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Abstract

Abstract

Transition metal ions in the oxides, which have d orbitals as a valence orbital, has been considered
that the only orbital overlap between ligands and the metal is essential to describe the behavior of
electrons. Recent studies, however, show that a direct overlap can be formed between the d-
orbitals by various factors: for instance, the periodicity of the transition metal, the shape of wave
functions in the #,; manifold, and the local network of the metal-ligand polyhedral. In this case,
the direct overlap becomes to be much essential to describe electronic behavior. Especially when
those conditions are satisfied, the transition metal ions form a cluster, and the electronic wave
function has to be described using molecular orbitals. In this thesis, I study on a dimer in Li;RuQO3,

which is a condensation of two transition metal ions.

The 4d Ru oxide Li,RuOj3 has a layered honeycomb structure composed by edge-sharing
RuOs octahedra. It exhibits a structural transition at 7= 550 K, below which one-third of the Ru-
Ru bonds in the honeycomb lattice becomes shorter than others by about 20%. This stable
dimerization enhances the direct orbital overlap, so induces the spin-singlet, molecular orbital
state. The main question of my thesis is how the dimerization influences the behavior of electrons

in the Ru ion.

The Ru-Ru dimers form a herringbone pattern; thus, it expected that this system would
have anisotropic physical properties reflecting ones of the dimer. The single-crystal sample was
required to verify this idea and successfully synthesized. With this crystal, the anisotropies in
electrical and magnetic properties were measured. The DFT calculation shows that the opening
of the electronic gap requires Coulomb interaction and the correlation between electrons affects
the anisotropy of the resistivity. Based on this picture, a dimer model of correlation effect was
constructed to simulate the magnetic anisotropy and the calculation with the exact diagonalization
method verified its validity. Those results imply that electronic correlation plays a significant role

in the dimer.

X-ray Spectroscopic study is an excellent way to observe the correlated electrons directly.
The experiment is carried out in the 116 beamline of Diamond Light Source. The X-ray absorption

spectroscopy result shows that the energy gaps between the 7, and e, level absorption energies



Abstract

depend on the absorption edge; L, or L3;. Furthermore, resonant elastic x-ray scattering (REXS)
result on (010) reflection also shows the absorption edge selective behaviors. The simulation with
FDMNES, the code with a single electron approach, did not reproduce the experimental results.
These results signify that not only the spin-orbit coupling of the 4d electrons is essential but also
the direct overlap inducing the correlation exert a strong influence on the electronic structure of

the dimer.

Orbital radius, according to the periodicity of the transition metal, is one of the critical
conditions for forming the cluster. Series of studies on LixRu;.xMnyOs solid solution shows that
the replacement with the ion with smaller orbital breaks the herringbone-patterned dimer phase
at the Mn substitution rate of 20 %. Within this range, the entropy change during the structural
phase transition decreases linearly with increasing the substitution rate, and the local structure
around the Ru ion does not that change. Those results back up that the Mn ion does not participate
in the dimer, and disrupts the inter-dimer interaction and breaks the herringbone pattern in the
end. Also, the local structure measurement with the extended x-ray absorption fine structure
(EXAFS) method exhibits the existence of the dimer above the transition temperature more

significantly than the pair distribution function analysis with the total scattering.

Keywords: Li;RuOs, ruthenium oxide, dimerization, anisotropy, resonant elastic x-ray scattering,

REXS, extended x-ray absorption fine structure, EXAFS

Student Number: 2015-20340
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11 Cubic harmonics corresponding to d-orbital wave functions in an octahedral oxygen
cage. (Top) d3,2_,2 and dy2_,2 orbitals in eg level. (Bottom) dyy, dyz, and dz orbitals in the tz

level.

1.2 Three types of the geometry of octahedra packing in transition metal compounds: corner-,

edge-, face-sharing cases are presented. The red balls represent ligand (anions).

1.3 (a) Top panel: Schematic electronic structure of VO, Bottom panel: Definition of the
relevant V 3d t;, orbitals used in this work, drawn in the (110) plane spanned by the a, b and ¢
axes of VO,. Sites 1 and 2 are related by a 90° rotation around the ¢ axis. Experimental V L; 3
XAS spectra of VO, in the (b) insulating phase (7'= 30 °C) and (c) metallic phase (7= 100 °C),
taken with the light polarization Ellc (solid lines) and £Lc (dash lines). The metal-insulator

transition temperature is 67 °C [Ref 1. 9]

14 (a) Top-down view of the Mo layers showing the triangular network formed by the
Mo3013 S=1/2 Clusters. (b) A spin-polarized molecular orbital diagram of Mo3O13H;s (Csy). There
is one unpaired electron in the cluster, with a large energy gap to the next state. The hybrid

functional estimates the on-site Coulomb repulsion energy U ~ 1.2 eV [Ref 1. 10]

15 The crystal structure of BasCulr;Op2. (b) Left: Energy-level diagram showing the split
of the t», states in an Ir trimer into MO states. Here, o/m/8, G/7/8, and o*/m*/8* denote
bonding, nonbonding, and antibonding states, respectively. Electrons in filled states are
represented by gray circles, while black arrows represent magnetically active electrons. Right:
The Projected DOS from the simple tight-bonding model for Ir trimers and ab initio calculation
without SOC and magnetism. The color scheme of the orbital character is the same in all graphs
[Ref 1. 11]

1.6 The nearest neighboring hopping in the edge-sharing octahedral case [Ref 1. 12]

1.7 The ab-plane (a) and ac-plane of Li;RuOj (b). The green (red) spheres in the figures are
Ru (O), and the light green spheres are Li. (¢c) The Ru honeycomb lattices at 600 K (right, C2/m)
and room temperature (left, P2;/m). (d) Temperature dependence of magnetic susceptibility (y)

measured under magnetic field H = 1T and the electric resistivity (p) of LixRuO; [Ref 1. 16]

18 (a) the directional nature of #,, orbital wave functions (dy, d,-, d-). In the edge-sharing

viii



List of Figures

geometry, the lobe of each orbital directs to the neighbor transition metal atom. [Ref 1. 3] (b) (Top)
The energy levels of molecular orbits of Ru*-Ru*" pairs in the dimer. (Bottom) The schematic

figures of the wave functions of the o-, T-, 5-molecular orbits formed by the 75, orbits. [Ref 1. 16]

1.9 (a) LDA density of states (DOS) of O-2p and Ru-4d. (b) O Ka x-ray emission (XES) and
O 1s x-ray absorption (XAS) spectra of polycrystalline LioRuOs, and (¢) LDA+DMFT spectral
function for U =3 eV and Jy = 0.7 eV. The LDA+DMFT spectral functions for polycrystalline
Li;RuOs for U= 3 eV and different values of Ju: (d) 0.3 eV (e) 0.5 eV, and (f) 0.7 eV. [Ref 1. 22]
(g) A plot of the electronic contribution to the heat capacity (y) versus the low-temperature value
of the susceptibility (yo) for the Li.RuOs systems with different levels of disorder (x) compared
with those for other heavy fermion systems [Ref 1. 25].

21 Crystal growth equipment by F. Freund (crucible diameter 1.6mm). Arrangement of the
materials before and after the growth process is in (a,b), respectively. The rings with spikes set
like a spiral staircase to nucleate the vapor at different positions with less intergrowth of the
crystals. Formation of the most massive a-Li2IrO3 single crystals appears on spikes located ~ 4
mm above the Ir starting materials. (¢) Individual parts made from Al203 and (d) typical
appearance of the tips covered with a-Li2IrO3 crystals at the bottom side, scale bar Imm [Ref.2.

1.

2.2 (a) The cross-section of the simplified SE method. The Li»CO; layer places above the
RuO; layer. Li;RuQ;s single crystals form at the interface of the two layers. (b) typical appearances
of the crystals grown by the simplified SE method.

2.3 Non-symmorphic symmetry operations: (a) Glide plane: a reflection followed by a
translation parallel with the reflection plane. (b) Screw operation: a rotation followed by a

translation along the rotational axis [Ref.2. 12].

3.1 (a) Single-crystal refinement results of the Li;RuOs single-crystal. The inset shows a
hexagonal Li;RuQOs single-crystal. The horizontal (vertical) axis is the observed (calculated)
scattering intensity of reflections of the Li,RuOs. (b) Li,RuO; at room temperature, viewed along
the perpendicular direction to the Ru honeycomb layer in the ab-plane. The yellow and green
spheres represent, respectively, the Ru and Li-ions. The blue polygons represent oxygen
octahedrons. There are two unequal Ru—Ru bonds, i.e., dimerized bonds (red) and two other bonds
(yellow) with similar lengths. (¢) X-ray diffraction image in the (hk0) plane of single-crystal
Li;RuO3 with no sign of twinning
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3.2 Temperature dependence of (a) the intensity of the (101) peak and (b) the b/a ratio of the
lattice parameters. The blue dashed line represents the value of b/a ~ /3, a value found for the
honeycomb structure with an almost ideal honeycomb lattice. The inset shows an illustration of

the perfect hexagonal honeycomb structure

3.3 The pictures of (a) 2- and (b) 4-probe contact on the single-crystal Li;RuO; (c)
Resistivity curves of the Li,RuOs single-crystal in a temperature range of 5-650 K, along the a-
(green), b-(red), and c*-(blue) crystal axes. The dashed lines in the range of 5-300 K are for the
data to check the reproducibility of the results with other samples. The inset shows the Arrhenius
type plots of the resistivity curves from 300 to 650 K. (d) 4-probe resistivity curves along the b-
axis in the range of 300-630 K, with heating (red) and cooling (blue)

34 (a) DFT band structure: The upper six bands are from anti-bonding states, and the lower
six bands are from bonding states. (b) Various points in the first Brillouin zone of the Li,RuQ3 (c)
Resistivity divided by p.+ at 100 K with changing chemical potential. The green line represents
pPa/pc+ while the red line py,/p.

3.5 (a) Magnetic susceptibilities of the c*axis-aligned filed single-crystals as a function of
temperature in the range of 2-300 K, along the out-of-plane (y .+, circle marks) and in-plane (x4,
square marks) directions; the inset figure shows the sample used for this measurement. (b) The
angular-dependent torque measurement at fixed azimuthal ¢ angles from ¢y, = 0° (b-axis) to @,
= 90° (a-axis). (c¢) Fitted amplitudes from the data with ab-rotation. The inset illustrates the

rotating angles and the crystal axes of the measurement

3.6 The illustration of the dimer array approximation for the honeycomb lattice. The purple

ovals are the Ru dimers, and the x’, y', and z’ are the principal axes of the dimer.

3.7 (a) The calculated densities of states (DOS) of each molecular orbitals. Black dot lines
in the figure signify energies of the single electron state with approximation. (b) Calculated
numerators in the equation of the VV magnetism and (c) the gap-weighted numerators. The ratio

of the calculation results along the principal axes of the dimer is 3:1:7 (Zxxs: Xyri Xz1)

3.8 (a) Optical Spectra of Li,RuO; and (b) the simulation by the DFT calculation with TB-
mBJ potential. (c) Identification of the a, B, and y peaks in the optical spectra. The a peak occurs
from an electronic light absorption process from the 6 bonds to the & bond, and there is about 0.27

eV difference in the position of the peak between the experimental and calculation results. The

X
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energy diagram of the Ru dimer in Figure 3.8c is from [Ref.3. 4].

4.1 X-ray Absorption spectra with the fluorescence-yield mode of both Ru (a) L3 and (b) L»
edge. The black dotted lines in both are the arctangent type background function, and the inset
graphs show them in a broader range. The green (brown) Lorentzian shape peaks correspond to
the photon absorption process, exciting electrons from the 2p core levels of Ru to the valence 4d
12 (eg) levels. The red lines are the summation of the absorption peaks and the background

function. All measurements were carried out at 300 K.

4.2 The elements of the space group P2i/m and the scattering geometry of our experiment
for observing the (010) reflection of Li,RuOs. The pink ovals represent Ru dimers, and they
contain an inversion symmetry at their center. The angle y in the azimuthal scan for the rotation

of the scattering plane is defined between the scattering plane and the a"-axis

4.3 The rocking curve of the (a) (010) and (b) (020) reflections at the L3 edge. While the
(020) reflection has a significant intensity in the 6-6” scattering channel and a small signal in the
o-n’ channel, the (010) reflection shows the opposite tendency. Both measurements were carried
out at 300 K. (c¢) Temperature dependence of the intensities of the (010)s» and (020)s polarized
reflections. The (010) o~ disappears at 550 K when the system is heating

44 A 2d map of the intensity of the (010)» reflection as a function of the azimuthal angle
and the energy of the incident photon. The top figures are the same as Figure 4.1. Both maps have

no signal at the photon energy of the e, absorption process

4.5 Several energy cuts of the REXS spectra in Figure 4.4 The red markers represent the
data at both absorption edges, and the black markers do the data measured below the absorption

edges.

4.6 The calculations with the FDMNES code. (a) XAS spectra at both absorption edges. The
dashed lines are the calculation without SOC, and the solid lines are with SOC. (b) the REXS
spectra at the L3 edge. The calculation at the L, edge was the same as that of L3. (c) The energy
cut along the red dash line in the 4.7b. It has a 2-fold symmetry about the azimuthal angle

5.1 Valence bond liquid phase in Li,RuQOs. (a) Selected narrow region of the X-ray
diffraction profile of Li,RuO; as a function of temperature: the (10-2) reflection disappears at the
structural phase transition temperature (550 K ~ 270 °C). Temperature dependence of (b) the unit

cell volume and (c) the Ru-Ru bond length. (d) Pair distribution data fitting result with the C2/m

Xi
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(top) and P21m (bottom) structure at 650 °C. (e) Temperature evolution of the PDF. The colored

region contains the dimerized Ru-Ru bonds [Ref.5. 3]

5.2 (a) XRD data for the Li;Ru;«xMnsO; systems. The systems with x < 0.2 have a P 2;/m
space group, and the rest have C 2/m. The right figures are the crystal structures of LioRuOs (right
bottom) and Li-MnOs (right-top). Both have a layered honeycomb structure separated by Li* ions
with Ru having strong dimerization. The dimer (red) bonds are 2.57 A, and the black bonds are
about 3.05 A. In contrast, the manganite has regular inter-transition metal ion bonds in the range
of 2.82 ~ 2.84 A. (b) Unit cell volumes of the Li:Ru;«Mn,Os systems refined by the Le bail
method. The blue line is a fitting result for the volume data of the systems with x > 0.2, and the
orange line is that of the systems with 0.08 < x < 0.2. (¢ ~ e) The lattice parameters a, b, and the
interlayer distance (c'sinf) of LioRui.xMn,Os systems. b and c-sinf decrease monotonically with

increasing Mn doping, but a has the maximum about at Mn 40 %. The orange line in (e) is the

linear fit of the data. (d) The distortion parameter u = aiﬁ — 1 for Li,RuixMn,Os systems

5.3 (a) Normalized resistivity data with / = 10 yA for Li;Rui«Mn,O; systems. The black
arrows indicate the phase transition temperature of each resistivity curve. (b) Resistivity phase
transition temperature (7res, left) and resistivity of the LiRui«MnO; systems at 600 K (right).
The red dashed line and the equation are a line fitting result of the transition temperatures. (c)
Normalized magnetic susceptibility data at H = 1 T for Li;Ru;xMnxO; systems. (d) Magnetic

phase transition temperature (7wmag) of LizRuixMn,Oj3 systems.

