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Crystal field driven metamagnetic transitions in Holr,Si, analyzed by
means of X-ray spectroscopy and full atomic multiplet calculations

by Riccardo Marco Augusto BONA

Lanthanide materials exhibit exotic properties due to the concurrence of atom-
ically localized and collective electronic interactions. A complete theory ade-
quate to properly account for all the experimentally determined features has
not been conceived yet. Still, in the framework set by full multiplet atomic
theory, starting from a local Ansatz, most of the characteristics regarding rare
earth compounds are properly described. The coexistence of anisotropies, set
by crystalline environment, and electronic coupling effects between rare earth
atoms leads to unconventional magnetic phase diagrams. X-ray absorption
and Resonant Inelastic X-ray Scattering data have been collected for Holr,Sip
sample, with high quality synchrotron light, at beamline ID32 of the European
Synchrotron Radiation Facility (ESRF). A combined analysis of X-ray spectra
and magnetic properties reported in literature yielded a complete set of pa-
rameters which binds the shape of the ground state 4f wave function of Ho>*
ion in Holr,Si;. Metamagnetic transitions occurring in Holr;Siy can be well
described combining crystal electric field model with exchange coupling in-
teractions. The methodologies exploited in this thesis work can be fruitfully
applied to the analysis of similar compounds, characterized by intriguing mag-
netic phase diagrams.
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Sommario

Engineering Physics
Department of Physics

Crystal field driven metamagnetic transitions in Holr,Si, analyzed by
means of X-ray spectroscopy and full atomic multiplet calculations

by Riccardo Marco Augusto BONA

I composti di terre rare sono caratterizzati da diagrammi di fase che sfuggono
ai modelli convenzionali della fisica dello stato solido. A causa della simulta-
nea presenza di effetti legati al carattere fortemente localizzato degli orbitali di
valenza 4f e della loro ibridizzazione con la banda di conduzione, non & an-
cora stata formulata una teoria esaustiva per questa classe di materiali. Non
di meno, molte delle proprieta dei lantanoidi sono inquadrabili nell’ambito
della teoria dei multipletti atomici, nella quale lo schema energetico dei livelli
elettronici per lo ione di terra rara e primariamente determinato da interazioni
elettrone-elettrone. Secondo questa teoria, la presenza degli atomi circostanti
puo essere utilmente modellata sostituendo la matrice cristallina con un campo
elettrico efficace, nell’applicazione del modello a campo elettrico cristallino. La
competizione tra interazioni di campo cristallino e termini elettronici di scam-
bio, tra atomi di terre rare, in diversi siti cristallini, si esprime in diagrammi
di fase magnetici non ordinari. Dati di spettroscopia ad assorbimento e a dif-
fusione inelastica risonante di raggi X per il campione Holr;Si; sono stati rac-
colti presso l'installazione Europea di sincrotrone ESRF. Combinando 1’analisi
di spettri e delle proprieta magnetiche e stato possibile determinare la funzio-
ne d’onda dello stato fondamentale per lo ione Ho?t in Holr,Si,. Inoltre, le
transizioni di fase metamagnetiche in Holr,Si; sono state adeguatamente ri-
prodotte con simulazioni basate sulla teoria a multipletto atomico, includendo
un campo cristallino efficace e un accoppiamento antiferromagnetico per una
coppia di ioni Ho®*. Le metodologie applicate in questo lavoro di tesi potreb-
bero essere proficuamente estese all’analisi di campioni simili caratterizzati da
diagrammi di fase magnetici inusuali.
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Introduction

The following thesis deals with the project carried on from september 2018 to
march 2019 with the group of scientists at beamline ID32 of the European Syn-
crothron Radiation Facility (ESRF).

In this work, experimental Resonant Inelastic X-ray Scattering (RIXS) and X-
ray Absorption Spectra (XAS) are compared to calculations performed in the
framework of the full multiplet atomic theory.

Indeed, 4f valence ions are eligible candidates for the application of a local ap-
proach, due to their lack of participation in chemical bonds [1, 2]. At the same
time, though, a plethora of collective striking effects arise when 4f-partially
filled atoms arrange in a crystalline structure, ranging from magnetically or-
dered to unconventional superconductive states. Hence, rare earth compounds
are labeled as strongly correlated materials, meaning that 4f electrons can not
be fully described as independent particles in a mean-field potential. This dou-
ble character of 4f systems has led to a growing scientific interest lately [3].
On one side, an exhaustive theory able to account for all the exotic properties
associated to 4f systems has not been reached so far. On the other side, the im-
provement of X-ray facilities has pushed the resolution limit beyond wildest
dreams for any experimentalist, providing the scientific literature with loads
of data. The thesis work hereafter aims at shedding some more light on the
complex magnetic features in this class of materials.

In particular, in chapter 1 a theoretical background for the exploited spectro-
scopic techniques will be given. Going further, chapter 2 deals with description
of the state-of-the-art ID32 beamline at ESRE. Then, in chapter 3 the reader will
be provided with the proper framework required to describe most of the prop-
erties of rare earth ions in a crystalline environment. In the same chapter, a
brief outline is proposed about the simulation tool used to analyze experimen-
tal data coming from RIXS and XAS measurements; a grasp will be presented
of how calculations, based on a local Ansatz, can account for most of the prop-
erties of rare earth systems. Simulations are usefully exploited in chapters 4
and 5, where atomic parameters convenient in modeling the rare earth ion
Hamiltonian will be inferred by comparison with experimental data.

Notably, chapter 4 is conceived with the aim to prove to the reader how the
theory developed in chapter 3 can be conveniently exploited to model the en-
ergetic scheme of a 4f valence ion. To probe multiplet excitations occurring in
4f shell, RIXS is the elective tool due to the achievable resolution, matching
typical energy of ff excitations [4, 5]. Moreover, analyzing RIXS experiments
through simulations, one can unambiguously distinguish spin-orbit split fea-
tures from high-excited electrostatic terms, thus inferring energy splittings be-
tween ground state and other configurations higher in energy. Finally, in chap-
ter 5 the local model will be extended in order to account for collective effects
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occurring in Holr;Sip, which exhibits intriguing magnetic properties.

Before starting, it is here useful to clarify some definitions extensively used in
the following chapters. To identify the spectral absorption edges analyzed in
this work, the IUPAC spectroscopic notation will be exploited [6]. Depending
on the principle quantum number n of the involved core level, a letter is as-
sociated to the electronic transition towards the valence shell, i.e. K, L, M, N,
O edges are linked respectively to transitions from n = 1, 2, 3, 4, 5 core shell.
Then, a subscript number is put, which labels different lines in the same shell,
depending on their energy, i.e. subshells defined by different / and spin-orbit
split states defined by different j. Higher subscript numbers are associated to
less bound core states, i.e. less energetic edges in XAS spectra. Regarding this
work, My 5 edges are investigated; M is linked to transitions from the shell
n = 3 to the valence states, whereas the subscript numbers 4, 5 refer to the
subshell d, with 4 linked to transitions from the core state 3d3,, and 5 to 3ds 5.
Finally, to label the symmetries of rare earth ions in crystalline environment,
the crystallographic point group symmetry notation named after Schonflies is
used [7]. In particular, this thesis deals with the crystallographic space point
group Dyj,. D stands for dihedral or two-sided group; the number 4 accounts
for the four-fold rotation axis, plus the four two-fold rotation axes perpendic-
ular to it; & means that the reflection with respect an horizontal plane is listed
among the symmetry operations for this group, along with reflections with
respect to four vertical planes, each containing the four-fold and one of the
two-fold axis.



Chapter 1

Experimental techniques

Light is a valuable tool in probing the properties of solids. In particular, radi-
ation in the vacuum ultraviolet and X-ray range efficiently interacts with elec-
trons in solids [8]. Lately, thanks to the technological advances, synchrotron
radiation sources have reached brilliance comparable with that of lasers [8, 9].
These improvements have led to a growing interest in experimental techniques
involving light spectroscopy, especially in X-ray region, performed with syn-
chrotron facilities [9].

In the following sections, a brief description of the X-ray techniques used to
collect the data for this work will be provided. In particular, the focus will
be on Resonant Inelastic X-Ray Scattering (RIXS) and X-Ray Absorption Spec-
troscopy (XAS). A short background on X-Ray Magnetic Circular Dichroism
(XMCD) will be presented, for it has been useful in the analysis of the mag-
netic arrangement of Ho momentum in HolrySi; compound.

1.1 X-Ray Absorption Spectroscopy (XAS)

XAS is a spectroscopy technique which allows to probe transitions from ground
to core excited states [9, 10]. In the framework which will be discussed for
RIXS, the absorption step can be seen as equivalent to an XAS experiment. In-
deed, XAS spectra are usually acquired before any RIXS measurement, for they
are useful in selecting the incident energy on a strong resonance so that RIXS
cross section is enhanced.

In figure 1.1 the general scheme of a spectroscopic experiment is displayed.
The importance of performing X-ray spectroscopy experiments exploiting syn-
chrotron radiation must be stressed; the possibility to tune the entrance energy
to a high degree and over a continuum large spectrum without losing bril-
liance, along with the possibility to exploit polarization characteristics of the
synchrotron light has given a boost to experiments performed with this tech-
nique, since the advent of first dedicated facilities [9].

The XAS cross section is proportional to

o o |(n|T|g)|* x 6(Ey — Eg + hewiy), (1.1)

whith T = ep in dipole approximation, where € and p stand precisely for po-
larization and momentum of the incoming photon. In eq. 1.1, ¢ and 7 are the
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LV
LH
L|Jinrnph A'ph
y .

FIGURE 1.1: Spectroscopy experiment scheme. Incoming pho-
tons excite matter from its ground state 1;, to an excited one ,.
Then, a detector collects a signal which is a hint of the excitations
occurring in the sample. In XAS, the signal is proportional to the
number of absorbed photons at each energy. In RIXS, the signal is
the number of photons with a certain energy loss with respect to
the incident energy. In the cartoon Linear Vertical (LV) and Lin-
ear Horizontal (LH) polarizations relative to the axes of a unitary
crystal cell belonging to Dy, point group symmetry are shown.

initial and final state respectively. The ¢ is for energy conservation purpose,
which along with linear and orbital momentum conservation laws is the key
to the understanding of any spectroscopic result.
In practice, the incoming photon energy is scanned over an energy interval.
When it matches a particular resonant edge, matter strongly interacts with
light absorbing a large amount of photons. In other words, when photon fre-
quency resonates with the energy difference between an excited state and the
ground state an electron can be promoted, as a result of the absorption of the
photon. Therefore, XAS spectra can be seen as the density of unoccupied states
times the probability to reach them.
In order to relate XAS spectra with a commonly used empirical parameter in
optics, the Lambert-Beer law for the attenuation of light in matter is here re-
called

Iy = Ipe H(@win)x (1.2)

where I, and Ij stand for intensity at the coordinate x and the incident one
respectively. p(wjy,) is the so-called absorption coefficient, which is a function
of the incident photon energy; indeed, a normalized XAS spectrum is propor-
tional to the ratio between the intensity exiting a sample and the incident one,
scanned over an energy range, i.e. Ixas o e (@)t with t being the thickness
of the sample. Thus, combining egs. 1.1 and 1.2, one can link an empirical pa-
rameter like the absorption coefficient to a quantity which in principle comes
from calculations.

All in all, the evaluation of spectra is a matter of calculating eigenstates of the
initial Hamiltonian and reachable final states according to selection rules. In
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order to have a non zero integral, the overall function in the braket (n|ep|g)
must be even; selection rules come as consequence. In electric dipole approx-
imation, the transition operator is an odd function, therefore initial and final
wavefunctions must have different parity in order to have a non-zero matrix
element. To put it in another way, one may think to express wavefunctions and
operator as spherical harmonics, thus reducing to the overall conservation of
momentum quantum numbers. Since photon is carrying an orbital momentum
equal to one and zero spin, in dipole-like transitions, the following rules can
be stated: Al = +1, As = 0 and A] = 0, =1 with the constrain that J; + s > 1;
for the magnetic quantum numbers, accordingly Am; = 0, &1 and Am; = 0.
In principle, other multiplet orders can lead to transitions that are dipole for-
bidden, but their intensities will be orders of magnitude smaller with respect
to dipolar ones.

The evaluation of final eigenstates is a non trivial problem when performing
simulations of experimental spectra. In the insight about Quanty 3.3, the script
language used the simulation of spectra, the issue of calculating final excited
states, which is fundamental when dealing with spectroscopic simulations,
RIXS as well, will be discussed.

As the reader can notice from eq. 1.1, the polarization of incident photon
matters in the evaluation of transition intensity, thus opening the possibility
of performing a dichroism analysis in spectra. The possibility of performing
dichroism experiments seems to be promising for the evaluation of crystal field
effects. Indeed, probing different crystalline directions is the key to see in spec-
tra electronic or magnetic anisotropy effects [10-13].

Nevertheless, there are some major drawbacks with respect to RIXS, when
dealing with crystal field split f states, that should be highlighted and that
will be clear after discussion of resonant scattering in next section. As seen,
XAS cross-section is dipole dominated so that ff transitions, which are not al-
lowed due to selection dipolar rules, are only indirectly probed. Instead, RIXS
does not have to face this limit, for ff transitions can be seen as the sum of two
allowed dipole transitions and in principle resonant scattering can be sensitive
to higher order symmetry mixing of states, such as the four-fold one occurring
in a tetragonal crystal system [4]. To put it in other words, there is no chance
to probe the in-plane spatial orientation, i.e. the planar orbital occupation of
states, in compounds which displays a tetragonal symmetry relying only on
XAS spectroscopy, limited to probe only up to two-fold ground state symme-
tries. Moreover, the resolution of an XAS spectrum at the My 5 edge typically
can not be lower than 1eV, being dominated by intrinsic core hole lifetime
broadening. Therefore, any information related to ff excitations, whose energy
scale can be in the order of ~10meV, can only be indirectly obtained.

In RIXS experiments instead, resolution of the order of 10 s meV and with peak
values of 30 meV at the copper Lz edge at ERIXS-ID32 is achievable [5], which
allows to directly resolve 4f energy levels. Indeed, due to the fact that the fi-
nal reached state is in a low excited energy configuration with respect to the
initial one, a long life time is expected; as a result, the combined resolution
has a technological limit and depends mainly on the quality of the beam, the
monochromator and the spectrometer. As a matter of fact, one may partially
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cope with the second limit, exploiting, when possible, the rather large polar-
ization dependence, which can in the end push the analysis beyond the resolu-
tion limit constrain [10, 13]. Still, when resolution is appropriate, RIXS spectra
are expected to offer less ambiguous results, for one, in principle, can rely on
directly resolved splittings of multiplets rather than analyze how crystal field
indirectly affects the transition probability [4].

After having introduced the general scheme in a spectroscopic experiment, it
seems now relevant to account the temperature for as an important parameter
in measurements. Temperature can be seen as a reservoir of energy for elec-
trons which can populate states above the ground with a probability given by

Boltzmann statistics
Ei—Egs

dZ =1/e ¥ , (1.3)

where E; and Egs stand for the excited and ground state energy respectively.
It is clear that the shape of spectra is strongly dependent on temperature, for
different states can be populated, changing then the initial states and the reach-
able ones. Moreover, temperature can be a rough measure of the splitting be-
tween ground and excited states and temperature analysis of spectra can be an
interesting experiment to carry out [14, 15]. The spectra acquired to obtain the
CEF scheme of the compounds for this work have been obtained at low tem-
perature, i.e. around 20K, in order to have most of the sample in the ground
state.

In the next section a further insight about dichroism will be given, in particular
about magnetic circular dichroism.

1.1.1 Dichroism

Dichroism is a property of certain compounds to give a different response de-
pending on the relative orientation between polarization of light and sym-
metry axes of the sample [4, 10, 13, 16]. Therefore, the signal X-ray Circular
Dichroism will be defined as the difference between the spectrum acquired
with a right circular polarization and the one acquired with left circular one.
Instead, one may refer to X-ray Linear Dichroism when light is linearly po-
larized: in the latter case the dichroism signal is the difference between two
spectra acquired with different experimental geometries, including in the term
geometry the relative orientation of the polarization and the wave vector with
respect to the symmetry axes [10].

In order to have any spatial anisotropy, there must be a term in the Hamilto-
nian which breaks spherical symmetry of the free atom. For instance, a sym-
metry loss occurs when exchange field driven interactions are present or when
an external magnetic or electric field is applied as well. Crystal field can be
modeled as a fictitious electric field in the sample, which forces the atom to
orient the spatial electronic wavefunctions along easy axes [1, 2, 17-20]. To put
it in other words, the crystal field splits the 2] + 1 degenerate atomic energy
levels of the free atom, according to their spatial orientation along the symme-
try axes, i.e. depending on the value of the quantic number M.
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It is now appropriate to introduce the 3]J-symbols formalism and express tran-
sition probability in terms of the product of spherical harmonics, i.e. in terms
of quantic numbers ] and M, related to the overall momentum and its projec-
tion along a quantization axis [1, 17]. According to Wigner-Eckhart theorem
[1], the transition probability in eq. 1.1 can be separated into a radial and an
angular part

Merlg(M) = (<01 (T ) ey,

where the momentum vector p has been replaced by the position vector r

through the use of the commutator [, 1] = %hp and g stands for the pro-
jection of the momentum carried by the incoming plane wave, i.e. g = 0, 1.
In order to have a non-zero 3] symbol, the following conditions must be ful-
filled: the absolute value of each element of the second row must be smaller or
equal to the corresponding element in column and the subtraction by column
of the two element must be equal to an integer; —M + g + M’ = 0, which can
be seen as another way to express the selection rule AM = 0,+1; ]/ + 1+ J is
an integer; |J — 1| < J' < |J 4+ 1|, also known as the triangular relation and
related to the selection rule A] = 0 4= 1. Accordingly, depending on the value
of g, i.e. the polarization of light, transitions are likely to happen or not.

In order to better explain the source of magnetic circular dichroism in spectra
one may refer to the so-called two-step model for XMCD [16]. The model is
conceived for L 3 edges of transition metals; nevertheless, it can be useful to
give a general explanation of why differences in absorption spectra must be
expected, when dealing with magnetic materials. The model will be also help-
ful to finally give an argument for the development of the so-called sum rules
[21].

In the first step, considering transitions starting from p; /,, excited by a right
circular polarization, i.e. Am = +1, counting all the possible reachable final
levels, there is a 75% probability of a spin up final state, while for the L3 edge
a 62.5% probability of a spin down final state. Therefore, the constrains due
to dipole selection rules and to the value of the 3] symbols involved in transi-
tions result in a spin polarized final state, depending on the considered edge.
So far, no magnetic effect has been accounted for the dichroism in spectra. In
step two of the model, magnetism is taken into consideration, by considering
a final spin split band state, as it is in ferromagnetic materials for instance or
when any external field breaks the spherical symmetry, e.g. due to Zeeman or
crystal field effects. As a result of the two steps, the excitation probability of
polarized electrons depends on the density of final states which are reachable
according to selection rules, being the intensity of the absorption cross-section
dependent on the availability of polarized final states, according to Pauli ex-
clusion principle. All in all, the sum of the two effects will result in a difference
in the absorption coefficients controlled by the polarization of incoming light.
Taking into account an orbital polarization as well, eq. 1.1 can be rewritten as

Ut X |<1’1|T|g>|2 X (p|n)<E) + <UZ> ’ Apspin,|n)(E) + <lZ> 'Aporbital,|n)(E))/ (1.5)
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where the transition operator T and its expression in dipole approximation
have been already discussed; p stands for the final density of states. Thus, the
absorption coefficient is the sum of a constant part related to the presence of
resonant edges and a variable part linked to the polarization of incoming pho-
ton. The dependence on the spin polarization has a different sign from edge
L, to edge L3, whereas the orbital one has the same, considering the Am = +1
transitions; intuitively, to get the signal coming from the orbital polarization,
one would have to properly sum the contributions coming from the two edges,
whereas the difference should be taken to extract the spin dependent signal.
Sum rules come as a consequence.

Sum rules are a quantitative tool to extrapolate expectation values of spin and
orbital momentum projection on a quantization axis. Their aim is to separate
spin and orbital contribution to XMCD. Considering two spin-orbit split edges,
the sum rules are

Sy BB - (EDAE
Jor G (E) + () + pO(E))dE "y’
—Ji 0+ (B) = p—(BME —b J, (v (E) — i (ENME _ c(s,) + (T
[ s (W (E) +u(E) + uO(E))dE =T

(1.6)

where (L;), (S;) and (T;) are the expectation values for spin, orbital angu-
lar moment and magnetic dipole term projection along the quantization axis.
The latter takes into account the asphericity of the spin distribution, due to the
environment around the atom, which lowers its symmetry from the spherical
one. 1y, stands for the number of initial holes in the valence shell. a, b, c and
d are constants linked to the branching ratios of the transitions and ultimately
come from the evaluation of the relative 3] symbols.

