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Résumé

Au début des années 80, les composés a base de cérium et d’ytterbium ont suscité un vif
intérét car ils présentent a basse température des propriétés magnétiques, électroniques et
thermodynamiques fascinantes et tres intéressantes telles que 1’effet Kondo, fermions lourds,
valence intermédiaire, la supraconductivité non conventionnelle et les ondes de densité de
charge. Ces propriétés sont dues aux interactions électron-électron tres fortes des états f et a
I’hybridation des états f avec les électrons de conduction.

Ce manuscrit est divisé en deux parties présentant des résultats expérimentaux et des
simulations. Dans la premiere partie, nous étudions le matériau fortement corrélé YbPd.
YbPd a une structure de type CsCl, c’est I’un des premiers composés intermétallique a base
d’ytterbium présentant a la fois un comportement de valence intermédiaire et un ordre mag-
nétique, et a été intensivement étudié dans le passé€. Il présente une transition de phase an-
tiferromagnétique a Ty = 1.9 K et une onde de densité de charge incommensurable a 7 =
130 K. A 75 = 105 K, cette onde de densité de charge incommensurable se transforme en
une onde de densité de charge commensurable. Lorsque la température diminue, la struc-
ture cubique avec un site Yb unique se transforme en une symétrie tétragonale a 130 K avec
deux sites Yb différents. En dessous de 105 K, le site magnétique Yb*" et nonmagnétique
Yb2%+ sont disposés alternativement le long de 1’axe c, ce qui signifie un ordre de valence.
Cet ordre de valence dans le composé YbPd est tres intrigant car il présente une résistivité
€lectrique métallique a partir de 77 et jusqu’a basse température. De plus, les mesures de
pression ont révélé un autre phénomene inhabituel. En effet, alors que dans les autres com-
posés d’YDb, la pression stabilise souvent 1’ordre magnétique, dans 1’YbPd, la température
de transition magnétique 7 = 1.9 K diminue avec I’augmentation de la pression, et 1’ordre
antiferromagnétique est supprimé a 2 GPa . Simultanément, 1’onde de densité de charge
commensurable est également supprimé a 2 GPa et I’onde de densité de charge incommen-
surable est supprimé a 5 GPa. Afin d’étudier I’origine de 1’onde de densité de charge dans
le composé YbPd, nous étudions la dépendance en température des valences des deux sites
Yb a travers la temperature de transition. Deux techniques expérimentales sont utilisées pour
déterminer I’évolution de la valence en fonction de la température : La spectroscopie de pho-
toémission dans le domaine des rayons X mous (hr < 1500 eV) et durs (hv = 5-10 KeV),
et la spectroscopie d’absorption des rayons X. La spectroscopie de photoémission est une
technique courante pour étudier les effets d’hybridation dans les terres rares, et leur structure
électronique en général. Cependant, dans le domaine d’énergie des rayons x mous, les effets
de surface sont connus pour avoir de I’importance, de sorte que I’occupation des états 4 f
dans les composé d’ytterbium a la surface peut étre surestimée par rapport a celle du volume.
L’utilisation de rayons X durs garantit une profondeur de pénétration et un libre parcours
moyen suffisamment grand, et s’est avérée tres précise pour déterminer les informations sur
la structure électronique dans le volume dont la valence de I’ytterbium.

Les spectres HAXPES de I’ YbPd dans la phase cubique au seuil 3d de I’Yb 3d, mesurés
avec un faisceau incident polarisé linéairement d’énergie hrv = 6500 eV, présentent deux
structures correspondant aux états finals 4 f!4 (Yb?T) et 43 (Yb3+). La présence de ces



deux états finals est une signature du caractere de valence intermédiaire de 1’ytterbium dans
la phase cubique. La dépendance en température des spectres Yb-3d par HAXPES révele
un comportement singulier de ’YbPd. En effet, suivant le mécanisme de Kondo, avec
I’augmentation de la température, une diminution du poids spectral de Yb?™" transféré a Yb3+
est attendue avec une augmentation continue de I’occupation des états 4f, ny a travers la
température de Kondo, 7T pour les systemes avec une température de Kondo relativement
€levée (Tx < 100 K). Pour les systemes a réseau Kondo (ny =~ 1), un faible changement est
observé dans les spectres alors que, les spectres sont indépendants de la température dans la
gamme inférieure a 300 K pour les systemes a valence fortement mixte (7 > 1000 K) tels
que YbAI, qui présente une valence d’environ 2,2 (7% = 2500 K). Cependant, 1’évolution
de la valence de Yb avec la température dans le composé YbPd présente deux régimes: elle
augmente progresivement lorsque la température augmente de 20 K a 135 K alors qu’elle est
constante de 135 K a 200 K. La dépendance en température de la valence est donc observée
uniquement dans la phase tétragonale (T < 135 K), ce qui indique qu’elle ne provient pas
du mechanisme Kondo mais plutot de I’onde de densité de charge. Une analyse quantitative
détaillée des spectres HAXPES au seuil 3d de I’Yb et de bande de valence pour quantifier la
I’occupation des états 4f, ns (la valence v = 2+4-ny) ainsi que la force d’hybridation nécessite
des simulations avec un modele approprié.

Les résultats expérimentaux de ces différentes spectroscopies sur des terres rares notam-
ment les composés de Ce, d’Yb et de La présentent des spectres tres complexes caractérisés
par la présence des effets de multiplet et des satellites mal compris. Plusieurs théories ont
été proposées pour expliquer les résultats de ces différentes spectroscopies. Kotani et Toy-
ozawa ont formulé une premicre explication qualitative de ces spectres expérimentaux de
composés a base de La en utilisant le modele a une impureté d’ Anderson et en tenant compte
de I'interaction entre les états 4f et le trou de coeur créé lors des différents processus. En
tenant compte de la grande dégénérescence des états 4f, Gunnarsson et Schonhammer ont
étendu la théorie de Kotani et Toyozawa pour étudier les spectres au seuil 3d des composés
de cérium a valence intermédiaire. Cependant, I’approche GS nécessite un effort considérable
de calcul numérique, ce qui a souvent conduit les expérimentateurs a ajuster leurs données
spectroscopiques avec des approches phénoménologiques.

Dans le cadre de ce travail de these, nous avons développé une approche simplifiée fondée
sur I’approche GS. Nous avons développé un code pour décrire les spectres de photoémission
au seuil 3d et de bande de valence des composés d’Yb. Ce qui est nouveau dans notre calcul
est que nous prenons explicitement en compte la dégénérescence totale des états 4 f (1 état
pour la configuration f9, 14 états pour la configuration f! et 91 états pour f?) . De plus,
contrairement a I’approche GS, qui décrit uniquement les spectres a T = 0 K, cette approche
simplifiée permet de décrire qualitativement la dépendance de la température des spectres de
photoémission. Nous utilisons cette nouvelle approche pour analyser quantitativement les
spectres HAXPES du composé YbPd au seuil 3d de I’Yb. Comme nous 1’avons mentionné
plus haut, la dépendance en température des spectres de photoémission n’est pas due a une
population thermique des premiers €tats excités selon le scénario de Kondo mais semble liée
au mécanisme de CDW. Nous avons donc simulé les différents spectres dans 1’état fonda-
mental en faisant varier uniquement le parametre d’hybridation. Dans la phase cubique, le



site unique d’Yb correspond a une valence moyenne de v,,, = 2,84 (ns = 0,84). Dans la phase
tétragonale, la valence du site magnétique Yb; diminue de v; =2,98 420 K a 2,84 a 135 K,
tandis que celle du site a forte valence intermédiaire Yb, augmente de v, = 2,6 a 2,84. En
suivant la loi phénoménologique d’échelle de puissance entre la température de Kondo 7'k et
I’occupation des trous f récemment établie, nous avons déterminé la température de Kondo
de I'unique site cristallographique Yb dans la phase cubique et celle des sites Yb; et Ybs.
Ensuite, nous introduisons I’énergie électronique gagnée par le mécanisme de Kondo. Nous
obtenons un bon accord entre cette quantité et le champ moyen du gap de Bardeen-Cooper-
Schrieffer qui est considéré comme un parametre d’ordre valide du CDW. Nous conjecturons
donc que I’effet Kondo est probablement la force motrice de la transition CDW observée dans
le composé YbPd.

Dans la deuxiéme partie de ce manuscrit, nous étudions les échelles de basse et haute
énergie dans les systemes Kondo a base de cérium, qui sont cruciales pour une compréhen-
sion précise de leurs propriétés électroniques. La photoémission de la bande de Valence,
la photoémission inverse, la spectroscopie d’absorption des rayons x, la spectroscopie de
photoémission résonante et spectroscopie de photoémission inverse résonante sont des tech-
niques spectroscopiques puissantes qui ont été largement utilisées ces dernieres décennies
pour étudier le mécanisme de Kondo dans les composés du cérium. Ces techniques donnent
acces a toutes les différentes échelles d’énergie d’intérét : les échelles de haute énergie qui
sont liée aux excitations de charge (interaction coulombienne Uy et I’énergie des états f lo-
calisés € ), et les échelles de basse énergie liées aux excitations de spin (I’énergie de Kondo)
et aux excitations de champ cristallin. Alors que les techniques thermodynamiques perme-
ttent d’accéder uniquement aux échelles de basse énergie (énergies de Kondo et de champ
cristallin), les spectroscopies électroniques permettent d’accéder aux échelles de basse et de
haute énergie. Cependant, ces spectroscopies sont sensibles a la surface et les effets de sur-
face peuvent obscurcir les résultats. La diffusion résonante inélastique des rayons X (RIXS)
est une technique tout photon qui est tres efficace pour étudier les excitations élémentaires
dans une grande variété de systemes fortement corrélés tels que les composés du cérium.
Le RIXS possede un certain nombre de propriétés uniques par rapport aux autres techniques
spectroscopiques. La technique RIXS est spécifique a I’élément et a I’ orbitale, ce qui est par-
ticulierement important lorsque I’on souhaite se concentrer sur une excitation spécifique telle
que les excitations dd ou f f sur un matériau donné. Sa sensibilité au volume nous permet
d’éviter les contributions supplémentaires dans les spectres dues a la surface. Son caractere
résonnant nous permet de renforcer le signal 4 f. Par exemple, la caractéristique spectrale du
XAS au seuil M5 du cérium associée 2 la contribution fY dans I’état fondamental a un poids
spectral tres faible dans les composés a faible temperature de Kondo, alors que la caractéris-
tique correspondante dans les spectres RIXS présente une intensité importante. De plus, le
RIXS correspond a un processus optique de second ordre avec des transitions d’absorption et
d’émission. Chacune d’entre elles est régie par les regles de sélection dipolaire. Cependant,



le processus RIXS total ne suit pas ces regles. Typiquement, la technique RIXS donne acces
aux excitations f f contrairement a I’absorption des rayons X.

Dans cette deuxieme partie, nous étudions premierement le systeme Kondo ferromagné-
tique CeAgSb,. C’est un composé de fermions lourds faiblement hybridés avec une tempéra-
ture Kondo d’environ 10-20 K. En utilisant la spectroscopie RIXS au seuil M5 du cérium,
nous étudions les excitations de charge f! — f2 et f1 — f° ainsi que I’excitation spin-
orbite. Nous mettons également en évidence la suppression totale de 1’état final f° du RIXS
et du pic élastique, ce qui nous permet de déterminer la symétrie 'S, de 1’état fondamen-
tal. Afin d’analyser quantitativement les spectres et de déterminer les différents parametres
tel que 1’occupation de I’état f, nous calculons les spectres XAS et RIXS en utilisant un
modele d’impureté d’ Anderson simplifié combiné a la théorie des multiplets en utilisant le
code QUANTY. En effet, le SIAM permet de reproduire les énergies relatives des structures
de perte de spin et de charge, tandis que la théorie des multiplets permet de reproduire la
forme correcte des spectres et, plus important encore, la dépendance des spectres vis-a-vis
de la polarisation. Outre les structures d’énergie de perte, les spectres RIXS présentent des
structures de type fluorescence qui présentent une forte dépendance avec température, sim-
ilaire a la dépendance en température de la résonance Kondo observée en spectroscopie de
photoémission inverse. Par conséquent, 1’intensité de fluorescence donne acces au degré de
délocalisation des états 4 f donné par le poids de la configuration f° dans 1’état fondamental.

Enfin, nous étudions comment les spectres RIXS évoluent avec la température Kondo
Tk dans trois matériaux Kondo a base de Ce : un composé Ce de type v ( CeSiy, T ~ 50
K), un composé Ce de type composé Ce de type a ( CeNiy, T > 500 K) et un composé
Tk intermédiaire ( CePds, Tk ~ 150 K). Nous avons mesuré 1’alliage Ce 93Sc o7 a travers
la transition v-co. Le poids spectral RIXS de la structure f° ainsi que la structure de type
fluorescence présentent une dimunition rapide a travers la transition -« et une hystérésis
en fonction de la température qui ressemblent beaucoup a la boucle d’aimantation. Ceci
nous permet de conjecturer que la structure de type fluorescence est corrélée au poids de la
configuration f° dans I’état fondamental et reflete 1’échelle de Kondo.
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Chapter

General Introduction

1.1 Physics of Ce and Yb-based compounds

1.1.1 Kondo effect

It is well-known that a large number of Ce and Yb materials exhibit the Kondo effect with
characteristic electrical, magnetic and thermodynamical properties. The Kondo effect results
from the introduction of a localized magnetic moment in metals and is usually referred to as
an impurity embedded in a quantum sea of mobile conduction electrons. Such a magnetic
impurity might be expected to survive in the metallic host with a susceptibility characterized
by a Curie-Weiss law x(T) = 7{”—&9, where M is the magnetic moment of the impurity, 7' is
the temperature and @ is a constant. Surprisingly, in certain conditions this impurity strongly
affects the conduction electrons of the host metal and exhibits a Pauli-type susceptibility x(T)
= cste at low temperatures. Such an anomalous behavior has been evidenced in materials
with a low concentration of magnetic 3d transition metals substituted in non-magnetic metal
hosts, e.g Mn and Fe in Au, Cu, or Ag, and also in the 4f dilute rare earth compounds
such as Ce,La;_,Cug. Such an impurity gives an anomalous contribution not only to the
magnetic susceptibility but also to the transport properties such as specific heat and resistivity.
Historically, the earliest manifestation of the effect of the magnetic impurity was identified by
De Haas et al [}, 2] when they observed a minimum (see Figure[L.T]) at low temperature in the
electrical resistivity of a gold wire with a small number of impurities. It was very surprising
since in most metals the resistivity is dominated by a constant impurity contribution at low
temperatures and by increasing temperature the resistivity monotonically increases, where
it is dominated by the inelastic scattering due to phonons. The first theoretical explanation
of this effect was made 30 years later by J. Kondo [3] by using a third-order perturbation
theory in the coupling Jp, where J is the antiferromagnetic exchange and p is the density
of states at the Fermi level. He showed that the antiferromagnetic interaction between the
localized magnetic impurity and the conduction electrons leads to a log(%) dependence of the
resistivity which increases with decreasing temperature. This Kondo picture can be described
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Figure 1.1: Susceptibility in Kondo system calculated with the Zwicknagle Zevin Fulde ap-
proach: local moments are free at high temperature but are screened at low temperature by
the spin of conduction electrons. Resistivity minimum in a gold metal (Au) with a residual
magnetic metal impurities, taken from [} [2].

by the so-called Kondo Hamiltonian:

Hy =Y el cho — 275.5(0), (1.1)
k,o

and the Kondo temperature scale which governs the thermodynamic properties at low energy
is given by:
—1
Tk = Dexp —, (1.2)
Jp
Here, J (< 0) is the antiferromagnetic exchange interaction constant, ck,,(czg) the creation
(destruction) operator of a conduction electron, 5(0) is the spin of the conduction electron at

the impurity site and S is the spin impurity.

1.1.2 Heavy fermions: Kondo lattice and RKKY interaction

At the beginning of the 1970s, considerable efforts were devoted to the experimental and the-
oretical study of dilute and concentrated alloys with rare earth and actinides elements such as
cerium, ytterbium, and uranium. The large interest in these systems received a strong impetus
with the discovery of a new class of materials by Andres et al. in 1975 [4]]. They measured
the specific heat and resistivity of the CeAl3 compound and found that the low-temperature
specific heat term C = 7" (v = 1620mJ mole//K?) was 1000 times larger than that of normal
metals. This means that, in this system, the effective mass was strongly enhanced compared
to the free electron mass and therefore, the system was called "heavy fermion material". In
order to explain the origin of this huge mass renormalization, S. Doniach [5] suggested that
heavy fermion materials could be theoretically described as a Kondo lattice where, at each
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site, the local moment is "quenched" by the conduction electrons via an antiferromagnetic
interaction J. He thus proposed the so-called Kondo lattice Hamiltonian:

Hy =Y erciycre —2J > Si.8i, (1.3)

k,o

where ¢ is the lattice index, S; and s; are, respectively, the spin of the impurity and the con-
duction electron at each site i. While the on-site Kondo effect leads to a nonmagnetic ground
state, the coupling between the localized moment and the conduction electron leads to an
order effect that favors a magnetically ordered ground state, usually antiferromagnetic. This
is due to the so-called Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction. The RKKY
interaction is an inter-site interaction where f electrons couple with each other via the con-
duction electrons, and the Hamiltonian is given by:

Hrgry = JRKKYST;'-S_} (1.4)

The sharp discontinuity in the occupancies at the Fermi surface produces slowly decaying
Friedel oscillations in the RKKY interaction given by :

k
Jriry = —D(Ep)J? cos (%) (1.5)

where r is the distance from the impurity, kr is the Fermi wave vector, and D(EF) is the
density of states at the Fermi energy. So, depending on the distance between impurities, the
RKKY interaction oscillates in sign. The characteristic temperature of the RKKY interaction
is approximate as Trrxy = D(Er)J?. The oscillatory nature of this magnetic interaction
favors the development of either antiferromagnetism for Jrxxy < 0 or ferromagnetism for
Jrrry > 0.

The competition between RKKY and Kondo effects leads to an original set of magnetic
and electronic properties at low temperatures. These properties may be tuned through control
parameters such as chemical doping, pressure, or magnetic field. When J is small, the RKKY
interaction is the dominating effect, and the systems exhibit a magnetically ordered ground
state (usually antiferromagnetic). When J is large, the Kondo effect becomes dominant, and
the system exhibits a heavy fermion behavior. Between the two regimes, there is a quantum
critical point. The Doniach schematic phase diagram [5]] shows various possible ground states
as a function of 7" and J, which can be tuned by pressure or chemical doping as presented in
Figure(1.2

1.1.3 Intermediate valence systems

The single impurity Anderson model has been introduced in 1961 by P. W. Anderson [[7] to
describe the appearance of a localized magnetic moment in metals. Historically introduced
for the magnetic moment of 3d metal transitions, it can be applied in the framework of rare
earth compounds such as cerium and ytterbium. For rare earth compounds, the 4f orbital is
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Figure 1.2: Doniach Diagram. For Trxxy > Tk an antiferromagnetic ground state forms
(localized regime), whereas for Trxxy < Tk a paramagnetic Fermi liquid phase develops
(delocalized regime). At the boundary of the two phases, a quantum critical point can arise.
Redrawn from Ref [, [6].

even more localized than the 3d orbital and yields a localized magnetic moment. The single
impurity Anderson Hamiltonian can be written as:

H= Z exaj ay + Z efa}fmaf,m + Z U flmMm + Z Viem(af agm + a}imak), (1.6)
k m /

mm k,m

where the first term describes the conduction electrons, the second term is the energy of
the f states, the third term is the Coulomb repulsion between two f states and the fourth
term is the hybridization between the conduction electrons and the f states. Creation and
annihilation operators of an f electron (conduction electron) are denoted a;m (a;) and ay
(ax), respectively. When the 4f states are not coupled with the conduction electrons (V = 0),
the eigenstates of the Hamiltonian correspond to the configurations f" which depend only
on the parameters ey and Uys. In the case of cerium, the Coulomb repulsion is very strong
and we are limited to three configurations: f° with energy 0, the 14 degenerate states f* with
energy €, and the 91 degenerate states of the f? configuration with energy 2¢; + U;s. Each
state has respectively zero, one, and two holes in the conduction band. Since ¢; <0< 2¢;+U
for cerium, the ground state is given by the f! configuration and the first and second excited
states are respectively given by the f° and f? configurations. When a weak hybridization is
turned on, the degeneracy of the ground state is lifted and a singlet state is stabilized which
gets separated from the first excited state by a characteristic energy scale K1 where T
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Figure 1.3: Schematic energy diagram. A singlet state is stabilized by hybridization between
f states and conduction band states. The 4f spin-orbit coupling yields two similar singlet
states from the f;, and f7,, manifold.

is the Kondo temperature. The hybridization between the 4f states and conduction electrons
not only gives rise to an electronic gain energy but also mixes the different configurations in
the ground state which is expressed as:

|GS) = ao| f°) +ar|f'L) + €| f2L?). (1.7)

Since the f? configuration lies at a very high energy due to the strong 4f Coulomb repulsion,
its weight is very weak and the ground state is dominated by the f' configuration. The
small but not insignificant weight of the f° and f? configurations yields to the so-called
intermediate valence phenomenon. The 4f occupation number in the ground state is then
given by :

ng = lay|* + 2|e|*. (1.8)

This simplified model allows us to qualitatively describe the thermodynamic properties
determined by low excitation energies, as observed in many cerium compounds: At low tem-
perature (T < T ), only the singlet ground state is occupied and the system is nonmagnetic
with a Pauli-type susceptibility and a very large value for the linear coefficient of the specific
heat. By increasing temperature (T >> T'x), the first excited magnetic states are progressively
populated and the system becomes magnetic with a susceptibility following the Curie-Weiss
law (see Figure @) We, therefore, have a crossover between two different regimes: a local
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Figure 1.4: (a) Superposition of a photoemission spectrum and an inverse photoemission
spectrum for the CeSi, compound, taken from [8]. (b) Schematic representation of the energy
levels for systems with N-1, N, and N+1 electrons and the associated transition probabilities.

Fermi liquid regime with heavy quasiparticles at low temperature and a localized moment
regime at high temperature. So, the Anderson Hamiltonian has an emergent low energy scale
(the Kondo energy KpT) corresponding to the spin-excitation which governs the properties
at low temperature, and high energy scales (¢¢ and Uy ) corresponding to charge excitations.

1.1.4 High-energy spectroscopies of Kondo systems

In the last two decades, there have been a large number of high-energy spectroscopies mea-
surements such as core-level x-ray photoemission (XPS), valence band photoemission, in-
verse photoemission spectroscopy, and x-ray absorption (XAS) devoted to rare earth com-
pounds, and especially to cerium and ytterbium compounds. These measurements allow us
to determine the occupation of the f level, the high energy scale, as well as the low energy
of the Kondo scale, which are crucial for a good understanding of the exotic properties of
such systems. In figure [I.4a, we show a typical photoemission and inverse photoemission
spectra of the CeSi, compound. Figure shows a schematic representation of the initial
state and the different final states with (N-1) and (N+1) electrons. The arrows indicate the
transitions which are allowed at 7" = 0 K, from the intermediate valence ground state to the
different final states. The photoemission spectrum is dominated by a broad structure at about
e; = —2 eV corresponding to the f final state, and two sharp peaks appear at the Fermi
level and at -0.3 eV. The inverse photemission spectrum exhibits a prominent structure at
about Uy, + ¢; = 4 eV corresponding to the f? final state. Moreover, the spectrum exhibits
the Kondo resonance (the transition from the ground state to the low lying excited magnetic
states) just above the Fermi level. Therefore, unlike the thermodynamic properties which
reflect only the low-energy scale, spectroscopic measurements are also sensitive to the high-
energy scale (f! — fY and f2 — f') charge excitations that dress the heavy quasiparticles.
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X-ray absorption spectroscopies at L 3 and M, 5 of rare earth compounds are powerful
techniques to study the valence of Kondo and intermediate valence systems as a function
of pressure, composition, and temperature. High-resolution photoemission spectroscopy can
reveal the existence of the Kondo energy in a direct way by investigating the thermal excita-
tions of the system. Recently, the strong development of resonant inelastic x-ray scattering
has opened the possibilities for studying the crystal electric field and to determine the valence
and Kondo scale with very high accuracy. In this thesis, we use a variety of spectroscopic
techniques to study the electronic structure of Yb and Ce compounds.
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Chapter 2

Interplay between Kondo behavior and
charge density wave in YbPd

2.1 Introduction

The strongly correlated YbPd material is a unique Yb compound exhibiting both an interme-
diate valence behavior and a charge density wave (CDW). It crystallizes in the cubic CsCl
structure at room temperature and exhibits an antiferromagnetic phase transition at 7 = 1.9
K. It undergoes an incommensurate CDW at 7} = 130 K. At 75 = 105 K, the incommensu-
rate CDW turns into a commensurate CDW. With decreasing temperature, the cubic structure
with a unique Yb site is transformed into a tetragonal symmetry at 130 K with two different
Yb sites. Below 105 K, magnetic Y'5*" and nonmagnetic Y5*" are arranged alternatively
along the c axis, which means valence order. The valence order in YbPd is very intriguing
since YbPd shows metallic electrical resistivity from above 7 and down to low temperature.
Hence, many studies have been devoted to the manifestation of the magnetic ordering in the
intermediate valence YbPd compound and to the origin of the CDW transition.

In this chapter, we will investigate the electronic structure of YbPd by means of high-
energy spectroscopy techniques combined with a simplified single impurity Anderson model
(SIAM) calculations. The chapter is organized as follows: First, we will give a general intro-
duction to the material properties in section 1. In section 2, we report the Yb-3d core level
and valence band of YbPd by means of hard x-ray and soft x-ray photoemission spectroscopy.
In section 3, we will focus on the temperature dependence of Yb-3ds , core level and valence
band spectra. In section 4 we will present the new approach we introduced in the framework
of the SIAM to quantitatively analyze the core level and valence band spectra. In section 5,
we will apply this approach to simulate the spectroscopic data of YbPd. Then in section 6, we
will discuss the link between the valence evolution provided by the spectroscopic techniques
and the CDW transition and, how the dual Kondo effect provides a driving mechanism of the
charge ordering in the YbPd compound.
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2.2 Summary of the known properties of YbPd

§
o

P

o
¥

Yb,

Cubic at T> T; Tetragonal at T<T;

Figure 2.1: Crystal structure of YbPd below 7} = 130 K (tetragonal phase) and above 7T}

(cubic phase). Only one Yb site in the cubic phase and 2 in the tetragonal phase, redrawn
from Ref [9]].

YbPd is an intermediate valence compound that crystallizes into the CsCl-type structure
(see Figure 2.1). In the middle of the 1980s, this compound attracted considerable interest,
because both magnetic ordering and intermediate valence were observed. This behavior was
not very common. In fact, at that time all the intermediate intermetallic Yb compounds were
found to be non-magnetic until the unexpected discovery of the magnetic ordering in five
compounds: YbBeys, Yb3Pdy, Yblry, YOPt and Y b3 Pty.

In the early 80’s, R. Pott et al. [10] performed a number of different macroscopic tech-
nique measurements on YbPd such as specific heat, resistivity and magnetic susceptibility.
They found that YbPd undergoes four main phase transitions, at 77 = 130 K, 7, = 105 K,
T35 = 1.9 Kand 7, = 0.5 K. Its intermediate valence character has been evidenced by XAS
at Yb L3 edge (v = 2.88) [10] as well as soft x-ray photoemission spectroscopy (v = 2.75)
[11]. The temperature dependence of the difference of the specific heat of YbPd and LuPd is
shown in Figure with one anomaly at 73 and 2 unusual sharp peaks at 7} and 75. Figure
[2.2b presents the temperature dependence of the resistivity measured at ambient pressure by
R. Pott et al. The resistivity decreases upon cooling, drops at 7 and 75, and remains metallic
down to 40 mK [[10]]. They concluded that the transition at 7} is due to the magnetic ordering
and those at 7 and 75 should be due to structural transitions.