5.4 (a) Differential scanning calorimetry (DSC) heat flow curves for a series of Li,Ru.
Mn,Os systems. The inset graph shows the phase transition temperature (Timeiting) Of the systems.
The linear fitting result is shown as a dashed red line. (b) Variation of enthalpy change 4H per
transition metal ion with x for LizRu;.<MnQs. The inset graph shows the calculated entropy change

A4S (= [ dQ/T) per transition metal ion during the phase transition

5.5 (a) The k*-weighted Fourier transform magnitudes of the Ru K-edge EXAFS spectra of
the Li;Ru;xMnsO3 (x=0, 0.05, 0.1, 0.2) systems. The red dashed line is a guide for the eye. (b)
and (c) are the temperature evolutions of the EXAFS spectra of LizRupoMng 03 and
Li;Rug sMng 03, respectively. The graphs on top show that the half-path length related to the
dimer (~ 2.2 A) exists regardless of the structural phase transition in both compositions. The red

dashed lines in both color maps are the phase transition temperatures of both compounds
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Transition metal cluster in solids

1.1.1 Bonding in solids

Identifying the nature of bonds that form a solid is essential for classifying condensed matters.
Traditionally, they are classified into five categories: ionic, metallic, hydrogen, van der Waals,
and covalent bonds [Ref.1. 1]. While hydrogen and van der Waals bonds are formed by the
interaction between dipolar moments, the others are developed by mediating electrons. lonic
crystals are formed by the ionic bonding between negative and positive ions. For instance, NaCl
consists of Na', a cation with high ionization energy of 5.14 eV, and CI', an anion that has a
significant electron affinity of 3.71 eV. In total, it requires an electron in Na 1.43 eV of energy to
transfer to the CI. lonic bonding between the two ions reduces the energy to about 4.51 eV, making
it possible to overcome the energy barrier [Ref.1. 2]. But this chemical interaction is not quantum
mechanical but is completely electrostatic. On the contrary, metallic and covalent bonds are
explained using the wave function of the valence electrons, which is a quantum mechanical
description [Ref.1. 1]. They are the two extreme cases in which mediating electrons are placed
between the cores of ion to bind the atoms. In metallic bonds, the electronic wave functions are
much extensive, associated with many neighboring ions. On the other hand, the mediating
electrons are bound within the range of the nearest neighbors in covalent bonds. Here, the
interaction between the atoms is of prime importance. The neighboring atoms are connected by
sharing pairs of electrons, or bonding pairs [Ref.1. 3]. This bond is called a molecular bond
because it mainly appears in molecules. The wave function of the electrons participating in the
bond is called a molecular orbital.

Generally, the bonds that compose a solid can be explained as a combination of

1



Chapter 1. Introduction

conventional bonds. Especially when two atoms with unmatching electron affinity and ionization
energy bind together, the link can be described as having an intermediate nature of an ionic and a
covalent bond [Ref.1. 2]. To explain the character of the bond, the concept of electronegativity
should be introduced. The larger the electronegativity of an atom is, the stronger the atom attracts
a bonding pair to itself. Transition metal ions in transition metal oxides are known to have
sufficiently weaker electronegativity values of 1.5 to 2.5 in the Pauling scale than those of oxygen,
which is 3.44 [Ref.1. 4]. Thus the researchers, especially condensed matter physicists, consider
the transition metal atoms in solids as ions. The assumption is the heart of the crystal field theory
(CFT), which describes the electronic structure of the metal cation in a surrounding anionic
cage [Ref.1. 5]. The CFT represents the electrons of a transition metal ion as a superposition of
atomic orbitals of a metal atom.

Although CFT might be an approximate theory, it is often an accurate way to describe
the magnetism of solids. The accuracy of CFT is remarkable in the case of the transition metal
ions with low electron negativities such as Mn or Ti. For instance, the theory predicts S = 3/2 state
as the magnetic ground state for a Mn*" ion when it is at the center of the O* octahedral cage. The
ion has a 3d* outmost electronic shell, and the corresponding magnetic moment, in this case, is u
= 3.87 up, where up is the Bohr magneton. It coincides well with the experimental value of 3.56
U, which is obtained from Li-MnO;s [Ref.1. 6]. Magnetic states of a solid can be captured more
precisely by the ligand field theory (LFT), a more rigorous version of CFT [Ref.1. 7]. In this
theory, the electrons in anions are not only the sources of the crystal electric field but also the
participants of the chemical bonding; thus, the molecular orbital represents electronic wave
functions. In the cases of transition metal oxides, however, the results calculated from the two
theories usually concur with each other because the electronegativities of the cation and the anion

are significantly different.

1.1.2 Molecular Orbital and Cluster formation

Although CFT successfully describes numerous systems, it has some drawbacks that must be
noted. The essential assumption, which is the localization of the d-orbital wave function at around
the transition metal ion, can become invalid by two factors [Ref.1. 5]. The first factor is the extent
of the d-orbital wave function. When a transition metal ion resides in an octahedron, the 5-fold

degenerated d-orbital wave functions are split into two discrete levels, the #;, and the e, orbitals,

2



Chapter 1. Introduction

due to its cubic symmetry. (Figure 1.1). The lobes of #,, orbitals stretch towards the middle of the
two oxygen ions while those of e, orbitals directly point to the oxygen ions of the cage. As the
quantum number # increases, the radial distribution of the wave function becomes sufficiently
large so that the lobes of ¢, orbitals stick out of the oxygen cage. Therefore, the #,, orbitals of a
4d or 5d ion are very likely to violate CFT. The second factor is the specific structures of the local
octahedron packing. There are three possible types of packings (Figure 1.2). In the corner-sharing
geometry, the transition metal ions are far away from each other compared to other circumstances.
The oxygen at the shared corner interferes with the direct path from a transition metal ion to
another, so the d-orbitals cannot be directly overlapped. On the other hand, the two transition
metal atoms are relatively close in the different two geometries, having no obstruction of the direct

overlap. In these structures, the electrons are not localized at the center of the oxygen cage

anymore, So one cannot treat as atomic orbitals.
X

32212

-

Xy yz zx

Figure 1.1 Cubic harmonics corresponding to d-orbital wave functions in an octahedral

oxygen cage. (Top) d;,2_,2 and dxz_yz orbitals in e, level. (Bottom) dy, dy,, and di

orbitals in the t; level.
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Common corner

A, Py

Common edge Common face

Figure 1.2 Three types of the geometry of octahedra packing in transition metal compounds:
corner-, edge-, face-sharing cases are presented. The red balls represent ligand (anions).

The most famous example is VO, [Ref.1. 8,9], which has a rutile structure above 67 °C. Below
the temperature, it suffers a metal-insulator transition with structural distortion. The rutile
structure contains edge-sharing V-centered octahedral chains along the c-axis. The chains undergo
dimerization, which is the structural pairing of the vanadium ions in the chain. As a result, the V-
V distances in the chain become irregular, showing long and short bonds alternatively. The top
panel of Figure 1.3a shows the schematic electronic structure of VO,. Goodenough argued that
one has to discriminate between the dj orbitals and bands, which are formed by the t,, orbitals
with substantial direct overlap with the neighboring V in chains, and «* orbitals and bands, those
made of the two other ty; orbitals [Ref.1. 8]. In the high-temperature rutile structure, the two
electronic bands are overlapped. But when the material undergoes the dimerization, the d; band
splits into two subbands while the n* band does not. From the perspective of the molecular orbital
theory, the substantial direct overlap generates a covalent bonding and divides the electronic states
into a bonding and an antibonding state. Thus the two subbands in the electronic structure could
be interpreted as a band related to the bonding state and another band associated with the

antibonding state, respectively. The formation of the covalent bond can be verified by examining

4
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Chapter 1. Introduction

the L, 3 edges of V atoms through the x-ray absorption spectroscopy. An x-ray magnetic linear
dichroism (XMLD) signal, the absorption rate difference between two x-rays having orthogonal
polarizations, is present in the dimerization phase. In contrast, the amplitude decreases drastically
in the rutile phase (Figure 1.3b, c). Haverkort claims that the XMLD rises because the transition
from the core level to an occupied state through the absorption process is prohibited [Ref.1. 9].
The result signifies that the state parallel to the c-axis, which is the dj orbital with low energy in

Figure 1.3a, is already occupied in the dimerized phase. It is the 6-molecular orbital of the bonding

state.
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Figure 1.3 (a) Top panel: Schematic electronic structure of VO, Bottom panel: Definition of
the relevant V 3d 1, orbitals used in this work, drawn in the (110) plane spanned by the a, b
and c axes of VO.. Sites 1 and 2 are related by a 90° rotation around the c axis. Experimental
V L;, ; XAS spectra of VO; in the (b) insulating phase (7 = 30 °C) and (c) metallic phase (T
=100 °C), taken with the light polarization Ellc (solid lines) and E 1 c (dash lines). The metal-

insulator transition temperature is 67 °C [Ref.1. 9].

There are also other types of clusters composed of transition metal ions other than dimers.
For instance, LiZn;Mo3Og has a layered kagome structure composed of Mo atoms (Figure
1.4) [Ref.1. 10]. The triangle in the kagome layer shrinks to form a trimer comprised of three Mo
atoms. The three Mo have seven electrons in total, but those electrons are not localized at each
site. Instead, they occupy the molecular orbital spanned by the three Mo. BasCulr;O1» is another
example with linear trimers that consist of three iridium ions (Figure 1.5) [Ref.1. 11]. The DFT
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calculation shows that the bonding state is formed even in the presence of the strong spin-orbit

coupling of Ir.
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Figure 1.4 (a) Top-down view of the Mo layers showing the triangular network formed by
the Mo03013 S=1/2 Clusters. (b) A spin-polarized molecular orbital diagram of Mo3;O3H;s
(Csy). There is one unpaired electron in the cluster, with a large energy gap to the next state.

The hybrid functional estimates the on-site Coulomb repulsion energy U ~1.2 eV [Ref.1. 10]
0 e o

Energy (eV)

PDOS (arb. unit)

Figure 1.5 (a) The crystal structure of BasCulr;O1.. (b) Left: Energy-level diagram showing
the split of the 75, states in an Ir trimer into MO states. Here, o/m/8, 6/7/8, and ¢*/n* /8"
denote bonding, nonbonding, and antibonding states, respectively. Electrons in filled states
are represented by gray circles, while black arrows represent magnetically active electrons.
Right: The Projected DOS from the simple tight-bonding model for Ir trimers and ab initio
calculation without SOC and magnetism. The color scheme of the orbital character is the

same in all graphs [Ref.1. 11].
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If there are multiple electrons in the t»; manifold, an intractable problem arises. There
are selected orbitals that can have a direct 6-type overlap. Figure 1.6 shows the possible hopping
between the 2, orbitals of transition metal ions in the edge-sharing octahedra case. Only the d.,
orbitals have sizeable direct overlap, and the hopping between the two is represented as #;. For
the other orbitals, the unmediated hopping is not dominant. Because the hopping parameter ¢,
between the two dy- and d,. orbital is too small, the electrons hop to the nearest sight via the
oxygen at the joint edge with the indirect hopping constant #,. Thus, the d,. and d,. orbitals could

be considered as the atomic orbital of the transition metal ion.

Figure 1.6 The nearest neighboring hopping in the edge-sharing octahedra case [Ref.1. 12].

There is a criterion of which direct overlap of the orbital forms a covalent bond. If the
hopping (¢) between two orbitals occurred by the direct hopping is sufficiently more substantial
than the Hund coupling (Ju), it is possible to regard it as covalent bonding. If the opposite, it is
considered as an ionic bonding between the two atomic orbitals. The Hund’s coupling, which is
intra-atomic correlation energy to make the spins of electrons parallel, becomes smaller as the
principal quantum number # increases. On the other hand, the direct overlap and the hopping ¢
between orbitals have the opposite tendency. Thus, the atomic and the molecular orbitals can
coexist in one transition metal atom, especially in a 4d or 5d cases.

Although the electrons in those atomic orbitals have magnetic moments, there is no
magnetic ordering with time-reversal symmetry breaking, such as ferro- or antiferromagnetism.

Instead, they form a local singlet that can be described by the Heitler-London model (In the dimer
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case, WYy, = (CITCJ l—cf lc;rT)IO)) [Ref.1. 3]. Those local singlets are arranged periodically, and
this state called a valence bond solid-state (VBS) [Ref.1. 13]. There are several theoretical
suggestions for VBS, such as Affleck-Lieb-Kennedy-Tasaki (AKLT) model [Ref.1. 14], but there
are a few real examples. The VBS in the clustered systems accompanies severe lattice distortion,
and the singlet state is well localized. Thus it is hard to expect the resonating VBS, which is an
itinerant singlet state with the quantum entanglement [Ref.1. 15]. Nevertheless, it is still a
fascinating system to study the entanglement associated with the singlet state of the chemical
bonds.

1.2 Li;RuQOs: The layered honeycomb structural compound with

dimerization

A honeycomb lattice composed of transition metal ions is a promising system because of its
possible novel states originating from certain electronic and magnetic configurations. Many
factors may influence the competition between Kitaev physics, magnetism, and dimerization in
the honeycomb lattice [Ref.1. 5,12] . On a microscopic level, they are governed by the strength
of spin-orbit coupling and the correlation effects of several d electrons of transition metals [Ref.1.
3]. When the competition between these factors is fierce, especially in the case of 4d orbitals, the
ground state of the oxides, in particular of ruthenates, becomes vulnerable to perturbations with
the distinct sense of those related to the orbital degrees of freedom.

Li;RuO3 has a layered honeycomb structure separated by the Li layer, and the
honeycomb layer is composed of edge-sharing RuOs octahedra [Ref.1. 16,17]. Y. Miura has
reported a peculiar structural feature of this system, which is the strong transition metal dimers in
the honeycomb lattice (Figure 1.7a) [Ref.1. 16]. The length of the dimerized Ru-Ru bond is 2.57
A at room temperature, which is shorter than that in Ru metal (~ 2.65 A) [Ref.1. 3]. Those dimers
form a herringbone pattern in the honeycomb lattice. Whereas the other Ru-Ru bonds that are not
dimerized are longer than the dimer with a length of about 3.05 A. This dimerized system goes
through a structural transition at a quite high transition temperature of 550 K. After the transition,

the honeycomb lattice becomes ideal, and the space group changes from P2;/m to C2/m.
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Figure 1.7 The ab-plane (a) and ac-plane of Li;RuQO3 (b). The green (red) spheres in the
figures are Ru (O), and the light green circles represent Li atoms. (¢) The Ru honeycomb
lattices at 600 K (right, C2/m) and room temperature (left, P2;/m). (d) Temperature
dependence of magnetic susceptibility (y) measured under magnetic field H = 1T and the
electric resistivity (p) of Li,RuQs [Ref.1. 16]
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This structural distortion influences several physical properties of this system, especially
the magnetic property. In the P2,/m phase, it has a small and nearly temperature-independent
magnetic susceptibility over a wide range of temperatures. It increases suddenly and shows a
paramagnetic behavior above the transition temperature as in a transition from an
antiferromagnetic ordering. Nevertheless, the neutron diffraction result does not show any
magnetic reflection that occurs from the magnetic order (Figure 1.7¢). These features, such as the
structural deformation, the sudden drop of the magnetic moment, and the lack of long-range
magnetic ordering, indicate the formation of a molecular orbital in the Ru dimer. The electrical
resistance of the system is also noteworthy. It shows semiconducting behavior over the whole
temperature range, although there is an abrupt change at the transition temperature. If this is a
typical dimerization originating from Peierls’ transition, which happens from the Fermi surface
instability of the system, it has to be metallic above the transition temperature. However, it is still
an insulator, even after the structural distortion vanishes.

G. Jackeli and D. I. Khomskii presumed that the spontaneous dimerization is induced by
the orbital degrees of freedom of the partially field 7, levels of Ru ion in the honeycomb
lattice [Ref.1. 18]. The oxidation number of the Ru ion is +4, and there are four 4d electrons in
the £, manifold, which have a three-fold spin and a three-fold orbital degeneracy. The system is
mathematically described by the Kugel-Khomskii type spin-orbital Hamiltonian [Ref.1. 19]. They
showed that the undistorted honeycomb has structural instabilities towards symmetry reductions
and the spins of the 4d electrons in the #,; manifold couples into a quantum spin-singlet dimer
with a spin gap. They also demonstrated that the herringbone-patterned ordering of the dimers
has the smallest energy among the possible states because the pattern has the most significant
possible number of dimers without forming long Heisenberg chains.