The denominator of both equations in 1.6 is the isotropic XAS spectrum over
the two edges, i.e. the sum of spectra obtained with all the possible polar-
izations. Usually, in an XMCD experiment, it is estimated as u™ + u~ + u® ~
ut+u +(ut+u")/2=3(p" + p)/2. The nominator in the two equations
is instead the XMCD, i.e. the signal coming from the difference between the
spectra u™ and p~, where the first is acquired with round circular polariza-
tion and magnetic field applied along +z and the latter with left polarization
or with negative field. In sum rules 1.6, the XMCD signal is evaluated over
both edges in the first one, whereas edge by edge in the latter, according to the
fact that the orbital contribution displays the same sign over the two edges,
while the spin contribution does not. Obviously, one has to remove from the
signal what does not come from magnetic properties of the sample, e.g. a step
like background must be erased by the spectra at each edge. Indeed, each time
photon energy resonates with a core level, the photoelectron can be excited to
the vacuum, so that any further amount of energy can bring to higher unbound
states and will result in a nearly constant contribution to the absorption coef-
ticient. Clearly, this contribution to the spectra is not related to the magnetism
of the sample and if not properly removed can severely affect the evaluation
of the integrals [16].
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It is clear from the two-step model that the presence of an element lifting spher-
ical symmetry is necessary, to have dichroism when dealing with circular po-
larized light. As well as circular, linear dichroism is expected when crystal
tield is present, due to the fact that electronic clouds of the ion are likely to
orient along certain symmetry axes of the crystal. As a matter of fact, varying
the experimental geometry, absorption events are likely to happen or not, e.g.
the polarization of the incoming beam can be parallel or perpendicular to the
electronic clouds; in the first case, absorption will take place whereas will not
in the latter [10]. To this date, there is not an equivalent to sum rules for lin-
ear dichroism, still XLD experiments can be useful in revealing the presence of
crystalline effects.

In the next section RIXS technique will be treated; the theory outlined for the
XAS will be useful, to understand how the two techniques can be seen as com-
plementary tools in a spectroscopic experiment.

1.2 Resonant Inelastic X-Ray Scattering (RIXS)

RIXS is a second-order optical process, since it involves a coherent absorption
and emission of X-rays at resonance with electronic excitations [4, 8, 22, 23].
The incoming photon promotes a core electron and brings the electronic sys-
tem to an excited state; therefore, after a characteristic time, the system will fill
the core hole by emitting an X-ray photon. Being RIXS a photon-in photon-
out spectroscopy technique, it opens the possibility in principle to measure
variations of the energy, momentum and polarization of emitted photons with
respect to incident ones, both in metals and insulators. These variations probe,
in the end, excitations occurring in solids and can be measured under different
external conditions: e.g. with applied electric or magnetic field and in ap-
plied high pressure as well [8, 24]. In the range of X-ray wavelengths, which
is of relevance for the analysis of transition metal and rare earth compounds
for instance, photons are much more energetic than any other probes, such as
neutrons or electrons. As a result, the scattering phase space is much larger
compared to the one of other techniques, e.g. photon scattering with visible
and infrared light [22].

The RIXS cross-section is in the form

2
T\n) (n|T

where fiw;, and hiw, are the photon energies of the incoming and outgoing
photon, respectively. g, n and f stand for the initial, intermediate and final
states, along with their energies E¢, E;, and E £ The same letters, labeling in
XAS initial and final states, have been used to define initial and intermediate
states in RIXS cross-section, for the first transition in resonant process is equiv-
alent to an absorption event. The operator T represents the radiative transition
and I';, the spectral broadening due to the core hole lifetime in the intermedi-
ate state. Finally, the ¢ function states the total energy conservation law, which
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along with the conservation of total linear and orbital momentum is crucial in
deducing the properties of a sample from spectroscopic analysis.

As one can see from expression 1.7, RIXS spectrum is the sum of all the possi-
ble second order transitions. All the available transitions from the initial state
g to an intermediate state 1, due to a core electron excitation induced by an
X-ray photon absorption of energy hw;,, give a contribution to the intensity
of the spectrum. For each of them, all the transitions towards a final state f
due to an X-ray photon emission of energy hw, must be taken into account.
The real part of the denominator in eq. 1.7 vanishes, when the incoming pho-
ton energy is close to the core electron excitation threshold, thus leading to a
strong intensity even if RIXS is a second-order process. This strong enhance-
ment of the scattering section around the electronic edges, compared to the
one of other techniques probing crystal field and magnetic excitations, such
as Inelastic Neutron Scattering, allows to operate with small sample volumes,
e.g. thin films, surfaces and objects at the nanoscale [25]. Therefore, the strong
resonance character of RIXS opens up the opportunity to investigate low di-
mensional systems as well [26]. Nevertheless, RIXS, being a second-order scat-
tering process, is a photon hungry technique; as a result, in order to collect
meaningful information from RIXS spectra a state-of-the-art instrumentation
is needed both in terms of the light source and of the detectors, as discussed in
chapter 2.

Listing other advantages, it should be recalled that RIXS is an element and
orbital specific technique, being indeed sensitive to crystal field environment
around the selected ion. Due to the possibility of tuning the incoming photon
energy, one can select the specific elemental edge to probe and the specific ex-
citations, including the multiplets splittings due to the crystalline environment
[27]. Furthermore, RIXS is a bulk sensitive technique as well, for in X-ray range
the penetration depth is typically of the order of a few pm for hard X-rays and
of 0.1 um for the soft ones [22, 28]. The sensitivity to the surface can be en-
hanced by varying the incidence angle to a grazing one. Finally, in principle, a
polarization analysis of the outgoing photons can be carried out, providing the
user with information about the exchanged angular momentum between light
and matter during the interaction [29]. As a result, one can yield from RIXS a
symmetry characterization of the excitations occurring in solids [30, 31].

In the description of a RIXS process, in principle, one should take into account
the superposition of two different scattering mechanisms: direct and indirect
RIXS, the first being dominant when allowed, while the latter contributing
only at higher orders [22].

Considering direct scattering, the deep core hole left by the electron excited
into an empty state in the valence band is filled by one electron from the oc-
cupied states under the emission of an X-ray photon. As a result of the two-
step process a valence excitation is created, whose energy and momentum is
given by the difference between the ones carried in by the incoming photon
and those taken out by the exiting X-ray. The direct RIXS mechanism to occur
requires both transitions to be allowed and considering electric dipole transi-
tion rules, M edge of rare earth compounds can safely be claimed to fulfill this
requirement. In case of a low probability for the direct transition to occur, e.g.



1.2. Resonant Inelastic X-Ray Scattering (RIXS) 11

the two processes are forbidden by electric dipole rules, indirect transitions can
become relevant. In indirect transition case, the electron core is promoted in a
strong excited level in the intermediate state, i.e. several electron volts above
the Fermi level. The strong potential exerted by the core hole is felt by valence
electrons which are scattered in a way that electron-hole excitations are created
in the valence band. Finally, the strongly excited electron decays to fill the core
hole, leaving behind the electron-hole valence excitation. Thus, indirect tran-
sitions are due to the strong core hole potential and their analysis can provide
information about the solids in the heavily excited intermediate state. Finally,
the fact that both scattering mechanisms can contribute to the intensity of RIXS
spectra should be stressed. However, when allowed, direct mechanism has a
much higher cross-section with respect to the higher order process of indirect
event and one can focus the analysis on the first type of scattering.

A sketch of the described mechanisms is displayed in figures 1.2 and 1.3.

Initial State Final State
Energy Energy
® Valence Band hd Valence Band
w,, Kk,
Core Level Core Level

FIGURE 1.2: Direct RIXS scattering. A core electron is excited
into the empty valence band, then, within few fs, the core hole is
filled by an electron from an occupied state in the valence band.
In the end, a valence excitation has been created with momentum
ik, — hik;, and energy hiw;, — hw,. Image redrawn from [22].

After having introduced, at least in a qualitative way, the scattering mecha-
nisms during a RIXS process, is appropriate to move further on to the two
possible classes of inelastic energy loss features. Then, are defined as Raman
features those in which the energy transferred 7w to the solid is independent
of the incoming photon energy %w;,. In other words, the energy of the outgo-
ing photon 7w, increases of the same amount as the energy of the incident one
hw;,. Whereas, one can define as X-ray emission or X-ray fluorescence features
those which show no dependence of the energy of the outgoing photon on the
incident energy, thus requiring only the core hole to be created by the incoming
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Initial State Intermediate State Final State
Energy Energy Energy
o
Valence Band 3 Valence Band ?0 Valence Band
Win, Kin Wo, ko
Core Level |~ Core Level /_Core Level

FIGURE 1.3: Indirect RIXS scattering. A core electron is excited
into an empty valence state far above Fermi level. Electrons in
the occupied states of the valence band are scattered by the elec-
trostatic potential originating from the core hole into the empty
states. The photoelectron, then, decays emitting an X-ray photon.
In the end, as in the case of direct RIXS process, a valence exci-
tation has been created with momentum 7k, — 7ik;, and energy
hwiy, — hw,. Image redrawn from [22].

radiation. Therefore, in the energy conservation equation fiw;, = hw + hw,,
the Raman features will stand for the ones in which the energy loss iiw is con-
stant with respect to incoming energy hiw;,,, while the fluorescence class is char-
acterized by having the outgoing photon energy fiw, constant. Since, for the
occurrence of the second class features, it is only necessary to have a core hole,
all the possible intermediate states in which the photoelectron is excited to the
vacuum can contribute to this RIXS feature class and information about the
intermediate state is lost. Thus, Raman features are more relevant in a RIXS
experiment, for they can provide a full description of elementary excitations in
solids and their analysis is in principle simpler.

1.2.1 Theoretical fundamentals

In order to derive a justification for eq. 1.7, the theoretical aspects of RIXS will
be deepened.

Considering the initial state ¢ with energy E, and the final state f with energy
E¢, the intensity of RIXS transition 1.7 can be rewritten as

2
Hwin, wo, Kin, Ko, €in, €0) = Z |ffg(win/ Wo, Kin, Ko, €in, €0) ‘ X
f (1.8)

with w;,, ki, and €;, being the energy, momentum and polarization of the in-
cident photon and w,, k, and €, the ones of the outgoing X-ray. As the reader
can see, the intensity is the product of an amplitude factor F, and a ¢ term,
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again for energy conservation purpose. The amplitude factor depends on the
probed excitations, being function of w;, and w,, and on the experimental ge-
ometry, due to the dependence on polarization and wavevector, .

With the aim of obtaining the transition rate probability in a RIXS process,
which will lead to eq. 1.7, one should start writing the Hamiltonian for N
atomic electrons interacting with the electromagnetic field of synchrotron ra-
diation. In the non-relativistic limit and small potentials approximation, i.e.
the electrons potential ¢ and the photons vector one A are small compared to
the rest energy of electrons, e¢/2mc?, e |A| /2mc < 1, one can write

H = Z (M + ﬁo-i . B(l‘i)—l-

2m
h
2(2(;1(:)2‘” {E(1;) x [p;i +eA(r;)] — [p;i + eA(r;)] X E(ri)}) + (1.9
2 .
86(7;1%5520 + HCoulomb + lghwk(lllteake =+ %),

where p;, r; and o; represent the momentum, position and the Pauli matrix
of electron i. A is the vector potential; the electric field can be expressed as
E(r;) = —V¢ —0dA/dt and the magnetic one as B(r;) = V x A. In a sec-
ond quantization formalism, the last term through the use of creation af_ and
annhilation ay,. operators, stands for the photons term. The photons term is
the sum of the energy associated to all the modes k multiplied by the number
of photons in each mode and polarization states, plus the zero point energy
hiwy /2. The first term of eq. 1.9 is the kinetic energy of electrons in presence
of an electromagnetic field. The second term is the Zeeman term, responsi-
ble of multiplet splittings when a static magnetic field is applied. The third
term describes the spin-orbit interaction coupling. the fourth contribution is
the fine structure Darwin term and relevant only when dealing with s orbitals,
for they do not decay when approaching the nuclear coordinates: for the pur-
pose of this work, dealing with d and f orbitals, it will be neglected. Finally,
a Coulomb term has been introduced to account for the interaction of electron
with any electric potential, including the one due to the presence of other elec-
trons and the nuclei.

Hence, the idea is to split up the Hamiltonian H in two major pieces: Hy =
Her + Hpn. Thus, the system is represented as the sum of an electronic term
and an electromagnetic one, as if they do not interact with each other, and #’,
which stands for the contribution coming from the interaction of the two sys-
tems. As a result, one can write the Hamiltonian in eq. 1.9 as H = Ho + H’
and treat the interaction term as a perturbation to (. Only the contributions
which show a linear dependence on A in eq. 1.9 are relevant in a two-photon
resonant process, so that the interaction Hamiltonian is

, e eh
=) SA) pit 501 VX A(L) |, (1.10)
i=1
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where the Coulomb gauge was fixed, i.e. VA(r;) = 0, i.e. [A, p] = 0. The first
addend is a non-magnetic term, while the second one is related to a Zeeman
like interaction: the magnetic term will be neglected from now on, since it is
estimated to be smaller by a factor 10~2 with respect to the non-magnetic one.
Applying the perturbative approach and expanding Fermi’s golden rule to the
second order, for the transition from an initial state |g) = |g; fiw;,, k, €) to a
final state |f) = |f; hw,, k', €’) the rate probability is

(| H'|g) 2 fmh[“_(“gH )| x 8(Eg — Eg) (1.11)

27
w = h;

The photon is scattered from the state at energy hw;,, momentum #k;, and
polarization €;, to the final one at hw,, &k, and €,, bringing the electronic
system from the state |g) to | f). The first order term of eq. 1.11 is related to non-
resonant scattering, whereas the second order term, through its denominator
energy dependence, is enhanced when the incident photon energy is close to
a resonant edge. Expanding the vector potential in plane waves, i.e. A(r) =

Y ke \/ Ve €0 o (Agee™™ + Al _e~k7), V being the volume of the system and Ay,

each mode amplitude, one can write the resonant part of eq. 1.11 and the
amplitude of eq. 1.8 as

o Z (Fles - pie ™5 |m) (n]ei - ™77 g)

F .

(1.12)

Thus, the transition operator in eq. 1.7is T = C Y., efkir

one gets

r,'el,n Ppi and, flnally/

g V1T nlTig) (113)

‘ng(winleIkinlkOIeiﬂleo) = E, + hw;, — E,, +il,,’
g n n n

n

which links egs. 1.8 and 1.7.

Exploiting Green’s function formalism, F, can be written in a more compact
way as Fr, = (f|T'GT|g), where G = ¥, % is called the inter-
mediate state propagator. The propagator G is intrinsically connected to the
intermediate state Hamiltonian; therefore, one can express it as the sum of an
unperturbed term and one related to the core hole Hamiltonian, i.e. the inter-
action arising from the exciton in the intermediate state, G = Gy + GoH.G and
straightforward write the scattering amplitudes for both direct and indirect
RIXS mechanisms, depicted in figures 1.2 and 1.3:

Fieet = (fIT'GoTlg) (1.14)

and
Ffireet — (f|T'GoH.GT|g). (1.15)
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A final remark about the definition is appropriate. Equations 1.8 and 1.13,
which in the end combine to build up expression 1.7, are usually referred to as
Kramers-Heisenberg formulas. They date back to 1925 [32], just before the con-
ventional advent of quantum physics and the theory about photon transitions
afterwards developed, including the perturbation theory and the derivation of
Fermi’s golden rule. Their purpose was to describe stimulated emission and
inelastic scattering, anticipating the discovery of Raman effect. As shown, they
can describe RIXS scattering mechanism as well.

That concludes the chapter about the exploited spectroscopic experimental
techniques in this work.

In the next chapter, the reader will get a grasp of how a state-of-the-art beam-
line dealing with soft X-rays spectroscopy is designed.
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Chapter 2

Beamline ID32 at ESRF

Conceived and built as a part of phase I ESRF Upgrade, the ID32 is a state-
of-the-art beamline for XMCD and RIXS soft X-ray experiments, covering the
energy range 400 eV <+ 1600 eV. This energy interval allows to scan over differ-
ent elements absorption edge, e.g. light elements K-edges, 3d transition metals
L, 3 and 4f rare earths My 5 ones, directly probing magnetic features due to the
not-full valence shell. The beamline is split up into two branches; one ded-
icated to XMCD and external users experiments and one to high resolution
RIXS.

In this chapter, after a brief description of a synchrotron facility, with a focus on
ESRE, a technical description of the design of the beamline will be given, stress-
ing how technological issues have been tackled to achieve the aim of providing
the user with high stability, fast acquisition time and never achieved before res-
olution.

Concerning the description of ID32 beamline the following description is mainly
based on [5, 33], the latter focusing on the XMCD branch.

2.1 Lightsource: ESRE a brilliant synchrotron radi-
ation facility

Before going into the details of the beamline itself, a brief insight on syn-
chrotron radiation and its sources will be given, focusing on ESRE.

High energetic moving electrons that are subjected to an acceleration can emit
radiation in the X-ray range [9, 16]. Thus, the working principle of a syn-
chrotron machine is based on the idea that electrons moving on a circular
trajectory get continuously accelerated. The ESRF facility follows a general
design for synchrotron machines, being made of a preliminary linear acceler-
ator (Linac), a booster synchrotron and the storage ring [34]. The aim of the
Linac is to accelerate the electrons coming from an electron gun to 200 MeV
by means of linear arranged and electric fields based optics and to provide
them as bunches to the booster. Increasing the energy of electrons, magnetic
tields become much more effective with respect to electric ones in modifying
electronic trajectories; indeed, the Lorentz force scales with the velocity of the
charge particle whereas the electric one is constant. Therefore, the booster is a
300 m long ring, made of magnetic optics, whose aim is to bring electrons to
the 6 GeV target energy, before injection in the storage ring. Going further, the
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storage ring is a a tube 844 m in circumference where electrons are kept in tra-
jectory close to the speed of light. Ultra high vacuum is required in the cavity
in order to avoid impact between electrons and impurities which may cause
creation of high energetic positive ions and electrons energy losses; thus, the
tube is maintained at around 1 x 10~? mbar. Finally, the radiation resulting
from the bending of electronic trajectories is provided to beamlines in order to
perform experiments.

A sketch of the ESRF facility is provided in figure 2.1.

FIGURE 2.1: Layout of ESRF. In the figure the trajectory followed

by the bunches of electrons is highlighted. They are generated by

the electron gun, linearly accelerated by the Linac, brought to the

target energy and injected in the storage ring by the booster syn-

chrotron. Finally, photons by undulators and bending magnets
are provided to the beamlines. Image from www.esrf.eu.

Along the storage ring, the magnetic optics are arranged in 32 alternating
straight and curved sections.

Bending magnets are placed in the curve sections; keeping electrons in their
circular trajectory, they are responsible for the production of synchrotron radi-
ation. However, since electrons passing in a bending magnet are subject to a
continuous acceleration the radiation coming from these devices is character-
ized by a poor brilliance compared to the one achieved by more sophisticated
devices, such as undulators, both in terms of the energy band and of focusing
power [9, 16]. Whereas, in the straight sections refocusing magnets and inser-
tion devices, i.e. undulators, are placed. The task of the first is to cope with the
space-charge effects, which can ultimately lead to loss of spatial and temporal
coherence of the beam. Then, alternating quadrupoles and sextupoles magnets
keep electrons as close as possible to the ideal orbital path. The latter instead
are arrays of small magnets which force the electrons to undergo rapid oscil-
lations in space. Due to this motion, electrons can emit photons which sum in
phase over a small energy range and are focused on a small solid angle. More-
over, depending on the arrangement of magnets in the arrays, in particular on
the relative spatial phase difference among them, the light can be linearly or
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circularly polarized with a degree of polarization close to 100% [16]. Thus, un-
dulators are currently employed in third generation synchrotron facilities. The
graph in figure 2.2 displays the brilliance of several X-ray sources in history
along with the current value and the prediction for ESRF after EBS (Extremely
Bright Source) upgrade [35].

