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Abstract

3d transition-metal oxide materials with strong electron correlations and low dimensionality give rise to emerging
exotic phases. Resonant inelastic X-ray scattering (RIXS) has developed as a powerful spectroscopic tool for probing the
collective excitations in such correlated materials. The RIXS technique provides an ideal approach for assessing
electronic instabilities in condensed matter. This thesis comprises the experimental RIXS response of the spin chain-
ladder cuprates Sris.xCax(Cu1.yCoy)24041 and the (frustrated) honeycomb nickelate Na;Ni,TeOs..

The spin and charge excitations of SriaxCaxCu24041 (x=0 & 12.2) are studied by Cu Ls-edge RIXS. With increasing Ca
content, a crossover from collective two-triplon excitations (x=0) to a damped incoherent magnetic spectrum ~280 meV
(x=12.2) in the ladders is uncovered from the RIXS spectra, dominated by spin-flip AS=1 scattering. With model
calculations, the localized broad magnetic mode at x=12.2 is shown to be a consequence of enhanced elecronic
localization. This is supported by polarization-dependent measurements, where the evaluated non-spin-flip AS=0
scattering is showing weight depletion below 1 eV. The RIXS spectral evolution suggests that a suppressed carrier
mobility dominates the low-energy physics in the Ca-rich phases.

The low-energy excitations of Sr14Cu24041 are also studied by O K-edge RIXS at the upper Hubbard band. The RIXS
spectra show a sharp dispersing peak of similar energies to the AS=1 two-triplon excitations, and a broad non-dispersive
mode at higher-energy. By comparing the experimental results to the existing theories of doped ladders, the observed
spectral modes are attributed to interacting holon-spinon quasiparticles, with additional spectral contributions from
the AS=0 multi-triplon bound states and continuum. These observations highlight the RIXS capability for resolving
composite spin-charge quasiparticles and long-lived AS=0 magnetic excitations, which are difficult to detect by other
experiments.

Charge order and phonon excitations for the two-leg ladders of Sr14(Cu1.,Coy)24041 (y<0.05) are studied. At the ladder
hole peak in O K-edge XAS signal, a concomitant elastic enhancement and phonon-softening is observed across all Co
doping levels. The in-plane diffraction and phonon-softening response are found to enhance with increasing Co doping.
Moreover, the observed diffraction signal is further characterized by energy- and temperature-dependent
measurements. Lastly, given the strong electron-phonon coupling (EPC) observed in O K-edge RIXS spectra, the EPC
strength can be analyzed from the RIXS intensity decay of the phonon overtones. The observed in-plane resonant
diffraction and inelastic phonon response strongly suggest an enhanced stripe order via magnetic impurities,
reminiscent of the reports in CuO4 plaquettes.

Electronic structure and EPC of the honeycomb nickelate Na:Ni>TeOs are studied. Compared with current literature,
the localized excitations (1-4.5 eV) in the Ni Ls-edge RIXS spectra are largely dominated by the crystal-field splitting of a
Ni%* ion in octahedral coordination. At the O K-edge, the large EPC ~285 meV with 5-6 recognizable overtones (frequency
of ~80 meV) are revealed in the RIXS spectra. The observed modes provide a systematic characterization of charge,
orbital and lattice dynamics for a newly proposed frustrated antiferromagnet.

This thesis has been carried out in a collaboration between the Paul Scherrer Institut and the Laboratory for Quantum
Magnetism at EPFL.

Keywords

Low-dimensional/frustrated 3d transition-metal oxides, cuprate ladders, honeycomb nickelates, resonant inelastic X-
ray scattering, X-ray absorption spectroscopy, elementary excitations



Résumé

Avec de fortes corrélations électroniques et une faible dimensionnalité, les phases exotiques et les excitations
collectives dans les oxydes de métaux de transition 3d ont été largement explorées. La diffusion inélastique résonante
de rayons X (RIXS en anglais) est devenue un puissant outil spectroscopique pour sonder les diverses dynamiques de
faible énergie dans les matériaux corrélés. La technique RIXS offre une approche idéale pour évaluer les instabilités
électroniques dans la matiere condensée. Cette these contient I'étude expérimentale de données de RIXS sur les
cuprates en chaine/échelle de spin SriaxCax(Cu1-yCoy)24041 et le nickelate en nid d’abeille Na2NiTeOs.

Les excitations de spin et de charge de Sr14xCaxCu240a41 (x=0 et 12.2) sont étudiées par RIXS au seuil L3 du cuivre. Avec
I'augmentation de la teneur en Ca, une transition des excitations collectives de deux-triplons (x=0) vers un spectre
magnétique incohérent amorti ~280 meV (x=12.2) est découvert a partir des spectres RIXS des chaines de spin, dominés
par la diffusion spin-flip AS=1. D’aprés notre modélisation, le large mode magnétique, localisé a x=12.2, s’avere étre la
conséquence d’une localisation électronique accrue. Ceci est corroboré par des mesures en fonction de la polarisation,
ou la diffusion non-spin-flip (AS=0) montre une perte de poids en dessous de AE=1 eV. L’évolution spectrale du signal
RIXS suggere qu’une mobilité atténuée des porteurs de charge domine la physique de basse énergie dans les phases
riches en Ca.

Les excitations de basse énergie de Sr14Cu24041 sont étudiées par RIXS au seuil K de I'oxygene, dans la bande de
Hubbard supérieure. Les spectres RIXS montrent un pic de dispersion similaires aux excitations AS=1 a deux-triplons,
ainsi qu’un mode large non dispersif a énergie supérieure. En comparant les résultats expérimentaux aux théories
existantes sur les échelles de spin dopées, les modes spectraux observés sont attribués a des interactions holon-spinons,
ainsi qu’a des contributions spectrales supplémentaires provenant des états liés a AS=0 et du continuum. Ces
observations mettent en évidence la capacité de la diffusion inélastique résonante de rayons X a résoudre les quasi-
particules composites a charge de spin et les excitations magnétiques AS=0 a durées de vie longues, difficilement
détectables par des méthodes conventionnelles.

L’ordre de charge et les excitations de phonon dans les échelles de spin Sris4 (Cui-yCoy)240a41 (y <0.05) sont étudiés. Au
sommet du seuil d’absorption K de I'oxygéne, dans le signal de spectrométrie d'absorption rayons X, un sursaut du signal
élastique et un adoucissement concomitant du phonon sont observés a toutes les valeurs de dopage en Co. La diffraction
dans le plan et la diminution de I'intensité du phonon s’averent accentuées par I'augmentation du dopage en Co. De
plus, le signal de diffraction observé est caractérisé par des mesures en fonction de I'énergie et de la température. Enfin,
étant donné le couplage électron-phonon (CEP) fort dans les spectres RIXS, la force du CEP peut étre analysée a partir
de la décroissance de l'intensité des harmoniques phononiques dans les données RIXS. La diffraction résonnante
observée dans le plan et la réponse phononique inélastique suggerent fortement un ordre de bande amélioré via des
impuretés magnétiques, rappelant les constatations faites sur les plaquettes de CuOa.

La structure électronique et le CEP du nickelate en nid d’abeille Naz2Ni2TeOs sont étudiés. Par rapport a la littérature
actuelle, les excitations localisées (1-4.5 eV) dans les résultats RIXS au seuil L3 du Nickel sont largement dominées par
une levée de dégénérescence dii a I'application d’un champ cristallin sur un ion Ni?* dans une symétrie octaédrique. Au
seuil K de I'oxygene, le grand CEP ~285 meV et ses 56 reconnaissables harmoniques sont révélés dans les spectres RIXS.
Les modes observés permettent une caractérisation systématique de la dynamique d’un nouvel antiferroaimant frustré.

Cette these a été réalisée en collaboration entre I'Institut Paul Scherrer et le Laboratoire de magnétisme quantique
de I'EPFL.

Mots-clés

Oxydes de métaux de transition 3d de faible dimension/frustrés, cuprate a échelles de spin, nickelates en nid d’abeille,
diffusion inélastique résonante de rayons X, Spectrométrie d'absorption des rayons X, excitations élémentaires.



Contents

ACKNOWIEUAZEMENTS .....ooveeeeiiiiicrirssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnns i
Abstract iii
Keywords iii
Résumé iv
Mots-clés iv

List of Figures viii

List of Tables xvi

LI B o V= o T TS xvii
Chapter 1 Lo T Lot 3o 1
Chapter 2 Resonant soft X-ray SPECIrOSCOPY ...ccviivrrieriiiiiiiiiiinnttiiiiiiiiiseninssissssssssssssssssssssssssssssssssssssssssssssssssesssssssssnns 7
2.1 X-ray ADSOIPLION SPECLIOSCOPY ..vveruriirutieiieiieetie ettt st et e b e site e bt e s bt e bt e sabeesase e bt e sabesbeesaseessnesareesanesnneesnnes 7

2.1.1  PrinCiples Of XAS PrOCESS.....uuiiciiieeeiieeeeitteeeitteeeeitteeeeteeeestaeeeesreeeesbaeesasseeeassesessasasasseseenssesesasaeesaseeenns 7

2.1.2  Total flUOrESCENCE YIEIA ..coueeieiieriieeiie ettt sttt e s e st san e e be e sate e s asesaneesnneenreens 8

2 5 T Vo) 7 | W= [ Tot o] o R VA= o RSO OPUETRRPRPRPPRO 9

2.2 ResoNant INElastic X-ray SCAtLEIINEG ....c..viiiuiiiiiiie ettt ettt e eere e e et e e e eta e e eebaeeebaeeeeaseeesnbaeesnsraaennnns 9

2.2.1  PrinCiples Of RIXS PrOCESS.....iiiteriiiriieetteritestee sttt st st st et e sate e st e e bt e saaesbeesaseesseesaseesnnesaneesnnesnreens 9

2.2.2 RIXS CrOSS SECHION ...eiuviiitiiitiictieste ettt et b e sa e s bt e sar e sbe e seressraeereesanes 10

2.3 Synchrotron Radiation and INSErtioN DEVICES.........uieiciiiiiiiee et ettt eectte e st eeeare e e estaeeesaaeeeeabeeessseeeennes 13

2.4 RIXS Endstation at ADRESS Beamline, SWiss LIght SOUICE ........cooueriiieriieiienieeieeeeee et 15

2.5 3d TransitionN-Metal L-dZE RIXS.......oiuieiiieiieeieeee sttt ettt e e si e et e st e e saeesrteesaeesnseenneeenseesaseenseesnees 17

2.5.1 Polarization-dependent RIXS: Disentanglement between AS=1 and AS=0 scattering channels......... 19

2.6 OXYEEN K-EAZE RIXS .. eeteiiiitie ettt ettt ettt ste e et e e sttt e s st b e e e st e e e e bbeeesabeeeeasbaeessbeesansaeeessaeesnsseeennsaeesnnsnens 21

2.6.1 Phonon excitations probed by RIXS: Evaluation of electron-phonon coupling........c.cceceevvverereceeennee. 22

2.6.2 Energy-resolved quasi-elastic scattering probed by RIXS: Charge density wave order....................... 25

2.7 Self-Absorption Correction for the RIXS SPECLIa ......ccceeriiiiieeiieieeteeseeee ettt e 26
Chapter 3 Crossover of the high-energy spin fluctuations from collective triplons to localized magnetic excitations in
[ Lo oT=Te B TN - T o1 D 0 N 29

3.1 [ oY T=Tot A 0] o144« 1U e o IO SRS 29

3.2 PrEAMDIE <.ttt h et h b s bt e bt a e b s b e bt e a e e b e e h e e bt e ae e b e et e he et e nheeneennean 29

33 ABSEFACE 1.ttt bbb bbb bbb e b st b s b et 32

34 INEFOTUCTION .ttt a e bt s h e bt e b e b e s bt e bt e bt et e e hee bt ea e e b e eae e bt eme e b e eateabeensenbeeneennean 32

3.5 Lo qe YT oY= a1 1AV =1 o Vo T PSR 34

3.6 RESUIS @Nd DISCUSSIONS ....vviuviiiiiiiiiiiesiieit ettt st b e s b e e b e s ae b eabesbesane b s 34

37 CONCIUSION ittt ettt e bt s he e b e s e b e he e s et e ae e b e s h e e s b e em s e b e e st e sbeembenbe e st e sbeenbenbeennesmeenbenaes 43

3.8 ACKNOWIBAZEMENT ....ciiiiiiiiciiie ettt et e e e etr e e sttt e e abaeeseabeeesbteeeastbeeeabeeesssteeeasseeesasbeaasnssneennnne 44
Chapter 4 Spectroscopic fingerprint for holon-spinon and spin-singlet multi-triplon excitations in the hole-doped
LT L LT3 0T A T 0P o N 45




4.1
4.2
4.3
4.4
4.5

4.6

4.7
4.8
Chapter 5
5.1
5.2
53
5.4
5.5

5.6

5.7
5.8
Chapter 6
6.1
6.2
6.3
6.4
6.5
6.6

6.7

Lo oY T=Tot A @ o144« 1U T o TSR 45

PrEamMDBIE ..o bbb bbb bbb e ae b 45
Y o1 o - o) AP UUURTOPRROPROPROE 49
[Lg L Age o [¥Tord o o F PP PP PSP 49
EXPErimental MELNOM . .......cooiiiiiiieccee e e et e e et e e e et e e e e bb e e e sabaeeesbeeesbbeeesabaeeasraeaans 50
RESUIES @NT DISCUSSIONS w...veieiieieeriieeieeet ettt ettt sttt e st e st e b e ser e e be e s neessee s aneesnseeneesareesneeenneennnes 51
4.6.1 AS=0 spin-conserving excitation modes and O K-edge UHB RIXS Processes........ccccvevvveerrreeerivenennne 51
4.6.2 O K-edge RIXS spectra with comparison to Cu L3-edge RIXS reSults .........ccceevveieeiieieiiieecnieeciiee s 52
4.6.3 Experimental interpretation with holon-spinon and AS=0 multi-triplon excitations...........ccceccueeennee 53

4.6.4 Spectral fingerprint of holon-spinons and AS=0 2T bound state with overlapping energies: Comparison

Lo R 1 a1 To T 1T TP PUP 54
(@10 ool 111 o TSR UPPRNY 58
ACKNOWIBAZEMENT ...ttt et e et e e et a e e e s tba e e eeabee e e baeeeasteeeerabesesnsaeeeasseeeeansesesnstneeannes 58

Enhanced charge-stripe order with magnetic impurities in the chain-ladder cuprates Sri4(Cu;.xC0x)24041 . 59

Projection CONTIIDULION .....eouiiieeeeeee ettt st e s e be e s b e sas e e b e saresneeenneennnes 59
PrEAMDIE <.t b e bt et b e bt bbbt e ae b s 59
Y o1 1 - o1 APPSR P R UPRUPTOPROPRROPROt 62
[La1Aae o [N Tor 1 To] o H PP P SO PPUPRPPPOP 63
EXPerimental MELNOM.........oooiiiiieecee et e e e e et e e et e e e e ab e e e e abaeeeabeeesasbeeeeasaeaensreeeans 64
RESUILS @NT DISCUSSIONS w...veeuiiieieeriieeiieeit et st et et sit e st e st e st ee st e e sas e e bt esabe e bt e sabeesbeesabeessseenneesareennesnseennnes 64
5.6.1 Energy-Resolved REXS and RIXS probed: CDW order and phonon excitations .........cccccoeeveevrciveeeninen. 64
5.6.2 O K-edge Energy-Resolved REXS: Change of ladder CDW with Co-dOpiNg......ccceeveeeveereerrieereeenieenne. 66
5.6.3 Charge order pinning by magnetic impurities? ......cooociiiiiiiiiiiie e 68

5.6.4 Cooperating or competing mechanism of CDW with different spatial and magnetic correlations? .70

5.6.5 Evaluation of CDW profiles according to co-existent charge order and charge density fluctuations .71

5.6.6 O K-edge RIXS spectra: Phonon excitations vs. CO-dOPiNg ......cceeircuuireiiiieiiiiieeniiee e ssreeesiaeeesivneas 72
5.6.7  EVAIUGLION OF EPC ...ttt sttt bbbt st et b e sb et 74
5.6.8 Cu Ls-edge energy-resolved REXS and RIXS rESUILS ..ccc.uvevierieeieenieeieeeieesiee e 74
5.6.9 Co Ls-edge energy-resolved REXS and RIXS reSUItS .......coovcvviiiiiiiiniiieeiiiie et 75
CONCIUSTON ittt ettt b e s h e b e bt b e e bt e s bt e st e bt s b e e s bt ea b e e bt e aeesb e e mbeeheesbenb e et e ebeennesneenbenas 76
ACKNOWIEAZEMENT ... ettt ettt ettt et sbe e st e e sat e e bt e sabe s bt e sab e e bt e sabe e seesnseensaesabeesanennne 76
Electronic structure and electron-phonon coupling of the layered honeycomb nickelate Na,Ni,TeOs....... 81
Lo T=TotuTo Yo T @e] o1« TU e o TSR 81
PrEamble ...cueiiiiiiii bbb bbb 81
ABSEFACE 1.ttt e e s b e e bbbt s b e s b s re e re et 83
INEFOTUCTION .ttt b e e b e s bt et eh e b e s bt e bt e bt et e s b e e bt e ae e b e eae e bt emeenbeeateabeenbenbeeneennean 84
EXPerimental MELNOM . .......cooiiiiiiieece e e e st e e et e e e s bt e e e sabaeeesbeeesssbeeesabaeaestaeanns 85
RESUIS @NA DISCUSSIONS ....veeuvetientietietesitett ettt sttt et e bt s bttt e b et e shee bt eat e b e shee bt e st e sbeeaeesbeemeenbeesbenbeensenbesanensean 85
CONCIUSION <ttt sttt et b e s bt e st e st e bt s bt e bt e ae e e b e s h e e s bt em e e e b e e st e sbeembeebe e st e sbeembesbeenneeneebenas 91

Vi



6.8 Yo oSV =Y F= T V=T o P PSRPRE 92
Chapter 7 e T Tl Lo T 93
7.1 ACITEVEA RESUIES ...ttt st st e st e bt e s e e s n e e s as e e bt e sane e s e e eaneensneereenaneeane 93
7.2 (RO U g ol BTV =] (o] oo o T=Y o | S PP PPPPPPN 95
7.2.1  EXEENAEA [rESAICR...c.uiiuiiiiiiiitiiee ettt st 95
7.2.2  Quantum spin liquid and Majorana excitations .........ccceeeriiiiniiiiiriiee e 96
7.2.3  Further insight into electron-phonon COUPIING ......coviiiiiiii e 97

References 99
LT ToTT L VT 4IRS 111

vii



List of Figures

Figure 1:1 The structural model for hybrid chain-ladder cuprates (Sr,Ca,La)14Cu24041 from ref. [16] (Reprinted
by permission from Elsevier publishing group, Journal of Crystal Growth, Bag R., Karmakar K., and Singh S.,
458, 16-26, 2017). The materials are composed of alternating edge-sharing CuO; chain layers, two-leg Cu,03
ladder layers, and non-magnetic (Sr,Ca,La) atoms. The chain (ladder) subsystem features a Cu-O-Cu bond
angle of 90° (180°), leading to the magnetic exchange coupling of ~10 (~100) meV [17]. 2

Figure 1:2 Two-triplon (2T) magnetic excitations of Sr14Cu24041 probed by Cu Ls-edge RIXS from ref. [13]. The
full momentum-dependent inelastic spectra with a dispersing downturn at zone center, representing the 2T
band bottom, are shown in (a). The spectral line fitting in (b) demonstrated a sizable quasi-elastic spectral
weight beyond the elastic scattering near the zone center. [Reprinted figure with permission from: J. Schlappa
et al.,, Physical Review Letters, 103, 047401 (2009). Copyright (2009) by the American Physical Society.
(https://doi.org/10.1103/PhysRevLett.103.047401)] ..c.cccereeceeeeirerieeireereestesee e reesre e e sresreeresreereenas 2

Figure 1:3 O K- and Cu L-edge resonant elastic X-ray scattering (REXS) study on the (ladder) charge order
formation observed in Sr14Cu,404; from ref. [18]. A commensurate electronic reflection ~0.2 (rlu) along the
ladder-leg direction was inferred at both O K- and Cu L3-edge XAS resonances (Reprinted by permission from
Springer Nature publishing group, Nature, Abbamonte P. et al., 431, 1078-1081, 2004)...................... 3

Figure 2:1 Schematics for X-ray absorption and the two major processes for detection, the fluorescence from
X-ray emission and electron yield mainly contributed from Auger processes. The photoelectric transitions (red
arrows) from core-level to the unoccupied valence shell (Fermi level labelled by dot-dashed black lines) upon
soft X-ray absorption is indicated on the left. The electrons with less energies than the photo-excited electrons
(green circles) then annihilate the unstable core-hole to relax the system, which release electromagnetic
radiation that correspond to the fluorescence emission. The measured materials can also release energy by
allowing electron escape while the lower-energy shells can undergo photoelectric de-excitations to fill the
core-hole, and this is connected to the electron yield.........cooviiiiniiiinii e, 8

Figure 2:2 Schematics for (a) direct and (b) indirect RIXS proCesses. ........coceeeecuereeiieeeeiieeeeireeeesveeeenns 9

Figure 2:3 Schematics for a prototypical synchrotron radiation source from ref. [48]. (Reprinted by permission
from John Wiley and Sons, Elements of Modern X-ray Physics 2" edition, Jens Als-Nielsen and Des McMorrow,
DA =Ye [T T i ) TR 13

Figure 2:4 Schematics of the collimated radiation released by relativistic accelerated electrons from ref. [48].
(Reprinted by permission from John Wiley and Sons, Elements of Modern X-ray Physics 2" edition, Jens Als-
Nielsen and Des McMOorrow, 2™ edition, 2011) .....cccveeeeuieeeereeeeeeeereeereereeereeeeereereesreeseesesereeereeseeneeens 14

Figure 2:5 Schematics for (a) undulator and (b) wiggler insertion devices from ref. [48]. (Reprinted by
permission from John Wiley and Sons, Elements of Modern X-ray Physics 2" edition, Jens Als-Nielsen and Des
MCEMOITOW, 27 @dItioN, 2011) ...eicuiireieiereeerecteereereeereereeeteereeteereesteeseeseereeseeseesseeseeseessessesseenseeseeseens 14

Figure 2:6 ADRESS DEAMIINE. ...couiiiiiieiieiieeieett ettt ettt sttt st et st sbeesabe e b e sbeesaeesaneens 15

Figure 2:7 Schematics of the optical layout of ADRESS beamline from ref. [54]. [Open access for the reprint
of figure available from: Wiley-Blackwell on behalf of the International Union of Crystallography, Journal of
Synchrotron Radiation, V. N. Strocov et al., 17, 631-643, 2010 (https://doi.org/10.1107/50909049510019862)]

Figure 2:8 Schematics for the optical elements of SAXES at ADRESS beamline from ref. [55]. [Open access for
the reprint of figure available from: Wiley-Blackwell on behalf of the International Union of Crystallography,
Journal of  Synchrotron Radiation, V. N. Strocov et al, 18, 134-142, 2011
(https://doi.org/10.1107/S0909049510054452)]....ccuucveireereeireeeenreereeireeresseessesseessesseesessessesseessessens 16

Figure 2:9 Energy dependent Cu Ls-edge RIXS spectra of Sr,CuO3 modified from ref. [59]. RIXS spectrum taken
at g, = 0.189 (rlu) is highlighted. Low-energy magnetic, inter-orbital crystal field and charge transfer
excitations are shown. The local excitations around 1.85, 2.36 and 2.98 eV correspond to the states for xy,
xz/yz, and 3z2-r2 orbitals (Reprinted by permission from Springer Nature publishing group, Nature, Schlappa J.
€1 al., 485, 82-85, 2012). ...eeeeeeiueeeieeiieeieesteeseeste et e ettt e s te e st e et e st e e teesateenaee e teenneeereenneeeteennneenne 18

viii



Figure 2:10 Schematics for the AS=1 single SF magnetic excitations and the inter-orbital transitions during the
Cu Ls-edge RIXS processes in a square-planar copper oxide environment. (Left) A finite cross section of the
AS=1 process is allowed due to the strong SOC for the 2p core levels, while the transitions between the crystal
field splitting of Cu 3d shells are direct RIXS processes at the Cu L3-edge. ......cccccvevuerrviiererecieereennnnne 18

Figure 2:11 Left: AS=1 two-spinon continuum excitations of Sr,CuOs3 probed by Cu L3-edge RIXS modified from
ref. [59] (Reprinted by permission from Springer Nature publishing group, Nature, Schlappa J. et al., 485, 82-
L3700 0 1 ) USSP 19

Figure 2:12 Schematics of single and double SF magnetic excitations with different timescales modified from
ref. [60]. This was previously revealed by a polarization-dependent Cu Lsz-edge RIXS study on the two-spinon
continuum excitations in weakly-interacting two-leg ladders CaCu,03 [60]. [Reprinted figure with permission
from: V. Bisogni et al., Physical Review Letters, 112, 147401 (2014). Copyright (2014) by the American Physical
Society. (https://doi.org/10.1103/PhysRevLett.112.147401)]....ccccceeceereeireireereereeeesreeiesreeeesreenae s 20

Figure 2:13 Overview of O K-edge RIXS spectra on (a) 2D Sr,CuO,Cl; from ref. [69] and (b) g-1D cuprates
Li,CuO; and CuGeOs from ref. [70], respectively. The high-energy excitation spectrum above ~4.5 eV are
dominated by fluorescence signal. The spectral mode ~3.7-4 eV in Li,CuO; and CuGeOs; were identified as
exciton derived from ZRS. [Reprinted figures with permission from: Y. Harada et al., Physical Review B, 66,
165104 (2002). Copyright (2002) by the American Physical Society.
(https://doi.org/10.1103/PhysRevB.66.165104); C. Monney et al., Physical Review Letters, 110, 087403 (2013).
Copyright (2013) by the American Physical Society. (https://doi.org/10.1103/PhysRevLett.110.087403)] 21

Figure 2:14 Bimagnon continuum excitations in La,CuQ4 revealed by O K-edge RIXS from ref. [74]. (a)-(b) show
the O K-edge XAS and RIXS spectra taken at selected incdent X-ray energies, Eul and Eu2 here. The blue curves
in (b) are smoothing data indicated as a guide-to-eye. (c)-(f) are the momentum- and polarization-dependent
RIXS spectra taken at Eul along (m,0) and (rt,it), with grazing incidence scattering geometry and a scattering
angle of 130°. The AS=0 bimagnon continuum shows generally flat dispersions and enhanced with o
polarization. The fitted peak positions along (m,0) and (m,mt) for the observed AS=0 bimagnon continuum are
shown in (g) and (h), respectively [Reprinted figure with permission from: V. Bisogni et al., Physical Review B,
85, 214527 (2012). Copyright (2012) by the American Physical Society.
(https://doi.org/10.1103/PhySREVB.85.214527)]. ....ecieeireeereeereeeteeecteeereeeteeereeeteesreesreeeteeeaseereeennas 22

Figure 2:15 Evaluated EPC for the phonon excitations in Li,IrO3 probed by O K-edge RIXS from ref. [79]. (a)
Fitting for the EPC based on local Einstein phonon modes from ref. [78]. The EPC constant g and phonon self-
energy Mo are assessed by the decay of high-order phonon overtones. (b) Evaluated My as a function of
momentum. (c) Evaluated phonon energies for the harmonic profiles. For the high-order overtones, the
deviation from ideal harmonic oscillator for may be derived from the anharmonic effects in the measured
materials or contribution of EPC based on other phonon modes. [Reprinted figure with permission from: J. G.
Vale et al., Physical Review B, 100, 224303 (2019). Copyright (2019) by the American Physical Society.
(https://doi.org/10.1103/PhysReVB.100.224303)] ..cceccverrerieerreeeeriereesseeeesseseesseesessessessesssessessaessens 24

Figure 2:16 Cu Ls-edge RIXS study on the CDW orders and phonon excitations for the SC cuprates
Bi,Sr,CaCu;0s.« modified from ref. [83]. (From left to right) (a) Energy-resolved elastic and inelastic RIXS
spectra as function of momentum. (b) Selected RIXS spectra across the CDW ordering ~0.3 rlu along (m,0) with
separated elastic scattering and phonons. (c) Quasi-elastic intensity as a function of momentum, with
enhanced in-plane diffraction ~0.3 rlu. (d) Fitting example for elastic scattering and phonon excitations with
a linear background. (e) The fitted phonon energies and widths as function of momentum, showing the
phonon softening and broadening in vicinity to CDW ordering (Reprinted by permission from Springer Nature
publishing group, Nature Physics, Chaix L. et al., 13, 952-956, 2017)...c.ccccceeriueereerireeneeseeeseeeeeeneens 26

Figure 2:17 lllustration for the required parameters when evaluating self-absorption corrections in a given
RIXS @XPerimental BEOMELIY. .....iiiiiiiiiiiieeiiee ettt ettt e et e e s be e e sab e e e s baeeessbaeesbbeeessbaaeensseeenns 27

Figure 3:1 AS=1 paramagnon in 2D cuprate La,.«(Ba,Sr)xCuO,4 probed by (a) INS from ref. [95] [Reprinted figure
with permission from: S. Wakimoto et al., Physical Review Letters, 98, 247003 (2007). Copyright (2007) by the
American Physical Society. (https://doi.org/10.1103/PhysRevLett.98.247003)], and (b) Cu Ls-edge RIXS from
ref. [96] (Reprinted by permission from Springer Nature publishing group, Nature Materials, Dean M. D. M. et
al., 12, 1019-1023, 2013). c.eeueeuieierieriiereneeteeei ettt se ettt at st b e sttt ettt b b b e et b e b nae e nee 30

Figure 3:2 INS measurements for the 1T gap around q=(qeg=0.5, qrung=0.5) of SCCO with (a) x=0 from ref. [17],
(b) x=11.5 from ref. [104], and (c) x=12.2 from ref. [105]. From these studies, the 1T excitation energy of SCCO



shows marginal Ca-doping dependence at q=(qLeg=0.5, Qrung=0.5), where a spin gap ~32 meV persists up to
x~11-12. [Reprinted figures with permission from: R. Eccleston et al., Physical Review Letters, 81, 1702 (1998).
Copyright (1998) by the American Physical Society. (https://doi.org/10.1103/PhysRevLett.81.1702); S. Katano
et al.,, Physical Review Letters, 82, 636 (1998). Copyright (1998) by the American Physical Society.
(https://doi.org/10.1103/PhysRevLett.82.636); G. Deng et al., Physical Review B, 88, 014504 (2013). Copyright
(2013) by the American Physical Society. (https://doi.org/10.1103/PhysRevB.88.014504)]. ............. 31

Figure 3:3 NMR measurements for the 1T gap, Knight shift and T, in SCCO as a function of Ca content [106].
A decreasing 1T gap was observed with elevated Ca-doping [Reprinted figure with permission from: K. Magishi
et al.,, Physical Review B, 57, 11533 (1998). Copyright (1998) by the American Physical Society.
(https://doi.org/10.1103/PhySREVB.57.11533)]. .cccuiiiieiieecreecreectee et ere et esreesreeereeeaseereeeanas 31

Figure 3:4 Schematics of (a) RIXS experimental geometry with the orientation of the two-leg Cu,05 ladders in
SCCO. The ladder-leg direction is along c-axis, with lattice constant cieg™~3.9 A. (b) Upper panel: Two-leg
quantum spin ladders of local antiferromagnetic interactions along the ladder leg and rung, with spins (blue
arrows) having equal probability pointing along any directions (for instance, the opposite one denoted as gray
arrows). The rung-singlets (purple ellipses) interact through ladder-leg exchange coupling. Bottom panel:
AS=1 triplon excitations (orange dashed-line ellipse) in two-leg ladders, consisting of a singlet-triplet
excitation with two coherent domain walls (green arrows). (c) Main resonances of Cu Ls-edge XAS. 3d°® white
line is marked by the black dashed-line. (d) Cu Ls-edge RIXS spectra taken at 3d® peak of qieg = -0.31 (rlu) in o
polarization. Here, a negative (positive) momentum-transfer indicates the RIXS data taken in grazing incidence
(EMISSION) BEOMELIY. ..veiutiiieiieriteteei ettt ettt sttt b e st e st e b e b e s st e bt eat et e s st e sbeeatesbeeabenbeeasesbesnbenaean 33

Figure 3:5 Cu Ls-edge RIXS spectra with spectral components taken at qeg =-0.31(rlu) for Sr14 and Sr1.8Ca12.2.
From high- to low-energy we observe charge transfer, inter-orbital crystal-field splitting of Cu 3d shell (dd),
magnetic excitations and €lastic lINe. ......oceeiiirieii e e 34

Figure 3:6 Cu Ls-edge RIXS spectra with fitting components at selected momenta for (a) Sr14 and (b)
Sr1.8Cal2.2. Around the 0 eV energy loss peak comprises the elastic (and diffuse) scattering (green solid lines)
along with the quasi-elastic scattering (brown dash lines). 2T excitations of Sr14 are fitted with two Gaussians
of one lower-energy sharp (red solid line with shaded-region) mode and a broad high-energy component (red
dashed line). 2T profiles in Sr1.8Cal2.2 are fitted by a damped Lorentzian (blue solid line with shaded region).

Figure 3:7 Fitting results for the magnetic excitations in the Cu Ls-edge RIXS spectra for Sr14 (red circles) and
Sr1.8Cal2.2 (blue squares). The fitted peak positions and widths are plotted In (a) and (b), respectively. 37

Figure 3:8 (a) and (b) shows the rung and ladder (leg) distances for various Ca doping values obtained from
different sources (red squares: ref. [16]; green diamonds: ref. [125]; black circles: ref. [123]). (c) shows the
rung ratio estimates for Sr1.8Cal2.2, obtained using the ladder rung distances for Sr14 given by two different
references [16] and [125] and the procedure described in the text........ccocccevvvieiiniieeiiiieenciee e, 37

Figure 3:9 O K-edge XAS spectra with fitting components for (a)-(b) Sr14 and (c)-(d) Sr1.8Cal2.2. (e)
Experimentally determined number of holes in the ladder subsystem of SCCO, with comparison to the present
literature [97,99—103,124,127,128]...cccccuieeeieeeecteeeeceee et e eetee e e tae e e et e e s eaae e e ebaae e e taeeeeabeeeeraeaennraeas 38

Figure 3:10 Upper (lower) row panels show the experimental and numerical RIXS results with bicubic
interpolation for Sr14 (Sr1.8Cal2.2). The elastic line in each of the experimental spectra is subtracted for
clarity. (a) and (d): Momentum-dependent RIXS spectra for Sr14 and Sr1.8Cal2.2 in ¢ polarization after elastic
line subtraction. (b) Calculated AS = 1 RIXS spectra on an undoped ladder cluster for Srl14. (c) and (e):
Calculated AS = 1 RIXS spectra on doped ladder clusters with hole doping p close to the experimentally-
determined values from O K-edge XAS results, which are about ~6% and ~11% for Sr14 and Sr1.8Cal2.2,
respectively. The following set of parameters are applied for Sr14 (Sr1.8Cal12.2) on a 32 X 2 site cluster with
spectral convergence: tieg=340 meV, U=8t, and r=0.85 (t =300 meV, U=9t, and r=1.1457). (f) Calculated AS =
1 RIXS spectra for Sr1.8Cal2 on a 16 X 2 site doped ladder cluster with an impurity potential Vimp = 0.5U.
The same electronic parameters and hole doping applied in (e) are adapted. ......c.ccccvvevveeceereeennnn. 40

Figure 3:11 (a) Dynamical spin and (b) modified charge structure factors for Sr14 calculated by DMRG. The
electronic parameters are chosen as tie=340 meV, U=8t, r=0.85, n=0.1379t.cg, and hole doping p=6.25%.41

Figure 3:12 (a)-(e) Dynamical spin and (f)-(j) modified charge structure factors calculated by DMRG for
Sr1.8Cal2.2, with t.g=300 meV, U=9t, r=1.1457, n=0.0.1583t,e;, and hole doping p=12.5%. (a) and(f)
correspond to (16,17,20,28), (b) and (g) to (6,12,13,17), (c) and (h) to (1,12,24,31), and (d) and (i) to



(7,14,15,24). The averaged S(q, w+in) and N(q, w+in) of the four sets are shown in panel (e) and (j),
LT oLt €Y7 1Y APPSR 41

Figure 3:13 RIXS spectra with AS=1 (blue-shadowed) and AS=0 (red line) channels disentangled for (a)-(b) Sr14
and (c)-(d) Sr1.8Cal12.2 taken at queg = 0.38 rlu [(a) and (c)] and queg = 0.14 rlu [(b) and (d)]. Experimental data
shown here are taken with 1 polarization in grazing emission geometry. ........ccccccvveviieeiiieeeeiiineennns 42

Figure 3:14 (a)-(d) Polarization-dependent Cu Ls-edge RIXS spectra zoomed in around the low-energy
excitations. Here the experimental data are normalized to the total spectral weight of dd excitations with
respect to the theoretical Cross SECHIONS. ........viiiiiiiiciiece e ta e e 43

Figure 4:1 (a) Four-spinon continuum excitations outside the Two-spinon continuum boundary in Sr,CuO3
probed by O K-edge RIXS from ref. [77], in comparison with the former Cu Ls-edge RIXS results [59] shown in
(b). The O K- and Cu Ls-edge RIXS spectra taken at zone center are displayed in (c). (d) Calculated AS=0 RIXS
spectra using DMRG on a 22 site t-J chain with periodic boundary conditions. The RIXS intensity is calculated
with the Kramers-Heisenberg formalism with core-hole lifetime effects considered. (e)-(f) The comparison
between experimental and theoretical O K-edge RIXS response with q=0.25 and g=0 (rlu), respectively (Open
access available at: Springer Nature publishing group, Nature Communications, Schlappa J. et al., 9, 5394,

Figure 4:2 Schematics for (a) single AS=1 processes in INS and (b) Cu Ls-edge RIXS measurements denoted in
the hole picture. The 2S and 4S continuum excitations via indirect double spin-flip processes by O K-edge RIXS
are shown in (c) and (d), respectively, which are granted by the distinct core-hole potentials of Cu 2ps/; and O
1s edges [77] (Open access available at: Springer Nature publishing group, Nature Communications, Schlappa
o011, 9, 5304, 20L8). .ot een et n e n e een e e een e eeneeneeenen 47

Figure 4:3 Calculated modified dynamical charge structure factor (AS=0) for undoped and 10% hole-doped t-
J ladder 10x2 site clusters using ED [26]. For both the upper and lower panels, (a)-(f) and (g)-(I) represent the
excitations at qrung=0 and grung=0.5, separately. The r value corresponds to the ratio of the nearest-neighbour
magnetic exchange between the rung and leg orientations (r=Jgrung/Jicg). Upper panel: The solid white lines in
(a)-(c) indicate the AS=0 2T bound state from the strong to isotropic (r=1) rung coupling regime. The solid
(dotted) line segments in (d)-(f) and (j)-(I) mark the lower (upper) multi-spinon continuum boundary for the
weak rung coupling regime. Lower panel: The white dashed lines in (a)-(c) and (g)-(i) represent the gapless
and gapped holon-spinon excitations in the bonding and anti-bonding band from strong to isotropic coupling,
respectively. The dotted white lines in (g)-(h) illustrate the boundary for 1T excitations. The solid white lines
in (c)-(f) and (j)-(I) highlight the holon excitations when approaching the weak rung coupling limit [Reprinted
figure with permission from: Umesh Kumar, Alberto Nocera, Elbio Dagotto, and Steven Johnston, Physical
Review B, 99, 205134 (2019). Copyright (2019) by the American Physical Society.
(https://doi.org/10.1103/PhysReVB.99.205130)]. ...cceevverrerreerreeierreeeeireeresreesesseesesseesesseesesseesessens 48

Figure 4:4 RIXS experimental geometry with the orientation of the two-leg Cu,03 ladders in Sr14. The ladder-
leg direction is along c-axis, with lattice constant ¢,~3.93 A. Inter-site double SF (AS=0) and single SF (AS=1)
processes are indicated by gray arrows in the schematics. ........cccocviiiiiiiiiiiicci e, 50

Figure 4:5 (a)-(c) Schematics for the two-triplon continuum, AS=0 two-triplon bound state and holon-spinon
excitations in a hole-doped two-leg ladder (from top to bottom, respectively). Theground state rung-singlets
(purple ellipses with spin as blue/gray arrows, also see Figure 3:4) can excite into the interacting S=1 triplons
(orange dashed-line ellipses with spin-triplets, with flipped spins marked as red arrows). This will result in
either two delocalized triplons moving away from each other, forming the two-triplon continuum, or two
bound triplons with a total spin S=0, 1 or 2. In this chapter, the AS=0 two-triplon bound state (orange dashed-
dotted-line square) is of focus given the O K-edge RIXS sensitivity. The formation of triplons do not require
holes (pink filled circles). On the other hand, holon-spinon QPs emerge upon the dissociation of bound hole
pairs. As the holes hop without spin-flips, the dissociation of hole pairs leave behind two holon-spinon QPs
(magenta dashed-dotted-line square) with a total spin-singlet (magenta dashed-line ellipses). (d) O K-edge
XAS spectra with UHB marked (black triangle). (e) Schematics of UHB RIXS processes. (ii) and (iii) show the
inter-site electron hopping between the adjacent Cu 3d,..,» orbitals through the Cu-O-Cu superexchange.

Figure 4:6 (a) RIXS spectra taken Cu 3d® and UHB resonances of a momentum-transfer qeg = -0.215 (rlu). (b)
A zoom to the low-energy region, including the elastic line (E), phonons (P), MT and QP modes. (c) The
corresponding spectral assignment for UHB RIXS spectra. (d) Momentum-dependent UHB RIXS in o
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polarization with (qieg, Qrung) labelled. Black triangles serve as a guide-to-eye for the dispersing sharp peak
~270 meV, while the peak maximum at qieg = -0.215 (rlu) is marked by a black dotted-line. The “negative”
momentum-transfer here indicates that the RIXS spectra are recorded in grazing incidence geometry53

Figure 4:7 Multi-peak fitting for the O K-edge UHB RIXS spectra at selected momentum-transfer points, where
the holon-spinon QP (red shaded peak) is clearly separated from the optical phonons and the 2T continuum.