They analyze this model in the zero Hund’s coupling limit, in which every spin
configuration has the same energy. It could be valid if the overlap between the d-orbitals is
significant enough to ignore the intra-atomic correlation energy. Thus one has to examine the local
geometry of RuOs octahedron and the connection between them to discuss the validity of the
assumption. The RuOs octahedra are connected through a common-edge network. In this
configuration, two RuOg octahedra share two adjacent oxygen at the corner. The distance between
the two transition metal atoms is much closer than that of the corner-sharing case. The length of
the Ru-O bond is almost independent of the local geometry of RuOs and is about 2.0 A. For an

ideal octahedron, the interatomic distance between the nearest two Ru atoms of the edge-sharing
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structure is only 70 % of that of the corner-sharing case (Figure 1.2).

The edge-sharing case guarantees a considerable direct o-type overlap between the d-
orbitals and forms the Ru dimer to enhance the electronic hopping between the transition metal
atoms. The hopping constant of the direct o-type overlap between the d-orbitals (fus) is ~ 1.2 eV
for Li,RuOs [Ref 1. 20]. This value is larger than the strength of Hund’s coupling of Ru, which is
about 0.4 eV [Ref.1. 21]. Therefore, the model in zero-Hund’s coupling limit is reasonable to
explain the origin of the dimerization.

But the limit does not apply to all #,, orbitals due to the directional nature of the t,; wave
functions (Figure 1.8). Notably, the directional nature of the orbitals is known to have a more
massive effect in the edge-sharing octahedral geometry than in the corner-sharing one. The
valence Ru electrons of the in-plane orbitals form the o-bonds stronger than the intra-atomic
Hund’s coupling. However, the electrons in the orbitals that are orthogonal to the Ru,O, dimer
plane form a weaker oxygen-mediated bonding. The strength of the fragile bonds is estimated to
be less than 0.3 eV [Ref.1. 20], which is smaller than the Hund’s energy. Therefore, only the
strong o-bonds play a leading role in the dimerization, and the transition is called the orbital-
selective Peierls transition (OSPT) [Ref.1. 3].

444

"%‘él\ \")‘>L*>LN

Figure 1.8 (a) the directional nature of 7, orbital wave functions (d,, d,;, d..). In the edge-

sharing geometry, the lobe of each orbital directs to the neighbor transition metal
atom. [Ref.1. 3] (b) (Top) The energy levels of molecular orbits of Ru**-Ru** pairs in the
dimer. (Bottom) The schematic figures of the wave functions of the ¢-, 7-, 6-molecular
orbitals formed by 72,. [Ref.1. 16]
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Although the source of the dimerization in Li,RuO; is apparent, there are some
remaining questions. The electrons participating in the strong c-bond do not contribute to the
physical properties such as electrical resistivity and magnetism due to their substantial binding
energies [Ref.1. 20]. These electrons are located a few eVs below the Fermi-level in the band
picture; therefore, it is electrically inactive. The dynamical mean-field theory (DMFT) calculation
in the previous research shows that the electrons in the orbital-selective singlet state have no
contribution to the magnetic susceptibility due to its large spin gap [Ref.1. 20]. On the other hand,
the electrons belonging to the weaker bonds, which is located near the Fermi-level, would directly
affect the physical properties of Li,RuOs. Thus, the response of the dimerized ruthenate originates
from the electrons influenced by a small electric or magnetic field.

Still, the o-bond can indirectly modify the physical properties because the electronic
structure relevant to the oxygen-mediated bonding is significantly affected by the local
dimerization [Ref.1. 17]. In particular, the bands occupied by the mediating electrons are
degenerate at the boundary of the Brillouin zone owing to the non-symmorphic lattice symmetry
of 21, which somehow is overlooked in the previous calculations [Ref.1. 17]. This degenerate
band can easily be perturbed by the considerable spin-orbit coupling of Ru and form flat bands,
which itself is a very intriguing observation with potentially fascinating possibilities to explore.

There are several experimental results to offer a clue to help understand this system. The
electronic structure of Li.RuO3 was studied by examining the K-edge of the oxygen through x-
ray spectroscopy as well as the theoretical calculations using the local density approximation
(LDA) and its combination with DMFT (LDA+DMFT) [Ref.1. 22]. The study showed that the
electrons of the weaker bonds could be regarded as local atomic orbitals rather than the molecular
orbital. That is, they proved that the electrons that can be represented as the local atomic orbital
states that are much more susceptible to Coulomb interaction U, unlike when it is described as
the molecular orbital which is almost unresponsive to the interaction. Along with the X-ray study,
the nuclear magnetic resonance (NMR) data show that there are remaining magnetic moments in
the atomic orbital states. However, it is smaller than the non-interacting case [Ref.1. 23,24]. The
NMR study also confirmed that the super-exchange interaction via oxygen in a common-edge
plays a crucial role in the localization of the moments while the direct-exchange interaction
between the d-orbitals is dominant in the molecular orbital picture. In conclusion, the results
display that the correlation between the localized atomic moments is also significant for

understanding the insulating system. Notably, this correlation effect becomes the main component
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that determines the physical properties of the system as the dimer is broken by doping [Ref.1. 25].
Despite the doping, the system is not converted into a metallic system. Instead, the electrons are

dragged by themselves. Therefore the Sommerfeld-Wilson ratio, which is 1 for the free electron

gas, is highly decreased.
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Figure 1.9 (a) LDA density of states (DOS) of O-2p and Ru-4d. (b) O Ka x-ray emission (XES)
and O 1s x-ray absorption (XAS) spectra of polycrystalline Li;RuQs, and (¢) LDA+DMFT
spectral function for U = 3 eV and Jy = 0.7 eV. The LDA+DMFT spectral functions for
polycrystalline Li;RuQ; for U =3 eV and different values of Jx: (d) 0.3 eV (e) 0.5 eV, and (f)
0.7 eV. [Ref.1. 22] (g) A plot of the electronic contribution to the heat capacity (y) versus the
low-temperature value of the susceptibility (o) for the Li;RuOj; systems with different levels

of disorder (x) compared with those for other heavy fermion systems. [Ref.1. 25]

13



Chapter 1. Introduction

Besides, this system behaves bizarrely above the structural transition temperature. As
the XRD result indicates, there is no structural distortion signifying the dimerization above
transition. However, the pair distribution function analysis (PDF) with total scattering
measurement manifests the dimerized states [Ref.1. 26]. These local dimers rising from the
thermal fluctuations are called the valence bond liquid (VBL) state. Because the phase transition
to the VBL state accompanies the sudden change of volume and release of latent heat during the
phase transition as when the ice melts, it seems like a first-order phase transition. Nonetheless,
the recent Raman scattering experimental result shows that the phase transition has the combined
features of both first- and second-order transitions. That is, some phonon lines shift with a drastic
softening of their frequencies, which is a characteristic of a first-order transition. In contrast,

others change continuously, indicating the second-order transition [Ref.1. 27].

1. 3 Outline of the thesis

Throughout this thesis, the transition metal dimer and their ordering in LioRuQOs3 are discussed.
Chapter 2 introduces the pivotal experimental techniques of the research, such as Li,RuOs single-
crystal synthesis, and resonant elastic x-ray scattering (REXS). It is well known that growing a
single-crystal sample containing lithium in the chemical formula is quite delicate. To successfully
synthesize the challenging material, the separated educts method was used, which is a modified
chemical vapor transport method. The chapter provides the details of the synthesis as well as the
description of REXS. A synchrotron light source is an efficient tool to investigate condensed
matters. It is mainly because the generated photons have a broad range of energy. Since every
element has the characteristic absorption energy of a photon, various scattering techniques are
available. REXS 1is a novel diffraction method for observing charge, magnetic, and orbital
orderings in a solid. Because the scattering amplitude that can be obtained from general x-ray
scattering experiments is weak, the broken symmetries are hard to be observed. Fortunately, the
resonant scattering allows us to illuminate and discover them. In Chapter 3, the correlation effect
associated with the dimer of Li;RuOs is explained through the investigation of the anisotropic
physical properties. The anisotropy of the resistivity and the magnetic susceptibility are measured
and compared with the DFT calculation result. The REXS study that reveals the physics of the ty,

orbitals is presented in the following chapter 4. The examination of the resonant reflection

14



Chapter 1. Introduction

measured by REXS explains the orbital ordering in LioRuOs. Throughout the final chapter, the
evolution of the VBL state in Li;RuO;3 is explored by doping Mn ions. The physical

characterization of the LixRu;xMnxOs suggests how the liquid state can reside in the solid.
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Chapter 2

Experimental Techniques

2.1 Sample synthesis

Starting materials for growing Li;RuOj single crystals were Li»CO;3 (99.995%, Alfa Aesar) and
RuO; (99.95%, Alfa Aesar). Both raw compounds are hygroscopic; thus, I carried out the drying
process (300°C, 6h) before weighing. Because they quickly evaporate during the crystal growth
due to their low vapor pressure, it is hard to use the conventional flux method. The quartz sealing
method, which is a usual synthesis technique for such evaporable starting materials, is also not
applicable because Li reacts with SiO». The Li-reacted quartz is much weaker than the pristine
one, so it is easy to break. To overcome these difficulties, [ used the separated educts (SE) method
with simplification. The SE method is a modified chemical vapor transport (CVT) method [Ref.2.
1]. The (classical) CVT method requires a sealed container, generally made by quartz, with a
temperature gradient and the transport agent, which conveys the starting material from the high-
temperature zone to the low-temperature region.

In contrast to the classical CVT method, the SE method has more freedom in selecting a
material for the container. Moreover, because this method uses H,O and O as the transport agent,
it does not require the quartz sealing for the controlled environment. Figure 2.1 shows the SE
method conducted by F. Freund [Ref.2. 1]. In my case, the two starting materials were just stacked
in an alumina crucible without the complicated construction, and the Li>RuQOj3 single crystals were
grown at the interface between the two raw materials. I ground them finely to increase the amount
of evaporating flux. I added an 8% excess of Li»COs to compensate Li deficiency occurred by the
difference of vapor pressure between the two materials. The prepared materials were baked at
1100°C for 24 hours. Figure 2.2 shows the simplified SE method I used and the grown Li,RuOs
single crystals. As shown in Figure 2.2a, the Li,COs3 layer was placed above the RuO; layer. No

single crystal was produced with the inverse order stacking.
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c
apertug & gRa

rings with spikes

Figure 2.1 Crystal growth equipment by F. Freund (crucible diameter 1.6mm).
Arrangement of the materials before and after the growth process is in (a,b), respectively.
The rings with spikes set like a spiral staircase to nucleate the vapor at different positions
with less intergrowth of the crystals. Formation of the most massive a-Li;IrOs; single crystals
appears on spikes located ~4 mm above the Ir starting materials. (¢) Individual parts made
from AL,O3 and (d) typical appearance of the tips covered with a-Li>IrOs; crystals at the
bottom side, scale bar Imm. [Ref.2. 1]

(a) (b)

Al O, Crucible

1i,CO,

Figure 2.2 (a) The cross-section of the simplified SE method. The Li,COj; layer places above
the RuO; layer. Li;RuQOj single crystals form at the interface of the two layers. (b) typical
appearances of the crystals grown by the simplified SE method.
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2.2 Resonant Elastic X-ray Scattering (REXS)

Translational symmetry and its breaking is the most crucial concept in solid-state physics [Ref.2.
2]. Because of an enormous number of particles in the solid, it is impossible to consider a motion
of particles one by one. The discrete translational symmetry, which is the pattern of particle
configuration of solid, gives a framework for handling lots of objects by bundling them up: the
densely packed atoms can be considered as a repeating pattern of a unit-cell. X-ray diffraction
(XRD), which is the cornerstone of condensed matter physics, is a primary tool for detecting the
repeating patterns [Ref.2. 3]. Although this method is old, it is still fundamental and vital for
exploring the world of the solid. The X-ray beams scattered by an array of atoms give constructive
interference, and one can discover its periodicity, i.e., the symmetry of the system by counting
backward the phase difference. When the symmetry is broken, a new interference pattern emerges
with supplementary information about the original symmetry.

Although it is, in principle, possible to detect any periodicity of the solid by XRD, it is
sometimes subtle to be observed. Especially when the broken symmetry is related to the degrees
of freedom of valence electrons, it is difficult to measure because of the too-small intensity of the
emerging peaks. Resonant elastic X-ray scattering (REXS), also known as resonant X-ray
diffraction, is a modified XRD technique using specific energy of incident photons [Ref.2. 4]. The
scattering amplitude is enhanced drastically by the resonant process, which includes the excitation
and decay of the core-electron state. It allows us to study degrees of freedom such as charge, spin,
and orbital, which has only a tiny signal in the conventional XRD [Ref.2. 5]. Besides, REXS can
measure not only the spatial modulation of those degrees of freedom but also the local detail of
valence electrons: X-ray absorption spectroscopy, which is another root of the REXS, is a
specialized tool for observing the local environment of the electrons [Ref.2. 6].

In this section, I review how REXS works, based on previous studies of Blume,
Dmitrienko, Altarelli, and Di Matteo’s [Ref.2. 6-9]. First, I describe how photons of X-ray
interact with matter. The Dirac equation, a relativistic wave equation, is required to understand
the interaction between the spin of electrons and light. Thus, I start from the Dirac equation and
progress to the non-relativistic limit. Second, I discuss the X-ray scattering cross-section,
restricted to the elastic scattering process. In the elastic process, the state of electrons remains the
same after the scattering event. There are three types of elastic scattering: Thomson scattering,

non-resonant magnetic scattering, and resonant elastic scattering. I account briefly for them and
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compare the resonant scattering to the non-resonant scattering process. Finally, I explain the

condition for REXS and how to extract the local information of electrons.

2.2.1 Electronic matter-radiation interaction Hamiltonian

Electromagnetic radiation, which is the propagating electromagnetic field through space, perturbs
bound electrons in solids. By investigating the behavior of electrons under the perturbation, one
can obtain plenty of information about the electronic system. This part aims to derive the
interaction Hamiltonian of the radiation and electrons in solids. I first start from the Dirac equation
and bring it into a low-energy limit with the Foldy-Wouthuysen transformation [Ref.2. 10].

The Dirac Hamiltonian, Hp, is given as

N
Hy = ) fme? + V() +cd- @ — < A7) |
=1

where V(r) is the scalar potential and A(#,t) is the vector potential. This Hamiltonian is
represented by a 4x4 matrix, determined by gand & matrices in standard notation,

(1 0 ._ (0 ¢
ﬁ‘(o 1)’ a= (& 0) '
Here, 1 is the 2x2 identity matrix and & is the vector, consisting of the three Pauli matrices
oy, 0y and o,. The absorption edges of interest in REXS is in the range of 0.2-20 keV, much

lower than the rest energy of the electrons (mc? ~ 511 keV). It allows us to focus on the low-
energy limit of Hp, rewritten with Foldy-Wouthuysen transformation,

2
N (ﬁj G t)) "
~ _ C 7’ _ p_] AN i 2. _’_ e -
Hp = Hpy = j=1l om 8m3c2 + V(rj) (mc) sj-B (Zmzcz)sj
L (. e, eh? " ]|
| E X Pj_EA(”'i:t) + ) V-E |
|

The first term is the usual modification of the kinetic energy in the presence of a field. The second

is a relativistic correction to the kinetic energy, but it does not involve the field; thus, it is

irrelevant to my discussion. The third term is the potential energy of the electron, and the fourth

term is the interaction of the electronic spin § = g&, where the # is the reduced Planck constant.

The fifth term is the term of the spin-orbit interaction with kinetic energy modification. And the
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last term is the Darwin correction, which vanishes due to the transversal nature of the
electromagnetic wave (V- E = k - E = 0).