Following the same path as photons coming from the storage ring, in the next
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1018
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Brillance (photons/s/mm?/mrad?/0.1%BW)
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FIGURE 2.2: Brilliance of X-ray sources in history. Following the
time line: the first X-ray tubes; the first generation synchrotron,
where bending magnets were employed for the first time with
the purpose of radiation production; the second generation ones,
characterized by the use of wigglers, forerunners of the modern
undulators exploited by the third generation sources. Finally, an
estimation for ESRF after EBS (Extremely Bright Source) upgrade.
Image from www.esrf.eu.

section a detailed description of ID32 beamline at ESRF will be provided; start-
ing with the optics hutch where photons coming from ID32 dedicated undula-
tors are delivered, the optics common to the two branches will be described.
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FIGURE 2.3: ID32 beamline floor plan. Distances of each compo-

nent is given taking the centre of ID32 straight section as a ref-

erence. The two branches are pointed out. Highlighted in red

the long arm RIXS spectrometer and the control cabins: one for

the RIXS branch, two for the XMCD one, for the main endsta-

tion and the external users’ experiments one respectively. Image
taken from [5].

2.2 Optics hutch

To achieve the double aim of having a tunable polarization and a high flux
light, ID32 dedicated straight section hosts three undulators APPLE-II [36].
These undulators allow a close to 100% polarization, both linear in two per-
pendicular planes and circular right and left, over the energy range 400eV =
1600 eV. Radiation exiting from undulators is characterized by an elliptical sec-
tion, with the size in the horizontal plane being one order of magnitude larger
than the one in the perpendicular vertical plane and with a higher divergence
as well. The undulators are spatially arranged in order to provide a radiation
whose first harmonic covers the soft X-ray range. Being the photons highly
absorbed at this energy, pressure of 2 x 10~ mbar is required; therefore, the
entire beamline is connected with the Ultra High Vacuum of the storage ring
and ID32 is a windowless beamline.

In figure 2.3 a sketch of ID32 floor plan is provided.

A double mirror device is placed at the entrance of the optics hutch, in order
to obtain a beam parallel to the one coming from the storage ring but shifted
of 16 mm in the horizontal plane and to install a Bremsstrahlung stop to filter
out higher energy photons. Moreover, the mirrors reduce the heat load on the
monochromator, absorbing unwanted higher energy radiation as well. Their
position can be adjusted by the user acting on the hexapod support which per-
forms six degrees of freedom movements.

Out of the double mirror, the beam is focused in the vertical direction and
collimated in the horizontal one by a toroidal mirror, before reaching a plane
grating monochromator (PGM) in the vertical direction. Since radiation falls
in the soft X-ray range, it is not possible to exploit crystal optics as monochro-
mators, currently used in hard X-ray beamlines; therefore, artificial periodic
structures designed for higher soft X-ray wavelenghts are employed.

When performing a spectroscopic experiment, one of the major challenge is
scanning over a wide range of energies with the same degree of monochro-
maticity. To fulfill this requirement, ID32 employs two variable line spacing
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(VLS) plane gratings for each branch: one characterized by a higher resolution
power, the latter designed to work in a medium resolution setup, conceived to
increase the throughput. A pre-mirror, in front of the gratings, performs the
task of keeping the beam spot at the centre of them; the energy of the beam
is selected by rotating the gratings about their axis, i.e. selecting the order of
diffraction. Undulator gap is scanned as well to ensure an approximately con-
stant flux across the scan.

A scheme of the optical components of the two branches is proposed in 2.4
up to the refocusing optics, along with the listed distances with respect to the
dedicated straight section.

In the next section, we will go into the details of the description of the XMCD
branch.

2.3 XMCD branch

2.3.1 XMCD optics

For the XMCD branch two gratings are available: a resolving power of 5000 is
achieved with the 300 1/mm one, whereas with the 900 1/mm groove density
one is possible to obtain a resolving power higher than 10000 over the entire
energy range. The selection is a trade-off between resolution and intensity,
keeping also in mind that with the higher density grating setup measurements
the insensitivity to angular changes is improved, due to the higher degree of
dispersion achieved.

A cylindrical deflecting mirror (DFM) is placed after the monochromator to fo-
cus the beam at the exit slit of the gratings and to guide it in the XMCD branch;
this mirror is mechanically removed as RIXS measurements are taken.

Finally, before the sample chambers, refocusing optics are in charge of adjust-
ing the beam size. It is possible to focus the beam in both the end stations, the
main one and the one committed to special experiments of external users, or
to defocus it when a high flux is unwanted on the sample to prevent damage.
Focusing in the horizontal and vertical direction is achieved by two ellipti-
cally bent cylindrical mirrors, horizontal refocusing mirror (HRM) and verti-
cal refocusing mirror (VRM): beam size can be tuned from ~100 um x 10 pm to
~2000 pm x 800 pm (Hx V). A refocusing plane mirror (RPM) keeps the beam
in the horizontal plane common to all beamlines at a height of ~1.4m. Out
of it, thin conductive (B-doped) diamond films [37] are placed to measure the
intensity of the flux before the sample; this signal is used to apply a proper
normalization to spectra with respect to incident photon flux.

2.3.2 XMCD endstation

The core of XMCD branch of ID32 is its UHV high-field superconducting mag-
net [33]. It is made of two sets of split-pair superconducting coils which can
generate a magnetic field up to 9T along the beam direction and up to 4T in
the orthogonal direction. The superconducting coils are kept in a liquid-He
(LHe) bath keeping them at 4.2K, i.e. below the critical temperature for the
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FIGURE 2.4: Optical layout for the two branches up to the refo-
cusing optics. All the components are listed in the legend. In
particular, beyond the components treated in the text, diagnostic
tools are present at ID32. Beam viewer and diagnostic slits, which
are open during experiments, are useful in aligning the beam and
properly adjusting position of each optical element. Primary slits
select the portion of the beam close to the optical axis, whereas
monochromator slits fix the diffraction order. Slits are present
also before the sample to define the hit portion. Finally, a gas cell
is present to perform XAS measurement and estimate beamline
energy resolution on well known gas edges. Image taken from

[5].
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FIGURE 2.5: XMCD station. In figure the high-field supercon-
ducting magnet and the cluster of the six UHV chambers is high-
lighted. C1 allows loading, storing and basic preparation of ex
situ samples. C2 is a sample storage for up to 20 sample plates.
C3 is committed to the growth and characterization of metal and
oxide films and clusters. C4 allows two sample to be loaded at
a time; it is connected to the transfer system of the six chambers.
C5 hosts a scanning tunnelling microscope for characterization.
C6 is dedicated to the deposition of molecules and other volatile
materials. Image taken from [33].

transition phase from the superconducting state to the normal one. As well as
the magnet, a cluster of six UHV chambers connected to the magnet sets up
the endstation; sample can be prepared, characterized and transferred to the
magnet being in UHYV, i.e. with negligible surface contamination. During ex-
periments, indeed, the pressure in the magnet is typically in the 1 x 107! mbar
regime. A scheme of the six chambers along with the magnet is provided in
2.5, together with a picture from the top view of the station.

Spectra are acquired exploiting the total electron yield (TEY) method [9]. As a
result of a photon absorption event an electron-hole pair is created in the ma-
terial; in the TEY method, all the electrons exiting the sample are measured.
The signal is acquired by measuring the drain current from the sample by a
detector put above the sample. The detected signal is the sum of Auger and
secondary electrons collected; the first being very sensitive to the surface, the
latter being the result of cascade processes. The mixing of these two effects
leads to a probing depth with a lower boundary set by the Auger typical depth,
i.e. ~20 A and an upper one of ~200 A [9]. Despite the uncertainty on probing
depth, among other detection techniques, the TEY is characterized by ease of
acquisition and a large signal, which make it the most exploited one. How-
ever, in ID32 it is possible to perform also measurements in total fluorescence
yield (TFY) mode, where photons coming from the sample as a result of the
fluorescence decay channel for the core hole are detected. On one side, pho-
tons exiting the sample have the same mean free path of the incident ones, i.e.
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the probing depth is somehow only set by the beam energy, on the other side,
saturation effects arise. When strong resonances are present fluorescence pho-
tons are likely to be reabsorbed in the sample; as a result, the spectra show to
be flattened at highest peaks energy. The photodiode for TFY measurements is
mounted at 90° with respect to the incident beam.

The magnet is equipped with a He* continuous-flow cryostat, allowing the
sample to be brought down to 5K. A resistive heater allows temperature con-
trol with a PID control loop on temperature sensors; both the heater and the
sensors are properly electrically insulated to avoid introduction of noise in the
detected signal. The temperature at the sample position can be set at any value
from 5K to a maximum of 320 K; ramp rates and temperature stabilization can
be controlled with the heater with a typical time of stabilization in the order of
20 min.

Research about molecular magnets, topological insulator, magnetic impurities,
exchange bias systems and single-crystalline systems have been carried out by
external users at XMCD endstation. For the purpose of this work, the possi-
bility to take measurements of the magnetization by integrating XMCD signal
has been exploited. Further details, along with practical case studies and fu-
ture perspectives can be found in [33].

In the next section, a description of RIXS branch will be given.

2.4 RIXS branch

2.4.1 RIXS optics

As for XMCD branch, also for RIXS two gratings are available at the PGM: one
with a groove density of 800 1/mm for medium resolution and high through-
put and another one with 1600 1/mm for high resolution measurements. The
refocusing optics include a bent elliptical mirror for refocusing in the verti-
cal plane (VRM) and a cylindrical HRM acting in the horizontal direction; the
spot size at the sample is typically 3pm <+ 4 pm FWHM Gaussian shaped in
the vertical direction and ~35 um in the horizontal one. Since photons having
different energies are dispersed in the vertical plane, the constrain of the spot
size is on this direction; indeed, the source size sets the limit in energy reso-
lution. Finally, the last mirror before the sample is kept electrically isolated in
order to use it as an intensity mirror, by measuring the drain current.

2.4.2 RIXS sample stage

Sample is hosted in a 711 mm diameter UHV chamber on a four-circle UHV
diffractometer and kept electrically insulated, in order to perform TEY mea-
surements, collecting the drain current. The stage can rotate about the vertical
axis, i.e. the one normal to the horizontal plane of ID32, of an angle 0 in the
range (—20°; 185°): 6 is equal to 0° when the sample surface is parallel to the
incident beam and 90° when the beam hits the surface perpendicularly. On
top of it, two independent stages provide a £45° x and a 180° ¢ rotation. x
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FIGURE 2.6: The four-circular diffractometer sketch, along with a
picture and a definition of the experimental angles. Image taken
from [4].

stands for the rotation of the sample about the axis defined by the intersection
between the sample surface and the scattering plane, i.e. the plane containing
the incident beam and the outgoing photons: it is set to —90° when the two
planes are perpendicular. ¢ represents rotations about the axis normal to the
sample surface: it is equal to 45° when the plane defined by x and ¢ axes co-
incides with the horizontal plane of the beamline. Detector is provided with a
26 (—10°; 175°) motion sharing the same vertical axis as the sample but fully
independent from it: the angle 26 is defined as the angle between the incom-
ing beam and the direction selected by the user to analyze. In figure 2.6 ID32
diffractometer is displayed, along with the definition of the experimental an-
gles.

Typically, during experiments, the sample temperature is set by a liquid He-
lium flow cryostat, fully compatible with UHV conditions; a sample temper-
ature of 20K is easily achieved. The presence of the cryostat limits ¢ to the
range —45° <+ 135°, whereas x and 6 dynamics are still fully exploitable.

2.4.3 ERIXS: the spectrometer

The aim of RIXS branch is to achieve an overall resolving power of ~30000 at
Cu L3 edge in high resolution setup and ~17000 in medium resolution one. In
order to reach these targets, a state-of-the-art spectrometer is necessary, whose
performances should match the beamline ones. Moreover, as explained in
chapter 1, a dispersion and polarization analysis can yield interesting infor-
mation in RIXS experiments; therefore, the spectrometer should rotate in the
plane and host a module for the measurement of polarization resolved high
resolution spectra. At the same conditions of spot size at the sample, grating
line density and detector spatial resolution, the bandwidth of the spectrome-
ter is proportional to the inverse of the distance between the sample and the
detector. As a result, ERIXS spectrometer has been designed to be 12m long,
with a continuous variation of the scattering angle over 100° and a purposeful
detector for polarization analysis. A picture of the huge structure is proposed
in2.7.

On the one hand, the long exit arm of the spectrometer, in combination with
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the high degree of monochromaticity of the source, allows to match the wanted
energy resolution targets, on the other side, rotating such a huge structure to
allow dispersion analysis is a non trivial technological issue. The heavy struc-
ture lies on 8 airpads in order to lift the scattering arm up to 70 pm from the
rest position and to let it slide on two concentric granite guides. The motion
over 100° range is performed by a circular rail mounted close to the sample
chamber and a small stepper motor at the end of the steel structure.

The mechanical arm is composed of three vacuum chambers.

T
Sample on 4- cln:le
e goniometer

FIGURE 2.7: The 12m long steel structure. The position of the
main components is pointed out. Notably, the sample holder,
i.e. the four-circle diffractometer, a collimating spherical mirror
to increase acceptance angle in horizontal direction, a spherical
grating to disperse photons coming from the sample and the de-
tectors, for direct and polarized light. Image taken from [5].

The first one hosts a parabolic mirror whose purpose is to increase the accep-
tance angle from the sample up to ~20 mrad in horizontal direction, in order to
cope with the signal loss. Indeed, due to the high dispersion of the following
monochromator and the small solid angle of the detector, which scales as the
inverse of the squared length of the arm, a degradation of the intensity may
occur.

The second chamber contains two VLS spherical gratings scattering the pho-
tons coming from the sample in the vertical direction. Therefore, the signal at
the detector is a series of horizontal lines, each line being at a different energy.
Two gratings are available, one for high resolution and one for high flux exper-
iments, the first being 2500 1/mm dense, the latter 1400 1/mm; both matches
the relative configuration of the beamline in achieving the target resolution. In
particular, three configurations are typically used: high flux, exploiting the low
density gratings, both in the monochromator and in the spectrometer, with an
energy resolution of 56 meV at the reference energy of Cu L3 edge, i.e. 932eV; a
medium one, using the low line density beamline grating and the high density
one in the spectrometer, reaches a better resolution of ~41meV; a high resolu-
tion (~30meV) is achieved, exploiting both high density gratings.

In the third chamber, at the end of the steel arm, two detectors are located
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one for the direct beam and one committed to the polarization analysis. Polar-
ization optics reflect the polarized beam to the proper detector; the reflected
polarized beam is obtained at the cost of a factor 10 in intensity with respect to
the isotropic beam and without any loss in energy resolution.

The detectors used are 2D position sensitive CCD cameras. RIXS spectra are
acquired by integration of the isoenergetic horizontal lines, i.e. a parallel ac-
quisition of the whole energy range is performed. A proper conversion pixel to
energy must be applied to the acquired signal, in order to get quantitative in-
formation out of the measurements. The conversion factor is evaluated check-
ing the position on the detector of the elastic peak of carbon tape reference
sample. The spatial resolution of the CCD cameras should not affect the over-
all energy resolution; therefore, many efforts have been put in order to push
the contribution coming from the detectors far below the objective resolution
[4]. First of all, the detector is inclined by 25° with respect to the optical axis so
that two photons, following parallel trajectories from the sample, will hit the
surface at a distance increased by a factor 1/sin(25°). Moreover, a centroid al-
gorithm has been developed to reconstruct the single photon impact position
by calculating the centre of mass of the intensity distribution for each pho-
ton. As a result single photon counting (SPC) measurements are performed at
ID32 and the contribution to the energy resolution of the spectrometer is about
7meV, safely below the 30 meV value of high resolution setup.

The RIXS branch has been valuable in measuring features with never achieved
before resolution, such as phonon dispersion in transition metals and crystal
field splittings in rare earths compounds. More details about RIXS and ID32 in
general can be found in [4, 5].

In the next chapter, an outline of the physics related to rare earth elements will
be provided.
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Chapter 3

Rare earth physics

The term rare earth is ambiguous, when referring to the 15 f-shell elements,
since it includes Scandium (Sc) and Yttrium (Y) as well, whose Z is respectively
21 and 39. The name Lanthanides is more appropriate to identify the elements
in the periodic table following Lanthanum (La), thus having the 4f shell partly
tilled. Nevertheless, in literature the terms rare earths and lanthanides are typ-
ically used as synonyms [1, 2, 17]; therefore, in this work as well, with the label
rare earths, 4f elements are considered. Despite their name, rare earth elements
are quite abundant on Earth and the origin of their rarity must be accounted
to the fact that, due to their chemical similarity, they are seldom found as pure
minerals but more often in mixed ores [2, 38].

In compounds, rare earth atoms are usually in the configuration 4f*(5d6s)°,
with the 3 electrons belonging to the 5d and 6s being shared with the sur-
rounding atoms [2]. Therefore, the 4f electrons do not participate in chemical
bonds and are somehow screened, preserving their atomic character. Accord-
ingly, when modelling the Hamiltonian for a rare earth element, one can safely
start from the isolated atomic term and add as a perturbation all collective
solid-state effects.

Corrections to the atomic energetic levels provided by the perturbation theory
are typically in the order of tens of meV, so that lanthanide compounds show
to be model materials to be studied by high resolution techniques such as RIXS
and XAS.

Moreover, being the 4f shell unfilled, the total angular momentum is different
from zero, leading to a significant magnetic moment, which can be in the order
of 10 up per ion, due to the high value of orbital angular momentum of the f
shell and the high number of electrons contributing to the spin momentum.
Owing to the atomic like character of 4f shell, i.e. the weak coupling to elec-
trons of the surrounding atoms and to lattice vibrations, the rare earth elements
are widely used in photonic applications [1]. As well as that, the high magnetic
moment exhibited by lanthanide ions make them strong magnets for industrial
applications.

On the other side, exotic properties have been found in rare earth ternary com-
pounds arising from the interaction of the strong localized f shell with the delo-
calized electrons belonging to the conduction band [3]. Because of this plethora
of properties, the scientific interest in lanthanide compounds has been increas-
ing lately [3].

In this chapter, the themes quickly depicted here will be deepened, starting
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FIGURE 3.1: Square module of the radial part of electronic wave-

function for different shells, coming from Hartree-Fock calcula-

tions for Ce®>*. The position of the maximum is a rough estima-

tion of the average position of an electron belonging to a specific

shell. The coordinate r is expressed in numbers of Bohr radius ay.
Image taken from [13].

from the model Hamiltonian, passing towards crystal field perturbation the-
ory, finally touching notions about the heavy fermion state and correlated
RKKY and Kondo effect.

3.1 Free atom Hamiltonian

As already said, 4f electrons are not involved in chemical bonds. As evidence
of the atomic character of the 4f shell, one can look at the square module of the
radial part of the electronic wavefunction of electrons belonging to different
shells in figure 3.1. The square modulus can be seen as the probability of find-
ing one electron at r, being the origin of the axis the position of the nucleus. The
sketched wavefunctions are calculated for the Ce" ion, with only one electron
in 4f shell, thus being a rather simple case among rare earths. Nevertheless,
the inner character of 4f shell with respect to 5s and 5d ones can be accounted
for as a general property of rare earths [39]. Accordingly, 4f ions are typically
found in a trivalent state in solid state compounds.

Then, it is clear that a proper Hamiltonian can be built starting from the iso-
lated atomic term and adding terms modelling solid state effects as a perturba-
tion [1, 2, 17, 18]. The Hamiltonian for an isolated atom containing N electrons
in the outer subshell will be written as

N hZ Eff N

H=-) (5-Vi+ z "+ Y E(rili-sy, (3.1)
— 2m [#] i
i=1 i<j'i o i=1

where the first term stands for the potential of the electron in the field of the
nucleus, being the sum of a kinetic part and an electrostatic one: Z,s is put in
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place of Z atomic number to take into account the screening of nuclear charge
by inner shells. The second term arises from electrostatic interactions between
electrons belonging to the same shell and it depends on the distance r;; be-
tween couples. The third term describes the spin-orbit energetic contribution
as a dipole-dipole interaction between the spin and angular momentum of
electrons, with the constant ¢(r;) being function of the distance from the nu-
cleus.

It is impossible to find an exact solution for a quantum problem involving
many electrons whose coordinates are mixed. Therefore, when dealing with
N electrons, the central field approximation is exploited. In the framework, of
this approximation each electron moves in a spherical average of the poten-
tials of the other electrons [1, 2, 17, 18]. The difference with the real potential is
treated as a perturbation to the spherically averaged case. One makes also the
approximation that the spin-orbit term is much weaker than the electrostatic
one, so that also the third term of 3.1 can be tackled in a perturbative approach.
In formulas the Hamiltonian will be expressed as

H =
N 12 7 02 N 2 N 2 N 2 N
I e ) DL R Db ) sy B H4 () LN CY)
= i i<j'io i<yl i<j'ijo =1
\ - P —~ g\ — e’
Ho H’C H/SO

where the spherical part H has been separated from the perturbative Coulomb
term, i.e. the non-spherical part of the electron-electron interaction H’C, and
from the spin-orbit term Hj,. Since in # the coordinates of each electron are
independent, the solution of the approximated Schrodinger equation Ho¥ =
EY is a proper linear combination of single-electron wavefunctions for a hydrogen-
like system.

