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Abstract 

i 

Abstract 
  
  
This thesis delivers “a romance of dimensions” I explored during my PhD. Amongst many 

dimensions, two-dimensional “Flatland” is quite unexplored but important area especially 

in the aspect of fundamental degrees of freedom (DOF) in nature. The interplay of DOF 

and the enhanced quantum fluctuations in two-dimensional (2D) systems often breaks 

down the classical models in condensed matter, and causes exotic phases such as quantum 

spin liquids, unconventional superconductivity and quantum Hall effects. The 

comprehensive studies of those phases are significant in both respects of explaining the 

questions on fundamental physics and driving the development of technology. The purpose 

of this thesis is to research the DOF and their interactions in strongly correlated system in 

2D limits making use of resonant inelastic x-ray scattering (RIXS) technique. RIXS is a 

state-of-the-art experimental method to investigate various excitations implying the energy 

difference between the ground and excited states in the materials. Specifically, I investigate 

the magnetic structure and the exotic phase from a strong spin-charge coupling in NiPS3, 

and the metal-insulator transition (MIT) induced by quantum confinement effects in 

SrRuO3 thin film. 

NiPS3 shows a zigzag-type antiferromagnetic order below the transition temperature 160 

K. The high-resolution Ni L3 edge RIXS gives an important evidence to resolve the exact 

magnetic structure with both single-magnon dispersion and two-magnon continuum. The 

XXZ-type model Hamiltonian can give a clue to understanding the ideal 2D XY model. In 
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addition, the small charge transfer energy between Ni and S forms complex multiplet states 

from the bonding of different electronic configurations. For this reason, the strong spin-

charge coupling is observed through the unusual excitation attributed to the spin-flip of 

ligand hole and the formation of Zhang-Rice singlet states. The experimental results are 

interpreted by configuration interaction calculation and spin wave calculation. 

In the case of SrRuO3, the electronic structure of thin films as a function of thickness from 

the bulk limit to monolayer is examined via O K edge RIXS experiments. The study 

clarifies the interplay of orbital and charge DOF. I verified the orbital-selective quantum 

confinement effects (QCE), which splits the orbital levels of Ru, from the charge-transfer 

excitations. Moreover, the evidence of the MIT, the suppression of electron-hole continuum, 

coincides with the QCE at the same critical thickness. The result of RIXS experiments 

suggest that QCE by the geometrical restriction gives rise to MIT in ultrathin films. 

 

Keywords: Resonant inelastic x-ray scattering (RIXS), Strongly correlated electron system, 

Magnetic van der Waals material, Spin-charge coupling, Magnon, Multiplet structure, 

Configuration interaction calculation, Quantum confinement effects 

Student Number: 2013-20350 



 
 
 
 
 

Contents 
 

iii 

Abstract .............................................................................................................................. i 

List of Tables .................................................................................................................... vi 

List of Figures ................................................................................................................. vii 

 

1 Introduction ............................................................................................................... 1 

1.1 Two-dimensional systems in condensed matter physics .................................. 1 

1.1.1 Strongly correlated systems ................................................................... 1 

1.1.2 Novel phases in two-dimensional systems ............................................. 3 

1.2 Resonant inelastic x-ray scattering (RIXS) technique ...................................... 5 

1.2.1 Basic principles ...................................................................................... 7 

1.2.2 Features of RIXS .................................................................................. 10 

1.2.3 Elementary excitations in strongly correlated systems ......................... 14 

1.3 Outline of thesis .............................................................................................. 18 

 

2 Experimental Details ............................................................................ ........... 23 

2.1 Sample preparation ......................................................................................... 23 

2.1.1 Chemical vapor transport method ......................................................... 24 

2.1.2 Single crystal x-ray diffraction ............................................................. 26 

2.2 RIXS experiments in large facilities ............................................................... 28 

2.2.1 Choice of incident energy ..................................................................... 29 

2.2.2 Single crystal experiment on I21 at DLS .............................................. 31 

2.2.3 Thin film experiment on ADRESS at PSI ............................................ 33 



 
 
 
 
 

Contents 
 

iv 

 

3 Exotic magnetic excitations in van der Waals antiferromagnet NiPS3 ............... 37 

3.1 Magnetism in two-dimensional van der Waals materials ................................ 37 

3.1.1 Fundamental theories on 2D magnetism .............................................. 37 

3.1.2 Magnetic van der Waals materials ........................................................ 42 

3.2 Magnetic structure of NiPS3 ........................................................................... 44 

3.3 RIXS experiment on NiPS3 ............................................................................. 45 

3.3.1 Result: XAS and overall RIXS spectra ................................................. 46 

3.3.2 Discussion 1: Configuration interaction alculations ............................. 49 

3.3.3 Discussion 2: Multiplet structure of NiS6 ............................................. 52 

3.3.4 Discussion 3: Spin-charge coupling ..................................................... 56 

3.3.5 Discussion 4: Magnon dispersions ....................................................... 61 

3.4 Conclusion ...................................................................................................... 63 

 

4 Orbital-selective confinement effect and metal-insulator transition of Ru 4d 

orbitals in SrRuO3 ultrathin film ......................................................................... 68 

4.1 Quantum confinement effect in low dimensional systems .............................. 68 

4.1.1 General description of quantum confinement effects ........................... 68 

4.1.2 Quantum confinement effects and magnetic transition in SrRuO3 thin 

films ...................................................................................................... 70 

4.2 Metal-insulator transition in SrRuO3 thin films .............................................. 73 

4.3 RIXS experiment in SrRuO3 thin films ........................................................... 74 



 
 
 
 
 

Contents 
 

v 

4.3.1 Results: XAS and RIXS spectra as a function of thickness .................. 74 

4.3.2 Discussion 1: Configuration interaction calculations ........................... 79 

4.3.3 Discussion 2: Quantum confinement effects ........................................ 83 

4.3.4 Discussion 3: Metal-insulator transition ............................................... 85 

4.4 Conclusion ...................................................................................................... 88 

 

5 Summary and outlook ............................................................................................ 92 

 

Publication lists ............................................................................................................... 95 

(Abstract in Korean) .................................................................................. 97 

(Acknowledgement) .................................................................................. 100

 



 
 
 
 
 

List of Tables 

vi 
 
 
 

 

List of Tables 
  
  
3.1   Physical parameters for the CI calculation in units of eV ....................................... 49 

3.2   The parameters used in spin wave calculations (in meV) ....................................... 62 

 

4.1   Physical parameters used for the CI calculations (in eV) ....................................... 83 



 
 
 
 
 

List of Figures 

vii 
 
 
 

 

List of Figures 
  
  
1.1   The emergent phenomena induced by the interaction of four fundamental degrees of 

freedom [Ref.1.15-19] .......................................................................................................... 2 

1.2   The schematic view of two-step process in RIXS .................................................... 6 

1.3   Schematic diagram of the process of XAS, XES, and RIXS. XAS investigate the 

unoccupied valence levels while the XES observes the occupied valence level 

[Ref.1.42] ............................................................................................................................ 8 

1.4   Kinetic energy and momentum carried by the photon, electron and neutron 

[Ref.1.31] .......................................................................................................................... 11 

1.5   Absorption edges of different chemical elements [Ref. 1.32,33] .......................... 12 

1.6   The real part of the angular wave functions of five d orbitals. In the cubic crystal 

field, the degeneracy is lifted two eg orbitals and three t2g orbitals [Ref.1.41] .................. 13 

1.7   Elementary excitations in solids and their approximate energy scales in strongly 

correlated [Ref.1.31] ......................................................................................................... 14 

1.8   Collective magnetic excitations in Sr14Cu24O41 [Ref.1.40] (a) Dispersion of magnetic 

excitations in Cu L3 RIXS, (b) The momentum and energy transfer of two-triplons in 

Sr14Cu24O41, (c) Polarization dependence of RIXS spectrum ............................................ 17 

 

2.1   Schematic view of the entire process of chemical vapor transport method using two-

zone furnace ...................................................................................................................... 26 



 
 
 
 
 

List of Figures 

viii 
 
 
 

 

2.2   Picture of single crystal x-ray diffractometer (XtaLAB P200, Rigaku) and the four 

motors in this instrument ................................................................................................... 27 

2.3   Picture of NiPS3 single crystal mounted on the sample stage and the analysis results 

from the SC-XRD ............................................................................................................. 28 

2.4   Classification of x-ray absorption edges ................................................................. 29 

2.5   Picture of I21 at DLS and the schematic view of beamline from the undulator of 

synchrotron to detector across five different mirrors, sample and grating [Ref.2.4] ......... 32 

2.6   Schematic view of ADRESS [Ref.2.5] ................................................................... 34 

2.7   The photon flux with different polarizations: Linear horizontal (LH), linear vertical 

(LV) and circular (C) polarizations .................................................................................... 34 

3.1   The schematic view of three different types of magnetic ordering in 2D limits. The 

left shows the Ising type that has only 1D DOF, the middle model corresponds to XY-type, 

and the right one does to Heisenberg-type [Ref.3.10] ....................................................... 41 

3.2   The schematic view of vortex-antivortex pairs in the lattice [Ref.3.15] ................. 41 

3.3   Possible physical issues and phases in magnetic vdW materials [Ref.3.10] .......... 43 

3.4   The different types of antiferromagnetic ordering in TMPS3 materials. (a) XY-type 

model of NiPS3 and CoPS3, (b) Heisenberg-type model of MnPS3, and (c) Ising-type model 

of FePS3 [Ref.3.26] ........................................................................................................... 45 

3.5   The results of fluorescence XAS of NiPS3 near Ni L3 edge at 14 K. The black and 

red lines show the experimental results with linear vertical and horizontal polarization. The 

blue and purple bar graphs demonstrate the distinct multiplet ground states calculated by 



 
 
 
 
 

List of Figures 

ix 
 
 
 

 

configuration interaction calculation with NiS6 cluster. The main absorption peak A is at 

857.3 eV, and there are several satellite peaks above the main line. Among the satellite 

peaks, the first satellite peak B at 858.1 eV originates from  ground states ............ 47 

3.6   (a) The experimental results and (b) theoretical description of RIXS maps as a 

function of incident energy containing a main absorption and a satellite peak region. The 

red dashed lines on both maps indicate the energy where the sharp peak at 1.45 eV has the 

strongest intensity, and the energy corresponds to the satellite peak in XAS .................... 48 

3.7   Schematic diagrams of NiS6 and Ni2S10 clusters with open boundary condition. x, y, 

z (marked as black arrows) are local coordinates of NiS6 octahedron where a, b, c (marked 

as blue arrows) are global coordinates of lattice. , 

, and  ..................................................................................................... 50 

3.8   (a) The Tanabe-Sugano diagram of NiS6 cluster as functions of hopping strengths 

between Ni 3d valence and S 3p ligand orbitals. r is the scale parameter of hopping 

strengths like  0.74   and   0.4   eV. Each line shows different 

states with distinct symmetry whose irreducible representation is marked, respectively. (b) 

Schematic diagram of bonding nature between two multiplet states with   and  

electronic configuration. The black thick bars are the multiplet states with . The left 

and right side represent the  - and  -type bonding between   and  

multiplets .......................................................................................................................... 53 

3.9   Energy splitting of   and   multiplets depicted with respect to the 

difference between the incident energy ( ) and the ground energy of final state ( ). The 

second column manifests the energy splitting of multiplet states with the combined 



 
 
 
 
 

List of Figures 

x 
 
 

 
 

electronic configurations of   and   when  0.74 and   0.4 

eV (r = 1). Whereas, the first and third columns shows those for   and  

configurations, respectively, without the hopping strength. Widths of magenta and cyan 

parts of lines at second column represent partial contributions of  and  on 

the multiplet states, respectively. The black arrows marked with ‘A’, ‘B’, ‘C’, and ‘D’ 

indicate the peak positions of theoretical XAS spectra ...................................................... 55

3.10   The schematic view of RIXS process occasioning Zhang-Rice singlet state. The 

arrows painted in blue and red color imply the spin states of the holes in each orbital. In the 

intermediate state of RIXS process, the spin is flipped due to the spin-orbit coupling and 

the potential of core-hole. Once the flipped spin is transferred to 3d orbital, it establish the 

singlet state with neighboring ligands ............................................................................... 56 

3.11   Schematic diagram of spin configurations in (a) Zhang-Rice-triplet lattice and (b) 

a Zhang-Rice-singlet excited lattice with on zigzag antiferromagnetic order. Large (small) 

red and blue arrows refer to the spin direction of Ni 3d (S 3p) holes. Green ellipsoids 

indicate edge-shared S sites in which spins of two ligand holes are antiparallel. A black 

dashed circle highlight the site of ZRS. The shaded arrow inside the circle represents the 

direction of expected electric dipole for the ZRS .............................................................. 58 

3.12   The temperature dependence of ZRS peak. At the low temperature, the peak width 

of ZRS peak is comparable to the energy resolution ......................................................... 60 

3.13   Magnon dispersion and two-magnon continuum in XXZ-type antiferromagnet 

NiPS3. (a) Low energy excitations in RIXS spectra with Q|| dependence along b* axis at 15 

K. Black squares and red circles respectively correspond to the fitted magnon and two-



 
 
 
 
 

List of Figures 

xi 
 
 

 
 

magnon energies. (b) Calculated magnon spin waves and two-magnon DOS using 

parameters described in Table 3.2. (c) Temperature dependence of low energy excitations. 