Hasegawa et al.[12] performed Raman scattering experiments at low temperature and
they evidenced a structural distortion from the CsCl structure. However, they surprisingly
concluded that the crystal symmetry of YbPd at low temperature is neither cubic nor tetrag-
onal. On the other hand, P. Bonville et al. [13]] also reported that the cubic structure at room
temperature with the cell parameter 3.4443 + 0.001 A changes to a tetragonal structure at low
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Figure 2.2: Temperature dependence of the specific heat (a) with two sharp transitions at 73
and 75. Temperature dependence of the resistivity (b) with 2 drops at respectively 77 = 130
K and 75 = 105 K. Taken from Ref [10]]

temperature with a ratio of c/a = 1.007, but with no detailed explanation. They also found
from magnetic susceptibility that the magnetic ordering occurs in fact at 73 = 1.9 K and not
at Ty = 0.5 K as suggested by R. Pott et al. Interestingly, P. Bonville et al. performed ™°Y'b
Mossbauer absorption measurements at 4.2 K and revealed the existence of 2 kinds of Yb in
the YbPd compound, one of which is magnetic and the other one is nonmagnetic in essen-
tially equal proportions. Therefore, it is now accepted that the structural phase transitions at
Ty =130 K and T} =105 K are associated with a valence ordering characterized by one Y b*"
type of ions which order magnetically and the other one with intermediate valence type of
Yb ions [[13} 14} [15]].

Recently, X-ray diffraction measurements [9]] on YbPd single crystals confirmed that the
highly symmetrical cubic phase deforms into a tetragonal phase below 77 = 130 K. Moreover,
it was found that the Pd atoms are displaced by 0.11 A and no displacement was found for Yb
ones. This Pd atom displacement along the c direction induces the distortion into a tetragonal
structure below 77 resulting in a twofold structure with two inequivalent Yb-sites as shown
in Figure 2.1} one Yb site with a short interatomic distance to Pd atoms and other Yb site
with a long interatomic distance to Pd atoms respectively labeled Y'b; and Y'b,. Owing to the
ionic radius of Y53+ (f'3) which is smaller than that of Yb** (f1*), Y'b;-site is expected to
have larger valence than Y b,-site. A quantitative analysis of this valence ordering has been
performed by R. Takahashi et al.[9] by using Yb L3 absorption edge energy and they found
that the unique crystallographic Yb-site in the cubic phase has an average valence of v =2.8
and in the tetragonal phase, the valences of Y b;-site and Y b;-site are respectively v; =3 and
vy =2.6. Very recently, M. Shiga et al. [16] performed point contact spectroscopy on YbPd
and estimated that the Kondo temperature of Yb;-site (v; =3) is ~ 30 K while that of the
Y by-site (vy =2.6) is ~ 800 K.

X-ray diffraction measurements [9] revealed that YbPd undergoes an incommensurate
CDW at 77 = 130 K characterized by the wave vector (£0.07 £0.07 1/2) with an alternating
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arrangement of a larger valence (v, = 2.6 ) and a smaller valence (v; = 3) sites. At 75 = 105
K, the incommensurate structure turns into a commensurate structure characterized by the
wave vector (0 0 1/2).

In terms of structural changes, the valence ordering transitions observed in YbPd are
similar to that of Yb,Asg [[17], but in which the charge ordering is accompanied by a distortion
from the cubic to the trigonal phase. The distorsion in Yb,Ass results in inequivalent Yb-sites
arrayed along the [111] direction in the fraction of 1/4 for Yb3* and 3/4 for Yb*" yielding an
average valence of v = 2.25. However, in contrast to the classical charge ordering systems
Yb,Asz which shows a sudden increase in the resistivity at the charge-ordering temperature
(Teo = 290 K), the electrical resistivity of YbPd decreases in all temperature ranges.

Pressure measurements revealed another unusual phenomenon of the YbPd compound.
Indeed, while in other Yb compounds the pressure often stabilizes the magnetic ordering in
YbPd, the magnetic transition temperature 75 decreases with increasing pressure, and the
antiferromagnetic ordering is suppressed at 2 GPa [14)]. Simultaneously, the commensurable
CDW is also suppressed at 2 GPa and the incommensurable CDW is suppressed at 5 GPa
[18].

2.3 High energy spectroscopic properties of YbPd

2.3.1 Yb-3d and Pd-3d core level HAXPES

For the purely divalent metallic Yb compounds, the Yb 3d core-level spectrum exhibits two
set of features corresponding to the spin-orbit split 3ds » and 3d3,, states. Similarly, two spin-
orbit features structured by the multiplet effects are observed in the 3d core-level spectra
of purely trivalent compounds such as Yb,O3. An example of early measurements of the
3ds2 core levels in Y'0,O3 and Yb metal with a monochromatized Si Ko source (1739.9
eV) are shown in Figure [2.3[[[19]. Figure shows the Yb 3d core level HAXPES of YbPd
at 7' = 200 K, the spectrum has been measured with a linearly polarized incident beam
of incident photon energy hv = 6500 eV. The Yb 3d core-level spectrum is split into two
regions 3ds/, between 1515-1540 eV and 3d3/, between 1560-1590 eV due to the spin-orbit
interaction. The spectra exhibit two single peaks at 1520 eV and 1567 eV which are attributed
to 4 f43d3 /2 (Yb*") and 4 34} /2 (Yb?") final states, respectively. The structures at 1524-
1536 eV (12 multiplets) and at 1527-1584 eV (7 multiplets) correspond to 4 f'*3d3 /2 (Yb31)
and 4f'?3d3 , (Yb*) final states, respectively. The two broad structures at 1545 eV and
1591 eV are due to plasmons. Therefore, the presence of Y5+ (4£13) and Yb** (4 f1*) in the
same spectra is a signature of the intermediate valence character of the single ytterbium site
in the cubic phase (7" > 130 K). Indeed, the 3 and f* configurations are close in energy,
and a non-zero hybridization yields a hybridized ground state with a non-integer 4f electron
occupation number ny. The f' configuration lies at very high energy in the initial state,
therefore its contribution is negligible. In the final state of the 3d photoemission process in
Yb compounds, the core hole strongly interacts with the f-hole via the Coulomb interaction
and leads to a reordering in the energies of the different configurations in the final state. The
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Figure 2.3: (a) Experimental Yb-3ds/, core level spectrum of Yb metal. The high intensity
feature at 1520 eV corresponds to a 3d'°—3d” excitation while the peak around 1530 eV is
related to a plasmon interaction. (b) Experimental Yb-3ds/, core level spectrum of Y b,Os
with a structured feature around 1530 eV due to the multiplet effect and the structure at 1545
eV correspond to a plasmon interaction.

energies of the d°f!3 and d° f'* configuration are respectively pulled down by the amount
13Uy, and 14Uy, with Uy, denoting the interaction term between the f electrons and the 3d
core hole which is attractive since the core hole is positively charged (see section 2.5 for
detailed explanations). It has been shown that Uy, is about -10 eV for typical Yb compounds
[20]. In the following, the Yb-3ds,, spectra will be investigated to obtain information about
the hybridization and the Yb valence in YbPd.

Figure shows the Pd 3d core level HAXPES spectrum of YbPd at 7" = 200 K. The
spectrum presents two single peaks which are Pd-3ds,, and Pd-3d3/, spin-orbit features. We
performed a numerical fitting to accurately determined the binding energy of the spin-orbit
features as well as their line shape. For this purpose, we used Lorentzian line shape after
subtracting a Shirley background. The fitting result shown in Table [2.1] gives the binding
energy of 336.1 eV and 341.4 eV for Pd-3d5,» and Pd-3d3/, respectively. The Pd-3ds,» and
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Figure 2.4: HAXPES spectra of Yb 3d core level in YbPd. Each spin-orbit manifold sepa-
rated by about 48 eV is split into Y*" and Yb3* characters which reflects the intermediate
valence character of the Yb atom.
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Figure 2.5: The Pd-3d core-level HAXPES spectrum of YbPd measured at 7' = 200 K with
an incident photon energy hv =6500 eV.

Pd-3d3/, binding energies are ~ 1 eV higher than in pure metal. Moreover, the Pd peaks
are symmetric as compared to the pure metal which are asymetric with a factor o =0.2[21]].
This is consistent with the fact that the Pd 4d band is completely filled as we will present just
below given that the asymmetry factor is proportional to the density of states at the Fermi

level.
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Spin-orbit component BE (eV) width (eV)
Pd-3d3/, 341.4 0.26
Pd-3ds/, 336.1 0.26

Table 2.1: The fit parameters for the Pd 3d core-level spectrum

L Valence band

[ hv = 6500 eV
| T=200K 412 Pd 4d 4f51/32 4f13 72

3 3H 3F 3H

12 10 8 6 4 2 0
Binding energy (eV)

Intensity (arb. units)

3p 1| D 1G

Figure 2.6: HAXPES valence band spectra of YbPd measured at 7' = 200 K with 6500 eV
of incident photon energy.

2.3.2 YD 4f valence band spectra

Owing to the intermediate valence character of the ground state, the photoemission spec-
troscopy gives rise to both 13— f12 and f'4— f!3 transitions. Figure [2.6/shows the HAX-
PES valence band spectrum of YbPd measured at 7'= 200 K. The spectrum exhibits a peak
just below the Fermi level corresponding to Yb-4 f%;’z final states and its spin-orbit replicate
Yb-4 f is at 1.3 eV. The broad prominent structure at 4 eV corresponds to the Pd-4d band
which i 1s completely filled. This is confirmed by the soft x-ray photoemission spectroscopy
measured at 171 eV and 50 eV (see figure[2.7). The multiplet structures between 5 and 12 eV
correspond to Yb-4 f'? final states. According to the LS coupling, the strong 4f-4f electron
interaction leads to the splitting of the f'? configuration into seven multiplet states 1S, 3P,
'D,3F, 'G, 3H and ‘I, where 3H corresponds to the lowest energy state following Hund’s
rules. In Figure the distinct peaks between 6 eV and 8 eV are related to >H, 3F which
are split into five peaks due to the spin-orbit coupling (*Hpg, 3Hs, 3H,, 3F; and 3F3). The
structures between 12 eV and 10 eV are associated with ! D, ' I, and 2 P final states. 3 P states
are also split into 3 different multiplets ( ® Py, > P, and  P,) but the experimental resolution is
not enough to resolve the corresponding structures.
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2.3.3 Photon energy dependence of the valence band: surface contribu-
tion and cross-section effect
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Figure 2.7: HAXPES valence band spectra of YbPd measured with 6500 eV, 171 eV and 50
eV of incident photon energy.

The different surface sensitivity of soft and hard x-ray photoemission spectroscopy has
important effects on ytterbium compounds. Indeed, while the bulk contribution is usually in-
termediate valent, it has been theoretically [22] demonstrated and confirmed experimentally
[23]] that the divalent configuration 4 4 is stabilized at the surface. Moreover, the relative
intensities of the 4f structure are strongly photon energy dependent. Therefore, the spec-
tral shape of the 4f states is strongly affected depending on subtle experimental conditions
as well as the incident photon energy. To emphasize this surface sensitivity as well as the
cross-section effect on the YbPd compound, we carried out the valence-band photoemission
spectroscopy with three different incident photon energies: hv = 50 eV, 171 eV and 6500 eV
(see Figure[2.7). The spectrum at 6500 eV exhibits 2 structures near the Fermi-energy reflect-
ing the bulk contribution and associated with f;7, and f;7, as explained above. The spectrum
at 171 eV shows in addition to the structures at £ ~ 0 and 1.3 eV, two broad structures at
E =~ 1.1 and 2.3 eV which represent the surface contribution of the Yb 4f states. One can
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see that the surface contribution at ~rv = 6500 eV is negligible compared to that measured at
171 eV. This is due to the significant increase of the inelastic mean free path in the HAXPES
region.

The shape of the valence band spectrum is also strongly dependent on the cross-section
of Yb 4f and Pd 4d states. At 171 eV, we are close to the Cooper minimum of the Pd-4d
band and therefore the intensity of the Pd structure is strongly reduced and appears just as a
shoulder in the spectrum. At 50 eV of incident photon energy, the spectrum is dominated by
the Pd 4d band due to the strong increases in its cross-section [24]]. It should be noted that Pd
4d states are well below the Fermi level reflecting that the 4d band is completely filled.

2.4 Temperature dependence of the 4f occupancy across the
CDW transitions in YbPd compound

2.4.1 Temperature dependence of the Yb-3d, Pd-3d core level, and va-
lence band HAXPES spectra

YbPd
20 K HAXPES
u 70K
— 115 K

-—— 135 K

—— BG

Intensity (arb. units)

1540 1535 1530 1525 1520 1515
Binding Energy (eV)

Figure 2.8: Experimental temperature dependence Yb-3d;s,, of the core level HAXPES of
YbPd between 20K and 200 K. The solid black line is the Shirley background subtracted to
estimate the Yb-3ds/»-spectral weight. The spectra exhibit a temperature dependence below
the CDW transition but are temperature independent above 7} = 130 K.
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Figure 2.9: (a)Temperature dependence of the integrated intensities of the f!* to the f'3
structure.
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Figure 2.10: Temperature dependence of the Pd-3d core levels taking at different tempera-
tures in the CDW phase (7" = 20 K, 70 K and 115 K) and in the cubic phase (7" = 200 K and
300 K).

The large mean free path of HAXPES makes this technique very powerful and accurate to
determine the valence in Yb compounds. In order to study how the valence in YbPd changes
across the CDW transition, we performed temperature-dependent HAXPES measurements.
The temperature dependence of Yb-3ds,» spectra shown in Figure exhibits 2 different
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regimes: with increasing temperature from 7" = 20 K to 135 K, Yb?*" spectral weight de-
creases and is transferred to Y b3t suggesting an evolution of the average valence, whereas
from 7" = 135 K to 200 K the spectra are nearly temperature independent. This behavior is il-
lustrated in Figure [2.9| where we report the temperature dependence of the relative integrated
intensities of the Y to the Yb?" structures. Interestingly, this temperature dependence is
only observed in the CDW phase. The fact that the spectra are temperature independent above
135 K indicates that the temperature dependence observed below 135 K is due to the CDW
and not the Kondo mechanism. Therefore, this temperature dependence is very unusual and
does not resemble those of other Yb compounds reported in the literature [25, 26, 27, 28]]. In
the typical CDW materials such as transition-metal dichalcogenides, 1T-TaSe, and 1T-TaS,
(29, 130], the XPS spectra exhibit a core level splitting and a change in the width of the Ta-4f
features of up to 0.2 eV and 0.1 eV respectively. Therefore, the temperature independence of
the energy peak positions of Y'b** and Y b3+ features as well as their widths reveal an unusual
behavior of the CDW transition in YbPd. This might be due to the fact that 3" states are
dominated by the multiplet effect which significantly broaden the structure (~ 10 eV), while
for the Yb?* (f4) states, the 4f level is completely filled and as a result, it is insensitive to
any modification in shape and peak position. This unusual behavior is also evidenced via
the temperature dependence of the Pd-3d core levels presented in Figure 2.10] The spectral
shapes as well as the binding energies of Pd-3ds,, and Pd-3d3/, structures do not show any
change with temperature.

One, therefore, needs to look for a mechanism that could explain the temperature de-
pendence observed in the Yb 3d core level HAXPES of the YbPd compound. The fact that
Yb 3d core-level photoemission spectra exhibit a temperature dependence only below 135
K indicates that there is a link with the CDW phase. In the CDW phase, the Pd atoms get
continuously displaced, leading to a continuous increase of the Y 'b;-Pd interatomic distances
and a continuous decrease of the Y b,-Pd interatomic distance with decreasing temperature.
Hence, the ionic radius of the nearly trivalent Y b;-site continuously decreases with decreas-
ing temperature (the valence decreases), conversely the ionic radius of the intermediate va-
lence Y by-site increases (the valence increases).

2.4.2 Temperature dependence of the valence band HAXPES spectra

Figure [2.11] shows the HAXPES valence band spectra of YbPd measured in the cubic phase
(T' = 200 K) and in the CDW phase (7' = 115 K and 20 K). Unfortunately, spectra at only
3 temperatures have been recorded. Clear temperature dependence is observed in the Yb?*
and Yb** 4f region while the Pd 4d state is almost temperature independent and no energy
shift is observed. Furthermore, it should be noticed that the energy separation of the Y b?*
and Y'b*T structures given by €; + Uy is almost unchanged through the CDW transition.
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Figure 2.11: valence band temperature dependence

2.5 Simulations

2.5.1 The Gunnarsson and Schonhammer approach,
and the Imer-Wuilloud toy model

When performing high-energy spectroscopy like core level photoemission on rare earth com-
pounds and especially Ce and Yb compounds, the spectra are complex due to the presence
of satellites with large intensities. The core hole strongly interacts with the valence band
electron in the final state. By using a simplified version of the SIAM, Kotani and Toyozawa
[31] proposed a new mechanism for La metal where the core hole potential can be either
screened by the conduction electrons near the Fermi level or by a charge transfer electron
from the conduction band states to the f states. Owing to the strongly localized character of
the f states, this latter is more efficient.

In the early 80s, Gunnarsson and Schonhammer [32, 33, 34] extended the theory of
Kotani and Toyozawa to study the core level (XPS and XAS at the M, 5 edges) spectra of
cerium mixed-valence compounds by taking into account the large degeneracy of the 4f states
(Ny = 14 or Ny = 6 if we take into account the spin-orbit splitting) as well as the Coulomb
interaction (Uy¢). In order to take into account the core hole potential, the STAM Hamiltonian
is modified as follows in the final state:

H = Z eka;ak + Z efajgﬁam,a + Z Us pom My +
k m mm/ (21)
> Vi@l ame +af, jar) + €= Upe Y afag,
m )
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where ¢, is the core level binding energy. GS assumed a semielliptical shape to represent the
conduction band states given by:

fle) =2V?[B* — (e — B)*)"?/ B, (2.2)

with the hybridization strength A = 212/ B defined as the average of f(e) over the occupied
part of the conduction states. They calculated the ground state of the SIAM Hamiltonian vari-
ationally by using the Nif expansion method on a systematic basis represented in Figure [2.12
and calculated the spectroscopic properties. The states in the first, second and third row corre-
spond to the basis states expanded by one order to NJQ, Ny Yand N 7 2, respectively. However,
the orbital degeneracy of cerium (/V; = 14) is sufficiently high and the lowest order approxi-
mation is enough to provide a satisfactory description of the core level spectra. Therefore the
band electron-hole states can be neglected (second and third row in figure 2.12). Since the
Coulomb interaction of the 4f state is very large, the basis state to diagonalize the Anderson
Hamiltonian can be limited to 3 configurations: the |A) = vazfl am 0> configurations where
all the conduction electrons below the Fermi level are occupied and the f shell is empty, the
|B> configurations which contain one f-electrons and one hole in the conduction band and
the ‘C’ > configuration with 2 holes in the conduction band.

A),

1

1

= s ; @i ar] A).

| A) is a singlet state and | B) and |C) are built to be singlet. In figure we show an
example of a calculated spectrum with a hybridization A = 0.1 eV (n; =0.83) compared to
the experimental Ce 3d XPS spectrum of C'e Rus [35]]. For many cerium compounds, the GS
approach has been successfully applied to describe Ce M, 5-edge XAS, core level, and va-
lence band photoemission spectra. Most importantly, the same set of parameters consistently
describe the XAS, core-level and VB PES for a compound [36, [37/]. Contrary to thermody-
namic and transport measurements which predicted a 4f occupancy (the valence) between 0
and 1 (3 < v < 4) and hybridization of order A ~ 0.01 eV, the GS approach provides more
reliable values for the hybridization which can be larger by 1 order of magnitude and show
that n (the valence v) can be in the range 0.7 to 1 (3 < v < 3.3).

However, the GS approach requires considerable numerical computation effort which of-
ten led experimentalists to fit their spectroscopic data with phenomenological approaches.
Following the GS model, a simplified version with a zero conduction bandwidth was intro-
duced by Imer and Wuilloud [38]]. The numerical effort of this approach is strongly reduced
and is nearly trivial. As a result, it has been widely and successfully used to describe the core
level spectra of cerium compounds [39, 40, 141} 142, 43| 44]]. IW approach does not take into
account the degeneracy of the 4f states and the basis which allows to qualitatively describe
the spectra is limited to 3 singlet states: the configurations | f°), | f*L) and | f2L?) with en-
ergy 0, €y and 2¢; + Uyy. In cerium compound, the typical values of these parameters are

30



er ~-1.7,-2 eV and Usy = 6-7 eV. So, when the hybridization is zero, the ground state is
given by the ‘ f 1> configuration and the second and third excited states are respectively given
by the configurations ‘ f0> and | f 2L2> (see Figure ). In this basis the Anderson matrix
Hamiltonian of the initial state () is given by:

0 A 0
Hi=|A ¢ A , (2.3)
0 A 26f+Uff

where the diagonal terms represent the energies of the different configurations. Due to the
off-diagonal hybridization, the eigenstates of the Hamiltonian are admixtures of the three
different configurations. Then the initial ground state can be expressed as

|GS) = ao|f°) + ar|f'L) + as| f°L?), (2.4)

where |ag|?, |a1|* and |ay|* respectively correspond to the weight of the f°, f! and f? con-
figurations. The ground state is dominated by the f! configuration ( a; > ag and a; > as )
and the 4f occupation is given by ny = |a;1]* 4 2|az|?, which is non-integer and decreases
on increasing the hybridization strength. In the final state, the presence of a core hole leads
to a reordering in the energies of the configurations due to the strong attractive Coulomb
interaction between the core hole and f electrons. The f° energy remains unchanged while
the f* and f? configurations are respectively pulled down by Uy, and 2U;.. The final state
configurations in presence of a core-hole (in the limit of zero hybridization) are shown in
Figure . The lowest state in energy is given by the f? configuration in which the core
hole is well screened by the f electrons. The first excited state is given by the f! configuration
that nearly overlaps with the f? configuration while the f° configuration is well separated by
about 11 eV from the f! configuration. In the final state, the matrix Hamiltonian H is given
by :

0 A 0

Hy=|A €+ Uy A . (2.5)
0 A 2¢p + Uyps + 2Uy4.

The off-diagonal terms lead to a sizable mixture of the f! and f? configurations since
they are close in energy contrary to the f° configuration, which are well separated from the
f! configuration and nearly remain a pure configuration. Therefore, the lowest state in energy
is dominated by the f? configuration, the first excited state is dominated by the f! config-
uration and the last excited state is nearly a purely f° configuration. The photoemission
spectrum corresponds to the transitions from the ground state to all final states. Therefore,
three structures are expected as shown in Figure with their intensity reflecting the hy-
bridized character in both the initial and final states of the photoemission process. Indeed, the
intensity of the f° structure depends on the mixing between the f° and f! configurations in
the ground state while the intensity of the f? structure depends both on the mixing between
the f° and f! configurations in the initial state and the mixing between f! and f? configura-
tions in the final state. It should be noted that owing to the 3d spin-orbit coupling which split
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Figure 2.12: (a) Schematic representation of the basis state in the GS approach. The hatched
semi-elliptical form represents the conduction bands states and the horizontal bar represents
the 4f shell. (b) Comparison between experimental Ce 3d XPS spectra of C'e Ruy and calcu-
lated spectra with GS approach [35].

the 3ds/2 and 3ds/, by about 18 eV, the photoemission spectra exhibit 6 structures, three for
each spin-orbit feature (see Figure [2.12b)

This toy model allows to qualitatively reproduce the main features in the core-level spec-
tra. However, it has drawbacks compared to the original approach by Gunnarsson and Schon-
hammer, especially regarding the low-energy excitations reflected by the Kondo peak in va-
lence band PES. Indeed, it is no longer possible to extract reliable values for the Kondo
temperature since the approach only takes into account three singlet states. Moreover, it is
not possible to satisfactory describe both photoemission and inverse photoemission spectra
with the same set of parameters (A, ey, and Uyy).

IW mentioned that this model can be adapted and used to describe the spectra of other
4f elements in the beginning and the ending of the rare earth series if the multiplet effects
are discarded. However, such an adaptation to the Yb core-level photoemission has not been
developed to date. This might be due to the fact that cerium compounds have been studied
much more than Yb compounds, mainly because the binding energy of Yb 3d levels was
larger (about 1576.3 eV for 3d3/, and 1527.8 eV for 3d5/2) than the photon energy of Al Ko
(hv =1486.6 eV) and Mg Ko (hv =1253.6 V) used in laboratory measurements. Thanks to
the development of synchrotron radiation sources with high brilliance and hard x-ray energy,
a large number of photoemission spectroscopy measurements have been performed on Yb 3d
levels of Yb compounds in the last few years.

As a free atom, Yb is characterized by a divalent [X¢e]5d°6s%4 f1* configuration, where
divalent refers to the number of valence electrons. In a solid, Yb atoms can also be found
in the trivalent [Xe|5d'6s%4 f1% configuration which is close in energy to the divalent con-
figuration and gives rise to an intermediate valent behavior via the hybridization between f
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Figure 2.13: Schematic representation of the energies of the different configurations of Ce
atom (a) in the electron picture and Yb atom (c) in the hole picture with and without a core
hole. Configurations are labeled according to the number of f-holes or electrons. L and L
respectively denote a hole and an electron in the conduction band states. (b) Ce and (d) Yb
core-level spectra with respectively three and two structures corresponding to the final states
in presence of a core hole.

and conduction electrons. We can describe the core level spectra of Yb compounds by ex-
ploiting the electron-hole symmetry of the Anderson Hamiltonian. Electron-hole symmetry
consists of taking into account the presence of a hole instead of an electron in the 4f shell.
For instance, the f! configuration where one f electron is added with respect to the empty
f° configuration is similar to the f? configuration where one f electron is removed from the
filled f'* configuration (a hole is created in the 4f shell). So, f'* is equivalent to f' con-
figuration with f denoting a hole in the 4f shell. Similarly, f “ and f'2 configurations are
equivalent to f” and f? configurations respectively. Electron-hole symmetry transformation
of the Anderson Hamiltonian is obtained by replacing the destruction (creation) operator for
f states by a creation (annihilation) operator of f-holes a,, , — i; . (a;tw — im J). The f
electron energy ¢ in the Anderson Hamiltonian is thus changed as € F=-€5-13U f;‘ whereas
the coulomb repulsion remains unchanged (U, = Uyy). Similarly, in the Hamiltonian of the
final state, the core-hole interaction Uy, is changed to Uy, = -Uy.. So, the f4, f1? and f'?
configurations with energy 14e; + 91U, 13¢; + 78U and 12¢; + 66U respectively are
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equivalent to the hole representation: the io, f !and f configurations with energy 0, €, and
2¢5 + Uy respectively. In the final state, the f Yand f? configurations are respectively pulled
up by Uy, and 2Uy, (see Figure and the 4f hole occupation is given by n ;=14 —ny.
An example of a calculated core-level spectrum of Yb compounds is shown in figure 2.13(d.
Contrary to cerium compounds, we have a repulsive core-hole interaction in the final state
( Use > 0) and therefore the spectrum exhibits two structures corresponding to f* and f*?
final states separated by about 10 eV.

To quantitatively analyze core level spectra of Yb compounds and determine the valence,
it is sometimes assumed that the effect of the final states is smaller than in Ce. Therefore, the
SIAM in the framework of the GS approach [45]] is sometimes omitted and it is assumed that
the relative weight of the spectral structures Yb?* (f4) and Y3+ (f13) directly yield access
to the 4f hole occupancy:

I(f7)
I(f1%) + 1(f*)
As we will present in more detail in the next section, this is a crude approximation and a

mixing of the final state configuration requires a SIAM calculation to determine the 4f hole
occupancy from Yb 3d core-level photoemission.