Figure 4:8 (a) Normalized momentum-dependent O K-edge RIXS in this work. (b) Cu Ls-edge RIXS results in
ref. [150]. The experimental data are interpolated along qieg With bicubic approximation, and the elastic line
[T oo =Tt =Y I oY ol F= T 2SS 55

Figure 4:9 Fitted peak positions from O K-edge (this work) and Cu Ls-edge RIXS from chapter 3, overlaid with
the energies of the calculated MT scattering densities using CUT (J.eg=130 meV and r=Jrung/Jieg=1) modified
from ref. [91]. Red (blue) vertical dotted lines indicate the momentum-transfer of 10° grazing incidence at
the O 1s (Cu 2ps;;) edge, serving as references of the experimental kinematic limit of the reachable
momentum-space. The orange dot-dashed curve shown from qieg=0 to qieg=0.25 (rlu) depicts the holon-
spinon QPs with the energy dispersion w(q)=trung(1-c0OS(qLegCieg)) With sizable Jrung [29], where the dispersion
branch is shown within the kinematic limit of O K-edge RIXS in this work. Here tgung is taken as 300 meV. The
optical signal of AS=0 2T bound state for the hole-depleted ladders in CajsxLaxCu24041 from ref. [169] is
mostly contributed by the van Hove singularity of 2T DOS weighted by its coupling with phonons, which are
peaked at the zone boundary and the maximum of the energy dispersion for r~1 (green dashed circles). The
calculated AS=0 2T bound state shows appreciable weight only for qieg 20.2 rlu. This momentum region
belongs to where the AS=0 2T bound state (red dotted cuve) has separated energies from the lower 2T
continuum boundary (black solid curve), and therefore free from decaying into the 2T continuum. 56

Figure 4:10 Temperature-dependent O K-edge RIXS spectra taken with qeg = -0.215 (rlu) at 20 K (blue) and
280 K (red). RIXS spectra are normalized to total integrated intensity (see caption of Figure 4:8).....57

Figure 4:11 Calculated spectral density for the MT scattering in the AS=0 sector (the calculation data are
provided with courtesy by Kai Phillip Schmidt). The rung-to-leg ratio of magnetic exchange r=0.8 is close to
the value estimated from the local structural distances (r~0.85 from ref. [26]). The effects of including a cyclic
four-spin ring exchange, here defined by rc=Jging/Jrung, is taken into consideration with r=0, in the left panel
and r.=0.1 in the right panel, respectively. The momentum- and energy-resolved spectral intensity is similar
between the two panels with insignificant dependence on the inclusion of ring exchange. For comparing with
the experimental O K-edge RIXS data in this chapter, a Jrung value of ~120 and 145 meV is taken for the left
and right panels, respectively, which are compatible with the magnetic exchange couplings observed in Sr14

Figure 5:1 The CDW ordering wavevectors qcpw as a function of hole-doping p across a wide span of SC
cuprates taken from ref. [23] (Permissions from Annual Reviews, Annu. Rev. Condens. Matter Phys., R. Comin
and A. Damaschelli, 7, 369-405, 2016). Two major evolutions are highlighted in the plot. The gcpw increase
with elevated hole density for the momentum-space ordering type curpates, coinciding with the La-based
cuprates hosting charge-spin cooperative stripe orders. On the contrary, the Bi-, Hg- and Y-based multi-layer
cuprates generally show an opposite trend, where the qcpw decrease with increasing hole content and are
referred to as the real-space ordering cuprates in ref. [23]....cccciiiiiiiiniiiiii e, 60

Figure 5:2 (a) The SC transition temperature T. as a function of hole doping in La;xSrxCuo.96Mo.0104 (M=Cu, Ni,
Zn and Ga) from ref. [182]. (b)-(c) show T. and the depolarization rate (asymmetry ratio) in uSR measurements
as a function of hole-doping for Bi- and Y-based cuprates from ref. [182]. The latter can be translated to the
measure of local magnetic field strength. Despite different units for the hole-doping for (b)-(c) compared to
(a), a significant suppression of T. can be inferred around the 1/8 hole-doping level with 1-3% of magnetic
doping at the Cu sites for all the measured cuprates (Reprinted by permission from Elsevier publishing group,
Physica C: Superconducvitiy, Koike Y. and Adachi T., 481, 115-124, 2012). .....ccccveveerreeererecreereeerenns 61

Figure 5:3 The incommensurate SDW and CDW orders observed in the Fe-doped LSCO using neutron
diffraction obtained from ref. [202]. The CDW order observed along (0 2te 0) with £=0.224+0.002 is about
twice of the SDW order revealed along (0.5 0.5+6 0) with 6=0.115+0.003, while both orders melt with
increasing temperature ~60 K. This justifies that the enhanced incommensurate CDW and SDW orders that
are absent in the Fe-free LSCO can be induced by magnetic impurity doping (Reprinted by permission from
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Elsevier publishing group, Journal of Physics and Chemistry of Solids, Fujita M., Enoki M., and Yamada K., 69,
3167-3170, 2008)....cuereeremeeiieririeeiertestestet ettt sttt ettt h e bt be s a ettt b bt et b et e et et be bt b nae e nee 62

Figure 5:4 (a)-(c) O K-edge XAS and RIXS spectra showing the probed resonance and the energy-resolved
(quasi-) elastic signal. The O K-edge RIXS spectra are recorded at the ladder hole peak ~528.6 eV (orange
triangle). (d)-(f) Cu Ls-edge XAS and RIXS spectra showing the probed resonance and the energy-resolved
(quasi-) elastic signal. The Cu Ls-edge RIXS spectra are recorded at the charge-transfer ligand band ~933 eV
(orange triangle). The chosen XAS resonances at O K- and Cu Ls-edge are in agreement with the previous REXS
reports on SCCO [18,31]. Both measurements are performed with m polarization in the grazing incidence
geometry. (b) and (e) reproduce the commensurate ladder CDW ~0.2 (rlu) reported for x=0 in ref. [18]. (c)
and (f) show an enhanced elastic signal near qieg ~0.135 (rlu) for x=0.03, where the diffraction signal is more
Pronounced at the O K-EAZE.......uuiiiiieeciieeec e e e e et e s ta e e e eabe e e sbaeaenaraeas 65

Figure 5:5 (a)-(d) Momentum-dependent O K-edge RIXS spectra revealing the enhanced elastic scattering at
certain wavevectors (highlighted by thick solid lines) with optical phonons (~65 meV) across all Co doping
JBVEIS. ettt ettt sttt et e s a e e bt e e bt e b e e et e e ea bt e beesa b e e bt e e abe e bae et e e nateenbeenaees 65

Figure 5:6 (a) Momentum-dependent O K-edge RIXS measurements showing the in-plane elastic signal in the
leg direction for different Co-doped samples. (b)-(c) Normalized O K-edge XAS spectra (see main text) and
elastic intensity across the main XAS resonances, respectively, measured in the leg direction for all Co doping
levels. The elastic intensities in (c) are recorded at the wavevectors where the elastic signal is maximized for
each doping level as shown in (a), while the data are normalized to the integrated RIXS intensity from 10 eV
loss to 1 eV gain. The elastic signal taken at the post-edge near UHB (~529.3 eV) is used as the normalization
background for comparing the resonant profile of in-plane elastic scattering..........ccccceeeveevriveennnnen. 66

Figure 5:7 Electrical transport measurements without magnetic field on the single crystal Sri4(Cu;.xCox)24041
samples for x=0 and x=0.05 (data courtesy: Surjeet Singh and Rabindranath Bag). The horizontal axis
represents the inverse of temperature multiplied by 1000, whereas the vertical axis is the resistivity
normalized to room-temperature value expressed in the natural logarithmic scale. An overall increased
metallicity is inferred With CO dOPINg. «...cocveeriiiiieeiee e e 67

Figure 5:8 (a)-(d) Momentum-dependent O K-edge RIXS measurements for the in-plane rocking curves around
the CDW wavevectors for all Co doping levels (see fitting schemes in section 5.6.2). The elastic intensities are
normalized to the integrated RIXS spectral weight from 10 eV loss to 1 eV gain. (e) The evaluated ordering
wavevectors (black circles) as a function of Co doping concentration. (f) The fitted CDW correlation lengths
(red circles), maximum intensity (blue squares) and integrated intensity (black diamonds) for the ladder CDW
as a function of Co doping concentration. The CDW signal is fitted by a Lorentzian function with a linear
background. The horizontal lines in (e) represent the qcpw obtained from the previous REXS studies on Sria-
yCayCu24041, Where qcpw™0.2 rlu for y=0 (red dot-dashed) and qcow™0.33 rlu for y of 10~12 (blue
[o T =T ) I T 3 USRS 68

Figure 5:9 Magnetic susceptibility for Sri4(Cu;xCox)24041 from ref [16], showing an enhanced Curie-Weiss
weight in the low-temperature regime upon Co-doping (also see Figure 6 in ref. [213]). This indicates an
increased magnetic moment from Co dopants that disrupts the isotropic spin-liquid ground state for the
cuprate ladder subsystem, while the increased moment shows clear in-plane/out-of-plane anisotropy.
(Reprinted by permission from Elsevier publishing group, Journal of Crystal Growth, Bag R., Karmakar K., and
SINGN S., 458, 16-26, 2017).ueeecuieeieesieeeieenieeseesteesteesteesseesteesseeeseesseesnseesaseenseesnsessseesseesseesnsessseanne 68

Figure 5:10 O K-edge RIXS measurements showing the ER-REXS signal around the elastic line for x=0.03 taken
at (a) 20 K and (b) 200 K. (c) The CDW rocking curves for x=0.03 are displaying the in-plane resonant diffraction
signal for a series of temperatures. The fitting scheme follows Figure 5:8. A linear background is fitted and
subtracted from the data. (d)-(f) The fitted peak intensity, peak width and integrated intensity of area below
the peak, respectively, for the CDW profiles as a function of temperature. ........cccccceevvveeivcieecnneeenn. 70

Figure 5:11 (a)-(b) CDW fitting with two Lorentzian functions for x=0.03 in Sr14(Cu1.4C0y)24041 taken at 20 K
and 200 K, respectively. The fitting scheme is taken from the ref. [180]. Following ref. [180], the BP (red) is
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Chapter 1 Introduction

Chapter 1 Introduction

Due to their strong electronic correlations, low-dimensional transition-metal oxides (TMOs) have been a focus in
condensed matter physics with enduring interest for decades. Despite a simple low-dimensional geometry, their rich
electronic phase diagrams have provided an ideal platform for examining theoretical models in solid-state physics.
Based on this, their high flexibility and potential for tailoring functionalized materials have also introduced exciting op-
portunities for device applications. The underlying electronic correlations of these TMOs comprise the entangled spin,
charge, orbital and lattice degrees of freedom (DOF), in the presence of low-dimensional crystallographic environments.
In the enclosed thesis, these low-energy electronic instabilities are studied with X-ray spectroscopy. Resonant soft X-ray
spectroscopies have been widely demonstrated to be extremely sensitive to charge and orbital DOFs. With the photo-
electric transitions involving the core-level electrons and valence band, this enables an elemental sensitive probing of
the electronic structure for a wide range of materials. Additionally, momentum- and energy-resolved resonant inelastic
X-ray scattering (RIXS) has extended this by its unique spectral capability to resolve various elementary collective exci-
tations, e.g. magnons and phonons, while the RIXS field is still developing rapidly in the recent years. Therefore, studies
using RIXS have opened up exciting new opportunities in correlated TMOs that demand spectroscopic sensitivities be-
yond traditional experimental probes, giving rise to new fields that have yet to develop in fundamental research, as well
as for future device applications. A brief overview for the RIXS technique and relevant experimental observations in
TMOs will be addressed in chapter 2.

The thesis starts with the study focusing on the spin fluctuations in the low-dimensional antiferromagnetic (AFM)
systems. Quantum magnetism is one of the intensively studied low-energy instabilities in low-dimensional correlated
electronic materials. This was arising already from the early theoretical studies, which pointed out that the prototypical
Heisenberg model is not sufficient to account for finite-range spin interactions in low-dimensionality (e.g. two- or one-
dimensions, 2D or 1D) [1]. Conceptually, the thermally excited spin wave excitations essentially hinder the existence of
long-range magnetic order in 2D or 1D systems [2]. The existing experimental literature deal with a large class of other
low-dimensional magnetic materials with significantly reduced ordered moment at low-temperature, indicative of
strong zero-temperature quantum spin fluctuations [2]. A potentially crucial role for the phonons is also proposed from
the divergent thermal excitations and sound waves for 1D or 2D systems [1]. The microscopic modelling for describing
these unconventional magnetic systems is beyond trivial and remains challenging nowadays. For TMOs, the magnetism
is mediated by the strong Coulomb repulsion of the transition-metal (TM) d electrons, where an effective magnetic
exchange emerges via the inter-orbital hopping (superexchange) [3,4]. This is the direct consequence of the strong
orbital hybridization between the TM d orbitals and oxygen p orbitals, which can lead to magnetic exchange couplings
as large as ~1000 K observed in the layered copper oxides (cuprates) [5—7]. Accordingly, the magnetic fluctuations ~100
meV in the layered cuprates have also posed the spin dynamics in a crucial spot for studying the electronic instabilities
of these cuprates, e.g. high-temperature superconductivity (HTSC) [8].

In addition to CuO2 plaquettes in the 2D cuprates hosting HTSC, special attention has been paid to the quasi-one-
dimensional (g-1D) cuprate spin ladders (or coupled-chains) for decades [Figure 1:1], which has been conceptualized as
the crossover between two- and one- dimension [9]. Each “leg” consists of a chain with antiferromagnetically coupled
spins. These two parallel chains are in turn antiferromagnetically coupled along the transverse “rung” direction, forming
a singlet ground state on each rung [9—-11]. Given the low-dimensionality, there is no magnetically-ordered ground state
opposed to the 2D cuprates due to the manifested quantum fluctuations. For spin ladders with even-number of legs,
long-range ordering is replaced by short-range spin-spin correlations [9-11]. As a result, collective spin excitations are
of main interest as they describe the low-energy behavior. For the low-energy magnetic fluctuations in the ladders, the



spin dynamics is dominated by the singlet-to-triplet excitations (triplons) that propagate through the ladder-leg
directions with momentum dispersion [12,13]. Alongside numerous early experimental reports using inealstic neutron
scattering (INS) and nuclear magnetic resonance (NMR) spectroscopy [14,15], the collective triplon excitations have
also been previously observed by RIXS as shown for the chain-ladder cuprate Sr1aCu24041 in Figure 1:2 [13].
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Figure 1:1 The structural model for hybrid chain-ladder cuprates (Sr,Ca,La)14Cu240a1 from ref. [16] (Reprinted by permission from Elsevier publishing
group, Journal of Crystal Growth, Bag R., Karmakar K., and Singh S., 458, 16-26, 2017). The materials are composed of alternating edge-sharing CuO,
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Chapter 1 Introduction

Alongside the magnetic origin for its novel ground state, the spin ladder also serves as a platform for many-body
collective physics. Even-leg ladders form a gap in the spin excitation spectrum, unlike the 1D spin chains with the
Luttinger liquid phase and distinct holon/spinon DOFs [9-11]. Early theories connected the evolution of the spin gap
upon hole doping to pairing fluctuations, analogous with the resonance-valence-bond (RVB) spin-liquid state proposed
for the HTSC in cuprates [9-11]. Based on this, a competing charge density wave (CDW) order state and
superconductivity (SC) was also predicted, and has been later confirmed experimentally [9-11]. As shown in Figure 1:3,
a commensurate charge order was previously uncovered using O K- and Cu Ls-edge resonant elastic X-ray scattering
(REXS) in the ladders of Sr1aCu24041 [18]. On the other hand, a SC state was discovered in Sro.4Ca13.6Cu24041.84, With Tc=12
K at an applied pressure of ~¥3 GPa [19,20]. The crystallization of bound holes is considered to play a crucial role for the
low-energy regime of doped spin ladders, as it has often been taken as the minimal interacting model for stripe order
in 2D cuprates [21,22]. This highlights the collective electronic localization for the ground state, where the total system
energy is minimized with respect to certain spontaneous symmetry breaking, e.g charge- and spin density wave (SDW)
observed in the low-dimensional cuprates and nickelates [23].

Another quantum manifestation realized in ladders is the possibility to manipulate the interactions of elementary
excitations. Quasiparticles in solids have been formulated as the basis of numerous theories describing many-body
phenomena in correlated materials, e.g. HTSC, disentanglement between elementaty DOFs, etc [24,25]. At the strong
ladder-rung coupling limit of the charge-doped ladders, the low-energy excitations are dominated by interacting holons
and coherent spinons (triplons), resulting in exotic excitations predicted by calculations, e.g. a holon-spinon continuum
or dispersive antiholon excitations [26]. Assessing the evolution of the low-energy charge and magnetic fluctuations
with doping in the spin ladders constraints the scaling of the correspondent pairing order parameter, where impeding
efforts have been made in early studies [24,27-29]. The importance of understanding the details of the excitation
spectrum was addressed by mean-field theoretical studies. It was pointed out that two major types of distinct
excitations, the collective triplon mode and a holon bound to a spinon with charge |e| and spin 1/2, evolve differently
as a function of hole density [28,29]. These calculations showed that the bound holon-spinon preserves particle-hole
symmetry in a large fraction of the Fermi surface, similar with the Bogoliubov quasiparticles in BCS theory [28,29].
These findings re-emphasize the importance of resolving the low-energy excitations for understanding the essence of

ladder physics.
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Figure 1:3 O K- and Cu L-edge resonant elastic X-ray scattering (REXS) study on the (ladder) charge order formation observed in Sr14Cu24041 from
ref. [18]. A commensurate electronic reflection ~0.2 (rlu) along the ladder-leg direction was inferred at both O K- and Cu Ls-edge XAS resonances
(Reprinted by permission from Springer Nature publishing group, Nature, Abbamonte P. et al., 431, 1078-1081, 2004).

The hybrid spin chain-ladder material Sr14Cu24041 is the main focus in this thesis. The crystallographic structure is
composed of alternating layers of two-leg Cu203 ladders and edge-sharing CuO: chains [Figure 1:1]. The chain and ladder
subsystems are internally strained due to the incommnesuration of the lattice spacing between the two sublattices [30].
Due to the long chemical formula, it is commonly referred to as the telephone number compound (TNC) in literature.



TNC host numerous intriguing phenomena that have been experimentally confirmed, including gapped S=1 triplons in
the ladders [13,17], CDW order [18,31], spin dimerization in the chain subsystem coupled with Zhang-Rice singlet (ZRS)
formation [32,33], sliding density wave motions between the chains and ladders [34], etc. In particular, a SC phase was
previously inferred upon Sr-Ca substitution in high-pressure transport measurements [19,20]. This connects to the early
mean-field studies suggesting that the hole-doped spin ladders should host competition between charge and pair
density fluctuations with modified d-wave superconductivity, which are similar to the proposed theories for 2D HTSC in
cuprates [9-11]. Conceptually, one can think of the even-leg ladders as the 2D CuO:2 plaquette planes with arrays of
line defects introduced in the structures, where the pairing correlations are expected to emerge upon hole-doping with
a different temperature scale compared to 2D cuprates [10,11]. Recently, the experimental signature of long-range
guantum entanglement in the chain subsystem was also reported, giving significant importance to understanding the
quantum computation theory [35]. Many of these exotic poperties are central to the fact that the TNC is a self-hole-
doped compound, with doped holes residing in the ladder and chain subsystems [36]. Given the overall charge
neutrality of the material, one can obtain an average Cu valence of +2.25 that is beyond the limit of an idealized Cu 3d°
configuration, leading to roughly 6 additional holes per chemical formula (pcf) [36]. It has been widely believed that
about 70~80%of the holes are distributed in the chain subsystem owing to its relatively positive electrical potentials,
consistent with the current experimental studies [37].

In chapter 3, the triplon response is studied by comparing the parent chemical phase Sr1aCu24041 with a phase of high
Ca doping Sri1.8Ca122Cu24041. With the momentum- and polarization-dependent Cu Ls-edge RIXS measurements, the
excitation spectrum evolves from collective two-triplon spin excitations (x=0) to a localized magnetic mode with
significant damping at x=12.2. With the help of model calculations using density matrix renormalization group (DMRG),
the dispersion-less magnetic mode at x=12.2 is consistent with a physical scenario signifying significant carrier
localization. This is further supported by the polarization analysis of experimental RIXS data, where the spin-conserving
AS=0 charge scattering is disentangled from the dominant non-spin-conserving AS=1 signal, and shows clear weight
depletion with Ca-doping. By resolving momentum-resolved magnetic and charge excitations at the heavily Ca-doped
phases, these results highlight that the localized hole-pairs play a crucial role for the prerequisite of electron pairing via
elevated pressure.

In chapter 4, the possibility to study the co-existent low-energy charge and spin-singlet magnetic excitations in the
doped ladders of Sr14Cu24041 is covered. At the upper Hubbard band (UHB) resonance in O K-edge XAS signal, the RIXS
spectra reveal a series of exciation modes, including a sharp dispersing peak ~270 meV and a broad non-dispersive mode
at higher-energy ~400-500 meV. With comparison to the current theories on the magnetic and charge dynamics of
doped ladders, the observed RIXS response show close resemlabance to the interacting holons-spinons, likely
accompanied by the bound states and continua derived from multi-triplon scattering. The main experimental result
comprises the RIXS capability of likely delivering a spectroscopic signature of composite spin-charge quasiparticles and
momentum-resolved long-lived spin-singlet magnetic excitations. The spectroscopic determination of the observed
excitations are generally difficult in conventional experiments, owing to the lack of understanding on the respective
scattering cross section for these modes.

In chapter 5, the observation and manipulation of the electronic charge order via low-doping of magnetic impurities
are demonstrated for the ladders of Sria(Cu1.yCoy)24041. Using a high-resolution experimental setup of the RIXS probe,
allows discussing the interplay between the observed diffraction signal and low-energy phonon excitations. At the pre-
edge peak representing the ladder hole content in the O K-edge XAS spectra, the RIXS spectra show concurrent elastic
enhancement and phonon-softening for the Cu-O bond-stretching mode for all Co-doping levels (y=0, 0.01, 0.03 and
0.05). The observed in-plane diffraction and phonon-softening become stronger with increasing Co dopants, while the
diffraction wavevector continuously decreases upon elevated Co impurities. With energy-detuned and temperature-
dependent RIXS measurements, the in-plane diffraction signal is shown to be resonantly enhanced at the ladder hole
XAS peak and melts with increasing temperature, suggesting its possible electronic origin rather than solely from Bragg
diffraction. Additionally, the electron-phonon coupling (EPC) about ~220-240 meV is analyzed systematically as a
function of Co-doping and momentum-transfer, given the clear RIXS phonon signal. With magnetic impurities, these
observations are reminiscent of a strengthend charge-stripe order assited by significant phonon interactions, which are
reminiscent of the experimental reports on 2D SC cuprates.



Chapter 1 Introduction

In chapter 6, the electronic structure and phonon excitations of a geometrically frustrated honeycomb nickelate
Na:Ni2TeOs are discussed [38]. Recently, there has been increasing attention to rustrated magnetic materials owing to
their novel electronic phases [39,40], e.g. bond-directional magnetic exchange in Kitaev systems [41], long-range
entanglement with fractionalized excitations [42], etc (see more information in section 6.2). The Ni valence shell is
characterized by Ni Ls-edge RIXS, showing a series of localized excitations similar to studies on the crystal field splitting
of Ni?* ions with an octahedral site symmetry. Moreover, the higher-energy inelastic RIXS response reveal fluorescence-
like excitations, which are consistent of charge-transfer states observed in other nickel oxidesof Ni?* configuration. On
the other hand, the O K-edge RIXS spectra reveal strong EPC with clear phonon overtones up to 5-6 harmonics. An EPC
of ~285 meV that is weakly-dependent to momentum is observed for the optical phonon excitations, with phonon
frequency about 80 meV. The RIXS sensitivities to orbital and charge-transfer excitations, as well as momentum-resolved
EPC, provide valuable information for the dynamical properties that are difficult to probe by other experimental
techniques. With temperature and polarization analysis, the RIXS study on such frustrated antiferromagnets will help
to elucidate the crucial excitation modes that are directly associated with the novel magnetic ground state.
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Chapter 2 Resonant soft X-ray spectroscopy

In this chapter, the principles of soft X-ray spectroscopy applied in this thesis and details of the experimental
methodology are briefly introduced. The spectroscopic methods, X-ray absorption spectroscopy (XAS) and resonant
inelastic X-ray scattering (RIXS), along with the RIXS endstation of the Advanced Resonant Spectroscopies (ADRESS)
beamline at the Swiss Light Source (SLS), will be described. Additionally, a brief review of the spectral response of
elementary excitations for 3d metal L3- and oxygen K-edge RIXS in 3d transition-metal oxides is given.

2.1 X-ray Absorption Spectroscopy

2.1.1 Principles of XAS process

X-ray absorption spectroscopy (XAS) is a powerful technique for studying the electronic structure in solids, molecules
and gases [43-45]. Generally, the microscopic processes consist of the excitation of the core-level electrons to the
valence states above the Fermi level. By illuminating the measured samples with X-rays of varied incident energies, one
can infer the underlying chemcial composition from the increase of absorption coefficients, which correspond to certain
resonant transitions between the electronic states. For comprehensive understanding, the readers are referred to
references [43-46]. With the given electronic materials, the charge particles can react to the presence of interacting
photons and oscillate with respect to the electromagnetic fields. The transition probability from a cetain initial state i to
the final state f can be described by the Fermi’s golden rule at the first order that reads

21

Wi = 3 FIT10) 1?8 (Er — E; — hw).

Equation 2:1 Fermi’s golden rule at the first order describing the photoelectric XAS process.

Here T represents the transition operator that determines the matrix elements for the photon absorption processe,
which are directly reflective of the involved electronic states with certain orbital symmetry [1]. In combination with
utilizing the X-ray polarization and experimental geometry, the XAS sensitivity allows direct access to the unoccupied
states for various symmetries. This enables the XAS capability to assess the local electronic configuration alongside the
oxidation states and coordination environments [43—45]. The XAS edges are defined by the relevant transitions involved
in the photoelectric excitation. For the context of this thesis, the 2p = 3d and 1s = 2p atomic transitions for the 3d
transition-metal and oxygen ions separately are of the main topics, corresponding to the L and K XAS edges, respectively.
For the oxides composed of the first-row transition metal ions, these elemental absorption edges are within the soft X-
ray regime (< 1 keV). Given that the frontier atomic wavefunctions for the valence band and Fermi level are largely
contributed by the metal 3d and O 2p orbitals, the 3d metal L- and O K-edge XAS edges are suitable for evaluating the
electronic structure for the cuprates and nickelates discussed in this thesis.

In the typcial hard X-ray XAS measurements, the absorption coefficient can be taken as the measure of intensity ratio
between the outgoing and incoming photon, namely operated in a transmission geometry. This is rationalized by the
Beer-Lambert law, where the amount of photon absorbed dl in a thin slice of sample with thickness dz can be expressed
as:

dl
— = —1@u@)

Equation 2:2 Differential equation for the photon absorbed in an infinitely thin and uniform material.
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lo is the incoming photon intensity, and p(w) is the absorption coefficient that is associated with energy. By solving this
differential eugation, one obains the Beer-Lambert law as:

[ = [je~#®)z,

Equation 2:3 Beer-Lambert law.

For soft X-ray, however, the typical penetration depth of photon is of 10-100 nm scale. This would imply that a thin film
sample is mandatory for the practical measurements, therefore hinders the experimental application. In the following
two sections, the alternative approaches for detecting XAS by fluorescence and electron yield are introduced. Given by
the considerable cross section in the soft X-ray regime, the fluorescence emission and Auger electron escape are the
two major ways to relax total energy for condensed matter [47]. Both methods are based on the assumption that the
photoabsorption is proportional to the number of core-holes created. This can be measured by the correspondent
emitted photons or electrons due to the annihilation of these unstable core-holes via different energy relaxation

channels in the samples.
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Figure 2:1 Schematics for X-ray absorption and the two major processes for detection, the fluorescence from X-ray emission and electron yield mainly
contributed from Auger processes. The photoelectric transitions (red arrows) from core-level to the unoccupied valence shell (Fermi level labelled by
dot-dashed black lines) upon soft X-ray absorption is indicated on the left. The electrons with less energies than the photo-excited electrons (green
circles) then annihilate the unstable core-hole to relax the system, which release electromagnetic radiation that correspond to the fluorescence
emission. The measured materials can also release energy by allowing electron escape while the lower-energy shells can undergo photoelectric de-
excitations to fill the core-hole, and this is connected to the electron yield.

2.1.2 Total fluorescence yield

One simple approach to perform XAS measurements is to probe the fluorescence yield (Figure 2:1). Followed by the
photoelectric excitation of electrons, the radiation emitted through the annihilation of the created core-hole filled by
electrons from outer shell is described as fluorescence [46,48]. In this manner, the fluorescence yield is proportional to
the photoelectrons resonantly excited by the incoming photon, thereby allowing the evaluation of XAS signature of the
measured samples. In practice, this is commonly conducted with a photodiode to collect the outgoing photons within a
solid angle, with respect to the finite energy spread for the detector. This corresponds to the total fluorescence yield
(TFY), which assumes that the emission lines are featureless for the elements that are non-resonantly excited for the
given incoming photon energy. The TFY detection mode is essentially bulk-sensitve, determined by the probing depth
of the incoming photon for X-ray. As a result, it is less invasive and raelatively inert to the surface treatment or roughness
of the samples. One major drawback for TFY mode is the self-absorption effects for the incoming and outgoing photons
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during the light-matter interactions. This leads to distortion on the X-ray emission signal due to the damping from the
measured samples, which depends on the geometrical configuration for experiments. Given that the measured
materials in this thesis are reasonably insulating, the XAS data from chapter 3 to 6 are taken with TFY mode unless
specified. The fluoescence yield intensity normalized to the incident photon intensity can be experessed as:

wi(Eg) mi(Ef)\_,
I(Eg'Ef) — CZ fZ.Q-(E E )l’li(Eg) e_<sin(§)+sin(£)>z dz'.
Io(Eg) — Jo 859 sin(a)

Equation 2:4 Fluorescence yield intensity.

Here Eg and Es stand for the incoming and outgoing photon energies, respectively. Qi is the fluorescence yield coefficient
for element I, while Wwi(E) is the absorption coefficient for energy E. a and B are the incidence and emission angles with
respect to the sample surface, separately, which will affect the self-absorption for the incoming and outgoing photon.
This matters for the probed region for the sample of thickness z for the self-absorption effects of the fluorescence signal.
The constant C accounts for the quantum yield efficiency of the photon events on detector covered in the solid angle.

2.1.3 Total electron yield

Another way to measure XAS is to detect the electron yield signal (Figure 2:1). This is realized through the Auger
decay processes that establish an electron current between the measured sample and the experimental ground. In
general, the strength of Auger signal is proportional to the number of photons absorbed. Therefore, by measuring the
drain current signal of total electron yield (TEY), one can obtain an approximated XAS profile that is sensitive to the
Auger electron escape paths. This method will require a moderate electrical conduction between the measured samples
and the experimental ground. Moreover, due to the limited escape length of electrons that is scaled by the inelastic
mean free path (IMFP) ~ 1 nm, the TEY detection for XAS is surface sensitive and influenced by contamination on the
sample surface [46,48]. For the context of this thesis, the measured samples are insulating bulk single crystals, and
thereby the TEY signal is mostly weak and irrelevant to the actual XAS processes.

2.2 Resonant Inelastic X-ray Scattering

2.2.1 Principles of RIXS process

RIXS is a resonant X-ray spectroscopy with two-step light-matter interactions. It has shown great potential to be
capable of probing various elementary excitation modes in condensed matter [47,49]. The scattering processes consist
of two subsequent photo-induced atomic transitions as shown in Figure 2:2. It starts with resonantly exciting a core-
level electron into the valence band. This creates a highly unstable intermediate state with a core-hole, scaled by a
lifetime scale about few fs. This is then filled by an electron from the valence band then emitting radiation. The energy
of the emitted photon can be equivalent or smaller than the incoming photon, where the latter corresponds to a
resonant inelastic process. The generally weak scattering cross section for such dynamical processes is enhanced due
to the anomalous scattering when the incident X-ray is tuned to XAS edges. This overcomes the low count rates for the
scattered-photon events observed in non-resonant X-ray scattering.
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Figure 2:2 Schematics for (a) direct and (b) indirect RIXS processes.
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By resolving the RIXS signal with energy and polarization dependence, one can study the underlying electronic
structure with symmetry analysis. Furthermore, the application of high-energy X-ray scattering not only enables the
exchange of photon energy but also the transfer of momentum. In combination of the momentum and energy
conservation laws between the photon and measured samples, one can extract the momentum-resolved RIXS spectral
weight which allows the evaluation of energy disperions for collective excitations. These establish RIXS as a powerful
spectroscopic tool for studying spin, charge, orbital and lattice dynamics in diverse electronic materials, where small-
volume samples of ~1mm? are sufficient for spectral statistical efficiency. A finite cross section is available provided that
the scattering procsses is charge-neutral, which poses RIXS free from the charging issues for photoemission experiments
in insulators due to the removal fo electrons. By tuning the incoming photon with respect to the elemental XAS edges,
RIXS probe is element- and orbital-specific for the measured excitation modes. This is advantageous to disentangle the
intricate electronic correlations in condensed matter.

Figure 2:2 describes the direct RIXS processes corresponding to the aforementioned paragraphs. The excited state is
highly unstable after absorbing a photon with a core-hole, then quickly decays from such intermediate state with few
femtoseconds. An inelastic process is achieved when an electron with different energy in the valence state annihilates
the unstable core-hole. The so-called direct RIXS is governed by the fact that the two-step processes show substantial
coupling between the core and valence states, e.g. K-edge (1s=>2p) for light elements (carbon, oxygen, nitrogen, etc)
and L-edge (2p—>3d) for transition metals. When the photoelectric transitions between the core and valence states are
weak, another mechanism referred as the indirect RIXS can occur as depicted in Figure 2:2. The core-level electron is
excited up to several electron volts above the Fermi level, where the system decays from this intermediate state (e.g.
1s2>4p K-edge transition for metals). This leads to shake-up/shake-off excitations during the RIXS process. In most cases
including this thesis, the RIXS signal is dominated by the direct RIXS process.

The major obstacle for RIXS studies is the low photon signal derived from the second-order light-matter interactions.
The necessity for high resolution from a synchrotron beamline with high-resolving power spectrometer further elevates
the challenges for the overall spectral throughput. Thanks to the rapid improvement with the advent of optimized optics
specifically for high-resolution RIXS setup, nowadays the detection of low-energy modes about tens of meV (e.g. mag-
netic or vibrational modes) within few-hour acquisition have been realized. This opens up the opportunities for studying
fields that were previously specialized for inelastic neutron scattering (INS) or non-resonant inelastic X-ray scattering
(IXS).

2.2.2 RIXS cross section

In this section, the RIXS scattering cross section described by Kramers-Heisenberg formula is briefly introduced. For
more comprehensive discussions, the references from [49] and [47] are recommended. To illustrate the underlying
interactions between photons and electrons with simplicity, we make the following approximations. First of all, non-
reletavistic bound electrons are considered, which are in agreement with the applied X-ray of third-generation
synchrotron radiation in this thesis. Secondly, the light-matter intercations are treated as small perturbations with the
form of time-dependent electromagnetic waves. Such semi-claisscial picture may not be valid for stronger field stregnth
achieved in light scattering, e.g. free-electron laser (FEL). In Sl units, the Hamiltonian for N electrons with a presence of
electromagnetic field A(r,t) can be written as:

H= 3V <w +2-0; B(r) + o (E() X (pi + eA() — (b + eA(r) x E(n))) + 00 4 Heputums +

e
2m 2m 2(2mc)? 8(mc)?ey

+ 1
Zk,E(ak,gak,E + E)
Equation 2:5 Hamiltonian for light-matter interactions.

Here, pi and ri are the momentum and position operators for the electrons, and o; are the Pauli matrices. A(rj) is the
vector potential, with correspondent electric field E(ri) = -V(ri)- dA(ri)/dt and magnetic field B(ri) = V x A(ri). a'ke and
ake are the creation and annilhilation operators for photons with wavevector k, polarization g, and energy hwk = c|k]|,
where cis the light speed. The first term in the brackets describes the kinetic energies for the electrons, and the second
term accounts for the Zeeman splitting. The third term is responsible for the spin-orbit coupling (SOC), relevant for
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electrons with finite orbital moments (L # 0). The fourth term is the Darwin term that modifies the effective potential
for the nucleus, which is more relevant for s-wave orbitals due to their finite scattering probability at nuclei. The Hcoutumb
term is associated with the electron response to other sources of external field, e.g. the atomic cores. The last term
summarizes the summation of photon quanta with energy of hw.

The scattering cross section can be calculated by assuming the interactions between light and measured sample H’
are small comapred to the unperturbed dynamics of the photons and electrons Ho, where the total Hamiltonian H = Ho
+ H’. Here, the momentum and energy for initial (final) state of a single photon before (after) the scattering processes
are assumed as hk (hk’) and hwk (hw’k), with polarization & (€’). This gives rise to a photon transfer for the measured
sample with the momentum and energy transfer expressed as hw = hwk - hw’k and hq = hk - hk’, respectively. As a
consequence, under the framwork of perturbation theory, the transition rate w for the two-step processes can be
described by the Fermi’s Golden rule expanded at the second order:

Oﬂwmn&hﬁﬂkﬁﬂﬂ@)

2

W= %nzf Eg+hw—Ey 6((Ef + hwk') - (Eg + hwk))/

Equation 2:6 Fermi’s Golden rule in second-order perturbation theory.

| n> correspond to the available intermediate states summed over the given atomic transitions. Here | n> are eigenstates
for Ho with energies of En. The first term represents the non-resonant inelastic scattering, while the second term depicts
the resonant scattering. The former generally outweighs the latter except for hw ~ (En-Eg). With a nearly zero
demoninator, the second-order resonant scattering term is largely enhanced in vicinity to the resonant condition.

To evaluate the perturbative H’, one collects the terms in H that are linear in vector potential A. Although the first
and third term possess both linear and quadratic order of A, the relevant contribution is of order a*? and therefore
neglected. Here a = e?/4neohc ~1/137 is the dimensionless fine structure constant. As a result, all terms that are

independent of A are included in Ho, where the remaining terms read:
N

, e e? 2 eh
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Equation 2:7 Perturbative term in the electron Hamiltonian with photon scattering.

Here the Gauge is fixed with V ¢ A =0, leading to A e p = p ¢ A. By inserting this into the Equation 2:6, we obtain the

n><

Equation 2:8 Second-order resonant scattering amplitude.

second-order amplitude for the resonant scattering as
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V is the volume for the system considered. The core-hole lifetime broadening I is introduced to account for the non-
radiative processes. Thus prevents an infinitely large scattering amplitude that is unphysical, making the intermediate
states short-lived in nature. For simplicity, ['» are taken as independent among the intermediate states for the following
derivation (= T). Furthermore, one can simplify the resonant scattering amplitude by neglecting the magnetic contri-
bution oi » k’ x €’, which has been demonstrated to be generally weaker than the non-magnetic scattering [49]. Lastly,
the original p operator is replaced by im[Ho,r]/h through the commutator relation, giving rise to <n|e e p|g> =
mw<n|& * r|g>. Consequently, with the dipole approximation (e*" = 1+ ikr + ...), the Kramers-Heisenberg RIXS cross
section can be obtained by normalizing to the photon density of states with respect to the solid angle Q and by photon
flux, which reads:

v [Fle”™ - nin)mle - rig

d’s 2.2 3
=1 mw,w N
e k@i Ly | X X Eg+hw—E,+il'

)
m 6(Eg - Ef + hw)

Equation 2:9 Kramers-Heisenberg equation for the RIXS cross section under dipole approximation.
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The relevant transition operator can be written as:

ML
D= ikr; €D
imwk Z : ¢ Pi

<

Equation 2:10 The RIXS transition operator under dipole approximation.

Here re is the classical electron radius e?/4neoc?. To examine the validity of dipole approximation for a local-transition
picture, the typical scale of radiation wavelength for soft X-ray of few nm is still reasonably larger than the common
lattice spacing (~A) in solids. Nevertheless, the sizable contributions from multipole expansions will arise when entering
towards higher incoming photon energies. The two-step RIXS processes, consisting of the transitions between the initial,
highly unstable intermediate and the excited final state, are described by the multiplication of overlapping wavefunc-
tions between dipole operators in a Frank-Condon fashion. The RIXS cross section is highly dependent on the interme-
diate state core-hole potentials. This poses the RIXS selection rule beyond the scope of the conventional optical spec-
troscopy, and allows the detection of optically-forbidden excitation modes. The probed excitations are not affected by
the core-hole broadening in the intermediate state, but their own intrinsic lifetime scales. By analysing the energy for
incoming and outgoing photon, one can map out the excitation spectrum as a function of energy loss by collecting the
scattered photon events at given scattering geometry. With the varied polarization, energy and incidence angle for the
incoming photon, one can study the comprehensive RIXS cross section for the probed excitations that are sensitive to
the above variables.

The evaluation of the RIXS intensity has been beyond trivial. Several approximation have been so far applied for
calculating the Kramers-Heisenberg scattering amplitue in current studies. The most straightforward approach is to
directly compute the exact scattering amplitude and RIXS intensity [47,49]. In this case, the complex electronic
correlations and intermediate states are largely approximated to a simplified system. For instance, one solution is to
describe the underlying electronic interactions with an isolated single ion. The atomic orbitals are often taken into
account for the consideration of local lattice symmetry. This is commonly utilized with the usage of local density
approximation and calculated in the ab initio fashion, approximating the interacting electrons with an effective potential.
With the lack of core-hole potentials and intermediate state effects in the formalism, this essentially provides a measure
for the convolution of occupied and unoccupied states. Therefore, this has been demonstrated for early studies on the
wide band insulators and semiconductors. In this scenario, the intermediate states consist of an exciton with core-hole
and valence electron for band insulators and semiconductors, while the creation for such low-energy electron-hole
excitations can also effectively screen the intermediate core-hole potentials for metallic systems.

Another approach relies on the exact diagonalization (ED) on the local clusters [47,49]. This is useful for strongly
correlated electronic materials, as the assumption of non-interacting electrons in the single-ion approximation is no
longer valid due to the sizable Coulumb interactions. In these calculations, it requires a properly chosen basis for the
studied systems. Then, one sets up the model Hamiltonian for the investigated properties, where the parameters are
often extracted from numerical methods, e.g. ab initio or Hartree-Fock approximation. Finally, the Hamiltonian is
diagonalized for the the given electronic states involved in the two-step photoelectric transitions during the RIXS
processes. This approach directly tackles the many-body phenomena in the studied systems compared to the single-ion
method. However, the amount of required computation memory increases rapidly with the basis set and number of
states involved, therefore often limited to the studies on small clusters (e.g. 5~6 CuO: plaquettes for edge-sharing
cuprate chains). The main task for this approach is to decide the crucial electronic states that are sufficient to describe
the studied excitations. For the transition metal L- and M-edge, the RIXS processes are direct and optically-allowed for
diople transitions. Therefore, the core-hole in the intermediate states are strongly bound to the excited valence
electrons, leading to the direct access of a variety of elementary excitations.