An arbitrary space- and time-dependent vector potential can be described with plane-
wave basis distinguished by a wave-vector k and two polarization modes labeled by 4,

1
- hCZ 7 (E F—w t) N
> _ = T—wp %t —l(k-r—aht)
AR t) = Z<qu> [ela 1€ k") + e a; ;e % ] ,
KA k

where Q is the box volume for quantization and does not have any physical meaning in this

discussion. wy is the angular frequency of light, c|§|. €, is the polarization vector of the

photon with the A-polarization, which is orthogonal to the k. az ; (‘%A) is the annihilation

(creation) operator of the photon with a quantum number (E,A). In this formalism, the
Hamiltonian of the photon system is

1
fhaa = 2o (45014

Thus the Hamiltonian for the system of electrons and the radiation field is written as
H = Hpy + Hyqq

_ Z (pj - Ez'i'fﬁ"t)) +V(F#) - (%) 5 l_?)(?})

—(ﬁ)@-(m(@-;z@,o))]
+zhwk( i+l

This Hamiltonian can be separated into three terms, Hel, Hrag, and Hint:

H = Hey + Hypqq + Hint
N [

V) + () 5 (V) )

1
Hpaq = Z hwE (a%AaE,/l + E)
kA

-
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N 5 5 R
e - e 0A . e\ - e R
L = 2 _(— |3 . — _(— ()2
Hine Z [<2mc2>A <2mzc4> % <6t % A) (mc)A Pj (mc) Sjr VX A]'
]=

where E = —VV (7)) — g—f (7,t) and B(#) = V x A(#, t). The He and Hrag describe behaviors

of non-interacting electron and the radiation field, respectively. The interaction Hamiltonian, Hin,
contains all terms related to the vector field. It has four terms, named Hi, Hz, Hs, and Ha,
respectively.

N 2 N
e 5 R 6A(r)
= (5z) # ) Z(WCJ (2252 (s e
j=1 j=1
N N

==Y (o)A 5, =) ()5 TxAG)

j=1 j=1
The first two terms are quadratic in the vector potential. The vector potential is associated with

the absorption (annihilation, az, ;) or the emission (creation, a% /1) of a photon; therefore, the

product of the vector potential represents a continuous process of absorption-emission of a photon.
The first term, Hi, describes Thomson scattering, the elastic scattering of electromagnetic
radiation by a free-charged particle in classical electromagnetism. The second term, H,, describes
non-resonant magnetic scattering, and it is linear in the spin magnetic moment of the electron.
The last two terms are for resonant scattering, linear in the vector potential.

2.2.2 Scattering cross-section (Elastic scattering)

In this part, | derive only the elastic scattering process, in which the system stays in the same state
before and after the scattering event. This process conserves the energy of the scattered photon.

When the incoming photon has a polarization vector €; and wave-vector k, and the outgoing
photon has a polarization vector €;, and wave-vector k', the conservation laws implies |§| =
||, and the initial and final state of the total system are:

i) = |0;...,(§A,]})),...> ,

1) =10;, (& K).) -

The notation ‘0 labels the ground state of the electronic system, and (&, E) and (5&:,7{4’)

represent the state of the incoming- and outgoing-photon, respectively. It is clear that (f|a | )
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1.

—

kA

i> are zero, thus (f|A]i) is zero because the vector potential is a linear combination

and <f a
of the annihilation and the creation operators. It implies that the lowest-order contribution of the
vector potential comes from second-order perturbation theory, and the Hs and H4 should be
addressed in this way because they are first-order in the vector potential. The following expression
gives the total scattering intensity:

1) = [F(Q)|s(Q)]

u.c

|y el DT (<f|H1 + Hyli)

a

2

2
Z i(K' %) Rnia

N

N Z (f|H3 + Hy|lnXn|Hz + Hyli)
ha)k + EO — En

a
where = k' —k is the scattering vector, F(Q) is the structure factor of the unit cell, and S(Q)
is the form factor. |n) is an intermediate state during the resonant process.

Thomson scattering term Hs

The calculation result of the Thomson scattering term H; is given by

ZeZ

— (O (eA,,k )|(elf e,l)aa 2 Ae‘(" k)7

Quy, mc?
>_hc2
=5

.Qw ro(elf e,OZ( lQTL wk?"o(é))"/'é)l)fo(a) .

The magnitude of electron scattering is controlled by the quantity ro = e?/mc?, called the Thomson

(fIH; i) =

0; (el,k)>

radius, ro=2.818x10"** m. The polarization dependency (&, -&,) shows that this process does

not change the polarization of the scattered photon. fo(é) =Y <O|ei5'ﬁ' O) is the atomic

scattering factor considered in the case of the normal (or routinely happening in our lab) X-ray
diffraction.

Non-resonant magnetic scattering term H»
The cross product of the vector potential and its time derivative is given by
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— XA = Y [—iwz {é)la%’lei(%'?f_wﬁt) eflazl (%'Fj_“’ﬁt)}]

x I:é)lal_c’l A,ei(ﬁl'ra]’—w}?/t) + é}k’a%,A,e—i(l_é"f)j—a)zlt):l.
The matrix element of the non-resonant magnetic scattering term is given by
hc w3,
0 =in (1) (25) Y )
(FIH3]i) = —irg (Qw )(mcz) '
l

It contains the spin operator, and its magnitude is reduced by the factor (%) it is a small

3+ (8 x &)el(E-F)7

number because the typical energy of the X-ray is of the order of 10 keV while the rest energy of
the electron is 511 keV. The polarization dependency (&;; X €;) shows that the polarization
direction of the incident photon changes in this scattering process.

Resonant scattering terms Hs & H,

The partial matrix element of the resonant scattering part is given by

1
hc

2\2 e NN sk PwsT .
(n|Hs + H,li) = <—> — <n|51'1(k)az,a+ea']T(k)a£,1|‘> '

Qwz ) mc
where the current operator is j(k) = X;(5; — ik x §;)e’®77. There are two kinds of processes in
the resonant term. The first process is that the incoming photon is annihilated first; afterward, the
outgoing photon is created. In this case, the core-hole lifetime (I") has to be considered,; its value
is usually of the order of 1 eV. The second process is that the outgoing photon is created first;
afterward, the incoming photon is annihilated. The following expression gives the resonant
scattering term with those two processes:

<hc > Eo — En [& - (O (R)n)(nlT(K)[0) - & _ & - (Ol (K)|n)(nli* (K)|0) - &
Quwy, /m = hwy,

Eo + hwy, — E,, + il /2 Ey — E, — hoy,
The factor % comes from the pole analysis of two resonant terms. The last term has no
k

contribution to the scattering cross-section because only the excited state with higher energy is in
consideration.

The plane wave component in the current operator f(E) =%, - ik x %)eiwf can
be expressed with a series of expansion. A multipole expansion based on spherical harmonics
(Bessel function for the radial part and Legendre polynomials for the angular part) is generally
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used. Here | used the Taylor expansion.

ﬁjeiﬁ-ﬁ' = ﬁj (1 + i]_c) . 7"-} _%(E . 77;)2 + ) = z Oj,h(E)
h

- P — - 1 - -
(8 x k)e™ T = (5 x k) (1 + ik 7 — E(k - ?j)z + ) = Z 0'jn(k)
h
The first term in 0;,(k) (electric dipole, E1) is calculated as

05 (£.2) = ) (nl0,2(B)]0) = > (nlFy[0) = ) (n| F 7 Hel

J J

0> = imwno(n||0),

En—Eo
h )

where the third equality is obtained through the Heisenberg equation of motion, and w,, =
R= ;i 7;. The higher-order terms also can be calculated from the commutator. For example, the

termin k -r can be derived as

m 1 ) 1
ﬁ[xy' H,l = E(pxy + xpy) = 1p,y + Elz .

Thus the second term 0; , (k) is calculated as

S - N m S N 1 - -
ipj(k - 75) = o2 7 (k - 75), Hat| +5 (5 x k) -
The first term of this expression gives the electric quadrupole (E2) contribution:

maw ST S
200 ] 3,7, ) [0)

078 (k,2) = —
The second term %(T] X E) depends on the orbital moment; thus, it is magnetic. It can be grouped

with the first term of the O’j,h(ﬁ). The two terms form the magnetic dipole (M1):

0 (.2) = Y [1nl(Gy X 0)]0) + 5 (nl(G x o)

i - N - 1 — -
= E(n|(2j li +25;) x k|0) = E(n|M X k|0) ,
where M = Z]-Tj + 28; is the total magnetic dipole moment of the atomic electrons.
Non-symmorphic symmetry of crystals

Because the resonant scattering is a second-order process, the scattering amplitude is much
smaller than the first-order scattering events, such as the Thomson scattering. Therefore, to
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resolve the resonant scattering, | had to select the Bragg forbidden reflection in the reciprocal
lattice. The condition for the forbidden reflection is given by

unit cell

> eilffagy (@) =0,

a
where fo,a(é) is an atomic scattering factor of the atom at R, These conditions were calculated
and listed in International Tables for Crystallography Vol. A [Ref.2. 11]. They are determined by
the phase differences between the scattering amplitudes of symmetry-equivalent atom positions
in the unit cell (Wyckoff positions), and those differences depend on the space group and the
occupied atomic sites.

Non-symmorphic symmetry operations involve translations with fractional lattice parameters.
There are two kinds of non-symmorphic operations: glide plane and screw operation, as shown in
Figure 2.3 for crystal systems.
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glide plane

Figure 2.3 Non-symmorphic symmetry operations: (a) Glide plane: a reflection followed by
a translation parallel with the reflection plane. (b) Screw operation: a rotation followed by

a translation along the rotational axis [Ref.2. 12].

When the space group of the crystal includes such non-symmorphic symmetry
operations, specific reflections are extinct. The scattered photons related to the Thomson process
interfere destructively. For example, there is no intensity at (010) reflection with space group
P21/m because of the screw axis 2, parallel to the crystallographic b-axis. On the other hand, the
scattered photons through the resonant process can change its polarization and interfere
constructively with the photon scattered from the other unit cell. Thus, at particular reflection
positions corresponding to the nonsymmorphic operations, it is possible to observe the purely
resonant reflection.

For example, if I consider only the resonant process with the electric dipole (E1), the

structure factor is given by
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w3y 225 - (0|R|n){n|R|0) - &

il
a n W Wy — Wpo +2_£

u.c
_ 20, iQ-R, fFE1-E1 ). 2
- eA’ (Z e ? afa > ey,

a

where the f,F17E1 called a tensorial atomic scattering factor, has a second-rank tensor form. The
structure factor can be described briefly by Jone’s matrix, which is a matrix representation for
each scattering channel of respective polarization of light [Ref.2. 13]. For a linearly polarized
electromagnetic wave, each element of the matrix is described as

€5 F(Q) €5 eaf'F(Q)'€n>
€ FQ) €5 €y F(Q)er)’

where the € and é’ represent the polarization directions of the incident and scattered light,

e r@-e= (

respectively. The o (w) expresses the polarization perpendicular to (lying in) the scattering plane,
which is the plane defined by the incident and outgoing wave vectors. It is possible to extract
several factors of the scattering factor by the polarization analysis. Notably, changing the
orientation of the scattering plane by rotating the sample provides rich information about local
and global symmetries of the scattering center: it is the primary purpose of REXS.

I carried out the REXS experiment on Li,RuQOs3 at the 116 beamline in Diamond Light
Source (U. K.) [Ref.2. 14]. I will show the experimental details in chapter 4.
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Chapter 3

Anisotropy and transition metal dimer in Li;RuQ3

The formation of the transition metal clusters makes the system irregular because that structural
transition accompanies the breaking of the symmetry elements in the space group [Ref.3. 1,2].
The nonuniformity in the lattice induces an anisotropy in several physical properties, e.g.,
structural deformation, magnetic susceptibility, and resistivity. Thus it is possible to acquire lots
of information about the cluster by measuring such anisotropies. In the Li,RuOs case, because the
dimers are lined up in the herringbone-patterned honeycomb lattice, comparing the physical

properties along with the a- and b-directions would reveal the directional nature of the dimer.

3.1 Structural Distortion by the dimerization

A>,MOs (A= Lior Na, M = transition metal) is a prospective candidate in the search for particular
states originating from specific structural, electronic, and magnetic configurations on a
honeycomb lattice. Li>RuOs, having a honeycomb lattice and 4d #5,” electronic configuration, has
attracted significant attention on account of the presence of an orbital-selective Peierls transition
(OSPT) leading to the strongest inclination toward dimerization among the A,MOs
systems [Ref.3. 3]. Most interestingly, the dimerized bonds between Ru atoms display a
herringbone pattern with a remarkable difference in length between the short and long bonds
alternating along the bond direction, and simultaneously it changes space group from C2/m to
P21/m [Ref.3. 4]. It should be noted that this bond length disparity is as large as 0.5 A, which is
consistent with the strong direct bonding between two adjacent Ru atoms for the shorter bond.
The short bonds in Li;RuOs are even shorter than those in Ru metal. The short bonds present long-
range structural order and form a valence bond solid (VBS) with a local spin-singlet state. As
such, all particularity of this material lies in structural aspects. Therefore, it is crucial to scrutinize

the structural factors to understand this system.
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3.1.1 Crystal Structure Analysis

The crystal structure was measured by X-ray diffraction (XRD) using a Rigaku XtallL.ab P200
(Mo target, averaged K,) and refined with the WinPLOTER program [Ref.3. 5]. Figure 3.1a
displays the refinement result of the XRD data acquired at 300 K. The number of reflections in
the data is about 1,700; the refined lattice parameters are a = 4.931 A, b=28.795 A and c=5.132
A with a B-angle of 108.22 °. The refined atomic positions in the unit cell are in Table 3.1. The
result also shows a noticeable difference in the inter-Ru bond lengths within the Ru honeycomb
layers reported in previous findings [Ref.3. 4]. According to the analysis, the shortest Ru—Ru bond
(red cylinders in Fig. 3.1b) length (ds) is 2.571 A, while those of the other bonds (orange cylinders
in Fig. 3.1b) are 3.048 A (d;) and 3.058 A (d;), where (d, — ds)/ds ~ 0.186: almost identical to
the reported value [Ref.3. 4].

Element Wyekoft X y y/ Biso Occupancy
Position

Ru 4f 0.27949 0.07675 0.00411 0.44724 1
Li(1) 4f 0.77008 0.09553 0.50741 1.28114 1
Li(2) 2e 0.77365 0.25 0.00564 0.61161 0.5
Li(3) 2e 0.25235 0.25 0.48588 1.26203 0.5
o) 4f 0.00487 0.07762  0.022640 0.70170 1.0
0Q2) 4f 0.50272 0.08292 0.74546 0.74520 1.0
0Q3) 2e 0.50939 0.25 0.23413 0.81105 0.5
0“) 2e 0.04510 0.25 0.78186 0.73350 0.5

Table 3.1  The refined atomic positions of Li;RuQOs (P2:/m, 300 K)
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Feq (X102 cps)

Figure 3.1 (a) Single-crystal refinement results of the LiRuQ; single-crystal. The inset
shows a hexagonal Li;RuQ; single-crystal. The horizontal (vertical) axis is the observed
(calculated) scattering intensity of reflections of the LiRuQs;. (b) Li;RuQs3; at room
temperature, viewed along the perpendicular direction to the Ru honeycomb layer in the
ab-plane. The yellow and green spheres represent, respectively, the Ru and Li-ions. The blue
polygons represent oxygen octahedrons. There are two unequal Ru—Ru bonds, i.e.,
dimerized bonds (red) and two other bonds (yellow) with similar lengths. (¢) X-ray
diffraction image in the (hk0) plane of single-crystal Li;RuQ; with no sign of twinning.
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3.1.2 The b/a ratio: A parameter of distortion

Figure 3.2a shows the intensity of the (101) reflection as a function of temperature up to 600 K.
It vanishes above the transition temperature of ~ 550 K with a structural transition from P2:/m to
C2/m. Figure 3.2b shows the relative ratio of the two lattice parameters b/a as a function of
temperature. We note that this ratio can serve as a quality check of the samples; it is susceptible
to the disorder of dimers [Ref.3. 6]. Table 3.2 shows the list of the b/a ratios at 300 K reported in
previous researches: for our sample, the rate is 1.784. Upon heating, this ratio converges to V3
at 600 K with a homogeneous Ru-Ru bond length, and the honeycomb layers become almost
regular in the higher temperature range (inset in Fig. 3.2b). Thus, the b/a ratio directly measures

the lattice distortion by dimerization and serves as a good indicator for the quality of the crystal.
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Figure 3.2 Temperature dependence of (a) the intensity of the (101) peak and (b) the b/a
ratio of the lattice parameters. The blue dashed line represents the value of b/a ~ \/3, a value

found for the honeycomb structure with an almost ideal honeycomb lattice. The inset shows

an illustration of the perfect hexagonal honeycomb structure.
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b/a-/3)\/3
References b/a ( )
(%)
Calculation [Ref.3. 7] VASP 1.789 3.260
[Ref.3. 4] Li;RuOs 1.785 3.044
LRO1 1.780 2.779
LRO2 1.784 2.982
LRO3 1.780 2.740
[Ref.3. 8]
LRO4 1.777 2.581
LROS 1.776 2.561
LRO6 1.767 2.039
A 1.774 2.438
1.771 2.261
Powder
C 1.781 2.836
D 1.782 2.855
[Ref.3. 6]
E 1.782 2.893
F 1.784 2.975
G 1.785 3.042
H 1.785 3.061
Li,RuOs3 1.781 2.799
[Ref.3. 9] :
(L10,95Na0_5)2RuO3 1.778 2.669
[Ref.3. 10] Li,RuOs3 1.785 3.044
Li,RuOs(P) 1.766 1.976
Single [Ref.3. 10] .
Li,Ru0;(C) 1.744 0.671
Crystal
This work Li;RuOs3 1.784 2.977

Table 3.2  Summary of b/a parameter taken after several references.
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3.2 Resistivity anisotropy and the dimerization

The resistivities of the principal crystallographic axes were measured with a two-probe method
because the sample size is too small for the conventional, more accurate, four-probe method. (Fig.
3.3a). The dimensions of the samples for the electric measurement were as follows: for p, —
[w(width)=125 um, /(length)=151 um, h(height)=47 um], pp [w=249 pum, I=200 pum, h=54 um],
pe —[w=220 um, [=51 um, h=221 um]. The applied voltage between the two electrodes was kept
below 0.2 V to prevent any possible electric charging effect that could occur from the high
mobility of the Li" ions [Ref.3. 11]. We used two different systems for the resistivity
measurements to cover a broad temperature range: one with a cryostat for low temperature from
5 to 300 K and another with SiC heaters for high temperature from 300 to 650 K.