The blue colored shaded peak shows a fitting result of two-magnon continuum at 15 K. The 

inset graph indicates the intensity of two-magnon continuum as a function of 

temperature ....................................................................................................................... 63 

4.1   Confined electron wave vectors in ultrathin films whose thickness is from one to 

four monolayers [Ref.4.2] ................................................................................................. 69 

4.2   Variation of nonmagnetic and magnetic partial density of states as a function of 

thickness of films [Ref.4.6] ............................................................................................... 72 

4.3   Schematic view of typical change of van Hove singularity in different dimension 

limits ................................................................................................................................. 72 

4.4   The mechanism of orbital-selective quantum confinement effects inducing metal-

insulator transition in SrRuO3 thin films ........................................................................... 74 

4.5   XAS results as a function of the thickness of the sample. An energy of 529.8 eV was 

utilized for our RIXS experiments since other peaks mainly originate from the SrTiO3 

substrate [Ref.4.23] ........................................................................................................... 75 

4.6   (a) and (b) Overall feature of O K edge RIXS spectra with σ and π polarizations for 

SrRuO3 thin films. As the thickness decreases, the peak on the low-energy side (dot line) 

becomes weaker, while the peak at 5 eV (dashed line) gets stronger for both polarizations. 

In addition to the 5 eV peak, the peak around 4.5 eV (dash-dotted line) also appears for the 

σ polarization. Note that this 4.5 eV peak becomes stronger below the 5-u.c. sample and 



 
 
 
 
 

List of Figures 

xii 
 
 
 

 

shifts towards higher energy with decreasing thickness. (c) The whole spectrum for the 1-

u.c. sample with σ polarization. Altogether, seven Gaussian fitting functions are needed to 

fit the spectra based on the theoretical calculations explained in discussions. Different types 

of peaks are marked by different letters in (c) [Ref. 4.23] ................................................. 77 

4.7   (a) RuO6 cluster used in the configuration interaction calculation. (b) and (c) 

Schematic view of charge transfer and d-d excitations. Oxygen 1s electrons are excited to 

vacant 2p levels which are hybridized with Ru t2g orbitals. The energy losses should be 

different depending on orbitals from which the relaxation occurs. The top panel in (c) shows 

t2g-eg excitations, and the bottom one indicates the charge transfer from O 2p to Ru 4d 

levels [Ref.4.23] ................................................................................................................ 78 

4.8   Low-energy RIXS spectra of 1 u.c. SrRuO3 with the CI calculation of a Ru-O-Ru 

cluster. The symbols represent the experimental results, while the lines show the theoretical 

results, with different colors used for the different polarizations of the incident beam. The 

peak at 2 eV shows intersite d-d excitations ...................................................................... 82 

4.9   RIXS spectra with the results of CI calculation for monolayer SrRuO3. The symbols 

represent the experimental results, while the lines show the theoretical results, with 

different colors used for the different polarizations. (Left) Calculation results with 

nonbonding p orbitals; (right) calculation results with bonding states .............................. 85 

4.10   (a) and (b) Low-energy excitations are compared to the JDOS from the DFT 

calculation. We clearly observe the electron-hole continuum in the thick sample, which 

arises from its metallic phase. The intensity of peak A sharply decreases below 5 u.c., and 

it completely disappears for the monolayer SrRuO3. (c) Electrical resistivity of SrRuO3 



 
 
 
 
 

List of Figures 

xiii 
 

 
 
 

thin films with different thickness. The resistivity increases progressively with reducing the 

thickness and crosses the theoretical Mott-Ioffe-Regel limit between 4 and 5 u.c. It is 

notable that the critical thickness from RIXS and the resistivity coincide with one 

another ............................................................................................................................. . 87 

 





 
 
 
 
 

Chapter 1. Introduction 
 

1 

Chapter 1  
Introduction 

 

 

 

1.1 Two-dimensional systems in condensed matter physics 

 

1.1.1 Strongly correlated electron systems 

 

With its curiosity leading the nature and progress of technology, mankind has widened the 

view of world, explaining and connecting the each part of its surrounding world. The field 

of condensed matter physics has emerged as an intense attempt, and now deals with the 

macroscopic and microscopic physical properties of matter. 

Following the forerunners of E. Rutherford, N. Bohr, J. van der Waals and P. Drude 

[Ref.1.1-4], who built the foundation of this field, W. Pauli, A. Sommerfeld, F. Bloch, J. 

Maxwell and other physicists [Ref.1.5-8] have led the mainstream of modern condensed 

matter physics. Their contribution has heralded the advent of quantum mechanics and 

modern many-body physics. As a result, those fundamental theories and discoveries have 

boosted the technology such as transistor or magnetic storage devices. 

While the early stage focused on the certain factors in the materials such as electron or 

spins, studies in modern condensed matter physics handles more complicated items, so-

called “emergent phenomena”. One of the most famous examples is the superconductivity 
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[Ref.1.9, 10], which is induced by ‘pair’ or interaction between the electrons. Starting from 

the BCS-based superconductivity, the emergence of phenomena such as High-Tc 

superconductivity [Ref.1.11], multiferroicity [Ref.1.12], metal-insulator transition 

[Ref.1.13], and recent topological insulator [Ref.1.14] have been intensively investigated. 

The common feature of these examples is the strong interplay of four fundamental degrees 

of freedom (DOF) in solid; spin, charge, lattice and orbital (figure 1.1). 

 

 

Figure 1.1. The emergent phenomena induced by the interaction of four fundamental 

degrees of freedom [Ref.1.15-19]. 

The category of materials showing emergent phenomena due to the interaction of DOF is 

called strongly correlated electronic system. The emergent phenomena of strongly 
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correlated systems are one of the most interesting but, simultaneously, most difficult topics 

to investigate due to their complexity. Not only do the individual factors of the system have 

importance in fundamental physical view but also the correlations between (or among) 

those factors connote a significance to the behavior in the whole system.  

 

1.1.2 Novel phases in two-dimensional systems 

 

When the strongly correlated system comes to low-dimensional limits, the interaction 

itself should be modified [Ref.1.19]. As the electrons or interactions in the system are 

confined geometrically, it often experience strong ‘quantum’ fluctuations showing unique 

phases. More precisely, quantum fluctuations get stronger than thermal fluctuations and 

survive longer in low-dimensional systems. In this regime, the mean-field theory, which 

explains the infinite dimensional cases, is no longer accurate. Thus, this leads to novel 

phases in low-dimensional materials compared to the classical physical phenomena in 

three-dimensional systems. 

The quantum fluctuations indicate the temporary change in the energy in a certain space, 

due to Heisenberg’s uncertainty principle. From the quantum fluctuations perspective, the 

higher dimensions have more phase space for their spreading out. As the dimension 

decreases, a local disturbance or thermal fluctuation becomes small, which makes the 

quantum fluctuations to survive more easily in the system without decaying. That is to say, 

the strong quantum fluctuation destroys the classical models of solids. Thus, in a one-

dimensional case, the quantum fluctuations freely propagate in the only one domain. This 
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makes the interaction in one-dimension play a different role for a system to have a more 

collective nature, which induces unique phases such as Luttinger liquids or spin-singlet 

states [Ref.1.20-22].  

The two-dimensional system is quite special ground of investigating large quantum 

fluctuations without encountering the unique domain of one-dimension. One of the most 

famous examples is a fractional quantum spin-liquid phase [Ref.1.23]. This phase 

originates from the competition between the Néel-ordered state and the singlet state. On 

the other words, there can be a novel phase due to the competition of purely classical model 

and purely quantum mechanical concepts in the two-dimensional systems. 

There can be two ways to reach two-dimension in the real world. One is to make layered 

structure where the inter-layer interaction is small enough to neglect compared to intra-

layer one (Chapter 3) and the other way is to artificially make monolayer structure (Chapter 

4). Former class of materials called layered van der Waals (vdW) materials, such as 

graphene, transition-metal (TM) dichalcogenides and TM phosphorus trichalcogenides 

(TMPX3; TM = 3d transition-metals, X = chalcogens) have been investigated extensively 

over the last decade [Ref.1.24-28]. Especially, the magnetic vdW materials TMPX3 

provides a unique opportunity to study strongly correlated electronic systems in the two-

dimensional limits as they have a unique spin DOF. In the latter cases, we can make use of 

thin films of TM oxides with perovskite [Ref.1.29-30]. Unlike three-dimensional cases, it 

is possible to confine the electronic interaction, which leads to distinct phases such as 

quantum Hall effects or magnetic skyrmions. 
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1.2 Resonant inelastic x-ray scattering technique 

 

The conventional experiments such as bulk property measurements or optical 

spectroscopies have limitations in explaining complex interaction in the strongly correlated 

electron systems. Resonant inelastic x-ray scattering (RIXS) is a unique state-of-art 

technique to investigate the whole elementary excitations and their interactions at the same 

time. RIXS is composed of two step processes; ‘photon-in’ and ‘photon-out’ (Figure 1.2). 

This means that an electron is excited by the incident x-ray and relaxed with scattered 

photons. Between these processes, photons lose a certain amount of their energy to the 

sample and this corresponds to the energy different of distinct electronic states in a sample. 

The term of ‘inelastic’ means this energy loss in the RIXS process. 

The term of ‘resonant’ indicates the energy irradiated to a target. The energy of the incident 

beam corresponds to a certain resonant energy (the so-called absorption edges) of the target, 

which is the exact energy difference between the atomic core level and a valence band level 

above the Fermi energy. This ‘resonance’ is one of the most powerful aspects of RIXS 

because one can enhance the cross-section of excitations by three or more orders of 

magnitude. For example, when we use Ni L-edge as an incident photon energy, an electron 

at 2p core level is excited to empty 3d states. After a short time, depending on the type of 

excitations, another electron fills the core hole with scattered photon leaving an excited 

states in the sample. As one utilizes the resonant energy, it is possible to measure magnetic 

excitations, or even single-magnon itself in this special case. The further features of RIXS 

will be described in the following sessions. 
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The objective of RIXS is to observe dispersion of excitations. This means we can measure 

both the energy and momentum loss. As we choose the energy and momentum of the 

incident x-ray beam, it is possible to calculate the energy and momentum losses in the 

samples by just measuring the properties of outgoing photons. From this, in principle, one 

can probe all the excitations in the sample from four elementary excitations to their 

interactions. 

 

 

Figure 1.2. The schematic view of two-step process in RIXS. 
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1.2.1 Basic principles 

 

Roughly speaking, RIXS is the combination of two distinct spectroscopies: x-ray 

absorption spectroscopy (XAS) and x-ray emission spectroscopy (XES). Typical XAS 

indicates the absorption of certain quantities of x-ray photons by a chemical elements due 

to the promotion of elements from an atomic orbital to another one. By analyzing the 

wavelength of the incident beam, one can determine the unoccupied levels because the 

results include the quantity of energy that is needed to excite an electron from a core level 

to an unoccupied level. Since the excited state is unstable, the promoted electron should be 

relaxed right after the process. The remaining energy is transferred to x-ray photon or 

another electron. This kind of electron called Auger electron can experience secondary or 

higher-order processes called total electron yield. In typical XAS experiments, one measure 

the quantity of this total electron yield or the radiative decay called fluorescence yield. On 

the other hand, XES investigates the occupied valence levels. In this experiment, the energy 

of the incident beam is not in concern as long as it is larger than the difference between the 

core and unoccupied states (Figure 1.3). Once a core hole is generated, another electron 

initially at occupied valence level fills the core hole. XES observes this process by counting 

the emitted x-ray photons. 
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Figure 1.3. Schematic diagram of the process of XAS, XES, and RIXS. XAS 

investigate the unoccupied valence levels while the XES observes the occupied valence 

level [Ref.1.42]. 
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These two traditional experiments are complementary tools to each other since each of 

them investigates the unoccupied and occupied states, respectively. However, mostly those 

are considered to be independent. For example, the results of XES are independent of the 

characteristics of incident beam, which is a crucial factor in XAS. That is to say, XES shows 

the non-monochromatic excitations that does not have specific intermediate states. 

Different from the simple process of XAS and XES, RIXS probes the outgoing x-ray 

photons that are closely related to the energy and momentum of the incident photons. The 

excitations in RIXS can be made in two different mechanisms: direct and indirect RIXS. 

These two mechanisms can be distinguished by detailed scattering process. It is important 

to differentiate the two processes because each RIXS process allows different scattering 

channel. In case of direct RIXS, a core electron is excited into the empty state of the valence 

band, and another electron that is initially at occupied valence level fills the core hole. Thus, 

this process involves only two states of initial and final ones. The other process of RIXS is 

indirect one, which has another state called the intermediate states. The strong potential due 

to the Coulomb interaction of core hole or the Pauli exclusion principle influences the 

valence electrons in the intermediate state. This core-hole potential excites the valence 

electrons to another empty valence level in case the photo-excited electron is placed in the 

conduction band far from the Fermi level. Meanwhile, even when the core electron is 

promoted to the unoccupied valence level, there can be an indirect RIXS. In this case, the 

core-hole potential affects to valence electrons and modifies the quantity of electron such 

as spins. 
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1.2.2 Features of RIXS 

 

RIXS has several advantages in studying solid materials compared to other spectroscopies 

since it utilizes resonant x-ray sources. First of all, x-ray photons enable researchers to 

explore the large scattering phase space compared to optical photon, neutron, or electron 

sources. It is because the wavelength of the x-ray has the order of a few angstroms, which 

is relatively comparable to the interatomic lattice spacing in solids. For example, the wave 

length of optical photons in visible light is in the order of hundreds nm. If we assume that 

the wavelength of the optical photon is 500 nm, then their limit of momentum transfer is 

about  , which is two or three order smaller than the 

momentum at the edge of the Brillouin zone of typical solids. On the other hand, photon 

carries much larger energies than neutron or electron that has same particle momentum as 

shown in Figure 1.4. This means RIXS can measure much higher energy losses than other 

inelastic scattering experiments using electrons or neutrons. 

