenon occurring in a crystal system, the deter-
mination of its symmetry (space group) and of the structure of its asymmetric
unit (atomic positions), is an indispensable step. Such a determination, as we
will see later on in this thesis, is carried out through scattering experiments.

2.1.1 Unit Cell and Reciprocal Space
The choice of the unit cell determines the choice of a reference system, which
is not necessarily orthogonal, as in the case of triclinic and monoclinic cells (see
table 2.1). The coordinates of any point within the unit cell can be expressed
as (x y z) coordinates, referred to the origin of the cell (0 0 0). Commonly,
fractional coordinates are also used, for which the position of an atom contained
in a unit cell will be marked by coordinates with values between 0 and 1. The
fractional coordinates are defined as ( x

|a|
y

|b|
z

|c| ). Any node of the lattice, i.e.
any junction point between periodically repeating unit cells, can be described
as a vector of the type:
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s = ma + nb + oc, (2.4)
given by the linear combination of integer (or semi-integer) numbers m, n,

o, with the vectors that define the unit cell a, b, c. The volume V of the unit
cell is given by the mixed scalar and vector product of the unit cell vectors:

V = a · b × c. (2.5)
In a similar way as we have defined a generic vector s that identifies a node

of the crystal lattice (eq. 2.4), we can define a generic plane that intercepts the
crystallographic axes in the points h|a|, k|b| and l|c|. These planes are defined
by equations of the type:

m = hx+ ky + lz. (2.6)
As the integer number m varies, the planes defined in equation 2.6 will

be parallel to each other. This equation therefore defines a family of parallel
planes, equidistant from each other by a certain inter-planar distance dhkl.
The smallest triad of prime numbers h, k, and l, called Miller indices, uniquely
defines a family of crystallographic planes through equation 2.6, and will be
denoted in this thesis as (h k l). By way of example, figure 2.1 shows the
cubic unit cell of the Pb element with its crystallographic planes identified by
the indices (1 1 1).

The Miller indices and the inter-planar distance dhkl are concepts neces-
sary to describe the Bragg’s Law of diffraction, which will be introduced in
the following chapter. In this regard the notion of reciprocal space is also of
fundamental importance since the physical phenomenon of diffraction is con-
ventionally (and also more easily) described in the context of the reciprocal
space. The latter is an abstract mathematical concept in which the recipro-
cal lattice (i.e., the counterpart of the real lattice in the reciprocal space) is
obtained as the Fourier transform of the real (also called direct) lattice. The
dimensions of the reciprocal and direct lattices are linked by an inverse propor-
tionality relationship. Given a generic crystal lattice of unit vectors a, b, c it is
possible to define the three unit vectors of its reciprocal lattice a∗, b∗, c∗ as:

a∗ = 2π b × c

a · (b × c)

b∗ = 2π c × a

a · (b × c)

c∗ = 2π a × b

a · (b × c)

(2.7)
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c

a
b

Pb

d111

Figure 2.1: Unit cell of the lead element, the family of planes characterized by
the indexes (1 1 1) are displayed in magenta color. The inter-planar distance
d111 is also indicated.

In such a lattice it is possible to define a vector d∗
hkl, reciprocal of the

inter-planar distance in the direct space dhkl, as:

d∗
hkl = ha∗ + kb∗ + lc∗, (2.8)

which is reminiscent of the expression used to identify the nodes of the direct
lattice displayed in equation 2.4. In this regard it can be said that, while in the
direct space the triad (h k l) labels a family of planes, in the reciprocal space
it identifies the coordinates of actual points. From the relationships expressed
in equations 2.7 and 2.8 it is possible to see that the reciprocal lattice vectors
a∗, b∗, c∗ are respectively orthogonal to the bc, ac and ab planes in the direct
space, while the vector d∗

hkl is perpendicular to the family of lattice planes
identified the triad of Miller indices (h k l). Instead of dealing with entire families
of planes, it is more convenient to describe the phenomenon of diffraction in
terms of points in the reciprocal space. Indeed, the triad (h k l) will define both
the family of planes in the direct space (i.e., the crystal lattice) and the vector
normal to said family of planes in the reciprocal space. Being able to use a single
vector to indicate an integer family of planes, greatly simplifies the theoretical
treatment of diffraction and its practical application. In particular, a description
of diffraction lattices in terms of sinusoidal plane waves is extremely convenient
given the periodicity of the said lattices. Indeed, as it will be discussed later on
in a dedicated section of the next chapter, the reciprocal lattice of a Bravais
lattice can be identified with a set of vectors k that generate a Bravais lattice
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in momentum space. Here the k-vector and momentum p are linked by the
relation p = h̄k. The plane wave (whose wave vector is k) has the same
periodicity as the starting lattice, therefore, it can be said that k is the spatial
frequency of the reciprocal lattice. As described in the next chapter, scattering
processes exploit the distance between the crystallographic planes to establish
conditions of constructive interference according to the Bragg’s law. In this
regard, it is useful define the geometry of the Wigner-Seitz cell associated with
the reciprocal lattice [56]–[58]. The latter is a type of primitive cell, centered
on a point of the Bravais lattice, which possess all the symmetry properties
of the crystal structure. It can be represented starting from the segments
that connect the point in the center of the cell with its nearest neighbors.
The region of space defined by the polyhedron, obtained by intersecting such
segments with perpendicular planes in their middle point, is the Wigner-Seitz
cell, corresponding to the so-called first Brillouin zone in the reciprocal space
[59]. A representative case of Wigner-Seitz cell is displayed in figure 2.2. The
face centered cubic cell (fcc) of the Pb element is again used as an example.

a

c

b

Figure 2.2: Pb fcc unit cell with its Wigner-Seitz cell highlighted in pink. The
black points correspond to the Pb atoms sites in the real space.

Figure 2.3 shows the first Brillouin zone of the fcc lattice of figure 2.2 in 3
dimensions. The points labelled with latin letters are high symmetry points of
interest for this particular cell, while the Γ point is the origin of the Brillouin
zone (conventionally labelled as Γ in all kinds of cells). Every reciprocal lattice
point constitutes the center of a Brillouin zone and, in the occurrence of an
experimental scattering process, high-intensity elastic Bragg peaks will always
correspond to the Γ points of the investigated reciprocal lattice.

The procedure to construct the Brillouin zone is analogous to the one
adopted to construct the Wigner-Seitz cell. The origin of the zone can be
connected to the nearest neighboring points in the reciprocal cell through the
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shortest possible translation vectors d∗
hkl (often also called G-vectors). The re-

gion of space defined by the polyhedron, obtained by intersecting the G-vectors
in their middle points G

2 with perpendicular planes, is the Brillouin zone of the
crystal. Earlier in this section we called the translation vector of the reciprocal
lattice d∗

hkl (defined in equation 2.8) to highlight its parallelism with the d-
spacing in real lattice planes: d∗

hkl connects points in reciprocal space just like
dhkl connects planes in real space. From now on, we abandon this nomenclature
and use the name G-vectors to identify vectors that connect each reciprocal
lattice point with any other reciprocal lattice point.

a*

c*

b*

L
K

W

U

X

G

Figure 2.3: First Brillouin zone of the Pb fcc unit cell highlighted in pink in the
reciprocal cell. The black points correspond to the reciprocal lattice points.

Beyond being a structure that reflects all possible symmetries in a given
lattice, the first Brillouin zone allows to define conventional major points of
interest (i.e., the aforementioned high symmetry points highlighted in figure
2.3) in the study of, e.g., inelastic scattering processes, such as the results
reported in the paper 11 attached to this thesis.

2.1.2 Crystal-field Splitting
When atoms are located in a periodic electric field (such as in the case of
crystalline solids) the isotropy of their energy levels is broken, and such levels
undergo a splitting, which depends on the symmetries of the crystalline electric
field (and, therefore, the symmetries of the crystal lattice). More specifically,
for metal ions in transition metal complexes, the energies of their d orbitals are
perturbed by the surrounding ions (i.e., the ligands). The perturbation is due to
the attractive forces between the metal cation and the non-bonding electrons of
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the ligand anion, that are charged with opposite polarities. Consequently, the
energies of the cation’s orbitals split into discrete levels. A rigour treatment of
this phenomenon was developed within the framework of Crystal Field Theory
(CFT) by H. Bethe and J. H. van Vleck [28], [60] and is covered in the textbooks
of Solid State Physics [58], [61], [62]. However, in the following we will describe
it in the simplified approach of the Crystal Field Splitting Diagrams [63].
The results of this thesis are produced using, as experimental samples, materials
containing transition metals. Transition elements in the periodic table corre-
spond to the progressive filling of the five d orbitals (usually called dxy, dyz,
dyz, d3z2−r2 and dx2−y2). In general, the angular distribution probabilities for
atomic orbitals have a form related to their corresponding wave function:

Ψn,l,ml
(r, θ, ϕ) = Rn,l(r)Yl,ml

(θ, ϕ). (2.9)

Here, (r, θ, ϕ) are the spherical coordinates in which the wave function is
expressed. Therefore, Rn,l(r) represents the radial part of Ψ, while Yl,ml

(θ, ϕ)
represents its angular part. Depending on the values of the quantum numbers
(n, l,ml) (i.e., the principal, the angular and the magnetic quantum number
respectively), equation 2.9 describes a specific orbital shape. The d orbitals can
be classified into two groups: t2g and eg (as for the Mulliken nomenclature [64])
on the basis of the spatial configurations in relation to their reference axes x, y,
z. Here the t2g orbitals are oriented in the diagonal directions with respect to
the axes, while the eg orbitals are oriented along the directions of the axes. For
a free atom in− vacuo the five d orbitals have the same energy (i.e., are said
to be degenerate). However, if the metal-ion is coordinated by negative ions
(e.g., calchogen elements of the periodic table), the degeneracy is removed. By
way of example, which is relevant for the contents of this thesis, let’s consider
the effect of six negative ions (or also anions) arranged octahedrally around a
central positive ion and located along x, y and z orthogonal directions. Since
the eg orbitals are directed towards these anions, these orbitals will be desta-
bilized with respect to the t2g orbitals, which are arranged diagonally between
the coordinated anions. Due to the effect of this octahedral crystalline field,
the five d orbitals separate into two groups, with an energy gap equal to ∆0: a
low energy group with the three t2g orbitals, and a higher energy group, with
the two eg orbitals. For each specific ion, the relative stabilization in the octa-
hedral crystalline field can be easily evaluated on the basis of its corresponding
electronic configuration. Taking the example of Cr3+, which is largely present
in the papers attached to this thesis, three electrons can occupy the Cr d or-
bitals. In the octahedral field these electrons will be placed, according to the
Hund’s rule, on the three lower energy t2g orbitals, with parallel spins (i.e., the
t2g orbitals are said to be half filled).

Another cation of interest for us is Mn3+, which has four electrons to be
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distributed in the d orbitals; while the first three electrons will arrange them-
selves on the three t2g orbitals, there are two possibilities regarding the location
of the fourth electron. In fact, it could either occupy one of the three, already
half occupied, t2g orbitals with antiparallel spin, or place itself on one of the
two empty eg orbitals. The choice between the two scenarios will be dictated
by the value of ∆0. If this value is sufficiently high, the fourth electron will
occupy one the orbitals with lower energy, in antiparallel coupling with the cur-
rent tenant of the orbital; if the value of ∆0 is low, compared to the mutual
repulsion energy of the electrons spatially located on the same orbital, then the
electrons will preferably occupy, in parallel spin states, all the available orbitals
(i.e., three electrons in the three t2g orbitals and one electron in one of the eg

orbitals). In Mn3+, these two situations will give rise to a spin state S = 1
with magnetic moment of 2.8 Bohr magneton (µB) in the first case, and S = 2
(magnetic moment of 4.9 µB) in the other. The two situations are defined as
low and high spin respectively, and the realization of one or the other depends
on the nature of the ligand anions, in addition to the cation involved. One of
the most important results of the CFT is the prediction that, for certain ions
with incomplete d orbitals, the regular octahedral configuration is unstable. In
particular, depending on the electron configuration in the transition metal ion
and the consequent anisotropic Coulombian interaction with the surrounding
ligands, distortion in the octahedral geometry of the bonds can occur (i.e., the
Jahn-Teller effect [65]). This effect can take place in the case of high spin
configuration for Mn3+ and, in peculiar circumstances (as we will see in paper
1 of this thesis) also for Cr3+.

Knowing the value of ∆0 can give information about the optical properties
of the studied material, while the analysis of the electronic configuration tells a
lot about its physical properties, such as magnetism and paramagnetism. The
latter is one of the aspects of interest for us, and is treated in papers 1, 4, 5,
6, 7, 8 and 9 of this thesis.

2.2 Phase Transitions and Critical Behavior: When
the Symmetry Breaks

A transformation that changes the state of a physical system, bringing it from
one phase to another, is called a Phase Transition, and it involves a variation
in physical properties of the system such as crystal structure, density, magneti-
zation and electrical conductivity.

Here the term phase indicates the collective nature of the strong interac-
tions between the closely packed electrons and nuclei in solid matter, which
eventually results in the emergent physical properties we can observe. In this
context, a description in terms of individual particles is clearly inadequate and
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the line of reasoning of Statistical Mechanics [66], [67] (here presented in a
semi-qualitative fashion) comes to our aid.

Based on a purely thermodynamic argument, a phase transition can be of
the first or second order depending on the behavior of the entropy (S) of the
system through the transition. Entropy is a fundamental quantity that gives
precise indications on the thermodynamics of a physical system, since a change
in entropy ∆S always corresponds to a change in heat ∆Q, which occurs at a
certain temperature T. In general, the amount of energy exchanged (in the form
of heat) during a phase transition can be defined as latent heat Ql. Therefore,
the relation between entropy and heat during a phase transition can be written
as:

∆Ql = Tt∆S, (2.10)

where Tt is the transition temperature. A phase transition is said to be of
the first order if there is a release or an absorption of Ql at the transition point.
Given that the transition occurs between an initial i and final f phase of the
system, a non zero variation of the latent heat can be written as:

∆Ql = Ql(f) −Ql(i) ̸= 0. (2.11)

If the latter condition is verified, at the transition point the relation in
equation 2.10 implies:

∆S = S(f) − S(i) ̸= 0 ↔ S(f) ̸= S(i). (2.12)

Hence, the phase transitions of the first order are characterized by a jump
(i.e., a finite discontinuity) of the entropy at the transition temperature. On
the other hand, if no variation of the latent heat occurs at the transition (i.e.,
∆Ql = 0), there is also no entropy variation between the initial and final phase
(i.e., S(f) = S(i)). In this case, the entropy varies with continuity through the
transition. Such class of phase transitions are said to be of the second order.

However, to frame the phase transitions in the more general perspective of
statistical thermodynamics, the fundamental quantity that should be studied
and that describes the state of the system is the free energy [68], [69]. The
behavior of the free energy depends on variables such as temperature T , pressure
P , magnetic field H and electric field E, i.e., intensive variables. For an
increase in the number N of the particles which constitute the system (i.e., the
quantity of matter), intensive variables tend to a finite limit and can be tuned
from the outside. By deriving the free energy with respect to the corresponding
intensive variables, it is possible to obtain extensive conjugated variables, such
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as entropy S (conjugate of the temperature T ), volume V (conjugate of the
pressure P ), dipole magnetic moment µ (conjugate of the magnetic fieldH) and
the electric dipole moment p (conjugate of the electric field E). A variable is
extensive if it increases linearly, as the quantity of matter N in a system increases
in conditions of thermodynamic equilibrium. The free energy and the internal
energy U are also extensive quantities. To generalize the classification of phase
transitions, we introduce the Helmholtz free energy F , whose definition, valid
for fluid and magnetic systems, is:

F (T, V ) = U − TS. (2.13)

This definition comes from the differential formulation of the first law of
thermodynamics1, for chemical reactions that occur as reversible isothermal
(i.e., dT = 0) and isochoric (i.e., dV = 0) transformations:

PdV = d(TS) − dU, for dV = 0 ⇒ −d(U − TS) = 0. (2.14)

By defining F such that dF = 0, i.e. F is constant, it is possible to retrieve
equation 2.13. An analogous argument holds for the Gibbs free energy G, which
is defined for reversible isothermal (i.e., dT = 0) and isobaric (i.e., dP = 0)
transformations. Both these forms of free energy are state functions, i.e. they
depend only on the initial i and final f state of the transformation.

Based on this new scheme, a phase transition is of the first order if, given
a transition point P0, there is a finite discontinuity on one of the partial first
derivatives of the Gibbs free energy G with respect to one of the intensive
variables h at the transition point:

∂Gi

∂h

∣∣∣∣
P0

̸= ∂Gf

∂h

∣∣∣∣
P0

. (2.15)

In second order transitions (also called continuous transitions) all the first
derivatives of the free energy are continuous, while one of the second derivative
has either a finite discontinuity or is divergent at the transition point (i.e., the
critical point):

∂2Gi

∂2h

∣∣∣∣
P0

̸= ∂2Gf

∂2h

∣∣∣∣
P0

, (2.16)

1The internal energy variation dU of a system is equal to the difference between the heat
exchanged by the system with the external environment and the work done between the
system and the external environment.
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∂2Gi

∂2h

∣∣∣∣
P0

→ ±∞,
∂2Gf

∂2h

∣∣∣∣
P0

→ ±∞ (2.17)

To characterize a phase transition very often is used a physical quantity
which, in general, represents the main qualitative difference between one phase
and the other. Such quantity, introduced by Landau in 1937, is called the Order
parameter [70]. Phase transitions are characterized by an order parameter, as
this quantity is a physical variable that reflects the level of order in a system
and allows for discrimination of the two phases involved in the transition. It
can be a scalar, a vector or, in some cases, a tensor, but in most cases the order
parameter is defined for phase transitions in which a change in the symmetry
of a system will correspond to a variation of the order of the system. Well-
fitting examples of phase transitions and their corresponding order parameters
are the magnetic transition and the superconducting transition, since they are
widely present in the papers attached to this thesis. In the phase transition
typical of a ferromagnetic system, i.e., the temperature dependent transition
from ferromagnet to paramagnet [71], a convenient choice as a order parameter
is the average magnetization M of the system (which reflects the density of the
magnetic dipoles), as it is proportional to the first derivative of the Helmholtz
free energy with respect to the magnetic field H. The magnetization will be
different from zero in the ordered phase (ferromagnetic) and equal to zero in
the disordered phase (paramagnetic). For the transition from superconductor to
normal conductor, the order parameter is represented in terms of two possible
descriptions: the Ginzburg-Landau (GL) [72] and the Bardeen-Cooper-Schrieffer
(BCS) theories [73].

