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ABSTRACT 

Over the past few decades, the forefront of materials physics has undergone a quiet 

revolution, ushering in the age of topological quantum materials. Earlier concepts 

holding that changes in a material's ground state were always intimately related to 

changes in symmetry have been expanded. It is now understood that there are 

"topological systems" where the state can be altered even though the symmetry remains 

unchanged. Among these systems, quantum spin liquids (QSLs) are of particular interest 

as paradigmatic examples which can be described in simple terms theoretically but 

exhibit strongly entangled quantum ground states and non-trivial topology. The hallmark 

of the QSL is the fractionalization of collective magnetic excitations that correspond to 

exotic particles such as Anyons or Majorana Fermions rather than the simple bosons 

(magnons) existing in conventional ordered magnets. 

The research presented in this dissertation addresses the urgent need to find physical 

realizations of QSLs. In 2006 theorist A. Kitaev invented an exactly solvable model of 

a QSL based on a honeycomb lattice of S=1/2 spins connected by mutually incompatible 

Ising interactions[1]. In 2009, Jackeli and Khaliullin (JK) published a seminal paper that 

proposed a pathway to realize a Kitaev quantum spin liquid in a real material [2].  

In the research presented here, we emphasize using chimie douce or "soft chemistry" 

approaches to the synthesis of new quantum materials, including intercalation, ion 

exchange, and hydrothermal techniques. Although these techniques are not new, it is 

only in the past few years that they have begun to have an appreciable impact on 

materials physics. The reason soft chemistry approaches are gaining ground is that they 
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offer an incredible synthetic richness compared to traditional thermodynamic 

approaches. 

In this dissertation, we study some new honeycomb delafossite systems, Ag3LiM2O6 

(M = Ru4+, Rh4+, Ir4+), in which the materials are synthesized using a gentle ion-

exchange technique. We also study graphite that has been intercalated with RuCl3. RuCl3 

is known to be "proximate" to a Kitaev QSL, and we hypothesized that by intercalating 

RuCl3 into graphite, we could push RuCl3 closer to an ideal Kitaev QSL. 
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CHAPTER 1.      INTRODUCTION 

Recently, due to the urgent demand for the development of quantum information storage, 

the investigation of topological quantum materials is one of the most popular fields in science. 

Topological material, just as its name implies, has the topological properties that can protect the 

information stored in the quantum state from degeneracy and in the meanwhile break the 

uncertainty principle of the qubit. Thus, the basic read operation will give us a specific result. 

These traits make the topological quantum material a good candidate for quantum computing. 

But how does it work? One of the practical models of this material can be described as follows:  

Imagine the spin of electrons is like a group dance as shown in Fig.1.1-1 from Ref. 3. For each 

electron, the way they are dancing is the same, that is, spin. But globally, for different states, the 

patterns are different. For example, in the spin-1/3 ground state, when two electrons move close 

to each other, one will step around them. Each time it travels π/3. Globally we have an unfamiliar 

dance pattern but locally, each electron just traverses its circle. This is called long-range entangle. 

This entanglement introduces a quasi-particle with 1/3 fractionalized electrons. When the spin 

is 5/2, which can be considered as 2+1/2, two whole electrons and ½ serve as the fractionalized 

quantum hall state [3]. The inter-reaction between the whole electron and spin-½ gives this 

system a more complicated state. That is Moore-Reed state. In this state, ½ electron is furtherly 

decomposed to a pair of conjugated quasi-particles, each of them carrying ¼ electron. Paired 

electrons always stay close to each other. The dancer must use four steps to go around this 

couple.   

Therefore, in this system, we have symmetry from paired quasi-partials --- which give us 

degeneracy in an excited state as long as the distance between them is large enough.  
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Figure 1.1-1 Scheme of group dance as an analog of Kitaev model. a) independent spin; b-c) spin-1/3 

state d) spin-5/2 state; showing ½ spin decomposed to a pair of conjugated quasi-particles. Image is 

adopted from Ref. 3. 
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Since the Hamiltonian quantity in the system can be described as the sum of the local 

operator, the ground state is also degenerating. Meanwhile, the bandgap between the ground 

state and excited state protects the degeneracy. 

1.1  Problem Statement 

Moore's principle stated that the number of transistors on a single microchip would be 

doubled every two months [4]. However, constrained by the severe heat effect during data 

processing and transformation, classical computers' operating speed and efficiency are 

approaching their limit. The heat came from the information loss while utilizing conventional 

bit operation [5]. Besides, with the size of the transistor dangerously accessing the nanoscale, 

the classical physical properties are no longer applicable to explain its behavior. Instead, 

quantum physics takes the lead. In 1994, mathematician Dr. Shor proposed a novel algorithm to 

disintegrate large prime numbers using a quantum bit (qubit) to supersede the traditional bit [6]. 

The superiority of qubit is that each of its units can parallelly represent two different states which 

is twice as much as a regular bit. Hence, in an array of qubit, the amount of information it can 

carry is 2n times much more than that of a bit array (n is the size of the array). Consequently, it 

exponentially increases the storage and calculation speed.  

However, the integration of qubit has faced great difficulties. If two states are close to each 

other, they will decoherent. Hence, we lose the information that is parallelly stored in qubit. One 

way to solve this problem is topological quantum computing [7], [8]. The qubit information is 

saved in the non-local parameter that has been protected by its topology. Global behavior will 

not be affected by the localized operation. One important candidate material that can achieve 
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these astonishing properties is quantum spin liquid material explained by Kitaev model [8]–

[13]. In this model, they proposed a new particle, fractionalized electron, that has stable behavior 

globally. The interaction between electrons leads the movement. We will see the fractional 

quantum hall effect. 

1.2  Original Contributions 

In this research, we successfully synthesized two groups of new materials: new honeycomb 

delafossite systems Ag3LiM2O6 (M = Ru4+, Rh4+, Ir4+) and Metal chloride intercalated graphite  

The contributions can be summarized as follows: 

1. Synthesis of new honeycomb material as the candidate of spin liquid material. 

Achieved different compositions to compare and look for the correlation in this 

structure. 

2. A detailed study of magnetic properties has been undertaken in Ag3LiM2O6 to 

determine the nature of these new magnetic ground states. We solved the magnetic 

structure and atomic structure of this material using the neutron diffraction method. 

Fitted Warren-Equation on the stacking fault feature of these quasi 2D materials. 

3. Successfully grown different halide intercalated graphite of bother poly and single 

crystal. Created a novel new method to encapsulate toxic halide gas into a sealed 

system. Prevent possible hazards pollution and danger. A modified synthesis method 

of RuCl3 intercalated graphite. 
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4. A detailed study on the structure and properties of RuCl3 intercalated graphite has 

been carried out. 

Many common metal halides are known to intercalate graphite. Some of them have been 

intensely investigated on electronic properties such as FeCl3 intercalated graphite [14]–[18]. 

Only one report showed that RuCl3 could be intercalated into the graphite with many properties 

including electronic and magnetic behaviors remaining sealed. Besides, the number of stages of 

GIC material only indicated the stacking sequence along the c-axis. The detailed intraplane 

structure appears to be a challenging but significant task [19]. 

1.3  Organization of Document 

Chapter 2 of this dissertation reviews background of two groups of new materials, 

delafossite and halide intercalated graphite, we selected for the project. It gives a detailed 

discussion of the current research on those two materials, pointing out the promising possibility 

of being a novel candidate spin liquid material stated in chapter 1.1 due to their two-dimensional 

honeycomb lattice and possible magnetic frustration. Chapter 3 discusses two methodology and 

experimental techniques we utilized in the project. Proposed advantages and potentials of this 

new method.   Chapter 3 also introduces all the characterization techniques we used during the 

whole process. The following Chapter 4 demonstrates the results we discovered using the soft 

chemistry method on delafossite material Ag3LiM2O6, Including the structural analysis and 

properties analysis. Chapter 5 demonstrates the progress we made on halide intercalated graphite 

and proposes three possible structures of stage-II sample based on diffraction data. The 

remaining document is references and the author's vita. 
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CHAPTER 2.      LITERATURE REVIEW 

2.1  Anyons and Kitaev Model 

Anyons are particles with quantum statistics that neither Bose nor Fermi only existed in two-

dimensional systems. Quantum statics is unusual statics that can be explained by a unique 

interaction: a pair particle-antiparticle interconvert along some specified trajectories. The 

overall quantum state of this particle pair system can be manipulated by a parameter eiφ. Three-

dimensionally, there is only one topologically distinct way to swap two particles. That is when 

and only when eiφ = ±1. While in two dimensions, this parameter can be any value (that's why 

this kind of particle is called "Anyons", indicating that the global property will not be affected 

by the local change. This topological behavior keeps the information stored in a global pattern 

from the interference of local decoherence, thus making Anyons a good candidate for quantum 

information storage [20]. 