I also measured the high-temperature resistivity along the b-axis with a 4-probes method
to verify several issues: the effect of contact resistance in the 2-probe measurement, a thermal
hysteresis of the resistance, and the identification for the conductance character in the high-
temperature phase (Fig 3.3b). The sizes of the sample for the 4-terminal measurement are as

follows: w=44.4 um, /=200 ym, h=32.5 ym.

3.2.1 Resistivity anisotropy of Li2RuQs

The resistivity in Fig 3.3c displays distinct anisotropic behavior. The resistivity along the ¢ *-axis
is the largest over the whole temperature range because the LiO layers disjoin the RuO;
honeycomb layers along this direction. Of particular interest is anisotropy of the in-plane
orientation. The measurement shows that the resistivity along the b-axis is larger than the a-axis.
This in-plane anisotropy suggests that an electronic hopping between the dimers along the b-axis
(dr in Fig. 3.1b) is smaller than that along the a-axis (d; and ds in Fig 3.1b). This ratio pu/pa is
found to be ~ 2 above the phase transition. It increases as decreasing temperature and attains
around 10 at 5 K. This in-plane electric anisotropy indicates the directional anisotropy of the
hopping integrals in the dimer phase, which is most likely to be related to the orbital degrees of
freedom of the Ru 4d bands.

The temperature-dependence and value of resistivity of the 4-probe result are almost the
same as those of the 2-probe result in Fig 3.3d. These data exhibit an explicit thermal hysteresis

and insulating behavior in the high-temperature phase.
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Arrhenius type plot of the resistivity data is displayed in the inset of Fig 3.3c. For all
three crystallographic directions, the curves are well-matched with a straight line with an energy
gap of ~ 0.15 eV in the high-temperature phase. However, they do not follow the activation
formula in the low-temperature state with the dimerized bonds. To check whether this low-
temperature curves could be explained with a theory for topological insulators as suggested for
SmBs [Ref.3. 12], we have calculated a topology of the bands using the VASP2trace code/program
and discovered that all the bands in Li,RuQOs are topologically trivial [Ref.3. 13]. Thus, we assume
that this low-temperature flattening behavior of the resistivity curves is more likely to be extrinsic,

probably due to Li defects in the system.
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Figure 3.3 The pictures of (a) 2- and (b) 4-probe contact on the single-crystal Li;RuO3 (c)
Resistivity curves of the Li;RuQj; single-crystal in a temperature range of 5-650 K, along
the a-(green), b-(red), and c*-(blue) crystal axes. The dashed lines in the range of 5-300 K
are for the data to check the reproducibility of the results with other samples. The inset
shows the Arrhenius type plots of the resistivity curves from 300 to 650 K. (d) 4-probe
resistivity curves along the b-axis in the range of 300-630 K, with heating (red) and cooling
(blue).
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Chap 3. Anisotropy of LiRu0O3

3.2.2 DFT calculation

To understand the anisotropic behavior of resistivity, we carried density functional theory (DFT)
calculations using WIEN2k [Ref.3. 14] with 12x6x12 k-points in the full Brillouin zone using the
Tran-Blaha modified Becke Johnson (TB-mBJ) potential for exchange-correlation [Ref.3. 15,16].
The TB-mBJ potential is known to give a better estimation for an electronic bandgap than the
standard functionals such as local density approximation (LDA) or generalized gradient
approximation (GGA) functionals, without much computational cost. The spin-orbit coupling
effect was included in the calculations (spin-orbit coupling strength of Ru is ~ 75 meV). The
resistivity was then computed with a BoltzZWann module in Wannier90 to estimate the resistivity
anisotropy [Ref.3. 17,18]. The BoltzWann utilizes a semiclassical Boltzmann transport equation
to calculate resistivity. It assumes a constant relaxation time approximation and a dispersion
relation from the Wannierized tight-binding Hamiltonian. We then guessed the macroscopic
magnetic susceptibility from the macroscopic susceptibility outputs provided by the NMR
calculation module of WIEN2k [Ref.3. 19,20]. The macroscopic magnetic susceptibility is
calculated using the 2™ order perturbation theory on the DFT results by taking modulated external
magnetic fields with a long wavelength.

A significant point worth noting here is that when we used the standard potential (GGA
or LDA) for the DFT calculation, the bandgap could not be opened. Only when we employed the
TB-mBJ potential did we succeed in causing an indirect electronic bandgap of 170 meV: whose
value is more or less consistent with the experimental values. This reliance on the bandgap on the
potentials employed for the DFT calculations implicitly implies that the Coulomb U plays an
essential role in realizing the insulating phase, which is involved in the TB-mBJ potential.

With the band structures developing the correct value of the bandgap, we computed both
the resistivity and susceptibility results using the modules embedded in the WIEN2k code.
According to our calculations done without spin-orbit coupling, we obtained the following values:
xa=1.83, b = 2.34, and = 1.21, all in units of 10* emu/mol. These calculations not only give
the right anisotropy but also give values of the same order of magnitude as experimentally
observed. The resistivity calculation with the BoltzWann code was proposed to capture the
thermally-excited charge carrier contribution under the constant relaxation time approximation.
In this resistivity calculation, we succeeded in getting the right anisotropy of out-of-plane and in-

plane resistivity, as one can see in Fig 3.4c.
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Interestingly, one can modify this anisotropy in the resistivity by moving the Fermi level
by 0.1 eV with more electron doping. But we note that this computation failed to reproduce the
right in-plane anisotropy of the resistivity. Experimentally, we discovered that the a-axis
resistivity is smaller than the b-axis, while the calculation results suggest the b-axis resistivity
smaller than the a-axis. The origin of this disagreement in the resistivity anisotropy is unclear at
the moment. It might originate from noticeable anisotropic renormalization of bands due to the

electron correlation effects, which goes beyond the scope of the attempted DFT calculations.
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Figure 3.4 (a) DFT band structure: upper six bands are from anti-bonding states, and the
lower six bands are from bonding states. (b) Various points in the first Brillouin zone of the
Li:RuO; (c) Resistivity divided by p. at 100 K with changing chemical potential. The

green line represents p,/p.- while the red line py,/p..
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3.3 Van Vleck type susceptibility and its anisotropy

For the magnetism measurements, we aligned ~ 250 pieces of the Li,RuOs crystals with the total
mass of ~ 1.091 mg along the c¢*-axis (perpendicular to the honeycomb layer) using polyimide
tape. We piled them in five segments (see the photo in the inset of Fig. 3.5a). The magnetic
susceptibility measurement was then carried out from room temperature down to 2 K in an applied
field of 1 T parallel and perpendicular to the ¢-axis, using a commercial SQUID magnetometer
(MPMS3, Quantum Design). Then we computed the ionic Langevin diamagnetic contribution of
the susceptibility using the table in [Ref.3. 21] and subtracted the value from our measured
susceptibility.

The magnetic anisotropy of the ab-plane was measured by a torque magnetometer
because of the meager signal from the tiny crystal. After checking the crystallinity and the crystal
axes of the sample with SC-XRD, we attached it on the top of a piezo-resistive microcantilever
and measured the magnetic torque along 6.+ with ¢s.-rotation (Fig. 3.5¢): 6.+ is the angle between
the direction of the applied field and the c*-axis, and ¢, is the azimuthal angle in the ab-plane
(see Fig. 3.5¢). All the measurements have been conducted using a physical property measurement
system (PPMS-9, Quantum Design) with a rotator.

The susceptibility curves in Fig. 3.5a are almost independent of temperature due to the
singlet formation of the 4d-electrons in the Ru dimers. The up-turn behavior at low temperatures,
most probably originating from paramagnetic impurities, is observed regardless of the
measurement direction. But what is most notable is that the low-temperature susceptibility has a
large van Vleck paramagnetic contribution of 4 to 6 x 10* emu/mol, which is much larger than
the ionic Langevin diamagnetic contribution of -5.6x 10~ emu/mol [Ref.3. 21]. We also note that
the c*-axis susceptibility is smaller than that of the in-plane average. This anisotropy of the
susceptibility is consistent with the reported data in [Ref.3. 9], but not that of [Ref.3. 10]: the
ratio of those two values (=y. ) is ~ 0.70 in my data, similar to that of [Ref.3. 9]; in contrast,
the susceptibility of the plane-orthogonal direction was reported to be larger than that of the in-
plane direction in [Ref.3. 10].

As shown in figure 3.3b and c, the magnetic easy-axis can be identified from a complete
angular dependence of the field-induced torque, 7(6.+). The amplitude of the sin26.+ -dependence
is proportional to the principal components of the magnetic anisotropy ¢;;. Figure 3.5b shows that

7(0.+) at different azimuthal angles ¢, and 7(6.+) can be fitted with a z-periodic sinusoidal
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function. From these torque data set, we find that the susceptibility in any in-plane direction is
always larger than the out-of-plane direction one, confirming the susceptibility measurement
results with the five-storied crystals. Figure 3.5¢c shows the fitted amplitude of the data with a b-
to-a rotation. The difference between y,, and x.. varies with the azimuthal angle ¢s; it is the
smallest along the a-axis and the largest along the h-axis. From those two experiments, we could
separate the value of the in-plane susceptibility along the a-axis and b-axis.: y, = 1.56y ., xp =
1.16y .+
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Figure 3.5. (a) Magnetic susceptibilities of the c*axis-aligned filed single-crystals as a

function of temperature in the range of 2-300 K, along the out-of-plane (x., circle marks)

and in-plane ()45, Square marks) directions; the inset figure shows the sample used for this

measurement. (b) The angular-dependent torque measurement at fixed azimuthal ¢ angles

from ¢p, = 0° (b-axis) to ¢p, = 90° (a-axis). (c) Fitted amplitudes from the data with ab-

rotation. The inset illustrates the rotating angles and the crystal axes of the measurement.
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Chap 3. Anisotropy of LiRu0O3

3.3.1 “Dimer array” approximation and symmetry analysis

If we ignore the interaction between the Ru-dimers, we can consider the honeycomb lattice as an
array of the dimers. In this case, the magnetic susceptibility of the system is just a sum of each
dimer. The dimer has three principal axes: one is along with the dimer, and the others are
perpendicular to the direction of the dimer, as shown in figure 3.6. There is no off-diagonal term
in the 2" rank tensorial magnetic susceptibility with the principal axes. Still, we have to convert
the tensorial magnetic susceptibility with rotation matrices to merge with the contribution of the
other dimers. The conversion formula is as follows:
aM; A o
X =5, = Z @ Dxqa@ )

q=x',y'zr

The (g -17) is an element of the rotation matrix. Because of the mirror plane perpendicular to the

b-axis, we can write a summation of the susceptibility of two dimers in the unit-cell briefly:
Xa =2Xaa = 2[(@ ¥) 2+ (@9) 2y + (@ 7) 2 |
~ N2 ~ 2 A~ 2
X = 2200 = 2| (b %) 2w+ (B-5) sy + (B 7) 22|

~ ~\2 ~ ~N\2 ~ N2
Yo = 2 = 2[(@ ) e + (@ 7) s + (€ 7) 1

With this formula, it is possible to calculate the ratio between Yy, Xyr, and xg,:the Xyt Xyt Xz

ratio is 4:1:10.

o

Figure 3.6. The illustration of the dimer array approximation for the honeycomb lattice.

The purple ovals are the Ru dimers, and the x’, y’, and z’ are the principal axes of the dimer.
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3.3.2 Exact diagonalization calculation

We calculate the van Vleck magnetic susceptibility of the dimer with the exact diagonalization
method. The Hamiltonian consists of local Kanamori Hamiltonian with intersite hopping, spin-
orbit coupling, and crystal electric field within #,, manifold.

H = Hganamori + Hepr + Hsoc + Hhopping
U—3Jy

Hyanamori =

N(N—-1)—Jy (252 + %LZ)

CEFdI:

Hepp = adﬁa

ao,Bo’

Hsoc = Z A(l's)aa,ﬁa’dl'adﬁa'

ao,Bo’
Hhopping = Z Tia,jp dla’a jBor
i*j,ao,for
Note that for the on-site Coulomb interaction, we have assumed full rotational symmetry. Two
system-dependent parameters are V“* and T. To estimate the size of the crystal electric field
(CEF), we use a point charge model and scale the strength of CEF to fit the 10Dgq to be 3 eV. The
CEF matrix is complicated as there is no symmetry to simplify the structure of the matrix, but
maximum energy splitting within the #,; manifold should be within 0.1 eV. We choose hopping
integrals from DFT calculation to reproduce the gap between bonding and anti-bonding states. To

simplify the model, we consider three types of hopping.
t;, t, O
Tl' j (tz ty O >
0 0 ¢t

Where # and #; are direct intra-orbital dd-hopping, and #; is from the oxygen mediated d-p-d inter-
orbital hopping. The ¢; and #; are expected to be smaller than #; in a typical ideal honeycomb case.
But it is longer the case once the lattice dimerized as the size of #; increased greatly and ¢, to be
slightly increased. The value of #; is so large and comparable to U and much larger than Hund
coupling. We take t;, =-0.17, £=0.32, t3=-1.2, U= 3, Jy= 0.4 and A = 0.075. Fig. 3.7a shows
the calculated density of the states of each molecular orbital. The dot lines indicate the energy of
each single-particle states assigned in the Miura’s previous study. Our calculation result shows

that our Hamiltonian for the dimer, especially the Kanamori term, which is related to the electron

43



Chap 3. Anisotropy of LiRu0O3

correlation, enhances the electronic gap near the Fermi energy. In both single ion or dimer, the
ground state does not have a magnetic moment; therefore, the magnetic susceptibility is originated
from the Van Vleck magnetism. The van Vleck paramagnetism along # direction is
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Figure 3.7 (a) The calculated densities of states (DOS) of each molecular orbitals. Black dot
lines in the figure signify energies of the single electron state with approximation. (b)
Calculated numerators in the equation of the VV magnetism and (c) the gap-weighted

numerators. The ratio of the calculation results along the principal axes of the dimer is 3:1:7
(EXxr: Xy Xz1)

The graph in Figure 3.7b shows the numerator of the van Vleck magnetism of the
principal axes of the dimer. Although the related orbital for each direction is different, the
numerators almost independent of the direction. But the energy gaps, the denominator of the van

Vleck magnetism formula, depend on the direction because each molecular orbitals related to the

directions have different energy gaps between the bonding and anti-bonding states. Thus, the
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calculated magnetic susceptibility is highly anisotropic, and the ratio yy,: Xy x5 is 3:1:7. This
calculated ratio has the same tendency as the experimental result, which is 4:1:10. In the
calculation, because we did not consider the inter-dimer hopping, which can change the electronic
gap, the electronic gaps for the z’ and x’ direction, related to the states near the Fermi-surface,
were overestimated. If we correct the energy gap, the calculated values will be more close to the
experimental result. Nevertheless, the similarity of the empirical and calculation results back up

the validity for the dimer-based analysis for the honeycomb lattice in Li,RuOs.
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Figure 3.8 (a) Optical Spectra of Li;RuO; and (b) the simulation by the DFT calculation
with TB-mBJ potential. (c) Identification of the a, £, and y peaks in the optical spectra. The
o peak occurs from an electronic light absorption process from the 6 bonds to the & bond,
and there is about 0.27 eV difference in the position of the peak between the experimental

and calculation results. The energy diagram of the Ru dimer in Figure 3.8c is from [Ref.3.