Except for directly computing the scattering amplitude in the simplied systems, another way to approximate the RIXS
cross section is to apply effective theory for the intermediate state core-hole propagator [47,49]. This takes
adavantages of being capable of tackling large size clusters beyond the reach of state-of-art ED calculations. In particular,
this gives the access to the collective excitations during RIXS processes, which are limited for small clusters with the
potential finite-size effects. By simulating the intermediate states with an interaction model possessing reduced degrees
of freedom, one can obtain the effective RIXS response to compare with the experimental results. In recent years, the
usage of density-matrix renormalizatino group (DMRG) for calculating the effective RIXS cross section has been
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demonstrated for the g-1D systems, where a large cluster size up to hundreds of sites is achievable. This will be shown
in chapter 3 and 4, where the low-energy magnetic and charge excitations in the doped two-leg ladders are well
described by the DMRG calculations. As the introduction of DMRG method is beyond the context of this thesis, the
readers are referred to the enclosed references [50-52].

Lastly, a commonly applied approximation for calculating the RIXS corss section is introduced here. In the wide band
insulators and semiconductors, the RIXS response is simplied as the electron-hole pairs with effectively projected
density of states from the two subsequent electronic transitions in the RIXS processes [47,49]. Given the considerable
intermediate state interactions for strongly correlated electronic materials, which suits the context of this thesis, this
physical picture is not valid. Nevertheless, the predominant dipole contributions for the RIXS scattering amplitude still
hold for the transition metal L- and M-edge. With this, one intuitive approximation is to simplify the the intermediate
state interactions by assuming an ultrafast core-hole lifetime (UCL). With the approximated fast-collision limit, the
intermediate state propagator can be replaced by a resonant factor, which remains a constant determined by the given
electronic states. Recent theories expanded this with the polarization-resolved RIXS scattering channels, where it has
been shown that the dynamical magnetic (AS=1) and charge (AS=0) correlations can be discussed separately from the
RIXS spectra [53]. This is covered in the context of chapter 3.
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Figure 2:3 Schematics for a prototypical synchrotron radiation source from ref. [48]. (Reprinted by permission from John Wiley and Sons, Elements
of Modern X-ray Physics 2" edition, Jens Als-Nielsen and Des McMorrow, 2™ edition, 2011)

2.3 Synchrotron Radiation and Insertion Devices

In order to perform soft X-ray RIXS measurements in condensed matter, a stable photon source with high flux and
collimation is required. The synchrotron radiation facilities provide the ideal source for such purposes. For more
comprehensive studies, the readers are referred to the recommended reference [46,48]. Figure 2:3 shows the
schematics of typical synchrotron radiation source with its components. The working concept relies the electromagnetic
radiation released by charge particles accelerated to the relativistic limit by a linear accelerator up to 1~2 GeV scale.
The accelerated electrons are then injected into the storage ring, and maintain a circular motion which is forced by
magnets. With this, the electromagnetic wave is released along the tangential direction of the circular motion for the
electrons, and then guided to the experimental endstation for measurements. Under relativistic limit, the emitted
radiation from the electrons undergoes an extreme sharpening scaled by the inverse of Lorentz factor ~1/y (Figure 2:4).
This is caused by the relativistic Doppler effects that modify the spatial profile of the electromagnetic wave, leading to
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a highly collimated photon beam seen by an observer. The energy the emitted radiation seen by an observer is roughly
peaked at a frequency determined by the inverse of the traversal time, which is defined as visible time interval for the
radiation cone for an observer in the laboratory frame. The exact formulation can be written as: wc.=3eBy?/2m, where
wc is the critical fequency, B is the magnetic field, m is the electron mass and e is the electron charge. For sufficiently
large v, the energy sepctum is peaked at a frequency in the X-ray regime

During this process, the loss of kinetic energies of accelerating electrons will be compensated by the radio frequency
(RF) cavities, which replenish the electron energy through the electric field that is in-phase with the transverse time of
electron motion in the RF cavities. This can be seen in the so-called top-up operational mode for a typical third-genera-
tion synchrotron radiation source. Additionally, this also gives rise to a discrete distribution for the electrons in time
structure as separated bunches, where the time scale ~2 ns between electron bunches is determined by the typical
working frequency of the RF cavity (~500 MHz). Due to the repulsive interactions between the electrons, the length for
an electron bunch is usually extended up to ~100 ps.
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Figure 2:4 Schematics of the collimated radiation released by relativistic accelerated electrons from ref. [48]. (Reprinted by permission from John
Wiley and Sons, Elements of Modern X-ray Physics 2™ edition, Jens Als-Nielsen and Des McMorrow, 2" edition, 2011)

(a) Undulator (b) Wiggler

2 | =

Figure 2:5 Schematics for (a) undulator and (b) wiggler insertion devices from ref. [48]. (Reprinted by permission from John Wiley and Sons, Elements
of Modern X-ray Physics 2" edition, Jens Als-Nielsen and Des McMorrow, 2™ edition, 2011)

After the electron acceleration, the emitted photons are deflected into a corresponding beamline by the Lorentz force
bending the electrons under magnetic fields. Despite the usage of typical bending magnets are sufficient for X-ray stud-
ies, the demand for higher intensity and narrow beam size require further assistance from the instrumental side. By
combining a series of magnets, manipulation on the photon energy spectrum can be achieved. This is conceptualized as
periodically arranged magnets, where the magnitude and periodicity of the applied field can introduce different condi-
tion for constructive interference of the emitted light depending on the scientific purpose. For such “insertion devices”,
the emitted radiation cone can be wider than the directed beam from the bending magnets, or possess an even nar-
rower angular excursion. The former corresponds to the so-called wigglers, whereas the latter represents the undulators
(Figure 2:5). The energy spectrum of an undulator is more sharply peaked at a specific frequency compared to the
original accelerated electrons. The fundamental wavelength is approximately scaled by N'=\/2y?, where A is the perio-
dicity of the magnets. The magnet periodicity is firstly Lorentz contracted back to the reference frame for the
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unmodulated electrons. Then, the emitted radiation undergoes the Doppler shift with respect to the lab frame. In
practice, this relation does not include the contribution of actual electron path through the undulator, and possible non-
sinusoidal components of the electron trajectory. The latter may lead to higher-order harmonic contributions. Modern
undulators are capable of producing X-ray radiation with arbitrary polarization properties by inducing additional phase
shifts in the mangetic eld that cause the electron trajectory to move out of the plane of the storage ring.

2.4 RIXS Endstation at ADRESS Beamline, Swiss Light Source
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Figure 2:7 Schematics of the optical layout of ADRESS beamline from ref. [54]. [Open access for the reprint of figure available from: Wiley-Blackwell
on behalf of the International Union of Crystallography, Journal of Synchrotron Radiation, V. N. Strocov et al., 17, 631-643, 2010
(https://doi.org/10.1107/50909049510019862)]

The major obstacle for RIXS measurements is the overall weak signal. This is caused by the nature of second-order
light-matter interactions in RIXS processes. Therefore, a highly monochromatized beamline with high photon flux, in
combination of high-resolution spectrometer for detecting scattered photon, is required. Here the setup of RIXS
endstation in soft X-ray ADRESS beamline at SLS, Paul Scherrer Institut (PSI), is briefly covered (Figure 2:6). The storage
ring is operated at the top-up mode, maintaining constant injection of the accelerated electron bunches with a ring
current of 400 mA. All the components for the beamline and spectrometer are operated under ultra high vacuum (UHV)
because soft X-rays are absorbed by air. To resolve the energy of a photon beam in the soft X-ray range, the use of
gratings is mandatory. The characterisitc length scale for X-ray diffraction in solid crystals is incompatible with the soft
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2.4 RIXS Endstation at ADRESS Beamline, Swiss Light Source

X-ray photon, leading to a low efficiency for crsytal-based energy analyzers. A brief overview is covered in the following,
while the technical details can be found in references [54-58].

For the front-end insertion devices, the beamline is equipped with a fixed gap undulator with 75 periods of 44 mm.
It provides light with linear (horizontal and vertical) and circular (left and right) polarization with equivalent flux. A series
of optical elements are placed to monochromatize and focus the incoming photon beam (see Figure 2:7). The first
element is a toroidal collimating mirror that focus the divergent beam, then passing the beam through the exit-slit and
onto the monochromator horizontally. The beam passes through an aperture then enters the the plane pre-mirror
component of the monochromator. The pre-mirror ensures the compensation of emittance angle across different
phototn energies. The beam is later attenued by passing thorugh the energy selection channels of a subsequent plane
grating, where the energy dispersion is displayed vertically. Here one can choose the probing photon energy for the X-
ray beam. There are two choices of monochromator grating available at ADRESS beamline: a blazed 800 line/mm grating
and a laminar 2000 line/mm grating. With increasing line density for the grating, the resolving power increases while
the photon flux decreases. The last component in the monochromator sector, a cylindrical cylinder, directs the beam
horizontally to an ellipsoidal refocusing mirror before the sample chamber. With this setup, a beam size ~50x4 pum?
(horizontal and veritcal dimension, respectively) is delivered onto the sample stage with an exit-slit of 10 um. At 1000
eV, the resultant photon flux is about 103 ph/s/0.01%BW with ring current of 400 mA, representing one of the most
high-brilliance sources of the world in the soft X-ray range.

Upon shining X-ray beam onto the sample, the light-matter scattering results in the emitted radiation of different X-
ray energies. This includes the elastic and inelastic scattering processes. To discriminate the scattered photon in energies,
it requires an optical element to disentangle the outgoing beam with mixed spectral components. For this purpose, the
Super Advanced X-ray Emission Spectrometer (SAXES) for the RIXS measurements at ADRESS beamline is briefly
addressed here.

CCD detector

Source

s

"

r =
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Spherical VLS grating

Figure 2:8 Schematics for the optical elements of SAXES at ADRESS beamline from ref. [55]. [Open access for the reprint of figure available from:
Wiley-Blackwell on behalf of the International Union of Crystallography, Journal of Synchrotron Radiation, V. N. Strocov et al., 18, 134-142, 2011
(https://doi.org/10.1107/5S0909049510054452)]

The schematics of the SAXES setup is illustrated in Figure 2:8. The RIXS spectrometer consists of a variable line spacing
(VLS) grating and a charge coupled device (CCD) camera for detecting the scattered photon from the sample. The sample
is mounted on a Carving manipulator in UHV. Six degrees of freedom including three orthogonal translations and
rotations of polar, azimuthal and tilt orientations. The sample stage can be cooled down to a base temperature about
20 K by a Janis liquid helium cryostat, while the temperature is controlled in the range 20-350 K with a heater filament.
The first element for the scattered beam to pass through from the smaple is a movable mask that selects the
correspondent fraction of the VLS grating. This aims to exclude non-ideal regions for the subsequent photon illumination
onto the grating, e.g. geometrical edges. The grating is designed to spatially discriminate the energies of scattered
photon in terms of vertical height differences on the CCD. In this geometry, the horizontal plane provides the constant-
energy orientation. The optimization of energy resolution is achieved by tweaking the incidence pitch angle between
the scattered beam and the grating. This is conducted in parallel with compensating the distances from the sample to
the spectrometer grating, and the subsequent optical path from the grating to CCD. There are two choices of gratings
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installed in the SAXES spectrometer, depending on the purpose of high resolution (3000 line/mm) or high throughput
experimental configuration (1500 line/mm). The CCD camera is applied to record the positions of the scattered photons
that were previously resolved by the spectrometer grating. To improve the energy resolution, a fine grid is implemented
for the CCD readout that provides sub-pixeling in the energy axis. This will lead to overlapping scattered photon events
that may cause damping and distortions in the recorded spectra, which are articfical effects onto the measured signal.
Therefore, an algorithm specialized for the single-photon counting for centroiding the photon events is applied. The
CCD camera is connected to a compressor circulating liquid nitrogen for cooling at -110 °C. This aims for reducing the
thermal and electrical noise during the readout of the scattered photon events.

2.5 3d Transition-Metal L-edge RIXS

RIXS signal is highly dependent on the probed elemental absorption edges. The complicated cross section is sensitive
to the underlying spin, charge, orbital and lattice environments in the measured samples. Particularly, distinct core-hole
potentials in the intermediate state pose different criteria for the detectable excitation modes in the RIXS spectra. In
this section, a short review of the case studies using metal L-edge RIXS is presented. This comes with the anticipated
excitations predicted by theories that were later confirmed in experiments. For relevance to the enclosed thesis, the Cu
Ls-edge RIXS response in the experimental reports on low-dimensional cuprates and nickelates are specifically high-
lighted.

Charge transfer (CT) excitations have been widely confirmed at the metal absorption edges. The early experiments
revealing charge transfer in wide band-gap insulators play the role for showing spectral feasibility of the RIXS technique.
At the metal L-edge, a core-hole is introduced at the metal site, which quickly decays and gets annihilated by the charge
moving from the surrounding ligands. This leads to the rearranged charge clouds with CT exciton during such indirect
RIXS processes, with the main scattering channels of a|cd™> + B|cd™2L> character [47,49]. Here ¢ and L denote the
core-hole and ligand un-occupancy, respectively. The electron excited into the 3d shell can directly screen the core-hole
without the screening from neighbouring metal sites. Therefore, the observed CT at the metal L-edge mostly occur
between the bonding and anti-bonding states of the metal sites, while the non-local screening is quite small in the cross
section (see Figure 3:5 in chapter 3).

RIXS enables the detection of crystal field splitting from inter-orbital excitations. This is achieved by the core-hole
potentials in the short-lived intermediate state that can allow optically-forbidden processes [47,49]. The coupling be-
tween the shake-up exciton in the intermediate state to the inter-orbital transitions is usually weak and unclear for
indirect RIXS processes at the metal M-edge. This, however, is relatively well understood for the direct RIXS transitions
at the metal L-edge, e.g. inter-orbital excitations for Cu 3d shells (Figure 2:10). A localized picture provides good approx-
imation for a single ion interacting with the crystal field, or the surrounding ligand environments [47,49]. Despite the
poor resolution compared to optical spectroscopy, the generally enhanced cross section for dd excitations in RIXS has
reproduced clearly defined spectral lines for the crystal field excitations in several transition-metal compounds. Further-
more, these experimentally observed dd excitations can often be well described by the numerical approaches based on
a single ion or small clusters [47,49]. The dd signal probed by RIXS allows the characterization of the underlying local
distortions and orbital symmetry. This provides a powerful tool to analyse the electronic structure.

Magnetic excitations can also be probed by RIXS, which comprise the main results for chapter 3 and 4 in this thesis.
Despite that the spin-spin interactions between the photons and electrons are generally weak, the photon spin can
effectively couple to the orbital angular momentum for the electrons. With the presence of the additional field, e.g.
spin-orbital interactions, the spin and orbital moments mix such that the spin and orbital angular momentum are no
longer well defined quantum numbers [47,49]. For instance, the transfer of spin moment between the incoming photon
and electrons in the samples can be achieved at the Cu Ls-edge RIXS processes (Figure 2:10), given the strong spin-
orbital interactions of Cu 2psy2, 1/2 core-levels.

A crude physical picture for the single SF processes probed by Cu Ls-edge RIXS is shown in Figure 2:10. With spin-
orbital interactions, the spin and orbital quantum numbers S and L are no longer well-defined, and should be replaced
by the total angular momentum J = L + S. Therefore, by resonantly exciting an electron from Cu 2ps/, core-level to Cu 3d
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2.5 3d Transition-Metal L-edge RIXS

orbitals, this creates a core-hole that can have mixed spin-up and spin-down states in its wavefunction. As a result, a
finite cross section of single SF processes (AJ=0 and AS=1) are allowed in the scattering matrix elements.

This gives unique opportunities for RIXS to measure magnetic excitations with different spin-resolved scattering chan-
nels (e.g. total spin S=0, 1 and 2). In neutron scattering measurements, the dynamical spin-spin correlations between
neutron probe and atom nucleus with spin 1/2 can lead to a total spin change of 0 or 1. For RIXS, on the contrary, an
incoming light with total angular moment L=1 may give rise to the SF processes of 0, 1, and 2 [47,49]. Provided by the
conservation laws of total angular momentum, this creates the co-existing single and double spin-flip (SF) excitations
granted by the RIXS processes [47,49]. With element- and orbital-specific cross section, RIXS can probe inelastic pro-
cesses beyond the conventional two-site correlation functions, which will be addressed specifically in Chapter 4. Fur-
thermore, studying magnetic excitations using RIXS does not require large sample volume. Experiments for neutron-
absorbing materials are also allowed. Combining with the improved optical elements for better RIXS energy resolution,
these establish RIXS as a powerful spectroscopic tool for studying low-energy magnetic excitations. In early Cu Ls-edge
RIXS studies on g-1D and 2D cuprates, dispersing AS=1 single SF excitations comparable to the INS works were revealed
(see section 3.2). In chapter 3, the AS=1 two-triplon magnetic excitations in the two-leg ladders of the hybrid chain-
ladder SrisxCaxCu24041 materials are studied.
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Figure 2:9 Energy dependent Cu Ls-edge RIXS spectra of Sr.CuO3 modified from ref. [59]. RIXS spectrum taken at g, = 0.189 (rlu) is highlighted. Low-
energy magnetic, inter-orbital crystal field and charge transfer excitations are shown. The local excitations around 1.85, 2.36 and 2.98 eV correspond
to the states for xy, xz/yz, and 3z%-r? orbitals (Reprinted by permission from Springer Nature publishing group, Nature, Schlappa J. et al., 485, 82-85,
2012).
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Figure 2:10 Schematics for the AS=1 single SF magnetic excitations and the inter-orbital transitions during the Cu Ls-edge RIXS processes in a square-
planar copper oxide environment. (Left) A finite cross section of the AS=1 process is allowed due to the strong SOC for the 2p core levels, while the
transitions between the crystal field splitting of Cu 3d shells are direct RIXS processes at the Cu Ls-edge.

Lastly, by utilizing the polarization analysis of the incoming and outgoing photon, one can further reveal the character
of the probed excitations by RIXS. In recent years, there have been accumulative experimental realization of such po-
larimetic analysis in the RIXS signal thanks to the rapid instrumental progress. Polarization-dependent RIXS measure-
ments have been demonstrated to be capable of resolving the entangled spin, charge and orbital character for the
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probed excitations with overlapping energies [60-65]. Currently, there are three approaches present in existing litera-
ture for this type of studies. The first case starts with the assumption that the dynamical structure factors can be ap-
proximated by the local fluctuations along with a sufficiently fast core-hole lifetime. An example on the disentanglement
between AS=1 and AS=0 scattering channels of magnetic excitations can be found in ref. [60]. In this picture, the RIXS
cross section with respect to polarization and momentum dependence can be calculated in the single-ion fashion. Here
the symmetry of atomic orbitals are taken into account for the approximated magnetic and charge RIXS cross section
by local spin-flip and elastic scattering, respectively [66]. One can thereby extract the de-coupled dynamical spin/charge
structure factor by performing the RIXS measurements with different polarization for the incident X-rays (Figure 2:12).
In chapter 3, this analysis is applied for the magnetic excitations in the two-leg ladders of the hybrid chain-ladder Sria-
xCaxCu24041 materials. The next section will give a brief introduction to this method.
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Figure 2:11 Left: AS=1 two-spinon continuum excitations of Sro.CuOs probed by Cu Ls-edge RIXS modified from ref. [59] (Reprinted by permission from
Springer Nature publishing group, Nature, Schlappa J. et al., 485, 82-85, 2012).

In first case, the scattered photon remains depolarized with mixed scattering channels. The second method directly
tackles this by employing a polarizer with the CCD [73]. This provides the polarization selection for both the incoming
and outgoing photon, enabling the mapping for excitations modes with complete polarization dependence [65]. Due
to the generally weak RIXS signal, alongside the extra attenuation of the scattered photon from the polarimeter, the
existing reports mostly measure at the elemental edges with strong fluorescence vyield, e.g. transition-metal L-edge. A
third approach has been recently at play in this field. It de-convolutes the spin/charge and inter-orbital RIXS signal by
sampling the angular dependence of the RIXS cross section at a given scattering geometry [67]. With this, one can
transform the polarization- and azimuthal-dependent RIXS signal into the spin-, charge-, and orbital-resolved dynamical
structure factors [67]. This is achieved by solving the equations of RIXS intensity with varied polarization and azimuthal-
angle, where the solution provides the scaling relation among different scattering channels based on the scattering
tensors at given experimental geometry [67].

2.5.1 Polarization-dependent RIXS: Disentanglement between AS=1 and AS=0 scattering
channels

In order to decompose the non-spin-conserving AS=1 and spin-conserving AS=0 scattering of magnetic and charge
excitations with overlapping energies, the polarization-dependent Cu Ls-edge RIXS measurements are applied for the
two-spinon continuum excitations of pseudo two-leg ladders CaCu203 demonstrated in ref. [60]. The RIXS spectra are
measured with incident X-rays in o and 1 polarization at the same geometry. These yield the polarization-dependent
magnetic RIXS intensity I(g,q) for the low-energy excitations. € and q represent the polarization of the incident X-rays
and momentum-transfer, respectively. For practical purposes, the AS=1 and AS=0 scattering disentanglement is
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perfomred with RIXS experiments measured in in the grazing emission geometry ref. [60]. This reduces the errors from
intensity fluctuations or unphysical results due to the small differences between I(0,q<0) and I(rt,q<0) in the grazing
incidence geometry [71]. Additionally, the spectral differences from self-absorption effects by applying o and n
polarization for the incident X-rays are also reduced in grazing emission geometry [60]. As described in the ref. [72], the
RIXS intensities can be written as:

I(g,q) = G(AS,E, g, q)F(AS, &, q).

Equation 2:11 Polarization- and momentum-dependent RIXS intensity expressed as the multiplication between spin-resolved dynamical structure
factors and form factors given by the scattering cross section.

With the corresponding form factors F(g,q) for respective AS=1 and AS=0 scattering, one could solve the dynamical
structural factors G(AS,E,€,q) from I(g,q) that are obtained from RIXS measurements. The key assumption in this method
is that the form factors F(g,q) are approximated by local SF and charge scattering probabilities P(g,q) as:

F(AS = 1,¢,q) = Psp(g,q); F(AS = 0,¢,q) = Pg.(g,q).

Equation 2:12 Approximation of the RIXS scattering form factors in the single-ion picture.

which can be calculated in the single-ion approximation [66]. The atomic symmetries of core-hole p and valence d
orbitals for the Cu?* ion are taken into account in these calculations. In this scenario, the momentum-dependence is
associated with the changes of projection of atomic orbitals for the initial and final state with varying scattering
geometry. For the given RIXS experimental geometry, this works well for the majority of Cu®* electronic configuration in
the underdoped ladder subsystem in chapter 3.The RIXS spectra are normalized with respect to the theoretical dd cross
section before evaluating G(AS,E,g,q). This follows the data treatment of the experimental RIXS results in ref. [60]
(normalized to dd excitations from 1.5 to 3 eV loss). The error bars for evaluating the extracted spectra are assuming
Poisson statistics [60]. The elastic line is removed from the RIXS spectra before the dynamical structure factors
G(AS,E,g,q) are evaluated from the RIXS intensities I(g,q).

With this approach, the AS=1 and AS=0 RIXS scattering channels were previously resolved in the magnetic excitations
of the two-leg pseudo-ladder CaCu203 (Jieg™134 meV; Jrung ~11 meV) in ref. [60] (Figure 2:12). On the left panel, one can
see the AS=1 and AS=0 RIXS scattering processes at Cu Ls-edge with evolution in time. The initial state with Cu 2p®3d°®
configurations evolves into the intermediate state with Cu 2p°3d??, creating a doublon with two electrons of anti-parallel
spins. The AS=1 and AS=0 magnetic scattering corresponds to the situation where the spin-orbit coupling of Cu 2ps/2,1/2
core-levels effectively flips/conserves the spins. On the right panel, one can see the disentangled AS=1/AS=0 scattering
channels from the polarization-resolved Cu Ls-edge RIXS measurements. With comparison to calculations, the
momentum-dependence of the evaluated spin-resolved spectral intensities were rationalized with distinct time scales
of AS=1 and AS=0 scattering channels.
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Figure 2:12 Schematics of single and double SF magnetic excitations with different timescales modified from ref. [60]. This was previously revealed
by a polarization-dependent Cu Ls-edge RIXS study on the two-spinon continuum excitations in weakly-interacting two-leg ladders CaCu,0s3 [60].
[Reprinted figure with permission from: V. Bisogni et al., Physical Review Letters, 112, 147401 (2014). Copyright (2014) by the American Physical
Society. (https://doi.org/10.1103/PhysRevlLett.112.147401)]
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2.6 Oxygen K-edge RIXS

O K-edge RIXS studies on correlated transition metal oxides have been sporadic compared to the metal L-edge. This
is in part due to the weak fluoresence yield at the O K-edge that hampers the statistical efficiency for the RIXS signal.
The CT excitations probed at O K-edge for low-dimensional oxides are generally predominant in the spectral signal
(Figure 2:13). The intermediate state hosts an annihilated O 2p hole that is strongly coupled to the metal d shell,
followed by a O 2p electron with different energy quickly filling the unstable intermediate state. This is a direct RIXS
process. Experimental observations for high-energy fluorescence based on the above charge transitions have been
observed in early studies [47,49]. Furthermore, with the relatively large on-site Coulomb potential for the Cu sites, the
O content are predominant for the underlying charge order and fluctuations for the g-1D and 2D cuprates. The ground
state of CT type insulator for doped cuprates is of a|3d°>+f|3d°L> character, where L is denoted as a ligand hole for
the O site [68]. RIXS probe allows the spectroscopic probing for the dynamical charge correlations across the
momentum-space, providing information beyond the localized optical processes. This has led to the exeprimental
observations of low-energy charge excitations manfested at the O K-edge, which has been referred to the direct
consequences of sensitivity to the charge carriers that are mostly of O 2p nature in the wavefunction [47,49].
Experimental observation of charge-like exciton with Zhang-Rice singlet (ZRS) formalism, electron-hole continuum
derived from inter-band transitions, and collective plasmon excitations have been so far reported from the low-
dimensional cuprate studies using O K-edge RIXS [69-73].
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Figure 2:13 Overview of O K-edge RIXS spectra on (a) 2D SroCuO:Cl, from ref. [69] and (b) g-1D cuprates Li>CuO2 and CuGeOs from ref. [70], respec-
tively. The high-energy excitation spectrum above ~4.5 eV are dominated by fluorescence signal. The spectral mode ~3.7-4 eV in Li.CuO; and CuGeOs
were identified as exciton derived from ZRS. [Reprinted figures with permission from: Y. Harada et al., Physical Review B, 66, 165104 (2002). Copyright
(2002) by the American Physical Society. (https://doi.org/10.1103/PhysRevB.66.165104); C. Monney et al., Physical Review Letters, 110, 087403
(2013). Copyright (2013) by the American Physical Society. (https://doi.org/10.1103/PhysRevLett.110.087403)]

As mentioned in the previous section, double SF processes with a total AS=0 can also be probed by RIXS. Given the
weak SOC for the O 1s core level, the cross section for non-spin-conserving AS=1 magnetic excitations is low. In low-
dimensional cuprates, this can be conceptualized by the inter-site double SFs through the Cu-O-Cu superexchange when
probing at the Cu-O hybridization band (see section 4.6.1). With their higher-order nature, the AS=0 magnetic
excitaitons observed in K-edge RIXS are mostly damped in the spectral profiles, showing a short-lived character. The
substantial high-energy spectral weight observed in O K-edge is mostly inaccessible at the metal L-edge, which is directly
related to the longer core-hole lifetime at the O K-edge compared to metal L-edge. The high-energy upper bound for
the two-magnon (2M) continuum excitations have been reported in undoped and underdoped 2D cuprates [69,74-77]
(Figure 2:14, also see section 4.6.1), which was previously shown to be compatible with the calculated 2M spectral
density [47,49]. In chapter 4, the identification of low-energy charge and AS=0 magnetic excitations in the doped
cuprate spin ladders of Sr1aCu24041 are highlighted.
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Figure 2:14 Bimagnon continuum excitations in La2CuOs revealed by O K-edge RIXS from ref. [74]. (a)-(b) show the O K-edge XAS and RIXS spectra
taken at selected incdent X-ray energies, Eul and Eu2 here. The blue curves in (b) are smoothing data indicated as a guide-to-eye. (c)-(f) are the
momentum- and polarization-dependent RIXS spectra taken at Eul along (m,0) and (m,it), with grazing incidence scattering geometry and a scattering
angle of 130°. The AS=0 bimagnon continuum shows generally flat dispersions and enhanced with o polarization. The fitted peak positions along (rt,0)
and (m,m) for the observed AS=0 bimagnon continuum are shown in (g) and (h), respectively [Reprinted figure with permission from: V. Bisogni et al.,
Physical Review B, 85, 214527 (2012). Copyright (2012) by the American Physical Society. (https://doi.org/10.1103/PhysRevB.85.214527)].

2.6.1 Phonon excitations probed by RIXS: Evaluation of electron-phonon coupling

Phonon excitations can be probed by RIXS as well. RIXS probes phonon excitations in a Frank-Condon fashion, where
the matrix elements are governed by the overlapping wavefunctions during the two-step photoelectric transitions [78].
The lattice distortion during the intermediate state is translated into the RIXS signal through the sensitivity to the fastly
rearranged charge cloud. This sets RIXS apart from the conventional techniques for measuring lattice vibrations (e.g.
INS and IXS), where the spectral signal is dominated by the electron-phonon coupling (EPC) with respect to the excited
orbitals at the given resonance [78]. RIXS takes the advantage of studying phonon excitations owing to the direct prob-
ing of momentum-resolved EPC strength among different phonon modes. With the improved energy resolution for the
RIXS beamlines in recent years (resolving power 20000 for practical measurements), this has opened up opportunities
for investigating the interplay between phonons and other electronic order and excitations in correlated oxides. The
multi-phonon scattering can be detected as harmonic satellites in the energy loss spectra using RIXS (Figure 2:15). This
grants the direct assessment of the EPC strength from the decay of high-order phonon overtones compared to the
fundamental phonons, which has also been extended to the scattering between different vibrational modes demon-
strated in recent theories [78].

In this paragraph, the formalism of EPC response in RIXS is briefly covered. For further reading, the interested readers
are referred to recommended references [49,78]. To understand the phonon response probed by RIXS, one can start
with the electron-phonon interaction Hamiltonian as:

H= > wobf 1bga + Maac]_gacqa(bla+bqn).
k,q,A

Equation 2:13 A generic form of the Hamiltonian describing electron-phonon coupling with the fundamental frequency wo.

The summation runs over phonons with different momentum g and branches A where Mg, stand for the corresponding
EPC self-energies. bt (b) and ct (c) are the creation (annihilation) operators for phonons and electrons, respectively.
Under dipole approximation, one can denote the dipole operator for two-step RIXS processes as [78]:

D= Z(e_iki"RC;rePR + eik,,utRcRpL)’
R

Equation 2:14 Dipole operator in the scattering amplitude A.
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Chapter 2 Resonant soft X-ray spectroscopy

where D ~p-A where p is the momentum operator and the scattering amplitude A is

P GLILTILT

— Wget — Eq +1iI°

Equation 2:15 RIXS amplitude for phonon intensity.

Here i, n and f stand for initial, intermediate and final states. wdet is the detuning energy away from XAS resonance, and
l'is the inverse of core-hole lifetime. For systems described by a single Einstein phonon, the Hamiltonian is reduced with
summation over lattice positions R as

H= Z wobsz + MRCLCR(bL‘i‘bR).
R

Equation 2:16 Hamiltonian for electron-phonon interactions of a single Einstein phonon with fundamental frequency wo.

Despite that a crude physical picture of the local Einstein phonon modes is introduced here, it captures the main spirit
of the context discussed in this thesis and the current literature. When a core-level electron is excited to the valence
shell, it can locally modifies the neighbouring charge density distribution during the intermediate state. After the fast
subsequent annihilation of the unstable intermediate state with a core-hole, there is a finite probability that the system
is left behind with an excited state governed by combination of the available populated phonons. This is determined by
the symmetry for the atomic orbitals of the initial and final state wavefunctions, leading to the weight factors that
dependent on the excited orbitals and vibrational modes involved during the RIXS processes. Therefore, the RIXS pho-
non intensity is thus proportional to the EPC strength for the excited photoelectrons and the phonons, which can also
be affected by the intermediate core-hole potentials. For the simplified picture of an Einstein phonon, suitable for the
weakly-dispersive optical phonons that have been reported in updated RIXS experimental reports, the RIXS scattering
amplitude for exciting n’ phonon overtones can be expressed as:

(o]

A = z Bmax(n’,n),min(n’,n) (g)BnO (g)
1 z+ (g —mwo

)

n=0
Equation 2:17 RIXS phonon amplitude for an Einstein oscillator.

where the functions Bmn (g) are:

SO
-D'il'm—=-n+D!’

Bun(9) = (—l)m\/e‘gm!n!z: o
=0

Equation 2:18 Franck-Condon overlap factors associated with the factorials based on multi-phonon scattering.

g is the dimensionless EPC constant where g=M?/wo?. z=wdet+il. The core-hole lifetime for copper/nickel metal Ls-edge
and oxygen K-edge are about ~0.3 and ~0.1 eV, respectively. For the usual self-energies of the optical phonons ~30-100
meV, the phonon self-energy obtained by soft X-ray RIXS are usually of a few tens meV scale, which is sufficiently smaller
than the core-hole lifetime broadening. This sets the criteria for the experimental observation of phonons probed by
RIXS, which is empirically supported by the dispersive magnetic excitations reported by RIXS studies on the 3d correlated
oxides. The energy dispersions for collective excitations should be overwhelmed by the corresponding lattice vibrations,
if the natural timescales for EPC are beyond the core-hole lifetime for given RIXS processes. For dispersive phonons,
Equation 2:16 can be generalized into:

’

Z + Y a(Gra — M a (M) wi 2

4y = Z piaR Z(Hk,a<nlk,a|e_sR"‘"1|nk,/1 (m)) (nye 2(m) |eSR'k"1|”12,A))

R

Equation 2:19 Generalized scattering amplitude for the RIXS intensity of dispersive phonons.
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2.6 Oxygen K-edge RIXS

where nix% nka and n’k are the occupation numbers of specific phonon modes with momentum k and branches A for
the initial, intermediate and final state in the RIXS processes.
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Figure 2:15 Evaluated EPC for the phonon excitations in Li.IrOs probed by O K-edge RIXS from ref. [79]. (a) Fitting for the EPC based on local Einstein
phonon modes from ref. [78]. The EPC constant g and phonon self-energy Mo are assessed by the decay of high-order phonon overtones. (b) Evaluated
Mo as a function of momentum. (c) Evaluated phonon energies for the harmonic profiles. For the high-order overtones, the deviation from ideal
harmonic oscillator for may be derived from the anharmonic effects in the measured materials or contribution of EPC based on other phonon modes.
[Reprinted figure with permission from: J. G. Vale et al., Physical Review B, 100, 224303 (2019). Copyright (2019) by the American Physical Society.
(https://doi.org/10.1103/PhysRevB.100.224303)]

With the reasonably fast core-hole lifetime for most 3d transition-metal L-edges, however, the higher-order overtones
are often hampered in the scattering cross section. In this case, alternative method for evaluating EPC based on detuning
RIXS measurements was recently suggested, and will be introduced in chapter 7. From the given RIXS experimental
configuration in this thesis, the phonon excitations measured by 3d metal Ls-edge RIXS mainly contributed as the low-
energy asymmetry for the quasi-elastic scattering, which will not be the main focus for the experimental results. For O
K-edge RIXS studies on low-dimensional oxides, on the other hand, phonon excitations have been revealed with intense
harmonic profiles from multi-phonon scattering. This has been related to the weak charge screening and longer core-
hole lifetime for the RIXS processes, which grants the substantial weight for the short-lived multi-phonon processes.
Alongside the weak charge screening given by the low-dimensionality, the moderate core-hole lifetime grants the clear
detection for vibrational modes at the light O element, including the short-lived higher-order harmonics. This was con-
firmed in experiments on g-1D cuprate spin-chains, where harmonics of optical phonon modes ~60-70 meV were re-
solved.

In chapter 5, the optical phonon excitations are revealed and analysed from the O K-edge RIXS spectra for the q-1D
two-leg ladders in the Sria(Cu,Co0)24041 materials. With the RIXS capability, the site-selective EPC and interplay with
other excitation modes have also been discussed using RIXS. In chapter 6, the molecular-like EPC with predominant
multi-phonon vibrational spectra are demonstrated in a geometrically frustrated honeycomb nickelate Na:Ni:TeOs.
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Chapter 2 Resonant soft X-ray spectroscopy

This is in line with the recent report on O K-edge study on the quantum spin liquid candidate of honeycomb iridates,
where the lattice interactions were predicted to play a crucial role for its frustrated magnetism [80].

2.6.2 Energy-resolved quasi-elastic scattering probed by RIXS: Charge density wave order

Lastly, the possibility of studying charge density wave (CDW) orders using RIXS is briefly introduced. There have been
increasing numbers of experimental reports showing the possibility to study charge- and spin-orders using RIXS as an
alternative approach for energy-resolved resonant elastic X-ray scattering (REXS). Here the principle of REXS and its
advantage over conventional X-ray diffraction for probing electronic orders is briefly covered, while the interested read-
ers are suggested to refer to the recommended references [23]. One can start with a general picture of the light-matter
interactions as derived in section 2.2.2, which involves the terms with linear and quadratic orders of the vector potential
A(r,t) and the Hamiltonian described in Equation 2:7. By collecting the terms with linear order of A(r,t), this constitutes
the major contribution for the perturbation of the electrons under the presence of electromagnetic waves. The central
element to the elastic scattering here is the transition probabilities for the interacting electrons and photons. Here the
initial and final states are assumed to stay in the electronic ground states. Thus, the scattering probabilities can be
described by the Fermi’s golden rule as in Equation 2:6. The predominant contribution at the first-order in the pertur-
bative formalism reads

w® =27

2
% A(ry )" |l‘Uf>‘ ,

e2
2mc2< ¢

Equation 2:20 The first-order perturbative transition probabilities for the light-matter elastic scattering.

while the second-order term is
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Equation 2:21 The second-order perturbative transition probabilities for the light-matter elastic scattering.

Em stands for the available transitions while I'm represent the corresponding lifetimes. In the soft X-ray regime, the
second-order term is composed of the excitation of the core-level electrons to the valence shell, which is followed by a
subsequent re-emission of photons due to the annihilation of the unstable core-hole. One can think of Equation 2:18 as
a special case for Kramers-Heisenberg formula. The first-order term, on the other hand, does not involve the excitation
of an intermediate state. This is essentially responsible for the Thompson scattering that summarizes the non-resonant
scattering from the electronic densities in the ground state. Furthermore, the REXS intensity has a strong energy-
dependence in general, where the signal is maximized at the XAS resonances as seen from Equation 2:18. In this manner,
the second-order term describes the resonant atomic transition processes, which are directly sensitive to the partial
charge modulations of specific element and orbitals. On the contrary, the first-order term sums the total electronic
states over the lattice, where the spatial electronic contrast is less significant as it only contributes via structural
distortions from both the core and valence electrons. This has the advantage of studying electronic orders with respect
to certain ions or orbital-symmetry, where the enhancement in the elastic scattering amplitude w!? can be larger than
the non-resonant X-ray diffraction w™¥) by a factor ~100 in cuprates [81,82].

Compared to prototypical resonant elastic X-ray scattering (REXS), the elastically-scattered outgoing photon in RIXS
does not preserve an overall coherence as in the diffraction processes. The pristine elastic charge scattering is indeed
one of the major source for the elastic scattering. Other than that, the spectral contribution may also be derived from
the diffuse scattering (e.g. surface roughness of the measured samples), and the superstructure reflection of electronic
modulation. The latter can enhance the elastic intensity with proximity to the diffraction ordering wavevector. Such
resonant enhancement that mimics the anomalous diffraction observed in REXS studies, which have been widely
demonstrated for cuprates and nickelates with electronic orders of broken-symmetry ground states, has also been con-
firmed using RIXS (Figure 2:16). With the spectroscopic capability, the disentanglement between the elastic signal and
high-energy inelastic fluorescence poses RIXS as a unique tool for studying CDW orders. Additionally, the concomitant
elastic and inelastic scattering channels in RIXS allows the direct assessment of dynamical response in vicinity to the
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2.7 Self-Absorption Correction for the RIXS Spectra

electronic orders. In chapter 5, the CDW formation alongside their interplay with phonon excitations in the two-leg
ladders of Sris(Cui-xCox)240a41 are revealed by O K- and Cu Ls-edge RIXS.
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Figure 2:16 Cu Ls-edge RIXS study on the CDW orders and phonon excitations for the SC cuprates Bi»Sr.CaCu20s:x modified from ref. [83]. (From left
to right) (a) Energy-resolved elastic and inelastic RIXS spectra as function of momentum. (b) Selected RIXS spectra across the CDW ordering ~0.3 rlu
along (mt,0) with separated elastic scattering and phonons. (c) Quasi-elastic intensity as a function of momentum, with enhanced in-plane diffraction
~0.3 rlu. (d) Fitting example for elastic scattering and phonon excitations with a linear background. (e) The fitted phonon energies and widths as
function of momentum, showing the phonon softening and broadening in vicinity to CDW ordering (Reprinted by permission from Springer Nature
publishing group, Nature Physics, Chaix L. et al., 13, 952-956, 2017).

2.7 Self-Absorption Correction for the RIXS Spectra

In this section, the RIXS spectral treatment to account for the self-absorption effects is briefly covered. In principle,
when collecting the inelastically scattered photon from the samples, the outgoing X-rays can be re-absorbed by the
measured samples through the penetrated region. This leads to a damping for the emitted photon signal that distorts
the RIXS spectral, which depends on the experimental geometry as well as the energies for the incoming and outgoing
X-rays [61,84]. Particularly, the quasi-elastic regime in the RIXS signal suffer the most from the self-absorption
distortions, given the strong absorption coefficients for the emitted photon energy near the XAS resonances. The self-
absorption processes can be described in two steps. Firstly, from Figure 2:17, the incident photons will experience the
exponential reduction in intensities due to the absorption from the samples, which can be expressed as

dl o« —pu(E)e HEG],

Equation 2:22 The fraction of absorbed intensity for the incoming X-rays traveling a total length L, which considers the self-absorption from the
samples within an infinitesimal length dL.

Ei is the incident photon energy. p(Ei) is the energy-dependent absorption coefficient for the incoming X-rays. If one
focuses on an infinitesimal length along the light path for interior of illuminated samples, a certain fraction of the
outgoing X-rays will get absorbed again by the measured samples, therfore result in the RIXS intensity in as:

sin(a)

dI(Ey By, 1) o u(Epe HETHENTG) 4y

Equation 2:23 The obtained RIXS intensity after including the self-absorption for both the incoming and outgoing X-rays.

Er is the emitted photon energy. pu(E) is the energy-dependent absorption coefficient for the outgoing X-rays. a and B
are the incidence and emission angles for the incoming and outgoing X-rays with respect to the sample surface,
respectively. By integrating the probed sample region, one obtains the total RIXS intensity as
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1(Er) sin(a) -
15 7) o (1+5gas)

Equation 2:24 The integrated RIXS intensity with self-absorption corrections.