Another big advantage of RIXS comes from ‘resonance’. While the inelastic x-ray 

scattering only detects the interactions among the charge and lattice of the sample, RIXS 

can detect the quantities that is related to spin DOF. The resonant energy enhances the 

intensity of the dipole and even the quadratic terms in the scattering form facters, i.e. 

increases the cross-section, which is almost neglected in non-resonant scattering 

experiments. In addition, As the energy of incident beam is tuned to specific energy, which 

corresponds to the atomic transition, one can choose specific atoms in the sample. The 

quantity of atomic transition (the so-called absorption edge) is a unique property of atoms, 
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and even can be distinct depending on the chemical bonding, valencies or position of ions 

in solids. This charateristics of edge makes RIXS possible to measure specific ions in the 

sample. For example, in the thin film experiments like SrRuO3 on SrTiO3 substrate, both 

the sample of interest and the substrate have oxygen ions. However each oxygen ion has 

different chemical bonding in different circumstance so it is possible to choose incident 

energy to investigate the sample of interest from XAS results (Figure 1.5). In addition, by 

tuning the incident energy to different absorption edges of same chemical element, one can 

measure different types of spectra with changing the intensity of each excitations. 

 

Figure 1.4. Kinetic energy and momentum carried by the photon, electron and 

neutron [Ref.1.31]. 
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Figure 1.5. Absorption edges of different chemical elements [Ref. 1.32,33]. 

 

Third, by changing the polarization of the incident beam, one can choose certain orbitals 

with different symmetry. The distinct orbitals in the same element have their own 

geometrical features as shown in Figure 1.6. One can enhance the cross-section of the 

certain orbitals by choosing different polarization. For example, if one use grazing 

geometry and use linearly polarized beam, it will be possible to probe the orbitals that 

aligned to out-of-plane or in-plane separately. In addition, the change of polarization of the 

photon means the change of an angular momentum. Thus, if it is possible to measure the 

polarization of scattered photons, one can investigate the additional nature of excitations.  
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Figure 1.6. The real part of the angular wave functions of five d orbitals. In the cubic 

crystal field, the degeneracy is lifted two eg orbitals and three t2g orbitals [Ref.1.41]. 
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RIXS has another advantage of choosing the sample to measure. As the typical penetration 

depth of x-ray is order of  m depending on its energy, RIXS has bulk-sensitivity. 

Compared to photoemission spectroscopies, which can only detect the sample surface, 

RIXS investigate the excitation from the scattering far from the surface of the sample. 

 

1.2.3 Elementary excitations in strongly correlated systems 

 

In condensed matter physics, there are four fundamental DOF including charge, orbital, 

spin and lattice. As I mentioned above, in principle, it is possible to access to all kinds of 

excitations with RIXS. Here I discuss how one can detect different elementary excitations 

related to each DOF and their approximate energy scales: charge-transfer (CT) excitations, 

orbital excitations, magnetic excitations and phonons. 

 

Figure 1.7. Elementary excitations in solids and their approximate energy scales in 

strongly correlated [Ref.1.31]. 

 



 
 
 
 
 

Chapter 1. Introduction 
 

15 

The CT excitations refer to the energy needed to transfer an electron from one site to 

another. The electrons in the ions of the solids are localized due to the large Coulomb 

interaction between them, which restricts the movement of the charge carriers. The 

Coulomb repulsion has decisive effect on the distribution of the electrons in the ions of the 

solids. In this respect, the CT excitations provide the significant information to investigate 

the electronic band structure. For example, the CT excitations for several TM oxides such 

as cuprates and nickelates correspond to the lowest excitation across the optical band gap 

(Ref.1.34). Thus, the excitations provide the information including the size of gap, the 

electronic transport, collective quasiparticle modes and their life time. 

Depending on the type of ions where the transfer occur, we can determine the nature and 

the energy scale of the excitation. For the material I concern in this thesis, transition metal 

compounds, there are two CT processes. These processes concern the origin of band gaps 

and the nature of electron bands including valence and conduction levels. The CT 

excitations in Mott insulators, which can be explained by Mott-Hubbard theory (Ref.1.35, 

36), are related to the charge fluctuations such as  (where denotes 

there are n electrons in TM d orbital state on i site). This involves the Coulomb and 

exchange interaction (U). The other process is affected by another charge fluctuation, 

namely, ‘charge transfer (Δ)’ rather than U. Δ corresponds to the energy consumed to 

transfer an electron to TM from a surrounding ligand ( , where  denotes a 

hole in a ligand or vise versa). This kind of insulator called charge transfer insulator and Δ 

is smaller than U. Thus, U dominates CT excitations in case of Mott insulators (U > Δ) with 

the order of up to several eVs while Δ gives minimum CT excitation for charge transfer 
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insulator (U < Δ). 

Orbital excitations in RIXS account for orbital DOF in solids. If electrons have orbital 

DOF, they get two or more choices of orbitals to occupy. It is important to understand 

orbital DOF especially in the strongly correlated systems of my main interest, because the 

electrons with orbital DOF partially fill the outer shell. As a result, they always involves 

magnetic properties. The Coulomb interaction between overlapped orbitals also can 

influence on the lattice. Like this, the orbitals with DOF are often correlated to other DOF. 

One of the most famous examples is the Goodenough-Kanamori rule [Ref.1.37, 38], which 

explains the interatomic spin-spin interactions between the ions depending on the states of 

overlapping orbitals on lattices. Thus, the understanding of orbital DOF and ground state 

can widen our knowledge of various emergent phenomena in strongly correlated systems.  

The simplest case of orbital excitations in RIXS is crystal-field transition commonly shown 

in Mott insulators. The crystal field involves the degeneracy breaking in orbital energy 

levels due to the local environment in the crystal. Once the orbital levels are split with 

crystal field, an electron in an orbital can be transferred to another orbital with different 

levels. In case the crystal field transitions are concerned in d orbitals, the excitations are 

called d-d excitations. Depending on the size of crystal field, one can find this excitation 

from 0.1 to several eVs in RIXS. 

Since the RIXS experiments make use of resonant process, it enhance the scattering cross-

section of the physical characteristics related to spin DOF, which cannot be detected with 

nonresonant spectroscopies. As I described above paragraph, most strongly correlated 

electron systems who carry partially filled outer shell include magnetic ions. The magnetic 
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interactions among these ions have been one of the most important and long subjects in the 

field of physics. These interactions often break the spin rotational symmetry, and result in 

magnetic ordering in the material. Once the spins form magnetic ordering, the collective 

magnetic excitations can emerge, which lead to quasiparticles such as magnons or spinons. 

Bimagnons are generated by spin-conserved process so these can be detected by TM or 

oxygen K-edge RIXS [Ref.1.39]. One should use TM L-edges to investigate magnons 

because the spin angular momentum of electrons should be 1 to form ‘single’ magnons 

compared to bimagnons. The energy of magnons is order of tens to hundreds meV for 

typical transition metal compounds. 

 

 

Figure 1.8. Collective magnetic excitations in Sr14Cu24O41 [Ref.1.40] (a) Dispersion of 

magnetic excitations in Cu L3 RIXS, (b) The momentum and energy transfer of two-

triplons in Sr14Cu24O41, (c) Polarization dependence of RIXS spectrum. 

When the quantum fluctuations or frustrations in the systems increase, this ‘strict’ long-
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range magnetic ordering often melts. In this situation, the magnetic moments interact in 

different way, which results in so-called spin liquid or spin ice states. Such states forms 

even unconventional magnetic excitations called spinons or triplons [Ref.1.40]. Those 

exitations have information about magnetic dipole-dipole interactions and the strength of 

magnetic bonds. Thus, the investigation of magnetic excitations via RIXS explains the spin 

DOS of strongly correlated systems. 

The ions in crystals lie on a periodic lattice. Each atom on the lattice interacts with each 

other, and makes a certain kind of perturbation. This perturbation induces changes in the 

distribution of charges or ions in crystal, and forms lattice displacements. These collective 

lattice excitations due to the displacement of lattice are called phonons. The study of 

phonons, modes of vibrations, is an important and fundamental part of condensed matter 

physics because of the basic physical properties such as thermal conductivity and electrical 

conductivity rely on the vibration modes of solids. The energy of phonons is much smaller 

than any other electronic excitations (~ 100 meV). It is almost at the limit of the energy 

resolutions of the state-of-the-art RIXS instrument. 

 

1.3 Outline of thesis 

 

Throughout this thesis, I investigated the elementary excitations and their collective 

phenomena in strongly correlated electronic systems using the RIXS experiments. 

Particularly, I focus on the exotic excitations emerging at two-dimensional limits. Chapter 

2 contains the experimental details including detailed sample preparations and the detailed 



 
 
 
 
 

Chapter 1. Introduction 
 

19 

information of RIXS instrument at the large facilities. In the following two chapters, I 

introduce two case studies of using the RIXS technique. In Chapter 3, the strong spin-

charge coupling and related exotic phases is investigated in the vdW antiferromagnet NiPS3 

using Ni L3 edge RIXS. As those subjects are highly attributed to the complex multiplet 

structure of NiPS3, I also describe the ground states induced by three different electronic 

configuration and their bonding states. In Chapter 4, I introduce an O K edge RIXS study 

mostly related to CT and d-d excitations. The orbital-selective quantum confinement effect 

and the metal-insulator transition in SrRuO3 is the main subject.  
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Chapter 2  
Experimental Details 

 

 

 

2.1  Sample preparation 

 

In this section, I introduce the process of sample preparation for the RIXS experiments. 

The process includes both sample growth and alignment. First of all, the synthesis of high 

quality single crystals is essential to performing RIXS experiments. One of the purposes of 

RIXS is to investigate the momentum dependence of excitations along preferred 

orientations. Using single crystals instead of powder samples allows us to investigate more 

specific momentum space we want to know. The main obstacle to performing the RIXS 

experiments is the intensity with enough energy resolutions to study low energy excitations 

such as magnetic excitations. The intensity of x-ray scattering experiment signals with 

polycrystalline sample is smaller than that with the same quantity of single crystal because 

the orientation of crystals in the polycrystalline sample is randomly distributed. For this 

reason, we need high quality single crystal samples without defects or disorder. 

The next step of sample preparations is to identify the orientation of samples. This step is 

crucial to studying the dispersive characteristics of the excitations in Brillouin zones. One 

can reach a particular point in the Brillouin zone by aligning the sample properly. Here I 

describe the basic principle of the single crystal x-ray diffraction with four circle 
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diffractometer and explain a way how to align the sample with this tool. 

 

2.1.1 Chemical vapor transport method 

 

 The chemical vapor transport (CVT) technique is known as a famous way to get a large 

sized of single crystal, especially in case of van der Waals (vdW) materials such as TM 

dichalcogenides and TM phosphorus trichalcogenides [Ref.2.1]. The term of ‘chemical 

vapor transport’ indicates the multi-step reactions involving several phase transitions of 

reactants usually from gas to solid or vise versa. However, the proper phase can be obtained 

with the presence of another reactant, so-called the transport agent, which helps the 

volatilization and deposition of main reactant. The deposition typically happen in the 

different place of volatilization when there are distinct external conditions, in my case it is 

temperature, for pertinent chemical equilibrium of crystallization. 

 In principle, there can be two practical ways of CVT method in real laboratory with open 

and closed systems. An open system usually can be applied to quartz or ceramic tubes with 

both end side opened. The solid state of the source reactants should be kept at a certain 

position and the transport agent flows continuously over the source. The deposition will 

take place at the different position with proper external conditions. One can make use of a 

sealed ampoule in case of a closed CVT system (Figure 2.1). In this situation, the transport 

agent is kept in the ampoule so much less agent is needed. Most common selection of this 

method is a sealed quartz tube with the length of 10 to 20 cm and diameter of 1 to 2 cm. 

Different from the growth condition, one can modulate the pressure inside the quartz tube 
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by controlling the amount of source reactants and transport agent. This pressure usually 

differs from 0.5 to 3 bar depending on the target crystals. 

 There can be several conditions for experimentalists to consider when trying crystal 

growth with CVT method. First of all, one should be considerable to choose the phase of 

reactant whether a pure element or polycrystalline crystals, and the suitable transport 

chemical for the crystal growth. In addition one can also control the several conditions 

including pressure and temperatures for volatilization of reactant and deposition of crystal. 

For the selection of these conditions, some general qualitative calculation should be 

preceded described in Ref.2.1. 

 Figure 2.1 shows a simple process of the CVT method to synthesize van der Waals NiPS3 

single crystals. Starting materials are mixed in a proper stoichiometric ratio as a powder 

and placed at the end of the quartz tube. I added solid state of sulfur or iodine as a transport 

agent to select, which can be easily volatilized at low temperature. Then, these mixed 

materials are sealed in a quartz ampoule under vacuum pressure lower than 0.01 Torr to 

prohibit the access of oxygen, and placed into a horizontal 2-zone furnace with a certain 

temperature difference as shown in the inset graph in Figure 2.1. 

