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ABSTRACT 

Oxide ceramics are materials with a wide range of properties. Insulators are most common, however 

semiconductors, strongly correlated electron materials, and even superconductors are all relevant oxide 

materials. Here we seek to synthesize novel oxide single crystal phases and study their properties using 

an alkaline earth metal flux technique. The specific flux techniques are new, and we will seek to 

understand the capabilities of these fluxes as a novel synthesis tool.  

The use of a barium metal flux to grow single crystal oxides is rather counterintuitive, but is exemplified 

further with the growth of europium monoxide (Fm̅m #225, Z = 4). Eu1-xBaxO single crystals (x = 0.01 – 

0.25) are grown and studied for their ferromagnetic properties. A new oxide phase Ba2Eu2P2O (P4/mbm 

#127, Z = 2) has also been synthesized from the same method, and may potentially be studied as a 

ferromagnetic semiconductor based on preliminary observations. Other examples of single crystal oxide 

phases grown from barium metal flux includes Ba2TeO (P4/nmm #129, Z = 2), BaLn2O4 (Ln = La – Lu) 

(Pnma #62, Z = 4), and Ba3Yb2O5Te (P4/mmm #123 Z = 1).  

The new crystal phases Ba3Ln2O5Cl2 (Ln = Sm – Lu, Y) are synthesized using a reactive barium metal 

flux. Single crystal x-ray diffraction is used to determine their structures with space group (I4/mmm #139, 

Z = 2) related to the Ruddlesden-Popper structure type. The unit cell dimensions range from a = 4.46(6) Å 

and c = 24.87(6) Å for Ba3Gd2O5Cl2 to a = 4.35(6) Å and c = 24.57(6) Å for Ba3Lu2O5Cl2 with the 

dimensions following the expected lanthanide contraction trends. The magnetic properties of these 

materials are studied and related to their structures. 

The use of alkaline earth fluxes such as magnesium or calcium based fluxes are also briefly considered 

for their capabilities to produce novel mixed anion phases. A calcium flux is shown to produce the novel 

semimetals Ca4TeOH4 and Ca3Ca1-xEuxTeOH4 (I4/mmm #139, Z = 2), and highly reducing magnesium 

fluxes are shown to produce the divalent samarium Zintl phases SmMg2Bi2 and SmMg2Sb2 (P̅  #163, Z 

= 1). 
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CHAPTER 1 

INTRODUCTION TO OXIDES AS FUNCTIONAL MATERIALS 

1.1 Overview 

The search for new functional materials is an ongoing endeavor encompassing all categories of matter and 

synthesis methods. All types of material (ceramic, polymers, composites, etc.) find their place in the current 

technological landscape. Developing and discovering new materials helps to create new technologies, 

improve old ones, and refine our physical understanding of matter. The search for new materials is ongoing. 

And as the relationship between structure and properties is becoming better understood, scientists are 

beginning to target specific materials in order to produce desired qualities. However, synthesis tools remain 

a limiting factor in both the development of new materials and maintaining cost of current functional 

materials. 

Crystalline materials are an important basis of nearly all current technological aspects of the modern world. 

The range of electronic properties of these materials are extremely versatile including: metals, correlated 

electron materials, semiconductors, insulators, and superconductors1. These materials can also be 

distinguished between single-crystals and polycrystalline, sometimes resulting in different properties for the 

same overall atomic compositions. The importance of these materials provides a strong driving force for 

the discovery of novel crystalline compositions of matter2. 

1.2 Properties of Oxides 

Inorganic oxides in particular are an extremely versatile class of compounds. Oxygen is the most abundant 

element in the earth’s and readily forms stable compounds with most other elements.3 Obtaining elements 

in their pure form usually requires the refinement of oxygen containing minerals. Thus the strength of 

oxygen-metal bonds becomes a hurdle in the discovery of new oxides in that there are many 

thermodynamic sinks producing stable high temperature congruent melting compounds.  

The application of crystalline oxides are many because they have such a diversity of physical properties. 

Many glass-ceramic insulating oxides find optical applications as they are electrically insulating and 
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transparent to the visible spectrum. There are many other optical applications of oxides in general, 

especially single crystal oxide materials. LiNbO3 and LiTaO3 are photonic materials which change their 

birefringence in an electric field, and find use in electro-optical devices. The oxides KDP (potassium 

dideuterium phosphate), KTP (potassium titanyl phosphate), and BBO (barium borate) have nonlinear 

optical properties; Garnets and Sapphires are used as host crystals for lasers; TeO2 and PbMoO4 are 

acousto-optical materials; BaTiO3, Bi12SiO20 (BSO) are photoconductive and photorefractive to name a 

few4.  