2.5.2 Simple approximation scheme of Gunnarsson and Schonhammer
model: Case of Yb compounds

2.5.3 Description of the model

We have developed a simplified approach following the GS approach initially introduced to
describe the core level (XPS and XAS) and valence band spectra of Ce and La compounds.
We developed a code to describe XPS and valence band spectra of Yb compounds. What is
new in our calculation is that we explicitly take into account the total degeneracy of the 4f
states. The basis states are given by:

Ny
£%) =Tkl 0).
i=1
[/721) = afian|£7),
£2,13) = afawafan|f2), (0> 5,0 # )
where i and j run from 1 to N;. a;; (ax;), and a}ri (ays;) are the electron creation (annihila-
tion) operators in the conduction band (zero bandwidth) and 4f states respectively. So, the

dimension of the basis used to diagonalize the Hamiltonianis 1+ Ny + N;(N;—1)/2, which
includes 1 state of configuration io, Ny states of configuration f Yand N #(Ny —1)/2 states

of configuration f 2, Further, we include the 4f spin-orbit splitting A, which has a negligible
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effect in the core level spectra but it is crucial for describing the valence band spectra. In this

basis, the matrix elements of the Hamiltonian are given by:
- for the 106 diagonal elements

(f1H[f7) =0
< ﬁ/2’i|H|£/27i> =€r
< i;)/Q’ Z|H}i;/2,l> = €i+ Aso

(f20|H|f? i) =2ep +Uyy

- for the 392 nonzero off diagonal elements

(Lhi[HIL) = (fh0lH] ) =V
<f,ij\H|ﬁ)/2,i> - <i2’ij‘H‘E/2’i> =V

(LIS, 0) = (il ,0) =V

OVVYV V. oV 0 0
Ve,0 O 0 00 o Vo 0 0
VOoe O 0 00 o o0 Vv 0
Voo '~ 0 0 0 0o - v 0 1%
V0 0 0 €f+ASO 1% 0 0 1% 0
00 e : 1% 0
VOO O 0 0 et+hyn 0 0 1%
0000 0 i 0 24U 0 0 0
0V o I e 0 :
Crvvoov T 0 0 25+U; 0 0
S0 0 e Vo0 0 e 24Up; 0
000V 0 0 V o 0 - e 94U

(2.7)

A direct diagonalization allows us to obtain the ground state which can be written in terms

of a quantum mechanical mixture of the different configurations as:

8 14
(GS) = |f°) +azje D [£2000) + 50 D 1 F5000) + D a1 F%05).
i=1 =9

i>j

The number of f-holes in the ground state is given by :

ny = wy + 2wy, with wy = 8(azy)* + 6(as,)* and wy = 22(@%)2,

i>j
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where w; and w, represent the weights of the f ! and f configurations. The first excited

states are nearly pure [ ; /2 states, and the second excited state is a singlet mixture of all the
different configurations but dominated by the f O configurations. The hybridized singlet and

f ; /2 spin-orbit states correspond to the third and fourth excited states respectively, and the last

excited states correspond to the f 2 configuration (see Figure . Let us note that in cerium
compounds the ground state is given by the f51/2 configuration with the f} /2 configuration

1

located at 0.28 eV so that |A,| < |e;| whereas in Yb compounds the ground state is the f 7/2

configuration and [A,| > [ef| (As ~ 1.28 €V).
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Figure 2.14: Total energy spectrum of the ytterbium states. The atomic levels (V = 0) are
displaced in energy by the hybridization.

2.5.4 3d core-level photoemission

In the 3d photoemission process, the spectral intensity of PES at zero temperature is given
by:
2 r/m
I(E) = ‘\If cGs( , 2.10
(E) Zf:< f|a‘ > |:F2—|—(E—Ef+Eg>2 ( )

where a,. represents the annihilation operator of core electron, }GS > is the ground state (with
energy F¢) and ]\I! f> is a final state (with energy £¢). I'is the broadening to take into account
the core hole lifetime and the instrumental resolution (the energy resolution for the HAXPES
measurements was about 0.25 eV).

For the 3d photoemission final states, we do need to account of the core-hole, so the basis
states can be written as: |cf*) = a.|f°), [cf?,ij) = ac|f*,i5), |ef',i) = ac|f', i), where ¢
denotes the presence of a core hole in the final state. The diagonal elements of the final state
Hamiltonian is defined as :

(ef'|H]ef") =,
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< Ci;/? i|H‘Ci;/27i> = Gi_'_ Uic + €c
< Ci;/?’ Z}H‘Ci;/2’1> = €i+ Aso + Uic + €c

(cf? ij|H|cf? i) =2ep + Usp + 2Up + €c
Here, €. is defined as the energy of the core level. We assume that the off-diagonal

matrix elements are the same as for the initial state. The diagonalization of the corresponding
Hamiltonian gives the final states which are expressed as:

Y = e f0) +c7/22\cf7/2, +c5/22\cf5/2,z>+2 20ij), (.11

i>]

where m runs over all the final 106 states.

2.5.5 Phenomenological reproduction of the complex line shape due to
multiplet effects: 3d°4 {13 photoemission final states

Using only the single parameters for the Coulomb interaction between f electrons and the
interaction between the core hole and the f electron is very suited to describe the 3d%4 f'3
and 3d°4f1* final state configuration in the photoemission spectra, but it is impossible to
reproduce the complex line shapes of the Yb* final state which is due to the multiplet effect.

In rare-earth compounds and especially ytterbium, the strongly localized character of the
4f shell leads to a complex line shape of the core level and valence band photoemission
spectra. Let’s describe these complex line shapes by studying the spectra of purely divalent
and trivalent Yb compounds such as Yb metal and Y b,O3. For Yb metal, Yb ion is 2+ and has
a f1* configuration. The 3d photoemission final state corresponds to 3d°4 4 configuration,
which is split by the 3d spin-orbit coupling into 3d} oAf ' and 3d ,4f'* states separated by
about 50 eV. Yb ions in Yb,0s is 3+ and has therefore a f1? configuration which is split
by the 4f spin-orbit interaction into 8 states with J = 7/2 and 6 states with J = 5/2. The
final state of 3d photoemission has a 3d°4f1® configuration with 10 x 14= 140 states. The
strong interaction between the core hole and the f-hole lifts the degeneracy of this electronic
configuration and leads to 10 multiplet states in the LS coupling including 5 spin singlets (S
=0) and 5 spin triplets (S=1): 1S, 'P, 1D, 'F,'\G,'H,35,3P,3D,3F, 3G, 3H. Therefore,
the 3d-photoemission spectra correspond to the transition from the ground state to all the
multiplets in the final state. In figure , we show on the left side the initial state 3d°4f;7,
and the transitions within the final state multiplets. On the right side of Figure we
show the calculated multiplet structure of 3d%4 13 for the 3d spin-orbit level J = 5/2. All the
multiplet states are not resolved and the spectrum exhibits 4 main structures centered around
1350 eV.

In order to phenomenologically reproduce the complex line shape of Y'b** final state with
our present approach, we have regrouped the 10 multiplets into 4 different states namely vy,
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9, 15 and 104 by introducing 4 different energy levels E'(cf); (4 times degenerate), F(cf ),
(2 times degenerate), E'(cf)3 (1 time degenerate) and E(cf )_4 (1 time degenerate) (see Figﬁre
right panel). These 4 different energy levels have been introduced in the ¢ fa /2 final states
in our Hamiltonian. The calculated spectra with this simplified approach exhibit 4 structures
closetoes+E(cf)1, es+E(cf)2. €, +E(cf)s and e+ E(cf)4. In order to check the validity
of our approach, we carried out atomic full-multiplet calculations to reproduce the line shape
of the Yb3ds,, core level spectrum. The values of the Slater integrals F and G, as well as
the spin-orbit coupling (, are taken from the Crispy [46l(the graphic interface of the Quanty
code). These values are then reduced to 95% to account for the screening of the electron-
electron interaction in solids. The parameters of the 3d'%4 f13 and 3d°4 f3 configurations in
units of eV are respectively given by: (F7;, F};, Ff;, (7 )=(16.84,10.56, 7.6, 0.37) and (F,
Fglf, Fdf}, G}if, Gf’;f, Gf}f, Cq) =(11.68, 5.55, 8.62, 5.06, 3.5, 19.39). The calculated spectrum is
then convoluted with a Lorentzian function (FWHM = 0.2 eV) to account for the core-hole
lifetime. As shown in figure 2.15] our simplified calculation is in nice agreement with the full
multiplet calculation using the Quanty code [47, 48].

Final states
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Figure 2.15: (a) Calculated spectrum with the parameters: E(cf); =2.5eV, E(cf)2=0.4¢V,
E(cf)s =-0.6 eV, E(cf)s =-2.95 eV. (b) Full multiplet calculation using the Quanty code.
The line diagrams indicate the spectral weight of the final states in both cases.

2.5.6 Calculation of the Yb core level: Final states effect and influence
of the different parameters

- Final states effect By neglecting the hybridization in the final states, the intensity of
Y3t (f13) and Y?T (f1*) final states in Yb 3d PES would be respectively proportional to
the weight of f ! and S O configurations in the initial ground state and therefore we would
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have:
I(f*)
I(fY) + I1(f*)
In Figure [2.16] we illustrate the relative intensity of Y'b?* structure plotted as a function of
the hybridization. For comparison, we also show the evolution of 1 — n fs the weight of the

=1 —ny, with valence v = 2 + ny. (2.12)

fY configuration in the ground state. There is a deviation that is small but not negligible,
especially for strongly intermediate valences (large hybridization). Therefore, the estimation
of the valence by the relative intensities of Y'b** and Y'b>* final states is underestimated. For
instance, with a hybridization, A = 110 meV an estimation of the valence from the relative
intensity of Y'b** structure would give a valence v = 2.61 whereas a ground state valence
would correspond to a value of 2.65.

0.5F

0.4

0.3f

0.2

_._ l—nf
—&- 1(Yb2*)/(1(Yb?Y) + 1(Yb31))
0.1F

50 100 150 200
Hybridization (meV)

Figure 2.16: Relative integrated intensity of f1* to f!? structures compared to the 4f occu-
pation in the ground state 1-n;.

- Hybridization dependence As we have mentioned above, the weights wg, and w; of the
configurations f° and f* in the ground state are in general not directly proportional to the
relative intensities of their corresponding PES structure due to the mixing of the configura-
tions in the final states of the process. Let’s calculate the XPS spectra as a function of the
configuration weights in the ground state. The weights wg, and w, are varied either by shifting
the f-energy level with respect to the Fermi level or by increasing hybridization strength from
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the trivalent configuration (A = 0). The values of Coulomb interaction between f-holes Uy ¢
and the Coulomb interaction between the core hole and f-hole Uy, are also necessary. This
later is estimated by using the separation between the center of barycenter of the 3d3 /2 413
and the 3d3 ,4f'* XPS final states which is in general of the order of 10 — 11 eV [20; 49].
From the valence band XPS, U has been found to be about 7 eV [30].

Figure presents the hybridization dependence of the calculated 3d photoemission
spectra with all the other parameters kept constant. When the hybridization between the
states and the conduction band states is zero, the spectrum only exhibits Y'b3" final state
reflecting the purely trivalent character of the initial ground state. By switching on the hy-
bridization, an additional structure appears at 1520 eV of binding energy corresponding to
Y b** final state and reflecting the mixed character of the ground state. The mixing of the dif-
ferent configurations becomes more important with increasing hybridization strength leading
to the increase of the f weight in the ground state. At the same time, the f weight (Y*1)
also increases in the final state. Therefore, the increase of the hybridization leads to the in-
crease of Y'b*" intensity and decreases the hole number ;. It is worth noting that there is no
structure corresponding to 3d ,4f'? final states. It is due to the fact that f states lie at very
high energy and their contrlbutlon to the initial ground state is negligible. The parameters
and the weight of each configuration in the ground state are reported in table 1. It should
be noted that the intensity ratio of the Y'b>* and Y'** final states track the f° weight in the
ground state but does not give w, exactly. This is well illustrated in Figure @

\Y Yb 3ds/, core level

1540 1535 1530 1525 1520 15151540 1535 1530 1525 1520 1515
Binding Energy (eV) Binding Energy (eV)

Figure 2.17: Calculated Yb 3ds/, core level spectra as a function of the hybridization A
between the f states and the conduction band states (a) and the energy of the f-hole e 7 (b).

- f-hole energy dependence The relative intensities of Y'? and Y0 final states are also
strongly sensitive to the f energy hole which has been found to be not less than 0.4 eV with
respect to the Fermi level. Figure [2.17b shows the evolution of the Yb 3d core level and
valence band spectra with the energy of the f state and keeping all the other parameters con-
stant. With decreasing |e| the energy separation between f° and f* configurations decreases
leading to an increase in the mixing in the initial ground state. Therefore, similar to the hy-
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V(meV) U (V) U (eV) e (V) ny  wy  w

10 7 11 02 098 002 098
30 7 11 -02 0.88 0.12 0.88
80 7 11 -0.2 07 03 07

Table 2.2: Table showing the parameters used for the hybridization (V) dependence of the
Yb core level and 4f valence band spectra

bridization dependence, when the energy of the f state decreases €, the mixing between the
f states and the conduction band states is enhanced, and the weight of the f* configuration
increases leading to the increases of the intensity of Yb?* structure. The parameters and the
weight of each configuration in the ground state are reported in table 2.

V(meV) U (V) U (eV) ¢ (V) ny  wo  w

30 7 11 -0.1 093 0.06 0.94
30 7 11 -02  0.88 0.12 0.88
30 7 11 -03 075 025 0.75

Table 2.3: Table showing the parameters used for the f-hole energy (e;) dependence of the
Yb core level and 4f valence band spectra

2.5.7 Temperature dependence

One of the advantages of the approach we have introduced is that, in addition to the singlet
ground state, we also have the first excited magnetic states located at energy 7% above the
ground state. Therefore, we can qualitatively describe the temperature dependence of the
photoemission spectra in contrast to the GS approach, which only describes the spectra at
T = 0 K. Let’s illustrate this temperature dependence in the infinite Uy limit. When the
hybridization between f and conduction electrons is zero, the ground state is given by the
f1? configuration Ny-fold degenerate (by discarding the 4f spin-orbit). By turning on the
hybridization, the degeneracy of the ground state is lifted and a non-magnetic Kondo singlet
ground state is composed of a linear combination of the different electronic configurations
mainly f'3 and f* is stabilized. This ground state is separated from the N; — 1 first excited
magnetic states by the Kondo temperature 7. This later plays the role of a characteristic
energy scale and allows us to qualitatively understand the temperature dependence of the
Yb core-level photoemission spectra. In the 3d photoemission process at 7' = 0, only the
hybridized ground state is occupied and the final states corresponding to Yb** ( f!4) and
Y b3+ (f13) are reached (see Figure ). Two structures are observed (see Figure )
reflecting the mixing valence character. With increasing temperature, the first excited states
which are purely composed of the magnetic f'? states are progressively populated. They are
essentially coupled to the Y3+ (£13) final states, and, only one structure is observed reflecting
the trivalent character of the first excited state. Therefore, with increasing the temperature,
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a decrease of the Yb?" spectral weight transferred to Y3 is expected with a continuous
dependence of ny through T for systems with relatively high Kondo temperature (7% < 100
K). For Kondo lattice systems (n s ~ 1), a small change is observed in the spectra whereas,
the spectra are temperature independent in the range below 300 K for strongly mixed-valence
systems (7 > 1000 K) such as Y'bAl, which presents a valence of about 2.2 (T = 2500 K
) [511.

Figure [2.18p illustrates the calculated spectra Is(F) and I, (FE) for the initial ground
state and for the purely f!? initial state, respectively. At finite-temperature, the spectral
weight intensity is given by:

Ir(E) = Pag(T)Ios(E) + Poy(T) L. (E) (2.13)
Te BTk
PGS(T) = m and Pem(T> = m (214)

where Fgs and P, correspond to the thermal population of the ground and first excited state
in the initial state according to the Boltzmann statistics with 3 = (KgT)~! . In Figure
[2.19] we show the calculated Yb core level spectra at various temperature in the range below
300 K for a nearly trivalent configuration (ny = 0.98, Tx ~ 5 K) an intermediate valence
configuration (ny = 0.9, Tk ~ 100 K) and a strongly intermediate valence configuration
(ny = 0.53, T ~ 1000 K). As mentioned above, there is no significant change in the spectra
for T ~ 5 K and T ~ 1000 K while a sizable temperature dependence is observed for
Tk ~ 100 K. This is a very crude calculation but it describes qualitatively the temperature
dependence.

Final states L
b)
as|cf13) + aglcf1*), as> ag

a)

az|cf13) + aylcf1), ay> as

I£13) y
a1|f13) + a2|f14) E

Initial states

1540 1530 1520 1510
Binding Energy (eV)

Figure 2.18: (a) Schematic energy diagram of a Yb impurity in the initial and final states
of Yb photoemission. The thin and bold lines in the initial states represent hybridized f!3-
f4 states and the multiplet of the excited states '3, 4f spin-orbit excitation are omitted for
clarity. The bold line in the final states represents the multiplet states 3d%4 f13. (b) calculated
spectra of the initial ground state (red line) and the first excited magnetic states (black line).
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Figure 2.19: Calculated temperature dependence of Yb core level spectra below 300 K for a
low Tk ~ 5 K, intermediate 7 ~ 100 K and high 7% ~ 1000 K systems.

2.5.8 4f valence band

We have developed another code applying to the valence band photoemission spectroscopy.
As in the core level calculation, we use a SIAM with zero bandwidth to simulate the valence
band contribution of Yb. The spectral intensity is calculated by :

0= (S fwonion)]) [rrriplergy] e

where ay; represents the annihilation operator for f states. The valence band photoemission
spectra show the coexistence of the f!? and f!3 final states separated in energy by AE =
Us¢ + €. The basis state of the valence band photoemission final states is the same as the
initial states (only one electron less in the conduction band).
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2.5.9 Phenomenological simulation of the complex line shape due to
multiplet effects: (/ 2) {12 final states in the valence band

Final states SH 3F 3SH 3SH 3F 3F g 3D 7 3p 3p 3p Is
] 6 4 5 4 3 2 4 2 6 0 1 2 0

Energie (€V)  0.000 0.696 1015 1552 1774 1.849 2625 345 43 4393 4475 471 984

Intensity 3113 2217 1375 0937 0875 0838 0219 0.75 1761 0.16 0375 0.287 0.09

Table 2.4: f'3 — f12 photoemission intensity in the intermediate coupling taken from Ref
[S2]. The different final states are characterized by the main contribution given by the angular

momentum L.

—1
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413 -
L A £,
13 1 8 6
772 Binding Energy (eV)
Figure 2.20: (a) Calculated spectra with the parameters: E(f'%); = -1.32 eV (g =17),

E(f')y = -0.56 eV (g =14), E(f'?); = -0.06 eV (¢ =10), E(f'?), = 0.6 eV (g =31),
E(f1?)5=2.45¢eV (g =4), E(f'?); =3.4eV (g =12) and E(f'?)3 =4.4 (g =3) eV. (b) Full
multiplet calculation from table 2.4, The line diagrams indicate the spectral weight of the

final states in both cases.

The 4f-valence band photoemission spectra of rare-earth compounds are dominated by
the multiplet effects owing to the strong electron-electron interaction as well as the spin-orbit

coupling in the final state.

As shown above, seven main structures are usually observed in the (f %) f12 final states
of the 4f valence band spectra. We phenomenologically reproduce such multiplet effects by

introducing 7 different energy levels with degeneracy ¢ in the f* configuration : E(f'?),
-1.32 eV (g =17), E(f1?);, =-0.56 eV (g =14), E(f?)3
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Figure 2.21: 4f valence band photoemission spectra as a function of the hybridization A
between the f states and the conduction band states and the energy of the f-hole €.

0.6 eV (g =31), E(f'?)5 =245¢eV (g =4), E(f'?), =3.4¢eV (g =12) and E(f'?)3 = 4.4
(9 =3) eV . Figure[2.20] shows a satisfactory agreement between the present calculation (for
a trivalent configuration) and the full multiplet calculation. The intensities and energies (see
Table of the (f %) 4 ' multiplets calculated in the intermediate coupling were taken from
[52].

- Hybridization and f-hole energy dependence Regarding the valence band photoemis-
sion spectra, the intensities of the (f*) f'? and (f') f'3 final states, respectively depend on
the weight of the f L (Yb**)and io (Yb?*) configurations in the initial state. The energy
separation between (f 1y and ( S %) final states is about € 1t Uss. As shown in Figure
the increase of the hybridization leads to a systematic decrease of the Y'** spectral weight,
which is transferred to Y'b?T. Moreover, there is also a slight shift in the different structures
of energy. Similar to Yb 3d core-level spectra, the increase of Y'b** spectral weight is due
to the increases in the weight of f O configuration in the ground state. As mentioned in the
previous section, the hybridization between f°, and f' configurations in the initial and final
states is enhanced when |¢;| decreases. Therefore, when || decreases, the intensities of the
S ? final states decrease while that of S ! increases.

2.6 Quantitative analysis of the experimental HAXPES spec-
tra of YbPd

2.6.1 YD 3d core level

In the previous section, we adapted the GS approach to describe the Yb 3d core-level photoe-
mission on Yb compounds. We introduced 4 different energy levels to describe the complex
line shape of the Yb?* structure due to the multiplet effects (the Y'b?* configuration consists
of one single peak). The set of parameters (A, €, Ay, Ugys, Uy.) allows us to determine the
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Figure 2.22: Comparison of the experimental spectra at 7' =200 K with the simulated spec-
tra. There is only one site in the cubic phase (7'>130 K). Green lines and purple lines repre-
sent the calculated spectra of the Y, site and Y'b, site, respectively.

energy separation and the intensities of the different contributions. Furthermore, the system-
atic evolution of Yv?* and Yb*" spectral features was confirmed by changing only € or A
and keeping all the other parameters constant. More importantly, we show that owing to the
final state effects, the relative Y'b*" spectral weight is larger than 1 — n and underestimates
the valence. We will use the approach presented in the previous section to quantitatively
analyze the Yb core level spectra of YbPd in this section.

As we have mentioned above, the temperature dependence of the photoemission spectra
is not due to a thermal population of the first excited states following the Kondo scenario but
seems related to the CDW mechanism. Therefore, we simulate the different spectra in the
ground state by varying the hybridization strength A. For the high temperature range (7' =
200 K, 165 K and 135 K) we could simulate the experimental spectra as shown in Figure[2.22]
with the following parameters e; = —0.2 eV, Usy = 7TeV, A,, = 1.27 eV and A = 38 meV.
The resulting spectra for the single Yb site correspond to an average valence of v,, = 2.84
(ny = 0.84).

The presence of two Yb sites of different valences complicate the spectra analysis at
low temperatures. Indeed the CDW transitions occur with the distortion due to the Pd atom
displacement along the c direction leading to a valence ordering with one magnetic (nearly
trivalent) and another nonmagnetic (strongly intermediate valent) Yb state in equal quanti-
ties. In the CDW phase, the Yb-Pd interatomic distances increase for one site and decrease
for the other. Therefore, there is one site with reduced hybridization, whereas the hybridiza-
tion increases for the other one resulting in the observed valence ordering. Each experimental
spectrum in the CDW phase is thus composed of two contributions of equal weight. The con-
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Figure 2.23: Comparison of the experimental Yb 3ds,, core level photoemission spectra
with the calculated spectra (solid lines) at (a) T =70 K, (b) T=105 K and (¢) T =115 K.
Dotted lines and dashed lines represent the calculated spectra of the Y, site and Y'b, site,
respectively.

tribution from the Y'b;-site should be mainly composed of the Yb3* structure. Since it is
nearly trivalent and, thus, requires a small hybridization A;. Since the RRKY interaction
should be stronger than the Kondo effect to give rise to a magnetic ordering at low temper-
ature, a very small 7T is expected for this site. The contribution for the intermediate valent
Y by-site with a hybridization A, is then calculated so that the sum of the two contributions
matches the experimental spectrum.

The calculated spectra for the Y b;-site and Y by-site at 7' = 20 K are shown in Figure
For T' = 20 K, we assume that valence of the nearly trivalent Y0, site is v; = 2.98
and calculate the spectra with hybridization A; = 11 meV. Then, we calculate the spectra
of site 2 so that the sum of the spectra of the 2 sites matches with the experimental spectra.
We found a nice agreement with Ay, = 260 meV (v, = 2.6) leading to an average valency
of v,, = 2.79. This latter is consistent with the values reported in the literature (v,, = 2.8
estimated from Yb-L3 XAS [10] and v,, = 2.75 estimated from soft X-ray valence band
photoemission spectroscopy [11]).

For the intermediate temperature 7' = 70 K, 105 K, and 115 K, we calculate the spectra
of Yb;-site and Y b,-site, ensuring that the increase in the valence of the site-1 is compensated
by the decrease in the valence of the site-2. For this purpose, we use the following equation:

(ni)sz,T - (ni)ng,HT _ (ni)Ybl,HT - (ni)Ybl,T (2.16)
(ni)sz,LT - (ni)ng,HT (ni)Ybl,HT - (ni)Ybl,LT .
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Figure 2.24: Temperature dependence of valence of Y'b; and Y, site. Below the CDW
transition at 7} = 130 K, the two different Yb sites exhibit T-dependent valencies, whereas
above 77 the valency of the unique Yb site is constant up to 200 K.

The spectra corresponding to site-1 and site-2 at 70 K, 105 K, and 115 K are respectively
shown in Figure [2.23p, c, and d. The calculated average spectra are in nice agreement with
the experimental ones. The hybridization parameters as well as the obtained valences are
given in Table[2.5]

T(K) | np s TEK) [T2(K) | AL (meV) | A; (meV)
20 0.98 0.6 8 718 260 11

70 0.97 0.61 12 690 176 12

105 0.96 0.64 23 611 120 16

115 0.93 0.69 53 490 85 21

135 0.84 181 38

Table 2.5: Table showing the number of Yb holes in the ground state, the estimated Kondo
temperatures for the two sites in the CDW T-phase and the single Yb site in the high-T cubic
phase

The temperature dependence of Y'b; and Y b, valence are shown in Figure[2.24] Below the
CDW transition at 77, the valence of Y b;-site increases, and conversely, the valence of Y by-
site decreases, whereas above 7} the valence of the unique Yb site is temperature independent
up to 200 K. The corresponding average valence slightly increases from v,,, = 2.79 atT" = 20
K to vy, = 2.84 at T' = 200 K which is consistent with early measurements [[10]].
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Figure 2.25: Comparison of the experimental 4f valence band spectra spectra at 7' =200 K
with the simulated spectra. The simulated spectra are composed of two contributions for the
two Yb-sites, which are equivalent in the cubic phase.
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Figure 2.26: Experimental valence band spectra at 7' = 20 K and 115 K compared with the
SIAM calculations for describing the 4f valence changes across the CDW transition.

2.6.2 4f Valence band

We have also simulated the 4f valence photoemission of YbPd by using the same parameters
(A, € and Uyy) determined for Yb-3d photoemission spectra (see Table . As shown in
Figure [2.25| we obtain a satisfactory agreement between experimental and calculated spectra
of the single YD site at 7' = 200 K. The calculated 4f valence band spectra for site-1 and site-
2 in the CDW phase are shown in Figure[2.26] The calculated spectra are also in satisfactory
agreement with the experimental ones.

2.7 Dual Kondo effect charge ordering
Instability of the electron density in metals, even for weakly interacting electrons, often leads
to original collective properties at low temperatures [S3]. A famous example is the charge

density wave transition historically observed for the first time in quasi one-dimensional sys-
tems. A considerable amount of experimental as well as theoretical work has been done in the
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Figure 2.27: (a) one-dimensional chain with a lattice constant a. The chain is unstable and
spontaneously dimerized to get a gap above. (b) Free electron band states in the CDW phase
(black line) with a gap opening at 4 7/2a leading to a metal-insulator transition.

last few decades in relation to the CDW mechanism [53}54]]. However, there is still an intense
debate on its origin partly because it is highly material-dependent. In this section, we will
qualitatively illustrate the CDW origin in the case of a one-dimensional metal. Figure
shows a one-dimensional chain with one electron per atomic site (half-filled). The corre-
sponding nearly free electron energy is shown in Figure[2.27b, which is filled up to the Fermi
level £y, with the Fermi wave number given by kp = 4 /2a. As pointed out by Peierls in
1930, an electronic disturbance with the wave vector ¢ = 2k gives rise to the displacement
of the atoms and changes the atomic periodicity of the chain to 2a, which is more stable. The
new Brillouin zone will coincide with the Fermi wave vectors, and a gap A will open, ie the
system will gain some electronic energy F....;. ~ —u, in this process. However, the lattice
distortion cost and elastic energy, 5. ~ u?, where u is the lattice distortion. Therefore
the system always gains more energy than it loses, and the dimerized arrangement is more
energetically favorable, characterized by a periodic modulation of the charge density and a
metal-insulator transition. In the mean-field theory of the CDW formation, the CDW-gap is
characterized by the following relation [S3]] (weak coupling limit)

2A = 3.52KTe, (2.17)

which is similar to the well-known BCS relation between the critical temperature and the
zero-temperature gap in superconductivity theory [S5)]. The temperature dependence of the
CDW-gap is the same as the temperature dependence given by the BCS theory. This latter
can be numerically resolved by an analytical approximation given by

A(T) = A(0) tanh (ﬁ % — 1), (2.18)
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where A(T) is the temperature dependent gap , A(0) is the gap at 7' = 0, T is the ordering
temperature and [ is a constant dimensionless. Equation is known to fit accurately
with experimental superconducting gap measurements [56]]. In order to check if materials
exhibit a CDW-order, the temperature dependence of the gap measured by Angle-resolved
photoemission spectroscopy and the intensities of the superlattice structure measured by x-ray
diffraction are usually compared with Equation [2.18]and a satisfactory agreement is observed
in many materials. One typical example is the monolayer 1T-T'a.Ses, which exhibits a CDW-
order at Topw ~ 530 K [57].