 After the growth, all samples are immediately subjected to chemical analysis using a 

COXI EM-30 scanning electron microscope equipped with a Bruker QUANTAX 70 energy 

dispersive x-ray system to find the 1:1:3 stoichiometry of all the samples used in this thesis. 
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Figure 2.1. Schematic view of the entire process of chemical vapor transport method 

using two-zone furnace.  

 

2.1.2 Single crystal x-ray diffraction 

 

 After the crystal growth by the CVT method, we need to determine the orientation of 

single crystals. The single crystal x-ray diffraction (SC-XRD) is a useful method to identify 

the crystal structure and the orientation of single crystal samples. Once a sample is mounted 

on the sample stage, x-ray beam is irradiated to the crystal. The scattered x-ray photons 

interfere with each other following the Laue conditions and the constructive interference 

makes strong signals on the detector. By analyzing the positions and intensities of the peaks, 

the crystal structure of the sample can be verified. There are several advantages to utilize 

this technique compared to powder XRD. First, it allows experimentalist to observe larger 

number of Bragg peaks than possible with the powder XRD diffraction. One can also 

collect a few thousands of Bragg peaks by SC-XRD while the randomly distributed 

orientation of polycrystalline sample only allow to measure a much smaller number of 
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concentric circle signals. There should be always ambiguity by average effects under 

powder XRD, which makes weak reflections buried in a strong background. Therefore, one 

can get much more and accurate information about the samples from SC-XRD, which 

enables to identify small difference in the structures, tiny defects, or distortions on the 

crystal.  

To perform the SC-XRD, I utilized the XtalLAB P200 (Rigaku, Figure 2.2), which is 

equipped with a four circle diffractometer. The diffractometer has four different motors: 

three ( ) on the sample state and one on the detector. The x-ray source is molybdenum, 

which emits 0.7107 . Figure 2.3 shows the mounted NiPS3 single crystal and the analysis 

result. 

 

Figure 2.2. Picture of single crystal x-ray diffractometer (XtaLAB P200, Rigaku) and 

the four motors in this instrument. 
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Figure 2.3. Picture of NiPS3 single crystal mounted on the sample stage and the 

analysis results from the SC-XRD. 

 

2.2  RIXS experiments in large facilities 

 

RIXS experiments need high incident photon flux to get enough energy resolutions in 

reasonable time and the energy-tunable x-ray source to tune the incident energy to 

particular edges for resonance. To satisfy these requirements, we utilize high-brilliance 

synchrotrons. For my research described in Chapter 3 and 4, I visited two different 

beamlines: I21 at Diamond Light Source (DLS), UK, and ADRESS at Paul Scherrer Institut. 

Following sections introduce the experimental details of the RIXS experiments I performed. 
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2.2.1 Choice of incident energy 

 

Researchers who perform RIXS experiments should first choose the proper absorption 

edges, which can provide the physical information of interest. X-ray absorption edges can 

be classified into several groups such as K, L, and M edges depending on the core level as 

shown in Figure 2.4. X-rays of K edges excite the electrons at 1s orbital and L edge 

promotes the electrons from 2s or 2p orbital. L edges can be divided to three detail 

categories. The core level of L1 edge corresponds to 2s, L2 edge does to 2p1/2, and L3 edge 

does to 2p3/2. The classification or x-ray absorption edge is crucial for those who perform 

RIXS experiments since the spectral weights are quite different at different edges. Among 

the various edges, TM L and K edges or oxygen K edges are most commonly utilized. 

 
Figure 2.4. Classification of x-ray absorption edges. 
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Different from K edges, TM L edges have distinct features. The core electrons at 2p 

orbitals are excited to d orbital when the incident beam is tuned to TM L edges. It means 

that experimentalist can observe d orbitals directly. That is to say, the dipole transitions 

directly involves the d orbitals. This makes the spectral weights of d-d excitations or other 

orbital excitations enhanced as compared to K edge RIXS experiments. Another powerful 

advantage of TM L edges is opportunity to observe excitations related to ‘spin-flip’ 

processes. A good quantum number of core hole is the total spin angular momentum J 

(=L+S), not S, due to the large spin-orbit coupling of p orbitals. For this reason, the spin 

angular momentum S does not need to be conserved in the intermediate state. In the 

intermediate process of RIXS, spin can be flipped or form ‘spin waves’. As a results, one 

can study ‘single’ magnon excitations or ‘spin-flip’ excitations. 

The K edges excite the 1s core electron to 4p or 5p orbitals, which means that the dipolar 

transition does not involve the d orbitals. The transitions to d orbitals are quadrupolar and 

their spectral weights are relatively small. Instead, the dipole transitions from 1s to 4p 

orbitals shows stronger intensity. Hence, K edge RIXS is a better tool to study the charge-

transfer excitations rather than d-d excitations or magnons. Unlike L edges, spin angular 

momentum S should be conserved during all RIXS process in K edges since there is no 

spin-orbit coupling for the core hole. Spin-conserving magnetic excitations such as 

bimagnons are still observable, but single magnon is not. For the TM K edges, they are in 

the hard x-ray region having larger energy, which makes it possible to investigate a wider 

range of phase space including both energy and momentum. O K edge can be used as an 

alternative tool of TM edges when both TM L and K edges are impossible to be accessed 
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[Ref.2.2]. As TM element often hybridizes with surrounding oxygen in TM oxides, one can 

still get enough information about charge transfer excitations or d-d excitations. 

Choosing an absorption edge is not a final step of confirming the incident energy. Before 

performing high statistics RIXS scans, in real experiments one needs to get fluorescence 

XAS spectrum and rough RIXS maps around absorption edges. Since XAS contains the 

information about the unoccupied valence levels, each energy of XAS peak enhances the 

different features. At L edges, one often observe a main absorption peak and a satellite peak 

above the main peak. The main line shows the transition of the metal center itself while the 

satellite energy emphasizes the charge transfer features. I will show some related results in 

Chapter 4. 

One can also observe several different absorption peaks near K edge. The weak pre-edge 

peak below the main peak enhances the direct transitions to d orbitals, which is similar to 

an L edge RIXS. On the other hand, the main peak contains more information about the CT 

excitations as I described above paragraph. 

 

2.2.2 Single crystal experiment on I21 at DLS 

 

 The I21 beamline at the Diamond Light Source (DLS) is a newly constructed second-

generation RIXS facility (Figure 2.5). It provides a highly focused (in space) and highly 

monochromatized (in energy) X-ray beam. The I21 beamline features an energy resolution 

of about 35 meV (20 meV) at 1 keV (500 eV) being one of the best RIXS instruments. Such 

high resolution enables the delicate studies of low energy excitations such as magnetism 
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and spin-orbit physics in aforementioned systems. 

 

 

Figure 2.5. Picture of I21 at DLS and the schematic view of beamline from the 

undulator of synchrotron to detector across five different mirrors, sample and grating 

[Ref.2.4]. 

 

 I carried out the Ni L edge RIXS experiments on NiPS3 single crystal to investigate the 

unconventional magnetic excitations and related collective excitations. I prepared the 

single crystal of NiPS3 whose size is about 1 mm* 0.7 mm by the chemical vapor transport 

method and direction is verified by SC-XRD (Figure 2.3). The sample has been mounted 

on the copper sample holder with silver paint and the surface of the sample has been cleaved 

with Scotch tape to get clean and flat surface. 

 Since the main question of our study is the collective magnetic excitations and d-d 

excitations of Ni, the energy of incident beam was chosen to Ni L3-edge. The energy 
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resolution of RIXS in this study is 33.24 /meV, which is enough to investigate the single 

magnon dispersion from the previous studies [Ref.2.3]. We fixed our detector at 140 , 

which is the largest value in I21, to explore a wide area in the phase space of NiPS3. The 

Q|| values along b* axis change from 0 to 1 by the variation of θ, which is the angle between 

the incident beam and the sample surface. To confirm the origins of each peak, the 

temperature of the sample was changed from 14 to 300 K. 

 

2.2.3 Thin film experiment on ADRESS – X03MA at PSI 

 

 ADvanced RESonant Spectroscopies (ADRESS) is a RIXS beamline installed in the 

Swiss Light Source (SLS) at the Paul Scherrer Institut (PSI). It provides a soft x-ray 

radiation whose energy range is from 300 to 1800 eV and high resolution of 70 meV at 1 

keV [Ref.2.5]. It utilizes the collimated-light PGM optical scheme (Figure 2.6). The figure 

2.7 shows the high photon flux at the 0-180  variable linear polarizations, which enables 

the thin film experiment as a function of polarization. 

 I carried out O K edge RIXS at the ADRESS [Ref.2.5, 6] on the SrRuO3 thin films. The 

energy of the ruthenium L edge ( 3 keV), however, just happens to be situated in between 

soft and hard x-ray regimes. For this technical reason, it is not easy to get enough photon 

flux and energy resolution at the Ru L edge, which makes it experimentally challenging to 

do RIXS at the Ru L edge. Instead, I carried out our experiment at the oxygen K edge to 

study the charge dynamics of the Ru 4d orbitals while varying the thickness of thin-film 

samples.  
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Figure 2.6. Schematic view of ADRESS [Ref.2.5] 

 

  

Figure 2.7. The photon flux with different polarizations: Linear horizontal (LH), 

linear vertical (LV) and circular (C) polarizations.  



 
 
 
 
 

Chapter 2. Experimental Details 

35 

 The energy resolution is less than 70 meV by checking the full width at half maximum of 

the elastic line from diffuse scattering at a carbon tape reference. All our samples were 

aligned with a grazing angle (θ =15 ) to increase the scattering cross-section especially for 

ultrathin samples. The scattering angle from the incident beam to the detector was fixed to 

130◦, with a corresponding momentum transfer of q||. We employed two different 

polarizations for our experiments: linearly vertical (σ) polarization is parallel to the sample 

plane, and linearly horizontal (π) polarization is nearly perpendicular to the plane. Thus, 

the former is more sensitive to the px (py) orbital, while the latter is more sensitive to the pz 

orbital due to the incident angle. All experiments were performed at 20 K. 
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Chapter 3  
Exotic magnetic excitations in van der Waals 
antiferromagnet NiPS3 

 

 

 

3.1 Magnetism in two-dimensional van der Waals materials 

 

 Two-dimensional (2D) magnetism has played a very significant and special role in 

advancing our fundamental understanding of magnetism [Ref.3.1-3.6] and the advance in 

state-of-the-art technology [Ref.3.7]. The discovery of graphene using mechanical 

exfoliation with adhesive tape [Ref.3.8] rapidly enlarges the field of so-called van der 

Waals (vdW) material, which has a layered structure and a relatively weak vdW interaction 

between the layers. This revolution of vdW materials also opens up another opportunity of 

2D magnetism, so-called vdW magnetic materials [Ref.3.9, 3.10]. In this section, I 

introduce the theories on 2D magnetism and the exotic phases of vdW magnetic materials. 

 

3.1.1 Fundamental theories on 2D magnetism 

 

 A field of magnetism has been studied nearly three thousand years since Greek scholars 

found a lodestone [Ref.3.11]. However, the systematic investigation of magnetism in 

condensed matter started in 19th century by P. Curie, M. Curie, and P. Weiss. In addition, 
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the modern understanding of magnetism with the theoretical explanation about the 

electrons started in 20th century only after the advent of quantum mechanical models by E. 

Ising [Ref.3.12] and W. Heisenberg [Ref.3.13]. The early theories have successfully 

described the interaction between the spins in condensed matter and even been used until 

now. For example, the Heisenberg model is a fundamental model of long-range magnetic 

orderings such as ferromagnetic or antiferromagnetic ordering, which can be described as 

 

where  is an exchange constant and Si is a spin at site i. It gives a clear and accurate 

description of magnetism in traditional bulk samples whose interactions are in three 

dimension. However, when it comes to 2D limits. 2D magnetism shows quite distinct 

behavior from the traditional 3D magnetic ordering because the effects of spin fluctuations 

get enhanced [Ref.3.4]. The strengthened spin fluctuations make the symmetry-broken 

ordering unsustainable, which disturb the long-range ordering. There are several well-

established theories for 2D systems such as the Mermin–Wagner theorem for two 

dimension[Ref.3.3], the Onsager solution for Ising-type magnetic ordering [Ref.3.4], and 

Berezinskii–Kosterlitz–Thouless (BKT) transition in the XY model [Ref.3.1, 3.2]. 

 Mermin-Wagner theorem describes how the variation of dimension affect to the long-

range magnetic ordering in the solids. The theorem is stated in Ref.3.3. “The one- and 

two-dimensional isotropic Heisenberg models with interactions of finite range can be 

neither ferromagnetic nor antiferromagnetic at non zero temperature.” According to 

this statement, there cannot be traditional long-range magnetic ordering whose origin is the 
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broken continuous rotational symmetry and the short-range interaction. This theorem can 

also be understood as the excitations of spin waves prohibit the magnetic order. 