The GL theory is a phenomenological thermodynamic mean-filed theory
based on statistical mechanics considerations, while the BCS is a microscopic
theory based on quantum mechanical considerations. In the realm of the GL
theory, the order parameter ψ is a complex quantity that describes the su-
perconducting phase transition in terms of the opening of a superconducting
energy gap. At the thermodynamic equilibrium, it is defined as:

ψ = |ψ|eiϕ, (2.18)

where |ψ| ∝ (T − Tc)1/2 and ϕ is a fixed phase. The latter phase in
the complex exponential of the gap function, expresses the phase coherence
between the wave functions of the superconducting charge carriers (i.e., the
Cooper pairs) in the superconducting condensate. This order parameter is a
thermodynamic variable that is non-zero in the superconducting regime and
zero in the normal state. In this case, the free energy of the superconducting
system can be written in terms of the order parameter.
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In the quantum mechanical realm of the BCS theory instead, the order
parameter is expressed in terms of a superconducting gap, related to the density
of the superconducting carriers through the relation:

∆k = − 1
N

Σk′Vkk′⟨c−k′↓ck′↑⟩. (2.19)

Here the subscript k indicates the momentum of the electrons in the Cooper
pairs; ∆k is the superconducting gap, which roughly represents the energy re-
quired to break a Cooper pair; N is a normalization constant; Vkk′ is an at-
tractive electronic potential; ⟨c−k′↓ck′↑⟩ is the expectation value of the Cooper
pair creation operator, with two electrons of opposite momenta and spin.

If there is no Cooper pair creation, the gap (i.e., the order parameter) is
zero and no superconducting state is realized. Gor’kov derived the analogous
of the free energy functional of the superconducting state of the GL theory in
a rigorous way from the BCS [74], therefore the two theories are equivalent.

In the study of the critical behavior of systems that undergo second order
transitions, critical exponents play a very important role due to their universal
character. It is indeed possible to define universality classes, in which are
grouped physical systems that have the same critical exponents. Universality
is a very powerful concept because the thermodynamic properties of a sys-
tem close to a critical phase transition, expressed by the critical exponents
(which in some cases can be determined experimentally), depend only on a
small number of fundamental parameters, such as the dimensionality of the
system and the symmetry of the order parameter (i.e., which type of quantity
it is: scalar, vector, or tensor). By way of example, if the order parameter is a
two-component scalar quantity (as in, e.g., the two-dimensional Ising model for
magnetic ordering) systems that have a Hamiltonian with the same dependence
on a two-components scalar order parameter, have the same critical exponents.
The most important consequence of universality is therefore that, in order to
determine the critical exponents of a class of systems or physical phenomena,
it is enough to study the simplest systems of the family. Critical exponents
are defined at a critical point and, therefore, in close proximity to the critical
temperature Tc. This condition is achieved for a temperature T such that the
following relation holds:

τ = T − Tc

Tc
→ 0 (2.20)

where τ is called reduced temperature. Given a generic thermodynamic
function F (τ), continuous and positive for sufficiently small values of τ , in
every critical transition F (τ) is characterized by a well-determined value of the
critical exponent ϕ, defined as the finite limit:
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ϕ = lim
τ→0

lnF (τ)
ln |τ |

. (2.21)

In the asymptotic limit for τ → 0, equation 2.21 can be re-written as follows:

ϕ ≈ lnF (τ)
ln |τ |

⇒ ϕ ln |τ | ≈ lnF (τ) ⇒ ln |τ |ϕ ≈ lnF (τ). (2.22)

From the fact that the two logarithms in the asymptotic limit are equal
if their arguments are equal, a simple relation between the thermodynamic
function F (τ) and its critical exponent can be derived:

F (τ) ≈
∣∣∣∣T − Tc

Tc

∣∣∣∣ϕ . (2.23)

The well-known power law in equation 2.23 has been used in several of the
papers attached to this thesis. From equation 2.23 it is easy to see that the
value of the critical exponent expresses the degree of divergence (ϕ < 0) or
the degree of annulment (ϕ > 0) of the thermodynamic function. The critical
exponents that characterize the behavior of different thermodynamic functions
at the critical point are generally different numbers with often positive and
fractional values, and are indicated with letters of the Greek alphabet. The
magnetization M in a constant and zero external magnetic field H, is an example
of thermodynamic function that is annulled at the critical point, having a critical
exponent β > 0.

In general, in second order phase transitions the system goes from a phase
characterized by higher symmetry to a phase characterized by a lower symmetry
(and vice versa). So in a continuous phase transition, the state of the system,
represented by the order parameter, varies with continuity at the critical point,
while the corresponding symmetry varies discontinuously from a more symmet-
rical phase to a less symmetrical one (and vice versa). Interestingly, disorder is
more symmetrical than order since, in a phase transition, the most symmetrical
phase is the less ordered one (order parameter ̸= 0), while the least symmetrical
phase is the most ordered one (order parameter = 0). In the cases under exam-
ination in this thesis, the most symmetrical (but disordered) phase is always the
one at the highest temperature, while the less symmetrical phase (but ordered)
is found at the lowest temperature. Nevertheless this in not necessarily the case
at all times.

It is said that a system that exhibits a continuous phase transition has a
spontaneous symmetry breaking when that transition leads from a phase that is
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more symmetrical to a less symmetrical (or asymmetrical) one. A more rigorous
definition of symmetry breaking, which can also be extended to first order phase
transitions, is discussed in terms of the Hamiltonian that characterizes a phys-
ical system. There is spontaneous symmetry breaking when, in the presence of
a phase transition, the ground state of the system has a lower symmetry with
respect to the symmetry of its Hamiltonian. With this we mean that the global
symmetry of the underlying physical laws of a system (i.e., the invariance of its
Hamiltonian with respect to its transformations) is conserved, while the possible
ground states of the system experience a symmetry loss. In terms of opera-
tors, this corresponds to affirming that the order parameter of the system that
represents the ground state commutes with the Hamiltonian. The symmetry
breaking can be referred to a discrete symmetry (such as symmetry by reflec-
tion) or a continuous symmetry (such as translational or rotational symmetry).
It can be demonstrated that, in transitions that break symmetries of the latter
type (continuously moving from one state to another at zero energy cost), the
creation of a new scalar particle, with zero mass, can occur in the excitations
spectrum of the system for each symmetry generator that breaks [75]–[77].
The adjective ”spontaneous” means that the system chooses spontaneously its
ground state, after the phase transition, breaking the degeneration among all
the possible ground states. Well-fitting examples of spontaneous symmetry
breaking phenomena, for their relevance to the results presented in this thesis,
are the ones occurring in crystals (papers 10, 11), superconductors (paper 5)
and magnets (papers 1, 4, 6, 7, 8, 9).

In the case of crystals, due to the well-defined arrangement of atoms in the
lattice (which makes them ordered but not symmetric!) and the presence of
boundary conditions at their surface, translational symmetry breaking occurs.
The consequence of this is the genesis of phonons (which will be discussed
in greater detail in the Methods section). Quanta of vibrations of the atoms,
that undergo displacements equal to u(x) along a certain direction around their
equilibrium position. Additionally, charge density waves (CDW), arising from
electron-lattice interactions and leading to a spontaneous additional modula-
tion of the original crystal structure (which is often incommensurate), breaks
the U(1) unitary symmetry group. This group, constituted by the set of com-
plex numbers with norm equal to 1 (i.e., the unit circle U(1) = {eiθ}), governs
the symmetry of the electromagnetic field (i.e., Maxwell’s equations are invari-
ant under the action of elements of U(1)). Since the underlying lattice and the
CDW induced incommensurate lattice distortion are arbitrarily ”out of phase”
with respect to each other, we say that the U(1) symmetry is broken. As a
result, a phason excitation (not treated here) occurs together with a renormal-
ization of the phonon frequencies in the vibrational excitation spectrum of the
system. In this thesis, structural instabilities and phonon spectra are investi-
gated in the charge density wave superconductor LaPt2Si2.
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In the case of a superconductor, the U(1) local gauge symmetry is also
broken on lowering temperature since, as also mentioned before, the supercon-
ducting state is marked by a phase coherence. Unlike other types of continu-
ous symmetry breaking phenomena, superconductivity is rather special because
there is no excitation associated to it. A treatment of superconductivity and, in
particular, of the Meissner effect (i.e., an externally applied magnetic field can
only penetrate up to a finite depth λ in a superconductor, beyond which the
field is cancelled) in terms of spontaneous symmetry breaking is possible [78],
[79], but is not addressed in this thesis. Here, we focus on the experimental
characterization of the order parameter in terms of the magnitude of the su-
perconducting gap (not its phase), and interpretation of the related physics, in
the superconducting thin film LiTi2O4.

In the case of magnets, a spontaneous rotational symmetry breaking occurs
(in the case of ferromagnets) together with a translational symmetry breaking
due to alterations of the spatial periodicity of the magnetic cell with respect
to the nuclear cell (in the case of antiferromangets). The breaking of the con-
tinuous rotational symmetry implies the emergence of spin waves magnetic
excitations, and the appearance of a spontaneous magnetization. The latter,
chooses to orient itself along a certain direction on lowering temperature, lead-
ing the system to an ordered ground state. Here, since the magnetization is a
quantity that expresses the density of magnetic dipole moments in a system,
the orientation of the magnetization in the ordered state in this thesis is ex-
pressed in terms of the orientation of the electronic moments of the atoms in
the lattice. The atomic magnetic dipole moment is indeed given by the or-
bital angular momentum of the atomic charge carriers and their spin angular
momentum (which is an intrinsic property of the electron elementary particle).
In this thesis, by means of the technique of neutron diffraction, we could ob-
serve the critical behavior, determine the magnetic ground state, and estimate
the magnitude of the magnetic moment in different magnetic materials (i.e.,
NaCr2O4 NaMn2O4, LiCrTe2 and LiCrSe2).
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Experimental Methods

Diverse experimental methods have been adopted in this work to investigate the
systems of interest. These methods employ the use of different probe particles
with different intrinsic properties and different ways of interacting with matter.
As a result, complementary information can be obtained and a more complete
(and hopefully correct) picture of the phenomena occurring in a physical system
can be constructed. Large scale facility experiments are mostly used, in partic-
ular neutron scattering and muon spin rotation (µ+SR), but also synchrotron
X-ray scattering.

All these techniques are able to extract static and dynamic information
about the system under investigation. Nonetheless, they cover different length-
and time-scales, have different penetration depths when targeting the sample
and are sensitive to different physical properties of matter. Here µ+SR and
neutron scattering are bulk techniques while X-ray scattering is a surface tech-
nique. Muons are local probes, while neutrons and X-rays deal with long-range
crystalline order. Concerning dynamics, µ+SR covers slower mechanisms than
neutron scattering, and X-ray scattering gives access to higher energy processes.
Finally, while the µ+SR and neutron diffraction methods are able to “see” mag-
netism, which opens the possibility to study the atomic/spin structure relation-
ships, X-ray scattering is not directly sensitive to magnetism. On the other
hand, the latter technique allows for very short data collection time on small
amounts of sample, enabling to, e.g., fully characterize the atomic structure of
single crystalline materials with 3-dimensional diffraction maps. The comple-
mentarity of all these techniques was highly exploited in the construction of the
results of this thesis.
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3.1 Neutron Scattering

The neutron is the neutral counterpart of the proton in the nucleon doublet,
and is a massive uncharged particle that plays a fundamental role in the study
of nuclear interactions. Being uncharged, it is not affected by Coulombian
interactions, so it can penetrate the matter deeply and interact with its nuclei
(through strong nuclear forces), even while possessing an energy lower than
one electronvolt. Neutron scattering is a powerful and versatile method for
structural characterization and dynamics studies of materials on the atomic
and nanometer scale, used in many different scientific fields [80]. It can be
carried out in research reactors (e.g., ILL in Grenoble (FR) and HFIR-ORNL in
Oak Ridge (USA)) and spallation neutron sources (e.g., ISIS-RAL in Oxfordshire
(UK) and SINQ-PSI in Villigen (CH)) that provide neutron radiation of various
intensities. Nuclear reactors exploit the binding energy of the nucleons of an
atom to produce energy and/or particles. The most common nuclear reaction
exploited in research reactors is fission, usually having 235U uranium as fissile
material. A neutron beam is sent to 235U to activate the reaction, inducing
instability and consequential decay of the uranium atom into lighter atoms.
The products of this decay are fast neutrons, energy in the form of γ-rays and
residual particles of fission. The fissile material is inserted in the center of
the nucleus of the reactor and is surrounded by a moderator. The latter, is
needed to decrease the kinetic energy of the neutrons produced in the reaction,
through their collisions within the moderator. The finally moderated neutrons,
released in a continuous flux, are focused towards different beam lines, which in
turn guide them to the respective measurement instruments. For this purpose,
reflective surfaces and diaphragms are placed close to the fissile material itself.
In the initial section of each beam line, collimator devices maximize the flux
of the neutron beam by reducing its divergence and, thereby, increasing the
resolution of the instruments that use these neutrons. The beam lines exploit
the phenomenon of total reflection to keep the thermal neutrons inside the
guide.

Although the concept of beam line is the same in reactors and spallation
sources, the latter type of facility employs a neutron production process which
is different with respect to the one described above. Here, an heavy atom is
hit by a high-energy particle, that causes the emission of nucleons, and the
consequent mass reduction of the starting atom. In most cases, the particle
that activates this two-step process, is the proton. First, H− ions are linearly
accelerated towards a thin target of gold or aluminum. The impact with the
target removes electrons from H−, creating a proton beam. Then, the protons
are accelerated in a synchrotron (i.e., a circular accelerator) until they have
enough energy to activate the spallation process upon impact. The protons
are sent towards a heavy metal target (usually tantalum or uranium), which
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is placed in a moderator (usually made of liquid hydrogen or methane). The
heavy metal, destroyed in the process, can produce 20/30 hot neutrons for
each impact, together with thermal energy, lighter residual atoms, and highly
energetic fermions. The neutrons are then moderated and collimated to the
beam lines.

Once they reach the beamline, the neutrons are scattered by the sample
and then detected. Since the neutron is uncharged, its detection with stan-
dard technologies requires its conversion into detectable secondary particles.
Therefore, the detection exploits specific nuclear reactions of the neutron with
elements characterized by high neutron-absorption cross section. Upon interac-
tion with the neutron, the detection material (e.g., 3He or 10B) will be ionized,
a large number of electrons will be then produced and detected in the form of
a current.

The spallation and reactor kind of facilities can produce respectively pulsed/
continuous and continuous neutron beams, with a very broad spectrum of en-
ergies: cold neutrons, with energies of few meV; thermal neutrons, with energy
within the interval (14 < E < 200) meV; hot neutrons, with energy 200 meV
< E < 1 eV; epithermal neutrons, with energy 1 eV < E < 10 keV. Each of
these categories allows an interaction at a different length/energy-scale in mat-
ter (summarized in figure 3.1), even though epithermal neutrons are not really
used, being them mostly background from the moderator.
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Multi energy/length-scale neutron measurements

Figure 3.1: The different energy and length scales accessible with different
kinds of neutron scattering measurements.

During my doctoral studies, I had the opportunity to join and lead exper-
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imental measurements (i.e., beam times) in different kind of facilities. Nev-
ertheless, the neutron scattering results collected in this thesis come uniquely
from spallation sources. Among the many techniques that exploit the properties
of neutrons, neutron diffraction (ND) is the most used within the results of this
thesis, immediately followed by inelastic neutron scattering (INS). Therefore,
the two techniques will be described with higher detail in the following sections.

Through the elastic scattering of neutrons on the atomic nuclei in the sam-
ple, i.e., ND, it is possible to gather static structural information. Neutrons are
massive particles, but they also have wave properties and, just like any other
moving particle, a de Broglie wavelength λ can be associated to them:

λ = 2πh̄
mv

, (3.1)

where m is the mass of the particle and v its velocity. The wave-particle
duality of neutrons is conventionally expressed in terms of their wave vector k
defined, starting from the wave number k, in terms of the wavelength λ as:

k = 2π
λ

⇒ k = mv

h̄
. (3.2)

In this regard, given a flux of neutrons impinging on the sample with wave
vector ki, the wave function Ψi that describes the state of the incident beam,
can be written, for any position r, as a plane wave:

Ψi(r) = Aeiki·r, (3.3)

where A is a constant of normalization. As the nuclear force intervening in
the scattering process acts on distances of the order of 10−4 - 10−5 Å and the
wavelength of thermal neutrons is ≈ 2 Å, the conditions are such that a similar
effect as the one occurring in optical diffraction takes place, and the scattered
neutron wave in the final state f assumes a spherical pattern:

Ψf (r) = Ψi(rj) −bj

|r − rj |
eikf ·|r−rj |. (3.4)

Here, rj is the position of the scattering nucleus and b is the scattering
length, which depends on the specific scattering atom and on the total spin
of the system nucleus-neutron. The wavelength of cold and thermal neutrons
(energies ≈ [0, 25] meV) is of the same order of magnitude as the distances
between atoms in molecules and solids (about 1-10 Å). That’s why cold/thermal
neutrons are suitable for structural determinations. Similar to the diffraction
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of light on a grating, the scattering of neutrons on a regularly constructed
lattice also leads to wave mechanical interference; the angular distribution of
the scattered neutrons eventually creates the diffraction pattern (fig. 3.2),
from which conclusions can be drawn on the crystal structure of the sample of
interest.

 

l l

A

Figure 3.2: Schematic view of the wave/particle duality of neutrons in the
construction of a diffraction pattern. The black flat planes are the wave fronts
of the neutron wave with wavelength λ.

The properties of electrical neutrality and wavelength in the Å range as-
similates neutrons to X-rays. For structural investigations, therefore, X-ray
diffraction is mainly used, because is fundamentally similar, but practically sim-
pler and cheaper than ND. However, neutron scattering offers several additional
advantages, due to intrinsic properties of the neutron as a particle probe that
can be exploited.

One of them is that the scattering cross section σ [m2] for neutrons, which
represents the ability of a system to scatter neutrons, does not depend on the
neutron flux but only on the properties of the scattering atomic nuclei. For this
reason, σ varies from nuclide to nuclide (even from isotope to isotope) and, for
an elastic scattering process with the j-th nucleus whose corresponding atom
is characterized by a certain scattering length b, it is defined as:

dσ

dΩ = b2
j ⇒ σtot =

∫
dσ

dΩdΩ = 4πb2
j . (3.5)

Here Ω is the solid angle into which the intensity of the scattered neutrons
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is expected. It goes by itself that the total cross section σtot would account for
the full solid angle in the 3-dimensional space 4π. From here the value of σtot

in equation 3.5.
In contrast, X-rays are mainly scattered by the electronic clouds around

the nuclei. Therefore, the scattering cross section in this case increases with
the atomic number, and light elements (e.g., H and Li) are almost invisible
in X-ray diffraction patterns [81]. Therefore, the significance of neutron scat-
tering experiments can be increased in a targeted manner through isotope ex-
change. Furthermore, neutrons, unlike photons, have a magnetic moment and
are therefore scattered on magnetic lattices. This property allows for a direct
and straightforward determination of the magnetic structure in a magnetically
ordered material, which would not be possible with X-rays.