In the last few years, theoretical studies have shown that strong electron-electron corre-
lation can lead to a CDW formation. Indeed, a CDW-order has been theoretically predicted
at quarter-filling in a one-dimensional Kondo lattice with strong on-site Kondo coupling .J
[S8, 159]]. Interestingly, it has also been predicted in a recent study that the Kondo effect
could be the driving force of a CDW in a two-dimensional metal, by using a cellular dynam-
ical mean-field theory (CDMFT) and variational Monte Carlo calculations [60]. However, in
spite of these theoretical predictions, there is no experimental evidence of CDW induced by
the Kondo mechanism to date.

As discussed in the introduction, the Kondo model predicts that the temperature depen-
dence of the hole number occupancy n (valence v = 3 - ny) increases with increasing tem-
perature and exhibits a universal scaling law as a function of 7'/Tk [61]]. Following a simple
approximation of the Anderson impurity with a large degeneracy /N, Gunnarsson and Schon-
hammer [32] established that the hole number occupancy can be given by:

7TTK

— 2.1
N T (2.19)

where I' = mN(Er)|V|? is the hybridization bandwidth, N (Er) the density of states of the
conduction electron at the Fermi level, and V the hybridization strength. 7Tk exponentially
depends on I' and is expressed in the asymmetric Anderson model by [62]

I mleslley + U]
KpTyx = Uy| — _mesiey TV 2.20
sl =U 2UeXp{ 2UT (2.20)

In the Kondo regime I' < U, the dependence of Tk is exponentially dominated by I'. A
linear relation of log(1 — ny) and log(7x) with n; is expected for both quantities. From
1 — n; measured from Resonant inelastic x-ray emission spectroscopy (RXES) at Yb L
edge and Tk determined by thermodynamic measurements, a phenomenological power law
dependence has been established very recently [63]]:

(1 —np) =~ a(Tk)" with o = 1/200 and n = 2/3. (2.21)

In Kondo lattice systems, HAXPES measurements of the 4f hole occupancy in the ground
state ¢ have been shown to be very accurate [64] and can thus provide a much more reliable
estimate of the Kondo temperature T. By using the power scaling law (Equation[2.21)), we
determined the Kondo temperature of the unique crystallographic Yb site in the cubic phase
ng”’ = 184 K (ny = 0.84). At T' = 20 K, we determined the Kondo temperature of Y b,-site
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Figure 2.28: Temperature dependence of the lattice parameters and the dual Kondo temper-
ature. Lattice parameters extracted from the papers of Mitsuda et al. [65] and Takahashi et
al. [9]

TL = 8 K (ny = 0.98) and Yby-site T2 = 718 K (n; = 0.6). These estimated values
are consistent with those obtained recently by point contact spectroscopy (7% ~ 30 K and
TIQ( ~ 800 K). The Kondo temperature in the CDW phase at 7" = 70 K, 105 K, and 115
K are determined similarly, and the corresponding values are given in Table In Figure
2.28| we show the evolution of T} and T’ for all measured temperatures. Upon increasing
temperature, we observe that T (T%) gradually decreases (increases) up to 7' = 130 K
(in the CDW phase) and remains constant in the cubic phase. Figure [2.2§] also shows the
temperature-dependence of the lattice parameter values a, b and ¢ of YbPd reported in the
literature. In the cubic phase, the a, b, c = a¢ values slightly decrease on cooling. AtT =
130 K, ¢ = ¢ value abruptly increases, whereas a = b = ar decreases. Moreover, at 7' =
105 K, ¢ = ¢r suddenly expands while a = b = ar does not show any significant change on
reducing temperature.

The overlaid plot of the temperature dependence of the lattice parameter values and the
dual Kondo temperatures in the CDW phase show that T} and T follow az and cr, re-
spectively, upon decreasing temperature. It indicates that the Kondo coupling to the lattice
parameters could be the dominant contribution to the CDW transition and suggests a CDW
order parameter related to the Kondo temperature.

What is the driving force of the CDW transitions in YbPd? We recall that a charge density
wave is a mechanism that results from the competition between elastic energy lost due to the
distortion of the lattice and the electronic energy gain. As discussed above, this is usually due
to the nesting of the Fermi surface, which opens a gap and leads to a metal-insulator transi-
tion. However, YbPd is a 3D compound that remains metallic down to 40 mK. Moreover, the
nesting of the Fermi surface is unlikely. Therefore, we need to look at another mechanism
that can provide an electronic energy gain to compensate for the cost of elastic energy. Since
the Kondo energy represents the electronic energy gained by the formation of the singlet state,
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Figure 2.29: Temperature dependence of the total electronic energy gain due to the Kondo
mechanism V(7).

we introduce the quantity :
U(T) =Tk +Th — 2T, (2.22)

which represents the total electronic energy gain in the CDW phase with respect to the cubic
phase. We compared the temperature dependence of W(7') with the temperature dependence
of mean-field Bardeen-Cooper-Schrieffer gap A(7") [55]] (Equation which is considered
a valid CDW order parameter as mentioned above. We used the following parameters A(0) =
365 K, 8 = 1.8 and Tz = 130 K and obtained a nice agreement between both quantities as
illustrated in Figure 2.29] Therefore, we propose that the dual Kondo effect is likely the
driving force of the CDW transition observed in the YbPd.
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2.7.1 Zero thermal expansion

Despite many studies on YbPd, its thermal expansion has not been discussed to date. From
the lattice parameter values reported in the literature, we calculated the unit cell volume V =
ar X by X cp of YbPd as a function of temperature in the range below 300 K as presented
in Figure 2.30] In the cubic phase (above 135 K), the volume exhibits a small positive ther-
mal expansion, while in the temperature range of 20 - 135 K, the volume remains essentially
unchanged, indicating a zero thermal expansion in the CDW phase. The fact that the temper-
ature dependence of the dual Kondo temperatures T and 77 follow the lattice parameters
and the ZTE appears only in the CDW phase allows us to conjecture that the Kondo coupling
is the driving force of the ZTE. Normally, materials expand upon heating. Therefore, in or-
der to get a ZTE, a negative thermal expansion mechanism is required. Typical examples of
materials exhibiting NTE are insulating oxides [66} (67, |68]] such as C'u.ScO,, YoW50:5 and
ZrW,0s. In these latter materials, it was shown that the presence of a M-O-M’ (or O-M-O’)
(M and O denote a metal and oxygen atom, respectively) linkage leads to a transverse vibra-
tion of the central atom O (or M) perpendicular to the M-O-M’ (or O-M-O’) linkage resulting
in a decrease of the linkage length. Similar ZTE has also been reported for the square-net
compounds RE4M Geg [69] in which a mechanism involving a square-pyramidal configura-
tion of the M-atom positioned below or above a Ge square net was considered as the driving
force of the ZTE. Indeed, this geometrical configuration also allows a transverse vibration
of the M-atom perpendicular to the Ge-square net. Given that YbPd structure involves Yb
square nets with a square pyramidal arrangement of Pd atoms which gets displaced along the
c axis, we can consider that a mechanism involving a transverse vibration of the Pd atoms is
possible in YbPd.
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Figure 2.30: Temperature dependence of the unit-cell volume.
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Figure 2.31: (a) Temperature dependence of the Kondo resonance measured with a photon
energy hv =171 eV. (b) Example of curve fitting of the photoemission spectrum of YbPd at
260 K and hv = 171 eV after subtracting a background. The purple, green and blue lines
respectively represent the Yb-4f bulk, Yb-4f surface and Pd-4d contributions.
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Figure 2.32: Temperature dependence of the average valence of YbPd (red line). The black
and purple lines show the calculated temperature dependence of the intermediate-valent and
nearly trivalent Yb-site in the cubic CDW phase.

2.7.2 Temperature dependence of the valence band soft PES spectra

The temperature dependence of the soft x-ray valence band spectra is sometimes perturbed
by the instability of the surface valence towards Y b** [45],[70, [71]]. Therefore, we focussed on
the temperature dependence of the Kondo resonance in the vicinity of the Fermi level (BE =
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0) which reflects the bulk excitations. The temperature dependence of the resonance is shown
in Figure 2.3Tp. With increasing temperature from 20 to 260 K, the intensity of the Kondo
resonance Yb-4f;/, decreases slightly and continuously, reflecting a small temperature de-
pendence of the average valence across the CDW transition. We evaluated the valence from
the intensity ratio of the Yb*" and Yb3* 4f derived structures (4 '3 and 4 f12 photoemission
final states). For this purpose, we have performed numerical fitting of the spectra to extract
the bulk contributions from the Y'b?* photoemission region as well as the Pd-4d band con-
tribution (see Figure 2.31p). The Yb average valence vq, = 3 - I(Y*F)/( (Y 5>+ [(YH*F)
slightly increases from v,, = 2.89 at 7' = 20 K to v,, = 2.90 at ' = 260 K. As discussed
in the previous section, this temperature dependence is not due to the thermal population of
the first excited states following the Kondo scenario but to the continuous Pd atoms displace-
ment leading to a continuous decrease (increase) of the valence of Y b;-site (Y b;-site) with
increasing temperature. Figure [2.32] shows the calculated temperature dependence valences
of the Y'b; and Y'b, sites in the tetragonal CDW phase by using equation However, it
should be noted that the valence determined is overestimated by the surface contributions.

2.8 Yb L3 X-ray absorption spectroscopy
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Figure 2.33: Yb Ls-edge XAS process in mixed-valent Yb compounds represented by a
linear combination of Y'5%* and Y'0*" contributions configurations. Green and purple arrows
indicate the transitions from the ground state to the two final states. Illustration of Yb L3-edge
XAS spectrum with two structures.
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Figure 2.34: Result of fit analysis of Yb Ls-edge XAS spectrum of YbPd at 7' = 10 K and
P = 0 GPa. the red line shows the phenomenological fit by taking into account the different
contributions (Y b3+ and Y'b*") and the background (tanh-type).

X-ray absorption spectroscopy at Yb Ls-edge is a powerful means of probing the mixed-
valent character of Yb compounds which has been widely used in the last few decades. It is
a bulk-sensitive technique and does not require ultra-high vacuum measurements, which is
necessary for photoemission and inverse photoemission spectroscopy. Moreover, it is possi-
ble to perform XAS measurements under extreme conditions by applying pressure. However,
it is impossible to quantitatively analyze the Yb Ls-edge XAS spectra within the SIAM since
the 5d states, which are not well localized, are involved in the XAS final state. Therefore, a
phenomenological approach is used by experimentalists to analyze the spectra. The hybrid
ground state is expressed as |GS> = a14|4f14> + a13‘4f13L>. In the Yb L3 XAS process, a
P35 core electron is excited to the 5d conduction band above the Fermi level. There are two
different final states, namely 2p°4 f1* and 2p°4 f13L configurations, which are well separated
(AFE ~ 10 eV) due to the strong core-hole interaction. Therefore, the mixing between the
two configurations becomes small and can be neglected and their intensities are assumed to
be proportional to |ai3]? and |a14]?, which corresponds to the weight of the two configura-
tions in the ground state. Therefore, the intensities of the two final states can allow us to
determine the average valence of the system. However, the experimental shapes of the spec-
tra corresponding to these two contributions are usually different. Indeed, In addition to the
transition to the localized 5d states, there are also transitions to the continuum (delocalized
states) which contribute to the spectrum. Therefore, it is necessary to take into account two
spectra for each configuration of the ground state. These latter are phenomenologically de-
scribed by the sum of two functions. The transition to the localized states (the white line) is
described by a Heaviside function which is convoluted by a Lorentzian or Voigt function to
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account for the core-hole lifetime. The transitions to the continuum states are described by
an arctangent function. So, the experimental line shape of the two spectral components can
be fitted by [72]:

Yb L3 - xAs

—300K
. ——250K
—200 K
—160 K Yb2+
—130K
—80K
—30K
—10K

Intensity (arb. units)

8940 8950 8960
Photon Energy (eV)

8920 8930

Figure 2.35: Temperature dependence of the Yb-Ls-edge XAS spectra at P= 0 Gpa. Yb**
spectral weight decreases with temperature while Y3 spectral weight increases

a a E - E%\? 11 E—E*—§
F3,(E) = (1—ap) E— )+ a +ag§ exp | — < - > +ny 3 + = arctan —Ta
(2.23)
by by E - E*\? 11 E—E*—§
Fy (E) = (1-=by) RO +b0§ exp |— ( h ) +(1—ny) 5 + - arctan T
(2.24)

where E, E? and E® are respectively the incident photon energy, the peak positions of the
2p°4 f14 and 2p°4 f13 L final states corresponding to Y'b** and Yb**. as, by and I stand for
the core-hole lifetime. ¢ is a shift of the continuum states, and 7y corresponds to the f states
occupation. The asymmetry of the Y5?" and Yb*" structures can be accounted for by using
the sum of Gaussian and Lorentzian functions with different widths. The average valence is
then estimated from the curve fitting by v,, = 2 + I(Y0*")/(I(YV*T) + I[(Y*T)), where
I(Yb**) and I(YH?") are the intensities of the Y*T and Y?" peaks. In Figure we
shown an example of fitting of the Yb Ls-edge XAS spectrum of YbPd at low temperature
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(T' = 10 K) and ambient pressure (P = 0 GPa), which gives an average valence of v,, =
2.73 £ 0.02.

2.8.1 Yb L3 X-ray absorption spectroscopy, Temperature dependence

Figure [2.35| shows the temperature dependence of Yb Ls-edge XAS spectra of YbPd at P =
0 GPa. With increasing temperature, the spectral weight of Y'*T is transferred to Y53, and
the average valence slightly increases from 2.73 at 10 K to 2.81 at 300 K. These values are
lower than those obtained from Yb-3d hard-Xray photoemission measurements (v,,= 2.8 at
20 K and 2.84 at 200 K) but the evolutions of the valence with the temperature are similar
from the two techniques. As discussed in the previous sections, the temperature dependence
of the average valence in the CDW phase is due to the Pd atom displacement that leads to
two different Yb crystallographic sites.

2.8.2 Pressure-induced anomalous valence fluctuation in YbPd
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Figure 2.36: Temperature-Pressure phase diagram of YbPd determined by high pressure
X-ray diffraction measurements, taken from [18]].

In many intermediate-valent Yb compounds, the magnetic ordering is stabilized under
high pressures due to the small ionic radius of Y'b*" relative to Yb** 73, [74] 75} [76]. How-
ever, X-ray diffraction and transport measurements have shown that the antiferromagnetic
transition temperature 7y of YbPd decreases with pressure and is suppressed at P~ 2 Gpa.
To the best of our knowledge, only YbNiSn and YbRh,Siy exhibit such an anomalous evo-
lution of the magnetic ordering with pressure [77, [78]]. Indeed, YbNiSn orders ferromag-
netically below 5.5 K. The Curie temperature increases with a pressure up to a maximum
at about 2 GPa and then decreases. This maximum has been interpreted as the result of the
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Figure 2.37: Yb L3-edge XAS spectra of YbPd at selected pressure and temperature.

competition between the Kondo effect and the RKKY interactions. This negative pressure de-
pendence in YbPd is likely related to the valence ordering. X-ray diffraction measurements
have shown that the temperature transition of the incommensurate and commensurate charge
density wave decrease with increasing pressure and vanishes respectively at P = 5 GPa, and
2 GPa (see figure [2.36). In order to study how the Yb-valence changes in YbPd, and its in-
terplay with the evolution of the CDW temperature transition, we measured the temperature
dependence of Yb Ls-edge XAS spectra of YbPd at various pressures as shown in Figure
(P = 1.43 GPa, 2.43 GPa, 3.5 GPa, and 6 GPa), With increasing pressure, the spectral
weight transfer from Yb** to Yb3" becomes weaker and nearly temperature-independent at
P = 6 GPa. Moreover, as shown in Figure [2.38] the average valence decreases with pressure,
with a minimum at P~ 2.43 GPa, and then increases up to 2.7 at 20 GPa. This behavior is
unique in YbPd. Indeed, in most ytterbium compounds, the average valence monotonically
increases with pressure leading to a crossover from a nonmagnetic to an antiferromagnetic
ground state.
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Figure 2.38: Pressure dependence of the average valence of YbPd.

2.9 conclusion

We have investigated the electronic structure of YbPd using soft and high x-ray photoemis-
sion spectroscopies. The measured Yb-3d core-level and 4f-valence band spectra revealed
the intermediate valence character of the Yb atom. We also investigated the Pd-3d core levels
and Pd-4d valence band states. The bulk-sensitive Yb 3d HAXPES core level photoemis-
sion reveals a clear temperature-dependent intermediate valence of two ytterbium sites in
the CDW phase and a temperature-independent intermediate valence of the single crystal-
lographic ytterbium site in the cubic phase. We have developed an approach from the GS
model by considering the total degeneracy of the 4f states to describe the core-level and va-
lence band spectra of a Yb compound. From a quantitative analysis of the spectra with this
approach, we have successfully extracted the temperature dependence of the 4f hole occu-
pancy, which clearly evidenced an evolution of the single Yb site in the cubic phase to a
charge-disproportionated intermediate valence in the CDW phase. We introduced an order
parameter given by the Kondo mechanism, and its temperature dependence is in nice agree-
ment with the BCS prediction. The temperature dependence of the dual Kondo temperatures
nicely follows the evolution of the lattice parameters in the CDW phase, thus showing an
interplay between the Kondo effect and the structural changes giving rise to the zero thermal
expansion in the CDW phase.
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Chapter

RIXS to probe the properties of Ce Kondo
systems

3.1 Introduction

Original electronic properties such as the Kondo effect, intermediate valence, heavy fermion,
or non-conventional superconductivity are encountered in Ce intermetallic compounds. These
properties result from the interplay between very large intra-atomic Coulomb interactions in
the f shell and a partial delocalization due to the hybridization of f states with the conduc-
tion electrons. They are characterized by the formation at low temperature of a correlated
Fermi liquid state with heavy quasiparticles associated with an emergent low energy scale,
the Kondo energy Kp1%. This emergent Kondo energy governs the low energy physical
properties which exhibit scaling law behaviors as a function of 7'/T. Valence band pho-
toemission and inverse photoemission are powerful spectroscopic techniques to study Kondo
systems and to evidence, the different energy scales of interest: the high energy scale which is
related to charge excitations (Coulomb interaction Uy and the energy of the localized f states
e¢), and the low energy scale related to spin excitations (the Kondo energy) [1]. However,
these spectroscopies are surface sensitive and surface effects can obscure the results. We will
show that resonant inelastic X-ray scattering (RIXS) is a unique technique that can directly
probe the charge and spin excitations usually observed by combined photoemission (PES)
and inverse photoemission spectroscopies (IPES). In section we describe the RIXS pro-
cess with the accessible experimentally and theoretically information, focusing on Ce-based
materials. Section [3.3] presents a summary of the experimental as well as theoretical stud-
ies of Ce based materials with the RIXS technique reported to date. Section [3.4] describes
the experimental aspects for soft x-ray RIXS measurements with peculiar attention to the
SEXTANTS beamline and its spectrometer AERHA. Then in section we will present the
model and formalism (full multiplet configuration interaction) used to simulate the Ce Mj-
edge XAS and RIXS spectra. In section [3.6] we will focus on the CeAgSb, Kondo material
(Tk ~ 23 K, with a f-state occupation of ny ~ 0.99) as an example to demonstrate how
RIXS can yield access to the f! — f2 and f' — f° charge excitations. We will study the
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4 f spin-orbit excitations and evidence the symmetry of the ground state through the drastic
polarization dependence of the RIXS elastic peak and the f° structure. We will investigate
the temperature dependence of the fluorescence-like structure and discuss how it might be a
signature of the Kondo energy scale. Finally, in section by tracking the spectral weight
of the structures corresponding to the f1 — f2?and f! — fY charge excitations as well as the
fluorescence-like structure, we will look at how RIXS spectra evolve with the Kondo temper-
ature T in three Ce-based Kondo materials: a y-like Ce compound ( CeSis, Tk ~ 50 K), an
a-like Ce compound ( CeNiy, T > 500 K) and an intermediate T one ( CePds, Tx ~ 150
K).

3.2 RIXS review on cerium compounds

Resonant Inelastic X-ray Scattering (RIXS) is a photon in-photon out technique that is very
efficient in studying elementary excitations in a large variety of systems such as charge trans-
fer excitations, the crystal field, spin-orbit excitations, collective magnetic excitations, and
phonons [2} 3, 4,15, 16]. The result of light-matter interaction when a photon beam is inci-
dent on a sample is generally, a scattering of a photon with a certain energy in an arbitrary
direction and polarization. This scattered photon energy can be either the same as the initial
incident photon energy (elastic scattering) or a different one (inelastic). In the latter case,
an excitation takes place in the system since it is left in a state different from the ground
state. Thanks to the use of spectrometers and synchrotron light equipped with monochro-
mators and undulators, the emitted photon’s energy hw, can be accurately measured in order
to obtain the energy loss in the scattering process from the incident photon’s energy hw;:
Eoss = hw; — hwy. Moreover, the momentum conservation of the system ¢ = k' — k pro-
vides spectra that are sensitive to different scattering geometries. Therefore, one can infer the
symmetry of the excitations, and the energy/momentum dependence occurring in the sample
by studying the elastic and inelastic structures of the RIXS spectra.

In particular, for photon energies across the Ce 3d or Ce 4d absorption edges, RIXS is a pow-
erful probe of the f f excitations as well as the charge transfer excitation in Ce-based Kondo
systems with a 4f°, 411, and 4 f2 hybridized states. Importantly, contrary to the first-order
optical process (photoemission and x-ray absorption), RIXS also yields access to the second-
order f f excitations. In addition, RIXS provides bulk sensitive and site-selective information
through its resonant character. Since it is a photon-in/photon-out technique, RIXS can be per-
formed in extreme conditions by applying high-pressure, electric, or magnetic fields.

3.2.1 Scattering process and outstanding features of RIXS

RIXS is a second-order optical process, in which a core electron is first resonantly excited
across an absorption threshold by an incident x-ray photon, and then a valence electron decays
to fill the core hole by emitting an x-ray photon (see Figure[3.1)). RIXS has a number of unique
properties compared to other spectroscopic techniques such as inelastic neutron scattering,
photoemission spectroscopy, and x-ray absorption.
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Figure 3.1: Scheme of the RIXS process. An electron from a deep-lying core level is pro-
moted to an empty valence state above the Fermi level following the absorption of an incident
photon energy AS2 (left panel). Afterward, a valence electron fills the core hole, and a photon
hw is emitted leaving behind an excitation in the system (right panel).

* Element and chemical sensitivity: The absorption spectrum in the x-ray range is char-
acterized by a sharp step that corresponds to a promotion of a core electron above the
Fermi level. Such a sharp step is called an absorption edge and is specific to each
atomic element. Therefore, we can prioritize the scattering from a given element in the
studied material by tuning the incoming photon energy on its absorption edge. In this
respect, RIXS provides an element selectivity (the absorption edge energy and shape
depend on the chemical state, and thus, provides chemical sensitivity). Furthermore,
RIXS is also orbital-specific, and this is particularly important when one wants to focus
on specific excitations such as the dd or f f excitations.

* Bulk sensitivity: It is well known that the x-ray penetration depth of a given material
strongly depends on its energy. Typically, this depth increases from ~ 0.1pm in the
soft x-ray regime (around 1000 eV) to ~ 50um in the hard x-ray regime (around 10000
eV). RIXS technique is, therefore, non-surface sensitive, and allows us to avoid addi-
tional contributions in the spectra due to surface or modification defects. If needed, it
is possible to enhance the surface contribution by measuring with a grazing incidence
of the scattering geometry. However, the crystal face quality is important when inves-
tigating the features superimposed or close to the elastic peak. Indeed, the intensity of
the elastic peak is strongly dependent on the roughness of the surface.

* Charge neutral: In contrast to photoemission and inverse photoemission where the
total changes of the systems changes from N to N-1 and N to N+1 respectively, no
electron is removed from or added to the studied sample during the RIXS process. This
overall neutrality of the process is due to the fact that RIXS is a photon-in-photon-out
technique. It is a fundamental characteristic to avoid charging effects, especially when
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measuring insulating materials, such as many strongly correlated compounds.

* Small sample volume: RIXS requires only a very small sample volume compared to
neutron scattering which needs massive samples to compensate for a small scattering
cross-section. Indeed, thanks to the resonant character of RIXS, the signal is signifi-
cantly enhanced and allows us to measure even thin films and nano-materials.

* Photon polarization: RIXS can exploit the variation of the incident photon polarization
to characterize the symmetry of the ground state or the nature of the excitations through
the scattering geometry and the use of selection rules.

* Momentum dependence: RIXS also provides a momentum dependence of the scattered
photon in addition to its energy. This is valuable because the wavelength in the soft x-
ray range is ~ 1 A, which is comparable to the interatomic lattice spacing in solids.
Therefore, RIXS can map the dispersion of low-energy excitations in the Brillouin
zone.

3.2.2 Theoretical description of RIXS

In this section, we derive the expression of the RIXS cross-section by first writing the Hamil-
tonian of the system following the method of Ref [5]. According to quantum electrodynam-
ics, the incident photons that interact with the electrons are described by an electromagnetic
field, represented by a wave vector potential A(r,¢). In the non-relativistic case and in the
limit that the potentials related to electrons and photons in the systems are small compared to
twice the mass of the electron (e¢/2mc?, e| A|/2mc < 1), the Hamiltonian for a system with
N electrons interacting with an electromagnetic field is written as

H— Z P +€A T] +Z%Uj.]3(7“j)—|—
+ Z T ch 505 [E(r;) X [pj + eA(r;)] — [p; + eA(r;)] x E(rj)] + (3.1)

1
/dk: Zhwk ( chicen + 2)

where P;, r;, and o; are respectively, the momentum operator, the position operator, and the
Pauli matrices of the j electron, A(r) is the vector potential, E(r) = =V (r) —0A(r)/0(t) is
the electric field and B(r) = V x A(r) is the magnetic field. ¢, and c, respectively creates
and annihilates a photon with energy fiwy, = c|k| and polarization vector € in the mode with a
wave-vector k. The first term of the Hamiltonian describes the kinetic energy of the electron
in presence of the electromagnetic field, the second term yields the Zeeman splitting, the third
is the spin-orbit coupling, and the fourth term V(r;) is the periodic potential. The last term
gives the energy of the radiation summed on all the modes, each mode having the energy hwy,
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and polarization e.

To establish the scattering cross-section, it is convenient to split the Hamiltonian H in the
electronic part H,;, the electromagnetic field part H.,,, and the remaining term H’, which
describes the electron-photon interaction. Therefore, we can treat H' as a perturbation of
Hy = H, + H.,,. The eigenstates of H, can be written as the product of those of H.; and
H.,, since H, does not contain the electron-phonon interaction.

In order to calculate the RIXS cross-section, we consider an initial state with a single photon
with momentum hk;, energy hwy; and polarization ¢;; the latter is scattered to hkg, hwyo and
€o- The system changes from the initial state ’g> to the final ‘f> one in the RIXS process.