 For example, in the isotropic ferromagnetic case, the dispersion relation for the spin waves 

can be calculated using the Hamiltonian for the Heisenberg model, which describe as 

 

where q is the wave vector and a is the distance between spins. If we think of small q, 

 

so that . The magnon DOS, N(E), over the d-dimensional q space is written as  

 

since the volume element is proportional to . Thus the magnon DOS is constant in 

two dimension. On the other hand, the number of magnon modes excited at temperature T, 

nmag, can be calculated by integrating the magnon DOS over all frequencies after 

multiplying the Bose factor [Ref.3.11] because magnons are bosons: 

 

When the N(E) is constant like 2D ferromagnet, this integral diverges logarithmically. This 

implies that the magnetization becomes zero at any finite temperature, which means the 

breakdown of magnetic order. From the calculation, we can know that magnetic order for 

isotropic Heisenberg model cannot survive because spin waves are easy to be excited 

infinitely at finite temperature. It is easy to misinterpret this theorem as any magnetic 

ordering cannot exist in two dimension. However, we need to focus on two important 

assumption: the ‘isotropic’ and ‘finite-range’ interactions. 
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 For example, if there is an easy axis or single-ion anisotropy in the system, the magnon 

dispersion should be expressed in different way such as 

 

where A( > 0) and B are constant. In this case, the number of magnons does not diverge at 

finite temperature since the integral has a lower boundary. If we think of long-range 

interactions such as dipolar interaction, the magnon dispersion should be changed again 

such as 

 

In this case, the integral for magnon numbers does not diverge like the anisotropic case 

either because the magnon DOS is now proportional to . Thus, the magnetic ordering 

in two dimension can be stabilized by the anisotropy or long-range interaction, which 

makes a gap at the low-energy modes. 

 From the more generalized form of Heisenberg-type Hamiltonian, 

 

there exist three famous magnetic orderings known as 2D Ising-type, XY-type, and 

Heisenberg-type (Figure 3.1). When the magnitude of  is much larger than that of , the 

magnetic ordering can be of 2D Ising-type as established by L. Onsager [Ref.3.4]. The 

Ising-type Hamiltonian only allow the spins in the lattice to flip, which means they only 

have DOF in one direction. 
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Figure 3.1. The schematic view of three different types of magnetic ordering in 2D 

limits. The left shows the Ising type that has only 1D DOF, the middle model 

corresponds to XY-type, and the right one does to Heisenberg-type [Ref.3.10]. 

 

 

Figure 3.2. The schematic view of vortex-antivortex pairs in the lattice [Ref.3.15]. 



 
 
 
 
 

Chapter 3. Magnetic excitations in NiPS3 

42 

 In the other limit of , the magnetic moments have DOF in two directions, which is 

called XY-type interaction. One of famous examples having XY-type interaction is the BKT 

transition [Ref.3.1, 3.2], which introduce a new class of topological order. The topological 

order is related to the vortex-antivortex pairs defined by the opposite winding numbers 

[Ref.3.15]. The vortex and the antivortex should be formed in the lattice simultaneously, 

and stabilize the locally ordered states such as a magnetic skyrmion [Ref.3.16]. 

 

3.1.2 Magnetic van der Waals materials 

 

 Although the fundamental understanding of 2D magnetism is quite well-established as I 

described in the previous sessions, the experimental observations have not been realized 

until quite recently. The main obstacle of this finding proper materials, which one can use 

to produce a clean magnetic monolayer. The discoveries of magnetic vdW materials such 

as TM dichalcogenides [Ref.3.17-3.20] and TM phosphorus trisulfides (TMPS3; TM = 3d 

transition metals) [Ref.3.21-3.24] open a window of new opportunities to investigate the 

fundamental theories of 2D magnetism, which is induced by the strongly enhanced spin 

fluctuations. The spin fluctuation itself can be an important subject that has an opportunity 

of new quantum phases, such as the suppression of topological order. 

 In addition to the fundamental issues of 2D magnetism, the novel phenomena and the 

application to the industries is another attractive aspect of magnetic vdW materials (Figure 

3.3). One of the advantages to use vdW materials is the demonstration of new system by 

stacking the distinct materials. Different from the film growth, vdW materials do not 
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require the so-called lattice matching for fabrication of the heterostructures. Thus the 

choice of material and method, such as angle, to make heterostructures is much wider than 

in any other materials. For example, the recently found moiré pattern [Ref.3.25] can be 

obtained only with the vdW materials. The unique feature of heterostructures with vdW 

materials enables the spin DOF in one material to couple with the external perturbations 

from other materials beyond the internal coupling. This would also make possible the 

emergence of novel quantum phenomena such as quantum spin liquids, unconventional 

superconductivity in two dimensions, fractionalization of quasi-particles, and quantum spin 

Hall effects. 

 

 

Figure 3.3. Possible physical issues and phases in magnetic vdW materials [Ref.3.10]. 
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3.2 Magnetic structure of NiPS3 

 

 NiPS3 has a layered structure with Ni2+ ions forming a honeycomb lattice in ab plane and 

each layer interacts with vdW forces. It belongs to a new class of 2D antiferromagnets 

TMPS3 whose members have an isostructural monoclinic C2/m space group but different 

type of magnetism depending on the TM. For instance, the magnetic interactions in FePS3 

is explained by Ising-type Hamiltonian while MnPS3 has a Heisenberg-type 

antiferromagnetic ordering [Ref.3.21, 3.26]. It is verified that XXZ-type model 

Hamiltonian explains correctly the magnetic structure of NiPS3 by the optical Raman 

spectroscopy [Ref.3.24] and the inelastic neutron scattering [Ref.3.27]. The first nearest-

neighbor exchange parameter has a positive value (ferromagnetic) and the third nearest-

neighbor exchange is large but antiferromagnetic. These exchange values construct a 

zigzag spin ordering as shown in Figure 3.4. 

 In addition to its unique 2D magnetism, a self-doped hole due to a small charge transfer 

(CT) in NiPS3 is another interesting aspect (Table 3.1). The energy needed to transfer an 

electron from Ni ions to S ions is small enough to stabilize the self-doped ground state. 

This makes complex ground states (Figure 3.8) and unusual Ni-S singlet states (Figure 

3.10). The exotic singlet states can be localized due to the strong spin-charge coupling in 

NiPS3.  
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Figure 3.4. The different types of antiferromagnetic ordering in TMPS3 materials. (a) 

XY-type model of NiPS3 and CoPS3, (b) Heisenberg-type model of MnPS3, and (c) 

Ising-type model of FePS3 [Ref.3.26]. 

 

3.3 Ni L3 edge RIXS on NiPS3 single crystal 

 

 In the following sections, I present the result of Ni L3 edge RIXS, and discuss about the 

magnon dispersion and the collective excitations related to spin-charge coupling. First, I 

introduce the configuration interaction calculation and the multiplet structure with different 

symmetries. Using these results, the strong spin-charge coupling will be investigated via 

XAS and RIXS spectra. In addition, the spin dynamics confirms the proposed XXZ-type 

model Hamiltonian from the low-energy spectrum of high-resolution RIXS experiment on 

several different temperatures across the transition temperature. 
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3.3.1 Result: XAS and overall RIXS spectra 

 

 The fluorescence XAS experiments provide the abundant information about the valence 

states and help to choose a proper incident energy for RIXS. Especially, for the NiPS3 case, 

the investigation of valence levels is rather significant because it has an issue of negative 

charge transfer [Ref.3.28]. We found two main absorption peaks in our XAS data taken 

around Ni L3 edge as shown in Figure 3.5. The strongest on-resonance peak emerges at 

857.2 eV and a satellite peak exists at 858.1 eV, which seems like a shoulder of the first 

peak. Each absorption with different energy implies the different ground and excitation 

states according to the valence state and orbital configuration of Ni ions. In general, the on-

resonance absorption line mainly probes the transition related to the metal center while the 

CT features are emphasized in a slightly higher energy region [Ref.3.29]. For instance, the 

first absorption peak predominantly originates from a Ni   configuration to the 

unoccupied valence state with a   electronic configuration, where   denotes a core 

hole. On the other hand, the satellite peak at 858.1 eV emerges due to the excitation from 

 to  states, where  indicates a hole in the ligand (sulfur). We confirmed 

the origins of absorption peaks from the configuration interaction (CI) calculations with a 

NiS6 cluster model (see the multiplet structure in Section 3.3.2). The results of XAS with a 

main absorption peak and three satellite peaks agree with the previous study [Ref.3.28], 

which predicted originally the negative CT. Synthetically considering both XAS and RIXS 

results with CI calculations, however we concluded that CT value may not be negative 

unlike the earlier expectation. Although the CT energy is not negative but positive value, it 
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is small enough to make a  ground state stable.  

 

Figure 3.5. The results of fluorescence XAS of NiPS3 near Ni L3 edge at 14 K. The 

black and red lines show the experimental results with linear vertical and horizontal 

polarizations. The blue and purple bar graphs demonstrate the distinct multiplet 

ground states calculated by configuration interaction calculations with a NiS6 cluster. 

The main absorption peak A is located at 857.3 eV, and there are several satellite peaks 

above the main line. Among the satellite peaks, the first satellite peak B at 858.1 eV 

originates from the  ground states. 

 

 A RIXS map depending on the incident energy of NiPS3 at 14 K is displayed in Figure 

3.6. The presence of constant energy loss d-d excitations extended from 1 to 2 eV indicates 

the localized character of the Ni 3d states. Another remarkable feature of the energy-detune 

map is that a sharp peak emerges at the energy loss of 1.45 eV especially when the incident 

energy is tuned to 858.1 eV. This incident energy corresponds to the satellite absorption 

line whose multiplet ground states predominantly have a  configuration. This implies 

that the RIXS spectra at 858.1 eV involves the enhanced CT feature as expected. That is to 
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say, a sharp peak at 1.45 eV contains a noteworthy information about CT. 

 

Figure 3.6. (a) The experimental results and (b) theoretical description of RIXS maps 

as a function of incident energy containing a main absorption and a satellite peak 

region. The red dashed lines on both maps indicate the energy where the sharp peak 
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at 1.45 eV has the strongest intensity, and the energy corresponds to the satellite peak 

in XAS. 

10Dq        

1 0.08 8 14.68092 9.11772 11.5 6.1773 4.6304 

        

2.6334 0.95 -0.55 1 0 -0.74 0.4  

Table 3.1. Physical parameters for the CI calculation in units of eV. 

 

3.3.2 Discussion 1: Configuration interaction calculations 

 

 We performed the CI calculations of both NiS6 and Ni2S10 clusters for microscopic 

understanding of Ni L3 edge RIXS spectra. The clusters are assumed to have open boundary 

as shown in Figure 3.7. The Hamiltonian we employed in this study can be written as 

 

, where , , and  represent Hamiltonians describing the local energies of Ni 3d 

valence, Ni 2p core, and S 3p ligand orbitals, respectively [Ref.3.30].  refers to the 

Coulomb interaction between Ni 3d valence and Ni 2p core orbitals.  is the hopping 

Hamiltonian between Ni 3d valence and S 3p ligand orbitals.  

  is composed of the cubic crystal field 10Dq, the spin-orbit coupling (SOC) , and 

the Coulomb interaction among Ni 3d orbitals. The first three terms (   

survive in Slater-Condon parameters used to calculate the Coulomb interaction. When we 

consider , each Ni 2p core level is separated by a spin-orbit coupling . The SOC of 
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ligand is neglected and the Kanamori-type Coulomb interaction is applied among ligand 

orbitals. In the process we express the Coulomb interaction between Ni 3d valence and S 

3p ligand orbitals, there are four Slater-Condon parameters nonzero elements 

( ). 

 We manipulated two CT energies   and   in the absorption process, where  

indicates the strength of CT from   to   and   involves CT from   to 

. Note that the difference of these two CT corresponds to the difference of Upd and 

Udd. Our selection of the parameters used in  are presented in table 3.1. The value of 

 parameter has been determined as  is known to be about -1 to -2 eV [Ref.3.31].  

 

 

Figure 3.7. Schematic diagrams of NiS6 and Ni2S10 clusters with open boundary 

condition. x, y, z (marked as black arrows) are the local coordinates of NiS6 octahedron 

where a, b, c (marked as blue arrows) are global coordinates of lattice. 

, , and . 
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 As the Ni L3 edge RIXS observe the direct dipolar transitions, the XAS intensity  is 

described as  

 

where  is the number of Ni sites,  and  are incident energy and broadening, 

and  is the unit vector of  coordinate axis.  is the dipole operator given 

as 

 

where  and  are wave functions of Ni 3d orbital μ and Ni 2p orbital m, respectively. 

The XAS calculation results are in Figure 3.5. 

 Utilizing the Kramers-Heisenberg formula [Ref.3.32], the RIXS intensity is given as 

 

where  and  when an incident (outgoing) x-ray has energy 

  (  , momentum  , and polarization  . The dipolar transition is 

involved in  described as 

 

where  is the position of j-th Ni site. Figure 3.6. includes the theoretical demonstration 

of RIXS using these relations. 
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3.3.3 Discussion 2: Multiplet structure of NiS6 

 

 The close investigation of the multiplet structure gives a significant information for 

understanding of the feature of each peak presented in XAS and RIXS spectra. Figure 3.8 

shows the Tanabe-Sugano diagram as a function of hopping strengths between Ni 3d and S 

3p orbitals (   and  ) when   eV and Ni 2p core are ignored. The other 

remaining parameters used for the CI calculations of XAS and RIXS are shown in Table 

3.1. When the hopping strength is zero (r = 0), a  multiplet structure is composed of 

several states such as  

 and  in the cubic crystal field consistently with 

previous literatures [Ref.3.33]. When the hopping strengths get increased from 

 to 0.74 and 0.4 eV (r = 1),  and  multiplet states 

tend to be mixed with each other. For example, the ground states with  symmetry 

are coupled with  multiplets via the pdσ bonding. Its partial contribution of  

states changes from 0 to 41%. Multiplet states with the symmetry such as  

composed of  electronic configuration can overlap with  multiplet states 

forming the pdπ-type bonding. 

 Because the multiplet states are constituted of such bonding states, it is difficult to define 

each peak with the traditional categories of the elementary excitations such as CT or d-d 

excitations. Each peak would be rather classified based on the symmetry of excited states. 