    In 2005, Alexei Kitaev suggested that a topologically ordered state can serve as a physical 

analog of error-correcting quantum codes that can be applied in designing novel quantum 

memory [21]. Thus, the topologically ordered state can protect the information stored in qubits 

from decoherence. He proposed a fully solved model in a spin -1/2 system on a honeycomb 

lattice. Three different types of interactions, named "x-links", "y-links", and "z-links" are 

distinguished by their direction. The Hamiltonian term can be represented by the following 

equation [21] where J is the parameters: 

𝐻 =	−	𝐽! ' 𝜎"!𝜎#! −	𝐽$ ' 𝜎"
$𝜎#

$

$%&'(#)!%&'(#)

−	𝐽* ' 𝜎"*𝜎#*

*%&'(#)
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These three types of interaction form swirling nanoscale spin vortices with Ising coupling 

that create an exchange frustration in each hexagon (Figure 2.1-1from Ref. 22). The ground state 

for S=1/2 moments on a 2D honeycomb lattice is an exactly solvable quantum spin liquid (QSL). 

Each Fractionalized spin excitations in the QSL are topologically protected gauge flux and 

Majorana fermion pairs [22] 

2.2  Mott Insulator with Large Spin Orbital Coupling 

The transition metal compound with partially filled d-levels has been under the spotlight and 

extensively studied after the recent discovery of multiple new phases and novel physical 

behaviors.  Among them, the special phenomenon is that the spin orbitals in this system 

remained in a liquid state down to zero absolute temperature and showed strong quantum 

fluctuations. In other words, the spins kept a slow fluctuation and broke the long-range ordered 

state.  

The material with mott phase transition (metal- Insulator transition) is called mott insulator. 

A classic example is the d5 transition metal compound. Due to the relativistic small electron 

correlation energy, the material is expected to have metallic behavior. However, experimentally 

it exhibits an antiferromagnetic insulator ground state.  

Dr. Jackeli et al. suggests that the abnormal phenomenon is caused by strongly enhanced 

instincts spin-orbital coupling for the late transition metal ion such ads Ru, Rh, Ir, Os [2]. The 

investigation of optical absorption on an Ir4+- doped SrTiO3 system suggested a relatively high 

value of spin-orbital coupling (~380 meV).  
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Figure 2.2-1 Three types of links in honeycomb lattice from Ref. 22. 
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This energy exceeds the intersite interactions, triggers the degeneration of t2g orbit, and 

forms two child-level Jeff = ½ and Jeff = 3/2. It will result in the diminution of the energy band. 

Thus, even a relatively small correlation energy can create a bandgap [23].  

There are two types of mott insulators with strong orbital coupling, as shown in Figures 2.2-

1 from Ref. 2. The triangular lattice is correlated to ABO3 (where B is the transition metal ion 

compound while the hexagonal lattice can be fitted with the Kitaev spin model as shown in 

Figure 2.2-1b. One example is the Li2RuO3. By replacing S = 1 ion Ru4+ with S = ½ Ir4+ ions, 

the resulting material Li2IrO3 may realize a strongly spin-orbital coupled Mott insulator with 

low energy physical behavior described by the Kitaev model [24]. 

2.3  Soft Chemistry Synthesis Method 

Although an attempt of a panoply of different synthesis methods was undergoing in this 

project, soft chemistry is the one that we focused on, including ion exchange, intercalation, and 

hydrothermal techniques. Soft chemistry indicates a gentle chemical transformation of 

metastable structures from one to another. That is, gently regulating the composition, structure, 

phase, or interface while not severely disrupting original features. Thus, leading to relatively 

predictable properties of final products and a more practical design of new material. By 

minimizing the use of high temperature or other requirements of extreme conditions, soft 

chemistry, as an up-rising start in the synthesis of solid-state materials [25], [26], offers 

incredible synthetic richness compared to traditional thermodynamic approaches. Current 

existing soft chemistry techniques of particle formation enable different ways to control the size 

and crystallization of synthesized products as well as increase the crystal quality 
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Figure 2.3-1(a) Triangular unit cell of ABO2-type layered compounds, grey cycle represents magnetic transition 

metal ions. (b) The hexagonal unit cell of A2BO3-type layered compound, in which magnetic ions (B-sites) form a 

honeycomb lattice. A realization of the Kitaev model from Ref. 2. 
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2.4  New Honeycomb Compound A3LiM2O6 (A = Ag, Cu; M = Ir, Rh, Ru)  

In condensed matter physics, the quantum spin liquid (QSL) refers to a spin state where 

quantum fluctuations destroy long-range magnetic order and spins remain disordered at even 

low temperatures [22]. It has long been believed that the spin rotational symmetry is necessary 

for a QSL state to support fractional spinon excitation. Without this symmetry, the system will 

finally approach an ordered state. However, in 2006, Kitaev proposed an unusual, solvable 

model in which the strong spin-orbit coupling destroys the spin rotational symmetry and still 

maintains a QSL state [27], [28]. This paradox broke the previous verdict and thrust this model 

under the spotlight. The possible realization of the Kitaev model in A2MO3 (A = Li, Na and M 

= Ru, Rh, Ir) and RuCl3 with a honeycomb structure has been thoroughly discussed recently 

[17-23]. While Kitaev-type interactions are believed to play an essential role in these systems, 

the presence of additional exchange interactions, including Heisenberg terms, leads to 

magnetically ordered ground states that are highly sensitive to both structural details and the A-

site cation [27], [29]. 

Recently, new honeycomb delafossite systems Ag3LiM2O6 (M = Ru4+, Rh4+, Ir4+) have been 

formed using material [30]–[32]. Through an ion-exchange method, Li ions separating the 

[M2LiO6]3- honeycomb layers in Li2MO3 are replaced by Ag ions. The Resulting compounds 

exhibit higher structural symmetry while preserving the quasi-two-dimensional nature of the 

magnetic honeycomb layers and strong spin-orbit coupling [31]–[33]. As shown in the Figure. 

2.4-1 from Ref. 32. Given their layered honeycomb lattices with 4d and 5d magnetic ions, the 

delafossites are excellent and largely unexplored candidates to host Kitaev interactions. 

Preliminary susceptibility curves reported in [31], as well as our measurements, indicate the 
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onset of long-range magnetic order at ~ 100 K in Ag3LiRh2O6, a strikingly different behavior 

than that of the parent compound, which undergoes spin-glass-like freezing at Tf ~ 6 K [34]. No 

detailed study of magnetic properties has been undertaken in Ag3LiM2O6 to determine the nature 

of these new magnetic ground states. We proposed to solve the magnetic structure and atomic 

structure of this material using the neutron diffraction method. 

2.5  α-RuCl3 and Other Halides Intercalated Graphite 

Graphite intercalated material (GIC) refers to inserting atoms, ions, or compounds into the 

crystal lattice of layered graphite [35]. By intercalating other kinds of guest species, new 

physical behaviors will be tuned, such as the spin-glass state observed in FeCl3 intercalated 

graphite [14], [16], [18], [35]–[39]. In this process, no chemical bond breaking is involved. 

Thus, graphite maintains its two-dimensional honeycomb lattice. Intercalated species are 

periodically distributed in a graphite matrix. Due to its lamellar structure, the GIC material can 

be separated into nanoscale thin films, which give rise to interesting properties and many 

possible applications. The number of stages represents the number of graphite layers between 

two adjacent intercalated layers. As shown in a simple sketch map Figure.2.5-1  

The application of GIC material includes 1) use of battery materials and electrodes or 

fabrication of infrared polarizers due to the increased electrical conductivity [35]; 2) catalyzing 

organic reaction to promote the efficiency of the process [40]; 3) construction of heat shield 

utilizing high thermal conductivity; Recently, a large number of transition-metal halide 

intercalation compounds have been the subject of 2D magnetism investigation [14], [16], [38], 

[41], [42]. 
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Figure 2.5-1 Delafossite structure (R3"m). With M = Rh4+the dark blue part highlighting the RhO6 octahedra. b) 

quasi-2D honeycomb lattice of [M2LiO6]3- cluster c) structure view along c-axis. The grey Ag atoms distributed 

between two layers of honeycomb structured octahedra. Image from Ref. 3. 
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Figure 2.5-2 Abridged general view of graphite intercalated compounds of different stages. 
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More potential has been discovered in this kind of material. In our proposal, we are 

interested in the increased space between a-RuCl3 layers that leads to a decreased interlayer 

coupling as well as a more two-dimensional magnetic behavior and hence gives rise to a 

potential candidate of Kitaev quantum spin liquid material. Moreover, considering RuCl3 as 

either an insulator layer to form a metal-insulator-metal sandwich structure or a quantum 

fluctuating magnet layer between metallic graphite layer may possibly tune to interesting and 

surprising behavior, for example, superconductivity. Many common metal halides are known to 

intercalate graphite. Some of them have been deeply investigated in electronic properties, such 

as FeCl3 intercalated graphite [14], [43]–[45]. Only one report showed that RuCl3 could be 

intercalated into the graphite with many properties including electronic and magnetic behaviors 

remaining sealed. Besides, the number of stages of GIC material only indicated the stacking 

sequence along the c-axis. The detailed intraplane structure appears to be a challenging but 

significant task [19]. 