Therefore, the total wave functions can be written as ‘g> | 9, Le, i, > and ‘f> = | f, 1607k0>

Where ‘16 ki > is the one-photon wavefunction built by applying the creation operator ¢, on
the vacuum state |0> ‘ g> and |f> are the eigenstates of /, and their energies are respectively
given by E, = E, + hwy, and Er = Ey + hwy,. According to the Fermi golden rule, the
transition rate w for the scattering process in the second-order perturbation theory can be
written as:

, fIH |m)(m|H'|g
w= (f1H']9) +Z E’ lhzk _‘E’ | O((Ey + huwn,) — (B, + hw,)), (3.2)

where m runs over the intermediate states |m>, eigenstates of the unperturbed Hamiltonian
H, with energies F,,. In general, the first-order amplitude dominates the second-order ampli-
tude. However, when the incident photon energy is set at an absorption edge in the material
(Ey + hwy, =~ E,,) the second order becomes very large. Therefore, the second order yields a
resonant scattering, whereas the first order term contains non-resonant scattering. So, in the
non-relativistic and small potential limits, the resonant part of the second-order amplitude
can be written as:

_ e’h (f|eg-pye®omsr | m) (m|e;.pje—®ers| )
" e zm: Z By + hwy, — B + il . (33

where V' is the volume of the system and the term I',,, introduced in the denominator stands
for the lifetime broadening of the intermediate states. It accounts for the usual core-hole
lifetime. It is generally assumed that all the I',,, are the same at a given edge and as a result,
it can be taken to be a constant I';,, = I'. Let’s consider now the dipole approximation. This
limit consists of expanding the spatial dependence ¢*" = 1 + ik.r — (k.r)?/2 + ..., and to
neglect the higher order quadratic terms. We, therefore neglect the spatial variation of the
potential vector. Indeed, this is legitimated by the fact that the photon wavelength is much
larger than the length scale of the atomic wavefunctions. So, by neglecting the first order
term and considering Equation [3.2] and Equation3.3] one obtains the Kramers-Heisenberg
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expression for the RIXS cross-section:

e*h ZZU\EM (mleipslg)
2m2v60m — E, + hwy, — Ep + il
(3.4)
(flegry|m){ml|e.r;|g)
2m2Ve V ki ’“O;%:E + hwp, — B + il

this is obtained by substituting the operator p with the following relation of the commutator of
im[Hy,r]/h: <m‘el [Ho, T }g> <m|Her r’g> <m‘el rH0|g> (B — Ey) <m’eZ r‘g> R
hwy,{m|Hye;.r|g). Finally, we obtain the double differential cross-section by multiplying
w by the density of outgoing photons states in the solid angle dQ)(V k2d|ko|dS2/(27)%) and
dividing by the photon flux ¢/V:

V2EdkoldQ  VPwi dhwd
c(2m)3 -V het(2m)3

d20(w7ki7k076i760) = (35)

The RIXS cross-section in the dipole approximation is :

d*o <f‘€ m‘eﬂ }g>
Thodey = e D ZZ E, jm CE, i, | O Byt i), (6

f m g5

where r, = €2 /(4megmc?) stands for the classical electron radius. The energy conservation
is assured by the 0 function, and as a result, the elementary excitations observed at constant
energy losses are equal to the difference in the photon energies.

3.3 Relevant energy scales probed by Ce-1/; RIXS

In this section, we discuss in detail the elementary excitations measured by RIXS, briefly
outlined in the introduction. We first review the high-energy excitations, which are typically
the charge transfer energies, and then describe the low-energy excitations, the spin-orbit, and
crystal field excitations.

3.3.1 First evidence of the charge transfer excitations

In condensed matter physics, charge transfer is described by the energy required for moving
an electron from one site to another. There are two relevant energy scales for this process in
strongly correlated cerium compounds. The first energy scale is associated with a hopping
of an electron from the 4 f shell to the ligand orbital (f* — f"*!L). This is known as the
charge transfer energy defined as A = E(f'L) — E(f°), where E(f') = ¢ and E(L) = ¢,
are respectively the 4 f-state energy with respect to the Fermi level and the energy of a hole
L in the conduction band width. The second energy is the Coulomb repulsion U associated
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Figure 3.2: Total energy level scheme of 3d — 4f — 3d RIXS of CeO,. The black rectangle
denotes the O 2p valence band. Reproduced from Ref.[7].

with moving an 4f electron from one f site 4 to another f site j (f}f} — f7f7), where
U = E(f’L*) + E(f°) — 2E(f'L"). The corresponding RIXS features of these charge
transfer excitations are expected to be observed in the range between 2 and 10 eV loss energy
and they could be investigated even with the low resolution of the early RIXS measurements.

The early RIXS measurements on a cerium compound were carried out in 1996 by Bu-
torin et al. [8}[7]. They studied the strongly intermediate valence (mostly f%) CeO, compound
at the Ce M, and M5 edges. Following a theoretical analysis with the STAM[7]], they demon-
strated that the RIXS technique is sensitive to charge excitations and that the experimental
spectra could be reproduced with appropriate parameters. The schematic Ce 3d — 4f — 3d
RIXS process of CeO, is shown in Figure The Ce ion in CeO, is nominally in the Ce**
state (f° system), but actually, the ’ f0> and } f! L> configurations are strongly mixed (with
the f-state occupation ny ~ 0.58 eV), giving rise to a bonding ground state between the ‘ f 0>
and|f'L) configurations (|¥gs) = a|f°) + b|f1L)), a first excited nonbonding state high
in energy at about 4 eV and an antibonding state located at 6 eV. The configurations of the
final state are the same as the initial one. In the intermediate RIXS process, the 3d°4 f' and
3d°4 f? L are close in energy owing to the strong core-hole interaction and their hybridization
also leads to bonding, nonbonding and antibonding states between the 3d°4 f! and 3d%4 f*L
configurations. Figure [3.3] shows the results of the experimental and calculated Ce 3d XAS
and Ce 3d — 4 f — 3d RIXS. In figure and [3.3p, the uppermost curve represents the ex-
perimental Ce 3d-edge XAS spectrum characterized by two main groups of peaks due to the
Ce 3d3/2 and 3ds 5 core-level final states. Each group exhibits a main peak B and a satellite A
separated by about 5 eV, corresponding to the bonding ({ \I/GS> — 3d%4 f?L) and antibonding
states (‘\IIGS> — 3d?4f1). Then the RIXS spectra depicted by curves A and B respectively
correspond to the incident photon energy set to XAS structures A and B. The RIXS spectra
shown as a function of the emitted photon energy exhibit two main peaks whose intensity
depends on the incident photon energy. When the incident photon energy is fixed at the XAS
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Figure 3.3: Experimental and calculated Ce M5 XAS spectra and RIXS spectra for CeO, (a),
(b) and CeF;3 (¢). A, B, and C of the XAS spectra indicate the incident photon energy tuned
to obtain the RIXS spectra. Reproduced from Ref.[7]

main peak B, the bonding state is selected in the intermediate state and as a result, we have
the transitions to all the final states but predominantly to the nonbonding state. Therefore,
the RIXS spectrum exhibits in addition to the elastic peak a prominent structure at ~ 4.5 eV
broadened due to the O 2p bandwidth. When the incident photon energy is tuned on the XAS
satellite peak, the intermediate antibonding state is selected and we have a strong transition to
the antibonding final state. It should be noted that the charge excitations originating from the
f? configuration are not important in the RIXS spectra of CeO, since the f2L? configuration
lies at very high energy in the initial state.

Butorin et al. also measured the Ce 3d XAS and Ce Mj;-edge RIXS spectra of the purely
trivalent CeFs compound. In this case, the hybridization effect can be disregarded and the
system is well described as a trivalent free Ce3* ion. The experimental and calculated spectra
are shown in Figure [3.3|right panel. The Ce ion in CeF3 has a Ce3* (4f1) configuration and
the RIXS process is described by the transition 3d'°4f* — 3d%4f% — 3d'°4f!. By tuning
the incident photon energy on A, B, and C of the XAS spectrum, the corresponding RIXS
spectra always exhibit an elastic x-ray scattering single peak. Actually, the spectra should
show an elastic structure corresponding to the transition to the f3 /2 initial ground state, and
an inelastic structure corresponding to the f. /2 excited state. However, the energy separation

between f71/2 and f§/2 states (4f spin-orbit energy ~ 0.3 eV) was much smaller than the
experimental resolution (about ~ 2 eV) [8].

In 2001, Magnuson et al [9] measured the RIXS spectra of the heavy fermion CeBg com-
pound and calculated the RIXS spectra using the SIAM. The measurements (see Figure [3.4)
were made at room temperature with 7 polarization (depolarized geometry) of the incident
photon. The experimental Ce 3d-edge XAS spectrum in the top panel of Figure [3.4] exhibits
the main peak and a very weak satellite separated by about 6 eV. While the XAS spectrum
looks similar to that of the typical CeFj trivalent system, the corresponding RIXS spectra do
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Figure 3.4: Experimental (a) and calculated (b) Ce M;-edge XAS and RIXS spectra of the
heavy fermion compound CeBg. Reproduced from Ref. [9]

not exhibit a single peak as in CeF3. Indeed, by tuning the incident photon energy on A, the
RIXS spectrum exhibits an elastic peak and an inelastic structure located at 4 eV. The spec-
trum excited at the satellite structure (B) always exhibits the inelastic structure at 4 eV but
with reduced intensity. However, an additional structure is observed at ~ 6 eV-loss energy.
This latter is not related to a fluorescence-like structure (see next section for further details).
By tuning the incident photon energy on A" and B’, the spectra exhibit similar loss energy
structures at 4 eV and 6 eV as those observed with excitation on A and B. However, a broad
structure is observed at ~ 878 eV of photon energy corresponding to a normal fluorescence
(3d3/p — 3ds/o emission). According to SIAM calculations which are in good agreement
with the experimental spectra, the loss energy structures at 4 eV and 6 eV correspond to the
4 f? final state (f! — f? charge excitations). Another interesting point is the theoretical pre-
diction of an additional RIXS structure at 2.5 eV corresponding to the f° final state. Indeed,
this structure is only expected in o polarization (polarized geometry).

Dallera et al. [10] performed Ce M;5-edge RIXS measurements with o polarization of
the incident photon (polarized geometry) and evidenced the f° final state (f' — f° charge
excitations) for the solid solution Sc(7 at.%):Ce. This Ce system exhibits the well known a-y
transition as a function of temperature. The experimental RIXS spectra at the photon energy
corresponding to the maximum of the M;s-edge XAS main structure (d” f? final states), and
to the f! satellite, are shown in the left panel of Figure The spectrum measured using
a photon energy tuned to the f! satellite exhibits, in addition to the elastic peak, a strong
structure located at 2 eV with mainly f° character. Interestingly, the relative intensity of
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the f° structure with respect to the elastic peak is strongly affected by the o~y transition, it
decreases by ~ 4 times in the v phase. The calculated spectra shown in the right panel of
Figure [3.5] are in nice agreement with the experimental ones. Indeed, this spectral change
reflects the weight of the f° configuration in the o (1 — n 5 =0.15) and v (1 — ny =0.05)
phases. Surprisingly, they did not observe loss energy structures corresponding to the f? final
states in their experimental results. Indeed, the spectrum measured at M5 exhibits only a
strong elastic peak in both v and  phases, while theoretical calculations predicted additional
loss energy structures associated with the Y and f? final states in the o phase. However, they
clearly showed that polarization dependence is very useful for investigating the hybridization
strength between the 4f and conduction states.

3.3.2 Spin-orbit and crystal field excitations

20 years after the early RIXS experiments, there has been a strong improvement in the energy
resolution of the technique which allowed investigating the low energy excitations in cerium
compounds such as the 4f spin-orbit and the local crystal electric field levels [[13, 14, 15} 16]].
We will focus on the typical CeRh,Si; heavy fermion to illustrate this recent progress in the
field of RIXS studies of Ce materials. A free Ce3* ion corresponding to a 4 f! configuration
is characterized by a . = 3 angular momentum and a S = 1/2 spin. This configuration is 14-
fold degenerate as depicted in Figure [3.6] Nonetheless, the spin-orbit interaction breaks this
degeneracy and gives rise to two different levels characterized by the total angular momentum
J: J=|L—-S|=5/2and J = L+ S = 7/2. The f shell being less than half-filled, the
ground state is given by J = 5/2 (the term symbol ?F5 5 6-fold degenerate), following the
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from the *Fj » multiplet.

Hunds’ rule. The upper state is given by .JJ = 7/2 (the term symbol *F7 , 8-fold degenerate)
and is separated from the ground state by the spin-orbit energy Aso ~ 300 meV. When the
Ce3* ions are in a crystal, the presence of the ions surrounding the Ce atom leads to an
additional electrostatic interaction that induces a further splitting of the Hund’s rule ground
state. The resulting states, called the crystal electric field (CEF) states, are characterized
by an anisotropy of the 4f electrons spatial distribution which affects most of the physical
properties. These CEF states and their energies are described by an effective CEF model
[17]. Owing to the atomic-like character of the 4f electrons (see figure [3.7), the CEF energy
in rare earths (~ 10 — 30 meV) is one order of magnitude lower than the spin-orbit coupling
(~ 300 meV), unlike in the transition metals. In the case of a tetragonal symmetry, the
CEF states for the low-lying J = 5/2 multiplet are three Kramer’s doublets given by the
symmetry:

Ig=|+£1/2)
I} = a|+5/2) +b|+3/2) (3.7)
I?=b|£5/2) —a|£3/2)

with a? + b? = 1, a and b depending on the details of the CEF Hamiltonian. So, a goal when
performing RIXS experiments is to determine on the one hand, the CEF excitation A; and
A, to the first and second excited CEF levels respectively, and on the other hand, the mixing
parameter, a.

In figure[3.8] we show a typical example of high-resolution Ce-M; RIXS spectra of CeRh,Si,
measured by Amorese [[12] in the vicinity of the elastic peak. The corresponding incident
photon energy is indicated by the black arrow in the XAS spectra, and RIXS spectra were
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culated by the Hartree Fock method for the C'e*™ configuration. The distance 7 from the
nucleus on the z-axis is given in units of the Bohr radius aq. reproduced from [11].

measured with 7 and o polarization of the incident photons. A phenomenological fit of the
spectra allows for getting an idea of the CEF energies. The 4f level peaks are split into
two groups corresponding to the f51/2 multiplet (the elastic peak and levels peaks at about
46 meV and 73 meV) and the f7 /2 multiplet (4 levels in the range between 250-400 meV).
For an accurate investigation of the CEF energies and identifying the arrangement of the
CEF states (I'g, I‘%, and F% ) a simulation of the spectra (see figure is required. For the
CeRh;,Si» compound, the comparison between the experimental data and calculated spectra
allows to deduce that the ground state is given by the I'} states, and the first and second
excited states are respectively given by the I's and I'Z states. The corresponding mixing pa-
rameter is a = 0.96[[14].

An important feature of RIXS can be stressed here. Indeed, RIXS is a second-order optical
process with absorption and emission transitions. Each one is governed by the dipole selec-
tion rules. However, the total RIXS process does not follow these rules. Typically, RIXS
yields access to the f f excitations as described above, unlike x-ray absorption.

3.3.3 Fluorescence emission

In addition to the f f and charge transfer excitations observed in the range below 10 eV, other
features are visible at high energy loss in the RIXS spectra of cerium compounds. These
features involved different electronic levels in the absorption and emission processes and as
a result, they are not related to a RIXS process. In these kind of processes, the information
on the energy of the incident photon and the intermediate state are generally lost. The energy
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Figure 3.8: (a) Ce M5 XAS spectra of CeRh,Si; measured with o and 7 polarization of the
incident photon. The black arrow indicates the incident photon energy (881.7 eV) for the
RIXS spectra. (b) Ce M5 RIXS spectra nicely fit by the simulations with a CEF splitting of
0-46-73 meV associated with I';-T'¢-I'7 states for the fj , multiplet. Reproduced from Ref
[12]

of the outgoing photon only depends on the energies of the levels involved in the emission
process. It does not depend on the energy of the ingoing photon. This kind of feature is
referred to as fluorescence. For Ce My 5-edge RIXS spectra, 5p — 3d transitions as depicted
in Figure [3.9]can occur concurrently. A typical example is shown in figure [3.10k.

Another feature is visible in RIXS spectra, but only at the Ce-M, edge (see figure[3.10b).
Indeed, the corresponding deexcitations require the presence of a 3d3/, hole. This process is
referred to as the MMN Coster-Kronig transition (see Figure @ right panel). When a 3d3/,
is excited into the 4 f states, a 3ds,, electron deexcites in order to fill the hole, and its energy
is transferred to an electron in the valence band which is photoemitted. Then in the final
state, a valence electron decays to fill the 3ds/, left by the Coster-Kronig conversion. The
emitted photon energy is about 17 €V, corresponding to energy between the 3ds/, and 3ds /2
levels and can be measured as the energy separation between the main XAS structures of the
M, and Mj; edges. It is worth noting that the energy loss of the structure corresponding to
this process does not depend on incident photon energy and it is usually assigned to a normal
3ds 2 fluorescence [9].
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3.4 Experimental Aspects

Three elements are important in order to carry out XAS/RIXS measurements:
* A monochromatic light from synchrotron radiation.

* A clean sample surface of the material under investigation, which requires an ultra-high
vacuum environment, especially for XAS.

* A means of collecting and analyzing the energy and momentum of the emitted photons,
typically through a spectrometer with a CCD detector.

The experimental works presented in this thesis have been performed on two spectrom-
eters. The AERHA spectrometer[18] of SEXTANTS beamline[19] at synchrotron SOLEIL
and the AGM-AGS spectrometer of Taiwan Light Source. We will briefly discuss the equip-
ment of the SEXTANTS beamline.

3.4.1 RIXS at AERHA spectrometer at synchrotron SOLEIL

Sextants is a beamline of the Synchrotron Soleil, conceived for the investigation of electronic
and magnetic properties of solids through an elastic, inelastic, and coherent scattering of
soft X-ray photons. The different experimental end-stations installed at Sextants allow per-
forming resonant inelastic x-ray scattering, x-ray resonant magnetic scattering, and coherent
x-ray scattering, the last one including also imaging via Fourier transform holography. The
beamline is equipped with:

* Two Apple-II undulators of 44 mm (HU44) and 80 mm (HU8O0) period, providing linear
or circular polarization control over the whole 50-1700 eV energy range.

* A fixed-deviation monochromator based on five plane gratings and one spherical mir-
ror. One of the two branches of the beamline delivers a 2x100 pm? spot size to the
AERHA spectrometer, to perform RIXS experiments on solid and gaseous species in
the soft and ultra-soft X-ray regime. The resolving power exceeds 10%, and the max-
imum flux on the sample at 1000 eV is 2.10%3 ph/s/0.1% bw (photons per second per
relative spectral bandwidth).

* Optics focusing down to 2 pm in the vertical beam size, allow to achieve of high
energy resolution while preserving high transmission, yielding the best compromise
considering the low cross-section of the RIXS process.

The optical layout of the beamline firstly consists of pair of horizontal mirrors that devi-
ate the beam from the undulator sources. The following optical element is the fixed-deviation
monochromator. It consists of five interchangeable VLS gratings and a spherical mirror that
focuses the radiation dispersed by the grating to the vertically occulting exit slit. Finally, an
elliptical-cylindrical mirror refocuses the beam onto the sample chamber. The scattered pho-
tons at a fixed angle of 90° from the incoming beam are brought to the AERHA spectrometer

84



Collecting Mirror Detector
Grating l
Sample Chamber l

Figure 3.11: Picture of the AERHA spectrometer of SEXTANTS beamline with its main
component: the sample chamber, the arm of the RIXS spectrometer together with the collect-
ing mirror, the grating chamber and the RIXS detector.

(Adjustable Energy Resolution High Acceptance). The spectrometer collects over a certain
solid angle the photons scattered by the sample and analyzes their energy. The AERHA sam-
ple chamber is equipped with a quadripolar magnet that delivers a rotatable magnetic field
with a maximum strength of 0.45 T. moreover, the sample holder is equipped with 12 elec-
trical contacts and works in the temperature range from 20 K up to 300 K. This offer the
possibilities of performing temperature dependent RIXS under applied magnetic and electric
field.

A picture of the AERHA spectrometer that incorporates a 3-meter-long arm is shown in
figure[3.11]and its optical element scheme is shown in figure[3.12] The AERHA spectrometer
is based on an elliptical mirror and a VLS grating focusing on a 13 um pixel charge-coupled
device (CCD) detector cooled by liquid nitrogen in order to reduce the thermal noise. Figure
[3.14] shows a raw image on the detector that consists in horizontal lines at different heights,
each corresponding to photon energy. As shown in Figure [3.14] the data reduction process
consists of the integration of the acquired images along the vertical axis of the detector (the
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Figure 3.12: Optical element scheme of the AERHA spectrometer.

isoenergetic lines). Owing to the focussing properties of the grating (elliptical), the shape of
certain photon energy is not a straight line onto the CCD, but it is a sort of arc. This can be
corrected by the acquisition software with parabolic interpolation. Before the experiments, a
calibration procedure is performed in order to assign the proper energy scale to the spectra,
which are discretized in pixels along the vertical axis of the CCD detector. This consists in
measuring the changes in the position of the elastic line (from the bottom to the top of the
detector) while gradually changing the incident photon energy (see figure [3.13)).
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Figure 3.13: Calibration curve eV/pixel: incident photon energy versus peak position
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Figure 3.14: The RIXS intensity captured at the CCD detector showing in the left panel a
2D RIXS image measured on a cerium compound. Photons are scattered to the detectors as a
function of energy in the z-axis and intensity in the x-axis. The right panel shows the RIXS
spectrum, which is produced by integrating the CCD image along the horizontal axis.

3.4.2 Sample surface

The measurements we carried out at the SEXTANTS beamline dealt with the M5 edge of
polycrystalline cerium compounds. The surface of such samples oxidizes heavily. Moreover,
the total electron yield (TEY) detection mode of the XAS measurements is extremely sensi-
tive to the surface. In order to obtain a clean surface and to avoid oxide contribution in the
spectra, a cleaning procedure of the sample in vacuum conditions (~ 10~®mbar) by scrap-
ing the sample in the load lock has been established during our beamtime. Even for RIXS
measurements, we will see that a clean sample is required to obtain spectra without oxide
contribution. The comparison of XAS/RIXS measurements between a freshly scraped sur-
face and a surface that has been exposed for more than 10 hours will be presented in section
3.7.3
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3.5 XAS and RIXS simulation

This section will describe the method to calculate XAS and RIXS spectra of intermediate
valence compounds. For this purpose, it is crucial to combine the SIAM with the full mul-
tiplet theory. Indeed, the SIAM part [20] will allow reproducing the relative energies of
the spin and charge loss structures, while the full multiplet part will allow reproducing the
correct shape of the spectra and, more importantly, the polarization dependence of the spec-
tra. The simulations were performed with the Quanty program created by M. W. Haverkort
(21} 22, 23| 24]] which is a suitable approach to describe the electronic wave function of
the system in the many-body atomic picture (Atomic full multiplet theory). In this thesis
chapter, we have combined the atomic full multiplet theory with a simplified single impurity
Anderson model to calculate the XAS and RIXS spectra of intermediate valence Ce com-
pounds, as detailed in the following. For a detailed reading of the full multiplet calculations,
Refs.[25)126) 27, 128l 29, 130] present the original formalism.

3.5.1 Atomic full multiplet theory

Coulomb interaction The Coulomb repulsion between electrons has to be considered for
partially filled shells (shells with more than one electron or hole) and is the key ingredient
for reproducing the complex line shape due to multiplet structures in core level spectroscopy.
The Coulomb interaction Hamiltonian is given by:

1 e?
Ho=352 =
i>j Ut

(3.8)

The Coulomb repulsion can be described as a scattering of two electrons with quantum num-
bers 71 and 7, following the exchange with an entity & of two entering electrons with quantum
numbers 73 and 74 as depicted in Figure [3.13] It can be written in second quantization as

T4 T2

T3 7,

Figure 3.15: Scattering event of the Coulomb repulsion. The two electrons have respectively
the quantum numbers (75 and 74) and (77 and 75) before and after the scattering.
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where 7; = (n;, l;, m;, 0;) denote the set of principal quantum number n;, the orbital angular
momentum [;, the z-component of the angular momentum m;, and z-component of spin ;.
c} and c;, are respectively the creation and annihilation operators of an electron in the spin-
orbital ¥;. In order to determine the matrix element U, ;, ., ,, the electron-electron interaction
term can be written as the multipole expansion:

Z 7,; (cos ) (3.11)
k= >

|Tz 74

where « is the angle between r; and r;, ro = min(r;,r;) and r~ = max(r;, ;) denote
respectively the lesser and greater value of the distance r; and r;. The Pj(cos«) are the
Legendre polynomials which are given by:

k

4
Pi(cosa) = 2/7{:2:1 ST YW 6,0V, P05, 9)), (3.12)

m=—

Next, we consider the atomic spin-orbitals given by

U,.(r,0,¢) = Rou,(n)Y,19(0, ¢)os, (3.13)

where R, (r) are the real radial part which depends on the electronic configuration (shell
and subshell), and ngj) (0, ¢) are the spherical harmonics which is determined by the angular
degree of freedom. We then evaluate the matrix element U, ,,.,-, by considering Eq.
and Eq. [3.13] We first consider the angular dependence by collecting the parts of the integral
dependent upon the variables (0;, ¢;) and (6;, ¢;). This gives rise to two factors which are the
so-called Gaunt coefficients expressed in Eq[3.14]and Eq[3.15}

2r

/ d; / dcos (6;)Y ) (6, 6.)Y, 1) (6, 6,) Y (63, 1) (3.14)
21

/ d¢]/ dcos (0 —mz( 17¢J)Yk (05, 0;) mlf)(eﬁ(bj) (3.15)

By considering the ¢-dependence of v = Pﬁ)eim‘ﬁ, it is interesting to find that the Gaunt
coefficients Eq[3.14]and Eq[3.15]are respectively different from zero only if m—m;+ms3 = 0
and m — my + m4 = 0. Hence, by combining these two conditions, we obtain m; + my =
ms+my, which implies that the z-component of the total angular momentum M~ is conserved
in the scattering process. Let us now investigate the integral over the two radial variables
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r; and r;. These integrations are more difficult, and the general expression involving four
different shells in the scattering process is given by:

Rk(7'17'27'37'4 / / k+1 Ry, (13) Rty (1) Rt (13) Ry, (1) diri drrj. (3.16)

So, we get the final Coulomb matrix element as
o0
Uniryryra = Oo1.0300m. D aF(lima, Ismg)a® (Lima, lyma) R¥ (ri7y737a), (3.17)
k=0

where d,, +, (0+,,+,) indicate that the spin-component of 7, and 73(7» and 72) must be the same
if the integral is not to be zero. We also introduced the following short notation for Gaunt
coefficients:

A 2 1
a*(lm, bms) = || 5= /0 d / deos ()Y (0, 9)n, ", 69,526, 9).

(3.18)
The a* values depend only on the symmetries and can be solved analytically, and they are
tabulated in the textbook by Condon and Shortley [28]]. Following the conservation of the
angular momentum, a* values are nonzero only if |I; — I3| < k < |l; + 13| and |lo — 4| < k <
|y + 14].
For two electrons in the same sub-shell, n; = ny = ng =ng and l; = Iy = I3 = I, i.e. the
Coulomb interaction within one single shell, one defines

F* = R*(mimoms7y), (3.19)

where & runs from 0 to 2/ in steps of 2. So for 2 electrons in d shell only F°, 2, and [* are
nonzero and we should consider F°, F'?, F* and F° for 2 electrons in the f shell. we can thus
expressed the Coulomb interaction matrix element as a function of F'* and then calculate the
multiplet energies in the LS coupling. For instance, one obtains for the f? configuration:

E('S) = Fy +60F, + 198F, + 1716 F

(
E(*P) = Fy + 45F, + 33F, — 1287F;
E(*D) = Fy + 19F, — 998F, + T156 F
E(F) = Fy — 10F, — 33F, — 286F (3.20)
E(*J) = Fy — 30F; + 97F, + 78F;
E(CH) = Fy,—25F, — 51F, — 13F;

E(*I) = Fy + 25F, + 9F; + Fp

From the energies of the different spectroscopic terms (Eq. |3.20), weighted by their degener-
acy (2L +1)(2S +1), we determine the average Coulomb interaction U}, i.e. the barycenter
of the spectroscopic terms with respect to the energy of the configuration f2. One obtains:

4, 2 ., 100

S5 O p— S —— U —— 1) 3.21
ir = Err = Tostrr — 1t T mem e (3.21)
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where we use reduced expression Fy = F°, F, = F?/225, F, = F*/1089 and F; =
F%/7361.64, following Condon and Shortley [28].