4].
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3.4 Discussion and Summary

We examined the anisotropy of physical properties to investigate the effects of both correlation
and spin-orbit coupling on the dimerized state. In the DFT calculation, the metallic solution (e.g.,
in LDA or GGA methods) cannot reproduce the experimentally measured anisotropies in the
physical properties, such as resistivity and magnetism. On the other hand, as we discussed above,
the calculations with the U give the rational description of the observed anisotropy. It is the
discussion in favor of the Coulomb correlations U playing a crucial role in the behavior of
Li;RuO:s.

Of further note, it is insufficient to explain the anisotropic nature of the Li,RuQO3 with the
correlation effect with the TB-mBJ potential only. Figure 3.8a is the optical spectra of the material
obtained with ellipsometry, and Figure 3.8b is the calculated spectra based on the DFT calculation
results with TB-mBJ potential. The low energy peak o does not fit on the calculation result, while
the higher energy peaks f & y are relatively fit well. The f and y peaks occur from the absorption
process to the o* anti-bonding of the dimer, whereas the gamma peak is related to the absorption
process to the * anti-bonding. The disagreement of the low energy absorption peak signifies that
the DFT calculation with TB-mBJ calculation underestimated the electronic gap. However, the
potential function could open the gap, which is not opened by the calculation with LDA and GGA
Methods. And as the kinetic energy gain due to the formation of the z- and J-bonding (~0.3 eV)
is smaller than the Hund coupling energy of Ru ion (~0.4 eV), it is not reasonable for us to
anticipate that the 75, orbitals, except for the dy, orbitals participating the strong 6-bond, will form
the molecular orbital. Therefore it is more valid to consider these orbitals as single atomic orbital
and have to take the other interactions, such as spin-orbit coupling, into account for estimating an
electronic state of the dimer.

Another point worth noting is the band degeneracy along with directions of specific
momentum directions: the Z-D and E-Z-C2-Y2 directions, as shown in Fig. 3.4a. It is perfectly
degenerate without the spin-orbit coupling and becomes split slightly with a spin-orbit coupling
of 75 meV. This degeneracy is protected by the nonsymmorphic symmetry, a screw axis 2; along
the b-axis, of the low-temperature phase of P2;/m. This degenerate and nearly flat-band gives rise
to a large density of states just below the energy of the Fermi level: our Hall experiment shows
that Li,RuOs is intrinsically n-type. Thus, with some control of the Fermi level, such as gating

experiments, one might be able to control the ground state - an intriguing direction for future
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study.

To summarize, we found the clear experimental evidence of anisotropies in both
resistivity and susceptibility data for single crystals of Li,RuOs. Using theoretical studies, we
confirmed that the anisotropy in the susceptibility is reproducible with the DFT calculations using

the TB-mBJ potential, indicative of the importance of correlation effects.
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Chapter 4

Resonant Elastic X-ray Scattering on Li;RuQ;

Resonant elastic x-ray scattering (REXS) is a specialized tool for observing valence electronic
states such as charge, spin, and orbital degrees of freedoms [Ref.4. 1-3]. I employed this
technique to survey the molecular orbital in the Ru dimer and its effect on electrons in states near
the Fermi energy. The experiment was conducted in the //6 beamline of the diamond light source
in the UK [Ref.4. 4]. This beamline was designed initially for hard x-ray experiments, but during
our experiment, the optics for an incident beam was adjusted to control photons with energies of
the Ru L, 3-edges, which is below the energy of 3 keV (L.: 2.967 keV / Ls: 2.838 keV). These
photons with the energy of L-edges, which excite 2p core electrons to the 4d valence levels near
the Fermi energy, are hard to deal with because they are quickly dissipated in the air, like a photon
with energy in the range of a soft x-ray. Nevertheless, I selected those photon energies since
resonant scattering processes with the absorption L-edges allow the dipole transition confined in
the transition metal, and enable us to directly observe the local state of the valence electrons [Ref.4.
2]. Our experiment was as follows.

(1) X-ray absorption spectroscopy (XAS): I carried out the XAS with the fluorescence-yield
mode, which is the way to detect the fluorescent decay of the core hole generated by the x-ray
absorption [Ref.4. 5]. Because the fluorescence process for the decaying core hole is dominant in
the hard x-ray regime, the majority of the hard x-ray beamlines adopt this method instead of the
electron-yield mode. Our experiment also used the fluorescence yield, even though photons with
the energy of the Ru-L edge quickly decay in the air.

(2) Scanning for superstructure peaks: I had considered that the super-exchange interaction
between the Ru dimers might order the orbital or spin moments of the electrons [Ref.4. 6]. If the
rest of the electrons in the #;, manifold, which did not participate in the direct o-bonds, formed
these ordered states, additional resonant reflections, indicating the emerging order, have to appear.

Since an orbital ordered state with doubled unit-cells was expected from the herringbone pattern
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of the dimer and the remaining electronic degrees of freedom, I searched the resonant reflection
at every half position.

(3) Characterization of Resonant reflection (010): the nonsymmorphic symmetric operation 2;
in the space group P2/m allows a resonant reflection [Ref.4. 7]. I observed this reflection and
measured it from several aspects: the polarization dependency of the scattered beam, temperature
dependency with structural phase transition, and the absorption edge dependency and the
azimuthal-energy structures near each edge. Then, these results were analyzed by comparison

with calculations with FDMNES code, which adopts the Green formalism on a muffin-tin

potential approximation [Ref.4. §].
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Figure 4.1 X-ray Absorption spectra with the fluorescence-yield mode of both Ru (a) L; and
(b) Lz edge. The black dotted lines in both are the arctangent type background function, and
the inset graphs show them in a broader range. The green (brown) Lorentzian shape peaks
correspond to the photon absorption process, exciting electrons from the 2p core levels of
Ru to the valence 44 1, (e,) levels. The red lines are the summation of the absorption peaks

and the background function. All measurements were carried out at 300 K.
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4.1 X-ray absorption spectroscopy of LizRuO3

Figure 4.1 shows the x-ray absorption spectra of Li,RuO; at both L-edges. The fitting results
indicate that there are two peaks in both spectra. A previous XAS study on Ca,RuQs, which also
had the Ru*" ion in the oxygen octahedron, reported that there were also two peaks at Ls: the
former peak corresponds to the photon absorption process, to excite 2p core electrons to the
valence state of the #,, manifold, and the latter is the result of the process to excite 2p electrons to
the e; level [Ref.4. 9]. The energy gap between the two peaks is 2.5 eV, and the origin of this gap
is the crystal electric field splitting, owing to the interaction with oxygen ligands around the Ru
ion.

I assigned the peaks in our spectra to be the same as those of Ca,RuQs. The energy gap
between the two peaks was 3.1 eV in the L3 spectrum, but 2 eV in the L, case. If the energy gap
purely originated from the crystal field splitting, it must be identical on both absorption edges.
The XAS of La,RuOs showed that there were similar energy gaps between the two peaks at both
L-edges [Ref.4. 10]. Although this system also has spin-singlet dimers like Li,RuQO3, the RuOg
octahedra have the edge-sharing geometry; thus, the direct overlap between the 7, orbitals is
negligible.

The RuOs octahedra of Li,RuOs;, on the other hand, have an octahedron network with
corner-sharing geometry. There is a sizeable direct overlap between t, orbitals, inducing a
considerable hopping integral about 1.2 eV [Ref.4. 11]. But the orbital selective nature of the
overlap between 7,4 orbitals produces strongly non-uniform hopping integrals for different orbitals
and splits the energy level of the ¢, orbitals.

A previous study with XAS on the O-K edge showed that the energy gap between the
xy-antibonding molecular orbital and the e, orbital was about 2 eV. It is the same as that of our L,
case. Besides, the ratios of the area of both peaks are very different at both edges. The ratio
(FAng/Acg) 1s 4.84 at L3 but 1.59 at L,: it is almost triple. Those distinctions in the energy gap and
the area ratio support that the absorption processes of the two edges are accessing different ¢,

levels.
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4.2 Searching for superstructure reflection

I have verified that exchange interactions between dimers form some ordered state, and scanned
64 peak positions in the Ewald sphere of LiRuO3, mainly focusing on the half peak positions.
Table 4.1 is a list of the scanned positions in the reciprocal lattice. There is no peak anywhere.
Thus I assumed that the symmetry of the electronic system of LioRuOs3; would be the same as that

of the lattice structure and proceeded with the experiment.

# ] h k [ # ] h k [ # | h k [
1 0 |22 -05 | 46 0
2 45 | 05 |23 0 |47 45 | 05
3 05 |24 45 | 05 |48 1
4 1 |25 05 |49 1.5
5 05 |26 1 |50 0.5
6 0 |27 15 |51 0
7 4 | 05 |28 -05 |52 4 | 05
8 05 |29 4 | 05 |53 0.5
9 1 |30 05 |54 1
10 15 |31 15 |55 -0.5 1.5
11 | -1.5 0.5 | 32 -0.5 | 56 05
12 05 0 3] 4 0 |57 0
13 05 |34 05 | 05 |58 0
14 1 |35 05 |59 05 | 05
15 05 |36 1 |60 0.5
16 0.5 0 |37 15 |61 1
17 05 |38 0 | -05 |62 1.5
18 05 |39 05 0 |63 05 | 05
19 1 0 |40 05 |64 1 | -05
20 05 |41 1 |05
21 1.5 0 |42 0.5

43 -0.5

44 1.5 0

45 0.5

Table 4.1 Scan list to search for expected superstructure reflections: there is no signal

anywhere.
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4.3 Tensorial structure factor calculation for Li:RuO3

As mentioned in Chapter 2.2, the non-symmorphic symmetry operations cause photons scattered
by Thomson scattering to interfere destructively. On the other hand, photons scattered by the
resonant process can interfere constructively, and in this case, resonant reflection is
observable [Ref.4. 7]. Because only the x-ray absorbing atoms are important in this case, the

structure factor of the system can be briefly described by just considering them. The Ru atoms in
Li:RuO; occupy the 4f Wyckoff positions: Ru; = (x,y,z),Ru, = (—x,y + %, —Z),RU3 =
(=x,—y,—z),Ruy = (x,—y + %,Z), where (x,y,z) = (0.2795, 0.0797, 0.004) The generalized

structural factor for Akl reflection is as follows.

Fhkl — fleZm'(hx+ky+lz) + (_1)kf262ni(—hx+ky—lz) 4+ f3e—27'ri(hx+ky+lz)

4+ (_1)kﬁe—2ni(—hx+ky—lz)
f2=Cwf1, 3= ffl' fa =Mpfi
where Cz is the symmetric operation of 180° rotation around the b-axis, / is the inversion
operation located at the center of the dimer, and m is the b-axis perpendicular mirror plane
positioned at the center of two dimers (Figure 4.2). At the absorption L-edges where I carried out
the experiment, E1-E1 transitions (transition by electric dipole operators) are dominant. Thus the
atomic scattering factors are described by a 2™ rank tensor, and the action of the inversion

symmetry on them is always +1. Under this condition, the structural factor is as below:
Fhkl — [eZni(hx+ky+lz) + e—2ni(hx+ky+lz)
+ (_1 )k (eZm'(—hx+ky—lz) + e—21'[1'(—hx+ky—lz))C"Zb]f1

= 2(cos[2r(hx + ky + 12)] + (=1)* cos[2n(—hx + ky — 12)] C2p) fi

For a (010) reflection, the structure factor Foio is 2 cos(2my) (1 -G, b) f1- The atomic scattering

factor is a symmetric tensor; thus the Foio represented by the orthonormal basis set (&*, b, 6) is

as follows:
0 fa*b 0 0 fa*b 0
For0 =4cosmy)| fab 0 foc | ~ | farp 0 foc
0 fbc 0 0 fbc 0
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Scattering /

Figure 4.2 The elements of the space group P2;/m and the scattering geometry of our
experiment for observing the (010) reflection of LiRuQ;. The pink ovals represent Ru
dimers, and they contain an inversion symmetry at their center. The azimuthal scan means
the rotation of the scattering plane, and the azimuthal y is defined as an angle between the

scattering plane and the a’-axis.

In this orthonormal basis set, the electric field directions of the incident and outgoing

linearly polarized light can be expressed in the form:

€s = (—cosy, 0,siny), €,7 = (—cosy, 0,siny)

€z = (sin@siny,cos 6,sin 6 cosyp), €, = (—sinb siny,cosB,—sin6 cosp)
where the €, (€,) is the incident (outgoing) X-ray polarization, and they are perpendicular to
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the scattering plane. The €, (€,) is the incident (outgoing) X-ray polarization confined in the
scattering plane, and perpendicular to the wave vector of the light and the €, (€,/) vectors. The
w is an angle between the principal crystallographic axis @* and the wave vector of the incident
vector and the azimuthal zero is chosen when the scattering plane corresponds to the b-¢ plane.

The Jones matrix describing each scattering channel is as follows:

€5 " Fo10" €5 €57 " Fo10" €x

) ~€0S 0 (—fgrp COSY + fpc siny) ((1) (1))

~r ~
€ - FOlO € = (
€x' " For0 €5 €x' " For0 €x

Thus there is no signal in the scattering channel, conserving the polarization of light such as ¢-c’
or 1-1’, but the polarization changing scattering processes such as the o-n’ or -6’ channels are

allowed. I can, therefore, write the measured intensity of the o-7’ scattering channel as:

Iam = |60' ’ F010 ' 61t|2~|_fa*b COSI/) + fchinlplz

Using the formula, the elements of the atomic scattering factor can be obtained from the azimuthal

scanning result.

4.4 Characterization of the resonant reflection (010)

4.4.1 Polarization and temperature dependency

The structure factor calculation result confirms that I can identify the existence of the 2, symmetry
of this system by measuring the polarization dependence of the resonant reflection. If this system
has a non-symmorphic symmetry, the (010) reflection is forbidden in the 6- 6’ scattering channel
but allowed in the o-n’. Fig 4.3a shows the polarization dependency of the (010) reflection at the
Ru Ls-edge. While the scattered intensity in the 6-c’ channel is almost not detected, in the o-
n’channel is observed. On the other hand, the (020) reflection, which emerges with the Thomson
scattering process, shows the contrary tendency (Figure 4.3b).