.  
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CHAPTER 3.       METHODOLOGY 

3.1  Sample Synthesis and Crystal Growth 

3.1.1 Solid-State Reaction Synthesis Method 

As a common synthesis technique, the solid-state reaction is widely utilized to produce 

polycrystalline oxides. The key idea of this method involves mixing and well-grinding of 

stoichiometrically weighed starting raw material, sintering in an open system under a relatively 

high temperature to simulate a chemical reaction through ion-diffusion in the melted oxide 

liquid. The new compounds of the designed composition are expected to harvest after being 

annealed under proper conditions, including starting reactants, atomic structure, particle size, 

Gibbs free energy, and thermodynamics involved in the reaction. Some factors can be tuned to 

produce the desired product [46]. For example, by changing the reaction atmosphere, we can 

adjust the oxidation state of one or multiple elements in the final product. Additional important 

factors include proper sample holder, pressure, and mixing homogeneities. In our project, the 

solid-state reaction method is employed to fabricate the parent material of delafossite 

honeycomb oxide. Li2MO3(M = Rh, Ru, Ir). Among them, Li2IrO3 and Li2RuO3 were simply 

synthesized by annealing stoichiometric and homogenous Li2CO3 and IrO2/RuO2 at 1273 K for 

24 hrs, followed by another annealing at 1023K for 12hrs. Among them the only commercially 

accessible rhodium source of Li2RhO3 is Rh2O3, with a lower valence state compared to what 

we expect in the final product. The precursor Li2RhO3 was obtained by annealing stoichiometric 

amounts of Rh2O3 and Li2CO3 at 923 K for 12 hrs, followed by another heating cycle at 1223 K 

for 3 days under oxygen flow. Multiple regrinding and reannealing were carried out to ensure a 

homogeneous single phase in the final product.  
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3.1.2 Low-Temperature Ion-exchange Method 

Compared to traditional solid-state reactions, as we discussed above, they share several 

factors, such as the reaction being motivated by ion-diffusion and the requirement of delicate 

grinding and mixing solid phase before sinter. The fundamental concept of these two methods 

is different. First, Ion-exchange utilizes appropriate salt with a relatively low melting 

temperature instead of oxide to serve as an 'exchanging ion' source which results in a much 

lower synthesis temperature. Second, ion exchange is a replacement reaction, while the solid-

state is a synthetic reaction. Third, the ion-exchange reaction needs a closed vacuum system to 

prevent unnecessary oxidization and contamination from the ambient condition. This method 

can be considered as parent material dissolved in the molten salt. The free exchanging ion in the 

solution replaces the ion in the parent lattice, which has the same valence state. The ratio of 

replacement is constrained by 1) the size and activity of exchanging ions and 2) the atomic 

structure of the parent material [31]. As we can see in Figure 3.3-1 from Ref. 31, the honeycomb 

lattice, as well as the Li-Ru order in the honeycomb layer, are preserved after the ion-exchange 

process. Ag atoms only replace the interlayer Li atoms. In our project, A3LiM2O6(A = Cu+ Ag+, 

M=Rh4+, Ir4+) was synthesized by treating Li2MO3 in excess molten AgNO3/CuCl. Li2MO3, 

AgNO3/CuCl, and KNO3/KCl with a molar ratio of 1:9:3 measured and mixed in the glovebox. 

The mixture was then pressed into the pellet and sealed in a sealed glass tube under a vacuum. 

The reaction was carried out in the muffle furnace at 573 K for around 7 days for an Ag-based 

sample and 673K for three days for a Cu-base sample. The residual nitride after the reaction was 

removed by washing reacted powder with deionized water five times, while the chloride needs 

to be washed off using diluted ammonia to remove excess Cu+ ion. Then the powder was filtered 

out and dried at 373 K for 12 hours. 
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Figure 3.1-1 a) Honeycomb Li2RuO3 unit cell observed along c-axis. b) Ion-exchange synthesis of Ag3LiRu2O6. 

Image from Ref. 31. 
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3.1.3 Vapor Based Intercalation 

 Synthesis of graphite intercalates can be carried out using an intercalate in the vapor, 

liquid, or solid phase. Recently, researchers have designed and employed many novel or 

traditional synthesis techniques, including solid-state, molten salt, two-zone vapor transport 

intercalation and hydrothermal synthesis, etc., to fabricate graphite intercalating material [17], 

[42], [43], [47]. Among them, the two-zone vapor transport, as an intuitive, time-saving, fully 

developed method, is most widely used to intercalate volatile material into the graphite and 

obtain well-staged specimens [34,38-39]. 

Graphite and intercalant material is put in the different zone of a bulb tube with a neck in 

between, as shown in Figure.3.1-2. The intercalant is heated to a certain temperature Ti and 

vaporizes while the host graphite is heated to a higher temperature Tg to a) provide enough 

kinetic energy to trigger the intercalating reaction. b) to prevent the intercalant from depositing 

onto the surface of graphite. The difference between Tg and Ti can lead to a different stage of 

intercalation. From the viewpoint of chemical thermodynamics, the whole intercalation process 

can be divided into sfoursteps:1) The intercalant vaporizes and diffuse to the surface of graphite 

2) The graphite absorbs the intercalant, and the intercalant is inserted from the edge of graphite. 

3) The band forming 4) The stage transformation [44]. 

Therefore, the time-controlled steps are vaporization and insertion. The two-zone bulb tube 

can either be an open system to add the halide gas flow or a sealed, vacuumed system. The paper 

on C-RuCl3 published by V. A. Postnikov and A. V. Zvarykina has reported both ways that can 

successfully grow well-staged specimens[19]. However, after a long-term effort on  
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Figure 3.1-2 The scheme of two-zone vapor transport.  
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synthesis in a sealed vacuumed system, we confirmed that RuCl3 is not able to be inserted 

into graphite lattice under this condition. The intercalation process can be represented by a 

reversible reaction as follows: 

The chlorine atmosphere plays a significant role in pushing this reversible reaction to the 

right. Constrained by the lab safety rule of the university, we do not have access to a chlorine 

gas flow system. Thus, here we invent a novel, safe way to introduce hazarded halide gas in o a 

sealed system utilizing photosensitive material silver halide and a three-zone bulb tube. 

As shown in Figure 3.1-3, additional to the hosted zone and intercalant zone, we introduce 

the chlorine source zone. The AgCl was ground into fine powder and transferred into a short 

silica tube which has a smaller diameter than the bulb tube. The three-zone bulb tube was then 

vacuumed and sealed. This process was carried out under a dimed light environment to prevent 

AgCl from decomposing. The chlorine source zone was treated under UV light till the color of 

the powder turned dark brown indicating the AgCl was fully decomposed into elemental silver 

and chlorine. The reaction is as follows: 

2𝐴𝑔𝐶𝑙
+,	&'./0
.////0	 2𝐴𝑔 + 𝐶𝑙1 ↑ 

Finally, the source zone was removed to prevent Ag from recombination with Cl2 while 

annealing. 

Through this process, we sealed only pure graphite(host), RuCl3 powder (intercalant) and 

chlorine gas in a sealed system. By applying ideal gas function, we can estimate the pressure 

inside the tube while annealing. 
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Figure 3.1-3 The scheme of two-zone vapor transport using AgCl as a chlorine source. 
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3.2  Characterization 

3.2.1 X-Ray Diffraction 

Powder X-ray diffraction is a characterization technique used for phase and purity 

identification of an unknown sample. In crystallography, this technique involves the interaction 

of incident X-rays with the atomic structure of a substance by scattering into various directions 

based on the material's structure. This results in unique diffraction peaks which are characteristic 

of the material's phase and structure, following Bragg's Law [48].  

At the Joint Institute for Advanced Materials (JIAM), The crystal structure of the new 

honeycomb delafossite oxide and GIC sample was measured in a D8-Advance from Bruker 

AXS, equipped with a Ge (111)—Johansson monochromator, CuKα (λ=1.540598 Å). 

Refinements of each sample required the use of this data along with the General. A step of 0.02° 

was chosen and the data was collected in a 2θ range of 10° to 90°. Structure Analysis System II 

(GSAS-II) software was applied to determine the crystallographic parameters of the new 

Honeycomb compound A3LiM2O6 (A = Ag, Cu; M = Ir, Rh, Ru) and intercalated graphite. 

However, the graphite we were using is mostly flake-like. We can still obtain the peaks from 

the 00l plane set and determine what stage it belongs to. 

Single crystal X-ray diffraction will be utilized to determine the crystal structure of RuCl3 

intercalated graphite.  