On the other hand, through INS neutrons can be used to study dynamics
in matter, such as lattice vibrations and other kinds of excitations. Indeed,
the energy of thermal neutrons (≈ 20 meV) is of the same order of magnitude
of such excitations, which makes INS the standard method for measuring the
scattering of phonons and magnons. The main difference between the INS
method and the previously introduced ND, lays in the fact that the scattering
process involves an exchange of energy ∆E = h̄ω between the probe particle
and the target. In this regard the initial i and final f state of the neutrons
before and after the scattering process, characterized by a certain energy E
and a certain wave vector k, will not be equal:

Ψi(ki, Ei) ̸= Ψf (kf , Ef ). (3.6)

Here Ψ indicates the wave function that describes the state of the incoming
and outgoing neutrons. These circumstances have to be taken into account
when defining σ which, in the occurrence of an inelastic scattering process, is
expressed in terms of a double differential cross section integrated with respect
to the final energy Ef :

dσ

dΩ =
∫

d2σ

dΩdEf
dEf ⇒ σtot =

∫ ∫
d2σ

dΩdEf
dΩdEf . (3.7)

The most general explicit expression for the double differential cross section
d2σ

dΩdEf
, in the case of an inelastic scattering process which considers a system

of many atoms of different kinds (i.e., with different scattering lengths b) which
has a time t dependence, can be written as follows:
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d2σ

dΩdEf

∣∣∣∣
kin→kfi

= 1
N

kfi

kin

∑
γ,γ′

⟨b∗
γ⟩⟨bγ′⟩

∑
i∈γ,j∈γ′

1
2πh̄

∫ +∞

−∞
⟨e−i[Q·Ri(t)]ei[Q·Rj(0)]⟩eiωtdt

+ 1
N

kfi

kin

∑
γ

[⟨b2
γ⟩ − ⟨bγ⟩2]

∑
i∈γ

1
2πh̄

∫ +∞

−∞
⟨e−i[Q·Ri(t)]ei[Q·Rj(0)]⟩eiωtdt.

(3.8)

Here, N is the number of nuclei in the sample; kfi and kin
1 are the wave

vectors of the outgoing neutron in the final state and the incoming neutron
in the initial state respectively; the coefficients γ and γ′ indicate the different
elements in the sample (i.e., nuclei of different type); the subscripts i and
j denote different positions for the scattering centers; Q is the momentum
transfer between the neutron and the target (also called scattering vector), and
is given by Q = kfi − kin (see also fig. 3.3); ω is the frequency associated to
the energy exchange during the interaction. In practical terms, the time integral
components in equation 3.8 express the energy and momentum conservation
before and after the collision. Since the sum

∑
γ,γ′⟨b∗

γ⟩⟨bγ′⟩ is done over the
average values of correlation lengths of different type, the first term of equation
3.8 represents a correlation in time between the positions of distinct nuclei of
the sample. This type of scattering is related to the interference between
the waves produced by the scattering of single neutrons by the nuclei. The
other term instead, containing the sum of the square terms

∑
γ [⟨b2

γ⟩ − ⟨bγ⟩2],
expresses the correlation over time of the positions of a single atom with respect
to itself.

The former interference term gives information on the positions of different
atoms with respect to each other, therefore, it is commonly associated with
the concept of coherence; the latter square term instead, traces the dynamics
of a single atom and does not provide any collective information, therefore,
it is associated with the concept of incoherence. The differential cross sec-
tion in equation 3.8 can be then reduced to an implicit expression given by
the combination of a coherent (coh) and an incoherent (inc) scattering cross
sections:

1To avoid confusion, the subscripts in and fi are always used in this thesis, instead of the
subscripts i and f , to indicate the initial and final state in equations containing the indexes
i, j and such.
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d2σ

dΩdEf
= σcoh

4π
kfi

kin
S(Q, ω) + σinc

4π
kfi

kin
Sinc(Q, ω) (3.9)

Here, the factor S(Q, ω), called dynamical structure factor, contains the
terms that express the relative positions and dynamic interactions of the com-
ponents of the system during the collision. In an INS experiment S(Q, ω) is a
factor of utmost importance, since it dictates the distribution of the observed
scattering intensity.

In the case of an elastic scattering process, the general expression of the
differential cross section for a system of many atoms with different scattering
lengths bi distributed in space can be written as follows:

dσ

dΩ

∣∣∣∣
elastic

= e(−2T )

∣∣∣∣∣∣
∑
i,j

bi e
i[Q·(Rj+ri)]

∣∣∣∣∣∣
2

. (3.10)

Here T (also called Debye-Waller factor or thermal displacement parameter)
is a correction factor that accounts for small displacements of atoms from their
ideal position in the lattice.This effect is due to the thermal vibrations that
realistically will occur in matter even at low temperatures. As we will see
later on in section 3.1.1, since the effect of the thermally vibrating nuclei in
their interaction with the elastically scattered neutrons is to slightly modify the
neutron wave’s phase, the correction introduced by the Debye-Waller factor
affects the intensities of the diffraction peaks. The position vector Rj refers
to the j-th unit cell, while ri refers to the position of the i-th atom. This
expression can be re-written by separating the indexes related to the atomic
positions and the unit cell:

dσ

dΩ

∣∣∣∣
elastic

= e(−2T ) |FN (Q)|2
∣∣∣∣∣∣
∑

j

ei(Q·rj)

∣∣∣∣∣∣
2

. (3.11)

Here the term FN (Q) =
∑

i bi e
i(Q·ri) is called nuclear structure factor

and is, to some extent, the static counterpart of S(Q, ω). Indeed, FN (Q)
depends only on the mutual position of atoms in the unit cell and, in a neu-
tron diffraction experiment, dictates the distribution of the scattered neutron
intensities.

In substance, an INS experiment, which foresees a non zero momentum and
energy transfer in the scattering process, measures the dynamic structure factor
S(Q, ω), while a ND experiment, which deals with time independent processes,
measures the nuclear structure factor FN (Q).
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3.1.1 Nuclear and Magnetic Diffraction
A diffraction pattern provides structural information and is created by the coher-
ent scattering of neutrons that, impinging on a crystalline sample, are deflected
by the atomic nuclei under a limited number of well-defined angles. Lawrence
Bragg and his father described in 1913 the phenomenon of X-ray diffraction
by crystals, as a phenomenon of reflection by the crystallographic planes [82].
This description is the basis of the famous Bragg’s Law, which establishes a
geometric relationship between rays diffracted by a crystal and its crystalline
planes:

nλ = 2dhkl sin θ. (3.12)

Here, with reference to figure 3.3, λ is the wavelength of the incident ra-
diation; dhkl is the inter-planar distance as defined in the previous chapter; θ
is the angle formed by the incident and diffracted radiation with the family
of scattering planes. The Bragg’s law expresses the condition of constructive
interference between waves spread elastically by a crystal, and is derived from
simple trigonometric considerations for diffracted beams with a optical path
difference of 2dhkl sin θ. The fundamental concepts of diffraction hold for both
X-ray and neutron diffraction, however from now on we will refer to neutron
diffraction specifically. This choice is made to ensure a smooth transition of
the discussion towards magnetic diffraction, which will be introduced later on
in this section and concerns neutrons but not X-rays.

d t

q q

2q

Incoming 
beam

Diffracted
beamScattering

Vector Q

D
ire

ct
 b

ea
m

Path
difference

= 2dsinq = t

kin kfi

kin

kfi

Figure 3.3: a) Schematic representation of the elastic scattering process for a
visual reference in the description of the Bragg’s law in equation 3.12.

Once the conditions of the Bragg’s law are fulfilled, diffraction peaks of var-
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ious intensity can be detected by counting the number of neutrons diffracted
at different 2θ angles. In order to reconstruct the crystal structure from these
peaks it is beneficial to identify the connection between them and the recipro-
cal space. Such connection can be found by means of a kinematic argument,
assuming the conservation of energy and momentum during the neutron’s scat-
tering process. The momentum conservation yields:

h̄kin = h̄kfi + h̄Q. (3.13)

The energy conservation yields:

E = Ein − Efi = h̄2

2mn
(k2

in − k2
fi) = h̄ω. (3.14)

Since in an elastic scattering process the energy transfer is zero E = 0
and the modulus of the incoming wave vector is the same as the outgoing one
|kin| = |kfi|, a simple trigonometric argument allows to extrapolate a direct
correspondence between the momentum transfer Q, and the scattering angle
2θ:

Q = 2kinsinθ = 4π
λin

sin θ. (3.15)

Therefore, to each Bragg peak scattered at an angle 2θ, it is possible to
directly associate a point in momentum space, which will correspond to a family
of crystallographic planes (labelled by Miller indices) that ultimately reflect the
symmetry and periodicity of the crystal under investigation. Indeed, in the
process of solving crystal structures, the position of the Bragg peaks in Q space
is used to deduce the size and shape of the crystal’s unit cell, while intensity
of such peaks is related to the mutual positions of the atoms in the unit cell.
The atomic positions indeed determine the orientation of the crystallographic
planes, which affects the scattering angle of the diffracted neutrons, i.e., the
phase coherence of the outgoing neutron waves. In practice, scattered neutron
waves that are perfectly in phase with each other (constructive interference)
produce diffraction peaks with higher intensities with respect to neutron waves
that are slightly out of phase (destructive interference).

Powder samples VS Single crystals

A crystalline structure is uniquely determined by the position and relative in-
tensities of the Bragg peaks in its diffraction pattern. Although the statements
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asserted so far have a general validity, in practice, when it comes to the ex-
perimental measurements, a number of methodological differences exists when
probing polycrystalline samples versus single crystals. A diffraction measure-
ment on the latter specimen, provides direct access to the reciprocal space
points in (h k l) coordinates (also called reciprocal lattice units r.l.u.). These
points are accessible by physical rotations of the sample (i.e., angular scans) in
the real space which, for certain orientations of the crystal with respect to the
incoming diffraction beam, satisfy the constructive interference condition and
Bragg peaks will appear. If the measurement system allows short data collec-
tion time (i.e., XRD on small crystals), it is possible to construct diffraction
patterns constituted by the full 3-dimensional map of the reciprocal space in
r.l.u., with all the possible scattering angles and sample orientations. This mas-
sive amount of information straightforwardly enables to recover the underlying
dimensions of the crystal lattice. In the structural analysis of this kind of data,
the intensity of the Bragg peaks in their respective r.l.u. sites is compared with
all the possible reflections that are equivalent with respect to certain symmetry
operations, that ultimately allow to identify the space group of the crystal.

This method was used for the structural characterization of LaPt2Si2 single
crystal in paper 10 of this thesis. Once the structure is known, single crystal
diffraction can be used for alignment purposes with, e.g., ND on large crys-
tals. This alignment procedure is carried out by targeting a single crystal with
a monochromatic neutron beam on a two axis diffractometer. Here, by rotat-
ing the crystal with respect to the incoming beam, and setting the position
of the neutron detector in correspondence of the 2θ angle where the desired
Bragg reflection is expected, it is possible to fully characterize the orientation
of the crystal lattice, with respect to its macroscopic crystal shape, with just
two reflections. Alignment is an indispensable preliminary step for any single
crystal investigation because, as already remarked several times in this thesis,
the physical properties of solid condensed matter are intimately related to its
structure. In fact, the observables that allow the experimentalists to identify
the features of the physical phenomenon they want to investigate, will appear
in specific points of the reciprocal space.

Therefore, ”being lost in the momentum space”2, while not knowing the ori-
entation of the crystallographic axes, is analogous to ”vainly wander through a
dark maze”3, while unsuccessfully looking for hints of the physical phenomenon
of interest. Preliminary alignment of two large LaPt2Si2 single crystals were
carried out for the INS measurements presented in paper 11 of this thesis.

Polycrsytalline samples (also called powders in this thesis) are easier to han-
dle with respect to single crystals. This is due to the random orientation of the
crystallites that constitute their grains, which allow all the possible orientations

2Expression attributed to Prof. Martin Månsson.
3Expression attributed to Galileo Galilei, see the Introduction of this thesis.
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of the unit cell to be statistically present. Therefore, the conditions for con-
structive interference of the diffracted beams are satisfied without the necessity
of alignment. Additionally, the synthesis of good quality powder samples is
known to be remarkably less demanding than the growth of good quality single
crystals, making the former specimen more accessible for possible experimental
measurements. However, there is no free lunch, and these advantages of powder
samples are achieved at the cost of a much less straightforward data-handling
with respect to single crystals. Indeed, due to the isotropy in the orientations
of the crystallites, individual intensities cannot be measured in powder diffrac-
tion. Here, the constructive interference between diffracted beams from the
same lattice planes, averaged over all the possible orientations of the crystal-
lites, creates a conical radiation distribution resulting, on a 2-D detector, in
a circular diffractogram called diffraction ring [83], [84]. Consequently, since
symmetry-equivalent reflections will have the same d-spacing and, therefore,
same Miller indices, possible ambiguities in the interpretation of the final struc-
tures can eventuate. A powder diffraction pattern usually appears as a xy plot,
having the intensity of the diffracted neutrons represented as a function of the
scattering angle formed by the incoming beam direction and the ring (i.e., the
2θ). In the papers presented in this thesis (i.e., paper 1, 2, 3, 4, 6, 7), the
diffraction patterns for powder samples are always displayed as a function of
Q, which can be obtained from 2θ with equation 3.15. However, also other
representation choices can be opted for, depending on the experimental set-up
(e.g., d-spacing, time of flight).

To exemplify the typical appearance of single crystal and powder diffraction
data, figure 3.4 displays the comparison between such patterns measured on
the samples presented in this thesis (i.e., LaPt2Si2 for the single crystal pattern
and NaCr2O4 for the powder pattern).

The analysis of a diffractogram for powder samples consists of several stages.
The first step in the structural determination is to associate to each peak their
Miller indices in a process called indexing. Bragg peaks are usually indexed
with automated procedures and, at the end of the process, the most probable
unit cell parameters (a, b, c), angles (α, β, γ) and space groups, compatibly
with the measured peaks, will be provided. The space group is then determined
by comparing the observed intensities with the ones calculated via the Le Bail
method [89], for different possible space groups, with a trial and error approach.
The best matching unit cell is therefore refined and the atomic arrangement in
the structure can be finally resolved and refined with the Rietveld method [90],
[91]. This method, which constitutes the foundation of the Le Bail method, is
based on the idea of minimizing the weighted squared difference RwP , defined
as:
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Figure 3.4: The left panel shows the hk plane of LaPt2Si2 measured with an
in-house X-ray diffractometer in the material characterization laboratory of
the Department of Materials and Environmental Chemistry in Stockholm
University. The plot has been produced with the software CrysAlisPro [85].
The right panel shows the intensity of the scattered neutrons on a NaCr2O4
powder sample as a function of the scattering angle 2θ, measured with the
neutron diffractometer HRPT at PSI [86], [87]. The plot was produced with
the software FullProf [88].

RwP =

√∑
i wi (yi,obs − yi,calc)2∑

i wi (yi,obs)2 . (3.16)

Here, yi,obs and yi,calc are the experimentally observed scattering profile
and the calculated one respectively; the index i is referred to the points on the
pattern. The calculated profile is modeled according to the following expression:

yi,calc = S
∑
K

LK |FK |2 Ω(2θi − 2θK) PK A + yi,BG. (3.17)

Here, the index K refers to the Bragg peaks whose intensity contributes to
the intensity of the i-th point in the diffraction pattern; S is a calibration factor
to adjust the scale of the calculated pattern to the measured one (i.e., the
scale factor); LK contains the Lorentz polarization factor, that depends on the
diffraction geometry, and the multiplicity factor, which accounts for the multiple
reflections generated by symmetrically equivalent points in reciprocal space; FK

is the nuclear structure factor for the K-th Bragg peak; Ω(2θi−2θK) is a profile
function which models the K-th peak shape in the i-th point in the diffraction
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pattern, and accounts for several effects due to the specific measurement instru-
ment and sample shape; PK is a preferred orientation correction factor, which
accounts for possible anisotropy of the powder grains due to specific symmetry
properties of the sample; A is an absorption correction factor, which accounts
for the element-dependent absorption cross section for neutrons in the sample
of interest; yi,BG is the background offset in the scattering profile. Within this
general model for the calculated scattering profile, several parameters are re-
fined during the data analysis process for crystal structure determination. Such
parameters are, e.g., the atomic positions in fractional coordinates, the unit cell
parameters, the thermal displacement parameters, the parameters of the profile
function and so on.

Although neutrons are uncharged they possess magnetic moment, therefore,
from their interaction with the electronic magnetic moments of their scattering
centers, it is also possible to obtain information about the microscopic magnetic
structure of a material. Magnetic neutron diffraction is actually one of the
most direct tools for magnetic structure determination, and it was widely used
in many of the papers presented in this thesis.

Magnetic Diffraction

Being a spin-1/2 particle, when passing close to another magnetic particle (e.g.
electrons in matter) the neutron feels a force of magnetic origin. Most of the
electrons in matter are coupled so that the magnetic moment of the couple
is zero, however, in certain compounds there are unpaired electrons, which
can also be responsible for a non-zero net magnetization in the material [92],
[93]. Neutrons are scattered by their resulting magnetic moment, therefore,
diffraction experiments can be used to measure the density of unpaired electrons
between the atoms of a solid [94]. In quantum magnets, the moments of
unpaired electrons in atoms tend to align themselves spontaneously, in a so
called static long-range magnetic order. This is because electrostatic exchange
interactions are naturally established among them to minimize the energy of the
system [95]. Beyond their orbital angular momentum, electrons in atoms carry
an intrinsic form of angular momentum (i.e., spin) with spin quantum number
s = 1/2 [96], which dictates the type of magnetic interaction that can occur.
Indeed, by virtue of the Pauli exclusion principle (i.e., two electrons cannot be
in the same quantum state) the wave function that describes the state of two
coupled electrons can only be antisymmetric for their exchange, leading to only
two possible states for the coupled system (triplet and singlet). The interaction
between two such particles, extended to a system of many electrons, is very
elegantly described by the Heisenberg Hamiltonian [97], [98]:
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H = −1
2
∑
i,j

Ji,jSi · Sj , (3.18)

where Ji,j is a coupling constant, that expresses the exchange energy for
the interaction between nearest neighbor localized spins, in the i-th and j-th
lattice site; Si and Sj are the quantum mechanical spin operators for a given
spin quantum number s, which can be 1

2 , 1, 3
2 , 2 etc. depending on how many

unpaired electron the atom contains; the factor 1
2 is needed avoid accounting

for each interaction twice. Depending on the form of J , different types of ex-
change interactions can be established in a crystal. Among them, the exchange
mechanisms that are relevant to the results of this thesis are: direct exchange
(between two nearest neighboring magnetic ions), superexchange (between two
next nearest neighbor magnetic ions, with the intermediate intervention of a
non-magnetic atom between them), double exchange (between magnetic ions,
with different orbital filling configurations, which involves the hopping of one
electron between them) and anisotropic exchange (mediated by spin-orbit cou-
pling in absence of an inversion symmetry center between the two magnetic
ions).