Semiconducting oxides are also a common class of oxides which find a great variety of application. For 

instance, Zinc oxide alone ZnO is used in electronic and photonic devices: transparent thin film transistors, 

photodetectors, LEDs, blue/UV laser diodes5. Semiconducting transition metal oxides have interesting 3d 

orbital6 behavior and are found as Spin carrier semiconductors.7 Oxides have also found their place as 

thermoelectrics with compounds such as NaxCoO2, Ca4Co3O9, Bi2Sr2Co2O9, and  various perovskites8.  

Other examples of semiconducting oxide in technology include: field effect transistors which are the building 

blocks for nano-electronic devices, and correlated electron transition MOSFETs (metal oxide field effect 

transistors) including: YTiO3, NdNiO3, KTaO3 and more which have bandgaps ranging from 0-4 eV9. 

Semiconducting oxides find other applications in heterojunction solar cells10. 

The conventional electrical properties of oxides do not end with insulators and semiconductors. Studies of 

conducting oxides were pioneered by Mott11 and Goodenough12 and oxide ion conductors for applications 

with oxygen sensors have been developed using single crystal rare earth silicates13. More importantly, 

oxides have gained a new focus with the discovery of the first high Tc superconducting materials by Bednorz 

and Müller14. These materials have been developed obtaining Tc above 130K allowing for operation using 

liquid nitrogen. Superconductors have a characteristic structure with  CuO2 planes that are separated, 

forming a layered structure15. Applications of superconductors are vast from delicate instruments, powerful 

magnets and MRIs, and even maglev trains.16 

It is apparent that there is great value in the synthesis of new oxide materials. Discovering materials with 

new interesting structures will lead to new interesting properties. Materials with properties that are 
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unpredictable may lead to innovations in technology currently unforeseen. The approach to discovering 

new oxide materials with promising properties is not singular and there are many methods used to create 

these materials.  

1.3 Synthesis Techniques 

There are many synthetic techniques practiced in creating inorganic crystalline materials, but they can be 

divided into 3 main classifications: Solid-Solid, Liquid-Solid, and Gas-Solid.  Solid state synthetic techniques 

also known as the “shake and bake” method are popular for creating polycrystalline materials. Gas-Solid 

techniques are typically used to make thin films and electronic devices sometimes by layering known 

materials to produce desired qualities. Liquid-Solid also known as solution growth synthesis is the broadest 

group of the three classifications; encompassing but not limited to: melt, flux, solution, hydrothermal, and 

gel growth methods.17  

 Many solution growth techniques have been utilized in the discovery of new oxide materials such as 

electrochemical synthesis of metal oxides and hydroxides18, solvothermal growth of single crystals19,20, 

optical floating zone technique21, and flux growth.22 Flux growth methods are excellent tools for the 

discovery of new crystal phases and also tend to produce high quality single crystals.22–26 For flux growth 

of oxides typical fluxes are: oxide, hydroxide, or even halide based fluxes such as: BaCl2, NaOH, K2CO3, 

KOH, Bi2O3, KOH-NaOH, K2O/K2O2-Na2O/Na2O2, KOH-LiOH, K2MoO4, K2Mo2O7, Na2CO3.22 

This study will aim to produce new single crystalline oxide materials using a unique metal flux technique. 

Alkaline earth metals will be utilized as fluxes and reactive fluxes to produce new compositions of matter. 

The materials produced will be single crystalline, and studied structurally using single crystal x-ray 

diffraction (SCXRD). The properties of the materials will be studied using various methods such as 

magnetometry, electronic transport, heat capacity measurements, optical absorbance, nuclear magnetic 

resonance, and more which will be discussed. 

The goal of this study is simple: to create new materials and develop a new synthetic tool. 
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CHAPTER 2 

REVIEW OF FLUX GROWTH 

2.1 Basic Growth Technique 

 

Figure 2.1. Schematic for flux growth process by decreasing temperature. 

 

Flux synthesis is a technique used to grow single crystals of high quality from a solution. This technique is 

suitable for crystals with melting points too high for normal furnaces, and crystals that undergo phase 

transitions, or melt incongruently. The environment of solution growth is nearly isothermal, strain free, and 

easily controlled and can produce crystals with few defects. The technique is a great option for exploratory 

synthesis, since crystals are often small and of good quality, allowing for physical characterization. The 

process is also simple, requiring a programmable furnace (up to 1250°C), a crucible compatible with the 

starting materials, and standard tools such as balances and microscopes. 

The growth of crystals by the flux methods occurs either by evaporation of solvent, slow cooling, or 

sometimes both. In this work the slow cooling method is utilized: as temperature is decreased, the solubility 

of the solvent (for the solute) decreases, inducing super-saturation, nucleation, and crystal growth. Starting 

materials are loaded into crucibles compatible with the flux and solutes and are subsequently sealed. The 

Lower 
Temperature 

Increase 
Saturation 
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crucibles may be further enclosed in ampules to protect them from the air. The ampoules are subsequently 

placed in a furnace, heated to a designated solvation temperature (~1000°C), soaked to allow solvation, 

and then slow cooled at a chosen rate to a final temperature based on the flux and solutes. The ampoules 

can then be removed from the furnace, inverted and centrifuged to separate the flux from the crystals. 