3.2.2 High-temperature X-ray Diffraction 

Non-ambient X-ray diffraction is a useful tool for understanding a material's behavior in-

situ with temperature change. In this proposal, high-temperature X-ray diffraction (HTXRD) 
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will be used to probe and deep investigate the kinetic and phase during metathesis reaction in 

the ion exchange. 

3.2.3 High-pressure Synchrotron X-ray Diffraction 

High-pressure synchrotron X-ray diffraction was developed in the late 1970s. It was the 

most widely used for in situ characterization of materials of their structure and properties. By 

combining the pressure vessel, for example, diamond anvil cells (DAC), with traditional 

synchrotron X-ray beamlines, this composite technique allows in situ measurement under high 

pressure. DAC is the most commonly used pressure vessel in this measurement. The functional 

pressure has a range of 0 – 400 GPa [49], [50], which can fulfill most characterization 

requirements. Another trait of the DAC cell is that the diamond is a material that is transparent 

to X-ray radiation due to its "minute size and optical absorption of diamonds in the beam path” 

with no background noise that needs to be eliminated afterward [51]. The single crystal C-RuCl3 

sample that was measured under an APS BL-13 model HP-SXRD in Dr. Bi Wenli's group under 

room temperature was synthesized through the novel three-zone vapor transport method. The 

sample was characterized under Bruker XRD machine using Cu-source with a wavelength of 

1.54 Å to determine the stage as pure stage-II. The bulk sample was then cooled down to 77 K 

using liquid nitrogen to freeze the intercalated lattice and crushed into small pieces. Two small 

pieces of the sample were then transferred and loaded onto the DAC cell with a Daphne7575 

pressure medium. The wavelength of HP-XRD was set at 0.4340 Å. The applied pressure ranges 

from 0.45 to 12.3 GPa. 

Figure 3.2-1 from Ref. 49 shows the scheme of HP synchrotron X-ray diffraction. 
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Figure 3.2-1 Scheme of high-pressure synchrotron X-ray diffraction. Image from Ref. 49. 
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3.2.4 Neutron Diffraction 

Neutron diffraction data were collected using HB-1A and HB-2A powder diffractometer at 

the High Flux Isotope Reactor in Oak Ridge National Laboratory (ORNL). The experiment was 

carried out at temperatures 4 K and 50 K at HB-1A for both Ir and Rhsamplese. Rh sample was 

also measured in HB-2A at a temperature of 4 K and 120 K. The wavelength of incidence was 

λ = 2.37 Å. 

3.2.5 Microscopy (SEM/EDX/STEM /STM) 

Scanning electron microscopy and electron dispersive X-ray, also known as SEM/EDX, are 

techniques commonly used for the analysis and determination of a material's surface topography 

and element composition. It can review the surface of the sample by forming a distinct three-

dimensional image. The working function is described as follows. The high-energy electron 

beam is accelerated by the beam gun and focused on the point of the sample. The electron in the 

atom of the skin layer receives this energy and is excited out of the sample. These dispersed free 

electrons are what we call secondary electrons. These secondary electrons carry the information 

on morphology. By scanning the sample point by point, an image displaying the topography of 

the surface is created. This process involves electrons from an electron beam interacting with 

the sample surface producing X-rays distinctive to the elements in the material. Sample purity, 

stoichiometric balance of the elements and composition homogeneity can be determined by this 

characterization technique. Accompany with the SEM image test. The EDS test also has been 

carried out to detect the element distribution on the surface. The high-energy E-beam generates 

not only secondary electrons but also other signals. For example, backscatter electron, 

transmitted electron, and characteristic X-rays. The EDS test is a technique that analyzes the 
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emitted X-rays when the inner shell electron transit to the outer shell to determine the certain 

atom it is from. Then map the distribution of the elements. 

Microscopy of the sample surface was performed using a ZEISS EVO scanning electron 

microscope (SEM) with Bruker Flash 6130 energy dispersive X-ray spectrometer (EDXS) to 

prove the proper intercalation of RuCl3 into the graphite.     

3.2.6 Magnetic Properties (MPMS/SQUID) 

Field-cool (FC) dc susceptibility was measured with a magnetic field of H=500 Oe in 

Superconducting Quantum Interference Device (SQUID) magnetometer. 10mg powder sample 

was loaded in a gelatin capsule and measured under a temperature range of 2 K to 300 K. 

3.2.7 Electronic and Heat Capacity Measurement (PPMS) 

Heat capacity was measured using a Quantum Design PPMS in the temperature range of 2 

K to 200K. The powder sample was pressed into a pellet and cut into a proper cuboid shape with 

a size of 3mm*2mm*1mm using a diamond saw. The gold wire was connected to the sample 

by applying silver paint. The sample was then loaded onto the puck and transferred into the 

ppm. 
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CHAPTER 4.      NEW HONEYCOMB MATERIALS A3LIM2O6  

4.1  Sample Preparation 

In our project, A3LiM2O6(A = Cu+ Ag+, M=Rh4+, Ir4+) was synthesized by treating Li2MO3 

in excess molten AgNO3/CuCl. Li2MO3, AgNO3/CuCl, and KNO3/KCl with a molar ratio of 

1:9:3 measured and mixed in the glovebox. The powder needs to be grinder for more than 20 

minutes to form a homogenous mixed powder. The sylvites are served as a fluxing medium to 

reduce the melting temperature of nitrides.  

The mixture was then pressed into the pellet and loaded into a medium- sized quartz tube. 

After that, the tube was connected to a tube sealing station which has a vacuum system as well 

as the argon gas flow. The tube was first vacuumed than filled with argon. This washing process 

was repeated for three time to eliminate the influence of the residue air inside the tube. Finally, 

the tube was vacuumed using a turbo pump for 20 mins. 

 The reaction was carried out in the muffle furnace at ~573 K for around 7 days for an Ag-

based sample and 673 K for 3 days for a Cu-base sample. The residual nitride after the reaction 

was removed by washing reacted powder with deionized water five times, while the chloride 

needs to be washed off using diluted ammonia to remove excess Cu+ ion. Then the powder was 

filtered out and dried at 373 K for 12 hours. The chemical reactions are as shown below: 

Li/Na2MO3+AgNO3 → Ag3Li/NaM2O6+ Li2NO3 

Li/Na2MO3+CuCl → Cu3Li/NaM2O6+ 2LiCl 
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Table 4.1-1 List of New Honeycomb Structure Material Obtained. 

 

 

 

 

 

 

 

 

A3LiM2O6 Temperature ˚C Time(days.) Space Group 

Ag3LiRu2O6 300 5 R-3m  

Ag3LiRh2O6 270 7 R-3m  

Ag3LiIr2O6 270 7 R-3m  

Cu3LiIr2O6 400 3 C12/c1  

Cu3NaIr2O6 450 3 C12/m1 
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4.2  X-ray Diffraction 

The atomic structure can be retrieved by refining both XRD and NPD data. The structure of 

Ag3LiRh2O6 and Ag3LiIr2O6 are very similar, as shown in Figure.4.2-1, 4.2-2. The only weak 

peak corresponding to a trace amount of Ag was exhibited on the pattern suggesting that the 

pure product was obtained. Both adopted a rhombohedral 3R-delafossite-type of structure. A 

corresponding structure, R-3m, was used in the refinement to interpret the basic atomic structure. 

The stacking fault can be observed as a Warren-shape line at a low angle (19.5°) with an index 

of non-integer indexes (1/3,1/3,0) which could not be explained using the 3R-delafossite 

structure model. The equation (1) and (2) was used to fit this Warren shape line [52]. 

𝑃123 = 𝐾𝑚𝐹1
(1 + 𝑐𝑜𝑠12𝜃)

2(𝑠𝑖𝑛𝜃)
1
4

@
𝐿
√𝜋𝜆

E𝑊(𝑎)																																				(1) 

𝑊(𝑎) = H exp	(−𝑥1 − 𝑎)1𝑑𝑥	
5

6
																																																				(2) 

where	𝑎 = N1√89
:
O (𝑠𝑖𝑛𝜃 − 𝑠𝑖𝑛𝜃6)  The	𝑃123	  is called the power per absolute length of the 

circle that introduces the intensity of scattering per electron, K is a constant, L is the two-

dimensional correlation length, and m is the two-dimensional multiplicity. F is also a constant 

of small ranges of angle. According to the equation above, we have the correlation length L 

calculated as 62.1nm and 380.1 nm for Ag3LiRh2O6 and Ag3LiIr2O6 respectively. 