These ordered moments give rise to Bragg diffraction of neutrons in a similar
way as nuclei do. Moreover, the Bragg reflection from magnetic scattering has
the same intensity as that nuclear scattering because the nuclear and magnetic
interaction have the same magnitude. The only difference between the two
phenomena is that the magnetic scattering is not isotropic, due to the dipolar
nature of the magnetic interaction. Indeed, only the magnetization component
of the sample that is perpendicular to the scattering vector Q is effective in
the magnetic scattering process. More specifically, for magnetic diffraction, the
scattering cross section can be conveniently written as:

dσ

dΩ =
(
mn

2πh̄2

)2 ∑
sf

ps

∣∣∣⟨kfsf |V̂ (r)| kisi⟩
∣∣∣2 , (3.19)

where ps represents the probability of the initial neutron spin state; k and
s represent the neutron momentum and spin state respectively; the subscripts
i and f identify the state of the neutron before (initial) and after (final) the
scattering process; V̂ (r), given by:

V̂ (r) = −µn · B(r), (3.20)

is the potential energy of the scattering neutron, with magnetic dipole mo-
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ment µn = −γµN σ̂4, in a magnetic induction field B generated by the elec-
trons of the scattering centers. Since in this thesis we only worked with unpo-
larized neutrons, the evaluation of the matrix element

∣∣∣⟨kfsf |V̂ (r)|kisi⟩
∣∣∣ that

contains all the physics of the process, can be carried out while disregarding the
spin state of the neutrons. Indeed, this parameter will be averaged over all the
possible spin states, therefore, only the momentum transfer Q = ki − kf will
be taken into account. By explicitly calculating B(r) it is possible to derive
the form of the total magnetic interaction potential for all the electrons in the
system:

V (Q) = − 4γµ0µBµN σ·

·
∑

j

{
ei(Q·rj)[Q̂ × (sj × Q̂)]

}
spin

+
{

i

h̄Q
ei(Q·rj)(pj × Q̂)

}
orbit

,

(3.21)

Here, sj and pj are the spin and momentum of the electron in the j-th
scattering center in the position rj ; the terms in the multiplication factor in
front of the sum come from the explicit expression of µn; µB and µ0 are the
Bohr magneton and the magnetic permeability in − vacuo respectively. This
constant multiplication factor, which can be rewritten as γr0 (where r0 is the
classical electron radius), has the units and magnitude of a typical nuclear scat-
tering length, which is why we say that the strength of the magnetic scattering
is comparable to that of the nuclear scattering. Equation 3.21 shows that V (Q)
is given by the combination of two distinct spin and orbit components. Looking
at the vector products in the spin term, it is clear that the component of sj

which is parallel to Q does not contribute to V (Q), which is why we say that
the neutrons can only see the magnetization component of the sample that is
perpendicular to Q. This aspect is particularly relevant when measuring sin-
gle crystal samples, which will have a specific orientation with respect to the
incoming neutron beam. In polycrystalline samples instead (such as the one
presented in this thesis), due to the arbitrary orientation of the crystal grains,
the average value of the full moment axial vector can be determined at once.

Ultimately, accounting for the fact that the magnetic moment of the un-
paired electron in atoms are not point-like quantities, but there will be a certain
spin density s(r) around their crystallographic sites R, the elastic magnetic
scattering cross section can be written as:

4Here, γ is a constant equal to ≈ 1.91 coming from the empirical estimation of the free
neutron’s magnetic moment [99]; µN , given by eh̄

2mp
, is the nuclear magneton; σ̂ is the Pauli

spin operator dictating the orientation of the neutron moment.
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dσ

dΩ

∣∣∣∣
mag

∝ f2(Q)
∫
S⊥(Ri) S∗

⊥(Rj) ei[Q · (Ri−Rj)] · dR. (3.22)

This expression tells us that neutrons probe the mutual influence that the
i-th and j-th magnetic moment with total spin S have on each other (i.e., the
magnetic correlations between ions). Here, f(Q) is a term that accounts for
the space distribution of the electrons around the atoms in the lattice and is
called magnetic form factor :

f(Q) =
∫
s(r) ei(Q·r) · dr. (3.23)

Here, with r we denote the coordinates of the area around the atomic
position R where s(r) ̸= 0. It can be shown that f(Q) has its maximum
amplitude for Q = 0 Å−1, which rapidly decreases as Q increases [100]. For
this reason, as seen in papers 1, 4, 6 and 7 attached of this thesis, the magnetic
reflections in a neutron diffraction pattern always appear in the low-Q region.

By virtue of the arguments here presented, it can be said that neutron scat-
tering is sensitive to the magnetization direction in the material, and also to its
spatial distribution [101]–[103]. By way of example, in an ideal ferromagnetic
material, magnetic and nuclear Bragg peaks will be overlapped over the same
Q-values since the size of the magnetic unit cell will be the same as the nuclear
one. In an ideal antiferromagnetic material instead, which has unpaired elec-
trons in alternating arrangements, the distance between the crystallographic
planes associated to the magnetic moments is twice that of the atomic planes.
Therefore, the Bragg’s law for the magnetic reflections is satisfied for scat-
tering angles whose sine is half with respect to the nuclear scattering angles.
In this way the magnetic and nuclear contributions to the diffraction pattern
can be easily separated since half of the magnetic Bragg peaks will be posi-
tioned halfway between two corresponding nuclear peaks, while the other half
will coincide.

When determining a magnetic structure [104], the moment is usually repre-
sented in terms of its projections along the crystallographic axes. Such projec-
tions can be therefore described in terms of a basis vector, decomposed along
the crystallographic axes (i.e., the orientation of the magnetic moment in the
real space). In general, the projections of the moment Ψ are given by a linear
combination of complex basis vectors ψ for a given propagation vector k:

Ψj =
∑

ν

Cνψν . (3.24)
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For simple magnetic structures it is possible to escape the propagation vector
formalism and use a description based on a magnetic unit cell (similarly to what
is done for the nuclear phase). However, since the k-vector formalism is more
general (and was the one actually used in this thesis), the magnetic structure
determination method based on k will be our focus here. In this regard, the
magnetic phase is described using the unit cell, determined for the nuclear
phase, and a k-vector which contains information about the spin orientation
of equivalent magnetic ions through the nuclear unit cell. In this sense the
propagation vector expresses the periodicity of the magnetic cell and, therefore,
in analogy with the plane-wave approach of the nuclear scattering, and given
the translation vector G of the crystal lattice, the moment distribution of the
j-th magnetic atom for a single k-vector can be expanded in a Fourier series
as:

mj = Ψk
j e

2πi (k·G). (3.25)

Once the basis vector and the propagation vector are known, equation 3.25
provides a full description of the measured magnetic structure. In the results of
this thesis, the determination of k was always carried out with a trial and error
approach, testing different possible propagation vectors that would be compat-
ible with the observed magnetic Bragg peaks and with the nuclear unit cell. In
practical terms, the process of finding k is similar to the indexing and space
group determination for the nuclear cell. At this point, the basis vectors will
be determined trough a symmetry analysis of the magnetic structure, i.e., we
need to find the magnetic structure which is simultaneously compatible with
all the symmetry operations that leave k invariant. The group that contains
all such symmetry elements is conventionally labelled as Gk, and is called the
little group for a given propagation vector k. As already mentioned in the
previous chapter of this thesis, it is possible to represent symmetry operations
with matrices. Therefore, we call Irreducible Representations (IRreps) of the
little group Gk, all those orthogonal matrices that describe the transformations
of the moments under the action of Gk [105]. Fortunately, nowadays brilliant
computer programs (e.g., FullProf [88]) execute the Group Theory calculations
involved in the symmetry analysis. Therefore, the possible IRreps are auto-
matically provided, based on the nuclear structure and the selected k-vector,
and finally they are tested with a trial and error approach until the best match
between the calculated and measured diffraction patterns is found.

From the components of the magnetic axial vector calculated in the struc-
tural magnetic analysis, it is also possible to estimate the value of the moment
in the measured sample, usually expressed in units of Bohr magneton. Here
it should be noted that in a bonded system of ions, and especially when the
ions are transition metals with partially filled d-orbitals, the orbital contribution
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to the total moment is usually negligible with respect to the spin contribution,
and it is said that the orbital moment is quenched [106]. The reason for the
orbital quenching is that, in these systems, the spin-orbit interaction is much
weaker than the crystal field and, therefore, L is no longer a good quantum
number. Consequently, the modulus of the moment in the ground state will
be solely given by its spin-only value 2

√
S(S + 1) [µB]. Hence, in the papers

attached to this thesis, we often speak in terms of ”arrangement of the spins”
when talking about magnetic order, and the value of the magnetic moment,
estimated from the magnetic structure determination, is always compared to
the spin only value for the specific magnetic ion.

The main tools for this type of investigation (for Q values above the range of
the small angle neutron scattering) are 2-axis diffractometers and time-of-flight
diffractometers, used with pulsed and continuous sources [107]. Both these
types of instruments, although with predominance of time of flight diffractome-
ters, have been used to achieve the results presented in this thesis. Additionally,
among the available softwares for crystal structure determination, FullProf [108]
was the preferred choice.

3.1.2 Neutron Spectroscopy and Lattice Vibrations
Inelastic neutron spectroscopy is widely used in experimental condensed matter
physics for its ability to investigate atomic vibrations and molecular dynamics,
as well as crystalline electronic excitations [109]. The INS results reported in
this thesis concern lattice vibrations in a single crystalline sample, therefore,
the discussion presented in this section, will focus specifically on this aspect of
the possible uses of INS.

Unlike the phenomenology of the elastic scattering process, inelastic scat-
tering occurs when the energy exchange of neutrons with the sample (see eq.
3.14) is non zero, and when the moduli of the initial and final wave vectors
in the momentum transfer through the collision (see eq. 3.26) are different:
|kin| ̸= |kfi|. Figure 3.5 shows a schematic representation of the inelastic
scattering process in real space. Both the cases in which the incoming neutron
loses or gains energy in the interaction with the scattering center are presented.

In this condition, the scattering vector Q identifies a point, ̸= Γ, within
the Brillouin zone in the reciprocal space which does not correspond anymore
with the position of the elastic Bragg peak. With reference to figure 3.6, if
the G-vector identifies the position of the center of the Brillouin zone in which
the inelastic scattering process occurs, and the vector q identifies the distance
between the Γ-point and the scattering point, the scattering vector Q can be
written as:

Q = kin − kfi = G + q. (3.26)
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Figure 3.5: Schematic representation of the inelastic scattering process in the
energy loss and energy gain case. The grey dashed lines represent the elastic
case.
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Figure 3.6: Schematic representation of the inelastic scattering process in the
reciprocal space for a simple 2D square lattice. The point (0 0 0) denotes the
origin of the lattice.

The set of values for the Q-vector that can be studied in a scattering
experiment, as a function of the energy E = h̄ω exchanged between the neutron
and the atom, is not arbitrary but is given by the so-called kinematic range of
the scattering process. This range, which is a direct consequence of the neutron
energy and momentum conservation (see eq. 3.14 and 3.26), is given by:
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Q

kin
=

√
1 +

(
1 − E

Ein

)
− 2 cos(2θ)

√
1 − E

Ein
. (3.27)

The extent of this region delimits the area in momentum-energy space that
is actually accessible with an INS experiment as well as the resolution of the
momentum and energy transfer [110].

The inelastic scattering of neutrons with the nuclei occurs, among other
things, because in a real crystal the nuclei are not fixed in their sites in the
lattice, but oscillate around their equilibrium position with vibrational motions.
These vibrations are usually described as normal modes, with a nomenclature
that derives directly from the application of the formalism of quantum mechan-
ics to atomic motion. A system of two bodies of mass m1 and m2, at a distance
r1,2 from each other, linked by an attractive force of the type:

F = k(r1,2 − d1,2)̂i, (3.28)

where k is the elastic constant of the force, d1,2 is the equilibrium distance
between the two bodies, and î is the unit vector defining the direction of F ,
oscillates around the equilibrium position with a frequency ν given by:

ν = 1
2π

√
k

2
m1 +m2

m1m2
. (3.29)

This is, in a nutshell, the description of the classic harmonic oscillator which,
among its possible states, foresees the state of rest, in which both masses are
still at the equilibrium distance and the total energy of the system is zero. In
quantum mechanics though, the value of the total energy E of the harmonic
oscillator, as well as the amplitude of the oscillations, depend on the value of
the positive integer K:

E =
(
K + 1

2

)
hν. (3.30)

According to this definition, the lowest possible energy state (i.e., the zero-
point energy E0) is obtained for K = 0, but is not zero E0 ̸= 0.

In solid condensed matter, where the atoms are bonded together in the
crystal structure forming an (ideally) infinite set of harmonic oscillators, their
distribution on all possible vibrational states ni follows the well-defined Bose-
Einstein statistics (i.e., they behave like bosons),
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⟨ni⟩ = gi

e
ϵi−µ

kT − 1
, (3.31)

which is a function of temperature. The higher is the latter thermodynamic
variable, the higher the probability that a given oscillator will be in an excited
vibrational state with a high value of K. At the absolute zero temperature,
all the oscillators are in the ground state with K = 0 and have energy E0.
Therefore, even at T = 0 K, atoms are not stationary but vibrate around their
respective equilibrium positions with collective motions that take the name of
vibrational normal modes5. The various types of modes in which the atoms can
move depend on the internal balances of the energies of the system, and on the
symmetry of its crystal structure. Indeed, structural symmetry imposes certain
constraints on the symmetry of the inter-atomic potential (and vice versa)
which, in turn, determines the constraints on the shape of the vibrational normal
modes. In the simple one dimensional case of N coupled harmonic oscillators,
represented by a one-dimensional mono-atomic crystal with N atoms placed
at mutual distance a, and interacting through a harmonic potential, the N
equations of motion that describe the dynamic of the system6 have solutions
that can be expressed by wave functions of the type:

uj(t) = Aei(qja−ωqt). (3.32)

Here, A is the amplitude of the oscillation; qj is the wave vector defining its
propagation direction; ω is the pulsation of the oscillation. The solution uj(t)
is a complex quantity in which Re(uj(t)) represents the physical displacement
of the j-th atom in the chain, while Im(uj(t)) represents the phase of its
vibration. A solution of the type 3.32 defines a wave that describes the collective
motion of the system of N coupled oscillators. Such oscillators will have the
same oscillation frequency and transmit a vibrational wave, whose maximum
amplitude is given by A.

In a finite crystal uj(t) is subjected to boundary conditions (i.e., Born-Von
Karman conditions) which represent the periodicity of the function. By virtue
of this constraint, it can be inferred that q can assume only discrete values
q = 2πn

aN , with n positive integers. By solving the equation of motion, via the
solution in equation 3.32, it is then possible to obtain a relationship between q
and the pulsation ω, i.e., the dispersion relation:

5The modes are ”normal” in the sense that they can move independently, i.e., an excitation
of one mode will never cause the excitation of a different mode. This is a consequence of
the fact that the normal modes are orthogonal to each other. In other words, the harmonic
oscillators in the system are independent.

6Müj(t) = k(uj1(t) + uj+1(t)2uj(t)) where M is the atomic mass and k is the elastic
constant of the harmonic potential.

46



3.1. NEUTRON SCATTERING

ωq = 2
√

k

M

∣∣∣sin(aq2 )∣∣∣ . (3.33)

By virtue of the periodicity of crystalline solids, the study of the dispersion
relation can be limited to the first Brillouin zone without loosing generality.
Equation 3.33, for a one-dimensional mono-atomic system of N atoms of mass
M, can be generalized to a one-dimensional bi-atomic system of 2N atoms of
mass M1 and M2. In this regard, it is possible to decompose the 2N normal
modes of the first Brillouin zone into two distinct branches, the optical one
and the acoustic one. For the acoustic branch, in the limit for q → 0 the
dispersion relation becomes linear. This implies a limiting speed for the prop-
agation of vibrational waves of large wavelength λ → ∞, coinciding with the
speed of sound, hence the definition ”acoustic”. While acoustic modes propa-
gate coherently in phase, the optical modes arise from the oscillations of the
two atoms M1 and M2 in phase opposition. This phenomenon induces a dipole
moment (given that M1 and M2 are charged ions) which strongly interacts with
electromagnetic radiation in the infrared region, hence the definition ”optical”.
These simple models can be extended to the realistic case of three-dimensional
crystals with complex pluri-atomic structures of PN atoms. In these kind of
systems there will be 3PN normal modes, with 3N acoustic and 3(P-1)N op-
tical branches. The tri-dimensional spatial oscillations originate a longitudinal
pressure-wave mode and two transverse modes, for each wave vector q. This
nomenclature derives by the fact that, in 3 dimensions, the modes are also char-
acterized by a polarization state with vector eq,p [111]. In longitudinal modes
eq,p ∥ q while in transverse modes eq,p ⊥ q. The motion of each atom will
therefore be given by the superposition of all the displacements arising from all
normal modes active in the crystal.

A quantum of energy in a normal mode (i.e., a quantum of lattice vibration)
is called phonon. In the quantum mechanical treatment of normal modes, the
wave function describing phonons in a tridimensional mono-atomic crystal is
given by:

uj(t) =

√
h̄2

2NM
∑
q,p

eq,p√
ωp(q)

[
aq,pe

i(q·rj−ωp(q)t) + a†
q,pe

−i(q·rj−ωp(q)t)
]
.(3.34)

Here, the subscript p represents the branch index (i.e., its polarization)
and varies between 1 and 3; j varies between 1 and N; M is the mass of
the single atom; rj is the position of the j-th lattice site; aq,p and a†

q,p are the
annihilation and creation operators respectively. The functions in equation 3.34
are eigenstates of the phonon Hamiltonian H, whose eigenvalues Eq,p are the
allowed energies for the single quantum oscillator (i.e., the phonon itself):
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H =
∑
q,p

h̄ωp(q)
(
a†

q,paq,p + 1
2

)
⇒ Eq,p = h̄ωp(q)

(
νq,p + 1

2

)
. (3.35)

Here, ν is a positive integer and represents the vibrational quantum number.
In the paper 11 attached to this thesis, we measured the transverse acoustic
phonon branch in single crystalline LaPt2Si2 with INS, to observe signs of charge
density wave phase transition in this material.

Since phonons are collective modes, in a vibrational spectroscopy experiment
we are interested in the coherent part of equation 3.8, while the incoherent part
is considered background:

d2σ

dΩdEf

∣∣∣∣
coh

= σcoh

4π
kfi

kin
S(Q, ω). (3.36)

Here, the coherent dynamic structure factor S(Q, ω) is the Fourier trans-
form of the pair correlation function, G(r, t) [112], which describes how the
correlation between two particles evolves with time. This quantity can be clas-
sically interpreted as the probability that an atom, initially placed in the origin
of the reference system (r0 = 0) in an instant of time t0 = 0, can be found in
the position r after a certain time t:

S(Q, ω) = 1
2πh̄

∫ ∫
G(r, t)ei[(Q·r)−ωt]drdt. (3.37)

An INS experiment can be carried out in direct geometry (i.e., the energy
of the incoming neutron Ein is pre-defined and its difference with the energy of
the scattered neutrons Efi is measured) or in inverse geometry (i.e., the energy
Efi is pre-defined and its difference with Ein is measured). In both cases, the
intensity of the scattered neutrons I follows the relation:

dI(Q, ω)
dω

= Φin

(
N
σcoh

4π
kfi

kin
S(Q, ω)

)
∆Ω∆E. (3.38)

Here, dI(Q,ω)
dω represents the neutron counts per unit of frequency/energy;

Φin represents the flux of the incoming neutron beam; the term
(
N σcoh

4π
kfi

kin
S(Q, ω)

)
contains the dynamic properties of the sample and the information about the
nuclei-neutrons interaction; ∆Ω∆E are the solid angle and energy window de-
pending on the collection and detection of the scattered neutrons (i.e., the
resolution of the instrument). There is no specific way/software to treat INS
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data, the idea is to follow the scattered intensities and outline the dispersion
relation from which the dynamical state of the system can be deduced (i.e.,
its Hamiltonian). Usually, the experimentalists in the INS community program
their own scripts, using languages such as Python, but it is also possible to per-
form energy or momentum cuts/scans through the data and manually fit the
observed intensities with damped harmonic oscillators lineshapes [113] (when
measuring phonons). This is generally true with the exception of cases when
dedicated software packages are created for specific necessities [114], or if large
amounts of data need to be handled [115].