In the presence of a core hole like in the final state of Ce-M, 5 XAS with a configuration
3d°4 f", one has to take into account the coulomb interaction between the 3d and 4f shell.
In the scattering process of Figure the electrons can remain in the same shell (n,[;
= ng, I3 and ng, Iy = ny, l4) which gives rise to the direct term (Eq. of the Coulomb
interaction or can exchange their shells (n1,[; = ny4, l4 and ns, [y = ng3, [3) which corresponds
to the indirect or exchange term as expressed in Eq. [3.23)].

/ / k:j—l R”lll TZ)anlg (T])T Tj drz de7 (3.22)

7”
= ¢? / / rkil lel (ﬁ‘)anlz (Tj)lez (Ti)Rnlll (TQ)TZ'QT? dr; d?“j, (3.23)
0 0 >

In Eq. 3.22} k run from O to min(2l,2ly) in step of 2 and Eq. is nonzero only if
Iy — ls] < k < |lj + ly|. For the 3d°4f™ configuration, these conditions give rise to the
nonzero Slater integrals F°, 2, [*, G, G3, G® and the corresponding multiplet energies are
given by:

(‘PP P) = Fy + 24F, + 66 F, & (G, + 24G5 + 330G}5)

(!D}? D) = Fy + 6F, — 99F, + (3G + 42G3 — 165G’5)

E('F?F)=Fy — 11F, + 66F; + (6G, + 19G3 + 55G'5) (3.24)
(G2 Q) = Fy — 15F, — 22F, &+ (10G; — 35G35 — 11G5)

E(*H?H) = Fy + 10F, + 3F, £+ (15G, + 10G3 + G5)

In the same was as in Eq[3.21], the average Coulomb interaction for the 3d°4 f™ configuration
is given by:
2 5 )

= _ =B
105774~ 31 -2

3
av 0 1
Ura = Far — 7_0Gfd_

configuration 4f-4f 3d-4f spin-orbit
FZ  F* Y <an
4f0 - - - -
451 - - - 0.087
4f2 10.223  6.347 4.548 0.074
F?2 F4 Gt G3 G°® ¢(3d)
3d%4f! - - - 8.189 3.748 5.652 3.309 2285 0.119 7.442

3d%4f? 12.628 7.940 5717 7486 3384 5.073 2968 2.048 0.107 7.442
3d24f3 11.383 7.1 509 6.719 2998 4470 2613 1.803 0.095 7.450

Table 3.1: Table showing the Slater integrals values and spin-orbit coupling constant for dif-
ferent Ce ion configurations. The values are determined from the Hartree-Fock calculations.
Taken from Crispy [31], the graphic interface of the Quanty code.

Unlike the angular dependence given by the Gaunt coefficient which can be solved ana-
lytically, the radial dependence given by the Slater integrals F* and G* cannot be calculated
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analytically. They are determined for a free ion based on the Hartree-Fock approximation
with the atomic structure code RCNK36K by R. D Cowan [30]. The Slater integrals values
for different Ce ion configurations are given in table [3.1] In a solid, the Slater integrals are
empirically reduced in order to take into account the further modifications in the Hamiltonian
introduced by the fixed ions and screening by the free electrons. Indeed, the intra-atomic
electron-electron interactions are partially screened by the presence of other charges. This
result in the multiplet splitting measured experimentally to get reduced from the ionic values.
A reduction factor of 80% of the Hartree-Fock values of the Slater integrals has been noticed
by comparing with experimental spectra to take this screening effect into account. Further-
more, in the presence of a 3d hole, the Coulomb repulsion between the 4f electrons and the
3d hole is reduced to 60% in order to reproduce the Ce M, 5-edge XAS spectra.

3.5.2 Full multiplet configuration interaction

Combining the multiplet description with the SIAM implies that the single Coulomb repul-
sion term in the STAM Hamiltonian is replaced by a summation over four 4f-orbitals o, a,
3, B with z-component of the spin ¢ and o'. The full multiplet configuration interaction
Hamiltonian is therefore given by:

HilIM = €4f Z f:afaa + Z Gk:c]-:gckza +V (Z C:gfoza + HO) +
ao ko

kao

} : If + + } : +
Uaa/ﬁﬁ/ O‘U'fﬁo'/fa/alfﬁlﬂ' + <4f l.Sfa fa/’
ad

ad' BB oo’

(3.26)

where the term U C]: (J; 58 correspond to the Coulomb interaction matrix element. The diagonal

matrix elements are function of the Slater integral parameters F})f, Fff, Fj}f and Fj?f as
discussed above. We also added the last term that describes the 4f spin-orbit coupling.

For the SIAM part, and we used a simple form with a zero bandwidth conduction band
representing a fully occupied ligand state to get a singlet ground state via the hybridization
with the f states. Thanks to the Quanty code, we have the possibility to set the number of
configurations. We thus considered three different configurations in the initial and RIXS final
states f0, f1L, f2L? and d° f, d° f2L, d° f3 L? for the intermediate states of RIXS ( final states
of XAS). The 4 f energies are defined as ¢; = E(f;,,L) — E(f°) and E(f*L*) — E(fi,L) =
es + Uyys. It is worth noting that the Coulomb interaction between 4 f electrons in the SIAM
is Uy 1s not I J9f. By taking into account the 4 f spin-orbit coupling, the ground state, |g) is
described by a linear combination of configurations as

lg) = w°[ ) + wé/2|f51/2L> + w%/2|f71/2L> +w?|fL?), (3.27)

where L denotes a hole in the conduction band. [w’[?, |w; ,|?, [wy ,|* and [w?|? are respec-

tively the weight of the | f°), f2,L), | f7,L) and | f*L?) configuration and their dependence
as a function of the hybridization strength V" are shown in figure
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Figure 3.16: Weight of the f° f; ,, f7,, and f? configurations in the initial ground state as a
function of the hybridization V' for ey = —2.3 eV and Uy;=7.15 eV

In the intermediate state of RIXS ( XAS final state), there is an extra electron in the 4 f
states in addition to a 3d core hole. Therefore, the energy and occupation of the 3d core
hole are added in the corresponding Hamiltonian. Similar to the initial state, the multiplet
effects due to the Coulomb repulsion between the core hole and the 4 f states are obtained by
replacing the Uy, term with a summation over two 4 f and two 3d-orbitals. The Hamiltonian
in the intermediate state is therefore given by:

Hiypny = Hiypag + €3 Z disdas Z Udf’dmder ofoo £ idyy

oo ad' BB oo’

+ Z Udf’m’”"gef dspr f;ﬁa,dﬁfa—l—(;;le.sd;da,’

ad’ BB oo’ aa’

(3.28)

where the terms U? i1 nged and U’ 1 ’;“’;ha"ge respectively correspond to the direct and indirect
term of the Coulomb interaction matrlx element described as a function of the Slater integral
Eyy, Fjj, Fy, Gy, Gy, Gy as discussed above. In the same way as in the initial state, the
attractive Coulomb interaction between 4 f and 3d hole in the STAM Uy, is not F;. The last

term of the Hamiltonian describes the 3d spin-orbit coupling.
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3.5.3 XAS and RIXS spectral functions

For calculating the Ce M;5-edge XAS and RIXS spectra, we will use the SIAM combined
with the full multiplet theory introduced in the previous section. The XAS spectral intensity
is provided by the Fermi’s golden rule

Ixas(hw) = > [{os|Ti|g)|"8(E, + o — Ey), (3.29)
!

where g and ¢ respectively denote the initial ground state and all the XAS final states. 7}
is the transition operator of the absorption process. The probability of a transition from the
ground state to a given XAS final state is given by the integral |<gz§ ¥ ‘Tl ‘ g> ‘2 while the delta
function ensures for the energy conservation. In order to numerically calculate an XAS spec-
trum, one has to first diagonalize the initial and final state Hamiltonian to find the initial
ground state and all the possible final states. Then, one has to compute the transition proba-
bility between the ground state and each final state, each one corresponding to a delta peak in
the spectrum. Finally, one can compare this with the experiment after broadening to account
for the core-hole lifetime as well as the experimental resolution. However, this becomes less
efficient typically when we have a large Hamiltonian matrix since it will require a significant
computation time. The Quanty code as well as most modern codes [32]] calculates the spectra
by using Green’s functions formalism which requires less computational burden. Exploiting
the fact that the matrix element }<¢f‘T1]g>‘2 can be rewritten as (|11 |¢;) x (¢|T1]g),
and using the identity

S |or W old(B, + hw — Ey) = ——(G* - G7)

271
/ X (3.30)
with GE(E, + hw) = - ,

where Gt and G~ are Green’s functions. So the XAS spectral intensity is now given by:

1
hw — HYpyp + By + 40

where "Im" stands for the imaginary part. This spectral function consists of a series of
Lorentzians of width I" at all the eigenvalues of the final state Hamiltonian. One only needs
to calculate the inverse of the final state Hamiltonian instead of all the eigenvectors of the
final state Hamiltonian. In the same way, one obtains the RIXS spectral intensity by using
the Kramers-Heisenberg formula described below :

Ixas(hw) = —Im(g|T}" Tilg), (3.31)

1 T, .1 : X
M_H£IN[+iF/2 hQ_H}A&IM‘f’ZF/Q

1
T Ti|g).
“hw — Hpyy +14T/2 o)

Gro1,(w, Q) = —Im<g{Tfr
(3.32)
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where 7 and 7T, represent the optical transition operator for the absorption and emission
process, respectively. H;,, and H fl 1 are the Hamiltonian in the initial and intermediate
state, respectively.

Figure 3.17: Geometry of the measurement. k and k' are the momenta of the incident and
emitted photon respectively. The polarization vectors of the incident photon energy in de-
polarized geometry (7 polarization) and polarized geometry (o polarization) are respectively
parallel to the z-direction and y-direction. The emitted photon energy is polarized in both the
y-direction and x-direction.

Let us now take into account the scattering geometry as well as the polarization depen-
dence. Figure[3.17)shows the two different polarization geometries used for linear polarized
incident x-rays when the scattering angle is fixed to 90 degrees: Polarized geometry ((o po-
larization)) where the incident x-ray is perpendicular to the scattering plane and the so-called
depolarized geometry ((7 polarization)) where the incident x-ray is parallel to the scattering
plane. By using the polarization vector e = (e, €, €, ) and the spherical tensor operator C. (k),
the dipole transition operator 7} is expressed as:

-1

1
Ti=er=rx|—(e, —ie oW + —(e, + e C(J) + ezC’(l) , 3.33
1 \/5( y) 1 \/5( y) 1 0 ( )

where C’ék) (¢=-1, 0, 1) are defined with the spherical harmonics Y}](k) by :
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4dr
=\ - . (3.34)

Thus, the dipole transition operator for an incident or emitted x-ray parallel to X, y and z

directions are respectively given by: 7T, = \%(C’(_ll) — C’fl)), T, = \%(C’(_ll) + Cf”) and

T, = C’(()l). By taking into account the fact that the polarization of the emitted x-ray is not
usually detected, the RIXS spectra in o and 7 polarization with 90° of scattering angle are
respectively given by:

G, =Gr,1, +Gr,1,, Gr = G101, + G111, (3.35)

3.5.4 RIXS spectra for a trivalent system: CeF;

| Ce M-XAS B '
v 2) | 3 b)
| 8
I @
J g CeF;
- .|| ‘ll‘ ||-|..n. . \ ) X \ - - \
875 880 885 890 878 o 884 890
Photon energy (ev) hoton Energy (eV)

Figure 3.18: (a) Calculated Ce M;5-edge XAS spectrum for a trivalent Ce compounds. the
vertical bar diagrams indicate the intensities and positions of the transition probability to the
final states. (b) Experimental Ce M;5-edge XAS spectrum of CeFs compound taken from
[33].

configuration J  Terms symbols degeneracy
41! 52 ’F 1
72 ’F 1

Table 3.2: Symmetries of 4 f! electron

Figure [3.18a and [3.18p respectively show the calculated Ce Mjs-edge XAS spectrum for
a purely trivalent Ce compound and a typical experimental spectrum for CeFs[33]]. The cal-
culated spectrum exhibits a prominent structure centered at 880 eV corresponding to the
3d*04 f1 — 3d°4f? transitions [34]. The complex line shape of the spectrum arises from the
multiplet effects of the 3d°4 f? configuration, which corresponds to 10.142J = 910 possible
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configuration  J Terms symbols degeneracy

3d94f2 12 2D(2) 2P(3) *P(2) 'D(2) 2S 9
3/2 2p(2) 2D(5) “D(2) *P(3) *F(2) 15
512 2D(4) 2F(5) “P(2) ‘F(3) ‘G(2) ‘D(2) 18
72 F3)*GQ2) *H(2) 2G(5) 2F(5) ‘D(2) 19
9/2  2G(5) 2H(4) “F(3) ‘G(2) 2H(2) 41 17
1172 1G(2) *H(2) 4147 2H(4) 21(3) 13
132 1H(2) 21(3) 23(2) 4147 21(3) 9
152 114725(2) 2K 5
1772 474K 2
S =910 S =107

Table 3.3: Symmetries of 3d°4f? electrons. The different multiplet terms selected by their
different J values are given. The number of representations per J value and the total number
of representations, and the total number of states are given in the last column. Notations
such as H(2) should be read as two *H configurations. The multiplet terms depicted in red
correspond to those the dipole selection rules allow.

final states. These 910 states are grouped in 107 multiplets with different .J as shown in table
[3.3] and imply, in principle, 107 possible final states. However, the number of transitions is
significantly reduced owing to the dipole selection rule AJ = 0, 1. It can be found from
Table that the 4f! has a ground state with J = 5/2 and from Table it can be found
that within the 3d°4f? configuration, there are only 18 states with .J' = 5/2, 15 states with
J' = 3/2 and 19 states with J' = 7/2. Therefore, the atomic 4" to 3d°4f? transition is
reduced to a total of 52 peaks. The most intense peaks in the M 5-edge labeled A and B in
Figure correspond to a >F5 o — G/ transitions.

The Ce M5 RIXS process for a trivalent Ce compound can be described by the transitions
3d04 1 — 3d°4f% — 3d'°4f! (the intermediate state corresponds to the XAS final state,
while the XAS final state of the RIXS process is same as the initial state). In figure
we show the calculated RIXS spectra with the incident photon energy tuned around the Mj
edge of the XAS spectrum. In both polarizations, the calculated spectra exhibit an elastic
peak corresponding to the f7 /2 final state and another structure at 0.28 eV corresponding to
the f1 /2 final state. Since there was not enough experimental resolution to study the 4 f spin-
orbit coupling when performing the early RIXS measurements, the calculated spectra were
broadened in order to obtain only one structure matching the experimental one (see Figure
3.3). It is worth noting that the elastic peak associated with the f3 /2 final state is present in
both polarizations. However, the relative intensity of the f7 /o structure with respect to f3 /2 in
o polarization is strongly reduced than that of 7 polarization (see section [3.5.6] for detailed
explanation). It is interesting to note that when the incident photon energy is varied across
the XAS main structure, the f; /2 final state exhibits two maxima separated by about 0.8 eV
in both 7 and o polarization. These two maxima are associated with the structures A and B
in the XAS spectrum (E4-Ep = 0.8 V).
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Figure 3.19: calculated result of the Ce M5 RIXS spectra of a purely trivalent system with 7
(a) and o (b) polarizations of the incident photon energy.

3.5.5 RIXS spectra for an intermediate-valent system

In this subsection, we will present the calculated RIXS spectra for an intermediate valent
system. However, at first, let us recall the energy levels for an intermediate valence Ce
compound with the 4f spin-orbit splitting schematically shown in figure 3.20p. The spin-
orbit coupling splits the 4 f orbital into a sixfold degenerate J = 5/2 level and an eightfold
degenerate J = 7/2 level separated by about A ~ 280 meV. The hybridization between
4 f and conduction band states lifts these degeneracies and leads to the stabilization of two
singlet states. W, is the Kondo singlet ground state with energy £,. The first excited states
W with predominantly f;} /o Character are separated from the ground state by 7% . The singlet
state Wy located at £, + Tx + Aso — T, resembles that of ¥, but with predominantly f71 /2
character. The states U3 lying at E, + A, have mainly f. /2 characters. Finally, the states
W, and U5 located at high energy at ¢, and 2¢; + U have predominantly f° and f? character
respectively. T and T, respectively reflect the energy gain by the singlets from the J = 5/2
and J = 7/2 manifolds. Bickers et al. [35] have calculated these two energy scales by using
the large-N expansion approximation of the Anderson Hamiltonian, and they obtained:

B 7T6f5/2 D 8/6
TK_DeXp< 6T ><A50+TK) ’ (3.36)
e D 6/8
T, = Dexp( 8’;/2) (A ~— ) , (3.37)

where I' = 7N (0)V (given by the Fermi golden rule) is the hybridization width acquired
by the f states due to the hybridization (V) with the conduction electrons at the Fermi level
(N(0)). D is the bandwidth of the conduction electrons.

In the presence of a 3d core hole (XAS final state and RIXS intermediate state), the lowest
states become the 3d°4 f? configuration which overlaps with the 3d%4 f3 configuration, and
the first excited states are given by the 3d°4 ! configurations. This reordering of the different
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Figure 3.20: a) Total energy level scheme and RIXS transitions in cerium Kondo systems.
b) Expected shape of the RIXS spectrum when measured with an experimental resolution of
about ~ 100 meV. The low energy f f excitations are depicted in red colors. The f1 — f°
and f' — f? charge excitations are respectively depicted in purple and green colors.

configurations is due to the strong core-hole interaction with the f states. Indeed, the energy
of the 3d°4f™ (n = 0,1,2,3) configuration in the intermediate state is given by:

n(n —1)
2

where €, is the binding energy of the 3d hole. Let’s first discuss the absorption spectrum. The
calculations are performed with the following parameters: V = 0.13 eV, €; = -1.7 eV, Uy
=7 eV and Uy, = 10.85 eV. The number of 4f electrons in the ground state calculated with
these parameters is ny = 0.96. When the incident x-ray photon excites a Ce 3ds/o electron
to the 4 f state, we have the 3d°4f!, 3d°4f? and 3d°4f3 configurations which are mixed by
the hybridization. Therefore, two main transitions are expected in the Ce M5 XAS, the first
one consists of the 3d%4 f? and 3d°4 f3 configurations which nearly overlap, and the second
transition corresponds to the 3d°4 f! configuration (see Figure [3.20)a. The calculated Ce Ms
XAS spectrum in figure [3.21] exhibits, in addition to the main structure centered at 880 eV, a
satellite structure which is located at about 886 eV. This latter feature reflects the intermedi-
ate valent character of the ground state, and its intensity is proportional to the hybridization
between the f and conduction band states.

Figure[3.20a shows the transitions for different incident photon energies in the RIXS process.
When the incident photon is tuned around the main Ce-3d5,, XAS structure, the intermedi-
ate states which correspond to a mixture between the 3d°4 f3 and 3d°4 f? configurations are
selected and they can decay to all possible final states, but mainly to those with f2 and f*

E3d4f™) = nes + Usp 4+ nUse + €., (3.38)
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Figure 3.21: Calculated Ce M;5-edge XAS spectrum for an intermediate valence (n; = 0.96)
Ce compounds. The calculations have been made with V = 0.15 eV, Uyy = 7 eV and Uy, =
10.85 eV

character. Similarly, when the incident photon energy is set to the Ce-3d5/2» XAS satellite
structure, the intermediate states are dominated by 3d°4 f! configuration and decay predom-
inantly to the final states with f° character. Figure [3.22h, and [3.22b show a waterfall plot of
the calculated RIXS spectra as a function of the incident photon energy in o and 7 polariza-
tion, respectively. A prominent structure centered at about 5 eV loss energy dominated by the
multiplet effects corresponding to the f2 final state is observed in both polarizations. When
the incident photon energy increases from 875 eV to 890 eV, this structure is resonantly en-
hanced at about 881 eV. Figure also exhibits a single peak at about 2 eV loss energy,
corresponding to the f final state. This latter feature is resonantly enhanced when the inci-
dent photon energy corresponds to the f1 XAS satellite at about 886 eV. Note that there is
also a small amount of the f° final state at around 881 eV. It arises from the small amount of
f! character in the 3d°4 f! intermediate state (see purple transitions in Figure ). More-
over, it exhibits two maxima associated with the two main structures, A and B of the XAS
spectrum. The calculated RIXS spectra with 7 polarization of the incident photons also ex-
hibit f? final states. However, the f° final state is completely suppressed. This behavior
will be discussed in more detail in the next section. Before that, let’s look at the low-energy
excitations.

In order to study the low energy excitations, we show in Figure the calculated RIXS
spectra in the energy loss range below 0.5 eV, obtained for the incident photon energy tuned
to the main structure of the XAS spectrum. Indeed, at this energy, the intermediate state
dominated by the 3d°4f? decays predominantly to the ground state, as mentioned above.
Therefore, in addition to the elastic peak, three structures are observed corresponding to W,
W,, and W3 final states in o polarization. The transitions to W, and V3 final states are the two
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Figure 3.22: Waterfall plot showing the incident photon energy dependence of the calculated
Ce Ms5-edge RIXS spectra of an intermediate valence system. The spectra were calculated
with o (a) and 7 (b) polarization of the incident x-ray with the following parameters: V =
0.15eV, e, =-1.7eV,U;; =7eV and Uy, = 10.85 eV. The f? (2 eV) and f? (5 eV) final states
structures resonate for different photon energies. The f* final state is completely suppressed
in 7 polarization.

Kondo resonances as expected in inverse photoemission spectroscopy [35]. In 7 polarization,
only the Kondo resonance and its spin-orbit replicate are observed.

3.5.6 Polarization dependence: Discussion

In this subsection, we will discuss in more detail the polarization effect in RIXS spectra of
purely trivalent and intermediate valence cerium compounds, obtained in the calculations
discussed in the previous section.

The polarization dependence is very important to understand the symmetry of the ground
state. It has been theoretically shown [36), that f°-like compounds (such as CeO,) exhibit
a drastic polarization dependence: the f° final state and the elastic peak are forbidden in
polarized geometry. This has been confirmed experimentally by Watanabe [38]]. The same
drastic polarization effect was also predicted in Ce Kondo systems but was never observed.
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Figure 3.23: Detailed view of the calculated spectra (V = 0.11 eV, ey =-1.7 €V and Uyy =
7 eV with ny =0.98) in the energy loss range below 0.5 eV in o (red line) and 7 (black line)
polarizations of the incident x-ray. The incident photon energy is tuned on the XAS main
structure (B).

By using the Wigner-Eckhart theorem, the dipole transition matrix element can be written as
a function of the 3-j symbol:

!

1o ’ /_ ! J 1 J L
(YT M|CO|yIM) = (-1)" M (_M, . M)(w

ICY||yT) . (3.39)

where < 5 J /| c | ‘7] > is the reduced matrix element which is independent of M, M and
q- Depending on the X-ray polarization, q takes the values -1, 0, or 1. Considering the case of
the emission process, J and J are the total angular momentum of the intermediate and final
state, and M and M are their z-components. Using the 3-j symbol, the transition matrix
element is zero, unless

M—M +q=0. (3.40)

Therefore, the transitions in the absorption and emission process occur only if Equation [3.40)
is valid.

Let’s briefly discuss about the symmetry of the configurations. The f° configuration has a
total angular momentum J = 0. The fg/QL ( f%/QL) configuration consists of a 4f electron
with angular momentum j = 5/2 (j = 7/2) and a hole in the conduction band states with
angular momentum j;, = 5/2 (j, = 7/2). So, the total angular momenta of the f51/2L ( f;/QL)
configuration are J = 0,1,2...5 (J=0,1,2,...7) since |j — j.| < J < j + jr. Given that the
hybridization term of the SIAM conserves the total angular momentum .J, only its matrix
elements between states with same total angular momentum are non zero. Therefore, only
the states f51/2L and f%/QL with J = 0 hybridize with the f° (J = 0) states and gives rise

102



M'=0 M’ =+1,—-1
X
B AM=+1,-1

y

AM=0

\ AM = +1,-1
M=0 M’ =-1 1 M=0 M"=2,0,2
m — polarization o — polarization

Figure 3.24: Illustration scheme of the m-polarization (a) and o-polarization (b) dependence
of the Ce M;5-edge RIXS process.

to the singlet ground state W, and its spin-orbit replicate Wy with total angular momentum
J = 0. The remaining non hybridized states with J = 1,2...5 and 1,2..7 correspond to ¥,
and W3 respectively.

The polarization dependence in the Ce M;-edge RIXS process is illustrated in Figure[3.24] In
the absorption process, the polarization is in the y-direction for a ¢ polarization (perpendic-
ular to the scatering plane) and it corresponds to a linear combination of ¢ = 1 and ¢ = —1
(see Equation [3.33]). So, by using the 3-j symbol of equation [3.39] the z-component of the
total angular momenta in the intermediate state of RIXS are M = 1 and —1. Owing to the
experimental geometry (90° of scattering angle) the polarizations of the emitted x-ray are
only in the x and y-directions and not along the z-direction. So, in the final state of RIXS,
the total angular momenta M " values would be -2, 0, and 2. Therefore, the elastic peak ¥,
and all the inelastic final states mentioned above are allowed.

For the 7 polarization on the other hand, the incident x-ray polarization is in the z-direction
(parallel to the scattering plane) and associated with the polarization component ¢ = 0, so
that in the intermediate state we have M = M = 0. The polarization component of the
emitted x-ray should be a linear combination of ¢ = 1 and ¢ = —1, then the values of M in
the final state of RIXS are -1 and 1 and as a result, the transition to the singlet states (W, W5
and W,) with M = 0 are forbidden (see Figure[3.20a and [3.23)).

For purely trivalent systems such as CeFj3, the total angular momentum of the ground state is
nonzero (J = 5/2). The ground state is 6-fold degenerate with different M values from —5/2
to 5/2. By generalizing the argument discussed above for an intermediate valence system, the
transitions from the initial state (M) to the final state (M) are allowed only if AM = —1,1
for a 7 polarization and AM = —2,0,2 for a o polarization of the incident photon. So,
the elastic peak for a purely trivalent system is always allowed since the transition from the
ground states (J = 5/2, M) to the final states (J = 5/2, M + 2) are possible.
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Figure 3.25: Calculated XAS spectra at Ce-M; edge and the contribution associated with
the different configurations with (a) and without (b) inclusion of the f? configuration in the
initial state (f? configuration in the ground state). It is noted that the total XAS is not the sum
of f!, f2, and f3 contribution due to interference effects.

3.5.7 Importance of the f2/f3 configuration in the initial/intermediate
state

Since the ground state is a mixture of the f°, f' and f? configurations, three different
contributions are expected in the Ce M5 XAS spectrum corresponding to the transitions
3dP04 f0—3d%4f!, 3d04f1—3d°4f? and 3d*°4f?—3d°4f3. Following the Gunnarsson and
Schonhammer [39] approach, only the d° f! and d° f? final states are usually identified and
quantified, and regarding the d° f3 final state, Fuggle et al. [40, 41] mentioned that due to
the large increase of the Coulomb repulsion, the d° f? final state feature should be weak, and
at higher energy than the d° f? final state. However, while the d° f? final state is expected
to be weak, it is crucial for describing RIXS spectra where the 4f signal is enhanced by the
resonant character. In Quanty, we have the possibility to calculate the partial excitations
of these three contributions. In figure , we show, in addition to the total calculated
XAS spectrum, the contributions corresponding to the transitions from the ground state to
the 3d°4 1, 3d°4f? and 3d°4 3 final states. We remark that the f2 and f? structures overlap.
Indeed, while the Coulomb repulsion significantly increases with the 4f occupancy, it gets
compensated by the core hole interaction with the f electrons. With a zero hybridization, we
have E(3d°4f%) = 3e; + 3Usp — 3U;. and E(3d?4f?) = 2¢; + Upp — 2U;. which yields
E(3d%4f3) — E(3d°4f?) ~ 1.5 eV for typical parameters of cerium systems.