Correlation length L, which also refers to the length of periodic stacking fashion along the 

stacking direction. In this case, the random staking sequence is along the c axis.  
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Figure 4.2-1 Powder XRD pattern of Ag3LiRh2O6. In which the hollow circle is the experimental data while the 

filled circle represents the calculated data. The inset showed the zoom-in fitted Warren-shape line as pointed out 

by a blue arrow. 
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Figure 4.2-2 Refined Powder XRD pattern of Ag3LiIr2O6 and fitted Warren-peak shape line. 
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As described by Todorova et al. [11], the circularly arranged sequence arises from the 

honeycomb layers [M2LiO6]3− stacking upon each other along with the c- axis while randomly 

shifting by any of the three directions s1=(a+b)/3, s2=−a/3 or s3=−b/3. In this case, the diffused 

scattering occurs at {ℎ𝑘𝑙}  crystal plane where ℎ = (3𝑛 ± 1)/3, 𝑘 = (3𝑚±)/3, 𝑙 ,m, n are 

integers, and l is an arbitrary number. The two-dimensional reciprocal lattice can be considered 

as a series of layers parallel to each other. For each pair of h k, the smallest angle θ_0 should 

correspond to the 1/d value which is the minimum value distance of the diffused scattering line 

to the origin of the reciprocal space. With a random stacking sequence, this distance can be 

continuously distributed from the θ0 to a certain boundary angle θ regarding a finite single-layer. 

At the boundary angle, the intensity contribution of that scattering line will drop to zero. Thus, 

an uninterrupted intensity distribution can be expected along with the full range from	𝜃6 to 𝜃. A 

sawtooth shape for the intensity can also be explained by the fact that|𝑠' − 𝑠;|changes slowly 

when the difference between	𝜃6 and	𝜃. This theory will be furtherly discussed in the following 

STEM chapter.   

4.3  STEM 

The STEM was carried out to have an intuitive view of the layered structure of this kind of 

material. As we can see in Figure 4.3-1, The dark consequence white line on the image 

corresponds to a row of silver cations between two honeycomb layers of [M2LiO6]3−. The dark 

line represents the edge-sharing Ir-Li octahedra. There is no obvious Ag vacancy in this material 

indicating a full replacement of Li between two honeycomb layers. 
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Figure 4.3-1 STEM image of Ag3LiIr2O6 and the lattice structure along 00l direction. 
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4.4  HTXRD 

HTXRD gives us a series of XRD patterns of the mixture while reacting. That helps us to 

understand how the chemical reaction works. As shown in Figure 94.4-1, Each line shape 

represents the peak we observed at a certain temperature. As we can see, at around 167℃, 

marked by an orange arrow, the characteristic peak of Ag3LiRu2O6 appeared, marking the 

metathesis reaction starting. This is at the timestamp of two and half hours of heating. After four 

and half hours, all the precursor Li2RuO3 has been transformed into the final product. We refined 

every single XRD pattern we obtained during the heating process and listed the amount of each 

component in the reaction in percentage at the specified temperature. 

From the Table 4.4-1, we can conclude that 1) the AgNO3 started melting at 161 ˚C and 

melted at 173 ˚C. 2) The reaction starts as soon as AgNO3 melts and it goes fast at the beginning 

temperature range (161-167 ˚C) and gradually slows down at higher temperature.  

Figure 4.4-2 showed the weight ratio of three components versus temperature, the time 

interval between every neighboring two points of same color is 3 minutes. As we can see form 

the figure., there are several critical points on this figure: a) the AgNO3 start melting at near 152 

°C, the melting process finished in 15 minutes. At 162 °C, most of AgNO3 has melted, the 

weight ratio of unreacted Li2RuO3 increased. The ion-exchange reaction stated. We can see the 

amount of Ag3LiRu2O6 goes up. This metathesis reaction goes fast. It took only 12 mins to reach 

a considerable amount of Ag3LiRu2O6. Then the amount of final product steadily increased in 

the following annealing. 

We obtained substantial amount of final product at around 260 K. 
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Figure 4.4-1 HTXRD color map of reaction 2Li2RuO3 + 3AgNO3 ---> Ag3LiRu2O6 + 3LiNO3. 

 

 

 

 

 

 

 



37 

Table 4.4-1 List of Amounts of Each Chemical Involved in the Metathesis Reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature ˚C AgNO3 Li2RuO3 Ag3LiRu2O3 

32 37.3% 62.7% N/A 

161 29.7% 66.8% 3.5% 

167 9.3% 37.4% 53.3% 

173 N/A 35.0% 65.0% 

179 N/A 23.8% 76.2% 

270 N/A 1.4% 98.6% 
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Figure 4.4-2 Wight ratios of each component versus T obtained from HTXRD data refinement. 
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4.5  Heat-capacity 

Measuring the entropy fluctuation through heat capacity measurement is a shred of reliable 

evidence that indicates the presence of the possible phase transition. As shown in Figure.4.5-1a, 

an obvious turning point was observed at 92.17 K for the Ag3LiRh2O6 sample which is close to 

the critical temperature obtained through magnetic susceptibility measurement. While for Ir-

sample, it is hard to see the turning point on the Cp-T pattern, as shown in the Figure.4.5-1 b). 

Thus, we divided Cp of Ag3LiIr2O6 by temperature T and obtained Cp/T-T data. The transition 

temperature Tc as labeled by the blue arrow, is around 12.14 K. 

4.6  Magnetic Susceptibility 

The magnetic property measurement was performed in a SQUID magnetometer. As seen in 

Figure 4.6-1, The sample Ag3LiRh2O6 obeyed paramagnetic behavior in the temperature range 

of 150 K-300 K as well as obeying Curie-Weiss law and shows a cusp at 92.29 K consistent 

with an antiferromagnetic transition. The sample Ag3LiIr2O6 also showed a paramagnetic 

behavior in the same temperature range with a transition temperature of 11.69 K. 

 By substituting the linear fitted line function (figure. 4-6.1 b) into the Curie-Weiss law 

χ=C/(T-Θcw ). We obtain the Curie-Wiess constant as C1 = 185.87 and C2=1.05, Curie-Weiss 

temperature of 54.54 K and -168.28 K. The correlated effective magnetic moment was also 

calculated as μeff = 2.75. This effective magnetic moment does not agree with the spin-only value 

of 1.73 μB for the low-spin configurations of the 4d5 ion. 

Those numbers match with the reference [23]. 
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Figure 4.6-1 a) Heat-capacity of Ag3LiRh2O6 measured from 2 K to 200 K. b) Heat-capacity of Ag3LiIr2O6 Cp – 

T data. c）Cp/T – T data of Ag3LiIr2O6. 
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Figure 4.6-2 a) Magnetic susceptibility and inverse susceptibility plot of Ag3LiRh2O6. b) Linear fit of inverse 

susceptibility of Ag3LiRh2O6. 
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Figure 4.6-3 Magnetic susceptibilities and inverse susceptibility plot of Ag3LiIr2O6 and linear fit of inverse 

susceptibility of AgLiRh2O6. 
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4.7  Neutron Diffraction and Magnetic Structure 

The neutron data obtained in the HB1A neutron facility in the ORNL of this sample showed 

a clear magnetic peak at around 15.5°. By fitting with atomic rhombohedral structure and 

recursive analysis, we initially believe that this magnetic peak comes from the plane set ( 1/6, 

1/6, 1/2), which is half of the Miller indices of Warren-shape peaks at 30.3°(1/3,1/3,1/2) that 

due to the random stacking fashion alone [00l] direction. The magnetic order in this material 

has a connection with the stacking fault.  Regular diffraction shows that there is a part of the 

sample that has long-range crystalline order in only two dimensions.  This produces a Warren 

line shape in the non-magnetic diffraction pattern, and perhaps the lack of long-range order in 

one direction is attributable to defects that we would call stacking faults.  The scattering is 

consistent with that, but all we know is that it is quasi-2D.  The magnetic Bragg peak signifies 

3D magnetic order, but at a wavevector that shows, it originates from the part of the sample that 

produces the Warren line shape.  

As discussed in magnetic susceptibility, the Ag3LiIr2O6 sample is Antiferromagnetically 

ordered at low temperature. Of the three antiferromagnetic collinear spin arrangements, the Neel 

model will be rejected since it requires the similarity of the chemical unit cell and magnetic unit 

cell while we do not see an extra magnetic peak at low temperature as a conflict. Another 

possible model is Stripe. This model will result in a doubling on all three axes, which also does 

not match our observation. Thus, based on the feature that the magnetic unit cell doubled along 

the a and b axis, we suggest a magnetic model of Zig-zag to Ag3LiIr2O6, which is introduced by 

stacking fault. 
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Magnetic peak 

a) b) 

Figure 4.7-1 a) Neutron powder diffraction pattern of Ag3LiIr2O6. b) Gaussian peak fit of the 

magnetic peak with error bar at 15.5°. 
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CHAPTER 5.      METAL HALIDE INTERCALATED GRAPHITE 

5.1  Sample Preparation 

Several transition metal halide intercalated graphite was synthesized using different 

methods. The materials are listed in table 5.1-1: 

Take the FeCl3 as an example., the FeCl3 intercalated graphite required extra AlCl3 as a 

catalyst agent. The FeCl3 and AlCl3 powder was mixed and grinded in the glovebox and pressed 

into pellet. The pellet was transferred into the intercalant zone of a two-zone silica tube with 

graphite in the host zone and sealed under the vacuum. The tube was then sintered in a tube 

furnace with host zone (graphite) as hot end. Several rules that need to be considered while 

designing the experiment are listed as follows: 

a) The choice of the sintering temperature was based on the boiling temperature of the 

intercalating chloride. Too high a temperature will introduce disorder into the lattice. b) Whether 

we need to use the three-zone method to introduce extra chlorine gas depends on the valance 

state of the intercalant. If the transition metal has a lower valance state than it exhibits in the 

intercalant. It will generate chlorine at high temperature upon decomposition. Otherwise, we 

must introduce extra chlorine to push the reversible reaction goes left. c) Longer annealing time 

will result in higher stage (more intercalation) sample.  