The conventional ways to determine neutron energies are essentially two:
either the speed of the neutron is determined by measuring its time of flight
over a known distance (which requires pulsed beams), or by determining the
neutron wavelength through crystalline diffraction (which requires monochro-
matic beams). Modern spectrometers typically use a combination of the two
methods to fix one of the two variables Ein or Efi and measure/vary the other
(time of flight-ToF spectrometers work in this way). On the other hand, the
most traditional (and I think also pedagogical) method to measure INS is the
triple axis spectrometry (TAS), which exploits only the Bragg’s law both in
direct and inverse geometry [116]. Here, the experiment is carried out by vary-
ing, with respect to the neutron beam, the orientation of the monochromator
(first rotational axis), of the sample (second rotational axis) and of the analyzer
(third rotational axis), to selectively detect only the scattered neutrons with a
certain difference in wavelength with respect to their initial state. By varying
the position of the detector on different scattering angles, it is possible to map
the momentum and energy transfer space point-by-point.

In ToF instruments, the initial kinetic energy of the neutron is chosen by
selecting the velocity of the incoming neutrons, from a white beam, with a
controlled phase delay between two rotating choppers. Large detector banks
then measure the intensity of the scattered neutrons, as a function of their
arrival time, for many different scattering angles at once.

A schematic representation of a ToF and a TA spectrometer is displayed
in figure 3.7. Here the schematics belong to the instruments HRC in J-PARC
[117] and EIGER in PSI [118], which were actually used for the experimental
results in the paper 11 of this thesis.

Both these instruments have their advantages and drawbacks, and the
choice of one over the other depends on the specific case. The TAS is flex-
ible and the measured intensity is straightforwardly related to the physics of
the system (indeed TA spectrometers are often used for education purposes).
However, since the (Q, E) coverage is limited to a single point per-scan, these
advantages are achieved at the cost of long mapping time. Therefore, to be able
to measure something relevant within the time given for the experiment, the
investigated system needs to be very well characterized in advance. ToF spec-
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Select EinSelect Ein

Measure Efi
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Figure 3.7: Schematic representation of the HRC and EIGER neutron
spectrometers, here reported as practical examples of the ToF and TAS
instrument typologies. Outlines of such instruments are also available on the
related J-PARC and PSI web pages [119], [120].

trometers instead allow large (Q, E) coverage, since they can measure a wide
range of scattered energies, from the white neutron beam, and simultaneously
cover a large solid angle, with large position sensitive detectors. This allows
for measurements that can provide an overview on the excitation landscape of
the measured sample. However, these advantages come to the cost of a long
counting time, because of the low incoming neutron flux due to the ”chopping”
of the beam in the velocity selection process. Additionally, ToF data are not
as straightforward as TA data and, in order to find relevant information, excru-
ciating sessions of cutting and slicing through the 4-dimensional (Q, E) maps
collected might be unavoidable.

A middle ground between the ToF and TA spectrometers is provided by
the more recently introduced multiplexing spectrometers [121], based on the
prismatic analyzer concept. These instrument incorporate analyzer-detector
systems in which several sequential upward scattering analyzer arcs (each of
which is set to a different, fixed, final energy) re-direct the scattered neutrons
towards the position sensitive detectors. In this way, neutrons with different
final energies can be recorded simultaneously over a large angular range. One
of the most promising instruments of this kind currently available is CAMEA
at PSI [122], [123] which, additionally, offers a high energy resolution, without
sacrificing neutron counts. Such feature is achieved with a 1◦ mosaicity for
the analyzer crystals, combined with distance collimation, to record different
energies from the same analyzer. Here the energy resolution can be selected on-
demand a-posteriori, with a simple re-binning of the data. CAMEA, et similia,
overcomes long-acquisition-time issues, typical of INS measurements, which
makes it suitable for parametric studies under extreme conditions. This kind pf
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measurements are very difficult to carry out (sometimes even unfeasible) with
standard INS instruments. This possibility is quite exciting, because it gives
access to a completely new way to look at the physics of condensed matter,
potentially leading to new discoveries on systems that are currently considered
”well established”.

Multiplexing spectrometer
CAMEA detector tank

Figure 3.8: Pictures of the CAMEA neutron spectrometer. The innovative
detector-analyzer system is explicitly highlighted.

A view of CAMEA is displayed in figure 3.8, pictures of the instrument
are also available on the dedicated PSI web page [124]. I witnessed part
of the commissioning and test of CAMEA during my extended stay at PSI
(2021)7. Here, the commissioning was recently completed with the installa-
tion of a new monochromator, the implementation of new features in the data
treatment/data analysis software, and the development of dedicated sample
environments for dilution, high-field and high-pressure measurement (some en-
vironments, currently under development, allow combination of these kinds of
measurements simultaneously). Therefore, the instrument is currently up and
running. My stay at PSI, and my interaction with the local staff, was crucial
in order for me to learn about INS and finalize the papers 10 and 11 of this

7An extended stay of 3 to 6 months, in a well-established international neutron facil-
ity/neutron group, is mandatory within the Swedish neutron scattering doctoral school to
which my project belongs.
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thesis. Often theoretical modelling efforts are coupled to the experimental INS
data for the purpose of interpreting the underlying physical phenomenon. The
modelling aspect was not addressed in the present work.

3.2 Muon Spin Rotation, Relaxation and Reso-
nance

An entirely and fundamentally different story holds when it comes to using anti-
muons µ+ as probe particles to investigate the properties of matter [125]–[127].
Indeed, muons do not scatter with the sample, they rather stop inside it and
”dance” before decaying. Additionally, while in neutron-based experiments the
strong nuclear interaction is exploited through the scattering process, a muon
based experiment exploits the muon decay, which is a process involving weak
interactions.

µ is an unstable lepton, with an average lifetime of 2.2 µs, which possesses
electric charge and spin 1/2. The fundamental interactions of muons are very
similar to the ones of electrons, but, since the mass at rest of the muon is 105.7
MeV/c2 ≈ 207 times the mass of the electron, this particle can be regarded
as a heavy electron [128]. However, due to their excess mass (and, therefore,
energy), muons interact less than electrons with the surrounding environment
(they undergo a less intense acceleration when travelling through electromag-
netic fields, they emit weaker bremsstrahlung radiations when they decelerate in
a medium and such). As a consequence, muons are more penetrating in matter
than electrons. In a Muon Spin Rotation, Relaxation and Resonance (µ+SR)
experiment, muons are produced as a result of the pion π decay [129]–[131]
(see figure 3.9) and, therefore, they are always polarized:

π− → µ− + ν̄µ, π+ → µ+ + νµ. (3.39)

The pions are obtained by hitting a carbon or beryllium target with high
energy protons. Since the total angular momentum should be conserved in the
decay process, µ− always has positive helicity (the muon spin vector is parallel
to the muon’s momentum), while µ+ always has negative helicity (the muon
spin vector is anti-parallel to the muon’s momentum). This intrinsic property of
the muons produced in the pion decay is heavily exploited in µ+SR experiments,
since in this way it is possible to easily produce a 100% spin polarized muon
beam to target the sample of interest.

The research facilities in which is possible to carry out a µ+SR experi-
ment are only four in the world, and are divided between continuous and
pulsed sources: TRIUMF (Canada), PSI (Switzerland) and ISIS (UK), J-PARC
(Japan). In continuous source facilities, the proton beam used to produce the
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Figure 3.9: Schematic representation of the muon production process from
the pion decay. The figure is taken from reference [132].

muons is indeed continuous, allowing the individual detection of the implanted
muons. The advantage of this method is the very small time resolution of the
muon spectra (≈ 100 ps), that allows the detection of high frequency/fast re-
laxing signals. On the other hand, since many muon counts are discarded to
avoid the ”pileup” of events in the spectra, the muon counting rate is restricted
to the single muon lifetime. Therefore, the maximum available time domain
for a muon spectrum in these conditions is no more than ≈ 10 µs. In pulsed
source facilities, the proton beam used to produce the muons is indeed pulsed,
with pulses that are shorter than the muon lifetime (≈ 10 ns) but repeated with
a period that is longer. This method does not allow data collection with high
resolution, since the muons in a single pulse are counted all together. Neverthe-
less, due to the fact that there is no ”pileup” of the muon counts in this case,
it is possible to detect muon events over several muon lifetimes. Therefore,
the maximum available time domain for the muon spectrum in this conditions
can be up to ≈ 25 µs. All the available muon facilities in the world have been
visited to produce the results collected in this thesis.

In general, during a muon experiment, once implanted in the sample, the µ+

spin will be affected by the surrounding magnetic environment in different ways,
depending on the profile of the magnetic field distribution within the sample,
and on the mutual orientation between the muon spin and the field direction.
In the simple case of a homogeneous magnetic field B, the µ+ spin vector will
precede around the direction of B (Larmor Precession). This is because the
magnetic field exerts a mechanical moment M on the spin vector, producing
a gyroscopic motion described by the expression:

M = γL × B. (3.40)
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Here, γL represents the magnetic dipole moment and is given by the angular
momentum L times the gyromagnetic ratio γ. The latter is the proportionality
constant between angular and magnetic moment and its value gives a mea-
sure of the sensitivity of the respective particle to the presence of a magnetic
field8. Therefore, the angular momentum vector precedes around the magnetic
field direction with a certain angular frequency ω = −γB (i.e., the Larmor
frequency) which can be measured directly with the µ+SR technique. Indeed,
after a certain amount of precession turns, the µ+ spontaneously decays (see
figure 3.10) in a positron e+ and two neutrinos ν:

µ+ → e+ + ν̄µ + νe. (3.41)

 = tm

sm

q

a = 1
a = 1/3

+m

(a) (b)

Figure 3.10: Schematic representation of the muon decay, with reference to
equation 3.41. The figure is taken from reference [132].

Here, the high energy positrons are emitted preferentially parallel to the
direction of the muon spin (in the reference frame of the muon), due to the
parity violation in the muon decay [133]. In this regard, we will say that the
muon decay is asymmetric and the angular distribution p(θ) of the positrons
emitted with an angle θ, with respect to the initial direction of the muon spins,
is given by:

p(θ) ∝ 1 + a0(ϵ) cos(θ). (3.42)

Here, the asymmetry term a0(ϵ) is a function of the normalized energy of
the emitted positron ϵ = Ee+

Ee+
max

with Ee+

max = 52 MeV. The ideal average value
of the asymmetry of the muon decay over the possible values of 0 < ϵ < 1 is
1
3 .

The frequency of the Larmor precession can be then measured by counting
the number of emitted positrons, above a certain energy threshold, as a function

8For muons γµ ≈ -136 MHz/T, which is a relatively large value, indicating that muons
are very sensitive to magnetic fields
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of time: N(t). The positrons are detected by backward (B) and forward (F )
detectors. The number of positrons collected over time in the two detectors is
described by functions, NB(t) and NF (t), of the type:

N(t) = N0e
− t

γτ [1 ±A0 cos(ωt+ ϕ)], (3.43)

where N0 is a normalization factor; τ is the muon half life; A0 is the initial
asymmetry achievable in realistic conditions (usually lower than the ideal 1

3
value); ϕ is a phase. The normalized difference of these two functions describes
the time dependence of the muon spin polarization via the asymmetry function
A(t) [134]:

A(t) = A0P (t) = NB(t) −NF (t)
NB(t) +NF (t) . (3.44)

In a realistic µ+SR experiment the detectors are not exactly equivalent in
terms of efficiency and sensitive detection area. This discrepancy is usually com-
pensated with the correction parameter α. The term P (t) = A(t)

A0
in equation

3.44 is the normalized muon polarization function, that substantially describes
the physics of the system. This parameter is actually what we measure and,
by fitting A(t) with different relaxation functions, it is possible to interpret the
meaning of the shape of P (t), and gather information about the state of the
system. A visual scheme of how a µ+SR experiment is typically carried out is
shown in figure 3.11.

Based on these concepts, the µ+ techniques used to produce the results
of this thesis are Bulk µ+SR, Longitudinal Field µ+SR (LF) and Low Energy
µ+SR (LEM). In bulk µ+SR we substantially measure a muon time spectrum
that shows the muon’s lifetime modulated by the precession frequency of it’s
spin. Ion diffusion studies are carried out with LF µ+SR because, in a uniform
static field, the muon spin precession is different from site to site according to
the field fluctuations due to ion dynamics. Finally, with LEM, exploiting the
features of an instrument that is unique in the world [135], it is possible to do
depth dependent studies on multi-layer and thin film materials. In the following
these techniques will be described in detail.

3.2.1 Bulk µ+SR and static fields
Once they stop in their sites in the sample, the muons will react to a local mag-
netic field, which is given by a combination of dipolar field (of electronic/nuclear
origin), demagnetization field (in magnetized samples), potentially applied ex-
ternal fields and the consequently induced hyperfine fields.
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Figure 3.11: Schematic representation of a typical µ+SR experiment. The
figure is taken from reference [132].

In a simple scenario of localized moments, in zero externally applied mag-
netic field, the main contributors to the local field Bloc at the muon sites are the
electronic or nuclear dipole fields Bdip associated to the atoms in the crystal:

Bdip = µ0

4π
3r(m · r)

r5 − m

r3 . (3.45)

Here, r is the distance between the source of the field and the muon; µ0
is the void permeability; m is the dipole moment. In terms of the normalized
polarization function P (t) the dance of the muons, dictated by the Larmor
Precession (eq. 3.40), is represented as:

Pz(t) = cos2 θ + sin2 θ cos(γµBloct). (3.46)

Equation 3.48 describes the time evolution of the muon spin polarization
with respect to its initial direction (arbitrarily called z), in a field of modulus
Bloc. Here, the muon spin precession traces the base of a cone of semi-angle θ
(i.e., the angle between the direction of Bloc and z). The motion of the muon
spin is displayed in figure 3.12.

The component of the muon spin sµ that is parallel to the field s
∥
µ is

time independent while the perpendicular component s⊥
µ has an harmonic time

dependence. Equation 3.48 represents the fundamental concept behind the re-
laxation functions used in the µ+SR technique to model randomness, dynamics
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Figure 3.12: Pictorial representation of the muon spin precession (i.e., the
µ-dance) as for eq. 3.48. The symbol sµ labels the muon spin.

and statics of the magnetic environment in a material. Specifically, in realis-
tic conditions the local field at the muon sites does not have a well defined
orientation and delta-value of its intensity, but is always given by a statistical
distribution of these quantities. Depending on the form of the field distribu-
tion, the corresponding relaxation function G(t) can be obtained by integrating
equation 3.48, together with the field distribution D(Bloc) for the specific case,
over the local field in three dimensions [136] (i.e., we calculate the statistical
average of Pz(t)):

Gz(t) =
∫
D(Bloc) Pz(t) d3 Bloc. (3.47)

In this regard, the well-known Kubo-Toyabe relaxation function, which mod-
els the muon spin depolarization in the presence of randomly oriented fields with
Gaussian-distributed intensities, is obtained as:

Gz(t) = 1
3 + 2

3(1 − σ2t2) e

(
− σ2t2

2

)
. (3.48)

Here, the coefficient 1
3 is obtained by averaging cos2 θ over all the possible

θ and is commonly called ”tail” in the literature. This term is often present in
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muon time spectra (especially when measuring polycrystalline samples), since
it accounts for the components of the local fields that are parallel to the initial
muon spin polarization direction (i.e., the time-independent part of the spec-
trum). The coefficient 2

3 is obtained by averaging sin2 θ over all the possible
θ; the term (1 − σ2t2)e

(
− σ2t2

2

)
, where σ = γµ∆, accounts for the isotropic

Gaussian field distribution at the muon site, given by:

D(BG
j ) = 1√

2π∆
e

(
−

B2
j

2∆2t2

)
, (3.49)

where ∆ is the field distribution width, and the subscript j indicates that
the equation is valid for the single spatial components of the field [137], [138].

Applying a magnetic field perpendicular to the initial direction of the muon
spin polarization (called transverse field (TF)) to this system, will cause the
muons to coherently precess according to it (similarly to the ideal case in fig-
ure 3.12). In such a situation, any possible damping of the oscillating signal,
reflecting a dephasing of the muon spin precession in the TF, will contain in-
formation about inhomogeneities of the local field. TF µ+SR is indeed often
used to identify magnetic phase transitions, because a clear change in the pre-
cession oscillations will occur when the magnetic order sets in. In the presence
of a Gaussian distribution of random fields together with a TF, the polarization
function is:

Gz(t) = cos(ωT F t) e

(
− σ2t2

2

)
. (3.50)

Equation 3.50 describes the damped-oscillating depolarization of muons pre-
cessing according to the frequency ωT F , dictated by the transverse field. The
exponential term e

(
− σ2t2

2

)
is responsible for damping the oscillations of the

cosine term in the signal, and accounts for the presence of the Gaussian field
distribution (eq. 3.49) at the muon sites. Here, σ is the depolarization rate
of the exponential decay, defined as σ = γµ∆. The exponential damping of
the oscillations in the signal is due to the loss of phase coherence among the
muons precessing in a Gaussian distribution of fields. Therefore, function 3.50
was used in paper 5 to model the depth-dependent inhomogeneities of an ex-
ternally applied magnetic field inside the superconducting thin film LiTi2O4, in
the Meissner state.

When a sample develops a high spontaneous static internal magnetic field,
such as in the occurrence of long range magnetic order, the local field at the
muon sites is given by a distribution of fields centered around a mean value BM .
The form of the field distribution depends on the specific case, therefore, for its
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relevance in the results of this thesis, and as a prominent example among the
possible cases, we show here the relaxation function for a Lorentzian distribution
of spontaneous internal fields:

Gz(t) = cos(ωM t) e−λt. (3.51)

Equation 3.51 describes the damped-oscillating depolarization of muons pre-
cessing according to the frequency ωM , dictated by the mean value of the lo-
cal field. The exponential decay term e−λt accounts for the presence of the
Lorentzian field distribution D(BL

j ) at the muon sites, given by:

D(BL
j ) = 1

π

(
Λ

Λ2 +B2
j

)
. (3.52)

Here, Λ is the field distribution width and is directly proportional to the
depolarization rate λ = Λ

γµ
. Similarly to the previous case, the exponential

damping of the oscillations in the signal is due to the loss of phase coherence
among the muons, that are precessing in a magnetic environment where the
magnetic field is not ideal, but is given by a Lorentzian distribution of fields.
This polarization function is valid, e.g., in the presence of long-range mag-
netic structures that are commensurate to the crystal lattice. In this case, the
magnetic propagation vector k (introduced in the previous section) generates
a magnetic unit cell whose dimensions are integer multiples of the dimensions
of the nuclear unit cell. For this reason, function 3.51 was used in paper 1,
3, 6, 8 and 9 to model commensurate antiferromangnetic long range order in
NaCr2O4, LiCrTe2 and MgReO4.