The single-electron wavefunctions can be expressed as the product of a radial
part and an angular function of the spherical harmonics, i.e. to the wavefunc-
tion is assigned a label made with the quantum numbers n, | and m;. The
principal quantum number n represents the electron shell, / stands for the or-
bital angular quantum number, i.e. it sets the subshell, and m; is the magnetic
number, representing the projection of I on a quantization axis. The spin part
of the wavefunction is added by multiplying the spatial wavefunction by a
function in the spin space. The ensemble of quantum numbers then includes
also m;: the projection of the spin momentum on a quantization axis.

A proper mechanical way to write the antisymmetric total wavefunction is cal-
culating the Slater determinant [40], i.e.

i(m) i(m) - ()

TTOT(TI/...,TN):\/% lpz(:rl) lpz(:TZ) IPZ(TN) (33)

lPN&Tl) ¥N(r) - Pn(TN)
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where the 7 stand for the coordinates of each wavefunction, both spatial and in
the spin representation, while the subscripts label a combination of the quan-
tum numbers n, [, m; and ms.
The way electrons arrange in occupying the single-electron wavefunctions de-
termines the energy of the system. Depending on the ratio between . and
5o the orbital and spin momenta of the electrons combine following differ-
ent schemes [1, 17]. When the electrostatic correction is more important than
the spin-orbit term, the quantum number of orbital momenta /; and the spin
ones s; of the electrons combine to give the total L and S of the many electron
state, ie. L = ) ;1 and S = ) ;s;. This implies that, in the so-called Russel-
Saunders, or LS coupling scheme, L and S are good quantum numbers for the
electrostatic correction. Whereas, in the opposite case, the orbital momentum
of each electron combines with the spin to give the quantum number j for the
total angular momentum of each electron. Then, j; combine to give the good
quantum number J, considering the j-j coupling scheme. Since, spin-orbit cor-
rection shows a dependence of Z*, the j-j coupling scheme is expected to be
more appropriate when dealing with heavier elements.
In the case of lanthanides, the corrections due to the electrostatic term is always
larger than the effects due to the spin-orbit [1, 17]. As a result, Russel-Saunders
scheme holds and the first splitting of all the possible levels will occur for com-
binations with different L and S, i.e. different way for electrons to arrange in
the subshell, with a degeneracy given for each term of (2L + 1)(2S + 1). The
spin-orbit interaction will lead to a further splitting into terms with different J,
with ] = L + S, leading to the so-called multiplets, with a degeneracy equal to
2] + 1 for each one. The overall scheme is then formally accounted for as an in-
termediate coupling one. Even if L and S are no more good quantum numbers,
for rare earths, one can safely make the approximation that different LS terms
do not mix, so that L and S can still characterize each multiplet. Therefore,
following spectroscopic notation, each multiplet will be labeled with a term
summarizing its S, L and J: the spectroscopic term will be written as 251X, (X
=S5, PD,E.forL=0,1,2,3...).
The struggle is then to find the best spherical approximation in order to treat
the electrostatic and the spin-orbit interaction as perturbative corrections. The
spherical part of the Hamiltonian 3.2 will provide for a 4f" ion a number (**)

n
ﬁ of degenerate combinations. Once the set of all the possible LS terms

is found from the diagonalization of H, the electrostatic corrections are eval-
uated by means of matrix elements of the kind

<25—|—1L|H/C‘2S/+1L/> _ kaFk + ngGk, (34)
k k

which will split the levels according to their LS term. The matrix elements
in 3.4 have been expressed as sums of terms which are product of an angular
and a radial part. The angular parts (f, g) can be written in terms of 3j symbols,
already seen in chapter 1 and solved analytically, being integrals over spherical
harmonics; the radial terms (F, G), called Slater integrals, must be computed
[41] or left as fitting parameters [1]. The F integrals are related to interaction of
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electrons belonging to the same subshell and are accordingly defined as direct
Slater integrals. The G terms, or indirect/exchange Slater integrals, take into
account interactions occurring between electrons of different subshells. The
expressions of the Slater integrals are

F¥(nil;, njl;) —e// kilR rl)Rijlj(rj)rizr]Zdridrj

G (nil;, n] =e / / k+1 )Rnili(rj)anlj(rj)an (1’1)1” drzdr],
(3.5)

where the term 1/7;; has been expressed in a multipole expansion of interac-
tions for couples of electrons, r< = min(r;, r;), r~ = max(r;, r;) and R, are the
radial wavefunctions defined by the quantic numbers n and I [1].

Once again, as in the case of selection rules seen in chapter 1, the interaction
between two electrons can be seen as a scattering event in which total angu-
lar momentum is conserved. The angular part will select, among the infinite
terms of the multipole expansion, the Slater integrals which are different from
zero. Since k < I, + I, holds, for rare earths, the only terms which are different
from zero are F0, F2, F* and F® among the direct. Dealing with M edge, one
should also consider the interaction between two different shells, i.e. 3d and
4f: following the same argument related to the composition of spherical har-
monics for two electrons in the same shell, one gets the direct terms FO, F?, F*
and the indirect G!, G3 and G? different from zero [1, 2, 42].

Following the perturbative approach for the spin-orbit term as well, matrix
elements similar to those of eq. 3.3 should be calculated as

(ST 0P L)) = ZuAso(nl), (3.6)

where now the degeneracy with respect to ] is lifted [1, 2, 17]. Once again, the
corrections are written as product of a radial and an angular part: the angular
function sets constrains on the possible values of ], whereas the radial part {
can be evaluated numerically or considered as a fitting parameter [41].

Since in the intermediate coupling, L, S and J can be considered all as good
quantum numbers for the lowest energetic multiplet with a good approxima-
tion[2], to predict the way electrons arrange in the ground state of a rare earth
ion, one can exploit the empirical Hund’s rules [17]. The rules state that the
multiplet at the lowest energy is characterized by a spectroscopic term with:

¢ S maximum.
Since for Pauli’s exclusion principle, electrons with parallel spin will oc-
cupy different orbitals, maximizing S they will stay at larger distance
minimizing the electron-electron repulsion term.

¢ L maximum.
Occupying orbitals with the same sign for L, electrons are orbiting in the
same direction; this implies, that they can keep as far as possible from
each other, minimizing once again the repulsion term.
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¢ ] maximum (] minimum) for a shell more than half full (less than half
full).
The third rule minimizes the spin-orbit interaction contribution. Since
the constant in the spin-orbit term L - S switches sign from positive to
negative for shells more than half full, the overall term is minimum if L
and S lie parallel.

In table 3.1 a list of the rare earth trivalent ions is proposed, along with ground
state valence and corresponding spectroscopic term expected following Hund’s
rules.

Z Element Valence Spectroscopic Term
57 Lanthanum (La) 40 15,
58 Cerium (Ce)* 4f1 2F5 )y
59 Praseodymium (Pr) 4f2 SHy
60 Neodymium (Nd)* 4f3 9,5
61 Promethium (Pm) 4f4 Sy
62 Samarium (Sm) 4 °Hs/,
63 Europium (Eu) 4£6 "Fy
64 Gadolinium (Gd)* 4¢7 8s, /2
65 Terbium (Tb) 418 "Fe
66 Dysprosium (Dy) 4f° ®His,»
67 Holmium (Ho)* 4£10 og
68 Erbium (Er) 4£11 B
69 Thulium (Tm) 4£12 SHg
70 Ytterbium (Yb) 4£13 2F; 5
71 Lutecium (Lu) 4£14 Is,

TABLE 3.1: Lanthanides series. For each element the atomic num-

ber, the valence and the ground state spectroscopic term expected

from Hund’s rules are displayed. Compounds containing the el-
ements marked have been examined in this work.

3.2 Crystal Electric Field theory

To further lift the remaining 2] + 1 degeneracy of the levels, terms which break
the spherical symmetry must be added to the Hamiltonian 3.2. The presence of
the crystalline matrix surrounding the rare earth ion sets axes to the structure,
reducing the symmetry of the system. Therefore the multiplets term will be
split depending on their orientation in the space, i.e. depending on the value
of the projection of | on a quantization axis [1, 2, 10, 13, 17, 18].

In the framework of the crystal electric field (CEF) theory, a point charge elec-
tric field mimics the presence of the surrounding atoms [1, 2, 17, 18]. Therefore,
the CEF Hamiltonian is written as

Hceer = —eVeer(r), (3.7)
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where Vcrr is the fictitious crystal electric field potential.

The crystal field must resemble the symmetry of the environment surrounding
the ion; this implies that only some electrostatic configurations can mimic the
system properly. In other words, expressing the CEF Hamiltonian 3.7 as the
product of a radial and a spherical part, like for the free ion interactions, i.e. in
the Stevens’ notation [43], one gets

Verr(r,6,¢) = Z 2 Akcim (g, ¢), (3.8)

k=0m=—k

where only certain coefficients A’ are different from zero depending on the
combination of the symmetry of the crystal with the one of the 4f shell, thus
limiting expansion. In eq. 3.8, the angular dependence has been stressed writ-
ing (1,0, ¢) in place of (r), where 6 and ¢ are the polar and azimuthal angle.

The ¢ =
[44].

The same perturbative approach followed for the electrostatic and spin-orbit
terms will lead to corrections to the energies of the 2°*1L; terms as

2k 7 - Y{'(0,¢) are the renormalized spherical harmonics (Y}')

<ZS+1 L],M|HCEF|25 +1 L}/, Z Ak ] M

J kTN
(—M q M) 7
where the formalism of the 3j symbols has been exploited as already done in
) e
0O 0 0)

limits for the 4f shell (1=3) the possible coefficients to AQ} 4 ¢ With the term Ag
typically neglected in calculations, being a monopole contribution thus lead-
ing to a rigid shift of all the energy levels. Due to the 3j symbol in eq. 3.9, the
condition |g| < k holds, i.e. the crystal field Hamiltonian must be invariant
under all symmetric operations of the point group. Indeed, for the tetragonal
group Dy, which is the one of the the rare earth compounds examined in this
work, the four-fold symmetry implies that m = 0,4. In the D coefficient a 6j
symbol is present as well, whose effect is to impose that no crystal field split-
ting is expected for multiplets characterized by an orbital angular number L=0,
i.e. orbitals which exhibit a spherical symmetry in space are not expected to be
affected by surrounding environment [1]. Therefore, for instance, for Gd3T ion

(see table 3.1), no CEF splitting is expected in the ground state multiplet [45].
Since the angular part is fully determined for each multiplet, it is clear that the
only terms left to be determined are the Stevens’ coefficients A’ (r*) which in-
clude, as a parameter, the evaluation of the radial matrix elements (R,,;|7|R,;).
The fact that the Hamiltonian must be hermitian sets the condition that A}’ =
(=1)"™(A;™)*, further reducing the needed set of parameters to be calculated.
The levels are now split, depending on the magnetic number M and terms with

(3.9)

chapter 1 [1]. In the coefficient D’.‘ is hidden a 3j symbol (
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different M combine in such a way that the relation —M + g + M’ = 0 is ful-
filled, i.e. AJ, = q. Then, formally, both ] and M are no more good quantum
numbers. Nevertheless, typically corrections introduced by the crystal field
Hamiltonian are much smaller than the splitting between different J terms [1,
18]. According to the same argument exploited as in the case of the spin-orbit
interaction, one can then safely make the approximation that L, S and | are
still good quantum numbers. Moreover, the 3j symbol in eq. 3.9 sets also the
constrain that different multiplets characterized by the same J value will split
in the same way. One may exploit this condition to study, in an indirect way,
the splitting occurring to multiplets which may be not well resolved in exper-
imental data [27].

It is evident that the full determination of the crystal field set is crucial in de-
termining the ground state properties of rare earth compounds. Indeed, the
crystal field due splittings determine the orientation of the orbitals of the rare
earth ions; different orientations will lead to different ways the ion can interact
with the crystalline environment. Therefore, the small crystal field corrections,
determining the ground state shape, will lead to effects involving many sites
of the crystal, such as hybridization of the ion with the ligand atoms and mag-
netic ordered states [12]; both effects will be more extensively discussed in
section 3.4 of this chapter.

However, under a theoretical point of view, it is not trivial to accomplish the
task of finding an unambiguous set of crystal field parameters and an empir-
ical approach is by far the most effective way [1]. On the other side, the pres-
ence of the crystal matrix around the ion will affect also the parameters for the
Coulomb electron-electron and spin-orbit corrections, typically reducing the
radial integrals with respect to the isolated atom situation [1, 17]. Therefore,
applying a fitting approach in order to reproduce experimental data, one will
face the fact that a consistent number of parameters must be set. In the end, the
high number of degrees of freedom will lead to huge time consuming calcula-
tions, if one would try to fit all of them at the same time, reducing to a problem
without solutions in practice. Thus, one is left with a trial and error approach,
with a fitting which should proceed from the most weighted parameters fol-
lowing the energy scale of the corrections, i.e. the free ion multiplet terms, to
the less important crystal field parameters, one at a time. Still, this procedure
can obviously lead to a false convergence since imposes biases; therefore, the
combination of different experimental techniques is crucial in order to draw
meaningful conclusions [4].

In this work, a combined analysis of polarized XAS data, RIXS spectra, fitting
of anisotropic susceptibility and of low temperature magnetization data has
been exploited to determine the set of crystal field parameters for Holr,Sij.
The sensitivity of XAS data to the symmetry of the environment surrounding
the ion has been already discussed in chapter 1 and has already proven to be
effective [11-13, 46].

The measurement of the magnetic susceptibility is another indirect way to de-
termine the crystal field corrections [47, 48]. Indeed, the magnetization occur-
ring in rare earth compounds is due to the partially filled 4f shell. The magnetic
moment is proportional to the magnetic quantic number, i.e. yp = —pugg;M,
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where pp is the Bohr magneton and g; the Landé factor. As already seen, the
presence of the crystal lowers the symmetry of the ion, so that the electronic
clouds will orient along some directions, which are defined as easy axes, rather
than along hard axes [19]. The set of parameters determine the ground state
and the hierarchy of the first excited states. When an external magnetic field is
applied, a further energetic term B,y - 4 = &jppBextM is added to the Hamilto-
nian which will let the system access the crystal field split excited states. Thus,
depending on the direction along which the external magnetic field is applied,
the system may exhibit different values for the magnetization, i.e. the system
will occupy different orbitals, characterized by different values of the magnetic
number M. Moreover, one can measure the susceptibility along different direc-
tions depending on the temperature. The thermal energy will let the system
arrange in excited states following the Boltzmann statistics. All in all, a fit-
ting of the crystal field parameters may be carried until the simulated curves
resemble the experimental ones. This procedure is indirect and may be less
straightforward to be applied when other magnetic effects are present with a
physical origin different from the crystal field, e.g. exchange interaction and
Kondo screening. In fact, in order to simulate the complete curves other pa-
rameters are needed, which increases the degree of uncertainty in the drawn
considerations [4].

As already seen in chapter 1, RIXS spectra are in principle sensitive to ff ex-
citations, thus directly providing information on the CEF splittings occurring
in materials [4, 27, 49-51]. Moreover, RIXS is not limited to be sensitive to
ground state properties like the aforementioned techniques, so that one is pro-
vided with a splitting scheme unambiguously involving also excited multi-
plets. This condition may be fruitfully exploited when the signal related to the
ground state is not directly obtainable, e.g. when it is covered by the elastic
peak tail or affected by other mechanisms different from the CEF, such as mag-
netic excitations or phonons. As well as that, RIXS has proven to be valuable in
entangling contributions coming from mixed valence configurations occurring
in some rare earth compounds [27].

3.3 Full multiplet calculations

All the approaches to determine CEF parameters seen in the previous section
rely on a fitting mechanism. Therefore, experimental results have to be com-
pared to simulations, which need to show a clear dependence on the param-
eters involved in the expression of the full Hamiltonian for a rare earth ion.
The simulations exploited in this work have been performed with the aid of
Quanty, a quantum many body Lua based script language [52].

Quanty is developed in the framework of a local Ansatz, i.e. solids are mod-
eled by a small cluster, typically a single atom, whose Hamiltonian involves
local Coulomb and multiplet interactions. In this scheme there is no chance
to reproduce band effects and non-local dispersions, nevertheless the local ap-
proach allows to model most of the features related to rare earth compounds.
One then can build the Hamiltonian describing the system in the same way
as it has been developed in the previous; starting from the atomic terms, the
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crystal field contribution from the surrounding atoms is included as a pertur-
bation.

Moreover, Quanty has proven to be a flexible tool. Not only it allows to find
the eigenstates and perform calculations of a plethora of useful expectation
values for the ion considered, which can be exploited to sketch Tanabe-Sugano
diagrams or magnetic susceptibility graphs for instance, but also to simulate
several core level spectroscopy experiments, including XAS and RIXS.

Once the basis set has been built in terms of number of fermionic modes, i.e.
spin-orbitals in this work, typical quantum operators, expressed in the second
quantization formalism, are combined to build the Hamiltonian or to calculate
expectation values of physical quantities, e.g. energy, orbital, spin and total an-
gular momentum. When dealing with the Hamiltonian 3.2 in Quanty the term
H is not explicitly considered since its only effect is to produce a rigid shift of
the energy levels, whereas the corrections H’C and H’SO are implemented; the
electrostatic and spin-orbit term will lead to a relative variation of the various
states with respect to the reference energy set to zero.

Below the code used to implement the electron-electron repulsion and the
spin-orbit interaction, considering transition of a 3d electron into the 4f shell,
i.e. the My 5 edge for a 4f" ion.

— Number of total fermionic modes considering the f and the d shell
NFermions = 24

—Number of electrons in the 3d shell
NElectrons_3d = 10

— Number of electrons in the 4f shell
NElectrons_4f = n

—Labelling of the spin—orbitals dividing them between spin—up and
spin—down sites

IndexDn_3d = {0, 2, 4, 6, 8}
IndexUp_3d = {1, 3, 5, 7, 9}
IndexDn_4f = {10, 12, 14, 16, 18, 20, 22}
IndexUp_4f = {11, 13, 15, 17, 19, 21, 23}

—Slater integrals for the 4f—shell, before promotion of the 3d
electron in the 4f shell

FO_4f 4f = NewOperator('U’, NFermions, IndexUp_4f, IndexDn_4f, {1,
0, 0, 0})

F2_4f_4f NewOperator ('U’, NFermions, IndexUp_4f, IndexDn_4f, {0,
1, 0, 0})

F4 _4f 4f NewOperator ('U’, NFermions, IndexUp_4f, IndexDn_4f, {0,
0, 1, 0})

F6_4f_4f NewOperator ('U’, NFermions, IndexUp_4f, IndexDn_4f, {0,
0, 0, 1})

sl ol o

—Slater integrals for the direct term (4f shell) and exchange term
(4f and 3d electron interaction), after promotion of 3d electron
in the 4f shell

F0_3d_4f = NewOperator('U’, NFermions, IndexUp_3d, IndexDn_3d,
IndexUp_4f, IndexDn_4f, {1, 0, 0}, {0, 0, 0});

F2_3d_4f = NewOperator('U’, NFermions, IndexUp_3d, IndexDn_3d,
IndexUp_4f, IndexDn_4f, {0, 1, 0}, {0, 0, 0});
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F4_3d_4f = NewOperator('U’, NFermions, IndexUp_3d, IndexDn_3d,
IndexUp_4f, IndexDn_4f, {0, 0, 1}, {0, 0, 0});

G1_3d_4f = NewOperator('U’, NFermions, IndexUp_3d, IndexDn_3d,
IndexUp_4f, IndexDn_4f, {0, 0, 0}, {1, 0, 0});

G3_3d_4f = NewOperator('U’, NFermions, IndexUp_3d, IndexDn_3d,
IndexUp_4f, IndexDn_4f, {0, 0, 0}, {0, 1, 0});

G5_3d_4f = NewOperator('U’, NFermions, IndexUp_3d, IndexDn_3d,
IndexUp_4f, IndexDn_4f, {0, 0, 0}, {0, 0, 1});

—Spin—orbit term for the 4f electrons
ldots_4f = NewOperator(’ldots’, NFermions, IndexUp_4f, IndexDn_4f)

—Spin—orbit term for the 3d electrons
ldots_3d = NewOperator(’ldots’, NFermions, IndexUp_3d, IndexDn_3d)

—Initial Hamiltonian, before electron transition
Hi = H.i + Chop(

FO_4f 4f i = FO_4f 4f

F2 4f 4f i = F2_ 4f 4f

F4_4f 4f i = F4_4f 4f

F6_4f 4f i = F6_4f 4f

zeta_4f_i = ldots_4f)

+ + + +

—Final Hamiltonian, after electron transition
H f = Hf + Chop(
FO_4f 4f f » FO_4f 4f

+ F2_4f 4f f » F2_4f 4f
+ F4 4f 4f f »= F4 4Af 4f
+ F6_4f 4f f = F6_4f 4f
+ F0_3d_4f f = F0_3d_4f
+ F2_3d_4f f = F2_3d_4f
+ F4 3d_4f f = F4_3d_4f
+ G1_3d_4f f = G1_3d_4f
+ G3.3d 4f f » G3_3d_4f
+ G5 _3d 4f f + G5 _3d_4f
+ zeta_4f f * ldots_4f

+ zeta_3d_f = Idots_3d)

In the code, the values of the radial part of the Slater integrals and of the spin-
orbit interaction are left as parameters, which can be fitted or imported from
Hartree-Fock kind calculations[41]; for this work, the parameters have been
obtained from Crispy [53], a graphical interface to let user generate Quanty
script, without directly writing the lua code. A scaling parameter for each
atomic term has been fitted comparing calculations with experiments, in order
to take into account the screening effect seen in the previous section.