A noteworthy example is the bonding state of  and , which is a singlet 

state with  symmetry. 
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Figure 3.8 (a) The Tanabe-Sugano diagram of NiS6 cluster as a function of hopping 

strengths between Ni 3d valence and S 3p ligand orbitals. r is the scale parameter of 

hopping strengths like 0.74  and  0.4  eV. Each line shows 

different states with distinct symmetry whose irreducible representation is marked, 

respectively. (b) Schematic diagram of bonding nature between two multiplet states 

with   and   electronic configuration. The black thick bars indicate the 

multiplet states with . The left and right side represent the - and -type 

bonding between  and  multiplets. 
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 The XAS spectrum is involves only one simple transition from Ni 3p core to empty 

valence levels, and it provides rich information of the valence levels where the core electron 

is excited to. Thus the peak positions on XAS spectra are highly dependent on the multiplet 

structure of states with  and  electronic configurations, which can be the 

induced final state from  and  ground state, respectively. Figure 3.9 presents their 

multiplet structures when  0 eV. The middle column in Figure 3.9 demonstrates the 

finals state with  0.74 and  0.4 eV (r = 1), which correspond to the 

proper values necessary to explain the RIXS experiment results as shown in Figure 3.6 and 

3.8. Because nonbonding states with  configuration are located near 1.5 eV, the 

multiplet states dominated by the state with   are spread from 0.8 to 1.3 eV. 

However, the -prominent states are distributed widely from 0 to 0.3 eV or from 2.5 to 

3 eV. Above 3.0 eV, the contribution of  states gets reduced less than 20%. Labels 

‘A’, ‘B’, ‘C’, and ‘D’ in Figure 3.5 are the peak positions of the theoretical XAS spectra. 
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Figure 3.9. Energy splitting of  and  multiplets depicted with respect 

to the difference between the incident energy ( ) and the ground energy of final 

state ( ). The second column manifests the energy splitting of multiplet states with 

the combined electronic configurations of   and   when  0.74 

and  0.4 eV (r = 1). Whereas, the first and third columns shows those for  

and  configurations, respectively, without the hopping strength. Widths of 

magenta and cyan parts of lines at second column represent partial contributions of 

 and  on the multiplet states, respectively. The black arrows marked 

with ‘A’, ‘B’, ‘C’, and ‘D’ indicate the peak positions of theoretical XAS spectra. 
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3.3.4 Discussion 3: Spin-charge coupling 

 

 The CT energy  is estimated to be about 0.95 eV in NiPS3 from the CI calculation, 

which fully explains the experimental XAS and RIXS results. Although the value is not 

negative as originally proposed [Ref.3.28], it is small enough that the S 3p ligand holes can 

be self-doped in the ground state. The ground multiplet states with the  

symmetry of the NiS6 cluster are contributed to not only the  states but also the  

states. The self-doped state, which constitute 41% of the ground state, are spin triplet states 

between the holes on Ni 3d and S 3p orbitals, so-called Zhang-Rice triplet (ZRT) states.  

 

  

Figure 3.10. The schematic view of RIXS process with a Zhang-Rice singlet state. The 

arrows painted in blue and red color imply the spin states of the holes in each orbital. 

In the intermediate state of RIXS process, the spin is flipped due to the spin-orbit 

coupling and the potential of core-hole. Once the flipped spin is transferred to 3d 

orbital, it forms the singlet state with neighboring ligands.  
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 The ZRT states originate from the strong σ-type bonding of 3d and 3p orbitals due to their 

geometrical characters (Figure 3.10). The lobes of 3p orbitals involved in the bonding point 

along the displacement between Ni and S sites. Because the bonding angle of Ni-S-Ni is 

almost 90⁰, 8 orbitals of two 3p ligand holes located at same site are almost perpendicular 

to each other at the neighboring ZRT states. Their spin states can be parallel or antiparallel 

when the spin ordering of two neighboring Ni sites is ferromagnetic or antiferromagnetic, 

respectively (Figure 3.11). 

 Figure 3.11(a) shows the schematic diagram of spin configurations when the ZRT states 

are formed at overall sites in the honeycomb lattice of NiPS3 with a zigzag-type 

antiferromagnetic order. The spins of two holes on S sites inside the green ellipsoids are 

antiparallel to each other while the ones on the other ligand sites are parallel to each other. 

Note that the exchange Coulomb interaction or Hund’s coupling prefers to the 

ferromagnetic spin order of two-hole states. That is to say, a pair of ligand holes with 

parallel spins has slightly lower energy than that with antiparallel spins due to Hund’s 

coupling energy. For this reason, S orbitals inside the green ellipsoids in Figure 3.11(a) 

would have less hole density than the others. This difference can induce the local electric 

polarization on Ni sites. When the pair of antiparallel spins are located along  from Ni 

site, the strength of the electrical dipole per Ni site is proportional to , where 

 (  ) is the hole density per ligand orbital shared by two 

ferromagnetic(antiferromagnetic)-ordered Ni ions. 

 On the other hand, these ZRT states can be excited into the Zhang-Rice singlet (ZRS) 

states through the indirect RIXS process as shown in Figure 3.10. In Ni L3 edge RIXS, the 
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spin-orbit coupling is strong enough that the valence electrons feel the core-hole potential. 

 

 

Figure 3.11. Schematic diagram of spin configurations in (a) Zhang-Rice-triplet lattice 

and (b) a Zhang-Rice-singlet excited lattice with on zigzag antiferromagnetic order. 

Large (small) red and blue arrows refer to the spin direction of Ni 3d (S 3p) holes. 

Green ellipsoids indicate edge-shared S sites in which spins of two ligand holes are 

antiparallel. A black dashed circle highlights the site of ZRS. The shaded arrow inside 

the circle represents the direction of expected electric dipole for the ZRS. 
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In addition, the good quantum number of core-hole is not spin angular momentum S but 

total angular momentum J so that S does not need to be conserved in the intermediate 

process. The spin-flip excitation ( 1) due to the strong core-hole potential can realize 

the ZRS states and can be measured via Ni L3 edge RIXS. 

 The process of the spin-flip excitation in the lattice gets slightly more complicated when 

there is a long-range zigzag antiferromagnetic order like in NiPS3. Because Ni spins are 

strongly bounded by the ordering field, the spin states of holes at S sites bonded with the 

center Ni ion can be reversed to form the spin singlet instead of ones at Ni sites. It makes 

the spins at surrounding six S sites flipped. Through this spin-flip process on S orbitals, the 

S sites initially with parallel spin pairs will have antiparallel spin pairs and vice versa. Since 

the spin configuration of ligand holes can change the hole density, the spin-flip induces the 

local electric dipole as shown in Figure 3.11(b). In summary, the electronic correlation 

effects of self-doped ligand holes result in the strong charge-spin coupling, and it leads to 

local electric dipole with the ZRS excitation. 

 As we investigated in the multiplet structure, there exists the bonding state of  

and , which is a spin-singlet state with  symmetry. The peak induced by this 

multiplet state appears near 1.44 eV in the CI calculation as shown in Figure 3.6. Note that 

this peak has maximum intensity at the incident energy of satellite absorption peak B, and 

very small peak width comparable to the elastic peak. Those characteristics of the singlet 

peak is quite distinct from the other excitations in RIXS spectra, considering the intensity 

of others is maximum at on-resonance energy (857.2 eV) and their peak width is much 

broader than the elastic peak.  



 
 
 
 
 

Chapter 3. Magnetic excitations in NiPS3 

60 

 The first feature of the peak indicates that the multiplet ground state has a  electronic 

configuration rather than . The multiplet structure shown in Figure 3.9 supports that the 

partial contribution of  dominates over  when the energy of incident beam is tuned 

to the satellite region, which corresponds to 0.8~1.3 eV above the main absorption. Because 

the ZRT states depicted in Figure 3.11 are the ground state of this peak, we can conclude 

that the excitation at 1.44 eV is attributed to ZRS states. 

 The extra-ordinary sharpness of the ZRS peak originates from the local electric field due 

to the strong spin-charge coupling. The peak width of the ZRS peak is about 40 meV below 

100 K, which corresponds to the energy resolution of the RIXS instrument (Figure3.12). 

The local field can induce the long path way, and generate a quantum phase such as 

quantum Hall effects [Ref.3.34]. In this study, we verified the large spin-charge coupling 

leads to the local electric dipole in the zigzag type antiferromagnetic ordering on the 2D 

honeycomb lattice, which makes the extremely long life time of ZRS by observing an 

extremely sharp peak in the RIXS spectra. 

 

Figure 3.12. The temperature dependence of ZRS peak. At the low temperature, the 

peak width of ZRS peak is comparable to the energy resolution. 
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3.3.5 Discussion 4: Magnon dispersions 

 

 Ni L3 edge RIXS opens an exciting opportunity to study spin dynamics by the enhanced 

intensity of dipolar transition and allows the spin non-conserving process. The 2D 

magnetism in NiPS3 itself is another interesting subject. It has been known that NiPS3 has 

the XXZ-type antiferromagnetic ordering [Ref.3.21, 3.27], which has similar Hamiltonian 

to the XY model The single magnon dispersion in NiPS3 can be obtained by the linear spin-

wave theory. In order to have the zigzag pattern magnetic structure, we used J1-J2-J3 

Heisenberg Hamiltonian for the honeycomb lattice. According to previous neutron studies 

of the J1-J2-J3 model, the zigzag magnetic structure can be stabilized by considering up to 

third-nearest neighbor interaction (J3) [Ref.3.27]. For example, when there is an 

antiferromagnetic J1, a zigzag magnetic structure has been found if both J2 and J3 are larger 

than 0.6J1. To be consistent with the experimental evidence suggesting the XY symmetry 

in the physical properties of NiPS3, we used the following J1-J2-J3 XXZ Hamiltonian as 

given below 

 

 

First three terms denote the XXZ anisotropic Hamiltonian up to third nearest neighbors 

with an anisotropy parameter α. The last terms in the bracket are single-ion anisotropies 

(SIA) along the x- and z-axes, respectively. We neglected an inter-layer coupling as it is 
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known to be smaller by two orders of magnitude than the intra-layer coupling. 

J1 J2 J3  D1 D2 

3.18 4.82 9.08 0.66 -0.89 2.85 

Table 3.2. The parameters used in spin wave calculations (in meV). 

 

 Two-magnon spectrum corresponds to the sum of the two single-magnon with a total 

momentum of q = 0. We calculated the two-magnon DOS in the following way. First, for a 

given k point of the two magnon continuum, a single-magnon dispersion is calculated at 

randomly chosen one million sampling q points using the SpinW software [Ref.3.35]. After 

that, two-magnon DOS was calculated with the following sum rule satisfying kinematic 

constraints, 

 

where   is the dispersion of the  -th magnon band. The parameters used in this 

calculation is described in Table 3.2. 

 Figure 3.13 shows the experimental and theoretical results in a low energy region. We 

successfully observed both single-magnon dispersion and bimagnon continuum. The 

dispersion of single magnon is extended from 10 to 50 meV, and the bimagnons are 

distributed up to 85 meV. The theoretical expectation is in excellent agreement with the 

experimental results. The fitting results of two-magnon peak indicates that the magnetic 

ordering disappears above the transition temperature of 160 K. 
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Figure 3.13. Magnon dispersion and two-magnon continuum in XXZ-type 

antiferromagnet NiPS3. (a) Low energy excitations in RIXS spectra with Q|| 

dependence along b* axis at 15 K. Black squares and red circles respectively 

correspond to the fitted magnon and two-magnon energies. (b) Calculated magnon 

spin waves and two-magnon DOS using parameters described in Table 3.2. (c) 

Temperature dependence of low energy excitations. The blue colored shaded peak 

shows a fitting result of two-magnon continuum at 15 K. The inset graph indicates the 

intensity of two-magnon continuum as a function of temperature. 

 

3.4 Conclusion 

 

 We investigated the strong spin-charge coupling and the XXZ-type magnetic ordering in 
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vdW antiferromagnet NiPS3. The high-resolution Ni L3 edge RIXS enables the observation 

of the spin-flip process and the single magnon dispersion. The complex multiplet structure 

attributed to the small CT in NiPS3 makes an unconventional  and  mixed ground 

state, which connected to the energy dependence of the excitations. When the ground states 

have the  electronic structure, ZRT states can be stabilized. ZRT can be excited to ZRS 

states, which induces a local electric dipoles in zigzag antiferromagnetic order on 2D 

honeycomb lattice. The verification of ZRS at 1.44 eV and its nature supports that the 

electronic correlation of S 3p ligand-hole orbitals plays an important role in the spin-charge 

of self-doped NiPS3 and the creation induces local electric fields because of the different 

behavior of the hole-density against the magnetic ordering. In addition, we got a clear 

evidence of XXZ-type antiferromagnetism in the low energy region below 100 meV. It is 

noteworthy that this observation is the first single-magnon dispersion in NiPS3 single 

crystal and the results contains both single-magnon dispersion and two-magnon continuum 

in one graph. 
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Chapter 4  
Orbital-Selective Confinement Effect and Metal-Insulator 
Transition of Ru 4d Orbitals in SrRuO3 Ultrathin Film 

 

 

 

4.1. Quantum confinement effect in low dimensional systems 

 

4.1.1. General description of quantum confinement effects 

 

 In most cases of condensed matter physics, researchers concerns the bulk properties of 

crystal. It means that the crystals of interest are often assumed to be large enough to neglect 

the impact of finite dimensions on the electronic structure compared to the effect of periodic 

potential by the lattice. In these common cases, the energy of the electrons in a valence 

band of a metal can be simply described with the propagation wave vector whose size 

, where  is the wavelength of an electron. 