In the practical XAS experiments, the relative absorption intensities compared to the pre-edge and post-edge XAS
signal, which are generally structure-less background that provide background signal level for normalizing the absorp-
tion coefficients. For specific evaluation, these values are commonly compared and normalized to the tabulated photo-
electric absorption cross section [85]. Generally speaking, the absorption coefficients are functions of the orientations
for the light polarization vectors with respect to the crystallographic directions. In a simplified scenario, the dichroism
is either negligible for an isotropic sample [84]. However, for low-dimensional materials, emission light with different
polarizations (¢ and min this thesis) give distinctive self-absorption attenuation [84] The polarization analysis of outgoing
photon in the RIXS processes requires the polarimeter at the photon detector, which is beyond the scope of the enclosed
thesis. To minimize the self-absorption effects from the outgoing photon, RIXS measurements in this thesis are mostly
performed with grazing incidence scattering geometry such that the major self-absorption attenuation is dominated by
the incoming photon [84], where the light polarization is known.

Eil ki Efl kf

Figure 2:17 lllustration for the required parameters when evaluating self-absorption corrections in a given RIXS experimental geometry.
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Chapter 3 Crossover of the high-energy spin
fluctuations from collective triplons to localized
magnetic excitations in doped Sri4xCaxCuz4041

3.1  Project Contribution

The content of this chapter is based on an article manuscript that has been submitted to the journal Physical Review
Letters. In this chapter, | investigate the high-energy momentum-resolved magnetic excitations in the two-leg ladders
of the hybrid chain-ladder material SriaxCaxCu24041 (SCCO, x=0 & 12.2) using Cu Ls-edge RIXS. In this work, I, Yi Tseng,
am responsible for the experiment planning, preparation of the experimental setup, alignment and in-situ cleaving of
the samples, performing the RIXS measurements and the experimental data analysis. Calculated RIXS spectra using
DMRG method were provided by Jinu Thomas, supervised by Steven Johnston and Alberto Nocera. The paper is written
by me as the main responsible with input from Jinu Thomas, Steven Johnston and Thorsten Schmitt. Section 3.2 serves
as an additional introduction giving extended background information for the context of this work, including the figures
3:1 - 3:3. The submitted paper includes the content from section 3.3 to 3.8, including the figures 3:4 - 3:14.

3.2 Preamble

The motivation of studying magnetic excitations in the ladder subsystem of SCCO lies in their close resemblance to
AS=1 paramagnon modes in hole- and electron-doped 2D SC cuprates. With an energy range of the magnetic superex-
change interactions up to ~100 meV, the occurrence of SC phases by doping long range ordered antiferromagnetic
compounds have promoted high-energy magnetic fluctuations as a compelling candidate for mediating HTSC in cu-
prates [8]. Despite the large efforts made in both experimental and theoretical studies in the last two decades, the role
of magnetism in the emergence of pairing fluctuations in cuprates remains elusive. The undoped antiferromagnetic
phases display AS=1 spin-wave fluctuations that not only persist with doping but survive up to the overdoped phases,
transforming into the so-called damped paramagnon excitations (Figure 3:1) . The character of the itinerant paramag-
non response, with a non-uniform doping evolution across different momentum/energy regimes, remains heavily de-
bated. This has led to proposals involving other possible sources to reconcile the minimal-interaction models for HTSC
based on singlet-pairing, e.g. interplay with dynamical charge correlations of overlapping excitation energies [62], non-
negligible inter-layer magnetic exchange interactions [86] and quantum criticality for spin susceptibility around the
optimal doping [61,87]. On the other hand, the concurrent local magnetic moments and itinerant quasiparticles have
also posed great difficulties to current theory in reconciling the dynamics of charge-doped cuprates. The inclusion of
high-order electron hopping can improve the calculated dynamical spin structure factor, but may provide unphysical
higher-order parameters that are not well-defined observables to examine experimentally [88,89]. To sum up, the role
and nature for magnetism in the HTSC phase of cuprates is still elusive.

In this respect, Cu Ls-edge RIXS studies on cuprate ladders provide unique opportunities to tackle this issue. Given
the strong spin-orbital interactions in Cu 2p core levels, numerous works have demonstrated Cu Ls-edge RIXS as an
effective tool for investigating the dispersing AS=1 magnetic excitations in cuprates, comparable to experiments with
INS [49]. Furthermore, with the help of polarimetric analysis of the incoming and scattered photons, polarization-re-
solved RIXS enables the disentanglement of the magnetic and charge sectors for the dynamical structure factors with
doping [60-65]. On the other hand, cuprate ladders represent the ideal alternative models to study cuprates. In early
theories, even-leg ladders were conceptualized as the 2D CuO:2 planes with arrays of line defects introduced, resulting
in similar d-wave SC with a different temperature scale [9-11]. Along with several similarities to 2D cuprates, e.g. high-
energy magnetic exchange [17] and non-Fermi liquid transport behaviour [90], a SC phase was also confirmed in SCCO
with high Ca content (x>11) and applied static pressure of about few GPa [19,20]. Lastly, the quasi-one-dimensional (g-
1D) lattice environments of spin ladders significantly reduce the complications for theoretical studies. Measuring the
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magnetic excitations of cuprate ladders will thereby provide valuable insight into the role of magnetism for HTSC in
cuprates.

In spite of the extensive studies on cuprate ladders, the exact relation between hole content, chemical doping (e.g.
Sr replaced by Ca, Y, and La in SCCO) and magnetic excitations at different energy scales are still inconclusive. The mag-
netic exchange couplings for the ladder subsystem in SCCO were confirmed to be in close vicinity to the isotropic limit
(Jrung=JLeg), Where the gapped AS=1 singlet-to-triplet processes (triplons) reasonably capture the essence of the elemen-
tary excitations [9,91]. Despite being fundamentally different from the Goldstone mode spin-wave excitations in 2D
cuprates, the magnetic excitations in ladder compounds display stark similarities with the 2D cuprates in the high-energy
regime [21,22,92]. Mean-field based studies predicted a larger spin gap in spin ladders upon doping, and suggested its
high importance to pairing correlations [10,27]. Numerical works, however, indicated a decrease of the triplon gap with
elevated hole carrier levels [93,94].
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Figure 3:1 AS=1 paramagnon in 2D cuprate La2«(Ba,Sr)xCuOa4 probed by (a) INS from ref. [95] [Reprinted figure with permission from: S. Wakimoto et
al., Physical Review Letters, 98, 247003 (2007). Copyright (2007) by the American Physical Society. (https://doi.org/10.1103/PhysRevLett.98.247003)],
and (b) Cu Ls-edge RIXS from ref. [96] (Reprinted by permission from Springer Nature publishing group, Nature Materials, Dean M. D. M. et al., 12,
1019-1023, 2013).

The doping level is a parameter directly connected with the band filling and therefore, it is fundamental in the physics
of Mott insulators, as it ultimately determine the ground state electronic properties. The experimental methods for
quantifying doping and its effect on the magnetic fluctuations have remained similarly debated. Optical and transport
measurements inferred an increased low-energy weight and suppressed resistivity in SCCO with isovalent Sr-Ca substi-
tution [90,97]. This was interpreted as enhanced conductivity from increasing hole density in the ladder subsystem by
increased Ca content, as the transport behaviour was suggested to be dominated by the two-leg ladders with their 180°
Cu-0O-Cu bond angles [97]. This was further supported by bond-valence sum and Madelung potential calcula-
tions [36,98]. Similar with 2D cuprates, the quantification of hole content in g-1D SCCO can be carried out by O K-edge
XAS analysis, as the doped hole carriers are mostly of O 2p character and form pre-edge peaks in the O 1s = 2p XAS
process [99-102]. However, a recent ab initio study revealed that the interaction with charge localization and antifer-
romagnetic order in the chains should be taken into consideration to evaluate the hole content [103]. Compared to the
phenomenological modelling of early XAS studies, large errors up to a factor up to 2~5 was inferred by including/exclud-
ing the charge and magnetic correlation effects for Sr14 [103]. An error for estimating the ladder hole density up to a
factor of 2-5 was predicted by not considering the charge and magnetic correlations in the chain subsystem from these
first-principle calculations [103].

Additionally, the understanding of magnetic excitations as a function of doping in cuprate ladders is unclear. Only
scarce experimental information associated with momentum-dependent spin excitations does so far exist. Experiments
using INS showed an unchanged triplon gap energy ~32 meV at (qQieg=Tt , Qrung=Tt) from x=0 to x=12.2 (Figure
3:2) [104,105], suggesting an Ca-doping-independent behaviour for the S=1 triplon excitations Studies using NMR, on
the contrary, revealed a decrease in the triplon gap energy with increasing Ca content [106], which developed into a

30



Chapter 3 Crossover of the high-energy spin fluctuations from collective triplons to localized magnetic excitations in doped Sr14-xCaxCu24041

gap collapse at elevated static pressure (Figure 3:3) [107]. Additionally, both techniques have so far addressed the
doping dependence of triplons close to the momentum region where (qLeg™T , grung™Tt). More detailed, experimental
studies are still lacking on the doping evolution of spin fluctuations in the ladders, covering a large fraction of the Bril-
louin zone. These uncertainties hamper the understanding of the initial electronic condition of SCCO before emergence
of a SC phase as well as the role of chemical and static pressure for the electron-pairing.
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Figure 3:2 INS measurements for the 1T gap around g=(qieg=0.5, qrung=0.5) of SCCO with (a) x=0 from ref. [17], (b) x=11.5 from ref. [104], and (c)
x=12.2 from ref. [105]. From these studies, the 1T excitation energy of SCCO shows marginal Ca-doping dependence at q=(qieg=0.5, qrung=0.5), where
a spin gap ~32 meV persists up to x~11-12. [Reprinted figures with permission from: R. Eccleston et al., Physical Review Letters, 81, 1702 (1998).
Copyright (1998) by the American Physical Society. (https://doi.org/10.1103/PhysRevLett.81.1702); S. Katano et al., Physical Review Letters, 82, 636
(1998). Copyright (1998) by the American Physical Society. (https://doi.org/10.1103/PhysRevLett.82.636); G. Deng et al., Physical Review B, 88,
014504 (2013). Copyright (2013) by the American Physical Society. (https://doi.org/10.1103/PhysRevB.88.014504)].

10 T .
Sry4-xCayxCuz40.
| Sr14-xCaxCup4044 | 900k 14-x8xLU24041
f=125.1MHz R
1 N\ o AT‘I
n x=0 Tog2=A+BTexp(- A/T) AN o A
I & x=6 RN K
T
& e X=9 — N\ o
o o =115 f_ 600 \
‘I'S-’, 5 = SrCuz03 &
o £
& @
'_
300

0 00 200 300
TK

Figure 3:3 NMR measurements for the 1T gap, Knight shift and T1 in SCCO as a function of Ca content [106]. A decreasing 1T gap was observed with

elevated Ca-doping [Reprinted figure with permission from: K. Magishi et al., Physical Review B, 57, 11533 (1998). Copyright (1998) by the American

Physical Society. (https://doi.org/10.1103/PhysRevB.57.11533)].

In this chapter, the magnetic spectral evolution from collective two-triplon (2T) excitations (x=0) to incoherent
damped modes with larg gap near zone center (x=12.2) is revealed by Cu Ls-edge RIXS measurements. In this work, the
scattering geometry is chosen with grung=0, i.e. with a negligible projection of the exchanged momentum along the rung
direction, such that the multi-triplon scattering with even-parity is enhanced [91]. This is achieved due to the selection
rule for the scattering cross section of the multi-triplon response in momentum- and energy-resolved spectrosco-
pies [91], e.g. INS and RIXS [12,13,108]. This contributes a direct doping dependent assessment of spectral changes in
the high-energy magnetic RIXS response towards the zone center with qrung=0, which has not been covered in the cur-
rent literature. A previous Cu Ls-edge RIXS study at x=0 had revealed that the high-energy magnetic excitations are
dominated by the triplon excitations in the ladders [13]. With the help of model DMRG calculations on doped ladder
clusters, we interpret the presence of weakly-dispersive damped magnetic excitations at x=12.2 as due to a suppressed
carrier mobility, despite an increase in the hole content determined from O K-edge XAS. In SCCO, the RIXS spectra cal-
culated considering an exchange coupling ratio r=Jrung/Jieg ~1, estimated from structural data and doping levels deter-
mined from XAS, show a clear downturn in the momentum dispersion of the magnetic excitations closed to zone center
upon doping. This prediction is not compatible with the experimental observation, suggesting that other factors beyond
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charge doping, e.g. enhanced hole localization, are required to account for the observed flattened dispersions and spec-
tral broadening in the RIXS response. [26]. Polarization-dependent RIXS studies have shown how the spin-conserving
AS=0 scattering channel undergoes a spectral weight depletion for the low-energy dynamical charge response. This
result is reflective of a hole-immobilized scenario which is also captured by the model DMRG calculations. Despite the
important insight into the magnetic and charge dynamics, a comprehensive understanding of their momentum and
(chemical) doping dependence in doped ladders is still lacking. With the experimental RIXS results in this chapter, | will
tackle this open question in SCCO that have been revealed with SC phases upon applied pressure [18,19].

3.3 Abstract

We studied the magnetic excitations in the quasi-one-dimensional (g-1D) self-hole-doped ladder subsystem of the
hybrid chain-ladder material Sr1saxCaxCu24041 (SCCO) using Cu Ls-edge resonant inelastic X-ray scattering (RIXS). By com-
paring momentum-resolved RIXS spectra without (x=0) and with high Ca content (x=12.2), we track the evolution from
collective two-triplon (2T) excitations (x=0) to weakly-dispersive gapped modes at an energy ~280 meV (x=12.2). Density
matrix renormalization group (DMRG) calculations of the RIXS response suggest that the flat magnetic dispersion and
the damped excitation profile observed upon doping originates from enhanced hole localization. This result is supported
by polarization-dependent measurements, where we disentangle the spin-conserving AS=0 scattering from the predom-
inant AS=1 signal in the RIXS spectra. The extracted AS=0 channel shows spectral weight depletion in the low-energy
dynamical charge response, when Sr is replaced by Ca, consistent with the suppressed carrier mobility. Our study char-
acterizes the magnetic and charge fluctuations for the precursor of pairing fluctuations in SCCO, for which supercon-
ductivity is achieved at elevated pressure.

3.4 Introduction

Antiferromagnetic spin fluctuations are a promising candidate for mediating high-temperature superconductivity
(HTSC) in cuprates [8]. However, despite extensive studies, the precise relationship between magnetism and SC across
the phase diagram of copper oxides remains unclear. This is in part due to the fact that modelling the competition
between local moment formation and itinerant quasiparticles with charge doping is a tremendously difficult problem.
The quasi-one-dimensional (g-1D) spin ladders [Figure 3.4(b)] serve as an ideal platform to tackle this issue. In fact,
doped cuprate ladders share several similarities with two-dimensional (2D) SC cuprates, such as high-energy spin-fluc-
tuations [17], d-wave pairing [9-11], non-Fermi-liquid transport behavior [90], and magnetic exchange couplings ~100
meV [17]. At elevated pressure of in the range 1.5 to 8 GPa, a SC phase was confirmed in the hybrid chain-ladder
materials Sr1axCaxCu24041+5 (SCCO) for 11<x<14 [19,20]. Therefore, the low-dimensional SCCO contains the fundamental
ingredients for cuprate superconductivity, providing a unique playground for exploring the role of dimensionality, lattice
connectivity and spin-charge coupling in this class of materials. Moreover, their low dimensionality makes the g-1D spin
ladders easier to model with respect to their 2D counterpart, making the problem easier to approach from the theoret-
ical side [9—11,109]. For the above reasons, characterizing the magnetic excitations in doped cuprate ladders, and their
evolution with doping, will help us reaching a better understanding of HTSC in cuprates.

Magnetic excitations in even-leg ladders can be viewed as coupled-spinons, i.e. triplons, due to the intra-ladder ex-
change interactions across their rungs [Figure 3:4(b)] [9-11]. The expected gapped excitation spectrum associated with
these triplons has been identified by several experimental works [91], and suggested to be central for the SC fluctua-
tions upon doping [9-11,27,93]. Early studies also showed that the collective triplon excitations in the high-energy
regime closely resemble the prototypical “hourglass” magnetic excitations in 2D SC cuprates [21,22,92]. However, a
complete description of the evolution of the triplon excitations and relative dispersion relations upon doping is still
lacking. Inelastic neutron scattering (INS) experiments discovered that the one-triplon (1T) gap at (qLeg=Tt, qrung=T) SUr-
vives up to x=12.2, and remains nearly unchanged compared to x=0 in SCCO [104,105]. Nuclear magnetic resonance
(NMR) studies, on the other hand, indicated a decreasing triplon gap with increasing Ca content, which further devel-
oped into a gap collapse at elevated pressure [106,107,110]. Furthermore, although dispersive triplon excitations have
been reported in the nearly undoped ladder SrioLasCu24041 using INS [12], their corresponding doping-dependence
across the reciprocal space is still lacking. The spectral response of the spin fluctuations in cuprates reacts to doping in
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a non-uniform fashion across different energy and momentum regimes [8]. Therefore, a systematic assessment of the
triplon response across a large fraction of the Brillouin zone, along with the exact relation to chemical pressure (induced
by Ca-substitution), is of high importance to understand the role of spin fluctuations for the pairing in SCCO.

Additionally, the experimental quantification of the hole doping as a function of the Ca content remains inconclusive.
In early experiments on SCCO, an increase in the low-energy Drude-like weight in conductivity and enhanced metallicity
in transport measurements were observed with elevated Ca content, which led to the conclusion that the holes get
transferred from the chain to the ladder subsystem upon isovalent Sr-Ca substitution [36,97,98]. In fact, the 180° Cu-
O-Cu bond angle in two-leg ladders may result in the ladder subsystem dominating the transport characteris-
tics [19,20,90]. Recent studies, however, revealed that errors up to a factor of 2 to 5 can occur in quantifying the ladder
hole content when the interplay with charge and magnetic correlations in the chains is not taken into considera-
tion [103].
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Figure 3:4 Schematics of (a) RIXS experimental geometry with the orientation of the two-leg Cu,0s ladders in SCCO. The ladder-leg direction is along
c-axis, with lattice constant cieg™3.9 A. (b) Upper panel: Two-leg quantum spin ladders of local antiferromagnetic interactions along the ladder leg and
rung, with spins (blue arrows) having equal probability pointing along any directions (for instance, the opposite one denoted as gray arrows). The
rung-singlets (purple ellipses) interact through ladder-leg exchange coupling. Bottom panel: AS=1 triplon excitations (orange dashed-line ellipse) in
two-leg ladders, consisting of a singlet-triplet excitation with two coherent domain walls (green arrows). (c) Main resonances of Cu Ls-edge XAS. 3d°
white line is marked by the black dashed-line. (d) Cu Ls-edge RIXS spectra taken at 3d° peak of qieg = -0.31 (rlu) in o polarization. Here, a negative
(positive) momentum-transfer indicates the RIXS data taken in grazing incidence (emission) geometry.

Owing to the strong spin-orbit coupling (SOC) in Cu 2ps/2 core-level, a multitude of Cu Ls-edge RIXS studies on layered
cuprates have resolved the momentum-dependent magnetic excitations in the non-spin-conserving channel (AS=1) [49].
Due to the distinct energy scales of magnetic exchange in the ladder (~100 meV) and chain subsystem (~10 meV), a
previous Cu Ls-edge RIXS study on Sr14Cu24041 showed that the high-energy magnetic excitations are dominated by the
ladder triplons when probed at the Cu 3d° resonance [13].

In this letter, we present a Cu Ls-edge resonant inelastic X-ray scattering (RIXS) study on the ladders in SCCO with
varied Ca content, Sr14Cu24041 (Sr14) and Sr1.8Ca12.2Cu24041(Sr1.8Cal2.2). We observe a clear response of the magnetic
excitations, evolving from a sharp collective two-triplon (2T) to a damped and weakly-dispersive mode upon heavy sub-
stitution of Ca in place of Sr. By comparing the RIXS spectra with numerical calculations on doped ladder clusters, we
find that the flattened dispersion and broadened excitation profiles with high Ca content are characteristic of an en-
hanced hole-localization. With introduction of localization by electrical potentials, the calculated RIXS cross section is
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compatible with the observed incoherent spin fluctuations for Sr1.8Cal12.2. Additionally, exploiting the polarization de-
pendence of the RIXS spectra, we detect the depletion of the spin-conserving (AS=0) charge-like scattering in the low-
energy regime, in agreement with the scenario of a suppressed carrier mobility. This can be naturally connected to the
observation of low-temperature insulating behaviour in Ca-doped compounds, despite the expected increase of holes
in the ladder subsystem [19,20,90]. This observation is in contrasts to the case of a system hosting CuO:2 plaquettes,
where metallicity and superconductivity emerge upon moderate charge-doping. The SCCO serves as one of the few
cuprate materials that achieves pairing correlations without a CuO2 plaquette structure, representing a bridge between
the g-1D quantum fluctuations and HTSC in 2D planar environments. By shedding light on the interplay between spin
fluctuations and chemical pressure, our study provides important information towards the understanding of the emer-
gence on superconductivity in SCCO and, more generally, in the family of cuprates.

3.5 Experimental Method

Single crystals of Sr14 and Sr1.8Ca12.2 are grown with the traveling-solvent floating zone method [16,111]. Top-post
cleavage is performed in-situ before all measurements in a vacuum pressure of better than 5x10°° mbar. Cu Ls-edge
RIXS and X-ray absorption spectroscopy (XAS) measurements were performed at the Advanced Resonant Spectrosco-
pies (ADRESS) beamline at the Swiss Light Source (SLS), Paul Scherrer Institut [54-56]. The total energy resolution of
the RIXS experiment was 95 meV at the Cu Ls-edge (~930 eV). The RIXS spectrometer was fixed at a scattering angle 26
of 130°. In this work, we fix our RIXS experimental geometry with b- and c- orientations in the scattering plane [Figure
3:4(a)]. This allows no momentum-transfer along the ladder-rungs and selectively enhances the multi-triplon (MT) RIXS
response with even-parity along g = (qeg, qrung=0) [13,108]. RIXS measurements are acquired with 15 minutes per spec-
trum, and normalized to the total spectral weight of the crystal-field excitations. o polarization is employed for the
incident X-rays if not specified differently. XAS spectra are recorded in total fluorescence yield (TFY) mode. All measure-
ments are taken at base temperature ~20 K.
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Figure 3:5 Cu Ls-edge RIXS spectra with spectral components taken at qreg = -0.31(rlu) for Sr14 and Sr1.8Cal12.2. From high- to low-energy we observe
charge transfer, inter-orbital crystal-field splitting of Cu 3d shell (dd), magnetic excitations and elastic line.

3.6 Results and Discussions

Figure 3:4(d) shows magnetic excitations, appearing around 200-400 meV in the low-energy loss Cu Ls-edge RIXS
spectra, with reduced spectral weight and increased broadening, when Sr is replaced by Ca. Both RIXS spectra are taken
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at the 3d® main resonance ~930 eV indicated in Figure 3.4(c) and for a momentum transfer of qieg = -0.31 (rlu). The high-
energy inelastic structures, including the local crystal-field splitting of Cu 3d orbitals [dd excitations] from 1.5-3 eV loss
and the broad charge transfer (CT) excitations around 4 eV and above, are shown in Figure 3:5. One can find the dd
electronic excitations become broader with Ca-doping. This is consistent with the experimental reports suggesting the
increasing ladder holes upon Ca-doping in SCCO, as the transport and low-energy optical properties (below charge gap
~2 eV for Sr14) were ascribed to be dominated by the ladder subsystem [36,96,97] (also see section 3.2). Figure 3:6(a)
display the momentum-dependent RIXS experimental results along g = (qLeg, rung=0) at selected g-points. For Sr14 [Fig-
ure 3:6(a)], the magnetic spectra from collective 2T excitations are observed. For Sr1.8Ca12.2 [Figure 3:6(b)], the exci-
tations are broadened and exhibit a flattened dispersion around 280 meV loss across the momentum space [Figure
3:6(b)]. Due to the broad RIXS lineshape of Sr1.8Cal2.2, we will use the peak maximum as a reference to identify the
mode energy. With the combined energy- and momentum-space sensitivity of Cu Ls-edge RIXS, we reveal the AS=1 2T
spectral changes near the zone center and up to ~300 meV, which are generally inaccessible by INS, NMR, and Raman
spectroscopy. Due to the weak momentum-dependence, it is tempting to compare such incoherent magnetic response
in Sr1.8Cal2.2 to the itinerant paramagnon excitations in doped 2D cuprates along the nodal direction [112-120].

In the following, we present the Cu Ls-edge RIXS responses below 1 eV loss for SCCO at selected momentum-transfer
vectors. For one momentum transfer vector along the leg direction, Figure 3:5 shows RIXS spectra extending up to 10
eV loss. Figure 3:6 shows the momentum-dependent RIXS measurements of SCCO at selected momentum-transfer
points. In Figure 3:6(a), we decompose the excitation modes of Sr14 into the elastic line around 0 eV loss and magnetic
excitations in the range of 150-400 meV. The elastic line has contributions from elastic scattering, including pure charge
and diffuse scattering due to surface roughness, and quasi-elastic weight accounting for the low-energy asymmetry of
the elastic line. The latter is attributed to the unresolved low-energy excitations, such as phonons and magnetic excita-
tions in the chains [13]. Both components are described by Gaussian functions with a width of the overall instrumental
energy resolution. The magnetic excitations are fitted with a resolution-limited Gaussian profile for the predominant
sharp peak, and a broad Gaussian peak of ~250 meV full-width to half-maximum (FWHM) for the residual higher-energy
weight that becomes more distinguishable with increasing momentum. With these procedure, we manage to fit the
sharp 2T peak position with errors no greater than 10 meV. The fitted results are plotted in Figure 3:7. The momentum-
dependent 2T excitations is in agreement with the peak energy and dispersion evaluated from the previous Cu Ls-edge
RIXS work [13]. The width of the 2T excitations increases towards the zone boundary. This may be caused by the en-
hanced scattering of the higher-energy component, which could be contributed by the high-order MT scattering or
charge excitations [26,91]. Another possibility for the high-energy spectral weight near zone boundary could be the
excitation of confined spinons, as suggested by the magnetic exchange couplings being close to isotropic limit from our
experimental and numerical results [26]. Further investigations would be required to clarify this.

The fitting strategy for the magnetic excitations described above does not hold for the heavily Ca-doped compound.
The increased Ca content leads to a broadening of the magnetic RIXS response causing large uncertainties in the esti-
mation of the peak position. As shown in Figure 3:6(b), we keep the two-component contributions to fit the elastic line,
and a damped Lorentzian of 350~400 meV FWHM for the magnetic excitation spectra. This gives us a fitting error of no
greater than 30 meV for the magnetic excitations of Sr1.8Ca12.2 across the momentum-space.

A natural explanation of the broadened lineshape due to Ca-doping may be localization effects connected to the Ca
dopants. To better understand this mechanism, we performed model calculations of the RIXS response using density
matrix renormalization group (DMRG) [50,51]. DMRG has been shown to be powerful for studying elementary excita-
tions in g-1D systems with large cluster sizes [52,121,122]. For Sr14, the magnetic exchange parameters were previ-
ously determined to be close to the isotropic limit with r=Jrung/Jieg ~0.85 and to follow a weak-coupling behavior [26].
For Sr.18Ca12.2, the weakly-dispersive magnetic excitations can be simulated by an increasing r, which evolves towards
a rung-dimer phase [26]. However, in order to reproduce the localized gapped dimer spectrum, the present theory
requires a large r value (>2) that is incompatible with the structural modulation in SCCO [26,123]. In fact, our perturba-
tive approach estimates r to be around ~1.15 for reaching consistency with local Cu-O bond distances in the ladders.
From polarization-dependent O K-edge XAS measurements, we estimated the nominal ladder hole densities in Sr14 and
Sr1.8Cal2.2. This is achieved by the atomic sensitivity of XAS to the distinct Cu-O bonding environments in the chain
and ladder subsystems, enabling the evaluation of their hole content with O 2p character [99-101,103]. Using the
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3.6 Results and Discussions

model in [99], we obtain an increasing ladder hole concentration with of ~0.06 and ~0.11 (per Cu atom) for Sr14 and
Sr.18Cal2.2, respectively, in agreement with previous literature [124]. The DMRG and XAS methods will be discussed
in the following sections.
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Figure 3:6 Cu Ls-edge RIXS spectra with fitting components at selected momenta for (a) Sr14 and (b) Sr1.8Ca12.2. Around the 0 eV energy loss peak
comprises the elastic (and diffuse) scattering (green solid lines) along with the quasi-elastic scattering (brown dash lines). 2T excitations of Sr14 are
fitted with two Gaussians of one lower-energy sharp (red solid line with shaded-region) mode and a broad high-energy component (red dashed line).
2T profiles in Sr1.8Cal2.2 are fitted by a damped Lorentzian (blue solid line with shaded region).
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Figure 3:7 Fitting results for the magnetic excitations in the Cu Ls-edge RIXS spectra for Sr14 (red circles) and Sr1.8Cal2.2 (blue squares). The fitted
peak positions and widths are plotted In (a) and (b), respectively.

The RIXS intensity in the Kramer’s-Heisenberg formalism can be expanded using the ultra-short core-hole (UCL) ap-
proximation. For the low-energy excitations in the Cu Ls-edge RIXS spectra of layered cuprates, the non-spin-conserving
AS=1 channel of RIXS has been shown to provide a good approximation at lowest order of the dynamical spin structure
factor S(q, w), while the spin-conserving AS=0 channel can be approximated by a modified dynamical charge structure
factor N(q, @) [62]. This has been extended to the magnetic and charge excitations in spin ladders recently in ref. [26].
These structure factors are calculated as:

S = ) |{fIS0l9) " 6(E - By + )
f
Equation 3:1 Dynamical spin structure factor probed by RIXS.

and

- N 2
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f
Equation 3:2 Modified dynamical charge structure factor probed by RIXS.

where figs = ngs — Ngsn s is the spin index, |g> and |f> are the initial and final state of the scattering process,

!
qs’
respectively, Eg and Er are their respective energies, and g and @ are the net momentum and energy transfer into the

system [26]. 57 and n, ; are the Fourier transforms of the local spin and charge operators, respectively.
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Figure 3:8 (a) and (b) shows the rung and ladder (leg) distances for various Ca doping values obtained from different sources (red squares: ref. [16];
green diamonds: ref. [125]; black circles: ref. [123]). (c) shows the rung ratio estimates for Sr1.8Cal12.2, obtained using the ladder rung distances for
Srl4 given by two different references [16] and [125] and the procedure described in the text.
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The Sr14 data is well described by adopting a rung ratio r=Jrung/Jieg = \/trung/tLeg that is slightly less than one, con-
sistent with prior estimates [26]. The flattened dispersion of the excitation spectrum of Cal2 might be explained by
adopting a large r, which would result in the formation of localized spin dimers along the rungs [26]; however, we have
found that such a large rung ratio is inconsistent with the available crystal structure data. To demonstrate this, we
estimated r from the available structural data for SCCO using perturbation theory. Here, the superexchange parameter

4‘tpd4

Jcan be obtained by ] = P

(% + Ui) [126], where A is the charge transfer energy, Uqd is the on-site Coulomb repulsion
d

on the Cu site, and tpd is the Cu-O hopping integral. The rung and the ladder Cu-Cu distances for Sr14 and the various
Ca-doped systems were obtained from refs. [16,123,125]. The Cu-O distance was taken to be half this value. We then
adopted tpa= tpd®(1+6dcu-0/dcu-0)®, where tpd is the Cu-O hopping in the Ca-doped system, tpd® and dcu-o are the hopping
and Cu-O distance in the parent compound Sr14, respectively, and 6dcu-o is the change in Cu-O distance in the Ca-doped
system with respect to Sr14. For further simplification, tpe®, A ,and Ug were treated as constants. Using this approach,
we estimate r<1.15 for all Ca concentrations (Figure 3:8). In this work, we adopt r=1.15 as a conservative estimate.
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Figure 3:9 O K-edge XAS spectra with fitting components for (a)-(b) Sr14 and (c)-(d) Sr1.8Cal12.2. (e) Experimentally determined number of holes in
the ladder subsystem of SCCO, with comparison to the present literature [97,99-103,124,127,128].

To quantify the ladder hole content, the polarization-dependent O 1s XAS is applied. It has been shown to be effective
for distinguishing the local Cu-O bonding environments between the edge-sharing CuO2 chains and two-leg Cu20s lad-
ders for the self-hole-doped SCCO. The character of the holes in low-dimensional cuprates is mostly of O 2p nature, due
to the relatively high repulsion energy at Cu sites. Here we apply the fitting model established in ref. [99] to estimate
the hole densities in nearly hole-depleted Sr14 and moderately hole-doped Sr1.8Cal2.2. The obtained values will serve
as the starting parameters of the doping levels for our model cluster calculations of RIXS spectra. In the model of [100],
an overall overestimated ladder hole concentration was shown [Figure 3:9(e)]. This is incompatible with the experi-
mental observations for the sharp collective magnetic excitations observed in Sr14 from our work and other reports,
reflective of an underdoped or nearly undoped character [12,13], thus is not applied here.

In Figure 3:9 (a)-(d), the intensity and peak position of the lower-energy pre-edge hole peak (called H1 in what follows)
is polarization-independent. The H1 peak was interpreted as related to doped holes in the chains, due to their 90° Cu-
O-Cu bond angle [99]. As a result, the linear dichroism is vanishing in the spectral contributions from the chains. On the
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other hand, the higher-energy component in the double-peak structure, labelled as H2, was argued to be mainly origi-
nating from the hole content in the ladders [99]. H2 is enhanced when the polarization of incident X-ray Einc is parallel
to the ladder-leg orientation (c-axis), in line with the increasing number of accessible O 2p orbitals in the ladder subsys-
tem [4]. The spectral weight in the energy region ~529.25 eV represents the upper Hubbard band (UHB) [99]. The linear
dichroism in O 1s XAS is suppressed with Ca doping, as shown in Figure 3:9 (c)-(d) and in agreement with literature [99—
102]. This was speculated to originate from lattice distortions in the ladder subsystem, creating an increasing quasi-2D
electronic character resemble to the CuO2 planes [99] that may provide a link to the observed SC phases in SCCO [19].

One thing worth notice is that this modelling might fail to describe the hole content across a wide range of chemical
doping, as the approach follows a phenomenological basis. Shown in Figure 3:9(c) and Figure 3:9(d), whether the two-
component assignment still reasonably captures the chain-ladder hole distribution for nearly complete replacement
between Sr and (Y,La,Ca) is not known. For Sr1.8Cal2.2, the spectral components representing the hole content did not
show a clear separation between the chain and ladder contributions, as explained in previous XAS reports [99]. Another
possible source of errors for estimating the hole content of SCCO by O K-edge XAS is the role of slightly decreasing
resistivity with Ca-doping [19,20]. Despite that SCCO remain insulating with Ca-doping (without applied pressure), early
transport measurements revealed the slight flattening for the resistivity slope with respect to temperature [19,20]. This
indicated that the itineracy is not constant with Ca-doping, which can lead to differences in the post-edge fluorescence
signal level (up to 70 eV above the main XAS edge ~530 eV in this section). In the XAS analysis of SCCO from literature,
the post-edge XAS signal with structure-less background is normally taken as the normalization reference, where its
uncertainties could cause evaluation errors of the hole density in chain and ladder subsystems. For the analysis in Figure
3:9, we adapt the assumptions in ref. [99] that the two-component assignment for the hole content from XAS peaks is
valid for all doped phases, which ignores the possible changes in itineracy.

We compare our estimated hole contents with existing experimental reports in Figure 3:9(e). The number of ladder
holes niadder per chemical formula (pcf) are estimated as the following: niadder=6*(H2a+H2c)/(H1a+H1c+H224H2) [99].
Here the subscript labels a and c represent the H1 and H2 spectral weights measured with the polarization vector of
incident X-rays parallel to the rung or leg orientations shown in Figure 3:9(a)-(d). The factor 6 represents the total num-
ber of excess holes pcf. Early studies concluded that the Sr-Ca substitution does not change the total numbers of holes,
but rather transfer the holes from chains to ladders due to the altered electrical potential in SCCO [97]. Therefore, we
extract 0.85 and 1.43 ladder holes pcf for Sr14 and Sr1.8Cal2.2, respectively. This leads to an estimate of 6% and 11%
ladder hole densities pradder in Sr14 and Sr1.8Cal2.2, respectively.

In Figure 3:10 we compare the experimental Cu Ls-edge RIXS data with DMRG calculations of the dynamical spin
structure factor for Hubbard models in two-leg ladder geometry. Here, we consider both undoped and doped ladders,
using the doping level determined by our O K-edge XAS analysis. The RIXS spectra for Sr14 are fairly well described by
both the undoped [Figure 3:10(b)] and doped [Figure 3:10(c)] models. As in previous studies, the AS=1 scattering chan-
nel clearly dominates the spectral signal [49]. However, we observe a slight increase in the broadening of the dispersing
2T excitations towards the zone boundary between the undoped and 6% hole-doped ladder, which may be caused by
the mixing with charge or Stoner-like continuum excitations like in the 2D cuprates [96,129]. Overall, the experimental
Sr14 Cu Ls-edge RIXS spectra are better described by the DMRG calculation of the 6% nominally doped ladder.

We find that the weakly-dispersive mode of Sr1.8Cal2.2 in Figure 3:10(d), on the other hand, may either reflect an
effective hole-depletion or significant localization in the ladders both of which are not intrinsically considered in the
DMRG calculations. Comparing the undoped ladder calculations for Sr1.8Cal2.2 in Figure 3:10(e) and the 11% hole-
doped ladder calculation in Figure 3:10(f), we identify a more diffuse spin excitation profile with increasing holes. How-
ever, increased ladder hole doping also produces a pronounced downturn of the maximum RIXS intensity in the calcu-
lations close to the zone center, which does not occur in our experimental RIXS data on Sr1.8Cal2.2. Despite the residual
low-energy weight, the overall magnetic excitations in Figure 3:10(d) are clearly gapped. This indicates that the observed
broadening of magnetic excitations for high Ca content may not be solely driven by the increased ladder hole content,
namely other factors should be included to explain both the flattened dispersion and broadened RIXS lineshape in
Sr1.8Cal2.2, e.g. electronic localization, defect scattering defects, spin-lattice relaxation, damping from high-order or
frustrated magnetic exchange interactions, etc. [91,130,131]. This result connects to a recent ab initio study revealing
that charge localization and antiferromagnetic order in the chains favor a ladder hole-depletion due to the chain-hole
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attraction, which could not be concluded solely from a phenomenological XAS analysis for assigning spectral compo-
nents [103]. From the structural data [123], the obtained magnetic exchange couplings suggest that the flat magnetic
dispersion cannot be entirely triggered by the localization of triplons, as the strong rung dimerization scenario for
r>2 [26] is not yet reached at x=12.2 [Figure 3:8].

We use the DMRG method to calculate the structure factors in real space and Fourier transform the results to mo-
mentum space following the procedure outlined in ref [121]. For Sr14, we use a 32x2 ladder cluster and keep up to
m=1000 states and a maximum truncation error of 107. The artificial broadening parameter is set to n=47.5 meV to
match the experimental resolution. All calculations here are performed in the electron language. We find that the spin
structure factor captures the major spectral features of the RIXS data [Figure 3:10]. The modified dynamical charge
structure factor is one order of magnitude smaller than S(q,w) in doped ladders [Figure 3:11].

From Figure 3:10(d)-(f), the increased ladder hole content determined from our O 1s XAS explains the magnetic spec-
tral broadening of RIXS response, but is incompatible with the localized character observed in the experimental excita-
tion spectrum. The question is what mechanism could explain these results. In order to better reproduce the experi-
mental momentum-resolved RIXS spectra for Sr1.8Ca12.2 [Figure 3:10(d)], we consider a sizable electronic localization
with carrier-immobility in Ca-rich phases, likely linked to modulations in the electrical potentials. Our assumption is
corroborated by transport studies in which the resistivity of SCCO with x>11 showed a linear decrease down to 100~150
K, followed by an abrupt upturn with further cooling [19,20]. The latter was interpreted as the indication of carrier
localization at low temperature [20]. To account for the localized hole content, we perform DMRG calculations on lad-
ders by adding impurity potentials. In particular, we parametrize of the impurity potential with Vimp~0.5U, with a ~12.5
% coverage of hole-occupied defects. The simulated RIXS map for the AS=1 channel (shown in Figure 3:10(f)) captures
well the spectral broadening observed experimentally upon increased hole density. Additionally, the spectral weight
with dispersing downturn near zone center observed in Figure 3:10(f) becomes less defined in Figure 3:10(g), while the
momentum-resolved intensity distribution also becomes flattened closed to the zone boundary. Therefore, taking into
account electronic localization in the DMRG calculations captures the evolution of the RIXS spectra for Sr1.8Cal12.2. Our
results clearly point out that other factors beyond charge doping need to be at play for explaining the evolution of the
magnetic RIXS response with increasing Ca content. These findings challenge the current speculations for the role of the
magnetic fluctuations in the pairing mechanism of SCCO when replacing Sr by Ca.
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Figure 3:10 Upper (lower) row panels show the experimental and numerical RIXS results with bicubic interpolation for Sr14 (Sr1.8Cal2.2). The elastic
line in each of the experimental spectra is subtracted for clarity. (a) and (d): Momentum-dependent RIXS spectra for Sr14 and Sr1.8Cal2.2 in ¢ polar-
ization after elastic line subtraction. (b) Calculated AS = 1 RIXS spectra on an undoped ladder cluster for Sr14. (c) and (e): Calculated AS = 1 RIXS
spectra on doped ladder clusters with hole doping p close to the experimentally-determined values from O K-edge XAS results, which are about ~6%
and ~11% for Sr14 and Sr1.8Cal2.2, respectively. The following set of parameters are applied for Sr14 (Sr1.8Cal2.2) on a 32 X 2 site cluster with
spectral convergence: tieg=340 meV, U=8t, and r=0.85 (t.eg=300 meV, U=9t, and r=1.1457). (f) Calculated AS = 1 RIXS spectra for Sr1.8Cal2 ona 16 X
2 site doped ladder cluster with an impurity potential Vip,, = 0.5U. The same electronic parameters and hole doping applied in (e) are adapted.
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Figure 3:11 (a) Dynamical spin and (b) modified charge structure factors for Sr14 calculated by DMRG. The electronic parameters are chosen as
tLeg=340 meV, U=8t, r=0.85, n=0.1379tLee, and hole doping p=6.25%.
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Figure 3:12 (a)-(e) Dynamical spin and (f)-(j) modified charge structure factors calculated by DMRG for Sr1.8Cal12.2, with tieg=300 meV, U=9t, r=1.1457,
N=0.0.1583t.eg, and hole doping p=12.5%. (a) and(f) correspond to (16,17,20,28), (b) and (g) to (6,12,13,17), (c) and (h) to (1,12,24,31), and (d) and (i)
to (7,14,15,24). The averaged S(q, w+in) and N(q, w+in) of the four sets are shown in panel (e) and (j), respectively.