Previous studies have reported that this system has a structural phase transition at 550 K,
which changes the space group of this system from P2i/m (low T. phase) to C2/m (high T.
phase) [Ref.4. 12]. Because the space group of the high T. phase, C2/m, does not include the
non-symmorphic symmetry operation 2;, which is the cause of the resonant reflection (010), the
resonant X-ray scattered intensity has to vanish with increasing temperature above the phase

transition temperature. Fig 4.3c shows that the (020).s still exists at over 550 K, but the (010)sr
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disappears. Thus the resonant reflection originates from the 2, symmetry, and it can be reliably

concluded that the symmetry of the electronic system is the same as that of the lattice system.
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Figure 4.3. The rocking curve of the (a) (010) and (b) (020) reflections at the L; edge. While

the (020) reflection has a significant intensity in the o¢-¢’ scattering channel and a small

signal in the o-m’ channel, the (010) reflection shows the opposite tendency. Both

measurements were carried out at 300 K. (¢) Temperature dependence of the intensities of
the (010)sr» and (020)s. polarized reflections. The (010) o»» disappears at 550 K when the

system is heating.
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4.4.2 Azimuthal angle and absorption edge dependent behavior of (010) o»

In the previous section, I discussed the discrepancy in the absorption spectra at both L-edges. The
disagreement at both edges is more remarkable in the spectra of the resonant x-ray reflection (010)
on’. Figure 4.4a and b show the intensity of the resonant reflection varying with the energy of the
incident photon and the orientation of the scattering plane at both edges. Both spectra have broad
lobe-shaped peaks enhanced near the ¢, absorption energy, and those peaks weaken to almost
zero intensity near the energy for the e, level. After that, small peaks emerge and disappear with
increasing energy. But the details of the two spectra are very different. First, they have a different
behavior of intensity variation on the orientation of the scattering plane. The spectrum of the L,
edge has a minimum value at y = 225° while the position of the minimum of the L3 edge is y =
180°. Besides, the lobe of the L3 edge is bent near the t»; absorption energy, but that of the L, edge

does not behave the same way.

(a) ’2\.95 2.96 297 2.98 299 (b) 2.82 2.83 2.84 2.85 2.86

Abs. (a. u.)

W W
— D
W (=]

o
010) ( )
010) (
[3S]
~)
S

7
— S8
0 8]
(=] W

—
[9%]
W

2.85 2.86

2.95 2.96 2.97 2.98 2.99 2.82 2.83 2.84
Energy (keV) Energy (keV)

Figure 4.4 A 2d map of the intensity of the (010)s» reflection varying with the azimuthal
angle and the energy of the incident photon. The top figures are the same as Figure 4.1. Both

maps have no signal at the photon energy of the e, absorption process.

Several energy cuts of the REXS spectra in Figure 4.4 are plotted in Figure 4.5. The red
circles in both figures are the azimuthal scan results at both the L, and L3 edges, and the black

diamonds are the data away from the edges. The scans of the L, edge and the lower energy have
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the same orientation dependency. But those of the L3 edge are almost n/2 different. Furthermore,
while the minimum values of the other curves are zero, the azimuthal scan of the L3 edge has a
non-zero minimum. This background in the azimuthal scan results indicates that the atomic
scattering factor of the Ru ion is described by a complex number [Ref.4. 13]. But it is impossible
to fit the curves at the absorption edges to the equation for the o-n’ scattering channel because

they do not have a two-fold symmetry about the azimuthal rotation.

(a)Rul, O £ -17eV (b)Ru L, O £ -13eV
90° O E; =2.968keV 90° © E; =2838keV

270° 270°

Figure 4.5 Several energy cuts of the REXS spectra in Figure 4.4 The red marks are the data
at both absorption edges, and the black markers are data measured below the absorption

edges.

To fit the experimental results, [ modified the equation as follows:

. )
Lo ~ |fOSlTl(ll)—l/)0)+B€l¢| 5

where B is independent of the orientation of the scattering plane and goes to zero when the energy
of the incident photon is far away from the absorption edge, and fy and B are real numbers. The
value of tan(wo) is fa=/fsc when the elements of the atomic scattering factor are real numbers. Table
4.2 shows the fitting results of the experimental results, and the fitting curves are plotted together

in Figure 4.5.
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Energy Yo Oyo tan(yy) B/fo OB ¢ oy
Er2 53.52° 0.70° 1.352 0.1684 0.0059 0° -
E,-17eV 50.17° 1.22° 1.120 0 - - -
Evs -68.68° 0.91° -2.562 0.7460 0.0279 115.06° 0.86°
Eiz - 13eV 19.68° 0.89° 0.358 0 - - -

Table 4.2 Fitting results of each energy cut in Fig 4.5

I tried to reproduce the XAS and REXS spectra with FDMNES code, which adopts the
Green formalism on a muffin-tin potential approximation [Ref.4. 8]. The input file for running
the program is in Appendix A. Previous studies showed that the Hubbard U for electron
correlation plays an essential role in this system; thus, our calculation contains the U = 3.0.

Fig 4.6a shows the calculated XAS spectra at both absorption edges. In both top and
bottom figures, the peaks at the front and back correspond to the absorption process from the 2p
core-levels to the ty; and e, levels, respectively. A calculation with spin-orbital coupling (SOC) of
the electrons was also tried. Still, the additional term did not change the spectra much because its
intensity was relatively smaller than other terms, such as the crystal electric field splitting. The
distance between the two peaks was about 2.6 eV, and they had an identical gap regardless of the
absorption edge. It is the same behavior as the La;RuOs which has the corner-sharing RuOs
network [Ref.4. 10].

Because the muffin-tin approximation for the electric potential and the multiple
scattering formalism cannot consider the formation of the Ru dimer, this spectra calculation does
not include the direct overlap between the d-orbitals of both Ru atoms in the dimer. Figure 4.7b
and ¢ show the REXS calculation result of the (010) .- reflection at the L3 edge with the FDMNES.
They could not reproduce the experimental data at all. Figure 4.6c is an energy cut of the REXS
along the red dashed line in Figure 4.6b. This azimuthal scan at the t;; absorption energy has 2-
fold symmetry. Those discrepancies between the experimental data and the FDMNES calculation
results prove that the Ru atoms in the dimer cannot be treated simply as a source of the electric
potential.

Instead, it is necessary to consider the overall electronic wave function in the dimer
because the Ru dimer has a larger direct hopping integral, of about 1.2 eV. It guarantees the inter-

atomic exchange interaction is as large as the intra-atomic one, known as Hund’s coupling [Ref 4.
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11,14,15]. Naively I can estimate roughly the size of the inter-atomic exchange as below:

2
tda

_4d_ _ 08 eV
U— 3/, €

J ~
where 244 is the hopping integral, and U-3Jy is the energy barrier for the direct hopping (d*d* —
d*d®). I calculated it with U= 3 eV and Ji = 0.4 eV. The calculation result is larger than the Hund’s
coupling Jy of electrons in the 7., orbitals of Ru. Thus it is valid for dealing with the significantly

inter-atomic correlation, and this system has to be treated based on the dimer.

®) 150 FDMNES - (010),, @ Ru L,
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Figure 4.6 The calculations with the FDMNES code. (a) XAS spectra at both absorption
edges. The dashed lines are the calculation without SOC, and the solid lines are with SOC.
(b) the REXS spectra at the L; edge. The calculation at the L, edge was the same as that of
L3. (¢) The energy cut along the red dash line in the 4.7b. It has a 2-fold symmetry about the

azimuthal angle.
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4.5 Discussion and Summary

I discussed that the single electron approach does not operate well for the dimerized system, and
the correlation between electrons in different atoms has to be considered [Ref.4. 16]. In particular,
the relationship between Ru’s in the same dimer is much more important than the others.
Furthermore, the interaction between electron and x-ray is sufficiently local. Thus, this system
could be simplified into the model with the Ru and surrounding oxygen atoms: the dimer model.
It was already mentioned in the previous chapter, explaining the anisotropy in the van Vleck
magnetism.

This model could be solved by the exact diagonalization method, which is a numerical
technique to determine the eigenstates and energy of the model Hamiltonian, because of the
proper size of this system. The computation cost for this method was too expensive to calculate a
larger system. But our previous model does not include the interaction between the dimer and X-
ray in the resonant regime. Thus further theoretical studies are required to realize a model with
the light-matter interaction.

Our fitting result for the REXS spectra shows that it requires complex numbers to explain
the azimuthal scan at the Ru L3 edge. A series of studies about Fe;O4 with REXS show that the
orbital states described by linear combinations of the #,, wave functions with complex number
coefficients can occur with complex-number elements in the atomic scattering factor [Ref.4.
13,17,18]. In general, those complex number coefficients are related to the spin-orbit coupling
(SOC) of the transition metal ions. Although the size of the SOC of the Ru ion, which is about
150 meV, is not that big, its contribution to the complex number mixing of the t2, orbitals is not
ignorable. The previous researches on iridates have verified its importance, and I expect that the
SOC also plays an important role in the dimer system [Ref.4. 19].

I suggested a modified azimuthal equation for the o-n’ scattering channel. The equation
is composed of two resonant components, the 2-fold sinusoidal and the azimuthal angle
independent one. There are several examples of interference between several resonant signals.
The REXS on GdB4 shows interference between the M1 and E1 scattering processes: both have
2-fold symmetry, and the interference result also indicates the same symmetry [Ref.4. 20]. The
resonant scattering result for germanium shows interference between the resonant peak and the
multiple scattered Bragg peak [Ref.4. 21]. In this case, the curves for the azimuthal scan have a

sharp anomaly.
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In our case, it is hard to identify the azimuthal independent factor in the fitting formula.
One candidate is an asymmetric atomic electron-density distribution induced by forming the
covalent bond between the transition metal atoms. In the resonant regime, they can be considered
small ‘pseudo-atoms’ and produce a resonant reflection in the proper positions. But this idea
requires further discussion [Ref.4. 7].

In summary, the results of XAS and REXS on Li,RuO3 shows that there are absorption
edge selective behaviors. It implies that the SOC of Ru plays an essential role in the dimer; the
azimuthal background of the REXS at the L3 absorption edge also supports it. Besides, the (010)
resonant reflection at both edges behaves as distinct resonant signals are interfering. The
FDMNES calculation, which adopts a single electron approach, cannot explain the results; thus,

it requires a model considering the correlation effect induced by the dimerization.
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Chapter 5

A Mn doping study on the valence bond solid phase in
Li;RuOs

5.1 Valence Bond Liquid phase in Li;RuO3

Until the previous chapter, [ have focused on the Ru dimer itself in Li,RuOs. In particular, most
of the study has dealt with the electrons in the bonding state of the dimers as in a spin-singlet state,
which is a maximally entangled spin pair or a molecular orbital state, including the roaming
electronic state in the cluster [Ref.5. 1]. Although this viewpoint on the system is valid as I have
discussed, there is still an ambiguous point: the influence of the interaction between the dimers
themselves. Transition metal clusters in a solid form a periodic array called a valence bond solid
(VBS) or, sometimes, a valence bond crystal [Ref.5. 2]. For symmetry, the periodicity and pattern
of the system are related to the internal degrees of freedom of the cluster. The orbital degree of
freedom, especially, as discussed in Chapter 1, is crucially important for the orbital-selective
behavior of such bonding formation. Thus, determining how the VBS order evolves by several
statistical factors, such as the temperature of the system and doping with other transition metal
ions, shows the nature of the cluster.

The previous research has shown that Li,RuQO; has a peculiar state above the structural
phase transition temperature [Ref.5. 3]. In the x-ray diffraction results, there is no signature of Ru
dimers above the transition temperature: the dimers composing the herringbone pattern in the
honeycomb lattice are smoothed out (Figure 5.1a). However, pair distribution function analysis,
which is the Fourier transformation results of the total scattering measurement and describes a
histogram of the bond length in the system, revealed that they are still present above the transition
in a disordered or fluctuating manner up to at least 650 °C (Figure 5.1¢). The phase with these
thermally fluctuating dimers is called a valence bond liquid (VBL). Because of the fluctuations,
the system exhibits a diminished local spin moment of S = 1/2, instead of the S = 1 expected from

a typical t* electron configuration of the case of Ru*" [Ref.5. 3].
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Figure 5.1 Valence bond liquid phase in LiRuQOs. (a) Selected narrow region of the X-ray
diffraction profile of Li;RuQs; as a function of temperature: the (10-2) reflection disappears
at the structural phase transition temperature (550 K ~ 270 °C). Temperature dependence
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Chapter 5. A Mn-doping study on the valence bond solid phase in Li;RuQO3

In this chapter, I will discuss the physical properties of the Li>Ru;..MnxOs3 systems. The purposes
of this experiment are as below.

(1) How VBS behaves near the breaking of the Ru dimers by Mn substitution: Because the
radial distribution function of the orbital wave function increases with the periodicity of the
elements, the replacement with Mn diminishes the direct orbital overlap between transition metal
ions and reduces the electronic bandwidth or hopping constant. Thus, the substitution is expected
to destroy the dimerization locally, and the accumulation of such defects will break the VBS order
if it goes beyond a limit.

(2) Observing the VBL phase with a spectroscopic local probing tool and comparison with
the result attained by the total scattering method: The extended absorption fine structure
(EXAFS) method is a powerful tool for observing the local structure of a selected absorber [Ref.5.
4]. While the pair distribution analysis with XRD in the previous study provides information about
all interatomic distances, the x-ray absorption process-based probing method is specialized for

detecting paths centered on the absorbing ion.

5.2 Structural variation of Li2RuQs; by Mn doping

Polycrystalline samples of Li>Ru;.xMnOs (x =0, 0.03, 0.05, 0.08, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 0.9
and 0.95) were synthesized by a solid-state reaction method. The starting materials were Li»CO3
(99.995%, Alfa Aesar), RuO; (99.95%, Alfa Aesar), and MnO> (99.995%, Alfa Aesar). All of the
starting materials were dried at 600 K for 6 h due to their hygroscopic character. The
stoichiometric quantity of each compound plus a 5% excess of Li,CO3 was placed in an alumina
crucible, and the mixture was sintered sequentially at 700 and 900 °C for 12 h at each of the
temperatures. After that, each mixture was pelletized and heated at 1000 °C for 24 h.

Li;RuO; (P21/m) and Li-MnO; (C2/m) form a layered honeycomb lattice with crystal
structures, as shown in the right in Figure 5.2a [Ref.5. 5,6]. Both structures are composed of edge-
sharing octahedra, but only the ruthenate has the contracted transition metal bonds with the space
group P2,/m. Because of the structural similarity between both materials, I could replace the Ru
ion with a Mn ion and form a Li;Ru;xMn,Oj3 solid solution as in our previous study on Li,Mn;.
«T1xO3 solid solution. The structures of the samples were confirmed by powder X-ray diffraction
(XRD) using a Rigaku Miniflex2 (Cu target, suppressing Kz with Ni-filter). There raw XRD data

of the solid solution is provided in Figure 4.2a. With increasing Mn composition, two peaks at 44°
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and 45° come closer and almost merged at x = 0.2, which signifies that the structure with P2;/m
is not valid anymore in x > 0.2: In this range, the system has the C2/m structure of Li-MnO3 (C2/m
Phase).
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Figure 5.2 (a) XRD data for the Li:Ru;.\Mn.Oj3 systems. The systems with x < 0.2 have a P
2:/m space group, and the rest have C 2/m. The right figures are the crystal structures of
Li;RuQOs; (right bottom) and Li,MnOj; (right-top). Both have a layered honeycomb structure
separated by Li" ions, but only the ruthenate has strong dimerization. The dimer (red) bonds
are 2.57 A, and the black bonds are about 3.05 A. In contrast, the manganite has regular
inter-transition metal ion bonds in the range of 2.82 ~ 2.84 A. (b) Unit cell volumes of the
LizRu;.\Mn,O; systems refined by the Le bail method. The blue line is a fitting result for the
volume data of the systems with x > 0.2, and the orange line is that of the systems with 0.08
< x<0.2. (¢ ~ e) The lattice parameters a, b, and the interlayer distance (c-sinf) of Li;Ru;.
MnxO; systems. b and c-sinff decrease monotonically with increasing Mn doping, but 4 has
the maximum about at Mn 40 %. The orange line in (e) is the linear fit of the data. (d) The

b3 — 1 for Li;Ru1-xMn,O; systems.

distortion parameter u = P
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The lattice parameters of each sample were refined with the Le Bail method [Ref.5. 7].
The unit cell volume of the Li,Ru;.x\Mn,Os solid solution decreased monotonically with increasing
x. Still, it did not show a linear behavior, as expected from Vegard’s law, due to the volume
reduction by the structural phase transition [Ref.5. 8].