 On the other hand, once the crystal gets thinner or smaller and finally the dimension of 

crystal reaches the comparable length of interatomic distances or the wavelength of an 

electron, the energy of the electron is affected by not only the periodic potential but also 

the crystal boundaries. The boundaries between the crystal ant the surrounding environment, 

or so-called boundary conditions, outside the crystal act like wells as we learned in quantum 

mechanics. The effect of the drastic change of potential at the boundaries can be explained 
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by the famous jellium model [Ref.4.1]. The Jellium model is a quantum mechanical model 

describing the interaction of electrons with the assumption that the ions are considered to 

form a uniform positive background. As a result, the wave vectors of the electrons should 

be confined inside the crystal like Figure 4.1. 

 

 

Figure 4.1. Confined electron wave vectors in ultrathin films whose thickness is from 

one to four monolayers [Ref.4.2]. 

 

 Ultrathin films and nano-wires are the famous examples of the materials that feels the 

boundaries, which results in the confinement of electrons. This phenomena is known as 

quantum size effects or quantum confinement effects (QCE). Since the electrons in these 

kinds of material affected by the boundaries, the phase difference must obey the 

Sommerfeld-Bohr quantization rule:  [Ref.4.2], where  is the 

z component of allowed wave vector, d is the thickness of crystal, (  is the phase 
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term across the boundary. These QCE can influence significantly the physical properties 

such as conductivity, surface energy, Hall effects, and chemical reactivity in the crystal 

[Ref.4.3, 4].  

 

4.1.2. Quantum confinement effects and magnetic transitions in 

SrRuO3 thin films 

 

 The QCEs in SrRuO3 thin films are first suggested by a way to explain the magnetic 

transition with reducing the thickness [Ref.4.5]. The bulk SrRuO3 has a long range 

ferromagnetic order below the Curie temperature of 160 K [Ref.4.6]. As the thickness gets 

reduced, however, the magnetic properties becomes paramagnetic instead of ferromagnetic 

[Ref.4.6, 4.7]. The ferromagnetic ground states of SrRuO3 can be described by Stoner 

model. The kinetic energy and the exchange energy compete with each other, and the 

ferromagnetic state become a ground state when , where I is the electron-electron 

interaction and N0 is the nonmagnetic density of states (DOS) at Fermi level. In addition, 

Curie temperature should change with the variation of the nonmagnetic DOS. 

 As the t2g orbitals have the anisotropic shape toward different orientations, each type of 

orbital has directional hybridizations with oxygen 2p orbitals in a RuO6 octahedron. In a 

bulk SrRuO3 case, the d orbitals of ruthenium ions interact in two-dimensional network, 

and the energy of each t2g orbital gets extended in a different plane is degenerated. However, 

when it comes to an ultrathin region, the interaction of d orbitals toward the z-direction gets 

smaller due to the geometrical restriction. For example, in a monolayer SrRuO3 [001] case, 
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there is no more orbitals pointing toward the z-direction. In this situation, the dxy orbitals 

still interact in a two-dimensional network while dxz(dyz) orbitals has a one-dimensional 

chain network. The wave functions of electrons in the material are now confined in one or 

two dimension, i.e., the film exhibits QCE. QCE modifes the DOS in ultrathin film as 

shown in Figure 4.2. The van Hove singularity in three-dimension is simple parabolic but 

it changes in low dimensional limits. The van Hove singularity is at the center of band in 

two-dimensional limit and it is at the edges of band in one-dimensional limits [Ref.4.1] 

(Figure 4.3).  

 It is notable that this systematic change of the DOS is orbital-selective. As individual t2g 

orbitals have a different network in the ultrathin film, each of them has a different type of 

van Hove singularity. While the dxy orbital has 2D van Hove singularity, the others have 

1D van Hove singularity. For this reason, the degenerate t2g levels should be split and it 

subsequently stabilizes the nonmagnetic ground state. 

 Although the change of Curie temperature in the electrical conductivity give an evidence 

of QCE in SrRuO3, direct evidence of QCE has not yet been reported in transition metal 

oxide thin films. As the QCE in the SrRuO3 thin film originates from the strong 

hybridization of Ru 4d and O 2p orbitals, I utilized the O K edge RIXS to provide an direct 

evidence of QCE by investigating CT excitations.  
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Figure 4.2. Variation of nonmagnetic and magnetic partial density of states as a 

function of thickness of films [Ref.4.6]. 

 

 
Figure 4.3. Schematic view of typical change of van Hove singularity in different 

dimension limits. 
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4.2. Metal-insulator transition in SrRuO3 thin films 

 

 Another interesting feature of SrRuO3 is its good electrical conductivity. Unlike other 

ferromagnetic materials, the conductivity of bulk SrRuO3 is high enough to make it a 

popular choice of electrode for various thin-film samples with a stable perovskite structure 

[Ref.4.8, 4.9]. For this reason, SrRuO3 has also been applied in numerous state-of-the-art 

technology such as Josephson junctions [Ref.4.10], magnetic tunneling junctions 

[Ref.4.11], Schottky junctions [Ref.4.12], field effect devices [Ref.4.13], ferroelectric 

capacitors [Ref.4.14, 4.15], and multiferroic divices [Ref.4.16]. Interestingly, it is known 

too that the metallic phase of bulk SrRuO3 is close to a transition between Fermi-liquid and 

non-Fermi-liquid states [Ref.4.17, 4.18]. Another interesting point, more relevant to my 

work, is that SrRuO3 thin films undergo a metal-insulator transition (MIT) with decreasing 

thickness, whose origin is, to date, not well understood [Ref.4.5, 4.19, 4.20]. 

 In the following sections, I will try to explain this exotic MIT including the QCE of 

SrRuO3. Figure 4.4 shows the basic idea to combine the QCE and MIT on SrRuO3 thin 

films. As I described in the previous section, QCE transforms the DOS of respective t2g 

orbitals and split the energy levels. In case the Fermi level is located between two different 

van Hove singularities, the insulating phase can be formed by confining the conduction 

electrons. Choosing the pre-edge incident energy will allow us to observe both d-d 

excitations and CT excitations involving electron-hole continuum. 
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Figure 4.4. The mechanism of orbital-selective quantum confinement effects inducing 

metal-insulator transition in SrRuO3 thin films. 

  

4.3. RIXS experiment in SrRuO3 thin films 

 

 The purpose of this study was twofold. First, we wanted to investigate the proposed QCE 

by measuring the orbital-dependent charge transfer with the high-resolution O K edge RIXS 

studies as a function of thickness. Second, we want to study how the charge dynamics 

changes across the MIT by examining low-energy excitations across the critical thickness. 

Furthermore, we tried to find a correlation between those two distinct characteristics of the 

SrRuO3 thin films. 

 

4.3.1 Results: XAS and RIXS spectra as a function of thickness 

 

 The proper energy of the incident beam was chosen through the fluorescence XAS 

experiment with different thicknesses from 1 to 33 unit cells (u.c.), as shown in Figure 4.5. 
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Figure 4.5. XAS results as a function of the thickness of the sample. An energy of 529.8 

eV was utilized for our RIXS experiments since other peaks mainly originate from the 

SrTiO3 substrate [Ref.4.23]. 

 

The first peak at around 529.8 eV gets weaker as the thickness of the samples becomes 

reduced. From the fact that the relative intensity changes for different samples and also 

based on previous XAS studies in SrTiO3 [Ref.4.21, 4.22], I concluded that peaks above 

530 eV are mainly due to absorptions from the substrates. Therefore, I chose 529.8 eV as 

the incident energy for RIXS experiment with high statistics, which is slightly lower than 

the pure O K edge. The energy difference between the pure O K edge and absorption from 

our sample comes from the hybridization energy. At O K edge region, the x-ray photon 

promotes the O 1s core electron and the photoelectron annihilates an O 2p hole, which is 

strongly hybridized to a metal d orbital. After a short time, another O 2p electron decays, 
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filling the O 1s core hole and leaving the system in an excited state. Thus, the O K edge 

RIXS here is a direct RIXS process. 

 Figure 4.6 shows RIXS results for all seven samples with different thicknesses. To explain 

the RIXS spectra, I roughly divided the spectra into two groups depending on the 

characteristic energy of the peaks and their apparent relevance to our two main questions: 

QCE and MIT. For example, on the high energy side ranging from 2 to 10 eV there are 

several strong peaks, marked as C and D. These peaks are due to the charge transfer from 

O 2p to Ru 4d orbitals and so reflect the expected change in the Ru 4d orbitals. I employed 

two different linear polarizations for the experiments: σ polarization is parallel to the 

sample plane and π polarization is nearly perpendicular to the plane. Thus, the former is 

more sensitive to the px (py) orbital while the latter is more sensitive to the pz orbital due to 

the incident angle. As a result, the orbital selective properties of QCE can be investigated 

by comparing the spectra with different polarization. 

 On the other hand, there are two relatively weaker peaks below 2 eV with a strong 

thickness dependence. These low-energy excitations can be interpreted as arising from d-d 

excitations or coherent peaks connected to quasiparticle states that are closely related to the 

metallic phase of SrRuO3. In the remainder of this chapter, I focus on the charge transfers 

to explain the QCE first and then move on to the low-energy part for the MIT. 
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Figure 4.6. (a) and (b) Overall feature of O K edge RIXS spectra with σ and π 

polarizations for SrRuO3 thin films. As the thickness decreases, the peak on the low-

energy side (dot line) becomes weaker, while the peak at 5 eV (dashed line) gets 

stronger for both polarizations. In addition to the 5 eV peak, the peak around 4.5 eV 

(dash-dotted line) also appears for the σ polarization. Note that this 4.5 eV peak 

becomes stronger below the 5-u.c. sample and shifts towards higher energy with 

decreasing thickness. (c) The whole spectrum for the 1-u.c. sample with σ polarization. 

Altogether, seven Gaussian fitting functions are needed to fit the spectra based on the 

theoretical calculations explained in discussions. Different types of peaks are marked 

by different letters in (c) [Ref. 4.23]. 
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Figure 4.7. (a) RuO6 cluster used in the configuration interaction calculation. (b) and 

(c) Schematic view of charge transfer and d-d excitations. Oxygen 1s electrons are 

excited to vacant 2p levels which are hybridized with Ru t2g orbitals. The energy losses 

should be different depending on orbitals from which the relaxation occurs. The top 

panel in (c) shows t2g-eg excitations, and the bottom one indicates the charge transfer 

from O 2p to Ru 4d levels [Ref.4.23].  
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4.3.2 Discussion 1: Configuration interaction calculations 

 

 In order to explain the peaks related to CT and d-d excitations, we performed the 

configuration (CI) calculations using two cluster models of RuO6 and Ru-O-Ru (Figure 

4.7). Each of the calculations with different clusters shows the distinct features of SrRuO3. 

For instance, the calculation with the RuO6 cluster model has the advantage of explaining 

the charge transfer between O 2p and Ru d orbitals because the cluster consists of six 

oxygen atoms. On the other hand, the calculation with the Ru-O-Ru cluster gives a better 

description of intersite d-d excitations. We note that our model calculations are acceptable 

to interpret RIXS experiments whose process is about the localized t2g orbitals in an ion. 

 These calculations can also reflect the QCE by the extra control of adjusting the amount 

of Ru d splitting. As the QCE alters the DOS of individual t2g orbitals depending on their 

geometrical character, there can be energy level splitting between dxy and dxz (dyz) orbitals. 

This splitting of t2g energy level resembles that of tetragonally distorted octahedron. Hence, 

the artificial energy splitting between Ru d orbitals is apply to realize the QCE. For example, 

we set Ru d orbitals to split into , , 

, and . It should be noted that we used an unusually large 

energy splitting between dxy and dxz (dyz) orbitals (  0.8 eV) from the results of the 

first-principles calculation in Ref.4.5, which corresponds to the energy difference between 

the 2D-type singularity of dxy and the 1D-type singularity of dxz (dyz). 

 We also take into account both the spin-orbit coupling λ and the Kanamori-type Coulomb 

interaction (U and JH) among d orbitals [Ref.4.24]. The energy levels of oxygen p orbitals 
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in the valence band can depend on whether they are hybridized with Ru d orbitals or not 

[Ref.4.25-27]. For example, O 2p orbitals are assumed in our calculations to be non-

interacting, and their energy levels are given as  for nonbonding p orbitals and  

for bonding p orbitals. Here,  is determined as , where  is the CT 

energy in the cubic symmetry defined as the energy difference between the lowest  

and  states. The hopping integrals between the p and d orbitals are parameterized by 

Vpdπ for t2g orbitals and Vpdσ for eg orbitals according to the Slater-Koster theory [Ref.4.28]. 

We used the parameters shown in Table 4.1 in order to fit the experimental RIXS spectrum. 

 For more details on our calculations, let  and Eg be the ground state and its energy, 

respectively. In the dipole and fast collision approximation, the oxygen K-edge RIXS 

intensity at zero momentum is given as 

 

And  is the RIXS scattering operator, given as 

 

where  is the creation operator of the oxygen p electron with the m = (x, y, z) orbital 

and σ spin at the ith site and  and  are the polarizations of incident and outgoing x- 

rays, respectively [Ref.4.24]. Here, δ is the Lorentz broadening, and we set δ = 0.2 eV for 

our calculations. 