For Sr1.8Cal2.2, we use a 16x2 ladder with the same m and artificial broadening parameter as Sr14. The maximum
truncation error is reduced to 10, To simulate the localization effects observed from the RIXS spectra of Sr1.8Ca12.2,
a potential Vc=0.5U is applied to four randomly chosen sites in the ladders. We then calculate both spin and modified
charge structure factors for four different disorder configurations (16,17,20,28), (6,12,13,17), (1,12,24,31), (7,14,15,24)
[Figure 3:12], where each number in a set corresponds to the site index where the additional potential is introduced.
Here, the sites are labelled from 0 to 31, with even and odd number sites corresponding to the upper and lower legs of
the ladder, respectively. The final structure factor is then obtained by averaging the spectra produced by each of these
disorder configurations. To settle the exact magnitude of impurity potentials, this will require a full quantum chemistry
calculation which is beyond the scope of this work. We postulate that the increasing Ca content modulates the electrical
potentials for the non-magnetic atomic layers, which redistribute the holes to the ladder subsystem as predicted by
former studies. However, from our results we argue that these holes are not freely distributed and remain localized,
which is consistent with the reported transport behavior [97]. These “impurity » sites will now have reduced electron
occupation, or in other words will be predominantly hole-occupied. The particle number is conserved for our model
calculations, and hence the hole occupation can be concluded accordingly. We confirm this by calculating the occupa-
tion number per site fAi. The strength of the potential Vimp and the number of impurity sites were chosen as 0.5U and 4,
respectively, which is in reasonable agreement with the associated energy scales for magnetic systems with spin impu-
rities.

Our interpretation of the localized hole content in the ladders of Sr1.8Cal2.2 is further supported by polarimetric
analysis of the RIXS measurements. In order to assess the character of charge and spin scattering in the low-energy
excitation profile in SCCO, we performed polarization-dependent Cu Ls-edge RIXS [60-65]. Here we apply the method
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established in [60] to disentangle the AS=1 and AS=0 channels of the 2T response, which was previously demonstrated
for the two-spinon excitations of CaCu20s. The RIXS intensity I(€,q) can be expressed as combination of AS=1 and AS=0
dynamical structure factors G(AS,g,q,w) multiplied by form factors F(g,q) of the scattering processes (see section 2.5.1).
Here w, €, and q represent the energy loss, polarization of incident X-rays and momentum-transfer, respectively, while
the light polarization corresponds to o or 1. Following ref. [60], we approximate F(g,q) by the local spin flip Ps¢(g,q) and
elastic scattering probabilities Pe(€,q) [132-134], which can be calculated in a simple single-ion model [66]. Thus, we
can extract the AS=1 and AS=0 channels by solving the equations of the polarization-dependent RIXS intensity.
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Figure 3:13 RIXS spectra with AS=1 (blue-shadowed) and AS=0 (red line) channels disentangled for (a)-(b) Sr14 and (c)-(d) Sr1.8Ca12.2 taken at queg =
0.38 rlu [(a) and (c)] and qreg = 0.14 rlu [(b) and (d)]. Experimental data shown here are taken with it polarization in grazing emission geometry.

In order to decompose the AS=1 and AS=0 scattering of 2T excitations with overlapping energies [91], we measure
RIXS spectra with incident X-rays in o and mt polarization at the same geometry. For practical purposes, we follow ref. [60]
to perform he AS=1 and AS=0 scattering disentanglement in the grazing emission geometry (qeg>0). This reduces the
errors from intensity fluctuations or unphysical results due to the small differences between 1(g,q<0) and I(r1,g<0) in the
grazing incidence geometry. Additionally, the spectral differences from self-absorption effects by applying o and nt po-
larization for the incident X-rays are also reduced in grazing emission geometry [60]. With the lack of theories consid-
ering carrier mobility effects on the polarization-resolved RIXS cross section, here we also assume that the extracted
momentum-dependent RIXS cross section in a single ion (without holes) is in reasonable agreement with the squared-
planar lattices in underdoped two-leg ladders of Sr14 and Sr1.8Cal2.2. The atomic symmetries of core-hole p and va-
lence d orbitals for the Cu?* ion are taken into account in these calculations. For the given RIXS response probed at the
XAS 3d° white line, this agrees with the majority of Cu?* electronic contributions from the underdoped ladder subsystem
(nLadder of 5~15% and nchain of 40~50%, see previous section). Here we normalize the RIXS spectra with respect to the
theoretical dd cross section before evaluating G(AS,g,q,w). The error bars for evaluating the extracted spectra are as-
suming Poisson statistics. The raw RIXS spectra measured for selected momenta and varied polarization of incident X-
rays are shown in Figure 3:14(a)-(d). The elastic line is removed from the RIXS spectra before the dynamical structure
factors G(AS,€,q,w) are evaluated from the RIXS intensities I(g,q). The disentangled spin-resolved channels in the main
text are shown in the energy regime above the elastic line to exclude possible contributions from the quasi-elastic scat-
tering.
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In Figure 3:13, we compare the AS=1 and AS=0 signal for qreg = 0.38 and 0.14 rlu and find that the AS=1 channel indeed
provides the major contribution of the magnetic signal for both Sr14 and Sr1.8Cal12.2. In Sr14 [Figure 3:13(a)-(b)], the
AS=0 scattering is dominated by a sharp mode at slightly reduced energy compared to the AS=1 channel. Additionally,
a broad component of 400600 meV appears to be more pronounced near the zone boundary, coinciding with the
momentum region where the excitation profiles show a stronger high-energy tail [Figure 3:12(a)]. These excitations
have comparable energy scales with the charge and AS=0 multi-triplon (MT) excitations predicted in recent theories,
which would be of interest for future RIXS studies at O K-edge [26,91]. On the contrary, the AS=0 channelin Sr1.8Cal2.2
is essentially a structure-less background below 1 eV. As shown in Figure 3:13(c)-(d), the low-energy spin-conserving
weight of Sr1.8Cal2.2 is significantly reduced compared to Sr14. This suppression of spectral contributions from the
low-energy charge and AS=0 MT excitations signifies a likely suppressed charge mobility, which would preferentially lift
the spectral weight to the higher-energy regime. Such tendency is also observed in the calculated dynamical charge
response. As a result, the observed non-dispersive damped magnetic spectra in Sr1.8Cal2.2 can thereby be reconciled
by a hole-immobilized ladder picture despite an increased carrier density.

Our results have important consequences for understanding the starting condition from which the SC state in SCCO
is established with high Ca content and elevated pressures. The ingredients of a complete theory must now take into
account the role of Sr-Ca substitution, inducing charge localization in Ca-doped SCCO. To further elucidate the overall
effects of Sr-Ca replacement in SCCO, we suggest future experiments using INS for measuring momentum-resolved
magnetic excitations with elevated pressure, which will help to clarify the underlying electronic correlations connected
to pairing in SCCO.
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Figure 3:14 (a)-(d) Polarization-dependent Cu Ls-edge RIXS spectra zoomed in around the low-energy excitations. Here the experimental data are
normalized to the total spectral weight of dd excitations with respect to the theoretical cross sections.

3.7 Conclusion

We have performed Cu Ls-edge RIXS measurements on the spin ladder material SCCO. From the momentum depend-
ent RIXS spectra, we reveal a crossover in the magnetic excitation spectrum. In particular, the dispersive collective 2T
excitations in pristine Sr14 evolve into a high-energy gapped magnetic mode in doped Sr1.8Cal2.2, showing a nearly
flat dispersion and sizable damping in the spectral lineshape. From O K-edge XAS, we obtained an estimate of the hole
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distribution in the material as a function of Ca-doping. We then compared the experimental data with DMRG model
calculations, using as input the experimentally obtained hole distribution. Upon introducing an impurity potential to
mimic charge localization, we obtain the best agreement with the experimental data. Therefore, we conclude that the
flattened dispersion of the magnetic mode upon doping reflects a considerable carrier immobility. To further explore
this effect, we have performed polarization-dependent RIXS measurements, revealing that the AS=0 channel evolves
from well-defined charge and MT excitations in Sr14 to a featureless background in Sr1.8Ca12.2. Our results provide a
microscopic view of the dynamical response in the doped cuprate ladders. This work gives valuable information on the
magnetic and charge dynamics of g-1D cuprate ladders, as well as their relation to the competing electron-pairing hy-
potheses.

3.8  Acknowledgement

The experiments have been performed at the ADRESS beamline of the Swiss Light Source at the Paul Scherrer Institut
(PSI). The work at PSI is supported by the Swiss National Science Foundation through project no. 200021_178867, the
NCCR MARVEL and the Sinergia network Mott Physics Beyond the Heisenberg Model (MPBH) and SNSF Research Grants
CRSI12_160765/1 and CRSII2_141962. Y.T and T.S would like to thank V. Bisogni for valuable discussions. A. N.
acknowledges the supported by the Canada First Research Excellence Fund. J. T. and S. J. are supported by the National
Science Foundation under Grant No. DMR-1842056. This work used computational resources supported by the
University of Tennessee and Oak Ridge National Laboratory Joint Institute for Computational Sciences, and
computational resources and services provided by Advanced Research Computing at the University of British Columbia.

44



Chapter 4 Spectroscopic fingerprint for holon-spinon and spin-singlet multi-triplon excitations in the hole-doped ladders of Sr14Cu24041

Chapter 4 Spectroscopic fingerprint for ho-
lon-spinon and spin-singlet multi-triplon exci-
tations in the hole-doped ladders of Sr14Cu24041

4.1  Project Contribution

The content of this chapter is at the time of the thesis submission undergoing the paper submission process as a
journal article. In this chapter, | investigate the AS=0 charge and magnetic excitations in the self-hole-doped two-leg
ladders of the chain-ladder cuprate Sr1aCu24041 using O K-edge RIXS. In this work, I, Yi Tseng, am responsible for the
experiment planning, preparation of the single crystal samples, performing the RIXS measurements and experimental
data analysis. The paper is written by me as the main responsible with input from all the other co-authors. Section 4.2
serves as an additional introduction giving extended background knowledge for the context within this work, including
the figures 4:1 to 4:3. The corresponding article in preparation of submission includes the content of section 4.3 t0 4.8,
including the figures 4:4 to 4:11.

4.2 Preamble

This chapter comprises two major achievements. One is the experimental observation of the spin-conserving AS=0
magnetic and charge excitations in doped cuprate ladders, and the other focuses on its spectroscopic identification
granted by the O K-edge RIXS sensitivity. The former highlights the peculiar excitation spectrum originating from the
unique dimensionality of doped ladders, providing insight to the character of their 1D and 2D counterparts, i.e. spin-
chains and 2D cuprates. The latter concerns the RIXS spectral capability for probing different aspects of the dynamical
structure factor, with access to different parameters of the phase space (e.g. momentum sensitivity, element/site se-
lectivity, non-spin-conserving AS=1 and spin-conserving AS=0 channel, different lifetime scales, etc.)

For non-interacting g-1D spin-chains, the low-energy physics is governed by the disentangled elementary quasiparti-
cles [135]. The separated spin, charge and orbital degrees of freedom has been revealed by early photoemission and
RIXS experiments [59,136,137]. In real electronic materials, however, one has to take into account perturbations be-
yond such idealized low-dimensional systems. In this aspect, doped spin ladders serve as ideal material realizations to
understand how g-1D spin systems respond to non-negligible (inter-chain) interactions at the lowest-order. Even-leg
spin ladders in general show a gapped magnetic excitation spectrum consisting of S=1 triplons due to a sizable intra-
ladder magnetic exchange [9-11]. With sizable charge doping, early theories suggested that the interactions between
holons and spinons become crucial in the low-energy Hamiltonian [27-29]. Tsunetsugu et al. and Troyer et al. showed
that a holon-spinon coupled mode will emerge in lightly hole-doped ladders, where the interaction length and excitation
energy are scaled by the intra-ladder (rung) exchange coupling [28,29]. This positions spin ladders close to the so-called
Luther-Emery liquid class of materials, which capture the physical picture of hard-core interacting bosons [29]. Specifi-
cally, this contrasts to the spin-charge separation present in the Tomonaga-Luttinger liquid realized in g-1D spin-
chains [135]. The inclusion of such holon-spinon quasiparticles in addition to the triplons persisting with doping has
helped to reconcile the inconsistency between early mean-field and numerical works on the dynamical structure factor
(DSF) in doped ladders [10,27,93,94]. It is worth notice that the contribution of the holon-spinon mode to the DSF is
still smaller than the S=1 triplons when lightly doped, as the spectral weight is approximately scaling with the hole
doping [28,29].

On the other hand, the interacting quasiparticles may also help to pave the way for understanding the dynamical
response towards higher dimensions. The differences between spin ladders and the usual Luther-Emery liquid arise
from the attraction between bound hole pairs in doped ladders [29]. This leads to d-wave superconductivity and an
excitation spectrum with co-existent S=1 magnetic fluctuations and particle-hole like excitations, which connect to the
similarities in the low-energy excitations between spin ladders and 2D cuprates discussed in section 3.2 [9-11]. Early
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theories further pointed out that the holon-spinon coupled excitations may play a significant role for mediating the
modified d-wave superconductivity in the doped ladders [27-29]. This was argued from their similar formalism with
the Bogoliubov quasiparticles established in BCS superconductors with particle-hole symmetry [28,29]. Additionally,
the low-energy regime of doped ladders shares similar charge and pair density fluctuations proposed for the HTSC in
cuprates [27]. Therefore, the identification of such particle-hole like charge excitations, alongside their interplay with
periodic charge density fluctuations, will give valuable information for understanding HTSC in cuprates. This also extends
to the relationship between dynamical charge correlations and the proposed competition between CDW and HTSC in
cuprates, which remains intensively debated in recent RIXS studies [83,138-142]. It was predicted that the holon-spi-
non quasiparticles possess appreciable spectral weight in the simulated spectral function near the Fermi surface upon
sizable band filling with doped holes [28,29].
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Figure 4:1 (a) Four-spinon continuum excitations outside the Two-spinon continuum boundary in Sr.CuOs probed by O K-edge RIXS from ref. [77], in
comparison with the former Cu Ls-edge RIXS results [59] shown in (b). The O K- and Cu Ls-edge RIXS spectra taken at zone center are displayed in (c).
(d) Calculated AS=0 RIXS spectra using DMRG on a 22 site t-J chain with periodic boundary conditions. The RIXS intensity is calculated with the Kramers-
Heisenberg formalism with core-hole lifetime effects considered. (e)-(f) The comparison between experimental and theoretical O K-edge RIXS re-
sponse with q=0.25 and g=0 (rlu), respectively (Open access available at: Springer Nature publishing group, Nature Communications, Schlappa J. et
al., 9, 5394, 2018).

The unique capability to probe excitation modes in different phase space of the DSF with RIXS was previously demon-
strated. Particularly, g-1D systems provide a good benchmark for understanding the intricate electronic interactions
with reduced complications for theoretical studies. This has been demonstrated previously in Cu Ls- and O K-edge RIXS
studies on g-1D spin-chain compound Sr2CuOs shown in Figure 4:1 [59,77]. Predominant AS=1 two-spinon (2S) contin-
uum excitations were revealed by Cu Ls-edge RIXS at the 3d° resonance [59], whereas the AS=0 four-spinon (4S) con-
tinuum outside the 2S continuum boundary can sensitively be probed with the O K-edge RIXS spectra at the upper
Hubbard band (UHB) [77]. This is utilized by the weak spin-orbit coupling (SOC) and the longer core-hole lifetime of the
O 1s core-level, which preferentially enhances the high-order AS=0 double spin-flip (SF) processes that are generally
short-lived [Figure 4:2] [77,122]. Such non-local multiple SF excitations can be probed at O K-edge through the UHB
RIXS processes. Strong hybridization between Cu 3d and O 2p orbitals and a moderate O 1s core-hole lifetime enable
double SF based on inter-site virtual hopping [77,122]. Such microscopic scenario describes the scattering cross section
beyond two-site correlation functions. Upon doping, significant charge scattering is also expected in the RIXS signal
with the AS=0 scattering channel that is relevant at the O K-edge [122]. Recently, exact-diagonalization (ED) calculations
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for the dynamical structure factor of doped ladders suggested a series of collective excitations in the K-edge RIXS sig-
nal [26], revealing spectral signatures of MT excitations in the AS=0 sector (see caption in Figure 4:3).
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Figure 4:2 Schematics for (a) single AS=1 processes in INS and (b) Cu Ls-edge RIXS measurements denoted in the hole picture. The 2S and 4S continuum
excitations via indirect double spin-flip processes by O K-edge RIXS are shown in (c) and (d), respectively, which are granted by the distinct core-hole
potentials of Cu 2ps/2 and O 1s edges [77] (Open access available at: Springer Nature publishing group, Nature Communications, Schlappa J. et al., 9,
5394, 2018).
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In this chapter, | report the UHB O K-edge RIXS spectral response of holon-spinon and AS=0 multi-triplon excitations
in Sr14Cu24041. Despite the speculation of a large Fermi surface from early theories, clear spectral assighment of a band
due to holon-spinon quasiparticles is so far lacking in the existing photoemission studies on doped ladder materi-
als [143-146]. The predicted significant weight from holon-spinon quasiparticles in the spectral function was rational-
ized by its particle-hole character, which is naturally reflected in the charge-removal processes in photoemission exper-
iments [28,29]. In the following sections of this chapter | will show that the O K-edge RIXS results of lightly doped ladders
feature a dispersing sharp mode with similar excitation energies of the predominant AS=1 triplons in the DSF. O K-edge
RIXS only allows AS=0 spin-conserving scattering processes involving the triplons [26,122]. The spectral assignment of
holon-spinon composite-excitations is corroborated by recent DMRG calculations, for which a gapless holon-spinon
mode with similar excitation energy as the AS=1 2T excitations in Cu Ls-edge RIXS spectra was simulated [26,27,29].
This assignment is further supported by the temperature-dependent RIXS measurements performed within the thesis
work that show a weight suppression for this mode ~280 K. This spectral change occurs below the relevant energy scale
of the ladder magnetic exchange ~130 meV, but surpasses the CDW melting temperature ~162 K revealed from the
increased conductivity in the optical measurements [147]. This may indicate that the observed weight suppression is
compatible with change in the dynamical charge response due to the enhanced itineracy. In this work, we fix the scat-
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4.2 Preamble

tering geometry to grung=0 such that the holon-spinon response in the bonding band will be preferentially ex-
cited [13,108]. Upon hole doping, the originally at half-filling degenerate bands of holon-spinon quasiparticles, with
bonding and anti-bonding orbital geometries, will be separated with the latter lifted to higher-energy [26,27]. The for-
mer is expected to remain gapless while possessing similar excitation energy with the lowest-lying AS=1 2T excitations
in vicinity to the isotropic limit (r=Jrung/Jieg=1) [26]. On the other hand, the O K-edge RIXS measurements in this chapter
reveal a substantial weight for high-order MT scattering outside the lower boundary of 2T continuum. By comparison
with triplon spectral density calculations under the framework of continuous unitary transformation (CUT), we conclude
that the observed high-energy incoherent damped component is mostly contributed by the upper boundary of 2T con-
tinuum [91]. This is in stark contrast to the Cu Lz-edge RIXS results in the same scattering geometry (see chapter 3 and
ref. [13]), which is ascribed to the long core-hole lifetime of the O 1s core-level compared to the Cu 2p one [77,122].
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Figure 4:3 Calculated modified dynamical charge structure factor (AS=0) for undoped and 10% hole-doped t-J ladder 10x2 site clusters using ED [26].
For both the upper and lower panels, (a)-(f) and (g)-(l) represent the excitations at grung=0 and grung=0.5, separately. The r value corresponds to the
ratio of the nearest-neighbour magnetic exchange between the rung and leg orientations (r=Jrung/Jicg). Upper panel: The solid white lines in (a)-(c)
indicate the AS=0 2T bound state from the strong to isotropic (r=1) rung coupling regime. The solid (dotted) line segments in (d)-(f) and (j)-(I) mark
the lower (upper) multi-spinon continuum boundary for the weak rung coupling regime. Lower panel: The white dashed lines in (a)-(c) and (g)-(i)
represent the gapless and gapped holon-spinon excitations in the bonding and anti-bonding band from strong to isotropic coupling, respectively. The
dotted white lines in (g)-(h) illustrate the boundary for 1T excitations. The solid white lines in (c)-(f) and (j)-(I) highlight the holon excitations when
approaching the weak rung coupling limit [Reprinted figure with permission from: Umesh Kumar, Alberto Nocera, Elbio Dagotto, and Steven Johnston,
Physical Review B, 99, 205134 (2019). Copyright (2019) by the American Physical Society. (https://doi.org/10.1103/PhysRevB.99.205130)].
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4.3 Abstract

We perform O K-edge resonant inelastic X-ray scattering (RIXS) on the self-hole-doped chain-ladder cuprate
Sr1aCu24041. We identify a dispersing sharp mode ~270 meV that is disentangled from a damped incoherent component
~400-500 meV. By comparison with model DMRG calculations of RIXS cross section on doped ladder clusters from liter-
ature [26], the dispersing sharp mode shows correspondence to the holon-spinon quasiparticles in the doped ladders,
accompanied by the spectral contribution of the spin-singlet two-triplon (2T) bound state with similar excitation ener-
gies. The higher-energy component, on the other hand, shows close resemblance to the upper boundary of 2T contin-
uum in our experimental RIXS results. The observed sharp and broad modes are also in close agreement with the simu-
lated multi-triplon (MT) density within the framework of continuous unitary transformation (CUT) [91]. With the RIXS
sensitivities, these findings will give valuable information to the dynamical charge and spin correlations that is comple-
mentary to other experimental studies.

4.4 Introduction

Given the similarities in electronic instabilities with layered cuprates, quasi-one-dimensional (g-1D) spin ladders are
ideal model systems to study the high-temperature superconductivity (HTSC) in cuprates with reduced complica-
tions [9-11]. In the even-leg spin ladders with doped holes, the gapped magnetic excitation spectrum with bound hole
pairs of rung-singlets have been long considered as promising evidence for pairing fluctuations [27-29]. The bound hole
pairs can be understood as a direct consequence for minimizing the total energy cost while moving the hole carriers in
the antiferromagnetic environment [28]. Several theories for doped ladders have shown the tendency of a ground state
of resonance-valence-bond (RVB) character to evolve towards modified d-wave superconductivity (SC) [24,27-29]. Fur-
thermore, the electron pairing in spin ladders has been materialized in the hybrid chain-ladder materials Srias-
xCaxCu24041+sfor x>11 with elevated pressure of few GPa [19,20].

Understanding the corresponding electron pairing glue, however, requires a detailed look into the low-energy exci-
tations. With a sizable intra-ladder (rung) exchange coupling, early studies demonstrated that the doped ladder excita-
tion spectrum is composed of a spin-triplet mode (triplon) persisting with doping, along with a quasiparticle (QP) carry-
ing charge |e| and spin S=1/2 that emerges upon doping (see Figure 4:5(a)-(b)) [27-29]. The latter was rationalized as
two separate holes binding to the neighbouring spins from adjacent rungs upon the dissociation of bound hole pairs
(Figure 4:5(b)) [28,29]. In the present work, we refer to holon-spinon excitations as QP unless specified otherwise. At
low-doping, mean-field studies showed that these QPs tend to form a dilute Fermi gas with attractive binding of their
electron-hole counterparts across the Fermi surface [28,29]. This resembles the Bogoliubov formalism with particle-
hole symmetry in BCS superconductors [28,29]. Therefore, it is believed that characterizing the QPs will provide insight
to the mechanism of pairing fluctuations in doped ladders, as well as their interplay with the S=1 triplon mode and other
low-energy excitations [8].

Despite extensive theoretical and experimental studies suggesting the crucial role of the intertwined dynamical mag-
netic and charge correlations, the experimental interpretation has remained unclear in current literature. Despite the
well-defined magnetic exchange in the cuprate ladders, studies with different experimental probes on the doping evo-
lution of AS=1 triplon mode have been inconclusive [104-107,110]. For the charge dynamics, former theories predicted
significant spectral weight of the QPs near the Fermi surface upon doping. However, the existing photoemission studies
on doped cuprates did not reveal signatures of these QPs [143-146]. On the other hand, infrared and Raman meas-
urements on the hole-doped ladders of SCCO revealed additional excitation modes compared to the hole-depleted Cais-
xLaxCu240a41 (x24), which could not be explained by AS=0 magnetic excitations or modulations originating from charge
order formation [148]. Experiments using high-pressure nuclear magnetic resonance (NMR) also uncovered a gapless
mode exhibiting linear dependence of the Knight shift on temperature, that is indicative of a new exciton emerging with
increasing hole carriers [149]. It is tempting to correlate these experimental observations with NMR to the fingerprint
of holon-spinon and multi-triplon excitations in the AS=0 scattering channel as speculated in the aforementioned refer-
ences, yet the understanding of the relevant scattering cross section for detecting these excitations in RIXS is still lacking.
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4.5 Experimental Method

O K-edge
RIXS

Cu L;-edge
RIXS

Figure 4:4 RIXS experimental geometry with the orientation of the two-leg Cu.0s ladders in Sr14. The ladder-leg direction is along c-axis, with lattice
constant ¢,~3.93 A. Inter-site double SF (AS=0) and single SF (AS=1) processes are indicated by gray arrows in the schematics.

In this paper, we present a study on the low-energy excitations in the ladder subsystem of a g-1D chain-ladder cuprate
Sr14 using O K-edge resonant inelastic X-ray scattering (RIXS). The RIXS capability for probing collective magnetic and
charge excitations in spin ladders has been established theoretically [26]. With two-step photoelectric scattering pro-
cesses, RIXS is capable of probing various elementary excitations in a charge-neutral fashion. Thus, the spectral signal is
not hindered by the lack of Fermi surface formation in a large fraction of the phase diagram for SCCO. At the upper
Hubbard band (UHB) resonance ~529.3 eV, we report the observation of a sharp excitation ~270 meV, at comparable
energy scale as the two-triplon (2T) excitations in the ladders previously revealed by inelastic neutron scattering (INS)
and Cu Ls-edge RIXS [12,13,150]. By comparing with the literature of calculated RIXS cross section using density matrix
renormalization group (DMRG) on doped ladders, we ascribe the observed mode ~270 meV to holon-spinon QPs, and
likely also to the spin-singlet 2T bound state with similar excitation energies. The excitations ~270 meV are clearly sep-
arated from the lower-energy optical phonons and higher-energy 2T continuum. When lightly doped, the dynamical
structure factor (DSF) in ladders is expected to be dominated by the triplons, while QPs show little weight which is
approximately scaling with the hole doping [28]. Our results highlight the RIXS capability to selectively probe the QPs
and long-lived AS=0 2T excitations (O K-edge) from the predominant S=1 two-triplons (Cu Ls-edge) enabled by the fun-
damentally different correlation functions. Such versatility, beyond a conventional two-site correlation function, has
been recently demonstrated in the RIXS studies of the magnetic excitations in g-1D spin-chain compound
SraCu0s [59,77].

4.5  Experimental Method

We performed O K-edge RIXS and XAS measurements at ADRESS beamline at the Swiss Light Source (SLS), Paul Scher-
rer Institut (see section 3.5). The photon-in-photon-out RIXS technique has developed as an advanced spectroscopic
tool for differentiating various low-energy elementary excitations [49]. The two-step RIXS processes consist of exciting
the core-level electrons to the valence band, and the subsequent de-excitation of the valence electrons to annihilate
the short-lived intermediate core-hole state [49]. When the incident X-rays are tuned to XAS resonances this leads to a
finite cross section of an excited final state, and allows detection of charge-neutral dynamical processes with element,
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orbital, and momentum selectivity [49]. Details for the growth of Srl4single crystal samples can be found else-
where [16]. The total achieved energy resolution with the RIXS spectrometer operated at the O K-edge (~530 eV) was
55 meV. The scattering angle 26 was fixed at 130°. All measurements are taken at base temperature ~20 K unless spec-
ified. Top-post cleavage of the samples is performed in-situ at a vacuum pressure of better than 5x1071° mbar before all
measurements. As shown in Figure 4:4, the RIXS geometry is fixed with b- and c- axis oriented in the scattering plane as
the same in chapter 3. This will excite the multi-triplon (MT) excitations with even-parity [13,91,108], and holon-spinon
QP in the bonding band [27-29]. By rotating the sample stage with respect to the a-axis (ladder-rungs), we perform
momentum-dependent RIXS measurements along the in-plane c-axis (ladder-legs). RIXS measurements are acquired
with 1 hour per spectrum in o polarization with grazing incidence geometry. XAS spectra are recorded with total fluo-
rescence yield (TFY) mode.
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Figure 4:5 (a)-(c) Schematics for the two-triplon continuum, AS=0 two-triplon bound state and holon-spinon excitations in a hole-doped two-leg ladder
(from top to bottom, respectively). Theground state rung-singlets (purple ellipses with spin as blue/gray arrows, also see Figure 3:4) can excite into
the interacting S=1 triplons (orange dashed-line ellipses with spin-triplets, with flipped spins marked as red arrows). This will result in either two
delocalized triplons moving away from each other, forming the two-triplon continuum, or two bound triplons with a total spin S=0, 1 or 2. In this
chapter, the AS=0 two-triplon bound state (orange dashed-dotted-line square) is of focus given the O K-edge RIXS sensitivity. The formation of triplons
do not require holes (pink filled circles). On the other hand, holon-spinon QPs emerge upon the dissociation of bound hole pairs. As the holes hop
without spin-flips, the dissociation of hole pairs leave behind two holon-spinon QPs (magenta dashed-dotted-line square) with a total spin-singlet
(magenta dashed-line ellipses). (d) O K-edge XAS spectra with UHB marked (black triangle). (e) Schematics of UHB RIXS processes. (ii) and (iii) show
the inter-site electron hopping between the adjacent Cu 3dx.y2 orbitals through the Cu-O-Cu superexchange.

4.6 Results and Discussions

4.6.1 AS=0 spin-conserving excitation modes and O K-edge UHB RIXS processes

Figure 4:5(a)-(c) display the two dominant excitation modes in doped spin ladders, namely the triplon and holon-
spinon excitations. In two-leg ladders, the interacting S=1 triplons can form either the two-particle continuum band or
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bound state (Figure 4.5(a)-(b)), propagating aling leg orientation with qrung=0 [9]. This can be generalized to the dynam-
ics of even-leg ladders with more than two coupled-chains. Figure 4:5(c) depicts the formation of holon-spinon QPs with
doping. It starts with the separation of bound hole pairs, which leaves behind two mobile holes and is subsequently
coupling to neighbouring electron spins. This results in a QP pair which favours a singlet-pairing scenario, where the
mode energy and interaction length between pairs are scaling with the rung-to-leg exchange ratio r=Jrung/Jieg [28,29].
A typical coherence length of a few lattice spacing’s for r~1 was demonstrated in recent theories [151]. The interacting
hard-core bosons for the bound hole pairs in spin ladders is characteristic for the Luther-Emery class of g-1D systems [29]
(also see section 4.2). Figure 4:5(d) shows the XAS spectra taken at O K-edge. In this work, we focus on the RIXS spectra
probed at the resonance ~529.3 eV, which corresponds to the upper Hubbard band (UHB) [99]. The pre-edge double-
peak structure of 527.5~528.5 eV give information on the hole content in the chain and ladder subsystems, respec-
tively [99].

Figure 4:5(e) shows the schematics of UHB RIXS processes in cuprates. A photo-excited electron initiated ina O 1s>2p
transition can hop in between the neighbouring Cu 3dx-y2 orbitals due to Cu-O hybridization. This can lead to a AS=0
final state with two spins at adjacent sites flipped after the de-excitation of the O 2p valence electron, which relies on
the virtual hopping mediated through Cu-O-Cu superexchange [26,122]. In step (i) shown in Figure 4:5(d), an electron
is resonantly excited from O 1s to O 2p states. Then, the intermediate state can be described by the mixed states of
overlapping Cu-O-Cu orbitals [step (ii) and (iii) in Figure 4:5], consisting of different configurations where the electron
hopping is allowed through Cu-O hybridization. In the second-order perturbative approach, this “virtual” electron hop-
ping, which is essentially based on the mixing of ground state wavefucntions, is only allowed for the anti-parallel spin
arrangement for the adjacent Cu ions, leading to an effective magnetic exchange interaction. As a result, the interme-
diate state in UHB RIXS processes possess a finite cross section for the double SF final state with AS=0 [step (iv) in Figure
4:5(d)].. Previous O K-edge UHB RIXS studies on layered cuprates have revealed magnetic excitations in the AS=0 scat-
tering channel [69,74-77]. This is in contrast to the AS=1 dominant magnetic excitations in cuprates measured by Cu
Ls-edge RIXS. O K RIXS involves only weak spin-orbit coupling (SOC) in the O 1s core-level and is therefore restricted to
the AS=0 scattering channel [49].

4.6.2 0O K-edge RIXS spectra with comparison to Cu L3-edge RIXS results

O K-edge RIXS spectra of Sr14 are shown in Figure 4:6(a)-(b), in comparison with the Cu Ls-edge RIXS results in chapter
3. We observe spectral components from charge transfer (CT) excitations ranging from 3 to 10 eV loss. Around 2 eV loss,
the UHB RIXS signal resembles the combined contribution of inter-orbital crystal-field excitations, and charge-transfer
excitons with similar character as Zhang-Rice singlets (ZRS) in 2D cuprates [69,74].

In this work, we focus on the energy regime below 1 eV loss [Figure 4:6(b)]. Close to the elastic line around 0 eV loss,
the weakly-dispersive excitations about ~65 and 130 meV closely resemble the harmonics of Cu-O bond-stretching pho-
nons in the chains and ladders, with similar mode frequencies in respective subsystems [Figure 4:6(c)] [152,153]. The
UHB resonance does not possess linear dichroism in XAS signal for separating the oxygen contributions of chains/ladders,
and therefore contain the oxygen contributions from both the chain and ladder subsystems (see analysis for Figure 3:9).
Multi-phonon scattering can be detected as harmonic satellites using RIXS (see section 2.6.1), where similar RIXS spec-
tral response occurs in other g-1D cuprates [154,155].

Around the energy regime expected for AS=0 MT excitations with Jieg ~100 meV scale [26,91], we observe a sharp
peak ~270 meV on top of a damped spectral component peaked around 400~500 meV. One can see that the broad high-
energy component in the O K-edge RIXS spectra extends to higher energy loss compared to the 2T profile in Cu Ls-edge
RIXS [Figure 4:6(b)]. Both the sharp and broad modes in the energy scale of 200-600 meV appear to be enhanced in o
polarization with grazing incidence geometry. The momentum-dependent O K-edge RIXS measurements in Figure 4:6(d)
further resolve the character of these two magnetic excitations. The sharp peak disperses towards lower-energy when
approaching the zone center, and is then overlapping with the optical phonons for |qreg| < 0.13 (rlu). On the contrary,
the energy dispersion for the high-energy damped peak is essentially flat across the momentum-space.

In Figure 4:7, we show the multi-peak fitting for the O K-edge RIXS spectra measured at UHB resonance. The elastic
line in the momentum-dependent O K-edge RIXS map [Figure 4:8(a)] of the data is subtracted with a resolution function
of the same spectral intensity as the elastic line. A global fitting procedure across all the momentum-transfer points is
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not feasible due to the changing recognizable number of peaks at different measured momentum-transfer points. We
apply the following fitting procedure for qreg = -0.175, -0.196, -0.215, -0.233 and -0.249 (rlu) for the O K-edge RIXS data
[Figure 4:7], where the sharp peak ~270 meV is clearly disentangled from the lower-energy phonons and the higher-
energy broad mode. In Figure 4:6(c), the elastic line and phonon excitations are well fitted by resolution-limited Gauss-
ians. Three equally-spaced satellites of mode energy about 65~70 meV are taken as the initial parameters for fitting the
phonons in our UHB RIXS spectra. The mode energies and intensities of high-order phonon overtones, up to the third
order, are progressively deviating from the ideal harmonic oscillator. This possibly originates from anharmonic interac-
tions in the lattice, or differences in the momentum-dependent electron-phonon coupling (EPC) for the different pho-
non modes probed [79]. For |qieg| > 0.13 rlu, the dispersing sharp peak is fitted with a Lorentzian function. As for the
high-energy weakly-dispersive component ~400-500 meV, we evaluate the peak position by taking the centroid up to
80% of the maximum intensity for the residual weight after subtracting the elastic line, phonons, dispersing sharp peak
and a Gaussian background. The latter background is motivated from the complex line shape in the high-energy loss
regime and is modelled with a Gaussian of fixed peak position and width. As the dispersive sharp peak ~270 meV cannot
be recognized for |qieg| < 0.13 (rlu), the center of gravity for the high-energy broad mode is evaluated without consid-
ering the sharp mode when approaching zone center.
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Figure 4:6 (a) RIXS spectra taken Cu 3d° and UHB resonances of a momentum-transfer qeg =-0.215 (rlu). (b) A zoom to the low-energy region, including
the elastic line (E), phonons (P), MT and QP modes. (c) The corresponding spectral assignment for UHB RIXS spectra. (d) Momentum-dependent UHB
RIXS in o polarization with (qieg, qrung) labelled. Black triangles serve as a guide-to-eye for the dispersing sharp peak ~270 meV, while the peak maxi-
mum at queg = -0.215 (rlu) is marked by a black dotted-line. The “negative” momentum-transfer here indicates that the RIXS spectra are recorded in
grazing incidence geometry

4.6.3 Experimental interpretation with holon-spinon and AS=0 multi-triplon excitations

To assign and interpret the excitations in our experimental O K RIXS spectra, we compare to recently published
calculations of the RIXS cross section using density matrix renormalization group (DMRG) [50-52], and simulated MT
density employing the continuous unitary transformation (CUT) method [91]. CUT has recently been extended to de-
scribe the RIXS response of MT excitations in the spin ladders in both the odd- and even-parity scattering channels [156].
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The underdoped two-leg ladder system Sr14 was previously identified to follow an intermediate rung-coupling behav-
iour close to the isotropic limit (r=Jrung/JLeg™0.85) [26]. This determined r value is also consistent with the existing struc-
tural data [16,125].

For the broad mode ~400-500 meV, we interpret it as the higher-energy 2T continuum. The flat dispersion with mo-
mentum-independent damped profiles capture the character of the high-order upper boundary (UB) for the short-lived
2T continuum [Figure 4:9]. From Figure 4:8, we observe that the broad non-dispersive mode in O K-edge RIXS data are
absent in the Cu Lz-edge RIXS results taken from chapter 3. Similar phenomena were reported in an O K-edge RIXS study
on the g-1D spin-chain Sr2CuOs, where the four-spinon continuum excitations outside the two-spinon continuum bound-
ary were enhanced due to a longer core-hole lifetime for the O 1s core-level [77]. The observations of these high-energy
MT excitations in the spin-singlet AS=0 channel highlight the spectral capability of RIXS to provide complementary in-
sight in the DSF compared to INS. Interestingly, the MT scattering in spin ladders shares similarities with several novel
phenomena in mathematical formulation, e.g. Higgs mode in the 2D Heisenberg environments [157-159], Majorana
excitations in the Kitaev quantum spin liquid [160-162] (also see section 7.2.2), etc.

For the dispersing sharp mode ~270 meV, it may be contributed by two type of excitations. One is the composite
holon-spinon QP. Recent calculations of the AS=0 RIXS response on doped t-J ladders have shown a dispersing mode
emerging with hole doping along q=(qLeg, grung=0), being gapless at the zone center, that is persisting from the strong
(r>>1) to the nearly isotropic regime (r~1) [26]. This mode can be well described by a Bloch-like quasiparticle derived
from the tightly-bound electron spin and a dissociated hole, with its dispersion relation w(q) ~trung(1-cos(qcLeg)) Where
trung is the electron hopping along the rungs [29]. The ladder hole density of Sr14 is determined to be ~6% using the
method established in ref. [99] (see the analysis for Figure 3:9). This is corroborated by a sufficiently large r that is close
to the isotropic limit, leading to a sizable coupling between the holons and spinons..

The other possibility to explain the sharp spectral component ~270 meV is based on the AS=0 spin-conserving 2T
bound state. For the undoped ladders, a spin-singlet 2T bound state was revealed in the calculated RIXS response for
the AS=0 scattering channel, accompanied by diffuse incoherent RIXS intensity distributed at higher-energy regime that
was assigned to higher-order MT continuum [26]. In this scenario, it can be perceived that the experimentally reported
AS=1 2T excitations are reasonably close to the undoped limit such that these AS=0 MT magnetic excitations possess
sizable spectral weight. Following from these theory predictions, the underdoped ladders in Sr14 are expected to rep-
resent an ideal material realization to search for QPs excitations.
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Figure 4:7 Multi-peak fitting for the O K-edge UHB RIXS spectra at selected momentum-transfer points, where the holon-spinon QP (red shaded peak)
is clearly separated from the optical phonons and the 2T continuum.

4.6.4 Spectral fingerprint of holon-spinons and AS=0 2T bound state with overlapping
energies: Comparison to theories

In Figure 4:8, the dispersing sharp mode in O K-edge RIXS spectra shares similar mode energy and dispersion with the
AS=1 2T excitations measured by Cu Ls-edge RIXS (see chapter 3). Due to the distinct energies of magnetic exchange in
the ladder (~100 meV) and chain (~10 meV) subsystems [17], the magnetic RIXS response on the energy scale of hun-
dreds of meV is ascribed to the ladder spin fluctuations [13]. From Figure 4:8 and Figure 4:9, the mode energies and
momentum dispersion are compatible with the predicted QPs. Upon charge doping, the dynamical charge correlations
are expected to outweigh the concurrent AS=0 magnetic scattering in the RIXS signal [26]. From this, it is unlikely that
the sharp mode ~270 meV is due to long-lived AS=0 magnetic excitations [26,91]. Furthermore, the reported insulating
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charge gap ~2 eV and plasma edge ~400 meV in Sr14 indicate that our sharp RIXS response ~270 meV cannot be recon-
ciled with the inter-band particle-hole excitations or plasmonic response [97,163]. As for the possible spectral contri-
bution for the chain subsystem, the respective charge dynamics in the chains were previously identified as localized
charge excitations ~1 eV [28,29,143-146], which are inconsistent with the dispersing sharp mode ~270 meV.

In order to clarify our RIXS response, we also compare our experimental results with the existing literature that ob-
served AS=0 magnetic excitations in Sr14 and isostructural cuprate compounds. With coupling to phonons, it was
demonstrated that infrared absorption measurements can probe long-lived spin-singlet magnetic mode, where the
cross section is governed by the two-magnon density weighted by the van Hove singularity [164,165]. Such mode was
also recently suggested to be detectable by RIXS with appreciable intensity in undoped ladders [26].