For comparison, we show in Figure [3.25p the calculated XAS spectrum by neglecting the
4 f? configuration in the initial state and 3d°4f? in the final state. Consequently, the weak
f? contribution has a small influence on XAS but has a drastic effect on the RIXS spectra,
which cannot exhibit the final f? energy loss structures without the f? configuration (see
Figure . Figure m shows that without the 3d°4 f3 configuration in the XAS spectrum,
the 4 f? structure in the RIXS spectrum is completely missing. This result shows that an

104



— with f° configuration
——without £ configuration

f2

S

6 8

Energy Loss (eV)

10

Figure 3.26: Calculated RIXS spectra with (black line) and without (red line) the f2(f?)
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Figure 3.27: Calculated XAS spectra for various SIAM parameters. a) f state energy ey
dependence (V' =0.15eV and Uy =7 V). b) hybridization V' dependence (e; =-1.7 eV and
Uty =7eV). c) Coulomb repulsion Uy dependence (e; =-1.7eV and V' =0.15 eV).

extended basis is necessary to simulate the different loss structures in the RIXS.

3.5.8 Influence of the different parameters

From the figure [3.20b, the loss energy structures are associated with the f°, f* and f2 final
states. Their intensities depend on the hybridization strength V, the Coulomb repulsion Uy,

and the f-state energy €. Figures[3.27h, [3.27b, and show the overall influence of the
parameters on the Ce M5-edge XAS spectra, especially the intensities of the satellite (C) and
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Figure 3.28: Calculated RIXS spectra with incident photon energy tuned on the main (B) and
XAS satellite (C) structure for various SIAM parameters. a) f state energy ¢ dependence (V/
=0.15eV and Usy =7 eV). b) hybridization V' dependence (¢; =-1.7 eV and Uy =7 eV). ¢)
Coulomb repulsion Uy ; dependence (e; =-1.7 eV and V = 0.15 eV).

the energy separation between the satellite and the main peaks (A, B). The corresponding
RIXS spectral line shapes for an incident x-ray energy set to the f2 main peak (B) and the
f1 satellite (C) are respectively shown in figures [3.28, [3.28b and [3.28c. In the intermediate
state of RIXS, the d°f! configuration lies at high energy compared the d° f? configuration
and mixes quite less with the latter. Therefore, the intensity of the f° peak depends mainly
on the weight of the f° configuration in the initial state. However, the d° f? and d° f* config-
urations overlap and are strongly mixed. Therefore, the intensity of the f? peak depends on
the weight of the f2 and d° 3 configurations in the initial and intermediate state, respectively.
The energy separation between the f© and elastic peak increases with increasing |e;| and the
hybridization strength V. In addition, the intensity of the f° peak increases with the hybridiza-
tion but decreases with increasing |e;|. When the Coulomb repulsion increases, the f° peak
remains at the same energy, but its intensity slightly increases. Regarding the f? structure,
the f? configuration lies at ~ |e; + U;;| with a zero hybridization. So, the energy separa-
tion between the elastic and f? peak increases with increasing ||, Uy and the hybridization
strength V, and its intensity increases with increasing |e¢| and V but decreases with increasing
Uyy. It is interesting to observe that the intensities of the f° and f? peaks evolve in the same
way with increasing V whereas they evolve in the opposite way with increasing |e|. Indeed,
the energy separation between the d° f2 and d° f? configurations decreases with increasing
e f| and, as a result, hybridizes more, and the weight of the d”f? configuration increases.
Furthermore, as mentioned above, the intensity of the f° peak depends only on the weight of
the f° configuration, which decreases with increasing |e|.
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3.6 RIXS insights into CeAgSb, Kondo system

In this section, a study of the low and high-energy excitations of the ferromagnetic CeAgSb-
compounds by means of RIXS spectroscopy is presented.

3.6.1 Properties of CeAgSh,

Sbe

Figure 3.29: Crystal structure of CeAgSb, compound. The lattice parameters are a = b =
4.363 A and c = 10.699 A.

CeAgSb, is a heavy fermion compound which crystallizes in ZrCuSi,-type structure as
shown in Figure with the cell parameters: @ = b = 4.363 A and ¢ = 10.699 A [42]).
Its linear coefficient of the specific heat (Sommerfeld coefficient) is moderately enhanced
v ~ 46 mJ/(mol.K?), corresponding to a mass enhancement of ~ 21 with respect to its
nonmagnetic La analog [43]. Its Kondo temperature has been estimated by magnetic sus-
ceptibility measurements at T ~ 65 K[44]. However, inelastic neutron scattering[45]], as
well as spin rotation measurements[46], yields Tx ~ 60-80 K, while a slightly lower value
of T ~ 23 K [44] was suggested from an analysis based on the relation between the Wilson
number and the Kondo temperature. CeAgSb, orders ferromagnetically at T ~ 9.7 K [47].
This is unusual since the competition between the RKKY interaction and the Kondo effect
usually gives rise to an antiferromagnetic ordering in cerium compounds. For such ferromag-
netic Kondo lattices, the maximum in resistivity which is a signature of the Kondo energy
scale is usually observed just above T [48]. In CeAgSbs, it is seen at about 15 K allowing
us to conclude that T’ is close to T, in the range 10-20 K. This ferromagnetic ground state
is an evidence of the strong competition between the Kondo screening and the RKKY inter-
actions. Its weak intermediate valence character (ny ~ 0.99) has been shown by 3d- XAS
[49], as well as 4d — 4 f resonant photoemission spectroscopy [50]. Figure [3.30| shows the
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Figure 3.30: Experiental Valence band photoemission spectra of CeAgSb, measured with a
photon energy of hv = 881.5 eV (resonance at the M5 edge), taken from Ref. [49].

valence band photoemission spectrum measured at hv = 881.5 eV. As expected in the SIAM,
the peak in the vicinity of the Fermi level is associated with the f3 /o State, and the peak at
about ~ 0.25 eV corresponds to its spin-orbit replicate f;} /2- The structure located at about
~ 2.6 eV corresponds to the f final state and reflects the intermediate valence character of

the ground state. We will see that these final states are associated with loss structrures in the
RIXS spectra.

3.6.2 Charge transfer excitations

Figure shows the Ce 3d5,, X-ray absorption spectrum at 7'= 20 K. The spectrum ex-
hibits a structured feature around E' = 880 eV corresponding to the 3d2 /2 f? multiplet states
due to the strong interaction between the 3ds/, core hole and the Ce 4f state. There is also
a very weak satellite at £/ = 886 eV which corresponds to the 3dg /2 f! final state. The pres-
ence of this satellite in XAS spectra is an indication of the Kondo singlet ground state and its
intensity reflects the f° contribution in the ground state (this contribution is very weak since
ny ~ 1)[40].

Figure [3.3Tc shows a set of RIXS spectra of the CeAgSb, single crystal recorded at dif-
ferent incident photon energies hv indicated by arrows in the XAS spectrum (see Figure
[3.31Tj) around the Ce M; edge. All spectra were measured with o polarization of the incident
photons. When the incident photon energy is tuned on the main peak of the XAS (point B),
the RIXS spectrum exhibits two structures: The elastic peak at zero energy loss which cor-
responds to the f! final state, and a broad structure at 4.5 eV loss energy which corresponds
to the f2 final states. When the incident photon energy is tuned at the weak XAS satellite
(point F), in addition to the elastic peak, an inelastic structure is observed at 2.7 eV energy
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Figure 3.31: (a) Experimental (1" = 20 K) and (b) calculated (T' = 0 K) Ce-3d5/, X-ray
absorption spectra of CeAgSb, at 20 K. A set of experimental (c, e) (1" = 300 K) and (d, f)
calculated (7" = 0 K) RIXS spectra for different photon energies around the the M5 edge and
the satellite. The measurements were made at 7' = 20 K with ¢ polarization.
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loss which corresponds to the £ final state. The energy loss of the f final state is consistent
with photoemission measurements (see Figure [3.30). Moreover, it is interesting to notice that
the f2 structure observed at about 4.5 eV is consistent with the inverse photoemission results
(1511520 [1, 1531 154} 1551, 156]. Therefore, RIXS can evidence all the charge excitations (f LN
f%and f' — f?) usually observed in combined PES and IPES measurements. In addition
to these loss energy structures, a prominent inelastic scattering peak at 6 eV energy loss ap-
pears and its energy loss increases with increasing incident photon energy. A similar structure
has been observed in the RIXS spectra of CeO, compound [38] and has been attributed to a
fluorescence-like transition to discriminate it from the normal fluorescence which appears for
the incident photon energy tuned well above the threshold. Indeed, this structure is due to the
fact that the XAS satellite structure reflects an admixture of the f states with the continuum.
The fluorescence-like structure was also observed in RIXS spectra of CeBg Kondo systems
[9]. By varying the incident photon energy from A to I, the f° and f? final states show a
constant energy loss which is consistent with the strong localization of the f states contrary
to the fluorescence-like structure which involves delocalized states.

In order to accurately describe the RIXS spectra and to determine the hybridization
strength V, the f binding energy ¢, and the Coulomb repulsion Uy; of the CeAgSb, com-
pound, we performed a full-multiplet configuration-interaction calculation presented in the
previous section[3.5] Ce Ms-edge XAS and RIXS spectra were simulated using following pa-
rameters: The hybridization between 4f state and conduction band V' = 0.15 eV, the Coulomb
interaction between 4f electron and core hole Uy, = 10.85 eV, the Coulomb interaction be-
tween 4f electrons Uys = 7.15 eV and the f binding energy e; = —2.3 eV. These parameters
result in an intermediate valent ground state (ny = 0.99) consisting of the 1% 3.3%), f!
(94.7% ) and f? (2%) configurations. In order to account for the experimental resolution
as well as the conduction electron bandwidth, the f2 and f° structure in RIXS spectra were
convoluted with a Lorentzian of width ' = 1.2 eV (FWHM). Figures [3.31b and [3.31d show
the results of the calculated XAS and RIXS spectra. The calculated spectra are in good
agreement with the experimental ones shown in Figure [3.3Tb except for the fluorescence-like
structure which can not be reproduced with our model. The RIXS calculations were made
with o polarization of the incident photons. The f? structure exhibits a clear multiplet effect
due to the strong 4f — 4f interactions contrary to the f° structure which is a single peak
resonantly enhanced at the XAS satellite (incident photon energy point G). Indeed, the f?
final states consist mainly of the > H multiplet when the incident photon energy is tuned on
point B. However, the f? final states evolve into two main multiplets namely >4 and 3P,
on increasing the incident photon energy from point B to C. It should be noted that similar
multiplet effects have been observed on the f? final state of RIPES at the Ce N, 5 edge of
cerium intermetallic compounds [57, 58|, [59]]. We recall that the pronounced f? structure in
RIXS spectra is due to the mixing between the, 3d°4 f2, and 3d°4 f? configurations in the in-
termediate state and that it is not possible to reproduce the f? states in RIXS spectra without
taking into account the 3d°4 f3 configuration in the intermediate state ( f? configuration in the
initial state, see section[3.3.7]).

The polarization dependence of the RIXS spectra with the incident photon energy hv
= G of the XAS satellite (associated with intermediate states with a f! character) is clearly
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evidenced by comparing figure[3.3Tk with[3.3Tk. As theoretically discussed in section[3.5] the
1 final state is completely suppressed in 7 polarization and by disregarding the fluorescence-
like structure, the spectra are similar to those of a purely trivalent compound. This behavior
seen in the experimental data of figure [3.31f is nicely reproduced by the simulations (see
Figure and confirms the 1Sy symmetry of the initial state.

3.6.3 Low energy excitations

Simulation

Experimental

Intensity (arb. units)

o S e

04 02 00 -02 -04
Energy Loss (eV)

Figure 3.32: Experimental and calculated RIXS spectra of CeAgSb, in the energy loss range
below 0.5 eV. The incident photon energy is tuned on the main XAS structure (B).

Let’s look at the RIXS spectra in the energy loss range below 0.5 eV. This region cor-
responds to the low energy excitations such as the 4f spin-orbit splitting, crystal field exci-
tations, and the Kondo energy. The energy resolution of the AGM-AGS spectrometer [60]]
which is about ~ 100 meV is enough to resolve the 4f spin-orbit splitting in cerium com-
pounds which is known to be about 280 £ 10 eV. However, the crystal field energies of
CeAgSb, determined from inelatic neutron measurements [45] are about A; ~ 5 meV and
As ~ b5 and their corresponding features could not be resolved with the present energy res-
olution. While they could not be resolved, they nonetheless contribute to the broadening of
the elastic peak and its spin-orbit replicate. Finally, the Kondo resonance corresponding to
the energy between the Kondo singlet ground state and the first excited magnetic states is
expected above the Fermi level in the spectral function of the SIAM. To investigate these low
energy excitations, RIXS spectra have been measured with the incident photon energy tuned
on the main XAS structure (point B in Figure [3.3T)). Indeed, when the photon energy is set
to the XAS main structure B, the 3d°4 2 intermediate states are selected and decay mainly to
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the final state with f* character i.e., in the energy loss range close to the elastic peak (see Fig-
ure . As discussed in the previous section, two singlet states ‘\IJO> and |\I/2> associated
with the two spin-orbit features are stabilized owing to the hybridization between the f states
and conduction band states. Figure shows the experimental RIXS spectra below 0.5
eV energy loss measured with 7 and o polarizations of the incident photon. The spectrum
measured in o polarization exhibits a strong elastic peak and a small feature at about 280
meV. These two structures are satisfactorily reproduced by the calculation. The unresolved
structures corresponding to the ‘\IIO> final state and “Ill> manifold (Kondo resonance ) are
smeared into the experimental peak near the zero energy loss. The second experimental struc-
ture at 280 meV corresponds to the spin-orbit replicate f7 /2 which is also composed of two

contributions related to the final ‘\112> and “113> states corresponding to the spin-orbit repli-
cate of {\I/0> and ’\I/1> respectively. In the 7 polarization, the experimental spectrum exhibits
two structures corresponding to the transitions to non-singlet states namely ‘\I/1> and ‘\I/3>
Indeed the transitions to the ‘\Do> and |\Ifg> (singlet states J = 0) final states are forbidden as
discussed in the previous section. This is evidenced by the strong reduction of the intensity
of the structure close to zero energy loss. Thus in 7 polarization, the spin-orbit interaction
of CeAgSb, is measured from the energy separation of these two structures with an energy
Aso = 280 meV. This is comparable to high-resolution photoemission [49] measurements.
The calculated spectrum in 7 polarization is shown in Figure[3.32]and is in satisfactory agree-
ment with the experimental one. It should be noted that, unlike photoemission spectroscopy
where only the singlet states (the ground state ‘\I/0> and its spin-orbit replicate ‘\112> ) can
be reached, all states (|\Ifo>, \I/1>, \I/2> and ‘\113>) can be reached when we tuned the inci-
dent photon energy at the main peak of XAS with o polarisation. This situation is similar to
inverse photoemission spectroscopy.

3.6.4 Temperature dependence of the fluorescence-like structure

In this subsection, we will discuss the remaining structure indicated by the vertical bars in
Figure[3.3T] namely the fluorescence structure. As mentioned in the introduction, two normal
fluorescences are usually observed in the RIXS spectra when the incident photon energy is
tuned above the threshold. The first one appearing at 17 eV corresponds to the 5p — 3d
emission and the second one at 22 eV is attributed to the MMN Coster-Kronig transition.
The structure indicated by the vertical bars in figure [3.3Tk and [3.3T¢ have been attributed
to fluorescence-like structures in order to distinguish it from normal fluorescence. A similar
fluorescence-like structure has been observed in CeO; [38] and CeBg [9]], but not in CeF;
[61]. Moreover, the fact that the intensity of the fluorescence-like structure has the highest
intensity at the incident photon energy set on point G indicates that it is likely associated with
the f° character in the singlet ground state.

Fluorescence-like structures have been also observed in RIXS spectra at the L-edge (2p —
3d — 2p) of transition metal oxides [62, 163, 64] where their analysis is used to address
questions regarding the localization of charge excitations and the itinerancy of charge carriers
[62, 163]. There is currently a strong debate on their origins. Bisogni et al. [65] observed a
low energy fluorescence-like structure in the L-edge RIXS spectra of NdNiO3 compound and
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Figure 3.33: RIXS spectra at the M5 edge for several temperatures in both ¢ (a) and 7 (b).
The energy loss structure at 2.7 eV corresponds to a final state of mainly f° character whereas
the one at 6 eV is a fluorescence structure whose temperature dependence directly reflects the
Tk energy scale.

concluded that the gap opening at low temperature is related to the temperature dependence
of the fluorescence-like structure. They proposed that this fluorescence feature reflects the
unbound particule-hole pairs in the final state of RIXS. However, Pfaff et al.[63] investigated
localized and delocalized Ti 3d carriers in LaAlO3/SrTiO3 with RIXS and they suggested that
the fluorescence-like structure is a signature of the nature of the intermediate states of RIXS.
This has been recently theoretically supported by Hariki et al. [66] using a combination of
local-density approximation with dynamical mean-field theory .

Figures and show the temperature dependence of RIXS spectra with = and
o polarizations, respectively of the incident photon energy tuned on the XAS satellite (point
G). Interestingly, the fluorescence-like structure exhibits a strong temperature dependence
which is reminiscent of the temperature dependence of the Kondo resonance observed in
IPES [35, 51]]. What could be the physical origin of the strong temperature dependence of
the fluorescence structure? In Kondo systems, the f state occupation ny obeys a universal
scaling behavior as a function of 7'/Tk. This scaling behavior was evidenced by photoemis-
sion, inverse photoemission, and X-ray absorption spectroscopy in many Ce Kondo systems.
It is well known that the intensity of XAS satellite structure decreases with increasing temper-
ature and exhibits also the universal scaling behavior as a function of 7'/Tk [67,168]. Indeed,
for ' < T, the XAS spectra exhibit in addition to the f 2 final states, a satellite structure that
reflects the mixed-valence character. However, for 17" > T, the XAS spectra appear similar
to those of purely trivalent compounds with only f2 final states. Furthermore, the intensity of
the XAS satellite structure reflects the degree of delocalization of the f states in the ground
state, and no fluorescence-like structure is observed in the RIXS spectra of the purely triva-
lent CeFs compound. Moreover, with increasing 7', the purely trivalent first excited states
located at kT are progressively populated and no fluorescence is expected for these states
similar to the CeF3 ground state. A strong 7-dependence is actually observed in both 7 and o
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Figure 3.34: Result of fit analysis of the Ce Mj5-edge RIXS spectrum at room temperature.
The incident photon energy is tuned on the XAS satellite (point G) in o (left panel) and 7
polarizations (right panel). The dot point represents the experimental data and the red line is
the phenomenological fit to the experimental spectra. The fluorescence-like contributions are
depicted in purple. We assumed a constant background depicted in gray.

polarizations leading us to conjecture that this dependence reflects the Kondo energy scale. In
order to corroborate this scenario, we compared the evolution of the fluorescence-like struc-
ture intensity with temperature and the f° weight in the ground state (An;(T) = 1 —ns(T)).
We performed a phenomenological fitting with a Lorentzian profile, as shown in Figure [3.34]
to estimate the fluorescence-like contribution. For the fY weight, we used the Zwicknagl,
Zevin and Fulde (ZZF) approach [69] [70] with n;(0) = 0.987 and using a I'¢ ground state,
'l and T2 crystal-field excited states at 5 meV and 12 meV, respectively. The results shown
in Figure [3.35] suggest a qualitative consistency with the T-dependent fluorescence intensity.
Thus, we propose a similar mechanism to the one proposed by Kotani[/71]] and Hariki [66] for
d’ systems. When the incident hr energy is tuned on the XAS f° structure which reflects an
admixture of the 4 f states with the continuum, a conduction electron escapes to the 4 f state
leaving behind a hole in the conduction band. The probability of this process :

Wo(3d"4f%) — 3d°4f" — 3d°Af* + L — 3d"Af' + L, (3.41)
(with L denoting a hole in the conduction band) increases with the hybridization strength
between the f states and the conduction states. Therefore the fluorescence-like intensity
probes the weight of the f° configuration in the initial ground state and follows the same
temperature dependence as the Kondo resonance in IPES.
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Figure 3.35: (a) Evolution of the intensity of the fluorescence-like structure in o and 7
polarization with temperature. (b) Temperature dependence of An;(T")/Ans(0) calculated
using the ZZF approach.

3.7 RIXS in typical low-7x and high-7 Kondo systems

As mentioned in the introduction, cerium compounds attracted considerable interest due to
their outstanding properties. One of them is the famous first-order isostructural (fcc — fcc)
phase transition of cerium metal (see figure [3.36) from a vy phase stable at ambient condi-
tion to an « phase at low temperature (or high pressure). This transition is associated with
a volume collapse of about 17% and a loss of magnetic moments. This transition has been
explained early by a change in the electronic structure of cerium. The hybridization strength
between Ce 4 f and conduction electron states changes due to the change of the lattice spac-
ing with the crystal structure unchanged: In the « phase, the f states are localized (n; ~
0.97), while in the « phase, the f states get partially delocalized (strong intermediate valence
character ny ~ 0.88) into 5d and 5s conduction band states. Such behavior is observed in
intermetallic cerium compounds, and they are classified into two categories:

* v-like Ce compounds where the cerium is nearly trivalent with a localized magnetic
moment and a small Kondo temperature, and sometimes a magnetic ordering at low
temperature.

* a-like Ce compounds where the local magnetic moment disappears due to the Kondo
effect, the large hybridization yielding an intermediate valence, and a very large Kondo
temperature.

In this section, we will investigate the Ce ground state electronic configuration by mea-
suring the RIXS spectra at the Ce M5 absorption edge of three polycrystalline compounds
with different Kondo temperatures: a v and a-like Ce compounds with low T (CeSigy, T~
50 K) and high Tk (CeNis, T > 1000 K ) respectively, and an intermediate 7% compound
( CePds, Tk~ 150 K - 600 K). This can be deduced by tracking the spectral weight of the
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Figure 3.36: Temperature-Pressure phase diagram of Ce metal. The first-order valence tran-
sition line (red line), separates the phases and ends in a Critical End Point (CEP) at T = 600
K and P =2 GPa. The dotted line represents the valence crossover. The gray area represents
the parasitic 3 phase. Taken from Ref [72]

structures corresponding to the f! — f%andf! — f? charge excitations at the Ce M; edge as
well as the fluorescence-like structure. Moreover, since the intensity of the different spectral
features should depend on the ground state electronic structure, we will discuss the significant
change observed with increasing the Kondo energy from CeSi; to CeNis.

The CeSi, compound exhibits characteristics thermodynamical properties of intermediate
valence compounds with a Kondo temperature of 7x ~ 50 K. Its magnetic susceptibility
shows a liquid Fermi behavior 73] at low temperature 7' < 20 K and follows a Curie-
Weiss law between 200K and 600K. The linear coefficient is unusually high (y = 87 &+
1mJ/K? ) compared to that of LaSi, (v = 6 £ 0.5mJ/K?) [73]. Photoemission and inverse
photoemission measurements exhibit f state symmetry close to the Fermi level, which is a
signature of the intermediate valence character [S1,!1]. The CeNi; compound exhibits a Pauli-
type paramagnetic behavior, and Spectroscopic studies even indicate a large hybridization
with a very high Kondo temperature (7 > 1000 K) [[1,55]. CePd; is a dense Kondo material
with f-state occupation of ny ~ 0.75 [74] determined from X-ray absorption spectroscopy,
and Tk ~ 150 K- 600 K[1} 6]. Moreover, in addition to the Kondo energy scale, the CePd;
exhibits another low energy scale associated with the coherence, which is 7;,, ~ 130 K (from
transport measurements [73] ).

3.7.1 Overview of the RIXS results

Experiments have been carried out on the AERHA spectrometer of the SEXTANTS beamline.
The overall energy resolution, estimated from the width of the elastic peak, is about 325
meV, which is a little bit larger than the 4f5/, — 4 f7/, spin-orbit energy (A,, ~ 280 meV).
Figure [3.38a shows a set of RIXS spectra recorded at different excitation energies around
the M5 edge with o polarization. When the incident photon energy is tuned at the XAS
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Figure 3.37: Ce M5 XAS of CeSi,, CePds and CeNiy measured at 7'=20 K.

main structure (see figure [3.37)), the RIXS spectrum exhibits, in addition to the elastic peak,
the f? final state at E,,,= 4.2 eV (f! — f? charge excitation). Moreover, the f° final
state at Fj.= 2.2 eV (f! — f° charge excitation), is clearly observed when the incident
photon energy is tuned at the XAS satellite. With increasing the incident photon energy
from M;5 + 3 to M5 + 6 edge, two additional inelastic structures (indicated by the star and
the black circle dot) are observed, whose energy losses increase with the incident photon
energy. These two structures are also well visible in 7 polarization (see figure [3.38b). The
structure indicated by the star corresponds to a fluorescence-like structure similar to the one
observed in the RIXS spectra of the CeAgSb, compound presented in the previous section.
It is worthwhile underlining that the drastic polarization dependence of the f° final state is
well seen in RIXS spectra of CeSi, compound, even though this latter is a polycrystal, unlike
the CeAgSb, compound presented above, which is a single crystal. The total suppression
of the f final state (see figure ) is due to the scattering angle (90°), and yields access
to the 1S, symmetry of the ground state. The RIXS spectra of CeSi, are very similar to the
results of CeAgSby. Note that the Kondo temperature of CeSiy (T ~ 50 K) is slightly
higher than T of CeAgSby (T ~ 10 — 20 K). Figure [3.3% and [3.39b respectively, show
the RIXS spectra of CeNi, and CePds; measures at low temperature with o polarization of
the incident photon energy. In addition to the f° and f? final states, the RIXS spectra of
CeNi, exhibit several "dispersive" (fluorescence-like) features indicated by the star, the black
circle dot, and the black square dot. Similarly, the RIXS spectra of the CePd; compound also
exhibit several dispersive structures. Moreover, when the incident photon energy is tuned
at M5, an unexpected structure appears at 2 eV energy loss: this structure is not a f final
state since it is not suppressed in 7 polarization. In addition, another unexpected structure
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Figure 3.38: Set of RIXS spectra of CeSi; compound measured with ¢ and 7 polarizations
of the incident photon Fluorescence-like structures are indicated by the star and the black dot.

is observed in the low energy loss range at about ~ 0.5 eV (see figures [3.40p and [3.40¢c ).
Surprisingly, the RIXS spectra of high Kondo temperature compounds (CePds, CeNi,) are
more complicated than expected. Additional unknown structures compared to the low Tk
CeSi;y and CeAgSb, are observed. The presence of these unknown structures complicates the
analysis of the spectra with the calculation presented in section [3.5] Nevertheless, we can
perform a phenomenological fit to quantitatively analyze the evolution of the RIXS spectral
weight of CeSis, CeNis, and CePds. For this purpose, we focus on the RIXS spectra taken at
the incident photon of the XAS satellite (see figure[3.40). We introduce the quantity 7, which
stands for the intensity of the f° structure with respect to the total 4 f intensity expressed as
follows:
1(£°)

I+ I
where I(f°), and I(f!) represent the integrated intensity of the f° and f! structures, respec-
tively. ¢ reflects the delocalized character of the 4 f states in the systems given by the weight
of the f° component in the ground state, 1 — ny. The structures corresponding to the final
state with 4 f° final state (purple line in figure are respectively observed at 2.2 eV, 2.8
eV and 3.1 eV in the RIXS spectra of of CeSi,, CeNi,, and CePds. The RIXS intensity ratio
rs expressed in Equation [3.42] is estimated in Table 3.4, The r; value of CeSi, is smaller

(3.42)
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Figure 3.39: Set of RIXS spectra measured with o polarization of the incident photon energy

of CeNi, and CePd;s. Fluorescence-like structures are indicated by the star, the black circle
dot, and the black square dot.
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Figure 3.40: RIXS spectral line shape of CeSis (top panel), CePd; (middle panel) and CeNi,
(bottom panel) measured with the incident photon energy tuned at the f! XAS satellite (M5 +
5). The solid lines refer to Gaussian fits of the elastic peak (green), the f° charge excitation
(purple), the fluorescence-like structure (brown), and the f? charge excitation (aqua). The
red line refers to the sum of all the fitting contributions.
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Figure 3.41: Temperature dependence of the Ce M;5-edge RIXS spectra of CeSis taken with
the incident photon energy tuned at the f1 XAS satellite. Clear temperature dependence of
the fO final state is observed. The insert shows the evolution of the integrated intensity of the
1O structure.

than that of CeNiy, which is consistent with their Kondo temperatures. However, the 7, value
of CePdj is weaker than that of CeSi, while its Kondo temperature is one order of magnitude
larger than that of CeSis. Therefore, it is difficult to conclude. Indeed, we should introduce
an error bar (incertitude) regarding these estimations caused by the following two reasons:
one is that r¢ was estimated in the spectrum measured at the incident photon energy where
the f° structure is resonantly enhanced, and then its intensity is overestimated; the second is
that the intensity of the elastic peak (f final state), strongly depends on the roughness of the
sample surface [3l5]. So, the intensity of the elastic peak from one sample to another will
increase or not depending on how they were scraped before the RIXS measurements.