2.2 Crystal Nucleation 

 

Figure 2.2. (a) Schematic for spherical homogeneous nucleation in a liquid (b) Schematic curves for the 
formation of nuclei. The maximum in free energy ΔG* is the energy at which a critical nucleus of size r* 

form. 

 

Crystal nucleation is the formation of a stable cluster called a ‘nucleus’, occurring at a critical size dependent 

on the surface chemistry of the system. There are two types of nuclei based on the dimension of nucleation: 

two-dimensional nucleation or heterogeneous nucleus, and three-dimensional nucleation or homogenous 

nucleus. Heterogeneous nucleation occurs at surfaces and interfaces to activate the nucleation. For 

analysis of the growth process in this work, we do not consider heterogeneous nucleation. 

Homogeneous nuclei are formed randomly by thermal fluctuations, and are considered the most common 

form. This requires supersaturation conditions induced by cooling, allowing the formation of the nuclei and 

results in growth if greater degrees of supersaturation are achieved. The thermodynamic basis of this 

� � = �  
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process can be studied using the parameter of free energy or Gibbs Free Energy1. When the Gibbs free 

energy is negative for a process, that process occurs spontaneously. For spherical nucleation which is 

shown in figure 2.2(a), the Gibbs free energy is described as: 

∆ = � ∆ � + � � 

The nucleation in this case is essentially described by two terms: the difference in free energy between the 

solid and liquid phases (ΔGv) and the boundary surface free energy ( ) for a spherical nucleus. These two 

terms compete to determine the formation conditions and critical nuclei size (r*) at the maximum of ΔG; this 

can be seen schematically in figure 2.2(b). The maximum ΔG can be calculated using:  

∆� = ∆ � � + � � =  

resulting in  

�∗ = − �∆�� , and ∆ ∗ = 6��∆��  

The surface tension term is one which is very specific for the conditions of growth, specifically the liquid 

from which the growth is occurring, and the crystal structure of the grown material. The Gibbs energy term 

(Gv), is defined by 

∆ � = ∆ � −
 

Where ΔHf is the latent heat released during the formation of the solid, Tm is the equilibrium formation 

temperature for the solid, and T is the actual temperature. It can be seen here that the greater the difference 

between Tm and T the more negative the Gibbs energy is, or in other words the lower the temperature the 

more readily the material will form. The equations can be combined to define the critical nucleus size by 

�∗ = − �∆ � ( − ) 
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Through this equation the size of the stable nucleus is clearly related to the temperature; as the temperature 

decreases further past equilibrium temperature the size of the stable nucleus also decreases. 

There are many factors which effect the nucleation of crystallites in a growth system, and it is typical for the 

number of nuclei to range greatly from system to system. In flux growth the dominating factors are 

impurities, thermal or supersaturation effects (cooling rates etc.), and solubility effects. Optimizing these 

parameters will often result in an increase in overall crystal size and quality. Here we have clearly defined 

one of the most important factors: equilibrium temperature. 

2.3 Crystal Growth Solubility and Thermal Effects 

 

Figure 2.3. Crystal Growth: effects of supercooling on nucleation. 

 

The concept of the homogeneous thermal nucleation is typically limited by insufficient information of the 

thermal properties (Tm, ΔHf, ) of the specific process (especially in exploratory research). However a 

qualitative understanding can help to understand the conditions of the process. As an example, when a 

reaction is opened and many crystallites too small for experimental analysis are observed, then the 

nucleation rate (the cooling rate was too high. To grow crystals of larger size one can change the cooling 

rate or concentration of the solutes in the solvent to decrease the rate of nucleation. This is represented in 

figure 2.3. 

<  >  ≫  
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Once stable nuclei have formed the crystal constituents in the solution have a low energy surface or 

template for further crystal growth. The two primary effects controlled in this process are concentration and 

temperature. The systems explored in this work are closed and do not undergo any process which changes 

the concentration of the solution by decreasing the amount of solvent or increasing the amount of solute. 

The total mass remains unchanged within the crucible. 

 

Figure 2.4. Temperature vs Concentration growth regions in a solution crystal growth method. 