Considering the case of the ion Ho®>" whose valence is 4f'%, one would expect
1001 states combining the 10 electron in the 14 spin-orbitals available. Below
the first 76 states computed by Quanty are displayed, considering the electron-
electron repulsion and the spin-orbit term splittings; the levels are divided into
multiplets with relative spectroscopic terms; for each state the expectation val-
ues for the energy in eV, taking the ground state as the reference, S?, L? and
J2, in numbers of 72, are shown; finally, the last three columns are the expec-
tation values, with the ground state as the reference again, for the corrections
split in eV and the Boltzmann occupation probability calculated at 200 K. The
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1001 degenerate states are split, with the first Coulomb split multiplets, i.e. °I
and °F, at a distance higher than the one set by spin-orbit interaction, in accor-
dance with what discussed in the previous; the final ground state degeneracy

is 2J+1=17.
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41 1.064 5.826 41.713 42.000 —0.019 1.082 0.000
42 1.064 5.826 41.713 42.000 —-0.019 1.082 0.000
43 1.064 5.826 41.713 42.000 -0.019 1.082 0.000
44 1.064 5.826 41.713 42.000 —-0.019 1.082 0.000
45 1.064 5.826 41.713 42.000 —-0.019 1.082 0.000
5}

I

5

# <E_i> <SN2>  <LA2> <JN2> <H_ee> <H_so> dz

46 1.387 5.689 41.016 30.000 0.090 1.297 0.000
47 1.387 5.689 41.016 30.000 0.090 1.297 0.000
48 1.387 5.689 41.016 30.000 0.090 1.297 0.000
49 1.387 5.689 41.016 30.000 0.090 1.297 0.000
50 1.387 5.689 41.016 30.000 0.090 1.297 0.000
51 1.387 5.689 41.016 30.000 0.090 1.297 0.000
52 1.387 5.689 41.016 30.000 0.090 1.297 0.000
53 1.387 5.689 41.016 30.000 0.090 1.297 0.000
54 1.387 5.689 41.016 30.000 0.090 1.297 0.000
55 1.387 5.689 41.016 30.000 0.090 1.297 0.000
56 1.387 5.689 41.016 30.000 0.090 1.297 0.000

# <E_i> <SN2> <IA2> <JN2> <H_ee> <H_so> dz

57 1.642 5.619 40.805 20.000 0.136 1.506 0.000
58 1.642 5.619 40.805 20.000 0.136 1.506 0.000
59 1.642 5.619 40.805 20.000 0.136 1.506 0.000
60 1.642 5.619 40.805 20.000 0.136 1.506 0.000
61 1.642 5.619 40.805 20.000 0.136 1.506 0.000
62 1.642 5.619 40.805 20.000 0.136 1.506 0.000
63 1.642 5.619 40.805 20.000 0.136 1.506 0.000
64 1.642 5.619 40.805 20.000 0.136 1.506 0.000
65 1.642 5.619 40.805 20.000 0.136 1.506 0.000
5

F

# <E_i> <SN2>  <LA2> <JN2> <H_ee> <H_so> dz

66 2.244 5.172 14.207 30.000 2.075 0.169 0.000
67 2.244 5.172 14.207 30.000 2.075 0.169 0.000
68 2.244 5.172 14.207 30.000 2.075 0.169 0.000
69 2.244 5.172 14.207 30.000 2.075 0.169 0.000
70 2.244 5.172  14.207 30.000 2.075 0.169 0.000
71 2.244 5.172  14.207 30.000 2.075 0.169 0.000
72 2.244 5.172 14.207 30.000 2.075 0.169 0.000
73  2.244 5.172 14.207 30.000 2.075 0.169 0.000
74 2.244 5.172 14.207 30.000 2.075 0.169 0.000
75 2.244 5.172 14.207 30.000 2.075 0.169 0.000
76 2.244 5.172  14.207 30.000 2.075 0.169 0.000

With the same approach, the CEF Hamiltonian in egs. 3.7, 3.8 and 3.9 is added;
in the code below the case of a 4f shell splitting occurring in a Dy, symmetry
environment is taken into account.

—Definition of the Akm for the 4f shell
Akm = {

{0, 0, A00_4f},

{2, 0, A20_4f} ,

{4, 0, A40_4f} ,
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{4,—4, Add 4af)
{4, 4, Ad4_4f)
{6, 0, A60_4f} ,
6,—4, A64_4af}
16, 4, A64_4f)

~

}

—CEF Hamiltonian before and after transition in the approximation
that the crystal field is not affected

H_ i = H_i noCEF + Chop(NewOperator('CF’, NFermions, IndexUp_4f,
IndexDn_4f, Akm))

H_f = H_f noCEF + Chop(NewOperator( 'CF’, NFermions, IndexUp_4f,
IndexDn_4f, Akm))

The angular part of the coefficients A" is fixed by the first two numbers in the
string for each parameter, whereas the radial part is once again left as an open
parameter; depending on the value of these parameters indeed the states will
be further split due to the crystal field.

One then would like to exploit the possibility of building such in a flexible way
the proper Hamiltonian in order to simulate experiments. Then, adding a Zee-
man term to the Hamiltonian it is possible to simulate magnetization versus
field curves as well as magnetic susceptibility as a function of temperature,
also in magnetic ordered phases, e.g. ferromagnetic and antiferromagnetic
samples. Details about this kind of simulations can be found in the Solid-
StatePhysics package of Quanty.

Furthermore, the XAS and RIXS cross-sections (eqs. 1.11 and 1.1) are im-
plemented [42], exploiting the fact that the element matrix |(f|T|g)|? can be
rewritten as (g|T|f) x (f|T|g) and replacing the 6 with a Green'’s function to
take into account intrinsic core-hole lifetime broadening, as explained in sec-
tion 1.2.1. Therefore, when the functions CreateSpectra(Hy, T, ;) is called in
the script, Quanty calculates the following Green’s function

1
Gxas(E) =0l T g = r 2 TI¥e)- (3.10)

where for the My 5 edge the Hamiltonian Hy is the one after transition of the 3d
electron in the 4f shell, T is the dipole operator and ¥, the initial spin-orbital
wavefunction. In the same way, calling CreateResonantSpectra(H fr H;, T, Ty,
), one obtains

1
Grixs(E1, E2) = (| T{ ek
rixs(E1, E2) = (1| VEy—Hy—i1/2 ?

1 . 1 Tl
E, — H; +il5/2 *E; — Hy +il1/2 1Y),

(3.11)

where H; and Hy stand respectively for the Hamiltonian before and after the
electronic transition; T and T, are the dipole operators for the excitation and
de-excitation processes; E; is the incident energy, whereas E; represents the
energy loss with respect to the elastic peak reference; finally, I'; and I'; are the
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broadenings in the in the final low-excited state and in the intermediate higly-
out-of-equilibrium state: typically, I'; is three orders of magnitude bigger than
I

In the next section, the phenomena occurring when the local 4f states interact
with more delocalized electrons, i.e. the conduction electrons are briefly dis-
cussed. In view of the above, with a multiplet calculation approach there is no
chance to reproduce such effects, whereas a procedure which mixes local mul-
tiplet and band calculations would be more fruitful [54], at the cost of a huge
increase in time needed for simulations. Nevertheless, Quanty can be adapted
to reproduce further effects, deriving from collective behaviours, e.g. ferro-
magnetism, by introducing other ad hoc parameters, i.e. exchange constants,
and increasing the number of sites involved in calculations.

3.4 Exotic properties

Striking effects arise when the localized f electrons interact with the itinerant
electrons belonging to the conduction band [2, 3, 55]. In particular, depend-
ing on the nature of interaction, two effects have been reported in literature.
On the one hand, Kondo effect originates when the conduction electrons cou-
ple on-site with the 4f ones, screening the magnetic moment of the rare earth
ion. On the other side, itinerant electrons can correlate the ion sites in mag-
netically ordered ground states, as a result of the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction [2, 56].

In the light of the previous, the local model is not able to account for effects
linked to interaction with strongly delocalized electrons belonging to the con-
duction band. Indeed, rare earth compounds are accounted for as strongly cor-
related electron systems, i.e. the electron-electron interaction is stronger than
the one-electron band width so that the effective mean field theory is no more
exploitable [4]. Nevertheless, performing multiplet calculations can shed light
on the spatial anisotropy of the rare earth ion ground state, which in princi-
ple drives the on-site correlation with the ligand orbitals and the inter-site one
with other ions [12]. In this section, a brief insight about these exotic properties
of rare earth materials will be provided.

Some lanthanide-intermetallic compounds, typically Ce or Yb metallic sys-
tems, are reported in literature to show a minimum in the electrical resistivity
as a function of the temperature, when approaching the 0 K temperature [57].
This is in contrast with general behaviour of metals whose resistivity mono-
tonically decreases lowering temperature towards 0 K. Kondo deduced that
a logarithmic term should be added in the resistivity to temperature depen-
dence, to account for the unexpected increase [58]. Associated to this effect,
measurements of specific heat coefficients have been reported to be 1000 times
larger than the values obtained for typical metals, thus suggesting a huge in-
crease - of the same factor - of the effective electron mass [59]: this class of
materials is labeled as heavy-fermion compounds.

In the Anderson impurity model [54], the rare earth ion is treated as a single
magnetic impurity and couples with the conduction electrons to form singlet
states at each site. Due to the proximity in energy of the localized f states and
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of the conduction band, a ¢-f hybridization occurs, leading to the formation of
a new scattering channel and an associated increase of the resistivity. More-
over, mixed valence states, i.e. 4f" valence occupation n being a non-integer
number, have been reported to be a result of the partial delocalization of the
f electrons [60]. The singlets act as heavily dressed quasi-particle and, due to
the mixed local and itinerant properties, a raise of the effective mass, i.e. a de-
creasing of the momentum, of the electrons occurs.

The interaction leading to the formation of the coherent Kondo lattice state is
an exchange-type interaction; therefore a suitable Hamiltonian to describe the
physics of heavy-fermion materials should be [61]

Hir = Zekcltacka +Jex ) si-Si, (3.12)
ko i

where the second quantization formalism has been exploited, being cf cy, the
density of conduction electrons and ey the relative dispersion energy. S; and s;
are the spin operators of the localized and conduction electron respectively, at
every lattice site i.

Indeed, the same exchange interaction, mediated by the polarized conduc-
tion electrons, is responsible for the formation of magnetically ordered states,
where the local magnetic moments are not screened but align along preferred
directions in the crystal. In RKKY model [2], the localized magnetic moment
associated to the rare earth ion is approximated as a J(r — R) spatially local-
ized perturbation centered in the ion position R. Then, the exchange constant
can be seen as the response of the material to this perturbation: an extremely
localized in space perturbation has a wide spectrum in the reciprocal space. In
the approximation of free-to-move particles, conduction electrons can provide
a spectral response up to a wavevector k = kr, in the 0K limit, kr being the
wavevector at the Fermi energy. The truncated square-shaped spectral filter
provided by the polarized conduction band results in an oscillatory-like sus-
ceptibility function and of the exchange constant as well, as sketched in figure
3.2. As a result, ferromagnetic or antiferromagnetic ground states set, as a
function of the distance between magnetic ions.

Depending on the value of the exchange constant J., one of the two com-
peting effects is likely to appear. To understand which one has to be expected,
one may look at the dependence of the characteristic temperature for each phe-
nomenon [61]:

1
—

e”(Ef)‘Iex (313)

Triky < n(Er) - J%,

Tx o< n(Ep) ™!

where n(Er) stands for the electron density at Fermi energy. When n(Er)-J.x
approaches zero, Tx goes to zero faster than Trxxy and the RKKY ordering
effect dominates over the Kondo screening. Depending on a control param-
eter, e.g. the exchange constant, the external pressure and the chemical dop-
ing, heavy-fermion materials may be in a different phase [62]; in figure 3.3 the
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FIGURE 3.2: Response to a é(r — R) spatially localized perturba-
tion. The susceptibility is proportional to the function ¢(x) =
Si"(x)_xw, x = 2kp(r — R), which oscillates around zero and
decays as cos(x)/x>. The function diverges approaching zero,
that is not physically true and a consequence of the é approxima-
tion. Depending on the distance between ion sites a negative or
positive sign is associated to the exchange constant, thus favour-

ing ferromagnetic and antiferromagnetic ordering.

so-called Doniach phase diagram is provided. In the Kondo phase, a param-
agnetic regime with strongly interacting electrons is set in the solid, described
in the framework of the so-called Fermi liquid state model [63]. At the edge
of the transition from the magnetically ordered to the disordered state, huge
magnetic fluctuations arise in the material, leading to unconvential states of
matter, such as magnetically driven superconductivity and non-Fermi liquid
behaviour [64, 65]. Indeed, the material is crossing a quantum critical point
(QCP), i.e. a phase transition is present at the absolute zero temperature [66].
In the next chapter, some rare earth ternary compounds will be quickly re-
viewed. A comparison of RIXS experimental and calculated spectra will fit
scaling parameters, for Slater integrals and spin-orbit constant of ions in solids
with respect to the case of isolated atoms.
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- QCP

8 (control parameter, e.g. P)

FIGURE 3.3: Doniach phase diagram. Depending on the ratio
between Trxky and Tk, a magnetically ordered (typically AFM)
or disordered ground state is set in the material. In the Kondo
phase, the material exhibits paramagnetic properties with elec-
trons strongly interacting among theme: a Fermi liquid model is
suitable. At the crossing point, magnetic fluctuations arise as a
result of a phase transition occurring in the material. Unconven-
tional state of matters have been found close to the critical point,
i.e. magnetically driven superconductivity and non-Fermi liquid
behaviour. Image taken from [4].
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Atomic parameters fitting

In this chapter a quick review of the rare earth ternary compounds probed in
this work is proposed.

The samples are 122 alloys, whose chemical composition is RETM;Xj, being
RE a rare earth ion, TM a transition metal and X an atom with the p shell par-
tially filled, e.g. Si, P, Ge, As. For each sample the crystal structure obtained
from [67] is displayed, along with the striking characteristics. Finally, exper-
imental RIXS spectra are compared to simulations in order to obtain a fit of
the rescaling parameter for Slater integrals and for spin-orbit { constant with
respect to the isolated atom case. The fitting process relies on Matlab written
codes for the minimization of quantities, e.g. the squared distance between
simulated and experimental points and sum of distances between calculated
and data peaks.

4.1 CeRhyAs;

In figure 4.1 the unit cell of CeRhyAs,; compound is proposed. The unit cell
crystallizes in a CaBe,Ge,-type structure, whose crystallographic space group
is P4/nmm, i.e. its spatial point group belongs to the tetragonal crystal system
Dy,. The Ce®" ions arrange in a Kondo state below 20K = 30K and show
mixed valence behaviour [68].

4.1.1 RIXS fitting

The valence for the Ce3* is 4f!, therefore the 4f electron can arrange in the 14
f spin-orbitals. Since there is only one electron, no electron-electron correction
is expected in the initial state, whereas, depending on the relative projection
on a quantization axis of S and L, one would get a splitting of the levels in the
two multiplets 2F; /2 and ’F, /2, with a six-fold and an eight-fold degeneracy
respectively.

The experimental RIXS spectrum for CeRh;As; is shown in figure 4.2. The es-
timated experimental resolution from the reference sample is ~34 meV. There-
fore, the wider broadening of the peaks can be accounted for as a CEF effect,
with an overall upper bound of ~50 meV for the ground state and of ~70 meV
for the spin-orbit split peak.

Simulations have been carried varying the scaling factor of the radial param-
eter { for the 4f spin-orbit interaction: figure 4.3 displays the simulated F; ,
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(A) (B)

FIGURE 4.1: (A) Unit cell of the CaBe,Ge,-type structure ternary
compound CeRhyAs,. For each element a label is provided: the
1 and 2 sites are symmetrically different. Indeed, the Ce atom lo-
cally lacks of inversion symmetry, whereas the unit cell is invari-
ant under inversion with the centre of inversion being the point
between the Ce sites. The axes of the unit cell area=b =4.283 A, ¢
=9.850 A [69]. (B) Coordination around the Ce atom. The nearest
neighbours are 16 atoms, 8 Rh and 8 As. Under specular reflec-
tion with respect to a horizontal plane, the Rh1 atoms go into the
Asl, the same for the 2 sites: the local symmetry for the Ce atom
is then further lowered to the Cy, spatial point group.

peak as a function of the scaling factor. Two minimization analysis have been
carried out: a mean squared error fitting of the intensity of calculations in the
data points and an evaluation of the distance between the centre of mass of
experimental and calculated peak. For the first, the calculated spectra have
been interpolated in the experimental points. A linear method of interpola-
tion has been safely applied, for the number of simulated points is one order
of magnitude higher than the experimental ones. For the latter, the tails have
not been considered, since the peak shows to be asymmetric, i.e. the centre of
mass have been calculated in the interval —0.24 meV + —0.31 meV. The value
for the scaling which minimizes both the quantities is 0.89, i.e. { = 0.89x0.087,
leading to a spin-orbit splitting between the two multiplets of ~271 meV.

A similar evaluation for the scaling factor of Slater integrals can not be per-
formed as straightforwardly as the one for the spin-orbit parameter, since the
only electron in the 4f shell is not subjected to electron-electron repulsion, both
in the initial and final state of RIXS transition. This implies that the energy sep-
aration between the peaks is not a function of the scaling factor of the Coulomb
repulsion. The only effect is to change the relative intensity of the inelastic
peak with respect to the elastic one. The intensity of the elastic peak in a RIXS
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spectrum depends on different boundary conditions of the experiment, e.g.
diffuse scattering due to strain and defects in the crystal and crystalline sur-
face quality [22]. In the simulations performed with Quanty there is no chance
to reproduce such dependence.

Different spectroscopic techniques can be exploited to fit the scaling factor for
Slater integrals: more details about this sample can be found somewhere else
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FIGURE 4.2: RIXS spectrum of the compound CeRhyAs;. Data
obtained at T = 20K; 0 = 75°, 26 = 150°, ¢ = 45° and x = —90° in
accordance to the definition of the geometry provided in chapter
2; linear polarization in the horizontal plane, as defined in chap-
ter 2; incident energy equal to 881eV, on the maximum of the
XAS M5 edge to enhance the resonance. The spectrum is the sum
of 600 single photon counts (SPC) signals, acquired with an inte-
gration time of 20 seconds each. The signal has been normalized
with respect to the photon current at the mirror before the sample
stage. The two spin-orbit split multiplets have been labeled. The
elastic peak (on the right) displays a FWHM of ~50 meV, while
the excited 2Fs, peak is ~70 meV broadened.
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[68].
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FIGURE 4.3: (A) Simulations of 2F;,, peak, as a function of the
scaling factor for the atomic value of { parameter. (B) The scaling
factor has been varied with a finer step, around the closer value
from (A). A Gaussian broadening of 70 meV has been applied to
the simulated spectra, to get a shape close to the experimental

CEF broadened peak.
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4.2 NdRh;Si,

The NdRh;,Si; compound crystallizes in the ThCr;Sip-type structure; its unit
cell is equivalent to the one of GdIr;Siy, displayed in figure 4.6 below, with the
Nd>T trivalent ion in place of Gd>" and Rh atoms substituting Ir. The axes are
a=b=4.059A and ¢ = 10.003 A [70]. NdRh,Si, exhibits an antiferromagnetic
ordering, below the Néel temperature Ty = 53 K, with moments aligned along
c axis, as reported in literature [70]. At higher temperature, the compound
displays paramagnetic behaviour, with a magnetic moment equal to 3.59 up,
very close to the theoretical expected one for Nd>* free ion.
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FIGURE 4.4: RIXS spectrum of the compound NdRh,Si,. Data
obtained at T = 25K; 6 = 45°, 20 = 90°, ¢ = —45° and x = —90°;
linear polarization in the horizontal plane; incident energy equal
to 980eV, on the maximum of the XAS Ms edge. The spectrum
is the sum of 500 single photon counts (SPC) signals, acquired
with an integration time of 60 seconds each. The signal has been
normalized with respect to the photon current at the mirror be-
fore the sample stage. The first excited peaks belong to the *I
term and are split by spin-orbit interaction. The *I peaks shows
to be asymmetric to the side of higher energies loss (more nega-
tive value in figure). The feature at ~ — 1.5eV is labeled with its
leading LS character.