However, the spectral weight of the AS=0 2T bound state is expected to cease with decreasing momentum-transfer
towards the zone center. This was due to the decay of bound states when overlaps with the lowest-lying 2T continuum
with decreasing momentum (see caption in Figure 4:9) [91]. Furthermore, the existing O K-edge RIXS studies on 2D
cuprates have not revealed such sharp spin-singlet magnetic excitations), and are mostly dominated by the AS=0 bimag-
non continuum [69,74-76,166].With the comparison in Figure 4:9, it is yet clear if the sharp mode ~270 meV is mainly
contributed by the QPs or the AS=0 2T bound state. Further comparison is required. .

Firstly, we extend our comparison to the optical studies. The spectral signature of interacting holons and spinons
were previously speculated in the infrared and Raman spectra of doped cuprate ladders. From hole-depleted Cais-
xLaxCu240a1 to lightly hole-doped ladders in Sr14, additional excitations were uncovered [148]. While some modes can
be explained by the modulations from charge order formation [167], a new mode ~224 meV in the infrared spectra of
Sr14 was found to be incompatible with this charge order superstructure [148]. This new mode was speculated to be a
localized polaronic charge excitation suggested for underdoped YBa:CusOe:s [168] or the spectral signature of
QPs [28,29]. The clear dispersion and energy of the sharp mode ~270 meV observed in the present momentum-de-
pendent O K-edge RIXS results is incompatible with the physical picture of localized polaronic excitations.
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Figure 4:8 (a) Normalized momentum-dependent O K-edge RIXS in this work. (b) Cu Ls-edge RIXS results in ref. [150]. The experimental data are
interpolated along qieg With bicubic approximation, and the elastic line is subtracted for clarity.

Additionally, the temperature-dependent RIXS measurements revealed more information that make our observed
sharp mode compatible with the observation of QPs. In Figure 4:10, O K-edge RIXS data taken at higher temperature
~280 K show a melting of the sharp mode ~270 meV compared to RIXS spectra taken at ~20 K. Considering that the
associated magnetic energy scale in the ladders of Sr14 is high, with Jieg ~130 meV (~1500 K) and an one-triplon (1T) gap
~32 meV (~370 K) [17], suggests that this spectral suppression upon increasing the temperature is not of magnetic
origin. Similar spectral behaviour was recently reported in O K-edge RIXS on the perovskite iridate Sr2lrOs [80]. An ex-
citation mode ~400 meV was found to suppress with increasing temperature and was connected to its electron-hole
continuum origin [80]. The mode energy was comparable to the edge of electron-hole continuum, while it showed
decreasing intensity with increasing temperature. Such behaviour was consistent with the broadening of the threshold
for electron-hole continuum observed from optical measurements, with enhanced metallicity [80]. Additionally, a slight
spectral broadening near the sharp onset about ~2 eV [see Figure 4:6(a)] can be seen from our RIXS spectra taken at
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280 K (Figure 4:10). This is also compatible with the scenario of increasing carriers populated over the charge gap, as
the mode energy of ~2 eV is consistent with the insulating gap for Sr14 [97]. On the other hand, one should not fully
exclude the possibility of decreased Cu-O hybridization due to thermal expansion upon heating. This can lead to the
spectral damping for the dd excitations, which are also expected in the energy regime ~2 eV for Sr14 with O K-edge UHB
RIXS [69,74]. Nevertheless, the temperature-dependent UHB RIXS results are compatible with the possibility that the
observed sharp mode ~270 meV is related to charge dynamics.

This connects to the characterization of the dc resistivity for Sr14, in which the optical conductivity is enhanced when
heating above ~162 K [147]. The activation of an additional charge conductivity channel at about 162 K was explained
as the gap melting for the charge density wave (CDW), derived from the dissociation of localized hole pairs in the lad-
ders [147]. As covered in chapter 5, a commensurate charge order ~0.2 (rlu) has been previously confirmed in the
ladders of Sr14 (see Figure 5:4 and Figure 5:7 in chapter 5). As the ladder-rung hole-pairs upon doping are required for
both the QPs and charge order, we ascribe the spectral melting of the observed sharp mode to a disruption of the hole-
pairs with enhanced itineracy, which lead to the disappearance of CDW as well as suppression for QPs.
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Figure 4:9 Fitted peak positions from O K-edge (this work) and Cu Ls-edge RIXS from chapter 3, overlaid with the energies of the calculated MT
scattering densities using CUT (JLeg=130 meV and r=Jrung/Jieg=1) modified from ref. [91]. Red (blue) vertical dotted lines indicate the momentum-
transfer of 10° grazing incidence at the O 1s (Cu 2ps/2) edge, serving as references of the experimental kinematic limit of the reachable momentum-
space. The orange dot-dashed curve shown from qreg=0 to queg=0.25 (rlu) depicts the holon-spinon QPs with the energy dispersion w(q)=trung(1-
c0s(qLegCleg)) With sizable Jrung [29], where the dispersion branch is shown within the kinematic limit of O K-edge RIXS in this work. Here trung is taken
as 300 meV. The optical signal of AS=0 2T bound state for the hole-depleted ladders in CaisxLaxCu24041 from ref. [169] is mostly contributed by the
van Hove singularity of 2T DOS weighted by its coupling with phonons, which are peaked at the zone boundary and the maximum of the energy
dispersion for r~1 (green dashed circles). The calculated AS=0 2T bound state shows appreciable weight only for gieg 0.2 rlu. This momentum region
belongs to where the AS=0 2T bound state (red dotted cuve) has separated energies from the lower 2T continuum boundary (black solid curve), and
therefore free from decaying into the 2T continuum.
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Figure 4:10 Temperature-dependent O K-edge RIXS spectra taken with qreg = -0.215 (rlu) at 20 K (blue) and 280 K (red). RIXS spectra are normalized
to total integrated intensity (see caption of Figure 4:8)
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Lastly, we discuss the evidence that supports our observed sharp mode ~270 meV to have spectral contributed from
the AS=0 2T bound state. To be more specific for comparing our RIXS results with the MT scattering, we compare our
RIXS results with MT spectra using perturbative CUT with magnetic exchange couplings closed to the r value of Sr14
(~0.85, also see analysis in Figure 3:8) [26]. Additionally, the four-spin cyclic ring exchange is included in the results
shown in Figure 4:11. Despite its lack of RIXS cross section, the AS=0 MT density is in close agreement with our experi-
mental RIXS results. The predominant lowest-lying AS=0 2T bound state follows the energy dispersions with our ob-
served sharp mode ~270 meV (see caption of Figure 4:11), while the weakly-dispersing damped mode at higher-energy
~400-500 meV is well reproduced by the 2T continuum boundary. The spectral signature of AS=0 triplon bound state
and continuum modes were also reported in recent CUT studies with RIXS matrix elements implemented [156].
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Figure 4:11 Calculated spectral density for the MT scattering in the AS=0 sector (the calculation data are provided with courtesy by Kai Phillip Schmidt).
The rung-to-leg ratio of magnetic exchange r=0.8 is close to the value estimated from the local structural distances (r~0.85 from ref. [26]). The effects
of including a cyclic four-spin ring exchange, here defined by rc=Jring/Jrung, is taken into consideration with r.=0, in the left panel and r.=0.1 in the right
panel, respectively. The momentum- and energy-resolved spectral intensity is similar between the two panels with insignificant dependence on the
inclusion of ring exchange. For comparing with the experimental O K-edge RIXS data in this chapter, a Jrung value of ~120 and 145 meV is taken for the
left and right panels, respectively, which are compatible with the magnetic exchange couplings observed in Sr14 [26].

Combining the current knowledge from theory and optical experiments with our present study, we assign the
dispersing sharp mode ~270 meV of largely contributed by QPs and/or AS=0 2T bound state in our UHB O K-edge RIXS
spectra. However, one should note that the DMRG [26] and CUT [91] theories that we use to compare with our
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experimental results are not strictly equivalent to the O K-edge RIXS cross section. Firstly, with narrow resonance like O
K-edge, a recent O K-edge RIXS study has confirmed that it is essential to consider core-hole lifetime effects in the
calculated RIXS intensity [77], which are still lacking in current literature of doped ladders. Furthermore, in order to
disentangle the charge and AS=0 magnetic scattering channels in the doped ladders, one has to calculate the
polarization-resolved scattering channels, which will require multi-orbital cluster models [52]. Therefore, future
theoretical works that involve the intermediate state effects in the doped multi-orbital ladders are needed to clarify our
RIXS results in chapter 4.

4.7 Conclusion

We presented a O K-edge RIXS study of the ladder subsystem of Sr14. By comparison with model calculations of RIXS
cross section and magnetic spectral density within CUT, our experimental results are compatible with the holon-spinon
QPs and AS=0 MT excitations that were recently speculated at the K-edge RIXS signal. The RIXS sensitivities to these
excitations highlight the unqgiue spectral capability, and complements the current literature for elementary excitations
in doped spin ladders, which share numerous electronic instabilities with the high-Tc cuprates. The possibilities to meas-
ure interacting holon-spinons and MT excitations in the doped ladders will help to provide valuable details for the dy-
namical charge/magnetic correlations. Particularly, the holon-spinon QPs were predicted to be associated with the
charge and pair density fluctuations in spin ladders.

4.8  Acknowledgement

The experiments have been performed at the ADRESS beamline of the Swiss Light Source at the Paul Scherrer Institut
(PSI). The work at PSl is supported by the Swiss National Science Foundation through project no. 200021_178867, the
NCCR MARVEL and the Sinergia network Mott Physics Beyond the Heisenberg Model (MPBH) and SNSF Research Grants
CRSI12_160765/1 and CRSII2_141962. A.N. acknowledges the supported by the Canada First Research Excellence Fund.
J.T. and S.J. are supported by the National Science Foundation under Grant No. DMR-1842056. This work used compu-
tational resources supported by the University of Tennessee and Oak Ridge National Laboratory Joint Institute for Com-
putational Sciences, and computational resources and services provided by Advanced Research Computing at the Uni-
versity of British Columbia.

58



Chapter 5 Enhanced charge-stripe order with magnetic impurities in the chain-ladder cuprates Sr14(Cul-xCox)24041

Chapter 5 Enhanced charge-stripe order
with magnetic impurities in the chain-ladder
cuprates Sr14(Cu1-xC0x)24041

5.1  Projection Contribution

The content of this chapter is undergoing at the time of the thesis submission preparations for the paper submission
process as a journal article. In this chapter, | investigate the charge density wave (CDW) and phonon excitations in the
self-hole-doped two-leg ladders of chain-ladder cuprate Sria(Cu1xCox)24041 using O K-, Cu Ls- and Co Ls-edge RIXS. In this
work, |, Yi Tseng, am responsible for the experiment planning, preparation of the single crystal samples for the synchro-
tron experiments, performing the RIXS measurements and experimental data analysis. The paper is written by me as
the main responsible with input from all the other co-authors. Section 5.2 serves as an additional introduction giving
extended background information for the context of this work, including the figures 5:1 to 5:3. The corresponding article
in preparation of submission includes the content from section 5.3 to 5.8, including the figures 5:4 to 5:18 and the tables
5.1-5.2, except for figure 5:9 and 5:11 that are taken from literature for comparison serving as references.

5.2 Preamble

One of the compelling hypotheses for high-temperature superconductivity (HTSC) pairing mechanism in cuprates is
intertwined charge and pair density fluctuations [23]. This has been established by the seemingly ubiquitous formation
of charge density wave (CDW) order in the superconducting (SC) dome of the phase diagram of various cuprates [23].
However, constructing a unified picture accurately describing CDW behavior has remained challenging. Several proper-
ties of the CDW order have been shown to vary among different types of cuprates, as well as its possible entanglement
with other factors [23]. For instance, for the La-Cu-O cuprates with 214 stoichiometry and charge-stripe formation, the
CDW ordering wavevector is positively correlated to the amount of doped holes, which is opposed to the real-space
CDW order for (Y,Nd)-Ba-Cu-O compound, the so-called 123 cuprate family, and the Bi-, Tl- and Hg-based multi-layer
cuprates [23] [Figure 5:1]. Additionally, the CDW correlation length can be also highly material-dependent and varies
from several tens of unit cells for the static order in La2xBaxCuOs to short-range charge fluctuations in Bi2Sr2CaCu20s:x
of a few lattice units [23]. Furthermore, whether the structural distortions and electron-phonon coupling (EPC) are
crucially at play is still debated. The former question was put forward by diffraction and has remained the central topic
for cuprate studies on charge-stripe order [170-174]. The latter was suggested by photoemission experiments, showing
the omnipresence of significant phonon interactions concluded from the kinks of the quasiparticle dispersions [175].
On the other hand, various theories have been proposed to describe the CDW formation in cuprates. Connected to the
band structure point of view, a Fermi-surface reconstruction with Fermi-arcs near the pseudogap temperature was
observed in Bi-based SC cuprates [176]. But this observation failed to be extended to all cuprate families as far as
current experimental literature can tell [176,177]. The detailed CDW texture including symmetry properties has also
been discussed but remains elusive, including the possible multi-orbital texture or a topological crossover based on
rotational-symmetry breaking [178,179]. Recent experiments even pointed out likely quantum critical scattering near
the optimal doping of CDW order, along with competing components of different interaction-length scales [139,180].
Lastly, possible contributions from magnetic fluctuations may also need to be considered. Early studies have shown that
the hourglass magnon excitations observed in 2D SC cuprates are intimately connected to the charge-stripe or-
der [21,22,92].

One unique perspective to investigate the HTSC in cuprates is the role of defects and inhomogeneity. The SC state
requires non-stoichiometric charge carriers doped in the CuO2 planes [181-183], while defects generally provide scat-
tering centers for magnetic vortices and pinning of electronic order [184]. For samples with magnetic impurities doped
at Cu sites, experiments using neutron diffraction and muon spin rotation have revealed enhanced static charge and
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spin orders [185-187]. Moreover, this comes together with the observation of a further suppression for the supercon-
ducting transition temperature Tc in the cuprate phase diagram [185—-187]. As shown in Figure 5:2, the 1/8 anomaly of
the cuprate phase diagram was considered as a characteristic feature for the La-based cuprates with four-lattice-unit
charge- and spin-stripes [170], but turned out to be achievable also in other types of cuprates by magnetic impuri-
ties [182]. These findings have led to the speculation that an universal charge-stripe order with Tc anomaly is general
for cuprates and tuneable by magnetic doping [182]. The stabilization of fluctuating charge and spin orders in cuprates
by introducing magnetic defects has also widely been confirmed [188].

Similar with 2D cuprates, the spin ladders were proposed to host competing CDW and SC states upon charge dop-
ing [9-11]. This has been confirmed in the two-leg ladders of the hybrid chain-ladder materials Sris.xCaxCu24041+5 in
experiments using resonant elastic X-ray scattering (REXS) [18,31] and high-pressure transport [19,20], respectively.
More importantly, the CDW in spin ladders provides an ideal standard model that closely reproduces the unidirectional
spin-charge cooperative stripe order. Coupled-ladders have been applied in theoretical studies simulating charge- and
spin-stripes in 2D SC cuprates [21,22,92]. Therefore, it is intriguing to investigate the magnetic doping effects on the
CDW in ladder materials. Motivated by that the cuprate ladder is one of the few materials without CuO2 planar structure
that achieves a SC state upon doping, the magnetic doping evolution of the ladder CDW will provide valuable infor-
mation for the proposed hypothesis, based on an omnipresent electronic stripe order in cuprates by impurity tun-
ing [182] [Figure 5:3].
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Figure 5:1 The CDW ordering wavevectors qcow as a function of hole-doping p across a wide span of SC cuprates taken from ref. [23] (Permissions
from Annual Reviews, Annu. Rev. Condens. Matter Phys., R. Comin and A. Damaschelli, 7, 369-405, 2016). Two major evolutions are highlighted in
the plot. The qcow increase with elevated hole density for the momentum-space ordering type curpates, coinciding with the La-based cuprates hosting
charge-spin cooperative stripe orders. On the contrary, the Bi-, Hg- and Y-based multi-layer cuprates generally show an opposite trend, where the
geow decrease with increasing hole content and are referred to as the real-space ordering cuprates in ref. [23].
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Figure 5:2 (a) The SC transition temperature Tc as a function of hole doping in LazxSrxCuo.9sMo.0104 (M=Cu, Ni, Zn and Ga) from ref. [182]. (b)-(c) show
Tc and the depolarization rate (asymmetry ratio) in uSR measurements as a function of hole-doping for Bi- and Y-based cuprates from ref. [182]. The
latter can be translated to the measure of local magnetic field strength. Despite different units for the hole-doping for (b)-(c) compared to (a), a
significant suppression of T can be inferred around the 1/8 hole-doping level with 1-3% of magnetic doping at the Cu sites for all the measured
cuprates (Reprinted by permission from Elsevier publishing group, Physica C: Superconducvitiy, Koike Y. and Adachi T., 481, 115-124, 2012).

This chapter reports RIXS spectra with systematic doping effects of Cu-Co substitution in the two-leg ladder subsystem
of the Sr14(Cu1xCox)24041. From the elastic signal in RIXS spectra, the ladder CDW is observed at both the O K- and Cu Ls-
edge, probed at the pre-edge ladder hole peak and charge ligand band with 3d'°L configuration (L denotes a hole in the
oxygen ligand), respectively [18,31].. In the low-energy inelastic energy loss region, the phonon harmonics for the Cu-
O bond-stretching mode ~65-70 meV are clearly resolved in the O K-edge RIXS spectra [152,153]. At the O K-edge, the
CDW is enhanced with increasing content of Co impurities, while the ordering wavevector gcow is continuously reduced.
Additionally, the concomitant phonon softening at the CDW ordering wavevector is gaining strength with Co doping.
These findings are accompanied by overall decreasing chain and ladder hole densities with increasing Co impurities, as
determined from the O K-edge XAS results [99-102]. These results are connected to a strengthened CDW and enhanced
phonon interactions with magnetic doping, which are consistent with recent magnetic susceptibility measure-
ments [16,189] and theories on charge-stripe formation [190-192]. The reduced gcow with decreasing hole content is
in line with the phase diagram of La-based curpates with charge-stripe order [23]. Additionally, the electron-doped
regime in cuprate ladders was recently predicted to energetically favor superconducting pairing [193,194], which was
not discussed in previous studies using REXS [18,31]. Despite that the measured samples all remain reasonably hole-
doped, itis a question for further investigations if the enhancement of CDWs by Co dopants leading to effective electron-
doping effects is directly connected to this prediction. Former studies on the pristine two-leg ladders SrCu203 (without
chain layers) failed to tackle this question, as it is difficult to achieve high crystallinity in this compound with doped
charge carriers [195].

The electronic character of the charge order in the ladders of Sria(Cu1.xCox)24041is confirmed in this thesis by RIXS
measurements with varied incoming photon energy and temperature. The latter further uncovers an ordering melting
accompanied by changes in the CDW linewidth incorporating likely multiple ordering components. These results
connect to recent RIXS reports on 2D cuprates, suggesting the short-range charge fluctuations to pervade the phase
diagram with low-temperature static order and to persist in the non-SC states [139,180]. These potential competing
orders with different correlation length, which are in close relation to the multi-scale inhomogeneities via dopants or
structural mismatch [196,197], are also reminiscent of the diffraction studies in SC cuprates [198—201]. These results
imply that the similar criticality with a spatial competition of CDWs in SC curpates may be extended to the cuprate
ladders in non-SC phases, providing valuable information to revisit and formulate the pairing mechanism based on these
hypotheses.
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Figure 5:3 The incommensurate SDW and CDW orders observed in the Fe-doped LSCO using neutron diffraction obtained from ref. [202]. The CDW
order observed along (0 2te 0) with £=0.224+0.002 is about twice of the SDW order revealed along (0.5 0.5+6 0) with §=0.115+0.003, while both
orders melt with increasing temperature ~60 K. This justifies that the enhanced incommensurate CDW and SDW orders that are absent in the Fe-free
LSCO can be induced by magnetic impurity doping (Reprinted by permission from Elsevier publishing group, Journal of Physics and Chemistry of Solids,
Fujita M., Enoki M., and Yamada K., 69, 3167-3170, 2008).

5.3 Abstract

We study charge density wave (CDW) order accompanied by phonon softening in the two-leg ladders of the hybrid
chain-ladder materials Sr14(Cu1-xCox)24041 (x<0.05) using resonant inelastic X-ray scattering (RIXS). By monitoring the
energy-resolved elastic intensity, the diffraction peak due to static charge order with long-range correlations along the
in-plane ladder-leg direction is observed to strengthen with light Co doping content. The ordering wavevector continu-
ously reduces with increasing Co-doping concentration, while the ladder hole content decreases with Co impurities.
Melting of this charge order upon heating reveals possible critical-scattering behaviour. At elevated Co doping of 5%,
our RIXS measurements uncover a stronger phonon softening ~10 meV for the bond-stretching vibrations ~65-70 meV
at the CDW wavevector. Furthermore, the electron-phonon coupling (EPC) is analysed as a function of Co-doping and
momentum from the observed phonon excitations. We conclude that combined electronic and magnetic doping effects
from the Cu-Co substitution are invoked in the enhancement of charge order, as well as the enhanced electron-phonon
interactions. Our study demonstrates how the charge-stripes and phonons in cuprate ladders can effectively be manip-
ulated via Co dopants, which may share similar mechanism with the existing reports in superconducting (SC) cuprates
with magnetic impurities
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5.4 Introduction

The assessment of the electronic order parameter intertwined with high-temperature superconductivity (HTSC) has
been a research focus in cuprate studies. Among the competing electronic instabilities with symmetry-broken ground
states at low-temperature, the omnipresent charge and spin density wave (CDW & SDW) spanning across various cu-
prates have been suggested crucial for the high-Tc pairing [23]. However, the distinct ordering vectors found in different
types of cuprates, along with their inconsistent doping and structural dependence, hamper the formulation of unified
theories for electron pairing in cuprates based on charge density fluctuations [23].

One of the crucial parameters that can help understanding HTSC in cuprates is the density of impurities and electronic
inhomogeneity. In cuprates, non-stoichiometric charge doping is essential for the emergence of a superconducting (SC)
phase, while chemical disorder generally acts as pinning centers for vortices and generally increases the critical cur-
rent [184]. Additionally, the experimentally confirmed impurity effects on the SC phase and entangled electronic orders,
such as the enhancement of T¢ or pinning of fluctuating charge and spin order, provide a unique aspect to study the
pairing mechanism in cuprates [181-183]. Particularly, recent experiments have revealed that an universal anomaly
with a suppression of Tc around 1/8 hole-doping can be achieved in different types of cuprates by adequate addition of
magnetic impurities [182,183]. Furthermore, this coincides with the experimental observation of enhanced static in-
commensurate SDW and CDW orders [185-187,202-204]. The 1/8 anomaly was firstly revealed in the La-based cu-
prates with an unidirectional charge-spin cooperative stripe order [205], which was later confirmed in early neutron
experiments [170]. Additionally, the charge-stripe phase was predicted as the major competing electronic state against
HTSC in theories using coupled-ladder models [21,22].

This motivates our study on the doped two-leg cuprate ladders with magnetic impurities. Serving as the minimal
interaction model describing the charge-stripe correlations in two-dimensional (2D) CuO2 planes, quasi-one-dimen-
sional (g-1D) ladders possess several similarities with the 2D cuprates in their low-energy physics [9—11]. In the hybrid
chain-ladder materials SrisaxCaxCu24041+5 , the CDW and SC states were confirmed using resonant elastic X-ray scattering
(REXS) for x=0, 10, 11 and 12 [18,31] and high-pressure transport measurements for x>11 [19,20], respectively. The
electronic origin of the observed ladder CDW was further supported by theoretical studies on t-J models with inter-
ladder Coulomb repulsion [206-208]. Therefore, it is intriguing to see if the tuning of CDW order with magnetic impu-
rities can be observed in doped cuprate ladders, as such studies are still lacking. Our results would also expand the
proposed scenario of an universal Tc anomaly and its interplay with charge-stripe order possibly to doped spin ladders.

Here we present a study on the evolution of CDW and phonon excitations in Sr14(Cu1.xCox)24041 using resonant inelas-
tic X-ray scattering (RIXS). O K- and Cu Ls-edge RIXS both reveal the CDW formation in Sr14(Cu1-xCox)24041. From the O K-
edge RIXS spectra measured at the ladder hole electronic configuration, the enhanced elastic signal due to CDW be-
comes more pronounced with increasing Co dopants, and develops into a long-range order at a reduced ordering
wavevector. The temperature-dependent O K-edge RIXS measurements confirm an electronic character with the order-
ing melting upon heating. Additionally, our results further reveal a possible critical-scattering from the temperature-
dependent width for the observed in-plane diffraction signal, reminiscent of the recent studies on 2D SC cu-
prates [139,180,209,210]. Accompanying the strengthened static CDW from Co impurities, the phonon softening for
the optical vibrations of 65~70 meV at the ordering wavevector is found to be enhanced in the O K-edge RIXS spectra.
The momentum-resolved electron-phonon coupling (EPC) is also evaluated across all Co doping levels. From recent
magnetic susceptibility and photoelectron spectroscopy measurements on Sris(Cu1xCox)24041, we observed the com-
bined magnetic and electronic doping effects of the Co impurities [16,189]. This supports a suggested scenario for the
pinning of charge-stripe order via magnetic dopants, which were previously proposed for the SC cuprates [185,187].
Furthermore, the electron-doping effects may be connected to the recent theories that predicted energetically favoured
pairing correlations towards the electron-doped regime of the cuprate ladders [193,194]. Lastly, the enhanced phonon-
softening response with Co doping is in line with the speculation that the lattice distortion has a crucial role for the
charge- and spin-stripes formation [190-192].
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5.5 Experimental Method

Sr14(Cu1xCox)24041 (x=0, 0.01, 0.03 and 0.05) single crystals are grown with the traveling-solvent floating zone
method [16,189]. Top-post cleavage is performed in-situ before all measurements, with a vacuum pressure about 5x10°
10 mbar. RIXS and XAS measurements are performed at the Advanced Resonant Spectroscopies (ADRESS) beamline at
the Swiss Light Source (SLS), Paul Scherrer Institut [54-56]. The total RIXS energy resolution of 50 meV and 95 meV are
achieved with the 3000 line/mm grating for the RIXS spectrometer at the O K- (~530 eV) and Cu Lz-edge (~930 eV),
respectively. To characterize the environments of Co dopants, we apply Co L3-edge (~780 eV) RIXS measurements car-
ried out with the 1500 line/mm grating for the RIXS spectrometer, achieving a total RIXS energy resolution of 105 meV.
The scattering angle 26 is fixed at 130°. The photon-in-photon-out RIXS technique has demonstrated its unique capabil-
ity for probing various collective electronic excitations, with element and orbital selectivity [49]. By separating the elas-
tic scattering from the inelastic signal, RIXS is capable of simultaneously measuring the energy-resolved (ER) REXS signal
and low-energy excitations [211]. This allows direct assessment of the elementary excitations in vicinity to the under-
lying electronic orders [64,83,138,140-142].

The RIXS experimental geometry is fixed with b- and c- axis oriented in the scattering plane, where the c-axis (ladder-
leg) is parallel to the in-plane momentum-transfer. In order to resonantly select the hole content in the ladder subsys-
temin the given RIXS geometry [99-102], it polarization is applied for the incident X-rays. This ensures a finite projection
along the leg direction (c-axis) for the electromagnetic field of the incident X-rays at the O K-edge [99-102]. Cu L3-edge
RIXS, on the other hand, preferentially enhances the charge scattering in layered cuprates with i polarization in the
grazing incidence scattering [66,133,134]. The RIXS measurements are performed in the grazing incidence geometry.
RIXS spectra are corrected for self-absorption effects. XAS spectra are recorded with total fluorescence yield (TFY) mode
and normalized up to 70 eV above the main resonances from the tabulated photo-absorption cross-sections [85].

5.6 Results and Discussions

5.6.1 Energy-Resolved REXS and RIXS probed: CDW order and phonon excitations

Figure 5:4 shows the overview of the XAS profiles and ER-REXS signal from RIXS measurements taken at the O K- and
Cu Ls-edge for x=0 and x=0.03. Following the previous REXS studies on Sri14xCaxCu240a41+5, we measured the elastic scat-
tering intensity as a function of momentum-transfer at the ladder hole peak and the charge transfer ligand band at O
K- and Cu Lz-edge, respectively [18,31]. At the O K-edge, the pre-edge double peaks of 527.5-528.2 eV was argued to
consist of the combined electronic configuration of hole content in the chains and ladders [99-102]. It has been per-
ceived that the linear dichroism corresponds to the distinct Cu-O-Cu bonding environments between the edge-sharing
chains and two-leg ladders, enabling the disentanglement of the hole content between the two subsystems [99-102].
At the Cu Ls-edge, the ligand environments for chains and ladders show overlapping energy scales with marginal linear
dichroism in XAS, where the chain ligand sites host the majority of the holes [99,102]. For x=0, a commensurate CDW
with an ordering wavector qcow ~0.2 (rlu) is inferred [Figure 5:4(b) and (e)], in accordance with the former REXS re-
ports [18,31]. At x=0.03, we observe a diffraction signal appearing at a reduced ordering wavevector ~0.135 (rlu) for
both O K- and Cu Ls-edge. This diffraction peak at the O K-edge is stronger and sharper with 3% Co impurities. The
detailed discussions for Cu Ls-edge RIXS results, including the experimental data taken at the 3d° resonance ~931 eV,
will be covered in later sections (see section 5.6.8).

To systematically investigate the Co doping dependence of the charge order and the relevant dynamical response,
we focus on the O K-edge RIXS results from section 5.6.2 to section 5.6.7. We observe an enhancement of the ladder
CDW signal and distinct changes in the phonon excitations as a function of Co doping content in the RIXS overview
(Figure 5:5). We will firstly address the observed in-plane diffraction signal, evaluated from the energy- and momentum-
resolved elastic enhancement in different aspects in section 5.6.2-5.6.5. The phonon excitations will be covered in sec-
tion 5.6.6-5.6.7. Further discussions on the Cu L3- and Co Ls-edge RIXS results are shown in section 5.6.8 and 5.6.9,
respectively.
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Figure 5:4 (a)-(c) O K-edge XAS and RIXS spectra showing the probed resonance and the energy-resolved (quasi-) elastic signal. The O K-edge RIXS
spectra are recorded at the ladder hole peak ~528.6 eV (orange triangle). (d)-(f) Cu Ls-edge XAS and RIXS spectra showing the probed resonance and
the energy-resolved (quasi-) elastic signal. The Cu Ls-edge RIXS spectra are recorded at the charge-transfer ligand band ~933 eV (orange triangle). The
chosen XAS resonances at O K- and Cu Ls-edge are in agreement with the previous REXS reports on SCCO [18,31]. Both measurements are performed
with 1 polarization in the grazing incidence geometry. (b) and (e) reproduce the commensurate ladder CDW ~0.2 (rlu) reported for x=0 in ref. [18].
(c) and (f) show an enhanced elastic signal near queg ~0.135 (rlu) for x=0.03, where the diffraction signal is more pronounced at the O K-edge.
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Figure 5:5 (a)-(d) Momentum-dependent O K-edge RIXS spectra revealing the enhanced elastic scattering at certain wavevectors (highlighted by thick
solid lines) with optical phonons (~65 meV) across all Co doping levels.
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5.6.2 0 K-edge Energy-Resolved REXS: Change of ladder CDW with Co-doping

From the RIXS measurements taken in a wider momentum range in Figure 5:6(a), this diffraction response is clearly
enhanced with increasing Co doping concentration. In particular, the width for the CDW profile seems to show a sharp-
ening upon Co-doping. To further clarify the nature of the observed elastic signal with Co doping, we plot the intensity
of the elastic scattering as a function of incident X-ray energy for momentum-transfer vectors where the elastic signal
is maximized for each doping level. As shown in Figure 5:6(b)-(c), the observed diffraction signal is resonantly enhanced
at the ladder hole peak for all Co doping levels, giving a clear fingerprint of its electronic character of ladder CDW. To
our surprise, the observed elastic signal with electronic origin seem to suggest that the periodic charge modulations are
not interfered but rather stabilized by a low-doping of Co impurities. Additionally, these in-plane diffraction signal have
not been revealed in the isostructural cuprate ladders in former studies using energy-integrated REXS [18,31].
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Figure 5:6 (a) Momentum-dependent O K-edge RIXS measurements showing the in-plane elastic signal in the leg direction for differ-
ent Co-doped samples. (b)-(c) Normalized O K-edge XAS spectra (see main text) and elastic intensity across the main XAS resonances,
respectively, measured in the leg direction for all Co doping levels. The elastic intensities in (c) are recorded at the wavevectors where
the elastic signal is maximized for each doping level as shown in (a), while the data are normalized to the integrated RIXS intensity
from 10 eV loss to 1 eV gain. The elastic signal taken at the post-edge near UHB (~529.3 eV) is used as the normalization background
for comparing the resonant profile of in-plane elastic scattering.

Another experimental finding from Figure 5:6 (a) and (b) is a reducing CDW wavevector with slightly decreased hole
density, which follows the charge-stripe order relation in the phase diagram of La-based cuprates (see section 5.2). In
Figure 5:6(b), the Cu-Co substitution does not drastically modify the XAS resonances, but slightly decrease the pre-edge
spectral weight for the doped holes in both chains and ladders [99-102]. Using the modelling of ref. [99], the evaluated
ladder hole densities slightly decrease from ~6% to below 5% (Table 5.1) from x=0 to x=0.05. By comparing with Figure
5:1, we notice that the relation between CDW ordering wavevector and ladder hole density in Sr14(Cu,Co)24041 follows
the trend of La-based 2D cuprates with charge-spin cooperative stripe order (see section 5.2). Namely, the CDW
wavevector decreases with reduced hole density (Figure 5:1). This would naturally connect our observations in cuprate
ladders to the layered SC cuprates, and supports the cuprate studies based on ladder models. On the other hand, one
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should not fully exclude the possibility that the decreasing ordering wavevector with Co-doping may be affected by
impurity percolations, which was previously studied in Fe-based superconductors [212]. To clarify such scenario will
require structural refinements and high-resolution diffraction measurements to elucidate the Co dopant distribution
between chain and ladder subsystems, which is beyond the scope of this thesis. In section 5.6.9, we will present further
discussions for the elastic scattering and inelastic response of Co dopants using Co Ls-edge RIXS (also see Figure 5:17).

Additionally, with the electron-doping by Co dopants, the enhanced ladder CDW signal is consistent with the recent
speculation that the pairing correlations are energetically favoured towards electron-doped regime [193,194]. The pre-
dominant static CDW order at low temperature has been considered as a characteristic feature for pairing formation in
the cuprate phase diagram [23]. As the measured Sr14(Cu1xCox)24041 are reasonably hole-doped (Table 5.1) and insulat-
ing (Figure 5:7), it is still an open question that if the cuprate ladders show similar competition between CDW and SC
states towards the hole-depleted or electron-doped phases as predicted in ref. [193,194]. In Table 5:1, the evaluated
hole content (x=0, 0.03 and 0.05) and their respective hole-doping levels are reasonably away from the 1/8 hole-doping
concentration. This would suggest that additional factors beyond the 1/8 anomaly in hole-dping is required to explain
our observations of enhanced CDW.

Samples Total number of holes Number of chain holes Number of ladder holes Ladder hole density (1/Cu
(p.c.f.) (p.c.f.) (p.c.f.) ion)
Sr1aCu240a1 6.00 5.15 0.85 6.0%
Sr14(Cuo0.97C00.03)24041 5.61 4.87 0.74 5.3%
Sr14(Cu0.95C00.05)240a1 4.78 4.08 0.70 4.9%

Table 5:1 The hole densities in the chain and ladder subsystems evaluated from the O K-edge XAS results based on the model from ref. [99]. The unit
p.c.f. indicates that the number is evaluated per chemical formula of Sr14(Cu,C0)24041.

10 -

i =100 pA

In(p/P300 )

T I I I I T T T

4 5 6 7 8 9 10 11
1000/T (K™

Figure 5:7 Electrical transport measurements without magnetic field on the single crystal Sr14(Cu1.xCox)24041 samples for x=0 and x=0.05 (data courtesy:
Surjeet Singh and Rabindranath Bag). The horizontal axis represents the inverse of temperature multiplied by 1000, whereas the vertical axis is the
resistivity normalized to room-temperature value expressed in the natural logarithmic scale. An overall increased metallicity is inferred with Co doping.

In Figure 5:8 (a)-(d), we present finer sampling in momentum vectors around the observed ordering wavevectors for
all Co-doping levels. To evaluate the ladder CDW correlations as a function of Co-doping, we fit the in-plane diffraction
profiles with a Lorentzian function [brown solid curves in Figure 5:8(a)-(d)] on top of a linear background [dotted straight
lines in Figure 5:8(a)-(d)]. Alongside the fitted diffraction peak positions that decrease with Co-doping [Figure 5:8(e)],
the peak intensities and widths are also displayed [Figure 5:8(f)]. the slight downturn of the leg correlation length for
x<0.03 and monotonic increase for the integrated intensity may indicate that the Co dopants activate other types of
(electronic) diffraction processes with different spatial and magnetic correlations compared to x=0. From marginally
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modified lattice parameters (Table 5:2) and recent structural characterization [16], we conclude that neither the
structural changes or additional Bragg peaks lead to such elastic enhancement in our RIXS measurements.

To make a short summary at this stage, we observe the enhanced ladder CDW signal which develops a sharper
linewidth with Co-doping (Figure 5:8). Additionally, it seems that there may be two or more diffraction components
involved from the slight asymmetry of CDW profiles (Figure 5:8). In the following paragraphs, we argue that these
observations are connected to a physical scenario that the CDW signal is pinned and strengthened by magnetic doping
effects, and may involve the emergence of multiple diffraction components with distinct spatial and magnetic
correlations.
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Figure 5:8 (a)-(d) Momentum-dependent O K-edge RIXS measurements for the in-plane rocking curves around the CDW wavevectors for all Co doping
levels (see fitting schemes in section 5.6.2). The elastic intensities are normalized to the integrated RIXS spectral weight from 10 eV loss to 1 eV gain.
(e) The evaluated ordering wavevectors (black circles) as a function of Co doping concentration. (f) The fitted CDW correlation lengths (red circles),
maximum intensity (blue squares) and integrated intensity (black diamonds) for the ladder CDW as a function of Co doping concentration. The CDW
signal is fitted by a Lorentzian function with a linear background. The horizontal lines in (e) represent the qcow obtained from the previous REXS studies

on SrisyCayCu24041, where gcow™0.2 rlu for y=0 (red dot-dashed) and qcow™0.33 rlu for y of 10~12 (blue dashed) [18,31].

5.6.3 Charge order pinning by magnetic impurities?
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Figure 5:9 Magnetic susceptibility for Sria(Cu1.xCox)240a1 from ref [16], showing an enhanced Curie-Weiss weight in the low-temperature regime upon
Co-doping (also see Figure 6 in ref. [213]). This indicates an increased magnetic moment from Co dopants that disrupts the isotropic spin-liquid ground
state for the cuprate ladder subsystem, while the increased moment shows clear in-plane/out-of-plane anisotropy. (Reprinted by permission from
Elsevier publishing group, Journal of Crystal Growth, Bag R., Karmakar K., and Singh S., 458, 16-26, 2017).
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Samples a(A) b(A) Cieg(A) Cell volume V (A3)
Sr1aCu240a1 11.4689(6) 13.4004(8) 3.9327(3) 604.42(5)
Sr14(Cuo.99C00.01)24041  11.4660(6) 13.3936(8) 3.9343(3) 604.19(5)
Sr14(Cuos7C00.03)24041  11.4648(7) 13.3871(8) 3.9378(5) 604.37(7)
Sr14(Cuo.95C00.05)240a1  11.4624(7) 13.3827(8) 3.9378(5) 604.19(7)

Table 5:2 Structural lattice parameters for the single crystal samples of Sria(Cu1-xCox)24041 obtained from ref. [16].

We firstly start from the connection between magnetic impurities and enhanced CDW orders. By looking at the for-
mer studies on 2D SC curpates with magnetic doping, those results remind on the possible scenarios for strengthening
CDWs in layered cuprates (see section 5.2). It has been shown that the presence of defects and impurities can stabilize
dynamically fluctuating stripes in SC cuprates [188]. This was observed in neutron and muon spin rotation (USR) exper-
iments on cuprates with Cu substituted by 1-2% of Fe or Zn [185-187]. Additionally, our observations connect to the
spin-freezing mechanism for quenching the spin fluctuations, which are proposed to compete with pairing correla-
tions [214-216]. The role of remnant AFM correlations with spin-freezing in hole-doped 2D cuprates was recently sug-
gested crucial for understanding the pseudogap phase in SC cuprates, with the observed glassy spin-freezing behavior
energetically favoured for charge-stripe formation [217]. Therefore, we believe that our energy-resolved REXS results
in Figure 5:8 provide the ideal bridge between the g-1D ladders and 2D SC cuprates, with the tuning of charge order by
magnetic impurities. The enhanced spin and charge orders with magnetic impurities are often interpreted as the mag-
netic impurity quench of the fluctuating SDWs, and thereby affecting the CDWs via the compensated hole content with
respect to the stripe structural deformations. With magnetic dopants, the observation of strengthened long-range static
charge order at a reduced ordering wavevector (Figure 5:8) was also found in the neutron studies on Fe-doped
LSCO [202,204]. This suggests that a similar scenario may be present in our experimental results in this chapter.

In order to tackle this question, we will start by aiming for investigating the characterization on magnetic properties
of Sr1a(Cu1.xCox)24041. In the low-dimensional chains and ladders, magnetic impurities can potentially percolate across
the lattices, and introduce intercalated spin-spin correlations forming real-space ordering [218]. On the other hand,
one should note that even the magnetic doping in respective copper-oxide subsystems may affect each other. For in-
stance, in the hybrid chain-planar structures of Co-doped YBa2CuzO7x (YBCO), Tarascon et al. showed that the sup-
pressed Tc in the 2D CuO2 planes was accompanied by the preferential Cu-Co replacement for the Cu sites with Co in
chain layers [219]. This can be conceptualized by Co dopants in the chains providing magnetic vortices, which can still
effectively suppress the SC state in the 2D CuO2 plaquettes and promote the static stripe formation like when applying
a magnetic field [220-222]. With this, an enhanced incommensurate SDW has been reported in YBCO, which may very
likely affect the charge density correlations as well [185].