 In our calculations, p-orbital states can be expressed with a linear combination of bonding 

and nonbonding states as 
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where  and  are the coefficients of the m orbital at the ith site for bonding and 

nonbonding states α and μ, respectively. Because nonbonding p orbitals are fully occupied 

in the ground state, only the annihilation operation is allowed. We can then get the 

scattering operator associated with nonbonding orbitals as follows: 

 

where . The RIXS intensity attributed to nonbonding 

p orbitals is given as 

 

The RIXS intensity attributed to the bonding p orbitals can then be calculated using the 

following relation: 

 

where 

 

 In the case of the CI calculation of a Ru-O-Ru cluster, mainly to explain the low-energy 

excitations, we directly used the equations of zero momentum case instead of considering  
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Figure 4.8. Low-energy RIXS spectra of 1 u.c. SrRuO3 with the CI calculation of a 

Ru-O-Ru cluster. The symbols represent the experimental results, while the lines show 

the theoretical results, with different colors used for the different polarizations of the 

incident beam. The peak at 2 eV shows intersite d-d excitations. 

 

bonding and nonbonding states. In addition, we restricted the Hilbert space with the 

assumption that the oxygen atom between two Ru atoms has three possible states, p4, p5, 

and p6 electron configurations. The result of Ru-O-Ru calculation is shown in Figure 4.8. 

 The peaks in the O K edge RIXS spectrum can also be categorized according to Ru 4d 

orbitals that participate in the RIXS process. Electrons in the core oxygen levels are excited 

to vacant O 2p levels that are hybridized with Ru 4d orbitals as seen in the O K edge RIXS, 

and the subsequent relaxation occurs from the occupied 2p states. Note that the explanation 

such as ‘CT excitations from O 2p to Ru 4d’ does not mean that the core electron is excited  
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10Dq          

2.1 0.8 0.4 0.1 2.0 0.3 3.3 1.6 -1.0 0.46 

Table 4.1. Physical parameters used for the CI calculations (in eV). 

 

to Ru 4d orbital level. As shown in Figure 4.7, the photoelectron always heads for O 2p 

hole strongly hybridized with Ru 4d orbitals. We can, in principle, determine the origin of 

each peak by examining the energy of the emitted photons. For example, if the electrons 

are relaxed from the 2p level hybridized with t2g levels that are located right below the 

Fermi level, the process can be considered d-d excitations. In the case of CT between the 

2p and 4d orbitals, however, the relaxation starts from the 2p states not participating in the 

hybridization. 

 

4.3.3 Discussion 2: Quantum confinement effects 

 

 According to our CI calculations, the CT excitations correspond to peaks C and D as 

observed from 2 to 10 eV. Peak C, for instance, represents the CT between nonbonding O 

2p states and Ru t2g orbitals, while peak D mainly originates from bonding O 2p states and 

Ru eg orbitals. As shown in the top graphs of Fig. 3, both peaks C and D undergo a 

considerable change depending on the thickness of the sample and the polarization of the 

incident beam. The remarkable change in peak C is clearly seen around 4.4 eV. It is notable 

that this variation occurs only for the σ polarization. Meanwhile, an additional peak 

emerges around 5 eV that is most likely due to the charge transfer between O 2p and Ru eg 
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levels in both polarization channels, but the position of the peak is slightly different 

depending on the polarization as shown in Figure 4.9. 

 The splitting of both peaks shown in Figure 4.6 and 4.9 can be taken as evidence of the 

QCE, which is more pronounced for the thinner samples. The splitting of peaks around 4 

and 5 eV reflects the energy splitting of Ru t2g and eg, respectively. Of interest, the QCE in 

monolayer SrRuO3 modifies the electronic structure, which subsequently induces the 

separate orbital energy levels depending on the geometrical characteristics of each orbital. 

We comment that the energy difference between each singularity of the 2D-type band for 

dxy and the 1D-type band of dxz (dyz) corresponds quite well to the amount of peak splitting 

in peak C [Ref.4.5]. It should also be noted that 0.8 eV of t2g energy splitting cannot be 

obtained in the cases of the usual Jahn-Teller distortion, which is typically about 0.1 eV for 

t2g of ruthenates [Ref.4.29]. 

A further interesting point is the polarization dependence of the peaks. In our explanation, 

the QCE pushes the energy levels of dxz (dyz) or  down, so that the energy of CT related 

to those orbitals gets shifted towards lower energy. On the other hand, orbitals such as dxy 

and  move in the opposite direction. In the case of the CT between dxz (dyz) and p 

orbitals, the same amount of energy shift compensates for the hopping integral Vpdπ. Thus, 

the additional peak at 4.4 eV appears only with the orbitals parallel to the surface of the 

samples, and the one around 5 eV emerges at different energies depending on the 

polarization of the incident beam. Because each polarization excites different O p orbitals, 

we believe that the “orbital-selective” characteristic of the QCE results in the observed 

polarization dependence. 
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Figure 4.9. RIXS spectra with the results of CI calculation for monolayer SrRuO3. 

The symbols represent the experimental results, while the lines show the theoretical 

results, with different colors used for the different polarizations. (Left) Calculation 

results with nonbonding p orbitals; (right) calculation results with bonding states. 

 

4.3.4 Discussion 3: Metal-insulator transition 

 

 While the peaks related to the CT seem to support our scenario of the QCE process in 

SrRuO3 films, the ones in the low-energy range produce the clearest evidence of MIT. For 

instance, with decreasing thickness peak A is suppressed rapidly, but peak B gets enhanced 

simultaneously below the thickness of 5 u.c. The opposite trends of peaks A and B can be 

easily understood in terms of MIT, as seen in the resistivity data shown in Figure 4.10. We 



 
 
 
 
 

Chapter 4. QCE and MIT in SrRuO3 ultrathin film 

86 

note that the critical thickness can depend on the growth conditions, according to our 

fabrication of several SrRuO3 films used for this work. 

 According to our CI calculations, peak B can be ascribed to d-d excitations between 

intersite t2g orbitals. Electrons are excited to O 2p levels that hybridize with Ru t2g levels in 

the valence band, and afterwards relaxation occurs from the t2g levels in the conduction 

band. Although the process can, in principle, involve oxygen p levels, it is intrinsically the 

excitations between two separate t2g bands in the valence and conduction bands. 

 Meanwhile, the origin of peak A can be found by calculating the joint density of states 

(JDOS) from first-principles calculations with density functional theory. The JDOS 

represents the probability of allowed interband transitions including absorption or energy-

loss functions [Ref.4.30, 4.31]. We calculated the JDOS by considering the energy levels 

in the valence and conduction bands. In our calculation, the JDOS is given as 

 

 According to our experimental geometry with a grazing angle, we choose an interband 

transition with fixed momentum transfer of  and compute the DOS of 

the energy difference between two levels, which represent the theoretical spectrum of 

electron-hole excitations. By comparing our calculation results with the experimental data, 

as shown in Figure 4.10, the calculated JDOS for the electron-hole continuum is in good 

agreement with the lowest peak seen in bulk SrRuO3. This means that peak A corresponds 

to itinerant quasiparticle excitations, while peak B corresponds to excitations between 

lower and upper Hubbard bands. In this sense, the spectral weight transfer from peak A to 
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peak B is in good agreement with the MIT in SrRuO3 thin films. We note that the transfer 

of spectral weight from peak A to peak B is also consistent with MIT, as seen in the 

resistivity data: which exhibit the metal-insulator transtition with the Mott-Loffe-Regal lim 

sitting in between the metallic 5 u.c. sample and the insulating 4 u.c sample. 

 

Figure 4.10. (a) and (b) Low-energy excitations are compared to the JDOS from the 

DFT calculation. We clearly observe the electron-hole continuum in the thick sample, 

which arises from its metallic phase. The intensity of peak A sharply decreases below 

5 u.c., and it completely disappears for the monolayer SrRuO3. (c) Electrical resistivity 

of SrRuO3 thin films with different thickness. The resistivity increases progressively 

with reducing the thickness and crosses the theoretical Mott-Ioffe-Regel limit between 

4 and 5 u.c. It is notable that the critical thickness from RIXS and the resistivity 

coincide with one another.  
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 Another interesting point is the connection between the QCE and MIT, whose 

experimental evidence can be readily found in the very thin SrRuO3 sample. In particular, 

a new peak is seen to be separated from the dxy level below 5 u.c. and moves towards higher 

energy, as shown in Figure 4.9. This means that the QCE gets enhanced in thinner SrRuO3 

samples. With the QCE splitting the Ru 4d bands, the MIT in SrRuO3 resembles that of 

Ca2RuO4, which is a classic example of an orbital-selective Mott insulator [Ref.4.32]. For 

our thinnest sample of 1 u.c. SrRuO3, the QCE seems to split the otherwise degenerate t2g 

orbitals, leading to a Mott-type insulating state. Therefore, we can maintain that a new way 

of realizing a Mott-type insulating phase is found in the ultrathin SrRuO3 sample with 

thickness being a control parameter, which is different from the bulk sample. 

 

4.4. Conclusion 

 

 In summary, we studied the QCE and MIT in SrRuO3 thin films as a function of thickness 

making use of O K edge RIXS experiments. The peaks in the RIXS spectrum are composed 

with CT excitations extended from 2 to 10 eV, d-d excitations around 2 eV, and electron-

hole continuum. The good agreement between the theoretical calculations and the 

experimental observations of CT excitation peak splitting in the RIXS spectra suggests the 

orbital-selective QCE in ultrathin SrRuO3 films. We also found that the suppression of the 

low-energy excitations arises from the electron-hole continuum across the metal-insulator 

transition. Finally, our studies provide the clear experimental evidence that the QCE leads 

to a Mott insulating phase in ultrathin SrRuO3. 
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Chapter 5  
Summary and Outlook 
  
  
  
  
5.1 Summary  

 

 I studied fundamental excitations and their correlation effects on solids in 2D limits via 

RIXS experiments. Especially, I made use of two different kinds of RIXS: TM (Ni) L edge 

and O K edge RIXS. The former case has an advantage to study magnetic and d-d excitation 

because it excites a core p electron to valence d orbital level. The O K edge is usually a 

better choice when one wants to study charge-transfer properties in the sample. My research 

on NiPS3 with Ni L edge mainly involves the spin-related excitations while one on SrRuO3 

with O K edge show CT excitations.  

 To investigate the specific excitations related to magnetic properties, I explored an up-

and-coming system called magnetic vdW material: NiPS3. The RIXS study involves 

magnon dispersions below 100 meV and multiplet excitations around 1.44 eV of energy 

loss. The magnon dispersions including both single- and two-magnon are the obvious 

evidence of XXZ-type antiferromagnetism in NiPS3. The small charge transfer energy 

between a Ni ion and an S ligand lead to the advent of complex multiplet structure of NiPS3. 

Especially, a multiplet excitation between the ZRT and ZRS state results in the sharp peak 
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at 1.44 eV on RIXS spectra. The sharpness of the peak shows the unusually long lifetime 

and stability of the excitation, which comes from the strong spin-charge coupling of self-

doped NiPS3 and the local dipole moment due to different hole-density counter to the long 

range magnetic ordering. 

 The studies on the ultrathin film of SrRuO3 show the orbital-selective MIT. The RIXS 

spectra of SrRuO3 as a function of thickness are mainly composed of three parts: electron-

hole continuum (~1 eV), d-d (2 eV) and CT (2~10 eV) excitations. The spectral weight 

transfers from electron-hole continuum to d-d excitation reducing the thickness of the 

sample, which indicates the MIT of SrRuO3. At the same time, the peak splitting of CT 

excitation provides a clue of QCE. The QCE in the ultrathin limits represents the energy 

splitting between t2g orbitals with different geometry. From those results, the MIT on 

SrRuO3 is orbital-selective.  

 
5.2 Outlook  

 

 The RIXS study on NiPS3 implies that the magnetic interactions between Ni ions can be 

explained with an effective XY-type Hamiltonian. While the spin of Ni has a certain DOF 

along z-axis, the strong single-ion anisotropy confines the freedom of spins. Thus, the spins 

lies on xy plane like XY-type magnetism, which is one of the most famous 2D magnetism 

model. As the layers of NiPS3 have weak vdW interaction, it is possible to exfoliate and 

fabricate a single-layer sample. This opens a unique opportunity to research a “real” 2D 

magnetism. It will be a chance to realize the emergent phenomena on XY-type magnetism 
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such as BKT transition and vortex-antivortex pair fluctuations, which are theoretically 

predicted up to now. 

 As shown in the SrRuO3 case, RIXS is also a powerful tool to observe respective orbitals 

and their energy levels in solids. Combined with spin DOF and special conditions, the 

levels can be split and result in spin-orbit entangled states. The 4d TMs such as Ru are in 

very special limit where the quantity of electron correlation is comparable to that of spin-

orbit coupling. This extraordinary condition can induce an exotic ground state so-called 

spin-orbit entangled J state. For example, Ca2RuO4, a quasi-2D antiferromagnet, retains 

fully quenched orbital momentum due to the compressive crystal field distortion along its 

c-axis, and it results in a non-magnetic singlet J=0 ground state. A recent inelastic neutron 

scattering successfully captures the singlet-triplet excitation and more importantly the 

amplitude fluctuations of the local magnetization-the Higgs mode [Ref.5.1]. The studies on 

spin-orbit entangled states will explain the questions of fundamental physics such as the 

role of spin-orbit coupling in 4d TM compounds, and also can drive a technological design 

of new materials like functional devices or quantum computations. 
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