4.2.1 RIXS fitting

The three electrons belonging to the 4f shell can arrange in 364 states, being
the expected Hund'’s rules ground state the *Ig,, multiplet. Applying the ar-
guments of chapter 3, the electron-electron repulsion and the spin orbit term
will split the states in multiplets. The first excited states lie close to the ground
state configuration, within ~500 meV; indeed they belong to the same LS char-
acter and are spin-orbit split.
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The experimental RIXS spectrum for NdRh;Si; is shown in figure 4.4.

The experimental resolution has been estimated to be ~ 40 meV; the first peaks
exhibit an higher FWHM and asymmetric character, leading to the consider-
ation that the 2J + 1 degeneracy is lifted. Indeed, the asymmetries in the 4I
peaks may be accounted for as CEF effects, splitting the different J, states. The
spin-orbit degeneracy for the ground state is 2] + 1 = 10; therefore, in principle,
all the CEF terms A;" for electrons belonging to the 4f shell should be fitted
to have a proper agreement with the experimental data. Here, in this work,
the fitting will be proposed, as done previously, considering the electrostatic
term and the spin-orbit corrections only, minimizing the distance between the
centre of mass of calculated and experimental peaks.

The fitting of the scaling factor for FK parameters is proposed in figure 4.5. The
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FIGURE 4.5: (A) Simulations of RIXS spectrum for the trivalent
ion Nd?1, as a function of the scaling factor for the atomic values
of Slater integrals F¥: the value of the factor is shown in figure
next to each plot. A Gaussian broadening of 40 meV has been
applied to the simulated spectra to reproduce the experimental
broadening. (B) Focus on the range —3 eV + —1.4eV energy loss.
The scaling factor has been varied with a finer step, around the
closer value from figure on the left.

variation of the scaling parameter for the electrostatic terms does not affect the
positions of the first excited peaks, in agreement to the fact that they are spin-
orbit split. All the experimental features seem to be reproduced in simulations
in terms of position. The relative intensity of the elastic peak is astonishingly
different between calculations and experiments; once again this is due to the
fact that Quanty is not able to reproduce properly the elastic scattering pro-
cess. The agreement both in terms of relative intensities and distances of the
peaks seem to get worse for energy losses higher in module than ~ —1.9eV.
Moreover, the experimental features exhibit a larger broadening with respect
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to simulations, which once again may be accounted for as a CEF splitting ef-
fect.

Considering also the fact that the features at energy losses higher in module
than —1.5eV are mixed LS terms, the fitting is not as straightforward as in the
Ce case. Minimizing the distance between the maxima of the first three peaks
in figure 4.5 (B) the best fitting parameter has been found to be 0.77; thus F? =
0.77x12.7211, F* = 0.77x7.9821 and F® = 0.77x5.7426.

The scaling factor for { parameter in simulations shown in 4.5 is 1, i.e. the
atomic value is considered. The first two spin-orbit peaks in figure 4.5 seem to
be well aligned with simulated one; therefore ¢ = 0.1187.

4.3 GdIl‘zSiz

The GdlIr;Si; sample crystallizes in two structures, exhibiting polymorphism: a
high temperature phase CaBe,Ge,-type structure with a crystallographic sym-
metry P4/nmm and a low temperature ThCr;Sir-type one, whose symmetry
is labelled I4/mmm, both exhibiting a Dy, point group symmetry. The two
phases are displayed in figure 4.6.

The experimental data considered in this work have been taken from a low

(A) (B)

FIGURE 4.6: (A) Unit cell of the ThCr,Si,-type structure ternary

compound GdIr;Sip. The axes of the unit cell are a = b = 4.06 A,

¢ =9.930 A. (B) Unit cell of the CaBe,Ge,-type structure ternary

compound GdIr;Sip. The axes of the unit cellarea=b =4.111 A, c

=9.733A [71]. The coordination around the Gd atom is provided

as well. The nearest neighbours are 16 atoms, 8 Ir and 8 Si. The
same arguments of figure 4.1 apply here.

temperature phase sample; no Kondo effect and local-moment magnetism have
been reported in literature for ThCr,Sip-type structures [45, 71-73]. Moreover,
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measurements have been performed in order to characterize the surface states
of this class of materials [73]. Indeed, the aim is to find control parameters
by which it is possible to tune the 2D-states exploitable in novel spin-based
devices. More details can be found in [71].

4.3.1 RIXS fitting

The 4f” valence for Gd>* implies that the number of possible states is 3432.
The ground state expected from Hund’s rules exhibits a spherical symmetry,
therefore no CEF splitting will occur [45]. Indeed, the FWHM of the elastic
peak is equal to the experimental estimated resolution, i.e. ~55meV, in figure
4.7. The degeneracy of the elastic peak is related to the projection of the spin
angular moment on a quantization axis, i.e. it is equal to 25 + 1 = 8. The lifting
of such a degeneracy can be achieved applying a magnetic field.

Simulations have been performed varying the scaling factor of the radial pa-
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FIGURE 4.7: (A) RIXS spectrum of GdlIr,Si; compound. Data ob-
tained at T = 25K; 6 = 45°, 20 = 60°, ¢ = 45° and x = —90°; lin-
ear polarization in the horizontal plane; incident energy equal
to 1184 eV, on the maximum of the XAS M5 edge. The elastic
peak exhibits a FWHM of ~55meV. The first excited states lie
at ~4eV. The spectrum is the sum of 400 SPC signals, acquired
with an integration time of 60 seconds each. The spectrum has
been normalized with respect to the photon current. (B) Focus on
the inelastic region of the spectrum. The LS character of the first
peaks is provided. At higher energies multiplets get mixed and
the LS notation is no more meaningful.
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rameters both the electrostatic and spin-orbit corrections of the initial state, i.e.
the terms F?, F* and F® introduced in chapter 3 and { constant. Since the first
are responsible for the splitting of different LS multiplets, the fitting has been
performed considering the distance of the elastic peak from the inelastic peaks
which show a different LS term, along with the relative distance among them.
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Next, a fitting of the spin-orbit parameter has been performed to get a better
agreement with experimental data.
In figure 4.8, the calculations are proposed. Simulations seem to reproduce
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FIGURE 4.8: (A) Simulations of RIXS spectrum for the trivalent
ion Gd3*, as a function of the scaling factor for the atomic values
of Slater integrals F¥: the value of the factor is shown in figure
next to each plot. A Gaussian broadening of 55meV has been
applied to the simulated spectra, to reproduce the experimental
broadening. (B) Focus on the range —5.5eV + —3.5eV energy
loss. The scaling factor has been varied with a finer step, around
the closer value from figure on the left.

properly the experimental peaks up to —6eV energy loss; at higher energies
the local model is no more appropriate and the discrepancy may be accounted
for as hybridization effects occurring between the local 4f levels and the sur-
rounding ligand orbitals. The °I feature at ~ — 4.5eV in experiments is visible
only as a little peak in calculations and its alignment is not good as for the
other higher in energy features. By eye inspection and a minimization of the
distance between the experimental and calculated data with respect to the °P
(~ —4eV)and °D (~ —5eV) peaks, the best fitting value has been evaluated
to be 0.83, i.e. F? = 0.83x14.502, F* = 0.83x9.1012 and F® = 0.83x6.5482.

Following the same approach for the spin-orbit interaction, which is accounted
to be a further correction with respect to the electrostatic repulsion term, cal-
culations made varying the scaling for { parameter have been performed. The
variation of { parameter towards the atomic value results in a broadening of
the °P peak, due to a shifting of the highest in intensity peak I, ,, multiplet to
lower energies, and in a fluctuation of the intensity of the °D peak. Indeed, in
this case a straightforward fitting of RIXS features is not applicable, since CEF
effects will also affect the broadenings of the peaks and the relative intensities
and positions as well. Nonetheless, one may guess the closest scaling factor
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in the approximation that CEF will not mix multiplets with different |, i.e. by
fitting the position of the relative maxima of each multiplet.
In figure 4.9 simulations of { scaling factor are proposed taking into account

four possible values for the scaling factor of F¥ parameters in order to avoid a
false convergence result.
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FIGURE 4.9: Simulations of the RIXS spectrum for the trivalent
ion Gd*", as a function of the scaling factor for the spin-orbit ra-
dial parameter ¢, with three different scaling factors for F¥ around
the previously found minimum. (A) F* Scaling = 0.825. (B) F¥
Scaling = 0.83. (C) F¥ Scaling = 0.835. (D) F¥ Scaling = 0.84.
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For the evaluation of the best fitting value a minimization of the sum of
the distances between the maxima of the highest simulated and experimental
peaks has been performed, leading to the value of 0.9, i.e. { = 0.9x0.1973,

still being 0.83 the best parameter for the electrostatic interaction; blue plot in
figure 4.9 B.
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4.4 HOII‘zSiz

Holr,Si; sample exhibits polymorphism as GdlIr,Si; compound; the two pos-
sible phases are indeed shown in figure 4.6, being the Ho>" ion in place of the
Gd atom. The single crystal low temperature phase is characterized by a = b
=4.0476 A and ¢ =9.884 A [71].

The possibility of crystallizing in two different phases has to be face when
trying to grow a monocrystalline sample. Indeed, in the case of related Gd
compound it was not possible to grow single crystals in the low temperature
phase without traces of the high temperature phase, whereas the optimization
of the growth process for the Ho compounds led to a significant enlargement
of the single crystal sizes in the ThCr;,Sip-type structure [71]. Nonetheless, the
fact that the compound may crystallize in two different phases increases the
uncertainty on a fitting of the CEF parameters, for the high temperature phase
symmetry is further reduced with respect to the Dy, point group space, as al-
ready said when dealing with CeRh;As,. More details about Holr,Si; sample
can be found in chapter 5 and in [71, 72].

4.4.1 RIXS fitting

The valence 4f'° electronic configuration for the Ho trivalent ion is the sum of
1001 possible states. The electronic and spin-orbit corrections lift the degen-
eracy, setting the °Ig multiplet to be the ground state, with a seventeen-fold
degeneracy. The FWHM of the elastic peak is ~105meV very close to the
estimated experimental resolution of ~100meV, therefore RIXS spectra with
present resolution in figure 4.10 show no clear evidence of the splitting occur-
ring for the ground state due to CEF. Nonetheless, there are proofs that the
ground state degeneracy is lower than 17, as discussed in chapter 5.
Following the same approach as in the previous, a fitting of the atomic pa-
rameters is proposed. In particular, the electrostatic term is expected to affect
mostly the position of the feature at ~ — 2.7 eV with respect to the elastic peak,
whereas the spin-orbit term is expected to act on the shifts of the first excited
peaks with the same °I terms as the ground state. Accordingly, a minimization
of the distances between the two features within simulated and experimental
peaks has been performed to fit the scaling parameters.
Simulations for the scaling of Slater integrals are proposed in figure 4.11. Once
again should be noted that the agreement gets worse at higher energies, where
hybridization effects are likely to occur. Moreover, the discrepancy can also be
accounted for as a consequence of the fact that the intermediate state in RIXS
process is not properly reproduced. Nonetheless, features down to ~ —3.5eV
seem to be well reproduced both in terms of relative intensities and posi-
tions. The best fitting value considering the positions of the three features
in the range —2eV + —4eV is estimated to be 0.88, i.e. F?2 = 0.88 x 15.7059,
F* = 0.88 x 9.8538 and F® = 0.88 x 7.0859.
With the found value for the scaling of F¥ parameters, a fitting of the scaling of
( is proposed in figure 4.12, considering the positions of the first two features
closest to the elastic peak. Minimizing the sum of the distances between the



58 Chapter 4. Atomic parameters fitting

1 51, % 0.16 Ky
8 | T
1 *
09 f otal i -
I |7
08 1 ¥
# 012t T+ ; ]
_07 ] ‘
2 7 ;L *
5 = H * i
3 06 ;H, § 01 Tl ‘
el .
& g 1 f
205 [| 1 =008 | 1
4|2 ! !
- Q
04 Z006f T+ e
¥ x
03 "'4‘— I\ * *;L
‘ 0.04 1 5|6 |
02 i 1 ‘*
ﬁ $h| 002 v{ ** *
) A w 5F5 H *
0
-8 7.5 -7 65 6 -55 -5 -4.5 -4 35 -3 25 2 -15 -1 -05 0 8 75 -7 65 -6 55 -5 -45 -4 35 3 25 2 45 4 05
Energy Loss (hy -hy, ) [eV] Energy Loss (hv, - hy, ) [eV]
(4) (B)

FIGURE 4.10: (A) RIXS spectrum of Holr,Si; compound. Data
obtained at T = 26 K; 0 = 75°, 20 = 150°, ¢ = 45° and x = —90°;
linear polarization in the horizontal plane; incident energy equal
to 1349 eV, on the maximum of the XAS M5 edge. The elastic peak
exhibits a FWHM of ~105meV. The first excited states are spin-
orbit split and lie within ~600 meV with respect to the ground
state. The spectrum is the sum of 325 SPC signals acquired with
an integration time of 30 seconds each. The spectrum has been
normalized with respect to the photon current. (B) Focus on the
inelastic region of the spectrum. The spectroscopic terms for the
first excited peaks is provided. The feature at ~ — 2.7 meV is the
sum of mixed 2°"!L; multiplets; indeed, the labels put express
the closest atomic values for the expectation values of S?, L? and
J?, yet calculated values show that the atomic model is no more
so straightly applicable.

calculated and experimental maxima of the peaks, the best fitting value has
been found to be 0.97, i.e. { = 0.97x0.2734.

The fitting values here found will be useful in chapter 5, as fixed parameters
for simulations committed to the research of a crystal field set for HolrSi,.
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FIGURE 4.11: (A) Simulations of RIXS spectrum for the trivalent
Ho®" ion, as a function of the scaling factor for the atomic val-
ues of Slater integrals F¥: the value of the factor is shown in fig-
ure next to each plot. A Gaussian broadening of 100 meV has
been applied to the simulated spectra to reproduce the experi-
mental broadening. (B) Focus on the region of energy loss down
to —4eV. The scaling factor has been varied with a finer step
around the closest value from figure on the left.

4.5 Summary

RIXS has proven to be a spectroscopic technique deeply sensitive to multiplet
interactions in rare earth compounds. Moreover, starting from a local model,
as done by Quanty, most of the experimental features are successfully repro-
duced. The atomic character of rare earth ions is therefore experimentally con-
tirmed.

On the other side, in order to get a further agreement with experimental data
solid state effect should be included in calculations. In the framework of the
local model exploited by Quanty, an improvement of the fitting is expected in-
cluding CEF parameters.

As well as that, the accordance between relative intensities of simulated and
experimental features is limited, the reader may see 4.9 for instance or consider
the elastic peak in figure 4.5. Concerning the elastic peak, considerations about
the fact that Quanty can not reproduce boundary conditions such as crystalline
purity have already been expressed. Besides, phononic excitations contribute
to the elastic peak as well [22]; in the performed simulations such contributions
have not been taken into consideration. Whereas, the discrepancy in relative
intensities occurring in the inelastic region may be ascribed to the incorrect
evaluation of the intermediate state in simulations.

In the intermediate state a core hole is present whose strong potential affects
the cross-section of RIXS scattering event, as seen in chapter 1. In principle a
scaling of the atomic parameters should be performed also after the electronic
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transition from 3d to 4f, with a scaling factor which may be different from the
one obtained for the initial and final state. XAS is more sensitive to the final
state of electronic transition from d to f shell, i.e. the intermediate state in
RIXS. Hence, in chapter 5, a fitting of experimental XAS spectra will be carried
to characterize the scaling factor of atomic parameters in the intermediate state
for Ho®+.

A final remark should be done about the agreement of simulations with ex-
perimental data at increased in module energy loss. Comparisons between
experiments and simulations suggest that increasing energy loss experimental
features tend to stay closer to the elastic peak with respect to calculated ones.
Again, the effect of the strong core hole potential in the intermediate state may
have not been properly modeled in simulations.

In table 4.1, the fitting parameters are reported for each element. As a general
trend we can infer that increasing the valence, i.e. the nuclear charge as well,
the corrections to electrostatic interactions with respect to the isolated atom
case decrease. This trend may be a consequence of the fact that increasing the
Z,ff number in eq. 3.2 electrons are likely to stay closer to the nucleus thus
being less affected by surrounding environment.

The same conclusions can not be drawn for the scaling factor acting on (.
Regarding the scaling parameter for spin-orbit interaction, the atomic values
seem already to be close to the experimentally fitted ones.

In figure 4.13 the trends for the atomic F¥ and { parameters are displayed; an
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FIGURE 4.12: Simulations of the °I peaks, as a function of the
scaling factor for the atomic { parameter.
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Z Element Valence FFScaling { Scaling
58 Cerium (Ce) 4f1 - 0.89
60 Neodymium (Nd)  4f 0.77 1
64 Gadolinium (Gd) 4f7 0.83 0.99
67 Holmium (Ho) 4£10 0.88 0.97

TABLE 4.1: Fitting of the scaling of radial parameters for electro-
static and spin-orbit interaction in some rare earth trivalent ions
in compounds exhibiting a Dy, point group symmetry.

increase in module of the parameters seems to occur moving in the 4f shell to-
ward heavier elements, in agreement with [1].
In the next chapter a further investigation of Holr,Si, compound is proposed.
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FIGURE 4.13: Trends of Slater and spin-orbit parameters. The

values result from the multiplication of scaling factors, linked

to crystal environment, and Hartree-Fock calculated values from
Crispy [53] for isolated atoms.
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Chapter 5

Holr,Siy: analysis of CEF due
magnetic properties

In this chapter a further analysis of Holr,Sip compound is provided.

The sample belongs to the ternary RETM,Si; class of materials, RE being Sm,
Gd or Ho, TM, being Rh or Ir [71, 74]. The sample can crystallize in two
different phases; the low temperature ThCr,Sip-type structure exhibits local-
moment magnetism, due to the 4f ions localized moments. The magnetic mo-
ments of the rare earth ion polarize conduction electrons, as a consequence
magnetic ordered ground states due to RKKY interaction are reported in litera-
ture for this class of materials [71, 72, 74-79]. Moreover, materials like Holr,Si,
are suspected to possess electronic surface states, which can be manipulated
by external control parameters [73, 80]. As well as that, a strong anisotropy
in bulk magnetizations have been reported in literature [71, 72, 81, 82]. The
possibility to access different magnetic states both in bidimensional and bulky
systems can be of relevant interest for spintronic applications. On the other
side, no Kondo effect is ascribed to these materials.

Starting from the properties of Holr,Si; reported in literature, XMCD data will
be provided as a validation of the magnetization data; a comparison between
the reported magnetization and the results coming from the application of sum
rules will be proposed. Then, measured magnetic susceptibility curves, along
with specific heat capacity data, will be discussed in the framework of CEF
model. The analysis of XAS spectra will be the successive step; exploiting the
sensitivity of this spectroscopic technique to different experimental geome-
tries, a CEF set of parameters will be fitted with the aid of Quanty. Finally,
the consistency of the found set will be verified trying to reproduce in simu-
lations experimentally measured magnetic data, i.e. fitting magnetization and
susceptibility curves.