The blue line and the orange line in Fig 5.2b are linear fitting results with 0.4 <x <1
and 0.08 <x <0.2, respectively. This discrepancy between the expectation from Vegard’s law and
our observation is crucial evidence of the existence of the VBS state in those systems. Furthermore,
the volume reduction is related to a distortion in the transition metal honeycomb layer. The inter-
layer spacing c-sinf shows the typical behavior of decreasing linearly with increasing Mn because
it has a smaller ionic radius than that of Ru (Mn*": 0.53 A / Ru*": 0.62 A) [Ref.5. 9]. However,
a and b do not show typical behavior, especially the b/a ratio, which is /3 for a perfect honeycomb
case, as mentioned in previous studies, and increases in the x < 0.2 (P2:/m phase) [Ref.5. 10].

The distortion parameter u in Figure 4.2f indicates how the b/a ratio deviates from the
ideal honeycomb case. It decreases from 3 to 0 % as Mn content increases in the P2;/m phase,
while it stays at near 0% in the C2/m phase. Besides, the curve fitting with a mean-field type
order-parameter shows that the distortion parameter will converge to zero around x = 0.21, which
1s between x = 0.2 and 0.4. Therefore, our XRD data confirm that the solid solution in the P2;/m
phase has an additional volume reduction related to the distortion in the honeycomb layer, and is

maintained until the system with x=0.2.

5.3 Physical Properties of Li2Ru;xMnxO3

5.3.1 Electrical properties of LizRu1xMnxO3

I measured the high temperature (HT) resistivity of each pelletized sample using the four-probe
method with our home-built setup. The voltage difference between I+/I- electrodes was kept
below 0.2 V to prevent any possible charging effects due to the high mobility of the Li+
ions [Ref.5. 11]. The curves in Figure 5.3a are normalized resistivity with the value of 600 K. The
data were acquired during cooling. They show insulating (or semiconducting) behavior in the
whole range of x, but only the samples with x < 0.2 display a distinct phase transition. The black
arrows in the figure indicate the phase transition temperature of each curve. The temperature

decreases with increasing x, as shown in Figure 5.3b. Also, the value of resistivity above the phase
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transition reveals an anomaly at the boundary between the P2;/m and the C2/m phases. The

resistivity at 600 K decreases with small Mn doping because they behave as a p-type dopant for

the semiconductor. The value increases to 0.05 < x < 0.2 and has an inflection point at x = 0.2.
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black arrows indicate the phase transition temperature of each resistivity curve. (b)
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Chapter 5. A Mn-doping study on the valence bond solid phase in Li;RuQO3

5.3.2 Magnetic properties of LizRu;.xMnxO3

I also studied how magnetic susceptibility evolves upon Mn doping. The HT magnetic
susceptibility measurements were carried out in a magnetic property measurement system
(MPMS-3, Quantum Design). During the measurement, I sealed the sample with non-magnetic
zirconium cement to improve the thermal conduction of the samples. The curves in Fig 5.3c are
normalized magnetic susceptibility measured with a magnetic field of 1 T. There are hysteresis
loops in the curves for x < 0.2 due to the phase transition. Interestingly, the phase transition
temperatures of both physical properties were the same in the pure Li,RuQOs [Ref.5. 6], but they
split with increasing Mn. The magnetic transition temperatures rose from 530 K for x = 0 to 560
K for x =0.03.

The resistivity transition temperature, on the other hand, decreased monotonically with
increasing x. The temperature difference for x = 0.15 was about 50 K. Previous studies by K.
Mehlawat and Y. S. Ponosov reported that the transition of Li,RuQOs is a combination of two
consecutive phase transitions [Ref.5. 12,13], and it has both the nature of the first- and second-
order phase transitions. Our result also shows that the transition is complicated, but additional
experiments are needed for a more comprehensive understanding. Given the results of the electric
and magnetic properties so far, the LiRu;xMn,O3 systems can be divided into the P2;/m and the
C2/m phases, and the solid solution in the P2/m phase has a phase transition like the pure Li.RuOs.

5.3.3 Thermal properties of the phase transition of LizRu;.xMnxO3

The enthalpy change during the HT phase transition of the sample was measured using differential
scanning calorimetry (Discovery DSC, TA Instrument). Figure 5.4a shows the heat consumption
of the Li;Ru;.xMnO;3 solid solution in the P2;/m phase during the phase transition. The phase
transition temperature decreases linearly, and its value is close to that of resistivity in Figure 5.3b.
The deviation between the two sets of transition temperatures is due to the hysteresis in the first-
order phase transition. The integrated area for x = 0 is 1.0 kW-K/mol, and the enthalpy change
during phase transition is 6.0 kJ/mol (Heating rate: 10 K/min). This value corresponds to 62 meV
per chemical formula (Figure 5.4b).

A previous study by S. A. J. Kimber reported that the calculated energy difference
between the Armchair (P21/m) and Parallel (C2/m) structure is 42 meV, which is suggested to
represent the energy difference between the VBS and VBL phases [Ref.5. 3]. Our result is 20 meV
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bigger than this value. The excess did not originate from the volume change: the 103° m? unit cell
volume variation only contributed about 0.0006 meV to the enthalpy at normal atmospheric
pressure. Instead, it perhaps has an electronic origin. Li,RuOs is an insulator over the entire
temperature range. Still, the calculated electronic density of states in the Kimber’s study has no
electronic energy gap near the Fermi energy, regardless of the phase transition. This discrepancy
could cause electronic energy reduction by the phase transition to be underestimated.

The enthalpy change AH of the phase transition decreases as x increases, and this
indicates that the substitution of Mn for Ru breaks the dimers (Figure 5.3b). Furthermore, it also
reduces the entropy variation per transition metal ion 4S during the phase transition: the linear
fitting result shows that a replacement of one Mn particle reduces the A4S by 4.11. The A4S per
ruthenium ion of pure Li,RuO3 is 1.3, which is closer to 1.38 (= In4) than 1.10 (= In3). In the case
of x = 0.2, the vicinity of the boundary of the P2/m and the C2/m phases, the averaged entropy
variation ion is only 0.51. Even converse the entropy variation to the value per remaining Ru ions,

the entropy variation is 0.631, which is smaller than In2.
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Figure 5.4 (a) Differential scanning calorimetry (DSC) heat flow curves for a series of
Liz;Ru;.\Mn,O; systems. The inset graph shows the phase transition temperature (Tmelting) 0f
the systems. The linear fitting result is shown as a dashed red line. (b) Variation of enthalpy
change 4H per transition metal ion with x for Li2Ru;.xMnQs. The inset graph shows the
calculated entropy change A4S (= [ dQ/T) per transition metal ion during the phase

transition
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5.4 Local variation in LizRuQO3; Structure by Mn doping

The EXAFS spectra were measured at the Ru K-edge, and the experiment was carried out in the
transmission mode at the beamline 10C at Pohang Accelerator Laboratory (PAL). The samples
were sealed in polyethylene for room temperature measurement. For HT measurement, I mixed
the sample with BN at a 1:1 ratio and pelletized it. The data were processed and analyzed with
Demeter [Ref.5. 14]. Fig5.5a is a k*-weighted Fourier transform (FT) 300 K EXAFS spectra at
the Ru—K edge for LixRu;«MnO3 (x =0, 0.05, 0.1, 0.2 and 0.4, the range of FT: 3 ~ 14 A™). The
position of a peak on the spectra is generally 0.3 ~ 0.4 A shorter than the actual interatomic length

because of the phase shift by the potentials near scatting and absorbing ion.

In the previous research, the peaks around 1.5 A and 2.2 A were identified as single
scattering paths for Ru-O (2.0 ~ 2.1 A) and Ru-Ru (Dimer, 2.57 A) respectively [Ref.5. 15]. Our
300 K data showed that the length of the Ru-Ru dimer was not affected by Mn doping regardless
of the symmetry of the system. The 2.2 A peak was not shifted by Mn doping until x = 0.4. Fig5.5a
and 5.5¢ show the temperature dependence of EXAFS spectra for Li,Ruo9Mno 103 and
Li>Ruo sMno 205, respectively. The peak at 2.2 A, which represents the single scattering path
between Ru ions in the dimer, does not shift with increasing temperature. However, its intensity
decreases because of thermal broadenings. Besides, there is no obvious change between before
and after phase transition temperature, unlike the EXAFS results on other VBS systems such as
VO, and 17-CrSe; [Ref.5. 16,17]. This analysis shows that the dimers still exist above the phase

transition temperature, and the samples are in the VBL state.
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Figure 5.5 (a) The k*-weighted Fourier transform magnitudes of the Ru K-edge EXAFS
spectra of the Li;Ru;.,Mn,O3 (x=0, 0.05, 0.1, 0.2) systems. The red dashed line is a guide for
the eye. (b) and (c) are the temperature evolutions of the EXAFS spectra of Li;RugsMng 103
and LizRuy.sMny 203, respectively. The graphs on top show that the half-path length related
to the dimer (~ 2.2 A) exists regardless of the structural phase transition in both
compositions. The red dashed lines in both color maps are the phase transition temperatures

of both compounds.

5.5 Discussion and Summary

In the view of the EXAFS, the local environment of the Ru does not seem to change much despite
the structural phase transition with increasing volume. It is more apparent than the PDF analysis
because the EXAFS result only displays bonds, including Ru. This technique is more powerful
when studying a doped system: it is possible to distinguish the bond, including a specific atom.
The previous EXAFS study with the photon energy of the Mn K-edge showed that Mn
ions in the LiRuosMnosOs did not participate in the transition metal dimer [Ref.5. 15,18]. It is
presumed the reason why this happened is that the energy reduction from the Ru-Mn dimer is
smaller than that of the Ru-Ru dimer. It is because the overlap between the d orbitals and direct
hopping between Ru-Mn are smaller than those of the Ru-Ru, due to the radially confined nature

of the 3d electrons in Mn. But in the case of the Mn ion, instead, it can reduce more energy by
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indirect O-assisted hopping through the super-exchange mechanism. As a result, the Mn ions
prefer not to get involved in the dimer. Thus the substitution breaks the dimers and collapses the
VBS order in the end. The previous theoretical discussion demonstrated that the orbital
degeneracy causes spontaneous dimerization of spins and induces the herringbone pattern of the
VBS. From our experimental data, the calculated value of d(4H)/0x|y=q, Which is the latent
heat variation due to the Mn substitution, is - 0.26 eV, and the 9(4S)/0x|,=o is -4.11. I expect
that those values can be calculated from the orbital model in [Ref.5. 19] and be related to the
parameter of the model.

The experimental results of the structural deformation, resistivity, and magnetic
susceptibility showed that the ordered dimer phase is only maintained until x = 0.2. On the other
hand, our EXAFS data for x = 0.4 and Ru K-edge data of LiRupsMnosO; in Y. Lyu’s
research [Ref.5. 15] show that the Ru dimer still exists in the C2/m compounds. But it is hard to
consider those systems to be in VBS state because of the absence of the reduction in the unit cell
volume. Instead, a disordered honeycomb lattice with local clustering is more reasonable: the
VBL state exists. The previous theoretical study mentioned other types of orbital patterns, such
as trimers or closed chains [Ref.5. 19]. Although those patterns were rejected in the case of the
perfect Ru honeycomb, it could be a proper ground state in the heavily doped system because the
Mn substitution breaks the dimers and makes the Ru network finite. It requires further calculations,
such as Monte Carlo simulation.

In summary, the structural deformation, resistivity, and magnetic susceptibility of
Li;RuixMnsO3 show that this system has a phase transition above x = 0.2. The thermal analysis
for the VBS state shows that the enthalpy and entropy variation during the phase transition
decreases with increasing Mn substitution. But the local structure study with EXAFS indicates
that the dimerization is not much changed by the Mn doping and rising temperature. It indicates

Mn doping also can induce the VBL state in Li,RuOs.
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Chapter 6

Summary and Outlook

6.1 Summary

In this dissertation, Li;RuOs, a layered honeycomb structure consisting of Ru dimers in a
herringbone pattern, was explored in various aspects to investigate the effect of direct overlap
between d-orbitals of the transition metal ions.

The single-crystal growth of the ruthenate was successfully done. And the study on the
anisotropy of physical properties shows that it is valid to regard the system as an array of the base
unit, dimer. Besides, the DFT calculation result shows that the inter-atomic Coulomb interaction
and electronic correlation are essential for describing this system correctly.

X-ray spectroscopic methods are appropriate to probe the state of transition metal
clusters because they can detect not only the spin degrees of freedom but the charge and orbital
ones. The x-ray absorption spectroscopy (XAS) and the resonant elastic x-ray scattering (REXS)
result show that there are absorption edge selective behaviors that imply an influence of the spin-
orbit coupling on this system. Furthermore, the REXS result reveals the correlation effect, which
cannot be explained with the single-electron approach.

The solid solution Li,Ru;.xMnyOs was investigated to the inter-dimer interaction. The
structural, resistivity and magnetic susceptibility of this system show that the herringbone-
patterned dimer phase is maintained up to x = 0.2 and above that is in the disordered phase. The
thermal analysis and the extended x-ray absorption fine structure result display that the replaced

Mn does not participate in the dimer and breaks merely the herringbone pattern.

6.2 Outlook

A series of studies used to investigate Li,RuOs could be applied to other clustered systems. The

anisotropy of physical properties and x-ray spectroscopic methods could identify the electronic
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state of the cluster, and the doping study gives inter-cluster information. Trimer, which is a cluster
of three transition metal ions, is also an interesting object to study; LiVO,, NbsCls are such
systems [Ref.6. 1,2]. The extension of the study on clustered systems could make systems of
valence bond solids categorize.

My research shows that electrons in the dimer of Li,RuQj; are highly correlated. This
system is expected to have triplon-type elementary excitations, which is a quasiparticle from a
spin singlet-triplet excitation [Ref.6. 3]. The excitation would include entangled spin pair, which
is originated from the dimer. Although XAS and REXS are outstanding in investigating the
electronic state of the dimer, those methods cannot detect excitations in the system. Resonant
inelastic x-ray scattering, which is an x-ray spectroscopy technique utilizing a resonant inelastic
process, is an ideal method to observe such excitation. I expect to observe the effects of the

entanglement at room temperature by investigating the triplon.
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FDMNES Code for Li2RuQO3;

Comment
Ru- L edges in Li2RuO3

Filout

LRO XAS/L3 U3/XAS U3
Range

-15.01.0-8.0 0.2 10.1.20.0
Radius

3.9
Edge

L3
Hubbard

3.0
Eimag

0.1
Spinorbit
Quadrupole
Density
Polarise
Green

RXS

010 12 0.!Sigma - Pi; The azimuth is specified, thus a scan is not performed
010 12 30.
010 12 60.
010 12 90.
010 12 120.
010 12 150.
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010
010
010
010
010
010
010

Atom

12 180.
12 210.
12 240.
12 270.
12 300.
12 330.
12 360.

442 426.502.

30
80
Spgroup ! number 11
P121/ml
Crystal
4.931 8.795 5.132 90. 108.22002  90.
1 027949 0.076748  0.00411 'Ru sym=1 (4f)
2 0.77370  0.250000  0.00560 ' Lil sym=m_b (2e)
2 0.77010  0.095500  0.50740 ! Li2 sym= 1 (4f)
2 025230  0.250000  0.48590 ! Li3 sym=m_b (2¢)
3 1.00490 0.077620  0.22640 1 01 (4f)
3 050270 0.082920  0.74550 1 02 (4f)
3 050940 0.250000  0.23410 103 (2e)
3 0.04510 0.250000  0.78190 104 (2e)
Convolution
End
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