If the magnetic cell is a non-integer multiple of the nuclear cell, i.e., in
the case of incommensurate magnetic structures, equation 3.51 does no longer
provide a good model to the muon spectra. Here, not only there is a distribution
in the local field, which is modulated according to the magnetic k-vector, but
there is also a distribution in the muon sites themselves, which are exposed to
a slightly different magnetic field for each site. As a result, the oscillating part
of the muon signal will be modeled by a polarization function of the type:

Gz(t) = j0(ωmaxt). (3.53)

Here, the subscript max indicates the cut-off maximum value of the local
field over all the muon sites, and j0 is the Bessel function of the first kind and
order zero [139]–[141]. The latter, in the limit for t ≪ 1 (i.e., in the short
time domain) is given by:
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j0(ωmaxt) ≈ 1 − ω2
maxt

2

4 , (3.54)

while in the limit for t → ∞ (i.e., in the long time domain) is given by:

j0(ωmaxt) ≈
√

2
πωmaxt

cos
(
ωmaxt− π

4

)
. (3.55)

Here, the term π
4 causes the dephasing of the oscillations. Equation 3.55

models an incommensurate structure with a single modulation component for
the local field:

Bloc = cosϕ Bmax, for 0 ≤ ϕ < 2π (3.56)

In more general cases, when e.g. helical spin density waves arise, the local
field is elliptically modulated between two cut-off values Bmax ⊥ Bmin:

Bloc = cosϕ Bmax + sinϕ Bmin. (3.57)

In this thesis, the case represented by equation 3.56 was realized in the form
of an incommensurate antiferromagnetic structure, with itinerant frustration of
the ordered moment, occurring in LiCrSe2 (paper 7).

Figure 3.13 schematically shows the features of the four functions listed in
this section. The signals are not referred to any particular sample, they are
displayed here for the illustrative purpose of showing the effects of the different
field distributions on the oscillating signals.

3.2.2 Longitudinal Field µ+SR and dynamics
The dynamical behavior of a magnetic environment, resulting from fluctuations
of the internal field, can also be described by µ+SR relaxation functions. Here,
the dynamical functions are derived from the static ones under the assumption
that the changes in the local field perceived by the muon occur through a
Markovian process [142], with no correlation between the state of the field from
one change to the other. Since these changes are sudden and uncorrelated (as
if the muons would jump from site to site experiencing different fields every
time) they are treated in terms of ”collisions” and the approximation described
above is called strong collision model. In this regard, if the rate of the collisions
is ν, the probability distribution according to which the local field changes at a
time instant t is given by:
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Figure 3.13: Exemplifications of the following normalized polarizarion
functions: static Gaussian Kubo-Toyabe (eq. 3.48), coherent muon spin
precession in a static Gaussian field distribution (eq. 3.50), coherent muon
spin precession in a static Lorentzian field distribution (eq. 3.51), and Bessel
function for incommensurate magnetic structures (eq. 3.53). These examples
are taken from reference [136] and adapted to the graphical needs of this
thesis.

⟨B(0)B(t)⟩
⟨[B(0)]2⟩

= e−νt. (3.58)

The total polarization function for a dynamic magnetic environment is ob-
tained, under these assumptions, as the superposition of the polarization func-
tions of muons that undergo 0, 1, 2, ... n jumps. The single muon polarization
function of order 1 for a muon experiencing a collision at the time t1 is given
by:

g1
z(t) = ν

∫ t

0
g0

z(t1) gz(t− t1)e−ν(t−t1) dt1. (3.59)
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Here, the term g0
z(t1) = gz(t1)e−νt refers to muons that did not experience

a change in field and, in combination with the term gz(t − t1)e−ν(t−t1), they
express the collision probability before and after the collision respectively. The
polarization functions of higher order gn

z (t) can be obtained by recurrence. The
infinite sum of all these terms gives the total dynamic muon relaxation function
Gz(t, ν) that, under Laplace transform, can be treated as an infinite geometric
progression:

Gz(t, ν) =
∞∑
0
gn

z (t) −−−−−→
Laplace

Fz(s, ν) = fz(s+ ν)
1 − νfz(s+ ν) . (3.60)

Therefore, the time evolution of the Gz integral can be recursively deter-
mined in an exact form, starting from the static gz functions, by knowing the
form of Gz up until the previous instant of time t1:

GD
z (t, ν) = g0

z(t) + ν

∫ t

0
GD

z (t− t1, ν) g0
z(t1) dt1. (3.61)

This expression, which can be numerically evaluated starting from the corre-
sponding static function on different kinds of internal field distributions, results
in the well-known Dynamic Kubo-Toyabe function [138]. µ+SR experiments in-
vestigating dynamics can be carried out under both zero and applied field. An
applied field that is parallel to the initial direction of the muon spin polarization
is called Longitudinal Field (LF), hence the definition LF-µ+SR.

Taking the example of a Gaussian field distribution (see eq. 3.49), applying
an external longitudinal field to the system means essentially to add an offset BL

to the internal field, along the muon spin polarization direction z. Therefore,
the components of the Gaussian field distribution at the muon sites in the three
directions will be written as:

D(BG
x ) = 1√

2π∆e

(
− B2

x
2∆2t2

)
, (3.62)

D(BG
y ) = 1√

2π∆e

(
−

B2
y

2∆2t2

)
, (3.63)

D(BG
z ) = 1√

2π∆e

(
−

B2
z−B2

L
2∆2t2

)
. (3.64)

The statistical average of the muon polarization function (see eq. 3.47) over
this field distribution provides the static Gaussian LF Kubo-Toyabe function
[143], [144]:
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Gz(t, ωL) = 1 − 2σ2

ω2
L

(
1 − cos (ωLt) e(− 1

2 σ2t2)
)

(3.65)

+ 2σ4

ω3
L

∫ t

0 sin (ωLτ) e(− 1
2 σ2t2)dτ (3.66)

where ωL = γµBL, and a meaning analogous to equation 3.48 holds for the
other variables.

The dynamic Kubo-Toyabe function in zero field (ZF), evaluated numerically
as described above, in a fast fluctuation limit (i.e., when the hopping frequency
ν is much larger than the field distribution width at the muon site) is given by:

Gz(t, ν) ≈ e

(
− 2σ2t

ν

)
. (3.67)

The dynamic LF Kubo-Toyabe function in a fast fluctuation limit is instead
given by:

Gz(t, ν, ωL) ≈ e

[
− σ2/ν

1+(ωL/ν)2 t

]
. (3.68)

This approximation is also called motional narrowing limit because, from
the point of view of the muons, in a regime of fast fluctuations the local field
distribution ”seems” to be narrower [145].

On the other hand, in a slow fluctuation limit (i.e., when the field distribution
width at the muon site is larger than the hopping frequency ν), the dynamic
Kubo-Toyabe function is given by:

Gz(t, ν) ≈ 1
3 e(− 2

3 νt). (3.69)

In this approximation, only the tail part of the Kubo-Toyabe relaxation is
affected. Figure 3.14 shows the effect of dynamics and of the application of a
longitudinal magnetic field on a Gaussian Kubo-Toyabe muon signal.

In this thesis, the ability of µ+SR to investigate dynamics was employed
to study Na-ion diffusion in the 1D channels of NaCr2O4 and its solid solution
with Ca (paper 2). Such method, that was developed within our collaboration
in the last decade [31], [34], [146], is carried out in a temperature regime when
the sample is in its paramagnetic phase, under both ZF and different LFs ,
to probe static and dynamic changes in the nuclear moment of the Na alkali
metal. If the Na-ion is static, only a static Gaussian field distribution ∆ is
probed while, if dynamics sets in, the field fluctuation rate ν will increase. Here
we are under the assumption that the muons are static in their sites, and ν
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Figure 3.14: Exemplifications of the effect of dynamics on a Gaussian
Kubo-Toyabe function (GKT) in zero field and effect of the longitudinal field
on a dynamic Gaussian Kubo-Toyabe function (DGKT). In the GKT panel the
fully static KT is explicitly marked on the 1/3 tail, and the verse of the arrows
indicates increasingly fast fluctuations. Here it can be clearly seen that in a
regime of slow fluctuations only the tail of the KT is affected. These examples
are taken from references [95], [144] and adapted to the graphical needs of
this thesis.

is interpreted as the hopping rate of the diffusing Na-ions. By following the
temperature dependence of the hopping rate ν, it is possible to extrapolate
parameters such as the Na diffusion coefficient and the activation energy of
the thermally activated diffusion process [147], which are relevant for possible
applications of the sample of interest as a battery material [31], [34].

Finally, we mention the Lorentzian dynamic Kubo-Toyabe function, derived
in a similar way as described above but for a Lorentzian field distribution at the
muon sites. This kind of function is used in the special case of dilute magnetic
alloys, where the field fluctuations introduced by randomly oriented dilute spins
(i.e., magnetic impurities), induce a time- and site-dependent modulation of
the Gaussian field, resulting in a Lorentzian distribution perceived by the muons
[148]. This function was not adopted in the papers of this thesis.

3.2.3 Low Energy µ+SR
The more recently developed Low Energy µ+SR (LE-µ+SR) technique deserves
a separate discussion [135]. Here, the basic principles of bulk µ+SR described
in the previous section are still valid, but with remarkable difference that in
LE-µ+SR the muon implantation energy can be tuned in a wide range of en-
ergies (from 0.5 to 30 keV) with high precision. This technology allows to
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implant muons in the sample at well defined depths (implantation depth range
1-300 nm), giving direct access to depth dependent information, whose knowl-
edge is fundamental to understand physical phenomena occurring in thin films
and multilayered structures. There is currently only one instrument available
in the world, which allows this kind of measurements: the spectrometer LEM
at PSI [149]. Here, the modulation of the muons’ implantation energy is done
in several steps by changing their kinetic energy. The fully polarized muons
coming from the target at PSI possess a momentum of 28 MeV/c when they
arrive at the doorstep of LEM. Then they are slowed down with a thin solid gas
moderator (that is re-grown ∼ once a week) [150], [151] to be subsequently re-
accelerated by means of a set of high voltage grids. The now slow muons with
the desired energy are deflected with an electrostatic mirror by 90◦, towards a
device that, through a combination of static electric and magnetic fields, is able
to re-orient their spin without diverting them again (i.e., a spin rotator). The
rotation of the muon spin is needed to re-polarize them along a convenient di-
rection for the use of the magnets generating longitudinal and transverse fields
at the sample stage. At this point the muons pass through a trigger detector
which starts counting before landing on the sample. From one step to another
the muon beam is always re-focused (a total of four times) to avoid divergence
of the beam and consequent decrease of the muon flux. The focusing is done
through electrostatic Einzel lenses for the first three steps and with a ring anode
for the final step, which focuses the muons directly on the sample. The difficult
handling and delicate balance between each stage make this instrument very
complex, and this is probably the reason why it is unique. More up-to-date
information/details on this fascinating system and its applications can be found
elsewhere [152]–[154]. In this thesis, LEM was used to characterize the physical
properties of the thin film unconventional superconductor LiTi2O4 (paper 5),
by determining its London penetration depth and order parameter. The mea-
surement protocol, carried out while the sample was in the Meissner state, is
schematically summarized in figure 3.15.
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Figure 3.15: Schematic representation of the Meissner measurement protocol
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as a function of the muon implantation depth. The externally applied
magnetic field flux lines are represented by the green arrows. The plots on the
right show which kind of information can be extracted based on the changes
in the muon signal as a function of the implantation depth. The figure is
taken from paper 5 attached to this thesis.
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Chapter 4

Summary of appended papers

In this chapter the main results of the papers included in this thesis are sum-
marized and grouped in three sections. The first section (papers from 1 to 5)
concerns structures that are stable and even refractory to change their physical
properties under structural strain. The second section (papers from 6 to 9) con-
cerns structures that are metastable for temperature variations, and find their
ground state in compromises between spin and lattice degrees of freedom. The
third section (papers from 10 to 12) concerns structures which are unstable,
and either do not find a compromise for their ground state in a wide temper-
ature range, or are prone to easily change their physical state under structural
strain. Each paper is described separately.

4.1 Papers 1 to 5: Mixed Valence Systems,
Stable Structures

Mixed valence transition metal oxides constitute a very attractive scientific
playground as they offer a vast range of diverse physical properties such as un-
conventional superconductivity, metal-insulator transitions, colossal magneto-
resistance and exotic magnetic ground states [52], [155]–[159]. Despite the
lively dynamics of their physical ground state, these materials rarely undergo
temperature dependent structural transitions, and their crystal structure is very
stable. The specific features of their structure are indeed the reason behind
the mixed valence state, that is achieved through distorted atomic bonds that
cause a peculiar overlapping of their electronic orbitals. By way of example,
mixed valence Cr3+/Cr4+ Cr oxides are rather uncommon because of the in-
trinsic stability of Cr3+ ions in octahedral coordination with O atoms. Here
the half-filled t2g states of the 3d3 Cr3+ orbitals tend to not coexist with Cr4+

ions, which would instead form a less-than-half filled 3d2 state. Therefore, the
mixed valence state for Cr atoms can hardly be achieved in nature and, in order
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to study Cr materials in this condition, high pressure synthesis techniques are
needed to manufacture them [160]. The mixed valence Cr compound NaCr2O4
possess a plethora of fascinating physical properties [160]–[164], which here are
investigated from the point of view of its magnetic ground state (paper 1), its
diffusive behavior (paper 2) and under extreme pressure conditions (paper 3).
Along these lines, the magnetic ground state of related compound NaMn2O4
[165]–[168], where the mixed valence state Mn3+/Mn4+ is also achieved due to
the Jahn-teller effect, is presented in paper 4. Finally, the mixed valence state
Ti3+/Ti4+ in the thin film spinel compound LiTi2O4 [169]–[178] was suggested
to be responsible for its unconventional superconducting behavior in paper 5.

4.1.1 Paper 1:
Revised Magnetic structure and tricritical behavior of the CMR Compound
NaCr2O4 investigated with High Resolution Neutron Diffraction and µ+SR

NaCr2O4 exhibits a dual itinerant and localized electronic nature, an anoma-
lous colossal magneto-resistance, an exceptional coexistence of positive and
negative charge transfer states, charge frustration and the coexistence of an-
tiferromagnetic (AFM) and ferromagnetic (FM) correlations in its magnetic
ground state [160]–[164], all to the price of a single sample. Preliminary mag-
netic structure determination measurements, carried out within our collabora-
tion with µ+SR and ND revealed the occurrence of a commensurate C-AFM
ordering, with canting of the Cr spins and propagation vector k1 = (1 0 1)
[179]. However, the canting angle could not be determined with confidence
and the value of the ordered moment extracted from the refinement seemed
to be underestimated if compared with a neutron diffraction pattern we mea-
sured later on. Additionally, while measuring bulk µ+SR on this material for a
pressure dependent study (see paper 3), we realized that also the muon spec-
tra looked different with respect to the published ones. These observations
motivated the need for a revised structural and magnetic characterization. In
the present study, µ+SR and ND measurements carried out on higher quality
NaCr2O4 powder samples brought new insight since a new incommensurate (IC)
magnetic superstructure with propagation vector k2 = (0 0 ∼ 1

2 ) was found to
to coexist with the previously identified C-AFM phase. Additionally, the value
of the ordered Cr moment for the k1 structure was estimated as µC

Cr = (4.304
± 0.012)µB . This large value is consistent with the presence of Cr2+ high spin
states, and with a coupling mechanism mediated by hole hopping in the mag-
netic ground state of NaCr2O4 (as also suggested by XAS measurements [162]).
The value of the canting angle of the Cr spin axial vector was also determined
with confidence θa = (8.8 ± 0.5)◦. Moreover, the direct measurement of the
magnetic order parameter provided a value of the critical exponent β ≈ 1

4 com-
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patible with a tricritical behavior for the magnetic phase transition in NaCr2O4
[180], [181], and suggestive of the occurrence of a hidden metamagnetic state
across the magnetic transition [182].

4.1.2 Paper 2:
Na-ion Dynamics in the Solid Solution NaxCa1−xCr2O4 Studied by Muon Spin
Rotation and Neutron Diffraction

Beyond being a very fascinating system of fundamental physics interest,
NaCr2O4 also lends itself well as a study model for ion-diffusion in the frame-
work of sustainable energy applications. This is due to its crystal structure,
where the Na ions sit in 1-dimensional channels, created by the honeycomb-like
network of CrO6 octahedra, which are believed to be privileged directions for
Na-ion diffusion. Strongly anisotropic and especially one-dimensional or quasi-
one-dimensional (Q1D) compounds are in general attractive for their possible
applications to the area of energy materials, because they are promising for
the development of all-solid-state devices, where a better control of the ion-
diffusion is highly desirable [40], [183]–[185]. In this work we present systematic
set of measurements carried out by longitudinal field (LF) µ+SR and neutron
diffraction on the Q1D solid solution NaxCa1−xCr2O4. This study was aimed
at investigating the Q1D Na-ion dynamics in the CrO6 diffusion channels in
presence of defects, introduced by the Ca doping. The structural evolution of
the solid solution, as the Ca content increases, leads to an enhancement of
the diffusion channels’ size. Although this effect was found to be beneficial for
Li mobility in 1D Li-ion battery materials [186], the same cannot be said for
Na-ion materials, where the enhancement of the diffusion channels does not
correspond to an enhancement of the Na ion mobility. Indeed, in our case the
overall diffusivity is hampered by the local defects and the Na hopping proba-
bility is lowered. The diffusion mechanism in NaxCa1−xCr2O4 was deemed to
be interstitialcy [147], and the diffusion coefficients were estimated for all the
members of the solid solution.