With these experimental observations, we look into the existing characterization of magnetic susceptibility in Sr1a(Cui-
xCox)24041. The magnetic doping effects in the chain subsystem were clearly shown in the magnetic susceptibility meas-
urements (Figure 5:9), where the spin dimerization was found to be disrupted and shifted towards lower tempera-
ture [16,189]. The Curie-Weiss term was found to be enhanced differently with Co doping for the in-plane and out-of-
plane contribution [16,189]. This led to the suggestion that a magnetic anisotropy is induced likely from a single-ion like
magnetic correlations with Co doping [16,189]. Previous electron diffraction measurements also suggested a predomi-
nant fraction of Cu-Co replacement in the chains with only marginally modified diffraction of ladder sites [223,224].
The increased Curie term and magnetic impurities are ascribed to a contribution of the chains, sharing similar magnetic
doping effects in YBCO [219,225]. One should notice that this does not rule out the possibility for a finite amount of Co
dopants residing in the ladders, which will be discussed below sections. A possible explanation for the enormously
strong CDW signal at x=0.05 may suggest that a direct Cu-Co replacement occurs at the ladder sites when x>0.05. Given
the scarcity and complications for studies with mixed Co?*/Co3 coordination in the square planar environments, char-
acterization of the exact chain- and ladder-site Co distribution with their spin states will require further investigations.
The nearly identical scattering cross section in X-ray diffraction between Cu and Co hinders the quantitative assessment
of Co dopant distribution with structural refinements [16]. Furthermore, the complexity of the incommensurate chain-
ladder structural misfit can induce additional superstructure reflections [16].
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5.6.4 Cooperating or competing mechanism of CDW with different spatial and magnetic
correlations?

In this paragraph, we then deal with the origin of a slightly asymmetric lineshape in CDW signal with Co-doping. We
choose the RIXS data taken for x=0.03, as the experimental results take in x=0 and x=0.01 are relatively noisy for this
purpose. This is studied with temperature-dependent O K-edge RIXS measurements (Figure 5:10). The fitting of CDW
profiles follow the strategy sued in Figure 5:8. At x=0.03, a ordering melting ~200 K can be seen for the in-plane ER-REXS
signal [Figure 5:10(a)-(b)]. Additionally, there are spectral signatures of damping and asymmetry in the CDW profiles
with increasing temperature [Figure 5:10(c) and (e)]. This was not observed in previous REXS studies on Sris
xCaxCu24041+5 [18,31]. On the contrary, a recent study featuring Eu-doped LSCO pointed out that these CDW orders are
of electronic origin with a spontaneous symmetry-breaking, where the CDW signal was found to melt and broaden with
a temperature-independent integrated intensity [210]. By fitting a Lorentzian function for the CDW profile, the conclu-
sions from ref. [210] seem to agree with our observation for the ladder CDW [Figure 5:10(d)-(f)].

Additionally, recent Cu Lz-edge RIXS studies on SC YBCO, LSCO and La2-xBaxCuOas (LBCO) also show similar temperature
dependence for the in-plane CDW rocking curves, which further revealed an anti-symmetric line shape for the CDW
signal [139,180,209,210]. These findings share similarities to our temperature evolution of the CDW correlation lengths
(Figure 5:10), which might suggest the possibility that other types of charge order/fluctuations may be induced by the
Co dopants. In Figure 5:10(c), the CDW broadening along with ordering melting in our experimental RIXS results at 160
K and 200 K are reminiscent of the reports [139,180,209,210].
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Figure 5:10 O K-edge RIXS measurements showing the ER-REXS signal around the elastic line for x=0.03 taken at (a) 20 K and (b) 200 K. (c) The CDW
rocking curves for x=0.03 are displaying the in-plane resonant diffraction signal for a series of temperatures. The fitting scheme follows Figure 5:8. A
linear background is fitted and subtracted from the data. (d)-(f) The fitted peak intensity, peak width and integrated intensity of area below the peak,
respectively, for the CDW profiles as a function of temperature.

One proposal for such temperature-dependent CDW correlation length is related to charge fluctuations pervading
across the CDW transition temperature [139,180,209]. In this scenario, the CDW is expected to be dynamically critical,
with the short-range charge fluctuations spanning across the phase diagram and persist in the non-SC phases [180].
Another possible mechanism for explaining our temperature-dependent results in Figure 5:10 relies on the competing
CDWs and SDWs with different correlation lengths, which co-exist with a peculiar metallic state in the cuprates [198—
201]. This was previously demonstrated in the three-dimensional (3D) CDWs of YBCO, where a manipulation with mag-
netic field was achieved for these spatially-inhomogeneous charge- and spin-orders [198-201].
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Following these proposed scenarios from ref. [139,180,209] and ref. [198—-201], our observations with similar broad-
ened line shapes from the CDW melting may imply that these proposals can exist in the non-SC cuprate ladders without
CuO:2 plaquette structures. Given the close relationships between the 2D SC cuprates and g-1D cuprate ladders, our
results support that the tuning of multiple CDW components can be achieved by magnetic and electronicinhomogeneity
in doped cuprate ladders. To clarify this, we suggest high-resolution single crystal X-ray and neutron diffraction meas-
urements for diffraction peaks around our probed momentum regions. This will help to separate our observed electronic
orders from structural Bragg reflections, as well as their interplay with magnetic field and pressure in the presence of
Co dopants. The studies on spatially-competing CDW orders in cuprates and their connection to magnetic impurities are
still lacking. Therefore, our study shall provide information for examining the role and evolution for charge order and
fluctuations in cuprates with different structures and stoichiometry.

5.6.5 Evaluation of CDW profiles according to co-existent charge order and charge density
fluctuations

In Figure 5:11, we apply the model from ref. [180] to analyse the temperature dependence of the CDW profiles. It
was previously proposed that the CDW with critical scattering around the optimal doping phases may provide a possible
explanation for mediating the HTSC in cuprates [139,180,209]. Another proposal is formulated on the possibility of
multiple CDWs competing with different spatial correlations and magnetism [198-201]. In the former picture, the
charge correlations persist as short-range fluctuations up to the non-SC high-temperature phases, whereas the static
charge order melts with increasing temperature. Despite the lack of SC phases in the Sria(Cu,Co)24041 materials, this
model provides a pictorial approach for differentiating multiple (electronic) orders that may compete at distinct tem-
perature and spatial scales, therefore providing a good framework for understanding our experimental RIXS results. The
fitting constraint for the two-component model is taken from the experimental RIXS data taken at 160 K, where the
spectral components for the static sharp peak (SP) and a broad peak (BP) reflective of the charge fluctuations are both
clearly presented. Both the peak positions and widths of BP are assumed to be temperature-independent. On the other
hand, the peak position for the SP is fixed, and then we evaluate the temperature evolution of the peak intensities and
widths of SP. Based on the model in ref. [180], the BP component shows no critical scattering with temperature. There-
fore, in the enclosed analysis of this work, the peak width (~0.17 rlu) and position of the BP are kept fixed throughout
all temperature points with respect to the 160 K data.

We compare the fitting results of our experimental RIXS data with one- and two-Lorentzian profiles for the predom-
inant SP of the CDW signal. In ref. [139,180], the SP was observed to become broader across the SC transitions and melt
upon heating in YBCO and LBCO. On the other hand, the BP was proposed as the seeding precursor of charge density
fluctuations, representative of the pre-formed pairing that pervades the entire phase diagram. In our results of Sr14(Cu1-
xCox)24041, however, the BP is not consistently present as a temperature-independent component throughout all the
temperature range. The BP peak intensity is generally below ~0.01 [unit in Figure 5:11(a)] for temperatures below 110
K, reasonably within the signal fluctuations in the background, but shows a sudden increase when exceeding 160 K
(~0.035 and 0.015 for 160 K and 200 K, respectively). This could indicate that the source of anti-symmetric CDW line
shape in our RIXS results may not share the same mechanism as ref. [139,180,209], suggesting other types of diffraction
processes with distinct temperature dependence may need to be considered here. The possibility of beam instability
and intensity fluctuations at 160 K, on the other hand, cannot be completely excluded here. The SP intensity is generally
unaffected by the inclusion of the BP in the fitting scheme. As for the peak width of SP, the spike of increase at 160 K
and 200 K seems here to be compensated by considering an additional spectral component for BP. The tendency of an
overall increasing peak width for the long-range static charge order (SP) upon heating, due to interactions with fast
oscillations of charge density (BP), is qualitatively in agreement with ref. [180]. Additionally, by adapting the two-peak
fitting model for the CDW signal, the integrated intensity for the SP also evolves towards a smoother trend with tem-
perature, which gradually decreases with increasing temperature.

71



5.6 Results and Discussions

3 0.16
0167 (a) 20k 1 (b)200K

Z 012- 7 012 ]

c ] (= ]

> =} ]

£ ] g ]

< 0.08 & 008

Z ] > ]

2z ] 2 ]

2 0.04- $ 0.04 ]

= ] £ ]
0'00£'|H"\IH\'IH|'HlHH|‘HlHH|IH\IIH\---w- 0.00_-'""‘\""|'"‘I“"|‘"'I"“l""\""\""\""l'

0.11 0.12 0.13 0.14 0.15 0.11 0.12 0.13 0.14 0.15
Oieg (1111 Oleg (r1U.)

Figure 5:11 (a)-(b) CDW fitting with two Lorentzian functions for x=0.03 in Sr14(Cu1xC0x)24041 taken at 20 K and 200 K, respectively. The fitting scheme
is taken from the ref. [180]. Following ref. [180], the BP (red) is assumed to be the temperature-independent charge fluctuations, where the peak
position and width are fixed for different temperatures. The SP (blue) is assigned to be the static charge order component that melts with increasing
temperature, and its peak position is fixed for all temperatures.

= ] 0.016 = K

£ o129 @ 1w 7 00022 4 (g

c 1 < ]

2 16 S 0014 ] 3 0.0020 E

£ 0.10 7 o B = 3 £ 00018

= E [o] ‘§ 0.012 7 £ 0.0016 ]

o w ]

c - 9 o ]

£ 008 8 g 0010 - £ 000144 5 8

] 3 = 3 = 00012 | @

g g ooz 8 @A g % 0.0010 2] 6

= 0.06 1 E E a T @ 0 . i E|J

S . £ 0.0008 ]

5] L SRS S 0.006 R _ - 1 . | | |
0 50 100 150 200 50 100 150 200 0 50 100 150 200

Temperature (K)

Temperature (K}

Temperature (K)

Figure 5:12 (a)-(c) The fitted peak intensity, peak width and integrated intensity for the SP (red squares) compared to the fitting results with one
Lorentzian function for the CDW signal shown in Figure 5:10.

5.6.6 0 K-edge RIXS spectra: Phonon excitations vs. Co-doping

A natural further question to be addressed is if and how corresponding lattice excitations are connected to the en-
hanced charge-stripe order with Co doping. Despite that the HTSCin cuprates cannot be solely explained by the phonon-
mediated electron-pairing in BCS theory, the observed strong softening and broadening for the bond-stretching and
low-energy acoustic phonons in the vicinity to CDW ordering, suggest that the electron-phonon interactions still have a
more crucial role in the pairing correlations in cuprates [226—229]. As RIXS is capable to detect multi-phonon processes
as harmonic satellites in the energy-loss spectrum, it is a very promising probe to elucidate the relation between pho-
nons and charge ordering [78]. The direct access to momentum-resolved EPC, without integrating the respective pho-
non spectral weight and analysing the broadening, sets RIXS apart from other experimental probes for measuring pho-
nons, e.g. optical probes, photoemission spectroscopy, non-resonant inelastic X-ray scattering (IXS), etc [53,78]. The
RIXS sensitivity to phonons is achieved by a re-arrangement of the charge clouds via electron-phonon interactions during
the RIXS intermediate state. The matrix elements for the scattering cross section are described in a Frank-Condon pic-
ture for the excited vibrational modes (see section 2.6.1).

In Figure 5:13, we study the phonon excitations of Sria(Cu1-xCox)24041 as a function of Co doping x by taking advantage
of the strong EPC signal in the O K-edge RIXS spectra, with clear high-order harmonic contributions. Compared to the
transition-metal L-edge, the longer core-hole lifetime at the O K-edge grants substantial weight for the short-lived high-
order phonon overtones, which have been observed in the low-dimensional cuprates [154,155]. This comes alongside
with the improvements in the soft X-ray RIXS instrumentation in recent years, where the detection of concurrent CDW
and softening of phonon modes ~35-70 meV have been widely demonstrated in layered cuprates [83,138,140,142].
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This will give direct access to tackle the role of phonons for CDW in the doped ladders. This is of particular importance
as the phonon interactions were not included in the early theories for the CDW in Sri1axCaxCu240a41:5 [206—208].

In Figure 5:13(c), we observe a phonon-softening response for the vibrational mode of 65-70 meV that is particularly
strong for x=0.05 [152,153]. The 15-20% of softening in energy agrees with the softening of the Cu-O bond-stretching
mode observed in 2D cuprates by RIXS [83,138,140,142]. Figure 5:13(a)-(b) show the line fitting of elastic and phonon
components for x=0 and x=0.03. With increasing x, a slightly reduced phonon intensity is inferred and may be associated
with the enhanced metallicity from electron-doping of the Co®" dopants (Figure 5:7). The concomitant CDW and phonon
softening is observed across all Co doping levels, where the phonon-softening becomes stronger with increasing Co
doping and a strengthening long-range charge-stripe order. The unquenched orbital momentum from magnetic site
impurities may introduce a single-ion like magnetic anisotropy [106,191,217]. Such magnetic doping effects were pre-
viously suggested to be responsible for the lattice distortions, whichcan help for unidirectional charge modulations in
the SC cuprates [16,189,218]. Additionally, the anomalous softening and broadening of the longitudinal oxygen bond-
stretching vibrations were reported to be manifested within the SC phases in cuprates, which was believed to be inti-
mately associated with the dynamical charge-stripe formation that is different from the static charge/spin stripes [226—
229]. Our experimental findings in a doped spin ladder not only support the crucial role of phonons for stabilizing the
likely formation of broken-symmetry dynamical charge order in cuprates, but likely expand this physical scenario to non-
SC phases [190-192]. In our O K-edge RIXS results, it is noticeable that a marginal signature of phonon broadening near
gcow or a Fano-type phonon anomaly away from gcow is observed, which was recently reported in the Cu Ls-edge RIXS
studies on Bi-based SC cuprates [83,138,142]. The former may be reconciled by a spectral broadening within the spectral
functions in our RIXS measurements, as the fundamental phonon ~65-70 meV can be reasonably fitted by resolution-
limited Gaussians (see next paragraph). On the other hand, Fano-like responses with quantum fluctuations are formu-
lated for stabilizing the pairing correlations in ref. [83,142], while the SC state is absent in our measured samples. This
effect may also be material-dependent, as the recent Cu Ls-edge RIXS study on LSCO did not observe this spectral be-
haviour [140].
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Figure 5:13 (a)-(b) O K-edge RIXS spectral line fitting. The elastic scattering (purple dot-dashed lines) and the fundamental phonon around 65-70 meV
(cyan dashed lines) are well described by two resolution-limited Gaussian functions. The higher-energy peak above 100 meV (cyan dotted lines) is
damper than the lower-energy modes, which may originate in high-order multi-phonon scattering or other excitation modes. (c) Momentum-resolved
phonon energy for all Co doping levels.

We introduce the fitting scheme for the low-energy quasi-elastic scattering and phonon excitations in Figure 5:14.
With the spectral capability of O K-edge RIXS, we are able to fit the low-energy spectra with clearly resolved elastic
scattering and phonon excitations. A background with linear slope is taken into consideration for the line fitting (green
dotted line). The RIXS experimental data are normalized to the total integrated RIXS intensity from 10 eV energy loss to
1 eV energy gain. The elastic line in each spectrum (red dot-dashed curve) is fitted with a resolution-limited Gaussian
function. The first fundamental phonon around 60~70 meV (blue dashed curve) shows a negligible broadening beyond
the instrumental resolution width (~55 meV), while the higher-energy spectral modes above 100 meV (blue dotted
curve) may be contributed by high-order phonon overtones or other excitations. Both inelastic modes are fitted with
Gaussian functions, and the widths for both modes are found to be insignificantly broader than the instrumental energy
resolution ~50 meV.
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The initial fitting criteria assumes that the higher-energy excitation mode is mostly contributed by the second har-
monic of the multi-phonon scattering. Namely, the energy position between the elastic line and the fundamental pho-
non is kept the same as the distance between the fundamental phonon and the high-energy mode. This provides a
reasonable fit and does not show significant differences after the relaxation of peak positions ~2%, while the spectral
signature of phonon softening and broadening in the vicinity to the charge order wavevector sustains in the RIXS spectra
in general.

Additionally, it should be noted that the phonon excitations measured in this work likely involve multiple vibrational
modes within the spectral response. This means that the spectral broadening for the phonons probed by RIXS may also
be explained by various modes with different EPC strength and their overlapping harmonics. The analysis for Figure 5:13
and Figure 5:14 includes the assumption that the high-energy mode is mainly contributed by the second phonon har-
monic to constrain the spectral mode energies This comes with the postulation of negligible phonon broadening by
assigning the same width for the phonon and elastic line, which is allowed to change by less than 5% about the energy
resolution. The later scheme assumes that the phonon broadening with proximity to the charge order may be insignifi-
cant in our RIXS measurements.

Nevertheless, one has to be aware that this fitting strategy is not uniquely defined and may fail to explain certain
details in experimental data. For instance, the fitted phonon intensity is twice as larger at qcow than the neighboring
momentume-transfer points for x=0.05 (Figure 5:14). This is compatible with the recent studies on Eu-doped LSCO, where
the RIXS phonon intensity and EPC were found to co-enhance at the CDW ordering [230]. However, the evaluation of
phonon energy at qLeg=0.121 for x=0.05 relies on the asymmetric weight inside the elastic line, which can be mixed with
quasi-elastic scattering and creating estimation errors. Although phonon softening is also inferred from the neighboring
momentum vectors (i.e. qeg=0.111 and 0.131 rlu) for x=0.05 with separated elastic line and phonons, one cannot rule
out the possibilities that our observations may be explained by lattice coupling to other lower-energy excitations (e.g.
charge fluctuations) near CDW ordering [83,138,142]. Such mechanism does not necessarily require an enhanced pho-
non-softening. To clarify this, future RIXS experiments with higher energy resolution are required.

5.6.7 Evaluation of EPC

From the observed phonon excitations, we evaluate the EPC strength from the RIXS signal shown in Figure 5:15 using
the model in ref. [78] (also see section 2.6.1). One should note that the modelling for our RIXS results here is a simplified
approach with the following assumptions: (i) the material is well-insulating, (ii) the phonon spectrum is dominated by a
single Einstein phonon, (iii) the higher-energy inelastic signal is mainly contributed by phonon overtones, (iv) the elec-
tron scattering does not occur between different sites and orbitals, and (v) the core-hole lifetime effects are not con-
sidered. With these one can diagonalize the RIXS phonon amplitude that is taken as the fitting model here. By constrain-
ing the phonon energies from the fit in Figure 5:15 and fixing the inverse core-hole lifetime as a constant with respect
to energy transfer (taken as 180 meV from ref. [231]), we assess the remaining free parameters including the EPC self-
energy and an overall intensity scaling as demonstrated in ref. [79]. The fitted EPC is generally weakly dependent on
momentum and Co-doping [Figure 5:15]. The EPC self-energy is slightly enhanced for Co-doped samples.

5.6.8 Cu Ls-edge energy-resolved REXS and RIXS results

To further explore the electronic origin of the observed CDW orders, we revisit the experimental results at the Cu Ls-
edge and show the energy-dependent CDW profiles from the RIXS measurements [Figure 5:16]. At the 3d*°L configura-
tion (~933 eV) in the XAS spectra, reflective of the charge-transfer band involving the oxygen ligand through Cu-O hy-
bridization, both the pristine and Co-doped samples show sizable elastic enhancement about the same ordering wavec-
tors observed from the O K-edge RIXS results [Figure 5:6(b) and (e)]. This is consistent with the previous REXS studies
on SCCO [18,31]. One should note that the ligands for chain and ladder subsystems both contribute here, as the bonding
environments show marginal dichroism for the XAS matrix elements of Cu 2p3/2 = 3d transitions. At the 3d° white line,
on the contrary, the CDW signal is clearly revealed at x=0 while it nearly disappears at x=0.03 [Figure 5:6(a) and (c)]. This
seems to suggest that the Cu-Co substitution affects the sub-lattices of electronic orders at the Cu and O sites differently,
where similar behaviour has also been observed in existing literature for 2D SC cuprates. Early REXS studies on LBCO
and YBCO have formulated a possible explanation based on the co-existent s- and d-wave symmetry of the CDW orders,
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suggested to be projected onto the O and Cu sub-lattices, respectively [178,232]. However, the microscopic interaction
model to account for resonant diffraction from electronic order has yet remained elusive. One empirical scenario is that
the charge order pinning may possess slight phase differences from the given lattice deformations, differentiated among
the excited elements and orbitals [232]. This may provide the explanation for distinct correlations of electronic orders
probed at different elemental sub-lattices, suggesting that the different spectral sensitivities to the atomic sites and
orbitals cannot be ignored. A recent RIXS report on Bi2Sri1.4LaosCuQOe:s cuprates revealed comparable in-plane correlation
lengths at the Cu Ls- and O K-edge [138]. A consolidated understanding of the potential multi-orbital nature of CDW
orders in cuprates will definitely require further investigations [179,232].

In the following we give the interpretation of our findings within a crude picture. The coherence volume for electronic
modulations at the Cu sites may be directly sensitive to the Co dopants and thus get directly disrupted, thereby inter-
fering with the corresponding charge correlations at the 3d° resonance. It is reasonable to conclude that the majority
of electronic configurations at the Cu sites of the ladders are 3d° for Sri4(Cu,C0)24041, which would explain the signifi-
cantly suppressed CDW correlations from Cu sub-lattice for x=0.03. Despite that most of the Co impurities were believed
to reside in the chain Cu sites from prior experiments, the Co dopants in the chains can also provide effective magnetic
impurity pinning, similar with the previous studies on YBCO [219]. Such magnetic impurity effects with strong anisot-
ropy have been confirmed from the characterization of the magnetic susceptibility [16,189]. On the other hand, the
hole content is mainly governed by its oxygen 2p character in the wavefunction. Therefore, the electronic diffraction at
the O sites may be relatively robust against perturbations that do not largely involve changes in the hole content. Alt-
hough this assumes that the Cu-Co substitution alters the O 2p electronic densities insignificantly, it does not entirely
exclude the possibility of Co-O hybridization channels. In fact, the latter may explain our experimental RIXS results at
the Co Ls-edge (see section 5.6.9). Therefore, the CDW signal is present for both the ladder hole resonance at the O K-
edge and the charge ligand environments at the Cu Ls-edge. In Figure 5:16(e), the Cu Ls-edge RIXS probed at 3d° reso-
nance uncover minor spectral differences for the low-energy magnetic excitations with Co dopants. It has been previ-
ously shown that the two-triplon (2T) excitations in the ladders, with mode energy of hundreds of meV, dominate the
RIXS response at the 3d° configuration (see chapter 3). The negligible spectral differences for the magnetic 2T excitations
are in agreement with a recent study concluding that the Co dopants mainly affect the spin fluctuations in the chains
for low-doping of x<0.03 [16,189].

5.6.9 Co Ls-edge energy-resolved REXS and RIXS results

Lastly, we characterize the Co dopant environments using the Co Ls-edge XAS and RIXS for the Co-doped samples. In
Figure 5:17(a), the observed XAS resonances have different shapes compared to the reported pristine Co3* and Co?" in
octahedral crystal environments [233], with marginal linear dichroism. The energy-dependent RIXS spectra reveal a
series of Raman-like modes [Figure 5:17(b)], which may be derived from the inter-orbital excitations from the Co impu-
rities affected by the local bonding environments. From in-plane ER-REXS measurements at the Co Ls-edge, no elastic
enhancement is found across the XAS resonances. This suggests that the Co dopants may not tend to form a quasi-
crystal like order. In other words, this indicates that the strengthened CDW orders with Co doping, observed at the O K-
edge, are not driven by periodically arranged Co. Our observations will give valuable information of further investiga-
tions on the role of Co dopants, including the potential impurity percolation effects and their interplay with charge
orders.

The comparison between the O K- and Co Lz-edge RIXS spectra for Co-doped samples shows an additional intriguing
connection. Around 270 meV, an excitation mode appears at both the ladder hole content of O K-edge and Co Ls-edge
resonances [Figure 5:17(b) and (d)]. The spectral intensity of this mode is scaling with Co doping concentration, and
absent for x=0. These experimental results show correspondence with the magnetic susceptibility of Sr14(Cu1-x«Cox)24041,
where Co dopants are suggested to reside also in the ladder Cu sites for higher doping (x>0.03) [16,189]. We interpret
these findings as the direct consequences of altered local Cu-O bonding environments in the ladders from Co impurities,
which is detected at the O K-edge through the electronic hybridization.
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5.7 Conclusion

In this chapter we present a RIXS study on the impurity effects of the ladder CDW and phonon excitations in Sr14(Cus-
xC0x)24041 materials. From the O K- and Cu Ls-edge RIXS spectra, we observe an enhanced CDW that develops an in-
creased leg correlation length at a reduced wavevector gcow with increasing Co dopants. At the O K-edge, this is accom-
panied by the concomitant phonon softening at the CDW ordering, which is also found to be enhanced with Co impuri-
ties. With a decreasing ladder hole density determined from our O K-edge XAS results, we report a strengthened charge-
stripe order and phonon softening originating from combined magnetic and electronic doping effects. The magnetic
impurity doping leads, consistent with susceptibility measurements and our Co Ls-edge RIXS results, to pinning of fluc-
tuating CDW and SDW. On the other hand, the predominant long-range CDW with effective electron doping may be
connected to energetically-favoured pairing correlations, recently predicted for cuprate ladders approaching an elec-
tron-doped regime. The stronger phonon softening for increasing Co doping is in line with recent theories suggesting a
crucial role for the lattice distortions to stabilize symmetry-broken charge- and spin-stripes. Additionally, the electronic
character for the Co-doping persisting CDW is confirmed by detuning and temperature-dependent O K-edge RIXS meas-
urements. The CDW melting upon heating further reveals a possible critical scattering that has been recently observed
in the SC cuprates. To verify the relation between our results on cuprate ladders and current studies of SC cuprates, it
would be worth revisiting the temperature evolution of CDW profiles systematically among different families of cuprates.
These experimental findings are consistent with the physical scenario for an unified charge-stripe formation with a Tc
anomaly for different types of cuprates. The enhancement (suppression) of charge-stripes (SC) phases was speculated
to be achievable by magnetic impurity tuning, inspired by the neutron and uSR results across a wide species of cuprates.
Our results expand the hypothesis of universal charge-stripe formation of SC cuprates to the non-SC cuprate ladders
that provide a suitable framework for studying the interplay between CDW and HTSC. This also demonstrates the rich-
ness of spin ladders for exploring the entangled electronic degrees of freedom.
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Figure 5:15 Fitting results of the electron-phonon interactions from the observed phonon excitations in the RIXS spectra. (a) Representative fit for the
experimental RIXS results taken for x=0.03 with qLeg=0.094 (rlu). (b) The summary of momentum-resolved EPC as the phonon self-energy across all Co
doping levels. The error bars are removed for visual clarity. (c)-(f) The fitted EPC around the CDW ordering vector for x=0, 0.01, 0.03 and 0.05, where
the error bars are included.
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Figure 5:16 (a)-(d) Energy-resolved elastic scattering in Sri4(Cu1«C0x)24041 (x=0 and 0.03) probed by Cu Ls-edge RIXS at the 3d° (~931 eV) and 3d*°L
(~933 eV) resonances, respectively. (€) Momentum-dependent Cu Ls-edge RIXS measurements of the 2T magnetic excitations for x=0 and x=0.03.
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Figure 5:17 (a)-(b) Co L-edge XAS and RIXS measurements for x=0.03, where the RIXS intensity is plotted for varied incident X-ray energies across the
Co Ls-edge in (b). Both measurements are taken in the grazing 20° incidence geometry. (c) Comparison between O K-edge (ladder hole peak for x<0.05)
and Co Ls-edge RIXS spectra (the 3 main resonances labelled in (a) for x=0.03). The Co-doping induced peak ~270 meV is highlighted (black dashed
line) in the O K-edge RIXS experimental data, matching the localized excitations observed in Co Ls-edge RIXS results. (d) Co Ls-edge ER-REXS signal for
x=0.03 at the 3 main resonances.
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Chapter 6 Electronic structure and electron-phonon coupling of the layered honeycomb nickelate Na2Ni2TeO6

Chapter 6 Electronic structure and electron-
phonon coupling of the layered honeycomb
nickelate NazNi>TeOe

6.1  Projection Contribution

The content of this chapter is at the time of the thesis submission undergoing the paper submission process as a
journal article. In this chapter, | investigate the electron-phonon coupling and inter-orbital excitations in the layered
honeycomb lattice of the nickel oxide compound NazNi2TeOs using Ni Ls- and O K-edge RIXS. In this work, I, Yi Tseng, am
responsible for the experiment planning, preparation of the experimental setup, alignment and in-situ cleaving of the
samples, performing the RIXS measurements and the experimental data analysis. The paper is written by me as the
main responsible with input from all the other co-authors. Section 6.2 serves as an additional introduction giving ex-
tended background knowledge on the context of this work, including the figures 6:1 - 6:4. The corresponding article in
preparation of submission includes the content of section 6.3 - 6.8, including the figures 6:5 - 6:12, except for figure 6:6
and figure 6:8 that are taken from literature for the purpose of comparison to references.

6.2 Preamble
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Figure 6:1 (a) Schematic of A(B,B’)Os cubic in perovskites with (b) truncated projection along (111),c [234]. (c) Effective hexagonal environments along
(111),c [Open access for the reprint of figure available from: Online Publikationen der Universitat Stuttgart, Matthias Hepting, PhD dissertation, Or-
dering phenomena in nickelate heterostructures studied by elastic and inelastic photon scattering, 2016 (http://dx.doi.org/10.18419/0pus-8969)].

Correlated oxides with honeycomb structures have received great attention owing to their exotic magnetic ground
state. The hexagonal geometry is in close relationship with the frustrated triangular and Kagome lattices [38], related
to several emergent phases, e.g. Kosterlitz—Thouless (KT) transition [38] and bond-directional exchange interac-
tions [235]. These properties are promising for designing new devices with tailored functionalities. Therefore, detailed
understanding of the underlying electron correlations is urgently required. Similar structures have recently been studied
in the rare-earth nickelate RENiO3 (RE=rare earth ion). One can realize such honeycomb lattices in RENiOs by truncating
along the pseudocubic (pc) (111) orientation in a perovskite structure (Figure 6:1). Numerous thin films and hetero-
structures in (111)pc orientation revealed unexpected interplay between spin, orbital, charge and lattice degrees of
freedom (DOFs) in these nickelates, e.g., orbital order [236], interfacial magnetism [237], ferroelectricity [238], etc. It
is, therefore, of high importance for fundamental and applied research to understand the low-energy excitations of
nickelates sharing the same crystallographic environment with (111),c oriented RENiOs. With RIXS, studies on RENiO3
successfully revealed the evolution of elementary excitations across the metal-insulator transition (MIT) [239,240]. RIXS
can probe the phonon and orbital excitations, proven to be directly connected to the breathing distortion in buckled
NiOe octahedra [239,240]. By Ni Ls-edge RIXS, one directly detects the Ni 3d valence from the local crystal field excita-
tions, as well as the orbital response with respect to structural distortion [239] (Figure 6:2). On the contrary, O K-edge
RIXS probes the charge degree of freedom on the oxygen ligand, shown to be extremely sensitive to the EPC [240]
(Figure 6:3).
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6.2 Preamble

In this chapter, an intrinsically crystallized hexagonal lattice in nickelate Na:Ni2TeOs is studied using RIXS. Recent
experiments suggested a predominant spin-lattice relaxation in its AFM phase [38]. Particularly, the structural connec-
tivity between Ni-O bonds in honeycomb lattices is expected to contribute to strong EPC [234]. For instance, in the
(111)pc oriented RENiOs (see Figure 6:1), each NiOs shares three oxygen atoms with the neighbouring octahedra, as
compared to 1-shared atom when truncated along the (100) orientation [234]. Magnetic susceptibility and neutron
diffraction measurements on Na:Ni>TeOs showed a three-dimensional (3D) antiferromagnetic transition ~27 K alongside
with zero-thermal expansion along c-axis, coinciding with an onset temperature in the magnetic response deviating
from the Curie-Weiss law [38,241]. These findings raise the speculation of predominant SPC, which is in line with the
spin-lattice relaxation reported by NMR spectroscopy [242]. Present neutron and X-ray studies still fail to clarify if spin-
Peierls physics exists in NazNi2TeOs. Thus, measuring the phonon response across the AFM transition using O K-edge
RIXS will assess if a significant SPC is indeed at play. With the lack of understanding on the electronic valence configura-
tion of Ni 3d shell in Naz2Ni2TeOs, the RIXS probe will determine the valence state and the local crystal field, and assess
the phonon and orbital excitations with their development across Tneel. This clarifies contributions of the predicted spin-
phonon coupling (SPC) in Naz2Ni2TeOs, and provide insight on the honeycomb nickelates on a fundamental ground. An-
other point worth noticing is that the effective moment, extracted from susceptibility measurements (~3.4 uB), is larger
than a spin-only modelling value (~2.8 uB) [38], indicating a sizable spin-orbital interaction. Another open problem is
the proof of existence of a Kitaev spin liquid phase with bond-directional magnetic interactions in NazNi2TeOe. A KT-like
transition was reported in a similar compound BaNi2V20s [40], but the current experimental evidence for such topolog-
ical excitations is still lacking in Na2Ni2TeOs. On the other hand, orbital rearrangement across the AFM transition was
observed in NisTeOs, which also contains honeycomb stacking layers [243,244]. Ni Ls-edge RIXS is ideal for evaluating if
an orbital reconstruction due to structural deformation is also occurring in Naz2Ni>TeOes.
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Figure 6:2 Ni Ls-edge RIXS spectra on NdNiOs and calculated RIXS response for the Ni 3d®L (L is denoted for ligand hole) and 3d” ground state from
ref. [239], respectively. The RIXS spectra are taken at 3d® electronic configuration, which is labelled as the A resonance in ref. [239] (Open access
available at: Springer Nature publishing group, Nature Communications, Bisogni V. et al., 7, 13017, 2016).
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Figure 6:3 O K-edge RIXS study on the phonon excitations of Caz:sxY2-5xCusO10 showing the intertwine lattice, charge and spin degrees of freedom from
ref. [154]. (a) The doping-dependent phonon population as a function of EPC strength for x=0 and x=0.33, which was attributed to the lattice distor-
tions for the O-Cu-O bonds that are sensitive to the charge carrier concentration. (b) The phonon softening for the Cu-O bond-stretching vibrational
mode across the Neel temperature ~30 K, suggesting the RIXS sensitivities to the re-arranged electron-phonon interactions with respect to the mag-
netic transitions [Reprinted figure with permission from: W. S. Lee et al., Physical Review Letters, 110, 265502 (2013). Copyright (2013) by the Amer-
ican Physical Society. (https://doi.org/10.1103/PhysRevLett.110.265502)].

With the RIXS capability, the orbital and phonon excitations of Na:Ni2TeOs are characterized at the Ni Ls- and O K-
edge, respectively. In the Ni Ls-edge RIXS spectra, the Raman-like localized excitations from 1 to 4.5 eV loss are the
predominant spectral components, with mode energies comparable to the inter-orbital crystal-field splitting for the Ni
3d valence. By comparing with the theoretical and experimental literature on the Ni L3-edge multiplets, the observed
localized excitations well resemble the octahedra NiOs environments [245,246]. On the other hand, O K-edge RIXS
measurements reveal clearly resolved multi-phonon overtones up to the fifth harmonic for the optical vibrational mode,
with fundamental frequency ~80 meV. The momentum-dependent measurements show that these multi-phonon
modes are weakly-dispersive, matching well the optical lattice vibrations for oxygen ions. By comparing with the existing
literature of phonon excitations measured by Raman spectroscopy, the observed predominant optical phonon is closely
reflective of the O-Ni-O bond stretching mode, in agreement with the recent RIXS report on isostructural iridate a-
Li2lrOs [79]. With the high-resolution RIXS probe, the indication of sizable low-energy spectral weight between the
elastic scattering and phonon excitations (30~40 meV) is also uncovered. This mode may be composed of phonons at
lower-energy or spin-conserving (AS=0) bimagnon continuum, as suggested in recent calculations on Kagome/honey-
comb/triangular antiferromagnets. The temperature-dependent O K-edge RIXS results show marginal changes for the
phonon excitations and low-energy mode across the AFM transitions, which may reflect that the correspondent spectral
changes with respect to magnetism may be insignificant for the energy regime of dd and optical phonons in the pre-
sented RIXS measurements.

6.3 Abstract

The potential spin-phonon coupling in magnetically frustrated materials, alongside its corresponding relevance to
novel magnetic ground states formulated in recent theories, have raised the attention to investigate the interplay be-
tween magnetism and lattice response. We present a Ni Ls- and O K-edge RIXS study on the orbital and lattice dynamics
of the layered honeycomb antiferromagnet Na:Ni2TeOs, a compound predicted to host spin-Peierls physics in the quasi-
2D hexagonal planes. By studying the dependence of the RIXS spectra on the light polarization, momentum-transfer in
high-symmetry directions, and temperature, we characterize the local spin-orbital structure and the electron-phonon
coupling. In Ni Ls-edge RIXS, localized excitations of 1-4 eV are revealed with comparable energies of the octahedral
crystal-field splitting for the Ni?* configuration, in agreement with the studies on nickel compounds with 2+ electronic
states [246]. The O K-edge RIXS response, on the other hand, is dominated by multi-phonon scattering of clearly re-
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solved harmonics, with a fundamental frequency of ~80 meV. The mode energy and weakly-dispersive nature are rem-
iniscent of the optical oxygen vibrations inferred from optical spectroscopy. Additionally, we observe the spectral sig-
nature of sizable quasi-elastic weight which may be connected to the lower-energy phonon or spin-conserving bimag-
non continuum excitations that were recently predicted in hexagonal frustrated magnets. The temperature-dependent
O K-edge RIXS measurements show little differences for the observed inelastic response across the AFM transition ~28
K. These findings provide information to the dynamical orbital and lattice correlations across the magnetic transition,
which will help to elucidate the underlying spin texture among the magnetically frustrated systems.

6.4 Introduction

An active lattice degree of freedom that can potentially couple to the charge, spin, and orbital sector represents the
driving force for numerous exotic many-body phenomena in the strongly correlated materials. This leads to the oppor-
tunities of device engineering based on new electronic phases with flexibility in material synthesis and fabrication. For
instance, a sizable SPC has been considered crucial for various emergent phenomena (e.g. multiferroics, colossal mag-
netoresistance, HTSC, etc [175,247-250]) and relevant for spintronics applications [251,252]. A number of novel elec-
tronic ground states have been proposed with the experimental signature of a significant role of the lattice fluctuations.
In particular, the magnetically frustrated materials represent the ideal demonstration for such category with rich elec-
tronic and magnetic phase diagram [253—255]. Recently, it was proposed that fingerprints of fractionalized excitations
may be inferred from the phonon excitation spectra of a Kitaev quantum spin liquid through the coupling between
spinons and phonons [256-258]. The proposed material candidates for Kitaev quantum spin liquid like honeycomb
iridates, where the spin Hamiltonian is governed by the bond-directional exchange interactions, have been reported to
host Fano-type response from the phonon excitations revealed by optical spectroscopy [259]. These observations were
interpreted as the characteristic of strong coupling between the phonons and a continuum of spin excitations. Addi-
tionally, several experimental works have pointed out the unusual transport behavior and thermal Hall effects in similar
compounds [255,260], which were argued to be closely related to a considerable spin-phonon scattering.

In this work, we investigate the electronic structure and elementary excitations of the g-2D honeycomb nickelates
NazNi2TeOs using Ni L3- and O K-edge XAS and RIXS. This is a compound where the structure is stacked with honeycomb
layers of rotated NiOs octahedra in the pseudo-cubic (111) orientation notation (Figure 6:4) [38]. Derived from the
stoichiometric variation of the battery materials NaxCoO>, the Na2Ni.TeOs compound was previously regarded as a
promising material for thermoelectric application [261]. A short-range AFM order below ~28 K was previously observed
by magnetic susceptibility and neutron diffraction measurements [38,241], while early NMR experiments revealed a
predominant spin-phonon relaxation across the magnetic transition in this material [242].

In recent years, RIXS has been demonstrated to be powerful for probing the local crystal-field and phonon excitations
in the transition metal oxides [49]. Therefore, the RIXS study on Na:Ni2TeOs provides a suitable platform for assessing
the Ni 3d valence that is central to the spin texture, as well as the potential SPC from the RIXS phonon signal across the
AFM transition. At the Ni Ls-edge, the inter-orbital transitions about 1-3 eV loss from the RIXS spectra highlight the
electronic structure that is dominated by the Ni?* 3d® state with octahedral site environments. This is consistent with
the XAS spectra, where the two main resonances near the Ls-edge representing the Ni spin exchange fields are clearly
observed [245,246]. In the Ni L3 post-edge region, we reveal the spectral signature of an anti-bonding configuration
with high charge-transfer excitations from both the XAS and RIXS spectra. As for the O K-edge, intense multi-phonon
overtones with the fundamental phonon frequency ~80 meV are revealed from the RIXS spectra, when the incoming
photon energy is tuned to the Ni-O hybridization band. This is observed alongside the high-energy fluorescence-like
charge excitations that are reflective of the O 2p band transitions. From the momentum-dependent O K-edge RIXS
measurements, the multi-phonon excitations are essentially flat in energy dispersions, reminiscent of the optical vibra-
tional modes for the oxygen ions. Given the well-resolved phonon satellites in the energy loss functions, the momen-
tum-resolved EPC is evaluated along with the an-harmonicity, defined by the deviations from the harmonic oscillator
for the high-order overtones. Additionally, we unveil the spectral signature of low-energy excitations in the quasi-elastic
regime. By comparison with literature, this mode may result from phonons at lower energy or spin-conserving (AS=0)
bimagnon excitations. In general, the observed spectral modes show insignificant temperature dependence across the
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AFM transition. This behaviour may result from the high energy scale of such modes, rendering them insensitive to the
energy regime characteristic of the AFM fluctuations and correspondent lattice distortions.

Figure 6:4 Crystallographic structure of Na:Ni.TeOs generated by VESTA [262]. The layers of NiOs octahedra are highlighted with polyhedral surface
(Ni: blue spheres; O: red spheres). Te atoms are labelled as clay-brown spheres, while the Na atomic layers are hidden for visible clarity for the NiOg
structures.

6.5 Experimental Method

Flakes of Naz2Ni2TeOs single crystals with planar dimension of 2-3 mm are grown with the self-flux method [38]. Top-
post cleavage is performed in-situ before all measurements, with the vacuum pressure about 5x10°° mbar. RIXS and
XAS measurements are performed at the ADRESS beamline at the Swiss Light Source (SLS), Paul Scherrer Institut [54—
56]. The total RIXS energy resolution of 50 meV and 110 meV are achieved with the 1500 line/mm grating for the RIXS
spectrometer at the O K- (~530 eV) and Ni Lz-edge (~854 eV), respectively. The scattering angle 20 is fixed at 130°. The
sample is mounted with the high-symmetry orientations (1,0) and (1,1) along the in-plane momentum-transfer. The
RIXS measurements are performed in the grazing incidence geometry. RIXS spectra are corrected for self-absorption
effects. XAS spectra are recorded with TFY mode.