5.1 Properties of Holr,Si;

As already said, Holr;Si, ternary compound is characterized by a tetragonal
structure; powder x-ray diffraction data confirmed for the analyzed sample
the I4/mmm tetragonal structure reported in figure 5.1. The orientation of the
sample has been determined by Laue pattern; from the analysis of 15 samples
the c axis was determined to be perpendicular to the largest surface in figure
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5.1. The Bragg’s spots in Laue measurements are not as sharp as in the equiva-

lent RERh;Si, structures, suggesting a poorer crystalline purity and hinting to

the coexistence of the high temperature phase CaBe,Ge;-type structure.
Measurements of magnetic susceptibility along three different axes as a func-

FIGURE 5.1: (A) ThCr;Sip-type structure for Holr,Si; compound.
The point group symmetry for Ho®" ion enveloped in the unit
cell is Dy,. a, b and ¢ axes are labeled. (B) Picture of Holr;Si;
single crystal; (100) axis is equivalently a or b axis, while (001) is
the c axis in (A). The orientation of the sample was determined
with Laue diffraction measurements displayed in (C). (C) Laue
pattern. The tetragonal symmetry is confirmed. The distance be-
tween the spots yielded a = b =4.0600(12) A and ¢ = 9.930(4) A
[71].

tion of the temperature have been also made. Magnetic susceptibility curves
show to be anisotropic in figure 5.2. The one measured along c has a maximum,
hinting to the occurrence of a transition to an antiferromagnetic state at Ty =
22K, being Ty the Néel temperature. In the ab plane, the susceptibility seems
to be constant up to Ty and goes to zero following a Curie dependence. The
anisotropy in the magnetic susceptibility suggests for an alignment of mag-
netic moments along (001) axis.

Indeed, considering a couple of magnetic moments antiparallel aligned, if a
magnetic field is applied at 0K along the axis of the moments, no net magneti-
zation is expected. Increasing temperature, the thermal fluctuations will make
the two spins tilt, so that they can get more oriented along the symmetry axis
set by the field; therefore, the total magnetization of the system is proportional
to the temperature. For temperatures higher than Ty, the thermal energy will
act as a disordering factor, since kpT term is higher than Zeeman splitting. As a
result, the probability of occupation of states with an antiparallel projection of
the magnetic moment along the magnetic field axis becomes significant, lead-
ing to a reduced magnetization increasing temperature. Instead, considering
again the system made by the two spins, if the magnetic field is applied in the
perpendicular direction with respect to their common axis, a net magnetiza-
tion is expected also for 0K, since moments will symmetrically align parallel
to the field. If temperature is increased, applying the same argument as before,
a decrease in magnetization is expected [57].

In figure 5.2, the measured inverse susceptibility of Holr,Si, is reported as
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well. It is useful now to express the magnetic susceptibility for a paramagnetic
substance, as a function of the temperature, i.e.

(T) = HoNaJ(J +1)(gyup)®  PoNamgssp
Xmol \1) = 3ksT T B3kgT

where N4 is the Avogadro number, J(J+1) is the expectation value for J?
and gj, the Landé factor. The inverse susceptibility is a linear function of tem-
perature, whose slope is proportional to n? % which is the number of effective
Bohr magnetons. Therefore, from the characteristic of the function x,,; of T,
the magnetic moment per Ho>" ion can be evaluated: yij@? = 10.53(10) usg,

yi}o = 10.52(10) up and ]/18?} = 10.64(10) up, very close to the theoretically
expected magnetic moment 10.6 yp putting | = 8 and g; = 5/4ineq. 5.1.

A measurement of the magnetization in numbers of pp perion at 2K as a func-
tion of the external applied magnetic field is proposed in figure 5.3 as well.
The anisotropy between ¢ axis and ab plane is still evident. Moreover, in the
(001) direction, the magnetization follows a step-like function, with two critical
tield at B; ~1.4T and B, ~4.1 T, hinting to the occurrence of two metamagnetic
transitions [83]; the function seems to reach a saturation value of 8 yp for mag-
netic field higher than 5T. In the ab plane, magnetization increases almost
linearly, saturating for fields higher than ~6 T a slight anisotropy between the
(100) and (110) axis is visible in the saturation region, with the magnetization
measured along the first direction reaching a saturation value of ~5 up and
the latter ~4 pup. In figure 5.3 a phase diagram in the B-T plane for the (001)
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FIGURE 5.2: On the left: plot of the measured molar magnetic
susceptibility for Holr,Sip. A strong anisotropy between mea-
surements taken along ¢ and in the ab plane is present. The mag-
netic susceptibility shows a maximum for Ty, hinting to an anti-
ferromagnetic ordering of the sample along the (001) axis. On the
right: plot of the inverse molar susceptibility in the paramagnetic
regime. The anisotropy is still evident, for the inverse suscep-
tibility measured along c is always smaller than the planar one.
From the slope of the curves it is possible to deduce the magnetic
moment per atom. Image taken from [72].
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direction is also shown. The critical fields of the magnetization curve along
(001) are indeed the boundaries of two antiferromagnetic phases, defined as
AFI and AFII For fields higher than By, the sample exhibits a paramagnetic
behaviour. Moving along isothermal lines, the magnetic susceptibility of fig-
ure 5.2 is reproduced, with a transition from an antiferromagnetic ground state
to a paramagnetic excited one.

In chapter 1, XMCD has been briefly discussed. In the following, the formal-
ism of sum rules will be exploited to confirm, at least in a qualitative way, the
peculiar magnetization step-like function.

In figure 5.4, XMCD data for My 5 edges of Holr,Si; are shown; data have been
collected with an applied magnetic field along c axis of 1T, 3T and 8T and at
a 9.4K, so that one can safely say that only the lowest states are occupied. Us-
ing a conventional definition, right circular polarized light (R) in figure 5.4 is
defined as radiation whose helicity is antiparallel to the applied external mag-
netic field, while being L parallel [84]. According to the arguments discussed
in chapter 1, the integral of the dichroism signal is proportional to the expec-
tation value of the magnetic moment along z; XMCD spextra shown in figure
5.4 are taken in the three steps of the magnetization for Holr,Si, (the reader
may see figure 5.3). The spectra resemble the step-like trending for the mag-
netization. In order to confirm the data reported in literature, sum rules have
been applied to a series of XMCD data taken from 0T to 9 T with a step of 0.5 T
between scans, again at a temperature of 9.4K. The Pymca tool 5.0.3 version
has been exploited to apply sum rules [85]. Once XMCD data are imported in
the tool, the code performs a subtraction of the non-magnetic contribution to
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FIGURE 5.3: On the left: plot of the measured magnetiza-
tion along three different crystallographic axes at T = 2K The
anisotropy is evident; in the (001) direction the magnetization
follows a step-like function hinting to the occurrence of mag-
netic transitions of phase at B; and B,. Whereas in the ab plane
a paramagnetic-type behaviour is evident. On the right: phase
diagram of HoirySi; compound in the B-T plane for the (001) di-
rection. The phase region boundaries (closed and open squares)
are By and B, functions of temperature. The triangles stand for
the maxima of x(T). Image taken from [72].
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spectra, i.e. the steps occurring at the edges due to the excitation to the con-
tinuum, with the proper branching ratio set by the user: for the My 5 edges the
ratio is g;—ﬁ = 2/3. Thanks to an user-friendly graphical interface, it is possi-
ble to set the energy position of the edges, where steps must be subtracted, and
the boundaries for the integration of the XMCD and of the estimated isotropic
XAS signals.

The obtained results from application of sum rules, i.e. the expectation values
for S;, L, and number of Bohr magnetons as a function of the external applied
magnetic field, are plotted in figure 5.5. XMCD data confirm the step-like be-
haviour for the magnetization reported in literature, the steps occurring near
~1.5T and ~4T in good agreement with data from [72]. Considering the ex-
pectation value for the orbital angular momentum projection, the experimental
data saturate to a value equal to 6 7 for B > 5T. Indeed, this saturation value
is in good agreement with the maximum projection available for the multiplet
term °Ig, once again confirming the atomic character of Ho*" and the validity
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FIGURE 5.4: XMCD spectra of Holr;Siy. The spectra are acquired
at(A)B=1T, (B) B=3T and (C) B=8T along the c axis. R stands
for right circular polarization, i.e. the helicity of the incoming ra-
diation lies antiparallel with respect to the applied magnetic field;
L stands for left circular polarized light. The dichroism signal is
the difference between R and L signals; the shaded area is the

integral of XMCD, proportional to the magnetic moment.
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of Hund’s rules in determining the ground state configuration. Concerning
the quantitative evaluation of number of Bohr magnetons, a poor agreement
is found with reported data. This is due to the uncertainty in the calculation
of the expectation value for the spin moment projection. As already seen in
chapter 1, the asphericity of the electronic distribution contributes to the sec-
ond sum rule, thus leading to wrong evaluations. Indeed, in plot 5.5, the <S,>
data saturate to a value of 3 7, different from the 2 7 value expected from the
application of Hund'’s rules. Therefore, a positive contribution comes from the
term <T,>, which is linked to the non spherical symmetry of Ho>" electronic
cloud in the crystalline environment. The enhanced value of <S,>, due to the
presence of the crystal, may be seen as a further confirmation of the break-
ing of spherical symmetry and that a magnetic alignment along the c axis is
favoured in Holr,Si; sample, in agreement with experimental anisotropy in
magnetic susceptibility.

A measurement of the specific heat capacity for Holr;Si; is also present in lit-
erature and displayed in figure 5.6. The presence of a peak at T = 22K is a
further proof of the occurrence of a phase transition at Ty. The specific heat
capacity plotted against temperature is sensitive to the number of states which
are thermally accessible. In the approximation of a two-level system, thermal
energy enhances the probability of occupation of the excited level. This im-
plies that a peak in the specific heat function is expected, when the energy kT
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FIGURE 5.5: Results of the application of sum rules, discussed in
chapter 1, for the evaluation of magnetic relevant expectation val-
ues of Holr,Siy. The plots of <S,>, <L.> in unity of & and number
of Bohr magnetons as a function of the external applied magnetic
field have been obtained with the aid of Pymca, a graphical inter-
face for the analysis of X-ray spectroscopy data. A double step-
like background has been subtracted to the data, the steps being
set at the edges and in 3/2 ratio relationship, in order to remove
contributions not related to My 5 transition.
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is in the order of magnitude of the gap between a magnetically ordered ground
state and an excited paramagnetic configuration [57]. At very low temperature
with respect to Ty, thermal energy is not enough to excite transitions from the
antiferromagnetic to the paramagnetic state, while at high temperature ground
and excited states are equally populated; as a result thermal driven transitions
decrease. Then, it is clear that the entropy plot against temperature, which is
proportional to the integration of the specific heat capacity, is a measure of the
available states for the system at a certain temperature. Therefore, in the frame-
work of the statistical interpretation, entropy can be expressed as S = RIn(N),
where R is the gas constant and N the number of available microstates or, in
other words, the degeneracy of the system. Figure 5.6 reports the magnetic
entropy as well. In order to disentangle the magnetic contribution to specific
heat capacity and accordingly entropy, the measured specific heat capacity of
Lulr,Si, a non-magnetic reference compound since the 4f shell of Lu* is com-
pletely filled, has been subtracted in figure. The magnetic entropy at Ty is
equal to RIn(4), suggesting a four-fold degeneracy, smaller than the spin-orbit
expected seventeen-fold degeneracy for Ho3* ground state. Moreover, mea-
surements saturate to a RIn(12) value for temperature higher than 100K, still
below the atomic ground state degeneracy; the discrepancy, between the con-
firmation of a paramagnetic behaviour for temperature higher than 100K and
an incomplete reached degeneracy, is accounted, by the authors of the physi-
cal properties study of Holr,Si,, for a large uncertainty in the measured heat
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FIGURE 5.6: Measured specific heat capacity for HolrpSip. An
anomaly is present at T = Ty, hinting to the occurrence of a
magnetic phase transition. Data are compared with specific
heat capacity measurements for a reference non-magnetic com-
pound: Lu3t in Lulr,Si, is characterized by a complete 4f shell.
In the inset, the magnetic entropy is displayed, being S* =
[ C(HolIr,Siz) — C(Lulr,Siz). The measured values are always
smaller than the ground state seventeen-fold degeneracy ex-
pected for Ho?", suggesting for the occurrence of a further split-
ting of the ground state multiplet °Ig. Image taken from [72].
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capacity for T > 50 K.
In the next dedicated paragraph, a brief discussion of why the properties of
Holr,Si, can be related to CEF effects.

5.1.1 Hints to the presence of CEF effects

The anisotropy in the magnetic susceptibility curves is a clear sign of the pres-
ence of solid state effects.

Indeed, in chapter 3 the fitting of magnetic susceptibility data has been listed
as a method used to determine the CEF set of parameters. In a qualitative
way, the presence of surrounding ligand atoms reduces the symmetry of the
rare earth ion from the spherical symmetric one. The electronic orbitals, in
the fictitious electric field of the crystal field model, will orient minimizing the
electrostatic interaction with the surrounding atoms; therefore, the axis along
which magnetic moments align will be labeled as easy axis in contrast to the
hard axes of the crystal [19]. A way to determine the CEF set of parameters
may be a fitting of the magnetic susceptibility data. However, in Holr;Si, a
phase transition from a paramagnetic to an antiferromagnetic state occurs at
low field for temperature smaller than the Néel temperature Tyy = 22K. Then,
in order to fit the AFM region of the susceptibility, calculations need to include
at least two atoms magnetically coupled, roughly doubling up the calculation
time required to calculate the expection values of Ho>". Moreover, the ex-
change constant should be considered as a further fitting parameter, increasing
the uncertainty of the conclusions.

One may look at the metamagnetic transitions occurring in the magnetization

_FM_ E

B, B, B

FIGURE 5.7: Scheme displaying the coexistence of CEF and Zee-

man energetic terms in Holr,Si;. The step-like magnetization

against applied magnetic field of figure 5.3 can be understood in

the view of the dependence of the energy of the magnetic states

as a function of the field B. AFI and AFII stand for the first and

second antiferromagnetic states in 5.3, whereas FM is the field
polarized state reached for B> 6T.

plot towards a ferromagnetic state at B; and B, as further proofs of the occur-
rence of CEF effects in Holr,Siy. The coexistence of a Zeeman energy term and
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of the splitting due to the crystal field may be accounted for the occurrence of
steps in the magnetization plot; a sketch is proposed in figure 5.7 to show how
the mixing of the two energetic terms can lead to a step-like magnetization.
Finally, the measured magnetic entropy suggests for a lifting of the ground
state degeneracy. Again, the reduced degeneracy with respect to the isolated
ion case can be accounted for as a CEF effect, which further splits the °Ig multi-
plet. Moreover, the temperature is a rough measurement of CEF splittings; for
instance at Ty the four lowest states are in an energetic range of ~kgTy, i.e.
~2meV.

In the next section, a fitting of XAS data collected for this work will be pro-
posed in order to derive a CEF set.

5.2 XAS analysis

In this section, XAS spectra acquired in the RIXS branch of ID32 will be shown.
The spectra are acquired with TEY mode and with an experimental resolution
negligible with respect to the estimated intrinsic lifetime broadening of ~1eV
at the M5 edge, i.e. ~1350eV. Two experimental geometries have been selected
and are shown in figure 5.8: the first with the wavevector q perpendicular to
the ab plane, i.e. 6 = 90° according to the geometry explained in chapter 2;
the latter with 6 = 20°, both with light linear polarized in the horizontal plane,
i.e. the plane of the beamline. Spectra have been normalized with respect to
the incident photon flux at the last mirror before the sample; then, the intensity
scale is related to the maximum of the signal for 6 = 90° geometry. Both spectra
are acquired at 25K, so that only the lowest states are expected to be thermally
occupied.

In XAS spectra two features are distinguishable, labeled Ms and M5, according

to the IUPAC notation. The features are separated due to spin-orbit interaction
of the core-hole 3d electron; according to the reciprocal orientation of s and 1,
the quantic number jcanbe 3/2,i.e. j=1-s=2-1/2, or 5/2. In the first case,
being the spin magnetic moment aligned to the magnetic field arising from the
orbital motion of the electron, the state is more bounded, therefore a higher
photon energy is required to promote the core electron to the valence shell.
Accordingly, the My edge is related to the j = 3/2 state, whereas the M5 edge
to the j = 5/2 state. The ratio of intensities of the two edges expected for the
single-electron picture, i.e. 3/2, due to the occurrence of multiplet interactions,
tackled in chapter 3, does not hold [17].
Itis evident from figure 5.8 that depending on the incident angle different spec-
tral features are enhanced or lowered, hinting to the lifting of the spherical
symmetry for Ho®* ion. Indeed, as already discussed in chapter 3, the pres-
ence of the crystal environment breaks the spherical symmetry, leading to the
dependence on the experimental geometry in the spectral shape. In figure 5.8,
the dichroism signal, i.e. the difference between the 90°-geometry and the 20°-
geometry spectra, is shown as well. The M5 edge is characterized by more
features with respect to the My edge and by a higher dichroism signal as well.
Therefore, the fitting of CEF parameters will be carried considering only the
M;5 edge in order to reduce time calculation.
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Considering the Hamiltonian to include in simulations, no dichroism is ex-
pected including only the atomic terms for the spherical symmetry is not bro-
ken. In figure 5.9, the calculated spectra with both geometries are displayed for
the M5 edge, considering only the atomic Hamiltonian for the electronic transi-
tion from d to f shell. No dichroism is present in calculated spectra, which is in
agreement with the theory developed so far. Moreover, in calculations all the
17 states of the I ground state multiplet are considered. These states are not
split since the spin-orbit interaction for the 4f shell does not lift the (2] + 1)-fold
degeneracy. Therefore, the calculated spectrum with 90°-incidence geometry
considering only the atomic Hamiltonian is an isotropic spectrum.

It is clear from figure 5.9, that the scaling factor for the Slater integrals in the
final electronic configuration is different from the one obtained through RIXS
titting in chapter 4 for the initial electronic configuration. In literature, the need
for different parameters is confirmed [4, 86]. Accordingly, XAS spectroscopy
technique is more sensitive to 3d4f electronic configuration than RIXS, where
the dependence on the intermediate state is not so directly obtainable.

Since the experimental spectrum with 90°-incident geometry seems to be closer
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FIGURE 5.8: (A) XAS spectra of Holr,Si: data acquired in two
different experimental geometries, parallel to the c axis and lifted
of 20° from the ab plane, both with light linear polarized in the
horizontal plane and at 25 K. The spin-orbit core-hole split edges
have been labeled using the IUPAC notation. M5 edge is at lower
incident photon energy, i.e. less bound. Spectra are normalized
with respect to the incident photon flux at the last mirror before
the sample. The intensity scale is relative to the maximum of
the 90°-geometry spectrum. (B) XAS dichroism signal, being the
difference between the 90°-geometry and the 20°-geometry spec-
trum. Differences in the two signals hint to the reduction of sym-
metry from the isolated atom spherical one. The differences be-
tween the two spectra are more significant at the Ms edge with
respect to the My one.
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to the isotropic spectrum, i.e. less affected by the CEF effects, than the 20°-
incident one, the first will be used to perform the fitting of the scaling param-
eter for Slater integrals for the final 3d°4f'! XAS configuration. In figure 5.10
the fitting of the scaling of FK and G parameters, for the final state of M elec-
tronic transition of Holr,Siy, is reported. Applying the same methods as in
chapter 4, the best fitting value is 0.75. Indeed, a proper fitting would require
to compare an isotropic spectrum with simulations, in order to disentangle
the atomic terms from the crystalline ones; as a result, the obtained value is
affected by uncertainty and must not be considered as the best obtainable fit-
ting.

Once fixed the complete set of atomic parameters, the fitting of CEF A7 has
been performed minimizing the mean squared error between calculated and
experimental dichroism signal. In principle, the ground state multiplet °Ig
would require all the CEF parameters for the f shell in a Dy, point group sym-
metry environment, i.e. A9 Ag, Afl, Ag and Agt4. Since simulations involving
all the parameters are in practice impossible to be carried, due to the huge cal-
culation time required, a simplified approach will be followed. First of all, the
effect of the single A? parameters on spectra will be evaluated, in order to find
reasonable intervals. Simulations involving AY, Ag and Ag over a wide energy
interval, i.e. —300meV = 300meV, will be separately performed to extrapo-
late the effect of the variation of the parameters on the dichroism. According
to the agreement with the experimental signal, boundaries for the best-fitting
expected parameters will be drawn. Once the intervals are fixed, a simulation
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FIGURE 5.9: (A) XAS simulated spectrum in the 90°-incident ge-

ometry, along with the experimental spectrum of Ms edge. (B)

XAS simulated spectrum in the 20°-incident geometry, along with

the experimental spectrum of Ms edge. In both geometries, the

parameters found in chapter 4 for Holr,Si, have been used in cal-

culations, i.e. F¥ scaling factor equal to 0.88 and ( scaling factor
to 0.97.
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FIGURE 5.10: Fitting of the scaling parameter for Slater inte-

grals in the final 3d°4f'1 electronic configuration. The normal

incidence spectrum has been exploited, since it is closer to the

isotropic spectrum, i.e. not affected by CEF effects, for Holr,Si,
M;s edge.

involving all the A? parameters will be carried, to derive the best combina-
tion minimizing the error or, at least, a minimume-error locus in the (AY, Ag,
AY) space, avoiding false convergence results. Next, the fitting for A# pa-
rameter will be carried out considering the slight planar anisotropy in mag-
netization data reported in figure 5.3, keeping in mind that m = 4 parameters
mainly affect the planar orientation of wavefunctions. The idea is to reduce
the calculation time for XAS spectra fitting, neglecting these higher order cor-
rections, thus reducing the number of possible combinations. Moreover, XAS
cross-section is mainly dipole dominated so that the technique is insensitive to
effects related to four-fold planar symmetry CEF parameters [4].