4.1.3 Paper 3:
Pressure Dependent Magnetic properties of the Q1D Solid Solution Ca1−xNaxCr2O4
Studied with Neutrons Muons and X-Rays

In this work are presented the results of a systematic pressure dependent
study on the Q1D solid solution Ca1−xNaxCr2O4 carried out by the techniques
of neutron diffraction, X-ray absorption spectroscopy (XAS) and µ+SR. Previ-
ous studies on Ca1−xNaxCr2O4 show a gradual change in the magnetic ground
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state of the members of the solid solution from incommensurate antiferromag-
netic (IC-AF) in one extreme, CaCr2O4, to commensurate antiferromagnetic
(C-AF) in the other extreme, NaCr2O4 [187], [188]. The change in the mag-
netic phase is also accompanied by an increase in the transition temperature
and an increase in the ligand hole density at the oxygen sites at the corner
point between Cr octahedra of different kind, introduced by the increase in the
Na content. This leads to a major change in the chromium valence (Cr3+ in
CaCr2O4) that undergoes a partial oxidation from Cr3+ to Cr4+, hereby achiev-
ing the mixed valence state in NaCr2O4 [160]–[162]. This behavior can be de-
termined by either the hole density in the the Cr rutile chains or the strength of
the magnetic exchange interactions established across the inter-atomic Cr-Cr
distances within the crystal lattice. Therefore, in order to understand the nature
of the transition between IC- and C-AF states, a pressure dependent study of
the magnetic ordering in the family Ca1−xNaxCr2O4 has been carried out with
µ+SR, ND and X-ray absorption spectroscopy (XAS), to separate the effects of
the hole density versus physical strain. Extreme conditions such as high pressure
can indeed tune, in some cases, the magnetic exchange interactions [38]. How-
ever, in our case, the pressure did not affect the Cr electronic core states (as for
XAS data in a pressure range from 0 to 12 GPa) nor the magnetic ground state
in the Ca members of the solid solution (as for µ+SR data in a pressure range
from 0 to 3 GPa). The other extreme of the solid solution, NaCr2O4, was proven
to be slightly more sensitive to pressure, which induces an overall suppression of
the magnetic order in this material (as for ND data in a pressure range from 0
to 4.3 GPa). Nevertheless, no novel magnetic ground states could be observed.
Consequently, the hole doping was proven to be more effective than lattice
compression in the determination of magnetic ground state across the solid so-
lution Ca1−xNaxCr2O4. We should although consider the possibility that more
conspicuous pressure induced effects on CaCr2O4 and Ca0.5Na0.5Cr2O4 could
eventuate for higher compression levels, with respect to the ones applied in this
work.

4.1.4 Paper 4:
Neutron powder diffraction study of NaMn2O4 and Li0.92Mn2O4: New insights
on spin-charge-orbital ordering

The high-pressure synthesised quasi-one-dimensional NaMn2O4 and
Li0.92Mn2O4 are both antiferromagnetic insulators [168], [189]. In this pa-

per their crystal and magnetic structures are investigated using neutron pow-
der diffraction. In NaMn2O4 the mixed valence Mn3+/Mn4+ are arranged in
a well defined charge-ordered state even down to a low temperature regime.
In particular, one of the Mn sites, in coordination with the oxygen, shows a
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strongly distorted Mn3+ octahedron due to the Jahn-Teller effect. Above the
magnetic transition temperature TN = 35 K, the presence of asymmetric dif-
fuse scattering in the neutron diffraction pattern suggests the occurrence of
two-dimensional short-range correlations. Below TN1, two antiferromagnetic
transitions are observed: (I) towards a commensurate long-range Mn3+ spin
ordering below TN 1 = 35 K, and (II) towards an incommensurate Mn4+ spin
ordering below TN2 = 11 K. Remarkably, the two AFM ground states are found
to be mutually independent. The commensurate magnetic structure follows the
magnetic anisotropy of the local easy axes of Mn3+, while the incommensurate
one consists of a spin-density-wave with a cycloidal modulation of the Mn4+

spin axial vector. For Li0.92Mn2O4, on the other hand, the absence of a long-
range spin ordered state is confirmed down to base temperature, suggesting
complete frustration of the magnetic Mn moment.

4.1.5 Paper 5:
Superconducting Properties of the Thin Film LiTi2O4 Spinel Compound Inves-
tigated by Low-Energy µ+SR

LiTi2O4 (or LTO) is a unique spinel type superconductor [190], known since
several decades, in which the mechanism underlying superconductivity is highly
debated [169]–[178]. One of the reasons behind the difficult understanding of
the superconductivity in this material is the sensitivity of LiTi2O4 samples, that
are prone to dissipate Li atoms [191]. Li-deficiency ultimately affects the su-
perconducting properties in bulk samples, but it appears that this problem in
thin film-LTO is drastically mitigated (as for more recent findings [192]). In
this paper we investigate the superconducting properties of high quality LTO
thin films with a Low-Energy µ+SR (LE-µSR) experimental work. LE-µSR is
a one-of-a-kind technique, which allows direct characterization of depth de-
pendent properties in thin films, and currently there is only one instrument in
the world where it can be carried out (LEM at PSI) [149]. The features of
LE-µSR allowed us to estimate in a direct way several quantities relevant to
understand the mechanism of superconductivity in LiTi2O4, such as its London
penetration depth and the temperature dependence of its superconducting or-
der parameter. The latter quantity was found to not follow any of the standard
models within the realm of the mean field theory. In particular, the value of the
critical exponent, close to 1, suggests that the superconductivity in LiTi2O4
is of unconventional nature. Indeed, by plotting the correlation between the
critical temperature Tc and the London penetration depth of LTO in Uemura’s
scaling relation for doped cuprates, we see that its behavior is close to the one
of electron doped cuprates [193]. We concluded that the observed behavior
is compatible with a superconductivity of BCS type (i.e., conventional), with
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disturbance by Ti3+ spin fluctuations, which introduce a time reversal symme-
try breaking perturbation in the system [194]–[196]. This measurement gives
a robust indication that LTO is a non-conventional SC and sets an important
step forward in understanding the controversial nature of superconductivity in
this material.

4.2 Papers 6 to 9: Competing Magnetic Inter-
actions, Metastable Structures

Geometrically frustrated magnets represent the ideal playground for studying
spin-lattice coupling effects in condensed matter because, due to the strong in-
terplay between lattice geometry and correlated electrons, these systems man-
ifest a wide variety of physical properties which, in some cases, can even
be suitable for technological applications [197]–[205]. The recently synthe-
sized 2-dimensional triangular lattice Cr antiferromangets LiCrSe2, LiCrTe2 and
NaCrTe2 [206] constitute a valuable addition to the range of materials in which
the mutual influence between strongly correlated electrons and structural de-
grees of freedom is striking, and they posses very different magnetic properties
despite having the same crystal symmetry. In papers 6, 7 and 8 the tem-
perature dependent magnetic and structural properties of these materials are
investigated. In addition to these works, paper 9 reports a pure µ+SR exper-
imental investigation on the Re6+ compound MgReO4 [207]. Although is not
possible to extract structural information from µ+SR data only, hints of a pos-
sible structural transition associated to the magnetic ordering in MgReO4 are
found in our study. For this reason we believe that this paper belongs to this
section.

4.2.1 Paper 6:
Nuclear and Magnetic Spin Structure of the Antiferromagnetic Triangular Lat-
tice Compound LiCrTe2 Investigated by µ+SR as well as Neutron and X-ray
Diffraction

The novel 2-dimensional transition metal dichalcogenide LiCrTe2 [206], be-
ing a 2D triangular lattice antiferromagnet (TLA), enriched the range of ma-
terials which can present the interesting properties shared by the TLAs family.
According to sample growers, manufacturing LiCrTe2 requires a difficult synthe-
sis process and the final product is extremely sensitive to air and moisture. The
consequent scarcity of good quality samples makes it difficult to explore the
properties of this material. Within our collaboration the synthesis of LiCrTe2
in powder took place successfully in very recent years, which allowed to start
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a series of investigation to characterize its physical properties. In this work
the crystal and magnetic structure of good quality polycrystalline LiCrTe2 have
been determined for the first time with the high resolution large scale facil-
ity experimental techniques µ+SR, synchrotron X-ray diffraction and neutron
diffraction. Our study shows that LiCrTe2 undergoes a magnetic transition to-
wards a collinear antiferromagnetic arrangement of the Cr moments and can be
categorized under the 3D Heisenberg antiferromagnets universality class. Addi-
tionally, a clear coupling between the nuclear and magnetic spin lattice is found
from comparison between the XRD and the µ+SR. This suggests that a strong
magnon–phonon coupling might be established in LiCrTe2, which makes it a
promising study case for inelastic scattering experiments (in qualitative agree-
ment with similar materials, i.e., LiCrO2 [197]). Within our collaboration we
started to work also on the synthesis and characterization of single crystalline
LiCrTe2 samples (see paper 1 in the List of papers not attached to this thesis),
which will open the possibility for neutron and X-ray spectroscopy studies on
this material in the foreseeable future.

4.2.2 Paper 7:
The Duel of Magnetic Interactions and Structural Instabilities: Itinerant Frus-
tration in the Triangular Lattice Compound LiCrSe2

In some TLAs, the interplay between correlated spins and geometrical de-
grees of freedom is so strong that it can lead to a restructuring of the crystal
lattice to accommodate unconventional magnetic orderings. In this case it is
said that the material is subjected to magnetoelastic coupling [204], [205]. The
most of the studies in this framework are carried out on oxides and sulfides,
therefore, the recent synthesis of the TLA chromium selenide LiCrSe2 [206]
constitutes a novel and interesting study case among TLAs that manifest mag-
netoelastic coupling. In this work we solved the low temperature crystal and
magnetic structure established in this material.

LiCrSe2 was found to undergo a first order structural transition from a
trigonal crystal system, with space group P 3̄m1, to a monoclinic one, with space
group C2/m, at T = 30 K. Such restructuring of the lattice is accompanied by
a magnetic transition at the same temperature TN = 30 K, towards a complex
arrangement of the Cr3+ moments. Refinement of the magnetic structure with
neutron diffraction data and complementary muon spin rotation analysis reveal
the presence of two incommensurate magnetic domains with a up-up-down-
down arrangement of the spins with ferromagnetic (FM) double chains coupled
antiferromagnetically (AFM). Interestingly, the spin axial vector is modulated
both in direction and modulus, resulting in a periodic suppression of the Cr
moment along the chains. This behavior is believed to be due to a strong
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competition between direct exchange AFM and superexchange FM couplings
established between both nearest neighbor and next nearest neighbor Cr3+ ions.
The up-up-down-down arrangement of the Cr spins in LiCrSe2 is reminiscent of
the magnetic ground state established in the Cr sulfides AuCrS2 and AgCrS2,
which also manifest strong magnetoelastic coupling [204], [205]. However,
the unprecedented geometric conditions realized in LiCrSe2 provide access to
a unique combination for the competing magnetic mechanisms, resulting in a
much more complex magnetic ground state with itinerant suppression of the
magnetic moment at the Cr sites.

4.2.3 Paper 8:

Cr-Cr Distance and Magnetism in the Novel Triangular Lattice Antiferromangets
LiCrSe2, LiCrTe2 and NaCrTe2, a µ+SR study

In this work a comparative µ+SR study among LiCrSe2, LiCrTe2 and NaCrTe2
[206], is presented and their magnetic properties are elucidated in relation to the
Cr-Cr distances established in their lattices. Additionally, the three samples are
discussed in the broader perspective of the relationship between Cr-Cr distances
and magnetic ground states in analogous trivalent Cr triangular lattice layered
magnets (i.e., Cr-oxides, Cr-tellurides, Cr-sulfides and Cr-selenides) [197]–[205],
[208]–[213]. It is discussed that the Cr-Cr distance in these materials, which
is directly related to the atomic radius of their respective chalcogen ligands,
can be seen as a tuning parameter for their magnetic properties. Indeed, the
Cr-Cr distance determines the extent of the overlapping between the 3d Cr or-
bitals and the p orbitals of the intermediate chalcogen element between CrX6
octahedra. In this regard, a phase diagram summarizing and comparing the
magnetic ground states of different systems in relation to their in plane and out
of plane Cr-Cr distances, is outlined. Some general observations are extrapo-
lated from this comparison: in Cr-oxides the in-plane Cr-Cr distance is small
enough to stabilize a direct AFM exchange between nearest neighbor Cr ions; in
Cr-tellurides the in-plane Cr-Cr distance is large enough to stabilize FM super
exchange interactions between nearest neighbor Cr ions. For for Cr-sulfides and
selenides, the Cr-Cr distance leads to a peculiar orbital overlapping responsible
of the most diverse magnetic ground states, created by the competition be-
tween nearest neighbor and further neighbor FM and AFM exchange couplings.
The interval of in-plane and out-of-plane Cr-Cr distances in which competing
magnetic exchange interactions realize such varied magnetic ground states in
triangular lattice Cr3+ compounds, are suggested to be from 3.47 Å to 3.69 Å
for the in plane Cr-Cr distance, and from 7.1 Å to 7.5 Å for the out-of-plane
Cr-Cr distance. This paper inspired the general framework of this thesis.
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4.2.4 Paper 9:
Magnetic nature of wolframite MgReO4

Rhenium oxides belonging to the family AReO4 where A is a metal cation,
exhibit interesting electronic properties. Among this family of compounds,
MnReO4 was the first of this kind, synthesized with a high-pressure technique
at 25 kbar in 1970, together with MgReO4 and ZnReO4 [207]. They are sug-
gested to have a wolframite structure where both cations have partially filled
d shells, and an anisotropic electrical resistivity that makes them suitable for
potential applications in the development of electrical devices [214]. Although
these materials were already known for several years, the magnetic properties
of MnReO4 are not much studied and even less is reported about MgReO4 and
ZnReO4. In this work we present the very first investigation of the magnetic
nature of the wolframite insulator MgReO4 carried out by muon spin rotation.
The aim of the experiment was to clarify the occurrence of a static antiferro-
magnetic order, and the possible formation of magnetic multipole order at low
temperatures. The multipole order is expected due to the strong spin-orbital
coupling of the 5d1 electrons of the Re ions, which is found in the not so
common oxidation state Re6+. The occurrence of the static antiferromagnetic
ordering was clearly observed in MgReO4, and the order parameter of the tran-
sition was determined by following the temperature dependence of the muon
precession frequency. The latter parameters suggest that a structural transition
or spin reorientation might occur in MgReO4, possibly due to the coexistence
of nearest neighbor and next nearest neighbor exchange interactions among the
Re spins in the wolframite zig-zag chains. Such competing interactions might
lead to the realization of an unconventional magnetic structure in this material,
in qualitative agreement with its tungstate analogues [215].

4.3 Papers 10 to 12: Instabilities of the Electron
Spectrum, Unstable Structures

One of the grand challenges of condensed matter physics is to be able to un-
derstand the mechanisms underlying high temperature superconductivity (SC),
which represents a problem of clear fundamental interest and, at the same time,
constitutes a very attractive feature for potential energy applications. The abil-
ity to tune superconductivity and achieve it at room temperature would in fact
be a game changer for the abatement of the global energy consumption, be-
cause it would allow the production of self sustaining electronic circuits and
wiring systems with perfect efficiency [216]. Materials with competing electron
spectrum instabilities, such as Cooper pairing (SC) and charge/spin-density
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waves (CDW/SDW), represent the ideal playground for investigations in this
direction, since the peculiar electron-phonon coupling established in such sys-
tems is believed to be a key factor in inducing SC. Indeed, even if it is a physical
phenomenon well-known since several decades [217], the more recently found
presence of incommensurate charge ordering in several unconventional super-
conductors [218]–[220], brought the CDW back to the headlines.

The quasi-2D Pt-based rare earth intermetallic compound LaPt2Si2 rep-
resents an ideal study case in this framework, as it exhibits strong interplay
between CDW and SC [221]–[228]. In paper 11 we present the first experimen-
tal observation of the phonon spectra and phonon softening in this material,
carried out with inelastic neutron scattering. In paper 10 we present single
crystal synchrotron XRD results, which show how the electronic instabilities,
introduced by the CDW, lead to a series of incommensurate structural distor-
tions in a wide temperature range. Chronologically speaking, we measured the
phonon spectra in LaPt2Si2, with a ToF INS experiment, before determining
the structure with synchrotron XRD. Looking at the INS data, we were quite
puzzled because the phonons profile was very broad and blurred, almost as
if LaPt2Si2 would be an amorphous material. After giving a lot of thoughts
to this matter, and discussions with many different people, I decided to do a
synchrotron XRD measurements to spot subtle structural instabilities, that I
imagined could be the reason behind the unexpected phonon spectra we ob-
served. Such structural instabilities might just have been out of the resolution
range of in-house X-ray diffractometers, which were used to provide the only
reported structural analyses on LaPt2Si2 at that time [226], [229]. It turned
out that this was indeed the case and, additionally, we learned that the reported
CDW transition temperature (TCDW = 85 K according to [226]) was not cor-
rect. As a result, our initial ToF INS measurements, aimed at the observation
of the phonon softening (signature of the CDW transition and occurring well
above TCDW ) were carried out in the wrong temperature range, well inside the
CDW phase.

Understanding what happens to the LaPt2Si2 structure also clarified some of
the open questions and misunderstandings in the contradictory and sometimes
cryptic published literature around this material.

In paper 12 we present a combined XRD-calculations study on how dif-
ferent structural parameters affect the low energy electronic structure of the
topological insulator ZrTe5, which is also quite misunderstood in the published
literature, since the reported results are often sample dependent and conflict-
ing [230]–[235]. This is a theoretical work and I had no previous interactions
with the main authors of this paper. I was involved in this project later on, to
take charge of the synchrotron XRD data that they collected to support and
provide the starting point to their calculations. They asked me because they
lacked a person with the necessary structural analysis know-how to analyze the
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synchrotron data. This external collaboration was proven to be very fruitful
since it led to the production of the beautiful results of paper 12, and allowed
me to build scientific relationships with the staff of the instrument P21.1 at the
synchrotron facility Petra III, which eventually led to results of paper 10. Paper
12 is also particularly effective in corroborating the structuralist perspective of
this thesis, because the theoretical work could not be carried out reliably until
the low temperature structure of ZrTe5 was clarified.

4.3.1 Paper 10:

Multiple Structural Transitions in the CDW Superconductor LaPt2Si2 Clarified
with Synchrotron XRD

The most of the reported results on LaPt2Si2 come from theoretical cal-
culations, preliminary bulk investigations, and experiments carried out on pow-
der samples in narrow temperature intervals [221]–[227]. Therefore, the pub-
lished literature is contradictory and unable to uniquely determine the tem-
perature evolution of the crystal structure and CDW transition in single crys-
talline LaPt2Si2. In this paper we clarify the complex evolution of the crys-
tal structure and the temperature dependence of the development of density
wave transitions in good quality LaPt2Si2 single crystals with high resolu-
tion synchrotron X-ray diffraction data. According to our findings, on cool-
ing form room temperature LaPt2Si2 undergoes a series of subtle structural
transitions which can be summarised as follows: second order commensurate
tetragonal (P4/nmm)-to-incommensurate structure followed by a first order
incommensurate-to-commensurate orthorhombic (Pmmn) transition and then
a first order commensurate orthorhombic (Pmmn)-to-commensurate tetrago-
nal (P4/nmm) structure. The structural transitions are accompanied by both
incommensurate and commensurate superstructural distortions of the lattice,
identified with 3 sets of propagation vectors q1 q2 q3 related to the appearance
of super-structural Bragg peaks. Additionally, the diffuse scattering observed in
the measured diffraction pattern at RT = 300 K indicates that the modulation
of the charge density is already in place at this temperature, meaning that the
onset of the CDW transition is well above RT. The observed behavior is com-
patible with the co-existence of two CDWs in this material, propagating in two
distinct non-equivalent Pt planes, with transition temperatures T1 = 230 K, in
correspondence to the formation the q1 satellites, and T2 = 110 K, in corre-
spondence to the formation the q2 satellites. The presence of multiple CDWs,
and the consequent structural instability induced in LaPt2Si2, is suggestive of
CDW discommensuration, supporting the conjecture of a non-conventionality
of the CDW state in this material [236], [237].
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4.3.2 Paper 11:
Q-dependent Phonon Renormalization and Non-Conventional Critical Behavior
in the CDW Superconductor LaPt2Si2

CDW-induced phonon-softening instabilities with large electron-phonon cou-
pling, leading to structural instabilities, are expected in LaPt2Si2 according to
theoretical calculations [221], [222]. Additionally, a SC transition was exper-
imentally measured in this material with in house methods (Tc = 1.22 K).
While the SC state has been observed directly, even though the interpretation
of its nature is still not clear [228], [238], no direct observation of the CDW
transition (accessible with the inspection of the phonon dispersion curves) was
ever reported in LaPt2Si2. The mechanism underlying both CDW and SC is not
understood yet and the published literature around LaPt2Si2 does not provide
the full picture. In this paper is presented the first experimental observation
of phonon spectra and phonon softening measured with inelastic neutron scat-
tering on single crystalline LaPt2Si2. From the temperature dependence of
the phonon frequency in a q−point in close proximity to the CDW q−vector,
we estimated the CDW transition temperature as TCDW = 230 K and a crit-
ical exponent β = 0.28 ± 0.03, which indicates a non-conventional critical
behavior for the CDW phase transition in LaPt2Si2, compatible with a sce-
nario of CDW discommensuration [236], [237], [239], [240]. Our INS results,
in agreement with our XRD results, also suggest the existence of two CDWs
in this material, propagating separately in the non equivalent (Si1–Pt2–Si1)
and (Pt1–Si2-Pt1) layers respectively, with transition temperatures TCDW −1
= 230 K and TCDW −2 = 110 K. A strong q−dependence of the electron-
phonon coupling has been identified as the driving mechanism for the CDW
transition at TCDW −1 = 230 K while a CDW with 3-dimensional character,
and Fermi surface quasi-nesting as a driving mechanism, is suggested for the
transition at TCDW −2 = 110 K. Our results attempt to clarify some aspects of
the CDW transition in LaPt2Si2, which have been so far misinterpreted by both
theoretical predictions and experimental observations, and give a direct clue of
its actual temperature dependence and nature.