6.6 Results and Discussions

Figure 6:4 depicts the crystallographic structure of the Na:Ni2TeOs compound, consisting of a network of NiOs octa-
hedra oriented along the (111),c orientation. This gives rise to the stacking layers of quasi-2D honeycomb sheets pro-
jected onto the hexagonal a-b plane. The Na atomic layers are intercalated between the NiOgs and Te layers, which has
been a crucial issue for studying the potential for applications in battery materials. In Figure 6:5, we show the Ni Lz-edge
experimental XAS and RIXS results. To understand the major RIXS excitation profiles, the energy-detuning RIXS meas-
urements with varying incident photon energies are applied across the Ni Ls-edge XAS resonances (Figure 6:5(b)). The
characteristic spectral modes are the localized excitations ranging from 1 to 5 eV energy loss. These excitations show
energies that are independent of the incident photon energies, resembling the Stokes lines in Raman spectroscopy.
Despite forbidden in the scattering cross section for the optical measurements, the inter-orbital transitions are generally
direct RIXS processes at the 3d metal L-edge and therefore strong in spectral intensity. This finding has established a
unique way to investigate the metal d valence, which is central to the exotic many-body properties in strongly correlated
electronic materials with transition-metal ions. In Figure 6:5(c), the spectral differences in intensity with the polarization
of the incident X-rays may be reflective of the projection of different orbitals with respect to the X-ray polarization.
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In general, the XAS response at the Ni Ls-edge is mainly of Ni?* character. The two main resonances ~854-856 eV
closely resemble the 3d® state with its spin-flip excited state for a local Ni?* ion. In Figure 6:5(c), the RIXS spectrum
probed at the Ni Ls-edge XAS maximum is shown. The dominant spectral component is the mode around 1 eV. At the
higher-energy regime, we observe multiplets of excitations about 2 and 2.5 eV loss with 2-3 sub-bands, and a single-
peak structure of 4.5 eV. The energy scales are consistent with the inter-orbital splitting derived from the local crystal
field excitations [245,246,263]. By comparison with the theoretical and experimental literature shown in Figure 6:6, we
assure the RIXS spectral response is dominated by the multiplets of Ni?* crystal field excitations in the octahedral lattice
environments. Despite the slight shifts in the overall energy differences, the experimentally recognizable peaks in the
RIXS spectra are qualitatively in agreement with the present literature [246,263]. The shift in peak energies towards
higher energy range, compared to other 2+ compounds, may be affected by the differences in the metal-ligand bond
lengths for the Niions (see NiO and NiCl; in Figure 6:6(b)). The predominant excited states of 3T> symmetry show com-
parable mode energy, as well as similar energy dependence with varying incident X-ray energies, to the 1 eV peak from
our RIXS results.

On the other hand, the excitation multiplets above 2 eV loss are enhanced at the second resonance in the Ni Lz-edge
XAS signal (~¥855.5 eV), which also follows the energy dependence for the higher-energy excited states of 3T1 + 'E sym-
metry shown in Figure 6:6(a) [245]. At the higher-energy regime near the shoulder of the second main XAS peak (~856.8
eV), the RIXS spectral weight at ~1.5 eV loss may not be solely attributed to the standard Ni?* octahedral crystal field
observed in NiO and NiCl (Figure 6:6(b)). This might suggest the electronic structure is partially contributed by the Ni*
state in the XAS signal with overlapping energy with the second Ls-edge resonance ~855.5 eV, resulting in a 3d° elec-
tronic configuration, as in the layered cuprates with a sharp dd excitation located near ~1.5 eV [264]. This is consistent
with the observed ratio of integrated intensity between the second (~855.5 eV) and first (~854 eV) Ni L3-edge resonances,
which seems to be higher than the reports on NiO and NiClz. Nevertheless, the potential self-absorption effects on the
Ni Ls-edge first XAS resonance cannot be fully ignored here.

The XAS peak about 867 eV may contain contributions the from Te M2-edge [85]. On the other hand, the post-edge
side band ~859-860 eV is likely to be the electronic configuration that involves the charge-transfer at the Ni sites with
the surrounding screening environments [49]. This is supported by the RIXS spectrum taken at this resonance, which
shows spectral signature of the high-energy charge transfer excitations ~7-8 eV loss range, matching the energy differ-
ences between this XAS resonance and the Ni?* main peak about 854 eV. Such electronic state can be conceptualized
as the 3d°L configuration, where L represents the anti-bonding configuration for the Ni sites here in general [49]. The
XAS peak around 864 eV may share similar origin with the mode about 859 eV, however, a detailed interpretation will
require dedicated calculations. To sum up, the present XAS and RIXS measurements reveal a predominant Ni?* configu-
ration and octahedral site symmetry for the layered Na:Ni>TeOs, consistent with the reported nickel compounds with
Ni%* configuration [246].
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Figure 6:5 (a) Ni L-edge XAS spectra normalized at post-edge ~885 eV with both ¢ and « polarization. (b) RIXS spectra taken at selected incident X-ray
energies as marked in (a) with o polarization. (c) A zoom to the local Raman-like excitations in the RIXS spectra measured with ¢ and 7 polarization,
probed at the Ni Ls-edge XAS maximum (~854 eV, b resonance).
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Figure 6:6 (a) Calculated local crystal field excitations for a Ni?* ion with octahedral lattice environments from ref. [245] [Reprinted figure with per-
mission from: F. M. F. de Groot, P. Kuiper, and G. A. Sawatzky, Physical Review B, 57, 14584 (1998). Copyright (1998) by the American Physical Society.
(https://doi.org/10.1103/PhysRevB.57.14584)]. The crystal field splitting is taken as 1 eV, while the exchange field for the local spin-flips for the Ni
ions is set to be 0.25 eV. The dot-dashed line across simulated RIXS spectra probed at different incident X-ray energies corresponds to the Ni Ls-edge
XAS profiles. (b) Ni Ls-edge RIXS spectra taken for NiO and NiCl, from ref. [246], where both compound possess octahedra crystal-field environments
for the Ni?* ions (Reprinted by permission from Springer Nature publishing group, The European Physical Journal - Special Topics, Ghiringhelli G. et al.,
169, 199-205, 2009).
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Figure 6:7 (a) O K-edge XAS spectra normalized at post-edge ~560 eV with both ¢ and mt polarization. (b) RIXS spectra taken at selected incident X-ray
energies as marked in (a) with o polarization. The zoom to low-energy regime (below 1 eV loss) are shown in (c) measured with o and 1t polarization.
High-energy spectral modes (above 4 eV) are basically fluorescence-like charge excitations, whereas clear multi-phonon overtones for the optical
vibrational mode ~80 meV are observed.

We then move onto the O K-edge XAS and RIXS results. In Figure 6:7(a), the O K-edge XAS spectra are measured with
both o and m polarization. In this work, we focus on the RIXS spectral response around the main edge ~532 eV. Compared
to the literature for nickelate materials with Ni?* ions, this main edge shows similar energy scale with the Ni-O hybridi-
zation in the octahedral NiOs environments [265]. We collect RIXS spectra by detuning the incoming energy across the
O K-edge XAS resonances to map out the excitation profiles (Figure 6:7(b)). The excitation spectra are dominated by
fluorescence-like modes at energy loss higher than 4 eV loss, similar to the charge-transfer excitations reported in
NiO [265,266]. Below 1 eV energy loss, the RIXS spectra show intense multi-phonon overtones, where the higher-energy
peaks are well described as high-order harmonics with mode frequency wy = (v+1)wo. Here, wois about 80 meV, and v is
denoted for the v-th order of the multi-phonon scattering of a single vibrational mode. The representative RIXS spectra,
taken at ~531.5 eV with both ¢ and m polarization, are shown in Figure 6:7(c). Such an intense phononic response,
reminiscent of the one observed in O K-edge RIXS spectra of molecules, is a striking result and likely due to the weak
charge screening in geometrically frustrated honeycomb lattices. Additionally, the strong signal for multi-phonon sat-
ellites highlights the sufficiently long O 1s core-hole lifetime for the RIXS intermediate states, enabling the probing of
phonon excitations with short-lived high-order overtones. The fundamental phonon energy of ~80 meV is consistent
with the optical phonon modes revealed by Raman spectroscopy [267]. The vibrational modes from 640 to 670 cm™
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6.6 Results and Discussions

(~79-83 meV), well resembling our RIXS spectral function, were assigned to O-Ni-O bond-stretching vibrations [267].
Such strong EPC of clearly resolved multi-phonon overtones, combining with the energy dependence for the phonon
intensities, were also observed in the recent O K-edge RIXS study on the isostructural honeycomb iridate a-Li2lrOs [79].
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Figure 6:8 Momentum-dependent O K-edge RIXS measurements taken along the (a) (1, 1) and (b) (1, 0) high-symmetry orientations. The predominant
RIXS response are weakly-dispersive multi-phonon excitations from the optical phonon modes, reminiscent of the molecular vibrational spectra. (c)
Line fitting for the O K-edge RIXS spectrum taken at (0.148, 0.148) rlu. (d) Fitted phonon energy along the (1,1) orientation with two (filled purple
squares) Gaussian functions as shown in (c) and one Gaussian function (open gray squares) to account for the quasi-elastic regime below ~75 meV
loss. (e) Fit for the mode energy of the quasi-elastic component about 25~35 meV (open brown circles, left axis) with two-component assignment for
the elastic line. This is plotted with the peak width of elastic line when it is fitted with only one Gaussian function (open red diamonds, right axis). If
the quasi-elastic regime is only fitted with one spectral component, a significant broadening for the elastic peak width of 15~20% compared to the
instrumental energy resolution ~50 meV (horizontal blue dotted line) is inferred. Alongside the underestimated phonon energy with one-component
quasi-elastic fitting, the two-component assignment for the elastic line in (c) justifies a sizable spectral weight for the low-energy excitations between
the elastic scattering and the predominant multi-phonon overtones.

We continue to characterize the multi-phonon excitations by momentum-dependent O K-edge RIXS measurements.
In Figure 6:8 (a)-(b), the phonon response are probed along the high-symmetry orientations (1,1) and (1,0), respectively.
The representative fit for the multi-phonon overtones in the O K-edge RIXS spectrum is shown in Figure 6:8(c). Five
Gaussian functions are applied to fit the inelastic phonon overtones. An ideal simple harmonic oscillator is taken as the
initial fitting input. Namely, the energy spacing between the multi-phonon peaks are initially assumed to be the same,
which is later relaxed to optimize the fit. To set up the fitting constraint throughout all the momentum-transfer points,
the peak widths for the fourth and fifth phonon overtones are set to be the same for all momentum vectors, which
provide a reasonable fit as an initial input. The first fundamental phonon is essentially resolution limited, while the
phonon broadening is generally no more than 10~15% larger than the energy resolution (~50 meV) up to the fourth
harmonic. On the other hand, the fifth harmonic may be mixed with other elementary excitations and show significant
broadening about 70~75 meV in FWHM, and seemingly overwhelmed by the background level when approaching the
zone center. In general, the multi-phonon excitations are weakly-dispersive, characteristic of the typical optical phonon
modes. The fitted peak positions are shown in Figure 6:9(a)-(b). The fundamental phonon intensity is found to gradually
increase with elevated momentum-transfer for both orientations (Figure 6:9(c)-(d)), in agreement with the calculated
RIXS cross section for a single optical bond-stretching phonon in previous theoretical RIXS studies [268]. Furthermore,
the excitation energies of the high-energy multi-phonon overtones are compared with the fundamental phonon fre-
qguency at each given momentum-transfer point. This was previously evaluated as the reference for quantifying an-
harmonicity for the lattice vibrations, characterized by the mode energy ratio wv/(v+1)wo [79]. When the an-harmonic-
ity is large, the high-order harmonics would possess progressively lower mode energies compared to the expected val-
ues for a simple harmonic oscillator. This is plotted as a function of momentum-transfer in Figure 6:9 (e)-(f).
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Figure 6:9 (a)-(b) Momentum-resolved fitted peak positions for the fundamental frequency of optical phonon (filled purple squares) and the low-
energy mode in the quasi-elastic regime (open brown circles). (c)-(d) Momentum-resolved integrated intensities for the fitted excitation modes. The
symbols for notifying the phonon and low-energy excitations follow (a)-(b). (e)-(f) An-harmonicity defined as the deviation for multi-phonon overtones
away from the expected energies for a simple harmonic oscillator, which are plotted as the function of momentum-transfer and the vth-order of
phonon harmonics.

Along with the phonon excitations, we also observe an anomalous broadening of the quasi-elastic scattering beyond
the experimental resolution, particularly visible at certain momentum-transfer vectors in Figure 6:8(a)-(b). To elucidate
the spectral contribution of low-energy excitations in the quasi-elastic regime (below 75 meV here), we compare the
fitting results for the low-energy RIXS spectra with two scenarios. One is to account for the quasi-elastic scattering by a
single Gaussian function where the width is allowed to vary, while the other considers two separate, resolution-limited
Gaussian lineshapes. In the first scenario, the elastic line width is progressively larger than the instrumental response
by up to 20% (Figure 6:8(e)). On the other hand, the two-component scheme for the quasi-elastic regime yields a low-
energy mode around 25-40 meV in energy. The spectral intensity for this low-energy mode shows insignificant momen-
tum-dependence, while the momentum region that shows larger mode energies seem to coincide with the momentum
vectors of stronger elastic broadening in the one-component fitting scheme. By comparison with the current literature,
the possible source for the observed low-energy excitations can be other phonon modes at lower-energy (e.g. stretching
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vibrations in the TeOs octahedra) [267], or partially contributed by the spin-conserving magnetic excitations, e.g. AS=0
bimagnon continuum [79]. The latter was recently predicted in several magnetically frustrated systems and expected
to be detectable by K-edge RIXS [269]. Additionally, optical experiments on other honeycomb oxides have shown indi-
cations of Fano-type response in phonon lines that are sensitive to magnetic transition temperature, which were inter-
preted as coupling to a fractionalized spinon continuum [259]. A similar low-energy excitonic mode ~25 meV was also
observed in a recent O K-edge RIXS study on the honeycomb iridates [79].
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Figure 6:10 Temperature-dependent O K-edge RIXS measurements along (h,0) orientation with (a) o and (b) m polarization, respectively. Marginal
spectral changes are inferred from the optical phonons ~80 meV, which is in agreement with the previous Raman experiments.

As shown in Figure 6:9(e)-(f), the anharmonicity in the phononic response is different between the (1,1) and (1,0)
orientations. Such effect might be connected to the magnetic order expected along the (0.5, 0, 1) direction [241]. An-
other consequence of an-harmonicity is the presence of phonon softening in the high-temperature regime. The previous
O K-edge RIXS study on the isostructural iridates [79] revealed the opposite trend for the bond-stretching phonon ex-
citations across the AFM temperature, observing increase in mode energies upon heating and was suggested to reflect
a possible SPC [79]. In Figure 6:10, we present the temperature dependence of the RIXS spectra and the fitted peak
positions for the optical phonon and low-energy excitation mode in both (1,1) and (1,0) orientations. Figure 6:10(a)-(b)
shows that when the temperature is increased from 20 K to 190 K, the spectral intensity for the phonons slightly de-
crease while the elastic scattering is slightly enhanced. The latter may result from enhanced thermal fluctuations and
diffuse scattering upon increasing temperature. In Figure 6:10(c), the phonon frequency shows marginal differences
with respect to temperature, where a small softening around ~2 meV is inferred at q=(0.286,0) upon heating. This may
indicate that the SPC is less significant in the measured honeycomb nickelate compound, or the relevant magneto-
elastic coupling simply involves lower-frequency phonons. Given the recent availability of single-crystal NNTO honey-
comb compound [38], we believe that future optical studies on the phonon excitations across the AFM transitions may
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shed light on this aspect. Similar phenomena were previously observed in the double-layered perovskite NisTeOs with
honeycomb stacking layers, where the melting of a magneto-electric mode ~25 meV was inferred that melted across
the Néel temperature ~52 K [270]. From Figure 6:10(d), the low-energy mode show a slight hardening ~5 meV in both
(1,0) and (1,1) directions at the selected momentum-transfer points.

Lastly, we analyse the EPC from the observed multi-phonon excitations by the intensity decay of the higher-energy
overtones [Figure 6:11]. The fit adopts the modelling of a single Einstein phonon from ref. [78] to account for the pre-
dominant localized optical phonons in the RIXS spectra (also see section 2.6.1). For simplicity, we assume that the vi-
brations do not include the scattering of electrons between different orbitals and sites, while the effects of intermediate
core-hole potentials are not considered here [86]. In this case, the RIXS amplitude for phonon scattering can be diago-
nalizable and provide an estimate to the EPC in a Frank-Condon fashion [86]. We fix the inverse of core-hole lifetime to
be 180 meV taken from ref. [231], and assume that it is a constant with respect to energy transfer and photon en-
ergy [271]. This leaves behind the free parameters of the EPC phonon self-energy and the phonon amplitude as an
overall intensity scale. A representative fit to the RIXS spectrum is shown in Figure 6:11(a). The fourth and fifth harmon-
ics are not included in the fit because the spectral appearances are not well-defined throughout all momentum-transfer
points in the RIXS measurements. Additionally, the damping of high-order harmonics in the RIXS spectra may also be
affected by the mixing with other excitation modes, rather than solely derived from their short-lived nature. The fitted
EPC are expressed with the phonon self-energies Mo as a function of momentum-transfer [Figure 6:11(b)-(c)]. Generally,
the evaluated EPC shows weak momentum-dependence, similar to the case of the isostructural iridate a-Li2lrOs3 [86].
One should note that the evaluated EPC from our RIXS results assume the major contribution from a single optical
phonon branch. Indeed, the presence of other vibrational modes may affect the estimation of the EPC [272]. From the
evaluated phonon frequency ~80 meV and EPC self-energy ~280 meV, we obtain a dimensionless EPC strength
g=(Mo/wo)? ~12, which is also consistent with the previous RIXS work on the honeycomb iridate a-Li2IrOs [86].
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Figure 6:11 Analysis of EPC from the multi-phonon overtones observed for the oxygen vibrations. (a) illustrates the schematic fit at q=(0.06, 0.06) rlu,
where the RIXS intensity for the multi-phonon scattering adopts the modelling in ref. [78]. (b)-(c) show the momentum-resolved phonon self-energy
Mo along (1,1) and (1,0) directions, respectively..

6.7 Conclusion

We explore the Ni 3d electronic structure and the electron-phonon coupling in the layered honeycomb antiferromag-
net NazNi.TeOs using RIXS and XAS. From the Ni L-edge XAS spectra, we establish a predominant Ni?* configuration in
an octahedral site environment, with a possible partial contribution from a Ni'* configuration. The dominant 2+ compo-
nent is supported by the observed dd excitations around 1-3 eV loss in Ni Ls-edge RIXS, reminiscent of the previous
experimental reports on NiO and NiCl.. At the O K-edge, we focus on the RIXS spectral modes arising from the XAS
resonance that is characteristic of the Ni-O hybridization band. A series of intense multi-phonon overtones, with funda-
mental frequency ~80 meV, dominate the spectral response suggesting the presence of a high EPC. With the clearly
resolved phonon overtones up to the 5-6 harmonics, we use a model of a single Einstein phonon to extract the large
EPC value ~285 meV, comparable with the recent O K-edge study on the isostructural iridate a-Li2lrOs [79]. In addition,
our measurements reveal the presence of low-energy elementary excitations ~25-40 meV, which may be composed of
lower-energy phonons or by a spin-conserving AS=0 bimagnon continuum. The observed phonon (and quasi-elastic)
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RIXS response shows marginal temperature dependence across the AFM transition. This would help to elucidate the
excitation modes that are directly sensitive to the magnetic transitions.
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Chapter 7 Conclusion

7.1 Achieved Results

In this thesis, the electronic structure and elementary excitations of g-1D chain-ladder cuprates SrisxCax(Cui-
yCoy)24041 (chapter 3-5) and 2D honeycomb nickealtes Naz2Ni.TeOs (chapter 6) are investigated by means of XAS and
RIXS. In studies on the magnetic and charge dynamics of the hole-doped two-leg spin ladders, the momentum-resolved
AS=1 magnetic excitations in the ladders of Sri4xCaxCu24041 (x=0 and 12.2) are compared (chapter 3). At the O K-edge,
theAS=0 magnetic and charge dynamics for the ladders are revealed in Sr1aCu24041 (chapter 4). By monitoring the quasi-
elastic and inelastic RIXS response as a function of momentum, the spectral signature of concomitant CDW order and
soft-phonon anomalies are observed for the two-leg ladders in Sr(Cu1.,Coy)24041 (y=0, 0.01, 0.03 and 0.05) using O K-
edge RIXS (chapter 5). Lastly, the Ni 3d electronic structure and the O vibrational modes of Na:Ni>TeOs are studied by
XAS and RIXS at Ni Ls- and O K-edge, respectively (chapter 6).

In chapter 3, the Cu Ls-edge RIXS measurements probed at the 3d° white line revealed a drastic flattening of dispersion
and broadening of the collective 2T magnetic excitations upon heavy Ca-doping in Sr1axCaxCu24041 (x= 0 and 12.2). The
excitation energy scales ~200-300 meV match the large Cu-O-Cu superexchange in the two-leg ladders (~100 meV) and
are much above the scale of the edge-sharing chains (~10 meV) for both x=0 and x=12.2. Moreover, the polarization-
dependent RIXS measurments revealed predominant AS=1 non-spin-conserving scattering for the observed excitations
at both x=0 and x=12.2. From the polarization analysis, the disentangled AS=0 scattering channel, representative of spin-
conserving magnetic excitations becomes suppressed and structureless at the low-energy regime (below 1 eV) for
x=12.2 compared to x=0. From the localized magnetic excitations and depletion of low-energy spectral weight of charge
dynamics at x=12.2, these observations suggest an overall localization for the hole carriers in the ladder subsystem upon
doping. This is examined and supported by DMRG calculations of the RIXS response through the dynamical spin and
charge structure factors of doped Hubbard models, where the localization is simulated by the addition of impurity site
potentials. These findings will help to reconcile the role of momentum-dependent spin (and charge) fluctuations for the
pairing correlations of doped cuprate ladders Sris-xCaxCu240a41 in the heavily Ca-doped phases. For further investigations,
the assessment of magnetic and charge excitations across a wide range of chemical doping, i.e. Sr replaced by Ca, Y, or
La, should provide a systematic fingerprint to examine the role of spin and charge fluctuations for the pairing
correlations of cuprate ladders. Furthermore, experiments with polarimetric analysis of the polarization dependence of
the scattered light would consolidate the conclusions obtained from the polarization-dependent RIXS measurements in
chapter 3, as those results were obtained only by varying the light polarization of only the incident X-rays.

At the Cu-O hybridization UHB band in the O K-edge XAS signal, the corresponding RIXS measurements on Sr14Cu24041
in chapter 4 revealed a series of elementary excitation modes that are different from the RIXS spectral response at the
Cu Lz-edge. With the weak spin-orbit interactions and longer intermediate state lifetime of O 1s core-level, the RIXS
response is dominated by AS=0 magnetic and charge scattering in the doped ladders of Sri14Cu240a41, giving different
sensitivity to the dynamcal properties compared to the Cu Ls-edge RIXS results. This was previously shown for the g-1D
spin-chain cuprate Sr.CuOs, where the lowest-lying AS=1 two-spinon continuum and the high-energy AS=0 four-spinon
and higher-order continuum excitations were captured by Cu Ls- and O K-edge RIXS, respectively.

In chapter 4, a dispersing sharp exciton of ~270 meV and a weakly-dispersive broad mode about 400-500 meV are
observed at the UHB resonance using O K-edge RIXS in Sr14aCu24041. The dispersing sharp mode, with comparable energy
to the previously reported AS=1 magnetic excitations, is in agreement with composite QPs between holons and spinons
predicted in lightly hole-doped ladders. Given the weak spin-orbit interaction of the O 1s core-levels, the O K-edge RIXS
cross section will preferentially suppress the predominant AS=1 triplons of the Cu L3 RIXS response and is interpreted to
give rise to sizable spectral weight for the holon-spinon QPs. On the other hand, the significant weight at high-energy
in O K-edge compared to Cu Ls-edge natually speaks for a better sensitivity to short-lived high-order MT scattering, with
the relatively long core-hole lifetime of O 1s core-levels By monitoring the O K- and Cu Lz-edge RIXS spectral response
in the same energy regime for Sr14Cu240a1, the spectral evolution closely resemebles the recent RIXS studies on the g-
1D cuprate chain compound Sr2CuOs. Incomparison to theoretical studies of the magnetic and charge dynamics for
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doped ladders, the sharp and broad RIXS modes are in reasonable agremeent with the holon-spinon QPs and 2T
continuum boundary, respectively These observed excitations are generally inaccessible by other experimental probes
that can detect the low-energy dynamics of spin ladders, e.g. INS, Raman spectroscopy, infrared optical absorption, etc.
Our study demonstrates the versatility of RIXS in investigating various elementary excitations in correlated electronic
materials, with spectral sensitiviy to dynamics of different lieftimes, spin character, momentum-space region, etc. As a
future outlook, polarization-resolved RIXS cross section calculations, with the core-hole lifetime effects taken into
account, will be crucial for further elucidating the AS=0 magnetic and charge excitations with overlapping energies.
Additionally, future studies on undoped or hole-depleted ladders would provide the ideal benchmark for clarifying the
RIXS spectral response discussed in this thesis.

In chapter 5, the CDW order in the ladders and its interplay with the phonon excitations are studied as a function of
Co dopant concentration in Sr(Cu1yCoy)24041 (y=0, 0.01, 0.03 and 0.05). The CDW formation in the hole-doped ladders
has been previously revealed by O K- and Cu Ls-edge resonant diffraction in Sri4.xCaxCu240a41. This was in line with the
proposed scenario of competing charge and pairing density fluctuations to explain HTSC in the early studies of 2D
cuprates. In this thesis, the unique opportunity to tune the CDW order via magnetic impurities is discussed for cuprate
ladders. At the ladder hole resonance, the CDW formation persists with Cu-Co substitution up to low-doping levels of
y<0.05. Specifically, the CDW signal develops a stronger long-range order at a decreasing ordering wavevector
continuously with increasing Co doping, manifested by increasing CDW peak intensity compared to the pristine
Sr1aCu240a41. Energy-detuned and temperature-dependent RIXS measurements confirmed the electronic character of the
observed in-plane diffraction peak across all doping levels. Additionally, this coincides with a stronger phonon softening
for the bond-stretching vibrational mode (~65-70 meV) for the elevated Co impurity levels. These experimental findings
are consistent with a physical scenario based on an enhanced stripe-like order mediated by significant soft-lattice
vibrations, which are seemingly stabilized by the magnetic impurities. This is also compatible with measurements of
themagnetic susceptbility, reporting a single-ion like anisotropy via Co dopants in Sr(CuiyCoy)24041 [16,189].

Despite a clear experimental development with Co-doping, there are interesting questions that remain open. Firstly,
the exact distribution of Co impurities will require more X-ray and neutron diffraction studies involving the structural
refinements in the future. This will enable theoretical studies on the influence of magnetic impurities percolating in g-
1D systems on electronic order and electron-phonon interactions. Furthermore, the temperature-dependent RIXS
measurements reveal a broadening of CDW width with increasing temperature, with spectral signatures that likely
represent multiple diffraction components having different temperature and spatial correlations. This has also been
observed in recent RIXS studies on 2D SC cuprates, and interpreted as evidence of charge and pair density waves that
host quantum critical scattering in the vicinity to optimal doping in the phase diagram. With high-resolution X-ray and
neutron diffractions measurements, it will be intersting to check if the CDW temperature evolution in chapter 5 is
connected to the proposed hypothesis of pairing correlations mediated by quantum-critical charge density fluctuations.
Lastly, the CDW orders probed by Cu Ls-edge RIXS show different Co-doping dependence at the 3d°® white line and the
ZRS charge-transfer configuration of 3d'°L, whereas the latter XAS resonance is generally weak in 2D cuprates. This will
give unique opportunities to study the electronic origin of CDW probed by resonant X-ray probes, as there are several
issues remaining elusive in the microscopic modeling of the energy- and element-dependent CDW correlations.

In chapter 6, the Ni 3d electronic configuration and the O vibrations of the 2D honeycomb nickelate Na:Ni,TeOs are
studied by XAS and RIXS at the Ni Ls- and O K-edge. The importance of assessing the excitations in the Ni 3d valence
shell and phonon excitations is motivated by the identification of a crucial role of spin-phonon interactions in the recent
studies on magnetically frustrated materials. From the RIXS spectra across the Ni Ls-edge, it is attested that the localized
Raman-like excitations in the 1-3 eV range are similar to the inter-orbital dd excitations in NiO and NiCl;, dominated by
a Ni* configuration with octahedral site symmetry. This can also be inferred from the two main XAS resonances at Ni
Ls-edge that are characteristic of the Ni?* state of NiOs octahedra, with an energy difference ~1.5 eV that is close to the
combined energy splitting of the eg-tag transition and the local spin-flip exchange for the Ni?* ions. The additional spectral
components between the Ni Ls- and L2-edge XAS resonances may be attributed to charge-transfer anti-bonding
configurations and emission lines from Te M-edge, where the former may be dominated by Ni 3d®-3d°L transitions. This
characterization of the Ni 3d valence configuration is crucial for understanding the magnetism in Na2Ni>TeOs that is
hosted by the Ni 3d shell.
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From the O K-edge RIXS spectra, high-energy fluoresence-like excitations and predominant multi-phonon overtones
of oxygen vibrational modes are revealed, which are probed at the main XAS resonance ~531 eV that is reminiscent of
the Ni-O hybridization peak in other nickelates with Ni?* states. The molecular-like strong EPC ~285 meV for the oxygen
vibrations (~80 meV for the fundamental frequency) are reminiscent of the isostructural iridates a-LilrOs ~260
meV [79], showing weakly momentum-dispersive optical phonon satellites. In addition to the dominant phonon
harmonics in Na:Ni2TeOs, a sizable quasi-elastic scattering ~25-40 meV between the fundamental phonon and the
elastic scattering at 0 eV loss is uncovered, which may be contributed by phonon modes at lower-energy, magneto-
elastic coupled excitations, or a AS=0 bimagnon continuum that has been reported for other frustrated oxide
antiferromagnets. The temperature-dependent RIXS measurements show only marginal spectral contrast across the
Néel temperature, leaving open the question of which modes are reflective of the magnetic phase transition. The RIXS
response of orbital and charge-transfer excitations, as well as momentum-resolved EPC, characterize the dynamics that
are difficult with other experimental techniques for the energy regime discussed in chapter 6. For clarifying the inelastic
spectral fingerprint associated with the magnetic transitions, further studies using optical spectroscopy for measuring
the lower-energy phonons and the AS=0 bimagnon continuum excitations, as a function of temperature and magnetic
field,should give insight to this open question.

7.2 Future Development

Section 7.2.1 | address possible extensions of RIXS studies on the magnetic excitations of the cuprate ladders in
Sr1aCu24041. The main idea is based on the RIXS capability for resolving the multi-triplon scattering with separate odd-
and even-parity channels, which can be achieved by employing different scattering geometry. Section 7.2.2-7.2.3 gives
a future outlook based on the RIXS results presented in this thesis, and extend the discussion to the ongoing
developments in the RIXS field that are relevant for in the context. This will include the connection of the demonstrated
experimental achievements to other promising fields where RIXS has great potential for scientific breakthrough, as well
as a brief overview of the relevant developments in current literature. Given the rapid progress in intrumental
performance and understanding of the scattering cross-section in the RIXS field, this will openup several new
opportunities to study many-body physics in correlated electronic materials. In the following two sub-sections, two
examples will be given that are associated with the experimental results shown in this thesis.

7.2.1 Extended research
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Figure 7:1 (a) RIXS experimental geometry for probing triplon excitations in the odd-parity scattering channel. The tilted orientation ensures a finite
momentum-transfer along the ladder-rung direction (a-axis) for horizontally incident X-rays. (b) The Cu Ls-edge RIXS measurements performed on
Sr14Cu24041 taken with and without a rung tilt-angle, while the momentum-transfer along ladder-leg (c-axis) is fixed at queg=0.378 (rlu).

For the presented RIXS results in chapter 3 to 5, the experiments were performed in a geometry where the scattering
plane lies within the a-b plane (see Figure 3:4 and 4:4). In this geometry, the momentum-transfer along the ladder-rung
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is zero for horizontally incident X-rays as shown in Figure 7:1(a), and the magnetic excitations are dominated by multi-
triplon scattering in the even-parity as previously demonstrated [13]. This was understood through the selection rules
in the scattering cross section for momentum- and energy-resolved spectroscopies, e.g. INS and RIXS [108]. The sepa-
ration of the lowest-lying one- and two-triplon magnetic spectra has been reported for the hole-depleted ladders in
Srala10Cu24041 using INS, where the disentanglement between the odd- and even-parity was achieved by applying the
structural modulation factors onto the momentum- and energy-resolved time-of-flight (TOF) datasets for the scattered
neutron [12]. For RIXS measurements, it was theoretically formulated that a non-zero momentum-transfer along the
rung orientation is required to give a finite cross section of one-triplon and higher-order triplon scattering in the odd-
parity channel [108].

In principle, one needs to fix the rung momentum-transfer at the zone boundary (grung=0.5 rlu) to fully suppress the
two-triplon RIXS signal. In practice, this can be achieved by either varying the tilt angle along the rung direction with
respect to different incidence angles for the leg momentum-transfer (see Figure 7:1(a)), or tweaking the scattering angle
between the incident and outgoing photon when mapping out the full energy dispersion along the ladder-leg [108].
The latter option requires a continuous rotation between the experimental UHV chamber from the beamline side (inci-
dent X-rays) and RIXS spectrometer (outgoing X-rays). For the former case, exemplary RIXS spectra are taken for a fixed
leg momentum-transfer qreg™0.378 (rlu) as shown in Figure 7:1(b). With a tilt angle of ~37° (Qrung ~0.227 rlu), an addi-
tional peak ~100 meV arises in the energy range of triplon excitations in the cuprate ladders of SCCO. The peak energy
~100 meV is in close agreement with the INS report for the one-triplon excitations in hole-depleted SrslLai0Cu240a41 at
the same leg momentum-transfer [12]. One should note that here the tilt angle is chosen such that the RIXS signal
shows a mixture between the two- and one-triplon magnetic scattering. For the given Cu Ls-edge photon energy and
Cu-Cu lattice spacing of SCCO, a larger scattering angle 26>138° is required to probe the pure one-triplon energy dis-
persion using RIXS [108], which was not possible for the largest scattering angle available in the experimental setup
used in this thesis. With 26 of 150°, the one-triplon dispersion through about 15~20% of the Brilluoin zone can be
reached for the cuprate ladders of SCCO using Cu L3-edge RIXS [108].

7.2.2 Quantum spin liquid and Majorana excitations

In this section, the relation between the RIXS results in chapter 4 and quantum spin liquid (QSL) states is discussed. It
is intriguing to compare the O K-edge RIXS results on Sr14Cu24041 in chapter 4 to the recent theories of RIXS response on
the QSLs of Kitaev character [160-162]. For more comprehensive reading for the experimental response of QSLs, the
readers are referred to ref. [273]. QSL is an exotic magnetic phase where there is no magnetic order in the ground state,
while a product state cannot describe its low-energy spin Hamiltonian due to the long-range entanglement. The
excitation spectrum of QSLs is characterized by the so-called Majorana quasiparticles, where the antimatter for these
particles are exactly themselves. The experimental demand for probing these Majorana modes has been increasing in
recent years, given their potential for realizing the memory unit of quantum computation. INS is able to capture the
momentum-independent continuum of two immobile Majorana fermions [274,275], while Raman measurements can
detect the two-particle scattering fractionalized excitations of at the zone center [276]. On the other hand,
disentanglement between different flavors of excitations, such as the gapless Majorana mode and gapped vison, were
expected to be achievable by resolving the AS=1 and AS=0 RIXS scattering channels [160]. The generic AS=0 RIXS
response of QSLs is suggested as the dispersive sharp lower-energy edge along with a higher-energy continuum (Figure
7:2), where the latter could persist in the magnetically-ordered state [160]. While the ladder excitation spectra can be
taken as the suitable model systems to map onto multiple Majorana fermions accordingly [277], the calculated multi-
particle Majorana modes resemble the AS=0 MT bound state and continuum [160], where the latter have been
predicted to be detectable by RIXS [26]. The zero-energy bound states with pairs of Majorana vortices in non-Abelian
QSLs are predicted as the ideal building blocks for quantum information [273]. In fact, recent theories demonstrated
the robustness of these modes against perturbation over parametrically wide regions in inhomogeneous ladders [278].
These connect our results to the RIXS capabilities for probing interacting fractionalized excitations in the presence of
non-local ground state degeneracy. The experimental evidence of effective Kitaev-Heisenberg interactions in the QSL
candidate NazlrOs was recently revealed using Ir Ls-edge RIXS [279]. Along with the improvements of RIXS instrumental
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setups, understanding of the MT bound state and continuum in spin ladders will help to understand the long-range-
entangled nature in QSLs.
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Figure 7:2 Magnetic excitation spectra of an undoped two-leg ladder calculated as a function of the ratio of magnetic exchange between leg and rung
orientations (modified from ref. [277]). The black solid lines highlight the boundaries of the multi-particle continuum that follow the formalism of
interacting Marojana fermions, which emerge from the intermediate to weak coupling regime. (Note that here x=Jieg/Jrung, Which is different with the
definition of r value in chapter 3 and 4). [Reprinted figure with permission from: D. Schmidiger et al., Physical Review B, 88, 094411 (2013). Copyright
(2013) by the American Physical Society. (http://dx.doi.org/10.1103/10.1103/PhysRevB.88.094411)]

7.2.3 Further insight into electron-phonon coupling

In this section, recent developments of the capability for studying the momentum-resolved EPC strength using RIXS
are reported. This concerns mainly energy-detuning RIXS measurements, which were proposed aiming at providing an
alternative approach for the quantification of the EPC in the absence of clearly observable multi-phonon overtones and
strong electron-phonon interactions. The advantages and drawbacks of this alternative experimental method are dis-
cussed.

In chapter 5 and 6, the development of the large EPC is quantified for the oxygen vibrational modes in g-1D cuprate
ladders and a 2D frustrated honeycomb nickelate. In the present work the EPC strength is determined from the decay
of the higher-order phonon overtones with respect to the first fundamental phonon. However, this is only achievable
when the phonon satellites are clearly detectable in the energy loss spectrum. For most cases, the high-order vibrational
overtones can only be observed in gases or materials with lighter elements when probed at narrow resonances with
sufficiently long core-hole lifetime for the intermediate states. Early theories formulated the fundamental phonon in-
tensity to be approximately proportional to the square of EPC constant g [138,140,230,268]. Recently, Cu Lz-edge RIXS
studies on 2D cuprates demonstrated another approach to estimate EPC without the need to observe high-energy pho-
non overtones [272,280]. The RIXS intensity for the probed inelastic excitations are generally maximized at the XAS
resonances. For convenience, a simple case of one Einstein phonon is considered in the following discussions. If one
assumes the RIXS phonon response of interest can be described by a single phonon in the localized picture, it is feasible
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to evaluate the EPC strength by assessing the RIXS phonon intensity as a function of detuning-energy Q of the incident
X-rays. Under these assumptions, the simplified analytical form for the RIXS intensity can be written as [78,271]

2

e29

g

Z gt(n—g)
n'(Q+il+ (g —n)wy)|

n=0

I «

Equation 7:1 RIXS intensity for considering a single Einstein phonon mode as a function of detuned-energy for the incident X-rays.

The phonon frequency wo for the investigated vibrational mode can be directly inferred from the RIXS experiments.
Therefore, if one assumes the inverse core-hole lifetime I' changes negligibly across the XAS resonances with detuning,
one can extract the phonon self-energy M by mapping the phonon intensity with respect to the detuned-energy through
numerical optimization, e.g. a standard least-square fit, and thereby also determine the dimensionless EPC constant
g=(M/wo)?.

This method, however, has its own suitable parameter space for applying to RIXS experiments. In order to assess the
EPC using the detuning RIXS approach, it assumes a moderately large inverse core-hole lifetime I' and small EPC. This
leads to the direct consequence of disregarding intermediate state and core-hole lifetime effects, and the intensity ratio
between the high-order overtone and fundamental phonon will start to diverge within the theoretical framework of a
single Einstein phonon from ref. [78]. This happens when M/T is reasonably large such that an analytical solution cannot
exist. Recently, Vale et al argued that the detuning RIXS approach would reasonably describe the EPC with Einstein
phonon for M/I'<1, namely the phonon self-energy has to be sufficiently small compared to the inverse core-hole life-
time [79]. From ref. [272,280], the M/T value is ~0.28 at the Cu Lz-edge for the layered cuprates is significantly smaller
compared to the oxygen vibrations for the honeycomb iridate a-Li2IrOs in ref. [79] with 1<M/I<1.35 . In ref. [79], the
fundamental phonon and the second harmonic of oxygen vibrations in honeycomb iridates barely suppress in intensities
when detuned away from resonance by about 200 meV. Additionally, by mapping the detuning RIXS signal, a heavily
underestimated EPC strength is obtained with poorly fitted M and g for the measured samples. A similar scenario is
inferred for the phonon excitations of the honeycomb nickelate Na:Ni2TeOs¢ in chapter 6, where the observed strong
EPC and phonon overtones for the bond-stretching vibrations do not follow the energy dependence as described in the
detuning Cu Ls-edge RIXS measurements on the 2D cuprates. These observations indicate that more elaborate theories
for simulating the RIXS phonon response is urgently in need. Namely, a single Einstein phonon for localized systems
(ref. [78]) may not be sufficient. The RIXS phonon cross section has been recently extended with the consideration of
interacting phonon models [281], and effects of carrier mobility [282]. Alongside the rapidly improved energy resolu-
tion from the RIXS instrumentation, this will enable detection of lower-energy phonons with their overtones, as well as
the de-convolution of different phonon modes and their respective EPC strength.
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Figure 7:3 Energy-detuning Cu Ls-edge RIXS measurements of the Cu-O bond-stretching phonon in the AFM Nd1:xBa2-«CusOy7.5 cuprate, modified from
ref. [272]. (Left) The phonon intensity is monotonically suppressed with the detuning Q of the incident photon energy towards the pre-edge of the
Cu Ls-edge XAS response. (Right) The dimensionless EPC constant g is compared for a variety of extracted values based on the model from Ament et
al. in ref. [78] with a Einstein phonon. [Open access for the reprinted figure is available from: L. Braicovich et al., Physical Review Research, 2, 023231
(2020). Copyright (2020) by the American Physical Society. (http://dx.doi.org/10.1103/PhysRevResearch.2.023231)]
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