In figure 5.11 the fitting for the A) parameter is reported considering the dichro-
ism signal. For negative values of AY, one gets a reverse dichroism signal
with respect to the experimental one. For A > 0meV a doublet ground state,
with J, = £8 is found, hinting to an orientation of the electronic spin-orbital
wavefunctions in the ab plane and to a magnetic moment aligned to the c axis,
in agreement with the previous discussed magnetic properties of the sample.
Therefore, the set of parameters needed to build the crystal field will include
a positive value for AJ. The evidence that the sign of A) determines a magne-
tocrystalline anisotropy can be found in literature [19, 20]. In other words, the
CEF AJ parameter is linked to the position of the nearest neighbors with higher
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charge density. A positive sign implies that the fictitious electric field, which
best resembles the crystalline environment, is built putting the closest-to-ion
charges on the z axis. Then, the minimization of the CEF electrostatic poten-
tial requires the ground state to have a planar shape rather than an axial one.
Thus, the orbital motion is mainly bound to be in the ab plane, with the orbital
angular moment aligned to the c axis. Moreover, increasing the absolute value
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FIGURE 5.11: Simulated dichroism as a function of the CEF pa-
rameter A9, being all the other parameters set to 0, for M5 edge of
Holr,Si; compared to the experimental one.

of the parameter the dichroism enhances, in accordance to the fact that states
are more split if CEF corrections are more relevant, which is ultimately related
to the fact that the spherical symmetry is lost if temperature allows occupation
of only the lowest states. Then, a reasonable interval for the fitting of A may
be 10 meV <+ 60 meV.
With the same approach, the effect of the variation of A} has been analyzed
and reported in figure 5.12. The shape of the dichroism is obtained for any
value of A{ different from zero. The contribution of the 4th-order term then
will be taken into account as a further correction to the effect of Ag. Indeed,
the effect of higher orders parameter is to better define the shape of the ground
state orbitals, once Ag sets whether the wavefunction is oblate or prolate [19].
A reasonable interval for AJ may be then —150 meV = 60 meV.
In figure 5.13, simulated dichroism varying A? is reported along with exper-
imental data. From simulations the interval —60meV = 60 meV has been se-
lected.

Simulations varying AS, A} and AQ respectively in the intervals 10meV +
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FIGURE 5.12: Simulated dichroism as a function of the CEF pa-
rameter AJ, being all the other parameters set to 0, for M5 edge of
Holr,Si; compared to the experimental one.

60meV, —150meV +- 60meV and —60meV = 60 meV, with a mesh of 10 meV
have been performed. In figure 5.14, the mean squared error between simu-
lated and experimental dichroism at M5 edge is displayed. The size of the dots
is proportional to the agreement between simulations and data, i.e. the higher
is the mean squared error associated to a certain combination (AY, Ag, Ag), the
smaller is the point in the chart. In chart 5.14, the five combinations leading to
the lowest mean squared error are marked in red.

All the five sets of parameters yield to the same pure J, = £6 doublet ground
state. Moreover, all the highlighted combinations share the same energy scheme
of CEF excited levels with very slight differences regarding the splitting ener-
gies. The energy schemes for °Ig multiplet, associated to each marked combi-
nation, are depicted in figure 5.15.

The fact that, in all found solutions, the J, = £8 is the most CEF excited state
may be an explanation of why in magnetization curve shown in figure 5.3, the
saturation value for high applied external magnetic field does not achieve the
expected theoretical value of 10 5. Moreover, all the proposed solutions share
the same ground state and first excited levels within ~ 2 meV =-3meV, in good
agreement with the specific heat plot displayed in figure 5.6, since the splitting
between the ground doublet and the first excited one is close to kg T ~ 2meV;
only set 2 would lead to a six-fold degeneracy at Ty, higher than the four-fold
measured one. It is noteworthy that the states are pure J,, this is due to the fact
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thatno A# have been included so far in calculations. Actually, as seen in chap-
ter 3, including A# parameters, a mixing of J, states will occur. As well as that,
solutions associated to AY CEF parameters display a cylindrical symmetry, for
the spherical harmonics, with m = 0, used to build the CEF Hamiltonian, do
not break the symmetry in the ab plane; the reader can see for instance the
drawn renormalized spherical harmonics in [42]. Therefore, a proper combi-
nation is expected to be close to the proposed ones, since the magnetic suscep-
tibility exhibits no planar anisotropy, while magnetization curve shows only to
be slightly anisotropic, considering (100) and (110) axes, at very high applied
magnetic field. One last remark about the provided energy schemes in figure
5.15. The CEF contribution to the overall Hamiltonian does not lift completely
the °Ig multiplet symmetry; actually, the levels are at least two-fold degenerate,
except for J, = 0 state, which in set 4 is split from the other doublets. This is the
typical case in systems characterized by an integer value of ], i.e. an even num-
ber of electrons filling the valence shell [19]. The fact that each doublet displays
a zero net magnetic moment is a consequence of the time reversal symmetry
[87]. Indeed, the fictitious electric field set by the CEF Hamiltonian does not
distinguish between positive or negative oriented moments, once a reference
direction has been fixed. As a result, the crystal field driven anisotropy should
be defined as uniaxial, different from an unidirectional one which would lift
the doublets degeneracy. Taking into account magnetic exchange terms in the
Hamiltonian, as shown in the next section, will set an easy direction for the
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FIGURE 5.13: Simulated dichroism as a function of the CEF pa-
rameter AY, being all the other parameters set to 0, for Ms edge of
Holr,Si; compared to the experimental one.
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FIGURE 5.14: Inverse mean squared error between the simulated
and experimental dichroism at Ms edge for Holr,Si;, depend-
ing on the combination of CEF parameters A9, A} and A?. The
size of the dots is proportional to the agreement between simu-
lations and experiments; bigger points are associated to simula-
tions closer to experimental data. In red are marked the five best
fitting combinations of CEF parameters, i.e. the ones associated
to the five lowest mean squared errors.

atomic magnetic moments to align along.

In the next section, starting from the configuration which yields the least mean
squared error, i.e. set 1 in figure 5.15, simulations of the magnetic properties of
Holr,Si; previously depicted will be proposed.
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FIGURE 5.15: Energy schemes of the five best solutions, from fig-

ure 5.14, of °Ig multiplet for Holr,Sip. All the combinations share

the same ground state and excited energy levels. Set 1: AJ =

10meV, AAO1 = —150meV, Ag = —-20meV. Set 2: Ag =10meV, Ag =

—70meV, Ag = —10meV. Set 3: Ag =20meV, Ag = —120meV, Ag

= —10meV. Set 4: Ag =20meV, Ag = —110meV, Ag = —10meV.
Set 5: AJ =30meV, A = —130meV, A = —10meV.

5.3 Simulated magnetic properties

As said in the previous section, a very slight planar anisotropy can be deduced
by magnetization curves displayed in figure 5.3; indeed, the difference in the
measured magnetic moment along (100) and (110) directions is ~1 pup at ~9T
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applied magnetic field, whereas in magnetic susceptibilities data shown in fig-
ure 5.2 no difference can be detected between planar axes. Therefore, a small
correction is needed from A# parameters to the proposed schemes in figure
5.15, which display a cylindrical symmetry, being solutions of a CEF Hamilto-
nian fully symmetric with respect to rotations in the plane ab, i.e. built with
A"=0 terms.
Thus, four combinations of A,f‘l have been included in CEF set of parameters
starting from the combination yielding the least mean squared error in figure
5.14,i.e. set 1 in figure 5.15. Namely, in (A7*, AZ*) space the four combinations
with parameters equal to 10 meV have been considered.
In order to simulate magnetic states of Holr;Si, the basis set of calculations
must be extended; it is necessary to include more than one atomic site to ac-
count for collective exchange driven magnetic phenomena. In performed sim-
ulations the simplest configuration has been considered, i.e. two atomic sites.
The considered atoms have been antiferromagnetically coupled, in agreement
with the drawn properties of Holr,Si; seen in the previous. Moreover, since
the antiferromagnetic order for Holr,Si2 displays a propagation vector (0, 0,
1/2) [88], the coupling considered in calculations is only along c axis, i.e. the
two ion sites can be modeled as an Ising-type system [89].
Thus, an exchange term is added to calculations, i.e. a Heisenberg-type Hamil-
tonian, considering only projections along ¢ axis of the two associated spin
moments,

Hex = _]exsl : 52- (5-2)

In eq. 5.2, Jox is the exchange constant which couples the two simulated ion
sites. S; stand for the projection along z of the spin moment for ion at site
i. It is clear then, that in the one-dimensional Ising model the scalar product
between spin moments is replaced by the multiplication of pure numbers. Ac-
cordingly, with a positive J., a ferromagnetic alignment is favoured, whereas
antiferromagnetic order arises with a negative exchange constant. Hence, a
negative constant has been included in calculations, i.e. Jox = —0.91meV. The
absolute value has been fixed by fitting in calculations the maximum peak of
susceptibility at the experimental Néel temperature Ty.

It is noteworthy that in Holr,Si, is expected a ferromagnetic coupling between
ionic sites moving along ab planes as well. In the considered model, due to the
limitation to a two-site cluster, no other coupling interactions but the antifer-
romagnetic one have been included. Actually, an extension of the considered
sites may lead to a closer agreement between simulations and experimental
data, at the cost of an increase of calculation time, which roughly scales with
the number of considered sites. As a final remark to the simulated magneti-
zation curves shown in figure 5.16, in order to speed up calculations, only the
five lowest states of °Is multiplet have been considered in the evaluation of the
expectation value of number of Bohr magnetons per ion. This is not expected
to affect the analysis, since performing simulations at T = 2K, i.e. considering a
thermal energy of ~0.2 meV, only the ground state is expected to be populated;
once again, the reader can see figure 5.15 to have an idea of the differences in
energy between ground and excited states.
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Applying an external magnetic field, i.e. including a Zeeman term in the
Hamiltonian, this picture still holds, for even at 9T corrections to the energy
levels will be in the order of ~meV, thus, including the five lowest states,
the contribution coming from possibly populated excited levels is safely ac-
counted with the Boltzmann factor. In all simulated data the experimental
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FIGURE 5.16: Simulations of magnetization curve at T = 2K for

Ho?+ ion, as a function of Aki4 CEF parameters, starting from

A parameters of set 1 in figure 5.15. (A) A;* = —10meV, AF* =

—10meV. (B) Aj* = —10meV, AF* = 10meV. (C) A;* = 10meV,

AF* = —10meV. (D) Af* = 10meV, AF* = 10meV. All simula-

tions were performed accounting for a probability of occupation
of excited states given by Boltzmann factor at T = 2K.

anisotropy between c axis and ab plane is reproduced, confirming the quality
of the fitting of XAS dichroism signal. Moreover, a clear metamagnetic transi-
tion is present for B ~4 T; since in the exploited model the only energetic terms
considered are exchange coupling and crystal field corrections, the transition
can be safely accounted for as a consequence of the crystalline environment,
hosting Ho®" ion.

Still, considering simulated magnetization along (001) axis, there are two ma-
jor discrepancies with respect to data reported in literature; the most evident
one is the absence of one of the two steps, namely the one occurring at ~1.4T;
as well as that, the saturation value is slightly smaller than what reported: all
simulations saturate for B > 6T to a value ~7.4 ug. The absence of the first
step in simulations can be accounted for as a consequence of the limitations
of the exploited model system. Indeed, in Holr;Si; other exchange couplings
are expected to be present, e.g. a ferromagnetic coupling among Ho®" ionic
sites along ab planes and along c axis, considering alternating layers of or-
dered magnetic atoms. All in all, the coexistence of more interactions, both
local, such as the CEF term, and collective exchange couplings, may lead to
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metamagnetic states, in which some of the magnetic moments orient parallel
to the external field, while other sites do not [83]. An extension of the cluster
considered in calculations or an application of a statistical approach, in which
each site may orient or not parallel to the external magnetic field, with a prob-
ability given by the ratio between Zeeman and exchange term, could confirm
this hypothesis. Regarding the latter difference with respect to experimental
data, simulations suggest that the ground state levels should exhibit an expec-
tation value for the projection of angular moments along z higher than the J, =
+6 doublet solutions proposed in figure 5.15. Therefore, among all the possi-
ble combinations proposed in chart 5.14, solutions yielding a doublet ground
state characterized by J, = £7 or ], = +8 would result in a proper saturation
value for magnetic moment along c axis.

Concerning simulations of the magnetization along (100) and (110) axis, among
the explored combinations in (Afl, Agt4) space, Ajf4 = Agt4 = 10meV leads to
the proper anisotropy between planar axes, suggesting for a positive sign of
both terms.

In order to check if the agreement with experimental data improves, in the
light of the above, two simulations are proposed in figure 5.17, with two sets
from chart 5.14 and including Afl = Agb4 = 10 meV,; the first is Ag = 10meV,
A2 = —100meV, Ag = —40meV which yielded a doublet J, = +7 ground state;
the second has Ag = 10meV, Ag = 0meV, AY = 40 meV, which leads to a J,
= +8 ground state. Simulated data along (001) axis, with CEF set of parame-
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FIGURE 5.17: Simulated magnetizations for Holr;Si,, including
A7 = A7 = 10meV to set (A) A = 10meV, A} = —100meV, Al
= —40meV and to (B) A = 10meV, Ag = 0meV, Ag = 40meV.
(A) yielded a J, = +7 doublet ground state, without considering
A# parameters; (B) led to a J, = £8 doublet ground state. Both
simulations were performed accounting for a probability of occu-
pation of excited states given by Boltzmann factor at T =2K.

ters in figure 5.17 (A), saturate to a value closer to the one reported in litera-
ture, i.e. ~8.6 up. However, among proposed solutions, combination (D) from
tigure 5.16 still seems the closest to experimental data; the reader may check
the agreement between planar magnetization measurements with simulated
points.

In table 5.1 all the parameters which yielded this solution are reported, along
with the technique exploited to derive them.

Finally, simulations starting from a doublet ], = +-8 and including A,f”‘ =10meV
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in figure 5.17 (B) seems to be quite in disagreement with experimental data.
To further check the quality of calculations compared to experiments, a plot

Parameter Value Methodology

Slater scaling ff  0.88 RIXS fitting

{ scaling ff 0.97 RIXS fitting

Slater scaling df 0.75 XAS fitting

A 10 meV XAS, magnetization fitting

Al —150meV XAS, magnetization fitting
A4jE4 10 meV XAS, magnetization fitting

AY —20meV  XAS, magnetization fitting
AgE4 10 meV XAS, magnetization fitting

Jex c—axis 091meV  susceptibility maximum fitting

TABLE 5.1: Parameters found in this work for Ho®>t in Holr,Si,.
The reported parameters are exploited to model the magnetiza-
tion of Ho®*" in figure 5.16 (D).

of the simulated magnetic susceptibility for Ho®* with all the found parame-
ters for the best solution is proposed in figure 5.18. Once again, the agreement
seems to be good: axis to planar anisotropy is confirmed, with a ratio between
simulated points along c and planar ones close to what reported in paramag-
netic regime experimental data in figure 5.2. Performed simulations strongly
suggest that the exploited model can be properly applied to the description of
magnetic properties of HolrSi,.

Finally, in figure 5.19 a sketch of the ground state wavefunction, resulting
from the diagonalization of the Hamiltonian for Ho®*, built with found pa-
rameters reported in table 5.1, is displayed, along with the energetic scheme of
>Ig multiplet.
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FIGURE 5.19: Plot of spin-orbital ground state for Ho>" on the
left, along with energy scheme of levels belonging to multiplet
°Ig on the right. The states are solution of Hamiltonian built with
parameters listed in table 5.1. Anisotropy between c axis and ab
plane is evident; a small difference between (100) and (110) di-
rection can be detected, orbital exhibiting small bumps towards
(110) direction and 90°-shifted ones. Levels still display a leading
Jz character, even if a mixing of states +4 J.-split states occurred
due to A# CEF parameters. The two-fold degeneracy which was
present in energetic schemes proposed in figure 5.15 is lifted by
the exchange term, which fixes an unidirectional anisotropy. The
spin-orbital plot has been drawn with the aid of Mathematica
package of Quanty.
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Chapter 6

Summary and outlooks

In this thesis work, an analysis of X-ray spectroscopic data, with the aid of full
multiplet atomic based calculations has been proposed.

Theoretical fundamentals of X-ray Absorption Spectroscopy (XAS) and Reso-
nant Inelastic X-ray Scattering (RIXS) are provided to the reader in chapter 1.
In chapter 2, a quick description of ID32 beamline at European Synchrotron Ra-
diation Facility (ESRF) is proposed, highlighting the striking results achieved
in terms of energy resolution and repeatability in measurements, as well as the
flexibility left to users.

Chapter 3 sets the proper framework to model the Hamiltonian for a rare earth
ion in a crystalline environment; exploiting the atomic character of 4f valence
shell, most of the properties of lanthanides can be described in terms of a local
Ansatz.

Chapter 4 and 5 contain a fitting of the parameters needed to properly model
physics of rare earth compounds. In particular, chapter 4 is based on the sen-
sitivity of RIXS to ff excitations, i.e. scaling parameters modeling electrostatic
and spin-orbit interactions have been fitted for four rare earth ion hosting com-
pounds; namely, CeRhyAsy, NdRh;,Sip, GdIr,Si; and Holr;Sip.

The found atomic parameters for Holr,Si; have been the starting step in the
investigation of its intriguing magnetic properties in chapter 5. A combined
analysis of XAS spectra and magnetization curves performed with the aid of
Quanty, a full multiplet based script language, yielded a set of crystal electric
field (CEF) parameters for Ho>* ground state in Holr,Sip. The model Hamilto-
nian built with the found parameters has been finally tested, comparing sim-
ulated magnetic data points with experiments. Indeed, the combination of
information coming from more techniques is crucial in avoiding false conver-
gence results in fitting processes.

The performed study confirmed that rare earth compounds are model materi-
als to be investigated with high resolution spectroscopic techniques, e.g. RIXS
and XAS. Moreover, a local approach is able to account for most of the prop-
erties of rare earth ions hosted in a crystalline environment; solid state effects
are properly reproduced by CEF theory. As well as that, with an extension of
the number of sites, from a single ion to a cluster of at least two coupled atoms,
magnetic properties arising from the concurrence of crystalline and exchange
interactions can be fairly simulated. Then, a similar approach could be applied
to samples exhibiting similar magnetic properties, with the final aim of fully
describe systems characterized by tunable magnetic states, which are clearly
promising for spintronic applications.
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The carried out investigation relied on an indirect approach, to find the ground
state for Ho®>t in Holr,Si, which is in best agreement with data reported in lit-
erature. Indeed, the splittings between ground state and excited levels in °Ig
low energetic multiplet for Ho>" ion have been derived by reproduction of
effects which come as a consequence of the energetic scheme and not directly
resolving levels. Thus, achieved results leave some room for interpretation,
for many parameters had to be included in order to reproduce data, each of
them adding uncertainty to drawn conclusions. As well as that, the performed
analysis is mainly sensitive to the ground state rather than directly resolving
the energetic scheme of the low excited levels in °Ig multiplet.

A direct approach in principle could be carried by fitting RIXS spectra, but the
achieved energy resolution, i.e. ~100meV at ~1458 eV M5 edge, is not suffi-
cient to resolve levels whose maximum splitting is in the order of tens of meV
(the reader may see figure 5.15). Nonetheless, an analysis of excited multiplets
in RIXS spectra exploiting angular sensitivity, i.e. measuring dichroism sig-
nals, could shed more light on CEF splittings occurring in Holr,Si, at excited
levels. In principle, a relation between crystalline effects occurring at high ex-
cited levels and the ones affecting ground state can be deduced.
Investigations similar to the one proposed for this work are currently piling up
large amounts of data, regarding heavy fermionic systems and more in general
rare earth compounds, with the purpose of building up a general scheme able
to properly describe this class of materials. A model, which is fully able to
account for the plethora of striking properties associated to rare earth dilute
materials, is the key to the understanding of exotic effects, such as intriguing
magnetic ordered states and unconventional magnetically driven supercon-
ductivity. Such a theory could bridge the gap between superconductive and
collective magnetic phenomena which are suspected to be strongly correlated.
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