4.3.3 Paper 12:
Engineering a pure Dirac regime in ZrTe5

Materials displaying a pure Dirac physics (i.e., with no additional Fermi
pockets lying on the Fermi surface beyond the Dirac cones), are currently widely
studied for their significance in technological applications [241].

Unfortunately, topological semimetals in realistic conditions typically exhibit
Dirac and Weyl nodes that coexist with trivial pockets at the Fermi level, and
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attempts of creating/finding 3-dimensional pure Dirac semimetals were proven
to be challenging [242]. The problem with the additional Fermi pockets is that
they tend to mask the physics of the nodal relativistic quasiparticles (i.e., the
massless Dirac fermions), often leading to the misinterpretation of the nature of
potential Dirac materials, such as in the case of the 3-dimensional topological
insulator ZrTe5 [230]–[235].

In this paper ab−initio calculations, combined with synchrotron single crys-
tal X-ray diffraction data, show that the possibility to induce a pure Dirac regime
in ZrTe5 is mostly dependent on the inter-molecular distances of the ZrTe8 poly-
hedra along the crystallographic c-direction. Changing these distances means
to tune the attractive/repulsive forces between the ZrTe8 molecules and, there-
fore, to change their Van der Waals gap. Hence, we show that structural strain
allows a direct in-situ tuning of the electronic band structure in ZrTe5.

In particular, the application of a uniaxial pressure along the c-direction of
the ZrTe5 lattice, leads all nontrivial pockets away from the Fermi energy, hereby
turning this material into a pure Dirac system, but only for a certain range of
the Van der Waals gaps. The results of this work reconcile the contradicting
published reports on the presence or absence of additional pockets in ZrTe5, and
provide a clear map of how to find a pure three-dimensional Dirac semimetallic
phase as a function of the structural parameters in this material. Since the Dirac
purity of ZrTe5 heavily depends on the Van der Waals gap, the determination
of the low temperature crystal structure of single crystalline ZrTe5 from the
synchrotron XRD data (i.e., my contribution to this work), was a crucial and
indispensable starting point for the calculations.
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Chapter 5

Conclusions and Perspectives

This thesis collects and ensemble of experimental condensed matter physics
results, on a variety of different systems, whose structure and physics are seen
to be in constant connection and co-determination.

It is the arrangement and distortions of the transition metal-oxygen coor-
dination in NaCr2O4, NaMn2O4 and LiTi2O4 that ultimately determines their
unconventional physical properties, owing to their mixed valence state.

It is the spin-lattice coupling in LiCrTe2, LiCrSe2, NaCrTe2 and MnReO4
that ultimately determines their magnetic ground states.

Structural modifications can tune the electronic properties of ZrTe5, while
the nature and critical behavior of the unconventional CDW transitions in
LaPt2Si2 could be understood only in relation to its subtle temperature de-
pendent structural evolution.

The papers describing these results were grouped in three sections, associ-
ated to the structural behavior of the respective investigated materials. The
first section includes results on stable structures, in particular on mixed valence
state materials, which do not undergo temperature dependent structural tran-
sitions and, in some cases, prove to be very resistant to changing their physical
state even under high pressure. In this section, the unconventional magnetic
ground state and critical behavior in NaCr2O4 and NaMn2O4 were elucidated in
papers 1 and 4. The mechanism of the Na-ion diffusion in NaCr2O4 was treated
in paper 2 and the magnetic behavior of the solid solution Ca1−xNaxCr2O4 un-
der high pressure was described in paper 3. The controversial mechanism of
superconductivity in LiTi2O4 was discussed in paper 5.

The second section concerns metastable structures, with strong coupling be-
tween their physical properties and their geometrical degrees of freedom which,
in some cases, can only be stabilized with restructuring of their crystal lat-
tice. In this section, the magnetic ground states and critical behavior of the
triangular lattice antiferromagnets LiCrTe2 (simple conventional) and LiCrSe2
(complex unconventional) are elucidated in papers 6 and 7. Additionally, a com-
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parative study between these samples and other similar systems in a broader
structuralist perspective is presented in paper 8. The magnetic nature of the
Re6+ compound MgReO4 is investigated for the first time and presented in
paper 9.

The third section covers unstable structures, that continuously transform
as a function of temperature, and systems that can be prone to change their
physical state at the slightest solicitation. In this section, the temperature
dependent structural properties and excitations landscape in LaPt2Si2 are elu-
cidated in papers 10 and 11, while paper 12 shows how it is possible to contrive
a pure Dirac regime in ZrTe5 with uniaxial pressure.

All these materials constitute fascinating study cases and lend themselves to
promising future investigations. In fact, some of them were synthesised for the
first time only very recently, and the correct determination of their structural
and physical properties, constitute a reliable starting point for any future study.

The most natural follow-up work based on the results of paper 5 on LiTi2O4,
would be to directly observe the features of the superconducting gap in this ma-
terial with angle resolved photoemission spectroscopy (ARPES). In this regard,
a series of ARPES experiments on in− situ grown LiTi2O4 thin films for band
structure measurements is in preparation within our collaboration, at the time
of writing this thesis.

The pressure dependent ND study on NaCr2O4 in paper 3 was carried out
in a low-resolution regime. Therefore, we could observe the suppression of the
magnetic order with increasing pressure, but we could not refine the magnetic
structure. Consequently, the next step in this regard would be to do a pres-
sure dependent ND measurement in high-resolution regime, to quantitatively
describe the magnetic response to pressure. For example the instrument WISH
at ISIS, which envisions high resolution neutron diffraction measurements with
high pressure sample environments [243], would be suitable for this purpose. A
ND experiment as a function of the Ca composition, analogous to the diffusion
study presented in paper 2 but focused on the low temperature magnetic prop-
erties, was carried out to follow the evolution of the magnetic structure in the
solid solution Ca1−xNaxCr2O4. However, the data analysis has not been carried
out yet, therefore, an ulterior future perspective for this material would be to
clarify the composition dependence of the magnetic structure, and compare it
with its pressure dependence. Additionally, due to the dual itinerant/localized
nature of the electrons in NaCr2O4, the application of high magnetic fields
might cause dramatic changes to its spin structure and expose the putative
hidden metamagnetic state suggested in paper 1. Therefore, magnetic field de-
pendent ND and µ+SR studies on this material would surely provide interesting
results. Indeed, at the time of writing this thesis, a magnetic field dependent
neutron diffraction experiment on NaCr2O4 is in preparation.

The same argument for magnetic field dependent studies holds for LiCrSe2,
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which also manifests a dual localized/itinerant nature for the Cr electrons (as
suggested in paper 7). Concerning the latter sample, beyond the results of this
thesis, only very few other reports are published and, with the exception of the
initial synthesis paper [206], they are all based on theoretical calculations [244]–
[246]. Due to the strong coupling between magnetism and crystal structure in
this material, pressure dependent ND and µ+SR experimental studies would
be very promising. Moreover, the 2D nature of the LiCrSe2 structure suggests
that investigations of the Li-ion dynamics might also provide very interesting
results. Additionally, INS and ARPES would reveal the features of the excita-
tion landscape (in particular the phonon-magnon coupling) and the electronic
band structure in LiCrSe2, which could be coupled with the existing theory
papers. However, for the latter kind of studies single crystalline samples would
be preferable. While no LiCrSe2 single crystals are currently available, within
our collaboration we are working on LiCrTe2 single crystals (see paper 1 in the
List of Papers not Included in the Thesis). Therefore the single crystal studies,
mentioned above for LiCrSe2, could be a viable possibility in the foreseeable
future for LiCrTe2.

Concerning LaPt2Si2, now the CDW phase is characterized, but we did not
even touch upon the SC phase. Here, INS measurements in a dilution refrig-
erator temperature range might give important hints about the nature of SC
in this material, and its relationship with the CDW. INS measurements under
high pressure and strong magnetic fields would also be of the utmost interest,
given the clear intertwine of the structural and electronic instabilities in this sys-
tem. Such measurements are currently feasible due to the availability of large,
good quality LaPt2Si2 single crystals, and to the existence of spectrometers
like CAMEA at PSI, which gives the (rare) possibility to carry out INS mea-
surements under extreme conditions. On a more applications-oriented note, the
features of the phonon spectra observed here (i.e., possible phonon anharmonic-
ity) suggest that LaPt2Si2 constitutes a good study model for the development
of materials for thermoelectric applications. Therefore, experiments devoted to
the expansion of our knowledge on the thermal transport properties of LaPt2Si2
might be promising.

Finally, ARPES measurements of the band structure on ZrTe5 under uniax-
ial pressure would be the most obvious follow-up for paper 12, to experimentally
confirm its theoretical predictions and verify if a pure Dirac regime can be re-
ally induced in this material with structural strain along the c-axis. Incidentally,
within our collaboration with PSI, our group is also working on a uniaxial pres-
sure device, which is currently under development and test [50]. Such device
might be able to allow these measurement in the foreseeable future.
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CHAPTER 5. CONCLUSIONS AND PERSPECTIVES

As can be seen from the description and summaries of the works collected
here, along the path that led to the writing of this thesis, I often found myself in
front of puzzling materials, with controversial history, inconsistent related pub-
lished literature and hardly to interpret behaviors1. The questions around most
of these materials could be answered only when their structure was clarified,
since geometry and dynamics coexist in condensed matter, and are continuously
co-determined. Under the light of this realization, this thesis can be concluded
as it started, with another quote from my illustrious compatriot Galielo Galiei
[7]:

”... they did not realize that contradicting Geometry is openly deny-
ing the truth.”
Galieo Galilei, 1623 (transl. E. Nocerino)

1In all fairness, this is not particularly out of the ordinary in scientific hard research.
Nevertheless, I find it gratifying to complain about it.
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et al., “High pressure synthesis and magnetic properties of CaFe2O4-
type NaMn2O4 and LiMn2O4,” in Journal of Physics: Conference Series,
vol. 150, 2009, p. 042 210.

[166] I. Umegaki, H. Nozaki, M. Harada, et al., “Na diffusion in quasi one-
dimensional ion conductor NaMn2O4 observed by µ+ SR,” in Proceed-
ings of the 14th International Conference on Muon Spin Rotation, Re-
laxation and Resonance (µSR2017), 2018, p. 011 018.

[167] Y. Ikedo, J. Sugiyama, O. Ofer, et al., “Comparative µ+ SR study of the
zigzag chain compounds NaMn2O4 & LiMn2O4,” in Journal of Physics:
Conference Series, IOP Publishing, vol. 225, 2010, p. 012 017.

[168] J. Akimoto, J. Awaka, N. Kijima, et al., “High-pressure synthesis and
crystal structure analysis of NaMn2O4 with the calcium ferrite-type
structure,” Journal of Solid State Chemistry, vol. 179, no. 1, pp. 169–
174, 2006.

[169] S. Massidda, J. Yu, and A. Freeman, “Electronic structure and proper-
ties of superconducting LiTi2O4,” Physical Review B, vol. 38, no. 16,
p. 11 352, 1988.

[170] S. Satpathy and R. M. Martin, “Electronic structure of the supercon-
ducting oxide spinel LiTi2O4,” Physical Review B, vol. 36, no. 13,
p. 7269, 1987.

[171] A. Alexandrov and J. Ranninger, “Bipolaronic superconductivity,” Phys-
ical Review B, vol. 24, no. 3, p. 1164, 1981.

97



BIBLIOGRAPHY

[172] P. W. Anderson, G. Baskaran, Z. Zou, and T. Hsu, “Resonating–valence-
bond theory of phase transitions and superconductivity in La2CuO4-
based compounds,” Physical review letters, vol. 58, no. 26, p. 2790,
1987.

[173] J. Heintz, M. Drillon, R. Kuentzler, Y. Dossmann, J. Kappler, and F.
Gautier, “Experimental study of the superconducting spinel system Li1+
xTi2-xO4,” Le Journal de Physique Colloques, vol. 49, no. C8, pp. C8–
2191, 1988.

[174] O. Durmeyer, J. Kappler, E. Beaurepaire, J. Heintz, and M. Drillon,
“TiK XANES in superconducting LiTi2O4 and related compounds,”
Journal of Physics: Condensed Matter, vol. 2, no. 28, p. 6127, 1990.

[175] D. Tunstall, J. Todd, S. Arumugam, G. Dai, M. Dalton, and P. Ed-
wards, “Titanium nuclear magnetic resonance in metallic superconduct-
ing lithium titanate and its lithium-substituted derivatives Li1+xTi2-xO4
(0< x< 0.10),” Physical Review B, vol. 50, no. 22, p. 16 541, 1994.

[176] W. Wu, A. Keren, L. Le, et al., “Magnetic penetration depth in V3Si
and LiTi2O4 measured by µSR,” Hyperfine Interactions, vol. 86, no. 1,
pp. 615–621, 1994.

[177] C. Sun, J.-Y. Lin, S. Mollah, et al., “Magnetic field dependence of low-
temperature specific heat of the spinel oxide superconductor LiTi2O4,”
Physical Review B, vol. 70, no. 5, p. 054 519, 2004.

[178] J. Sugiyama, H. Nozaki, I. Umegaki, et al., “Li-ion diffusion in Li4Ti5O12
and LiTi2O4 battery materials detected by muon spin spectroscopy,”
Physical Review B, vol. 92, no. 1, p. 014 417, 2015.

[179] H. Nozaki, H. Sakurai, O. Ofer, et al., “Magnetic structure for NaCr2O4
analyzed by neutron diffraction and muon spin-rotation,” Physica B:
Condensed Matter, 2017.

[180] K. Huang, Statistical mechanics. John Wiley & Sons, 2008.
[181] R. B. Griffiths, “Thermodynamics near the two-fluid critical mixing point

in He3-He4,” Physical Review Letters, vol. 24, no. 13, p. 715, 1970.
[182] E. Stryjewski and N. Giordano, “Metamagnetism,” Advances in Physics,

vol. 26, no. 5, pp. 487–650, 1977.
[183] C.-Y. Chen, J. Rizell, G. M. Kanyolo, et al., “High-voltage honeycomb

layered oxide positive electrodes for rechargeable sodium batteries,”
Chemical Communications, vol. 56, no. 65, pp. 9272–9275, 2020.

[184] G. M. Kanyolo, T. Masese, N. Matsubara, et al., “Honeycomb layered
oxides: Structure, energy storage, transport, topology and relevant in-
sights,” Chemical Society Reviews, vol. 50, no. 6, pp. 3990–4030, 2021.

98



BIBLIOGRAPHY

[185] N. Tapia-Ruiz, A. G. Gordon, C. M. Jewell, et al., “Low dimensional
nanostructures of fast ion conducting lithium nitride,” Nature commu-
nications, vol. 11, no. 1, pp. 1–8, 2020.

[186] B. W. Byles and E. Pomerantseva, “Effect of 1D diffusion channel size
and ionic content on Li+ ion and Na+ ion diffusion in tunnel manganese
oxides,” Materialia, vol. 15, p. 101 013, 2021.

[187] H. Nozaki, H. Sakurai, M. Harada, et al., “Internal magnetic field in the
zigzag-chain family (Na, Ca) Cr2O4,” in Journal of Physics: Conference
Series, IOP Publishing, vol. 551, 2014, p. 012 013.

[188] J. Sugiyama, H. Nozaki, M. Harada, et al., “Magnetic ground state of
novel zigzag chain compounds, NaCr2O4 and Ca1-xNaxCr2O4, deter-
mined with muons and neutrons,” Physics Procedia, vol. 75, pp. 868–
875, 2015.

[189] K. Yamaura, Q. Huang, L. Zhang, et al., “Spinel-to-CaFe2O4-type struc-
tural transformation in LiMn2O4 under high pressure,” Journal of the
American Chemical Society, vol. 128, no. 29, pp. 9448–9456, 2006.

[190] D. C. Johnston, H. Prakash, W. Zachariasen, and R. Viswanathan, “High
temperature superconductivity in the Li-Ti-O ternary system,” Materials
Research Bulletin, vol. 8, no. 7, pp. 777–784, 1973.

[191] T. Inukai, T. Murakami, and T. Inamura, “Preparation of supercon-
ducting LiTi2O4 thin films,” Thin Solid Films, vol. 94, no. 1, pp. 47–50,
1982.

[192] A. Kumatani, T. Ohsawa, R. Shimizu, Y. Takagi, S. Shiraki, and T.
Hitosugi, “Growth processes of lithium titanate thin films deposited by
using pulsed laser deposition,” Applied Physics Letters, vol. 101, no. 12,
p. 123 103, 2012.

[193] Y. Uemura, “Classifying superconductors in a plot of Tc versus fermi
temperature TF,” Physica C: Superconductivity, vol. 185, pp. 733–734,
1991.

[194] A. A. Abrikosov and L. P. Gor’kov, “Contribution to the theory of super-
conducting alloys with paramagnetic impurities,” Zhur. Eksptl’. i Teoret.
Fiz., vol. 39, 1960.

[195] S. Skalski, O. Betbeder-Matibet, and P. Weiss, “Properties of super-
conducting alloys containing paramagnetic impurities,” Physical Review,
vol. 136, no. 6A, A1500, 1964.

[196] C. Herring, “A new method for calculating wave functions in crystals,”
Physical Review, vol. 57, no. 12, p. 1169, 1940.

99



BIBLIOGRAPHY
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