High-quality Stage-II and Stage-IV C-RuCl3 samples have been synthesized using three-

zone method. Stage-II and IV indicate the number of graphite layers between two layers of 

RuCl3. Figure.5.1-1 is a simple schematic diagram of the unit cell of two different samples. 
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Table 5.1-1 List of Synthesized GIC Material. 

 

 

 

 

 

 

 

Sample Synthesis method 

    

stage Temperature ˚C Time (days.) 

C-FeCl3 Two-zone 
2 

4 
350 

5 

1 

C-CuCl2 Two-zone 
1 

2 
430 

14 

7 

C-MnCl2 Three-zone 4 550 5 

C-RuCl3 Three-zone 
2 

4 
900 

2 

22hrs 
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Figure 5.1-1 Sketch map of the unit cell structure of two different samples. 
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5.2  X-ray Diffraction and Analysis of C-RuCl3 Sample 

The XRD pattern (Figure. 5.2-1) showed pure stage-II and stage-IV single-crystal C-RuCl3 

was obtained. Only 00L reflection can be seen on the pattern due to the preferred orientation. 

The intercalated graphite materials are sensitive to pressure (we will furtherly explain it in detail 

in the 5.6 high-pressure measurements). Grinding them into a fine powder and measuring them 

under the powder XRD machine to obtain other peaks from the ab-plane is not practical. A Clear 

left shift of the 00L peak compared to those on the original pure graphite pattern can be 

observed, which indicates a lattice expansion along the c-axis. Thus, the lattice parameter c of 

intercalated graphite should be larger than that of pure graphite (3.35 Å). Based on the position 

of each peak, we calculate the distance between two RuCl3 layers by applying Bragg's law: 

𝑑66& =	
𝑛𝜆

2 sin 𝜃 

d00l of stage-II sample fitted from the position of the XRD peak is around 12.7 Å while stage-

IV is close to 19.42 Å. Those numbers agreed with the original theoretical calculation. 

With the lattice parameter c, we can calculate the distance between adjacent graphite and 

RuCl3 layer, C-RuCl3 distance can be calculated as lattice parameter c of stage-II unit cell minus 

the distance between two layers of graphite divided by two. This number can be cross-proved 

by substituting back into the stage-IV sample situation and calculating the lattice parameter c. 

We have calculated c equal to 19.41 Angstrom which is closed to what we obtained from the 

experimental XRD peak position. 
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Figure 5.2-1 XRD pattern of stage-IV and stage-II intercalated Kish graphite. The Peak position is labeled by 

the Miller index. 
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The detailed calculation using the stage-II sample as an example process is as follows: 

Starting with the d001 graphite (C-C distance), which is 3.353 Å, as shown in Figure 5.2-2 

a), a box model of RuCl3 intercalated graphite structure. In this model, we only consider the 

distance between layers while neglecting the thickness of the layer itself. The unit cell of the 

stage-II sample has two layers of graphite. Thus, there is only one box of C-C distance (blue 

box shown in Figure 5.2.2 a), in the united cell. The d00L fitted from the position of the XRD 

peak is 12.7 Å. Then the distance between the graphite layer and RuCl3 layer (green box) can 

be calculated as follows: 

𝑑<%=><&! =
(12.7 − 3.353)

2 = 4,6735		Å 

While in the stage-IV sample, we have 4 layers of graphite in between, as we can see in 

Figure 5.2-2b). Thus, there are three C-C boxes in total. The thickness of graphite layers is 3 * 

3.353 = 10.059 Å. Then we can calculate the d00l of the stage-IV sample by inserting the C-

RuCl3 distance calculated from the stage-II sample: 

𝑑66&%)0?.@	A,B?& = 10.059 + 2 ∗ 4.635 = 19.41	Å 

This number is closed to what we obtained from the experimental XRD result, which is a 

cross-proof of the rationality of this number. 

With lattice parameter c and distance between graphite and RuCl3 layer, we can simulate a 

possible structure of stage-II C-RuCl3 as shown in 5.2-3. It is a simplified unit cell with least 

amount atoms in it.  
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Figure 5.2-2 Box model representing the structure of a) stage II C-RuCl3 sample. b) stage-IV C-RuCl3.  In the model, 

each box representing the distance between the different layers of crystal lattice. The blue box represented the C-C 

distance while green box is the distance between graphite and RuCl3. 

Distance between C and RuCl3  

Distance between C and C = 3.353 

Distance between C and RuCl3  

cstage-II =12.7Å 

RuCl3 C 

Distance between C and RuCl3  

Distance between C and RuCl3  

Distance between C and C = 3.353 

Distance between C and C = 3.353 

Distance between C and C = 3.353 

cstage-IV=19.42Å 

b) 

a) 
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Figure 5.2-3 Proposed unit cell of stage-II C-RuCl3 Here we have an assumption 

that the two graphite layers in between follows A-A stacking sequence. 
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5.3  High-pressure Synchrotron X-ray Diffraction and Structure 

Refinement 

To better understand how the pressure will affect the crystal structure of C-RuCl3, we 

performed the high-pressure synchrotron X-ray diffraction measurement on a piece of stage two 

sample. 

The sample picked for high-pressure synchrotron X-ray diffraction was the first measure 

under the PXRD to confirm that it is the pure stage and characterized by PPMS to ensure the 

good quality of the sample. The picked sample was then cooled down to 77 K and crashed into 

small pieces. One small piece of proper size was transferred to a DAC and measured under a 

synchrotron XRD with a pressure applied range from 0.45 to 12.3 GPa. 

5.3.1 Structure Assumptions and Criteria 

Before we move on to the data analysis, we made several assumptions for the C-RuCl3 

sample's structure search. 

All the assumptions are coming from the reference. 

A. Considering the structure analogy to FeCl3, CrCl3, and AlCl3-intercalated graphite in the 

reference we have the following assumptions [16], [17], [36], [38], [39], [42]–[44], [47], [53]. 

a). RuCl3 crystallizes into a layered solid composed of Cl3Ru2Cl3 intercalate sandwiches that 

are incommensurate with the graphite host. b). The basic molecular symmetry groups are 

preserved upon intercalation. Both graphene and RuCl3 form trigonal symmetry. When C-RuCl3 

is in stage 2, the host has an orthorhombic Cmc21. c). Assume the graphene and RuCl3 layers 
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form a supercell constructed by combining n × m unit cells of RuCl3 and N × M of graphene. 

The XRD profiles of superlattices constructed by multiple local unit cells like C-RuCl3 are the 

overlap of the {hkl} reflections from the local cells (main reflection) and superlattice (satellite 

reflection). Since the satellite reflections are much weaker (less intense) than main reflections, 

and the experimentally observed disorders, the satellite peaks are expected to be invisible. Thus, 

we first handle the host and guest structures separately, investigating only the main reflections. 

Then, we build the superlattice and do the final check. 

d). The coupling between the graphene layers and RuCl3 layers is weak. The crystal lattice 

constants in the host and guest layers do not change significantly upon intercalation. 

i. C-C distance (dC-C) in graphene: 1.42 Å 

ii. Inter-layer distance between adjacent graphene (C0): 3.35 Å 

iii. Ru-Cl (dRu-Cl) distance in Cl3Ru2Cl3: 4.6735 Å 

iv. Distance between two graphene layers that sandwich RuCl3 (ds): > 9 Å 

e). The contribution from the RuCl3 lattice is dominant in the observed XRD peak intensity 

(The XRD scattering intensity is proportional to the square of atomic numbers. C12, Ru44, 

Cl17). For the fully intercalated sample, XRD observes the structure of RuCl3. 

f). Two adjacent graphene layers stack as AB, AC, or BC (Natural graphite has ABAB or 

ABCABC stacking). Two graphene layers that sandwich RuCl3 in between stack AA, BB, or 

CC. 



55 

B. XRD (Figure. 5.3-1) observed diffuse scatterings near the XRD peaks, indicating the 

presence of significant disorders, including domains, in a crystal or a phase mixing with different 

stages. a) Assume that the disorders (or atomic positions vacancies) in layers smeared and 

broadened the XRD peaks. b) The intercalants do not wholly occupy the inter-layer space due 

to the intercalation nature. So, I assume the disorders are mostly in RuCl3 layers. Thus, the hkl 

(h ≠ 0, k ≠ 0) reflections indicate more diffuse scattering while 00l reflections do not so much. 