Eloss(fo) (CV) ry

CeSiy 22 0.85
CePd; 3.1 0.63
CeNiy 2.8 0.95

Table 3.4: Energy loss of the f® and RIXS intensities ratio, 7 for the CeSis, CeNiy and
CePd; compounds.

Figure[3.41]shows the temperature dependence of the Ce M5-edge RIXS spectra of CeSis.

The spectra have been normalized on the elastic peak. Unlike CeAgSb, presented in the pre-
vious section, a clear and systematic decrease of the f° spectral weight is observed on in-
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creasing temperature from 20 K to 300 K. This behavior well reflects the progressive thermal
population of the low-lying magnetic states as expected in the Kondo scenario.

3.7.2 Understanding the Ce )/;5-edge RIXS in Ce compounds: the Ce-Sc
alloy

In the previous section, we investigated the evolution of the Ce-M; edge RIXS spectra of
a low Tx ~-Ce like compound (CeSis) and a high Tx a-Ce like compound (CeNiy). We
succeeded in evidencing the energy loss features associated with final states f°, f!, and f?,
whose intensities directly reflect the valence admixture. While some energy loss or fluores-
cence structures have been identified, other ones remain misunderstood in the RIXS spectra
of the high 7T compounds. To understand these features, it would be interesting to study low
Tk and high Tk phases in the same material. Moreover, this will allow avoiding the incerti-
tude regarding the intensity of the elastic peak mentioned above in the quantitative analysis.
It is well known that Ce metal can exhibit these two different electronic states as a function
of temperature, but, it is triggered by applying external pressure [76, [77] (see figure [3.36).
However, these two states, namely, the -« transition, can also be tracked as a function of
temperature by using chemical pressure [78] such as substituting thorium or scandium for
cerium. In order to investigate the -« transition of Ce-Sc alloy, RIXS measurements at Ce-
L3 have been carried out by Rueff et al. [79], they evidenced the transition by tracking the
f1/f? intensity ratio. At the same time, Dallera et al [10] also evidenced the -« transition by
following the f! intensity of the Ce-M, 5 x-ray absorption spectroscopy spectra. Moreover,
Dallera et al [10] also performed RIXS measurements at Ce-Mj, but surprisingly, they did
not observe the f? structure, while it has been theoretically predicted (see section .

In this section, we will investigate the temperature dependence Ce-Mj RIXS spectra of
Cen.935¢o. 07 alloy, evidence the f? final state, and identify all the unknown structures we
have measured in the Ce-Mj; RIXS spectra of high Tx compounds. Moreover, we will stress
the outstanding feature of RIXS as a powerful tool to provide detailed information on the f
electronic properties of rare earth. Namely, we will deduce the -« transition by tracking the
spectral weight of the structures corresponding to the f! — f9 charge excitation as well as
fluorescence-like structure.

Figure [3.42] shows the Ce Mj-edge XAS spectra of Ceg3Sco o7 measured at 20 K (a-
phase) and 300 K (y phase). The spectra are dominated by the 3d°4 f? multiplets arising via
the dipole transition from the 4 f* contribution in the ground state. The intermediate valence
of the ground state is revealed via the 3d°4 f! satellite at hv = 888 eV. As discussed in section
its intensity reflects the weight of the f° component in the ground state. In the y-phase,
the XAS spectrum is consistent with an f-state occupation ny ~ 1 (very small satellite), while
in the a-phase, a significant increase of the intensity of the satellite is observed. Figure (3.43
shows the Ce 3d — 4f — 3d RIXS spectra of Ceg3Sco o7 taken at 20 K (3.43p, [3.43k)
and 300 K (3.43k, [3.43[d) in o and 7 polarizations, respectively. The spectra are shown as a
function of the energy loss where the incident photon energy increases in step of 1 eV from
the XAS spectrum, M; (hv = 883 eV) up to M + 7 (2 eV above the f' XAS satellite). The
3d°4 f3 multiplet states which are reached via the dipole transition from the 4 f component
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Figure 3.42: Ce Mj5-edge XAS spectra of Ceg 93Sc oy measured at 20 K (a-phase) and 300
K (v phase).

in the ground state, are hidden in the XAS spectra. As seen from figures [3.43p and [3.43)p,
however, when the incident photon energy is tuned at M3, the RIXS spectrum is dominated
by two structures corresponding to the f! (elastic peak) and f? final states. Indeed, the
3d%4 f3 final state is invisible in the XAS spectrum owing to the large spectral broadening
and the strong overlap with the 3d°4f? which dominate the spectrum, but the f? RIXS final
state is clearly detected in these RIXS measurements, unlike those of Dallera et al. [10] (see
section [3.3). When the incident photon energy is tuned at the XAS satellite structure, the
RIXS spectra exhibit a structure at ~ 1.9 eV corresponding to the f° final state in both -
phase and y-phase. When the incident photon energy increases from Ms+5 to M5 +7, the f°©
structure is progressively broadening and asymmetric, indicating the presence of two different
structures: The first one remains at constant energy loss (indicating by the dashed line), while
the position of the other one is progressively shifted in the high energy side indicating a
fluorescence regime (indicated by the vertical arrows). Similar behavior is observed in the
f! — f? charge excitation region upon increases the incident photon energy from Ms; to
M + 7. Even if the f? final state is structured by the multiplets effects, a fluorescence-like
structure (indicated by the black dot) with a linearly dispersing energy loss as a function of the
incident photon energy is clearly observed, in addition to the structure at constant energy loss
(indicated by the dashed line). What could be the origin of these two fluorescent structures?
Indeed, similar structures have been observed in the Ni 2p — 3d — 2p RIXS spectra of the
prototype material of the charge transfer insulator NiO [80} [81]].
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Figure 3.43: Ce 3d — 4f — 3d RIXS spectra of Ce( g35cq o7 as a function of the energy loss.
The measurements were performed at 20 K (a,c) and 300 K (c,d) in o and 7 polarizations,
respectively. The incident photon energy is tuned around the f? XAS main structure and
the f' XAS satellite (see figure . M5 denotes the excitation energy, which coincides
with the maximum of the XAS spectrum (hv = 883 eV). The dashed lines indicate the RIXS
components attributed to the mainly f° and f? charge excitations.
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Figure 3.44: RIXS spectra of o-Ce and ~y-Ce calculated within the full-multiplet configura-
tion interaction model at the M5 (a) XAS and the f! satellite (b), the parameters are given in

table @

Magnuson et al. [9] performed the calculations of these RIXS spectra with the STAM, and
then Butorin [82] proposed that such a charge transfer excitations which behave like fluo-
rescence are due to the fact that the satellite in the XAS spectra has a continuous excited
states owing to the finite bandwidth of the O 2p valence band. Later, Matsubara et al. [83]
carefully analyzed this problem with the SIAM, and they confirm the mechanism proposed
by Butorin. Moreover, they pointed out that it is essential to take into account a finite width
of the O 2p valence band in order to reproduce all the experimental fluorescence-like excita-
tions in RIXS. Therefore, we propose a similar mechanism for the fluorescence we observed
in the RIXS spectra of Ceg 93Scq o7 (indicated by the vertical arrows and the black dot in fig-
ure . Typically, if we take into account of the conduction band width W, the 4f! L and
4f%L? configurations in the initial and final state of RIXS will have the energy width W and
2W, respectively. So, when the incident photon energy is tuned to the continuum 3d°4 f2L?
state, the transition to the continuum states (4 f2L? configuration) in the final state is restricted
by the symmetrical condition of the hole state in the conduction band. That is to say, only
the transition between the same hole state in the 3d°4 f2L? and 4f?L? continuum states are
allowed. Especially, only the transition to the lowest (highest) part of the continuum state in
the final state is observed when the incident photon energy is tuned to the lowest (highest)
part of the continuum state in the intermediate state. Therefore, the outgoing photon energy
will not depend on the incident photon energy, and the corresponding f? structure will show
a fluorescence behavior.

Figure [3.44f and [3.44b shows the result of the full-multiplet configuration interaction
calculation of the RIXS spectra of a-Ce and v-Ce. We focused on the spectra taken with
the excitation energy tuned on the XAS main structure (Ms5) and its satellite (M5 + 5). It
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/O /! P omy e Uy Upe
a-Ce 12.66% 85.5% 1.85% 0.89 -1.2 7 10.85 0.18
v-Ce 5.64% 927% 1.67% 096 -1.7 7 10.85 0.15

Table 3.5: f™ contributions and f-state occupation for v and o Ce. SIAM parameters used
for the calculations: the f — f Coulomb exchange Uy, , the Coulomb interaction between f
electron and 3d core hole Uy,, the effective f binding energy ¢, and the hybridization strength
V (all in eV).

should be noted that the calculations are performed at 7" = (. The parameters used for a-
Ce and y-Ce are given in table The RIXS calculations are in satisfactory agreement
with the experimental data in figure[3.43] although the fluorescence-like contributions are not
included. The f° and f? loss energy structures are well observed respectively at ~ 5 eV and
~ 2 eV in both « and ~y phases. The calculations correctly reproduce the reduction of the
f9 structure in the + phase. This spectral weight change reflects the small hybridization and
the associated f° weight in the ground state of the  phase (see table . Regarding the
f? structure, it is well known that the hybridization strength and Kondo temperature in the
« phase are stronger than that in the v phase. Following the discussion in section [3.5] the
intensity of the f? structure increases with increasing the hybridization strength. However,
in figure the intensity of the f2 structure in the ~-phase is stronger than that in the o
phase. A way out is to decrease the f-state energy €, in the o phase with respect to the ~y
phase (see table [3.5). Nevertheless, it is worth to point out that the spectral weight of the
f? structure is underestimated in the simulated spectra, especially for high photon energies.
Indeed, its intensity strongly depends on the mixing of the 3d°4 f? and 3d°4 f3 configurations
in the intermediate state (XAS final state) where the presence of an extra 4 f electron gives
rise to an enhancement of the hybridization strength. Such a configuration dependence of the
hybridization was not taken into account here.

3.7.3 Oxidation effect

Figure [3.45] shows a comparison between Ce M5-edge XAS taken from a freshly scraped
sample and a surface that has been exposed for more than 8 hours. The Ce M;5-edge XAS
profile line shape of the oxidized surface is significantly changed compared to the clean
one. Typically, a shoulder and a satellite structure arise respectively at 884 eV and 890
eV (indicated by arrows A and C, respectively). It would appear like the satellite structure
of the clean sample (indicated by arrow B) has moved from 888 eV to 890 eV due to the
oxidation effects, but it is not the case. Satellite B remains well at the same energy, but the
spectral weight in this region is dominated by surface contributions. Indeed, shoulder A and
the satellite C are respectively associated with the 3d°4 f? and 3d°4 f! final states, (see section
[3.3) of the oxidized surface corresponding to CeOs.

The Ce M;-edge RIXS spectra taken at the incident photon energies hv = B and hv = C from
the clean and oxidized surface are respectively shown in figure[3.46f and[3.46b. Interestingly,
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Figure 3.45: Ce Mj;-edge XAS spectra of Ceg93Sco o7 at I’ = 20 K with different surface
qualities. The spectrum in the black line is taken from a freshly scraped sample, and the
spectrum in the red line is taken from a surface that has been exposed for more than 8 hours.
Arrows A and B indicate the Considerable contributions from the oxidation effects of the
aged surface.

the RIXS spectral line shape is unaffected by the oxidation effects when the incident photon
energy is tuned at h = B (the bulk satellite), while this satellite is almost invisible XAS
spectra of the oxidized surface. However, when the incident photon energy is tuned at hv = C
(the surface satellite), a prominent structure arises at about 6.5 eV on the spectrum measured
with the oxidized surface. These two behaviors highlight two features of RIXS: Its bulk
sensitivity and its chemical sensitivity. Especially, tuning the incoming photon energy on
different absorption edges allows for prioritizing the scattering from a given element in the
studied material. Here, the Ceg 93Scq g7 in the bulk, or the CeO, of the oxidized surface.

3.7.4 A direct investigation of v-a phase transition by Ce )/;-edge RIXS

In order to investigate the v-« transition, we fixed the incident photon energy at the f! XAS
satellite (to make the f° intensity of RIXS maximum), and we have followed the evolution
of the RIXS spectra over a complete cycle 20 K — 300 K — 20 K. The cooling and heating
rate was about 2 K/min, and each spectrum has been acquired for 40 seconds. In the RIXS
color maps, we observe clear changes in the region of the f° charge excitations upon cooling
(see figure[3.47p) and heating (see figure[3.47p). For comparison, we show the RIXS spectra
measured at 20 K (a-phase) and 300 K (v-phase) in figure 3.47c. It is noteworthy that the
spectral lineshape is unaffected by the transition. It is obvious that the f° structure of a-Ce is
much more intense than that of 7-Ce, however, both are located at the same energy ~ 1.9 eV.
This is consistent with the XAS spectra and indicates the extremely large Kondo temperature
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Figure 3.46: Ce M;-edge RIXS spectra taken at the incident photon energies hv = B (a) and
hv = C (b) from a freshly scraped sample and a oxidized one (see figure [3.43).

and strong delocalized character of 4 f states of a-Ce. The RIXS intensity ratio expressed in
Equation 3.42] is estimated in Table[3.6] As expected, the 7 value of a-Ce is larger than that
of v-Ce. Moreover, it is interesting to note that these values are respectively close to those of
CeNi, and CeSis.

Figure [3.48| shows the temperature dependence of the integrated intensities in the region of
the fO peak at 1.9 eV extracted from the RIXS map. The onset of the phase transition is
marked by a rapid decrease of the f¥ intensity at 130 K on heating, and a rapid increase at
110 K on cooling. A large hysteresis is observed, comparable to what is observed in the
thermoelectric power and magnetization measurements. For comparison, we measured the
temperature dependence of the magnetization from the same piece of the sample used for
RIXS measurements at the magnetic field poH =2 T, shown in figure [3.48b. Interestingly,
the temperature dependence of the fluorescence-like structure also exhibits a large hysteresis,
similar to the one obtained from the intensity of the f° structure (see figure [3.49). This
strengthens the statement we made in the previous section. Namely, the fluorescence-like
intensity probes the weight of the f° configuration in the initial ground state and reflects the
Kondo energy scale.

Eloss(fo) (eV) 7ﬁf
a-Ce 1.9 0.95
~-Ce 1.9 0.8

Table 3.6: Energy loss of the f© and RIXS intensities ratio, r; for the y-Ce and a-Ce.
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Figure 3.47: (a, b) Highlighting of the v-« transition with the RIXS map measured as a
function of the temperature. ¢) Comparison of the RIXS spectra measured at 20 K and 300
K. The incident photon energy in (a, b, c) was tuned at the f! XAS satellite.
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Figure 3.48: : (a) Hysteresis loops derived from the integrated intensity of the f° structure in

the RIXS map of Ceg 97Scq o7 (see figure [3.47), the arrows indicate the circulation inside the
loop. b) Temperature-dependence of the magnetization at po =2 T.
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Figure 3.49: Hysteresis loops derived from the integrated intensity of the fluorescence-like
structure in the RIXS map of Ceg 97S¢o o7 (see figure .

3.8 Conclusion

Knowledge of the low and high energy scales, as well as the hybridization strength between f
and conduction band states, are crucial for understanding the properties of strongly correlated
cerium Kondo systems. In the second part of this thesis, RIXS has been presented as a pow-
erful tool to probe these 4 f properties. The example of the ferromagnetic CeAgSby Kondo
system allows us to demonstrate that RIXS probes both low energies excitation (spin-orbit
excitation) and high energies excitation ( Coulomb repulsion between the 4f electrons and the
energy of the 4f level) in a Ce Kondo system by varying the incident photon energy around
the main and x-ray absorption satellite structure. These energy scales are usually observed by
combining photoemission and inverse spectroscopy. We used a simplified model based on the
combination of the single impurity Anderson model with the full multiplet theory to analyze
the experimental results. This model allows us to understand, on the one hand, all the energy
loss structures and, on the other hand, to reproduce the drastic polarization dependence of
the elastic peak and f° structure and to evidence the 'S, symmetry of the ground state. We
evidenced a strong temperature dependence of the fluorescence-like structure in the RIXS
spectra of CeAgSb,, and we proposed that it is a signature of the Kondo energy scale. We
investigated the evolution of the RIXS spectral line shapes of compounds with low and high
Kondo temperatures, namely CeSis, CeNis, and CePds, and we found that the RIXS spectra
of high T compounds are very complex with the presence of unknown structures. In order to
gain further insight into the RIXS of cerium compounds, we measured the Ceg 93Scq 7 alloy
across the -« transition. The RIXS spectral weight of the £, as well as the fluorescence-like
structure, present a sharp drop across the -« transition and hysteresis as a function of tem-
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perature that closely resembles the magnetization loop. This allows us to conjecture that the
fluorescence-like structure is correlated with the weight of the f° configuration in the ground
state and reflects the Kondo scale.

However, the temperature dependence of the fY structure predicted by the single impurity
Anderson model has been observed in the RIXS spectra of CeSi, and across the -« tran-
sition of Ce( 93Scp o7 but not in CeAgSb,. This unexpected temperature independent in the
RIXS spectra of CeAgSb, deserves further investigation. Moreover, we pointed out the un-
derestimation of the f2 RIXS spectral weight in our simulation. To improve the agreement
between the experimental and calculated results, it would be necessary for the future to take
into account a finite width of the conduction band and to extend the SIAM model by in-
cluding configurations dependent hybridization. The analysis the fluorescence-like feature
shows a potential for addressing questions concerning itinerancy and localization of charge
excitations and the Kondo energy scale. However, a detailed analysis of its origin is still a
theoretical challenge.
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Chapter

General conclusions and outlook

Strong electron correlations lead to numerous exotic electronic and magnetic properties such
as the Kondo effect, heavy fermions, intermediate valence, charge density wave, and un-
conventional superconductivity... In rare-earth-based compounds (Cerium, Ytterbium), these
properties are due to the very strong electron-electron interactions of the f states as well as the
hybridization of the f states with the conduction electrons. One of the most direct approach
to understand these systems is to study their electronic structure by spectroscopies.

This thesis aimed to investigate the fundamental electronic properties of cerium and
ytterbium-based Kondo systems by using complementary spectroscopic techniques (low en-
ergy ultra-violet angle-resolved photoemission spectroscopy, hard x-ray photoemission spec-
troscopy, x-ray absorption spectroscopy, and resonant inelastic x-ray scattering). In particu-
lar, we investigated the spectroscopic properties of intermediate valence, which coexist and
compete with long-range magnetic order or density wave order in f materials. We also carried
out quantitative analysis of the spectroscopic measurements in the framework of the single
impurity Anderson Model and the atomic full multiplet theory.

The material of interest in the first part of this thesis is the intermediate valence YbPd
compound, which crystallizes in the cubic CsCl structure at room temperature and exhibits
an antiferromagnetic phase transition at 7y = 1.9 K. It undergoes an incommensurate charge
density wave (CDW) characterized by the wave vector (0.07 0.07 1/2) at 7} = 130 K and a
commensurate transition (0 0 1/2) at 7, = 105 K. Below 105 K, magnetic Yb** and non-
magnetic Yb?%* arranged alternatively along the c axis, in a tetragonal structure exhibiting
valence order. This valence order is very intriguing since YbPd shows metallic electrical
resistivity in all temperature ranges. We have investigated the core-level electronic struc-
ture of YbPd by means of Hard X-ray Photoemission Spectroscopy (HAXPES). We devel-
oped a code in the framework of SIAM following the approach introduced by Gunnarsson
et Schonhammer to quantify the electronic parameters. Core level Yb-3ds/, spectra reveal
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temperature-independent single-Yb site mixed-valence above 77 and a clear temperature-
dependent valence change of the two crystallographic Yb sites in the CDW phase. The Kondo
energy gain is shown to be the driving mechanism of the CDW transition. The evolution of
Kondo temperatures in the CDW phase tracks the lattice parameter changes, thus showing an
interplay between the Kondo effect and the structural changes giving rise to the zero thermal
expansion in the CDW phase. We propose a conjecture that Kondo mechanism could be the
driving force of the CDW phase. Additional studies should be carry out to justify this original
idea.

Knowledge of elementary excitations is crucial for understanding the electronic and ther-
modynamic properties of strongly correlated cerium-based Kondo systems. By making use
of the high-energy spectroscopic techniques, the aim of the second part of this thesis was
to provide a reliable and quantitative investigation of the low and high-energy excitation as
well as an f-state occupation in Ce Kondo systems. Especially, standard techniques for study-
ing the elementary excitations in Kondo systems like magnetic susceptibility, valence band
photoemission, and inverse photoemission spectroscopy yield limited information about the
energy scales. Typically, thermodynamic measurements only yield access to low-energy ex-
citations (crystal field energy and Kondo energy), and PES and IPES are surface sensitive,
which sometimes affects the results. Here, Resonant inelastic x-ray scattering (soft x-ray)
comes into play, which was established as a new tool to probe the elementary excitations in
a large variety of systems. The information that can be retrieved from Ce M5-edge RIXS
spectra has been shown by using the typical example of the ferromagnetic CeAgSb, Kondo
systems. In particular, we have shown that all the charge excitations usually observed in
combined PES/IPES measurements can be evidenced in RIXS. In order to accurately repro-
duce the experimental XAS and RIXS spectra, and deduced the f-state occupation, n¢, the
hybridization strength V, the f-state energy €, and the Coulomb repulsion between f elec-
trons, we combined the full multiplet calculations with the single impurity Anderson model.
We have shown that an extended basis is necessary to simulate the different loss structures in
the RIXS. While the {3 contribution is sometimes neglected in the Ce M;-edge XAS spectra,
it drastically affects the RIXS spectra. Typically, without the 3d%4 3 configuration in the
XAS spectrum, the 4 2 structure in the RIXS spectrum is completely missing. Thanks to the
scattering geometry of the measurement combined with the dipole selection rules, the 1S,
symmetry of the ground state is reflected through the drastic polarization dependence of the
f° and elastic peaks in the RIXS spectra. We evidenced a strong temperature dependence of
the fluorescence-like structure, and we proposed that it is a signature of the Kondo energy
scale. We investigated the evolution of the RIXS spectral line shapes of compounds with low
and high Kondo temperatures, and we found that the RIXS spectra of high T compounds
are very complex with the presence of several unknown structures. Typically, the structure
observed at 2 eV in the RIXS spectra CePd; as well as the unexpected fluorescence-like struc-
ture observed in the RIXS spectra of high Tx compounds (CeNi; and CePd3) deserve further
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investigations. we measured the Ce( 93Sc o7 alloy across the -« transition. The RIXS spec-
tral weight of the f© as well as the fluorescence-like structure present a sharp drop across the
~v-« transition and hysteresis as a function of temperature that closely resemble the magne-
tization loop. This allows us to conjecture that the fluorescence-like structure is correlated
with the weight of the f° configuration in the ground state and reflect the Kondo scale. RIXS
seems to be a powerful technique to study Kondo systems. High resolution RIXS close to the
elastic peak gives information about the low energy excitations (Kondo scale, crystal electric
field and spin orbit) whereas the energy loss at high energy give information about the f — f
charge excitations. However, the fluorescence structures have to be understand because their
intensity seems to reflect the Kondo physiscs.
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Abstract

Cerium and ytterbium compounds are systems that exhibit outstanding magnetic, electronic,
and thermodynamic properties at low temperatures, such as the Kondo effect, heavy fermions,
intermediate valence, and charge density waves. These properties are due to the very strong
electron-electron interactions of the f states and the hybridization of the f states with the
conduction electrons. In the first part of this thesis work, we investigate the temperature-
dependent electronic structure of YbPd, a Kondo mixed-valent cubic compound at high tem-
perature, which exhibits incommensurate and commensurate charge-density-wave(CDW) or-
dering below T; = 130 K and T, = 105 K, respectively. Below 105 K, magnetic Yb3*
and nonmagnetic Yb%5" are arranged alternatively along the ¢ axis, in a tetragonal struc-
ture exhibiting valence order. Hard x-ray photoemission spectroscopy of Yb 3d states show
temperature-independent Yb?* and Yb3* features indicating single-Yb site dynamic valence
fluctuations above Ty, and a clear temperature dependent valence change of the two crystallo-
graphic Yb sites in the CDW phase. Simplified single-impurity Anderson model calculations
of the Yb 3d states show good agreement with the temperature-dependent valency change and
provide site-dependent Kondo temperatures. The results indicate an evolution from dynamic
mixed-valence in the cubic phase to long-range static CDW order in the tetragonal phase,
which is driven by the difference in Kondo energies of the two phases.

Resonant inelastic x-ray scattering (RIXS) is a very efficient technique to study elemen-
tary excitations in a large variety of systems, such as charge transfer excitations, the crystal
field, and spin-orbit excitations. In the second part of this work, we investigated cerium
compounds with different Kondo temperatures using RIXS at Ce M;5-edge combined with
simulation using the full multiplet theory and the single impurity Anderson model. We
demonstrated that all the charge excitations observed in combined photoemission and inverse
photoemission can be evidenced by RIXS spectroscopy just by varying the incident photon
energy around the Ce M;5-edge. We also discuss the drastic polarization dependence of the
19 structure in RIXS spectra and the strong temperature dependence of the fluorescence-like
structure, which is reminiscent of the temperature dependence of the Kondo resonance.
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Résumé

Les composés de cérium et d’ytterbium sont des systemes qui présentent des propriétés
magnétiques, électroniques et thermodynamiques exceptionnelles a basse température, tels
que I’effet Kondo, les fermions lourds, la valence intermédiaire et des ondes de densité de
charge. Ces propriétés sont dues aux interactions électron-€électron tres fortes des états f et
a ’hybridation des états f avec les €lectrons de conduction. Dans la premiere partie de ce
travail de these, nous étudions la structure électronique de 1’YbPd, un composé cubique a
haute température, qui présente des ondes de densité de charge (CDW) incommensurable et
commensurable en dessous de 7} = 130 K et T, = 105 K, respectivement. En dessous de 105
K, les sites magnétique Yb*" et non magnétique Yb>®* sont disposés alternativement le long
de I’axe ¢, en une structure tétragonale présentant un ordre de valence. La spectroscopie de
photoémission de rayons X durs (HAXPES) des états 3d de I’Yb montre des caractéristiques
Yb2* et Yb3*+ indépendantes de la temperature au-dessus de 77, et un changement de valence
des deux sites cristallographiques d’Yb dans la phase CDW. Des calculs des spectres HAX-
PES au seuil 3d de I’Yb avec un modele a une impureté d’ Anderson simplifié montrent un
bon accord avec la dépendance en température de la valence et fournissent les températures
de Kondo des deux sites d’Yb. Les résultats indiquent une évolution de la valence intermédi-
aire dans la phase cubique a un ordre CDW statique a longue portée dans la phase tétragonale.
Nous proposons que le mecanisme Kondo est a I’origine de 1’onde de densité de charge.

La diffusion inélastique résonante des rayons x est une technique tres efficace pour étudier
les excitations élémentaire dans une large variéte de systéme tels que les excitations de trans-
fert de charge, les excitations de champ cristallin et de spin-orbite. Dans la deuxieme par-
tie de ce travail, le RIXS combiné avec des simulations a base du modele a une impureté
d’Anderson et la théorie des multiplets a été utilisé pour 1’étude des composés de cérium
avec différentes températures de Kondo 7. Nous avons démontré que toutes les excitations
de charge observées en les spectres de photoémission et photoémission inverse combinés peu-
vent étre mises en évidence par la spectroscopie RIXS simplement en faisant varier I’énergie
du photon incident autour du seuil M5 du cérium. Nous discutons également de la dépen-
dance drastique de la structure f° dans les spectres RIXS en fonction de la polarisation et
de la forte dépendance en température de la structure de type fluorescence, qui rappelle la
dépendance a la température de la résonance de Kondo.
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