C. XRD image (Fig. 5.3-1) shows a preferred orientation., Thus, The XRD peak intensity 

ratio in the XRD profiles is not very accurate. 

There are two types of the orientation of a graphene layer relative to a RuCl3 layer, 

depending on how to set the unit cells (Figure5.3-2). It gives us two C-RuCl3 ratios The structure 

models where the analysis starts are listed in Table 5.3-1. 

5.3.2 XRD Data Analysis 

Figure 5.3-3 shows the simulated XRD profiles for all eight models listed in table 5.3-1 at 1 

bar and the experimental data at 0.43 GPa. The XRD profiles between the same stages are 

identical because the XRD observes mostly the diffraction from the guest's lattice. The apparent 

difference between the stages is in the peak positions at 2Θ ~ 3.5 deg. Each model of stage 2 

and above has an intense peak, while models of stage1 and experimental XRD data do not. 

Those intense peaks should be observable even with a significant lattice disorder. Therefore, I 

exclude stages 2-4 from candidates. 
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Figure 5.3-1 XRD image recorded on a detector array. A red circle and a rectangle are the shadows of a 

direct X-ray beam stopper and a holder. Due to the direct beam stopper, the lower limit of the 2Θ is 2.8 

deg.  Red rectangle is the blank between detectors. Yellow ovals indicate the broad and diffused XRD 

signals. The scattering from Daphne7575 oil is indicated with white oval. 
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Figure 5.3-2 Two orientations of graphene layers. 
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Table 5.3-1 Structure Models of Host and Guest to Start the Analysis. 

 

 

 

 

 

 

 

 stage stacking Symmertry and lattice constants 

1 I ¦|A¦A¦| P-31m     (a = 2.456 Å, c = 10.248 Å, α = β = 90˚, γ = 120˚) 

2  ¦|A¦A¦| P63/mmc (a = 4.249 Å, c = 10.248 Å, α = β = 90˚, γ = 120˚) 

3  ¦|A¦A¦| P63/mmc (a = 2.456 Å, c = 20.470 Å, α = β = 90˚, γ = 120˚) 

4  ¦|A¦A¦| R-3m     (a = 4.249 Å, c = 30.600 Å, α = β = 90˚, γ = 120˚) 

5 II |A¦AB¦B| P63/mmc (a = 2.456 Å, c = 30.797 Å, α = β = 90˚, γ = 120˚) 

6  |A¦AC¦CB¦B R-3m  (a = 2.456 Å, c = 46.090 Å, α = β = 90˚, γ = 120˚) 

7 III |A¦ABAC¦CA| Cmc21 (a = 2.456 Å, b = 4.260 Å, c = 41.000 Å, α = β = 
90˚, γ = 120˚) 

8 IV |AB¦BCAB¦BC
| R-3m (a = 2.456 Å, c = 60.600 Å, α = β = 90˚, γ = 120˚) 

¦: intercalants 

|XXXXX|: unit cell 
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Figure 5.3-3 Simulated XRD profiles for Model #1-8 at 1 bar and the experimental data at 0.43 GPa. The 

experimental data is after background subtraction. NOTE:  The XRD simulation assumes a stoichiometric sample 

without any disorders. 
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Figure 5.3-4 is the comparison of XRD profiles between stage1 models. Model #3 and 

Model #4 are geometrically the same as Model #1 and Model #2, respectively. Here, Fig. 5.3-5 

compares the profiles of Model #1 and Model #3. In the XRD profile, the difference between 

Model #1 and Model #3 is barely visible. We performed the lattice constants (a, b, and c) 

refinement Models odel#1 and #3. 

The lattice constant refinement does the peak fitting to the experimental data. Here, we 

intentionally ignore the peak intensity ratio and consider only peak positions because of the peak 

broadening and preferred orientation in the XRD data. The peak fitting function's FWHH is set 

1- 1.5 deg., considering peak broadening. 

It is noted that XRD detected the possible presence of non-intercalated graphite or some 

other layered structure. At the current moment, we temporarily define it as non-intercalated 

graphite. In this graphite, its c-axis is 0.36 Å shorter than ambient pressure and corresponds to 

2.5 GPa, while its a-axis does not change. It may reflect that there are pure-graphite domains 

under a uniaxial compression by the surroundings. Otherwise, there might be some other phase 

of C-RuCl3. 

The host structures’ symmetries, P-31m of Model #1 and P63/mmc of Model #3 can be 

reduced to P3, which is the same as the guest. The superlattices for the two structures are built 

by merging the host and guest into single-unit cells. Table 5.3-2 is the list of lattice constants of 

possible host and guest structure combination. 

The result structure models will be discussed in the following section. 
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Figure 5.3-4 Comparison of XRD profiles between stage1 models. The (00l) are the peak positions from the 

host lattice. NOTE: The XRD simulation assumes stoichiometric samples without any disorders. 
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Figure 5.3-5 The peak position comparison between the experimental data with Model #1and Model #3 

after crystal lattice constants fitting (least-square fitting). Green lines indicate the XRD peak positions. 

NOTE: The XRD simulation assumes a stoichiometric sample without disorders and preferred orientation. 
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Table 5.3-2 Lattice Constants for Host and Guest in C-RuCl3 (stage-I) at 0.43 GPa. 

 

 

 

 

 

 

 

 

 

Model # phase symmetry lattice constants 

1 Host P-31m a = b = 2.456 ± 0.003 Å, c = 10.23 ± 0.02 Å, α = β = 120˚, γ 

= 120˚ 

 Guest P3 a = b = 5.973 ± 0.04 Å, c = 10.25 ± 0.09 Å, α = β = 90˚, γ = 

120˚ 

2 Host P63mmc a = b = 4.255 ± 0.003 Å, c = 20.51 ± 0.01 Å, α = β = 120˚, γ = 

120˚ 

 Guest P3 a = b = 5.970 ± 0.004 Å, c = 10.23 ± 0.01 Å, α = β = 90˚, γ = 

120˚ 
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5.3.3 Structure Models 

The structure models with superlattice can be constructed by combining the unit cells of 

graphene and RuCl3. Model #1 possess the superlattice that is 12 × 12 × 1 unit cell of graphene 

and 5 × 5 × 1 of RuCl3. Model #3 is 7 × 7 × 1 unit cell of graphene and 5 × 5 × 1 of RuCl3. 

Note that the lattice constants in the model were adjusted to exactly match the superlattice's 

lattice constants. Those ratios are coming from different rotation pattern of graphite. 

Figure 5.3-7 shows the reconstructed structure models and the simulated XRD profile. The 

main (strong) XRD peak positions do not change Model #1 and Model #3. However, the peak 

intensity ratio changes and the satellite peaks appear for Mode #3 (2Θ at around 6 − 9˚). 

Table 5.3-3 lists the lattice parameter of most possible structures represented as Model #1S 

and Model #3S. 

5.4  Scanning Electron Microscope Measurement 

SEM measurement has been carried out to confirm the existence of RuCl3 using a high 

voltage (30 kV) setup. A pure RuCl3 single crystal has been put into the chamber and measured 

under the same condition. 

 Both of them showed a little peek at ~19.3 kV, which is the kb energy of Ru.  This is strong 

evidence of the existence of Ru element as well as Cl element in the sample. 

The reason we were using a 30 kV setup is that The Highest peak on the EDS pattern belongs 

to both the Cl element and Ru element. Ru and Cl elements coincidentally have a similar 

characteristic spectral line. 
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Table 5.4-1 Lattice Constants of Possible Structure of C-RuCl3 (stage-I) at 0.43 GPa. 

 

 

 

 

Model# symmetry lattice constants 

Model#1S P3 a = b = 29.8125 Å, c = 10.241 Å, α = β = 120˚, γ = 120˚ 

Model#3S P3 a = b = 29.8125 Å, c = 10.241 Å, α = β = 120˚, γ = 120˚ 
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Figure 5.4-1 The superlattice structure of Model #1 and Model #3 after lattice parameters refinement. The 

supercell is constructed by combining 5 × 5 unit cells of RuCl3 and 12 × 12 of graphene for Model #1. Model #3 

is 7 × 7 unit cells of RuCl3 and 5 × 5 of graphene. 
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Figure 5.4-2 (Top R and L) Reconstructed structure model for Model #1S and 3S and the simulated XRD 

profiles for the reconstructed structure models. NOTE: The XRD simulation assumes a stoichiometric sample 

without disorder and preferred orientation. Thus, the XRD peak intensity ratio should be different from the 

experimental data. Also, note the difference in the orientation of the graphene layer between Model #1S and #3S. 
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Thus, their highest spectrum peak (Ru-La/Cl-Ka) overlapped with each other, as shown in 

Figure 5.4-1. Thus, we cannot distinguish them by just looking at the peak around 2.6 keV. After 

applying higher voltage, we caught the Ka energy of Ru shown as a small peak at ~19.3 keV 

(see Figure.5.4-1). Since the background noise cannot be seen on both the left side and right 

side of this peak, we can also conclude that this peak is not coming from the background noise. 

SEM image was captured on the surface of the RuCl3 intercalated graphite with EHT set at 

12 kV. We can see a clear laminar structure and hexagonal shape hole. The hole comes from the 

surface energy concentrated during the annealing process. This hexagonal shape also indicated 

a honeycomb lattice unit cell of this kind of material 

5.5  Raman Scattering Measurements of C-RuCl3  

We performed Raman scattering measurement of C-RuCl3 at ambient pressure and room 

temperature. The sample was stage-I and III mixed. We measured three positions in the sample 

and observed consistent Raman scattering spectra at all positions. In the Figure 5.5-1, 'G' 

indicates the vibrational modes that are characteristically observed in graphite. The peak at 1600 

cm-1 consists of D (E2g-symmetry) and G (A1g-symmetry) modes. 2700 cm-1 is 2D (2nd 

harmonic). This result indicates that the sample has some disorder in its structure, and the 

intercalation of RuCl3 possibly induces the disorder. 

This disorder was also observed and cross proved as broadened peak at low angle in the X-

ray measurement.  
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a) 

b) 

Figure 5.5-1 a) EDX spectrum measured at 30 kV. The background signal cannot be seen at 

high energy while we do see some signals at 19.3 keV. b) Spectrum of pure single crystal 

RuCl3 measured at 30 kV. It has the same behavior as C-RuCl3 sample at 16-20 keV section. 

Which is a cross proof of existence of RuCl3 in the C-RuCl3 sample. 
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Figure 5.5-2 Scanning Electron Microscope image on the surface of C-RuCl3. 

We can see clear layered and hexagonal structure. 
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Figure 5.5-3 Raman scattering spectra of c-RuCl3 (sample C, stage I-II mixed) at 1 bar and 300 K. We 

performed measurements on 3 different positions (A-C). The ★ indicates the modes that are not observed for 

pure graphite. 
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5.6  Transport Properties Measured by PPMS 

Transport properties have been measured using Physical Property Measurement System. We 

measured resistivity as a function of Temp and field on several pieces of stage-II and stage-IV 

samples, as well as pure graphite as a reference. The referenced graphite was also annealed 

under a chlorine atmosphere at 900 ˚C in the sealed tube without a RuCl3 pellet for several days 

to eliminate the potential effect of other conditions. The magnetoresistance of the stage-IV 

sample showed oscillations above 4 T as shown in Figures 5.6-1,5.6-2. By performing a fast 

Fourier transformation, we identify the frequency of oscillations for the RuCl3 intercalated 

graphite at frequencies of ~ 91 T and 176 T, which is different from what we observed in pure 

graphite, as shown in Figure 5.6-3.  The oscillations that we are seeing are coming from the 

modified Fermi surface of graphite (due to RuCl3 intercalation). The intercalation process 

improves the crystalline quality because the intercalated sample had a more pronounced 

oscillation behavior. A Hall resistivity of the stage-II sample has been measured as well. The 

sample was hole-doped with a density of around 7.8 * 1020 cm-3. 

5.7  Resistivity under Pressure 

We found that the intercalate graphite is sensitive to pressure. Even a small pressure will 

change the structure of the intercalating stage. Thus, we designed an experiment in which we 

applied different pressure while measuring the resistance of a piece of mixed stage sample. 

As shown in the Figure. 5-7.1, The resistance first increases, then dope. At a pressure over 

4.6 GPa, the sample's resistance rocketed up and seemed to be more semiconducting. The sp3 

bonding may be formed, making a hexagonal diamond 
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Figure 5.7-1 Magnetoresistance measurement on stage IV C-RuCl3 sample. (Top-left) Magnetoresistance 

as a function of temperature. (Top--right) Magnetoresistance vs. applied magnetic field. (Bottom-left) 

Shubnikov–de Haas oscillation. (Bottom-right) Fast Fourier transformation analysis of the oscillatory 

magnetoresistance. 

St St

StS

Stage-IV Stage-IV 

Stage-IV Stage-IV 
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Figure 5.7-1  Magnetoresistance of stage-II sample. (Top-left) Magnetoresistance as a function of temperature. 

(Top--right) Magnetoresistance vs. applied magnetic field. (Bottom-left) Shubnikov–de Haas oscillation. 

(Bottom-right) Fast Fourier transformation analysis of the oscillatory magnetoresistance. 
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Figure 5.7-2 Magnetoresistances of annealed kish graphite. (Top-left) Magnetoresistance as a function of 

temperature. (Top--right) Magnetoresistance vs. applied magnetic field. (Bottom-left) Shubnikov–de Haas 

oscillation. (Bottom-right) Fast Fourier transformation analysis of the oscillatory magnetoresistance. 
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Figure 5.7-3 (Left) Resistance vs. pressure measured on mixed stage I-II C-RuCl3. (Right) Resistance vs. 

temperature on mixed stage I-II C-RuCl3 indicated pressures. 
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CHAPTER 6.      CONCLUSIONS AND FUTURE WORK 

6.1  Conclusions 

To design a possible candidate of Kitaev material, there are two requirements that need to 

be achieved. One is bond directional dependent Ising-coupling, which can lead to an exchange 

frustration. The second one is a ground state of spin = 1/2. That requires a honeycomb lattice or 

a Kagome shape lattice and a half-filled d electron. In this work, Inspired by the first generation 

Kitaev spin liquid material: A2MO3 and RuCl3, two different second-generation Kitaev 

materials: new delafossite honeycomb material A3BM2O6 where A =Ag, Cu; B = Li, Na; M = 

Ru, Rh, Ir. and RuCl3 intercalated graphite. The delafossite material was synthesized using a 

low-temperature ion-exchange method. We successfully grow Ag3LiRu2O6, Ag3LiRh2O6, 

Ag3LiIr2O6, Cu3NaIr2O6, and Cu3LiIr2O6 samples. A detailed investigation was carried out on 

Ag3LiRh2O6, Ag3LiIr2O6, sample, XRD pattern showed a clear Warren shape indicate a stacking 

fault in this material. Fractional miller indices of (1/3, 1/3, l) where l is an arbitrary integer was 

obtained by the position of a barren-shape peak on the pattern high-temperature XRD showed 

the time and annealing temperature correlational relationship in the ion-exchange process. The 

STEM image showed a quasi-layered, alternating arrangement of [LiRuO4] - octahedra and Ag 

atoms. The magnetic measurement confirmed the Antiferromagnetic behavior of both two 

samples. We observed a magnetic peak with a Miller index of (1/6, 1/6, l) which is half of the 

index of Warren shape peak. This phenomenon indicated that the magnetic order of this material 

originates from the part of the sample that produces the Warren-line shape. Also, based on the 

fact that the magnetic unit cell doubled along the a and b axis, we proposed that this material 

has a zig-zag magnetic model. 
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For halide intercalated graphite material, we successfully grow different stages of C-FeCl3, 

C-MnCl2, C-CuCl2, and C-RuCl3. Different from another intercalated graphite sample, C-RuCl3 

has a strict requirement of the chlorine atmosphere pressure to trigger the intercalation. Then 

we invented a new three-zone method to introduce chlorine atmosphere into the sealed system 

by utilizing photosensitive material AgCl and UV light. Pure stage-II and stage-IV C-RuCl3 

samples were obtained using this method, proved by XRD measurement. Lattice parameter c 

was derived from the 00l peak position. With proper assumption, we also calculated the distance 

between the graphite layer and RuCl3 layer and proposed a stage-II sample unit cell. The high-

pressure synchrotron XRD showed that the sample's structure is sensitive to pressure. The 

structure turned to stage-I after applying a small pressure. By analyzing and refining the XRD 

data, we also proposed a proper superlattice of the stage-I sample. This sensitivity has been cross 

proved by the high-pressure resistivity measurement. The resistivity rockets up and then 

gradually drop with the applying pressure increase. The transport measurement on both stage-

II and stage-IV samples showed beautiful quantum oscillation above 4T. This oscillation may 

come from the modified Fermi surface of graphite due to the intercalation of RuCl3 

Theoretical DFT calculation was carried out based on the proposed unit cell. The density of 

state was calculated using the PBE exchange-correlation functional. More work is on the way. 

6.2  Recommendations for Future Work 

In the future, we can do more transport measurements on the analogy of C-RuCl3, for 

example, the C-FeCl3, C-CuCl2, C-RuI3.etc to see if the quantum oscillation overserved in the 

C-RuCl3 sample is a feature of this group of material or C-RuCl3 itself. 



79 

Try to make a stage-I RuCl3 sample. It should have a more interesting behavior due to its 

metal-insulator alternating structure. 

Carry out a detailed investigation on Cu-based delafossite material. 
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