 

Crystal growth will occur by decreasing the temperature and thus increasing the degree of saturation in the 

system. Figure 2.4 represents this crystal growth process. The process begins in the stable zone (blue), 

this region is unsaturated and no crystal will form. As the temperature is decreased nucleation and crystal 

growth can occur. If the temperature is lowered too rapidly the solution will enter the unstable zone with 

spontaneous nucleation 
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moderate super-saturation (green) and spontaneous nucleation will dominate the process. Resulting 

crystals will be small, numerous, often clumped together forming multiple domains, and contain many 

defects. An ideal growth process occurs within the metastable zone (light green) where crystals can grow 

to sizes ideal for study or application with few defects. As the crystals begin to form from the solution the 

concentration of solute within the solution decreases, and thus the concentration decreases. In order to 

remain within the metastable region the proper cooling rate must be chosen. 

By changing the supersaturation of the system by changing temperature, the number and size of crystals 

grown as well as the quality of the single crystals obtained can be controlled. Reactions are supersaturated 

to different extents depending on the cooling rates of the process. The maximum temperature for reactions 

in this work is 1000°C, and the minimum is dependent on the flux and solutes chosen. Cooling rates are 

limited by time, but are about -1.5 °C/hr. 

The concentration of solute in each system chosen is based on phase diagrams which will be discussed 

later. Based on the results of a reaction, the concentrations may be changed. Due to limited information 

regarding the solubility characteristics of the fluxes used in this work, one must develop an understanding 

through many experiments. Analyzing the results of a given reaction can be compared to the limited 

information provided in phase diagrams to develop this understanding. Resolving the interaction of multiple 

components in a single system is complicated, but can be estimated using known two-component 

interactions.  

2.4 Guidelines for Choosing a Flux  

There are many considerations in choosing a good solvent for a specific goal. Information about the 

reactivity, melting temperature, and solubility are of great importance in making a decision, and lists of flux 

characteristics are reported in the literature22–25. High solubility for the solute and a moderately large 

temperature coefficient of solubility is necessary. Irreversible reactions between solvent and solute at the 

growth temperatures are not ideal. Low melting point and high boiling point of solvents allows work at 

reasonable temperatures. The solvent should not react with the crucible material, and should have low 

vapor pressure at growth temperatures. Low viscosity, low toxicity, long term stability, reasonable cost, and 
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high purity are also desirable qualities. However, a flux does not necessarily need to meet all of these 

guidelines. 

2.5 Phase Diagrams 

 

Figure 2.5. Simplified liquid-sold two-component phase diagram.  

 

Ideally a complete phase diagram for the Solvent/Solute system would be readily available when choosing 

growth parameters. Binary equilibrium phase diagrams are readily available through many sources27. 

However ternary, quaternary, or higher order mixtures of materials are used in a growth experiment. This 

lack of information often requires one to conduct exploratory phase equilibria experiments. An experiment 

can often be reduced and generalized to a two-component solid-liquid phase diagram as seen in figure 2.5. 

In this hypothetical experiment the desired product is the solute (S), and all other components are the flux 

(F). Using this concept one can plan a growth experiment within the temperature and composition 

parameters of the phase system. A composition is chosen and the mixture (F + S) is heated above the solid 

+ liquid equilibrium line. This puts the mixture into a stable region and will remain liquid. To induce 
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supersaturation the mixture is then cooled below the equilibrium line at a slow rate where crystals of the 

desired phase can grow. 

 

Figure 2.6. Fe-Sb binary phase diagram.27 

 

As an example a more complex phase system to look at is the Fe-Sb phase diagram given in figure 2.6. It 

is seen that FeSb2 is a non-congruent melting compound which can only co-exist with a liquid of Fe-Sb, 

with Sb in a range starting at 88.8% and 738°C to 99.2% and 630°C. If one wishes to grow single crystal 

phases of FeSb2 an antimony flux would therefore be a useful tool for this purpose. A mixture of Fe-Sb of 

11:89 would be heated above 750°C and slowly cooled to 650°C over an extended period of time. 

Mechanical separation by centrifugation of the remaining Sb flux from the desired crystals can then be 

performed. This is an excellent simple binary example of the power of the flux technique to grow single 

crystals of non-congruently melting compounds.  

While most available phase diagrams are simple binary phase diagrams they can be very helpful for 

determining if a flux material is viable for exploration or targeted growth, under constrained growth 
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conditions. The temperature information provided by these phase diagrams is of great importance. For 

instance, if an experiment was provided with a maximum temperature constraint of 1000°C then using a 

mixture of Fe-Sb of  65:35 and greater in  iron would not be feasible as can be seen in the phase diagram. 

The choice of reaction or crucible is also influenced by these phase diagrams; In the instance of Fe-Sb, the 

use of an iron crucible is not be advised if one is using an antimony flux. The significant effect on melting 

temperature of iron can be seen from the phase diagram, where the transition of pure iron into the two 

phase region (1538°C) is decreased to 996°C at only 5 at% antimony. 
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CHAPTER 3 

ALKALINE EARTH METAL FLUXES FOR OXIDES (THE NOVEL CASE) 

3.1 Considerations for Using Alkaline Earth Metals 

 

Figure 3.1. Barium metal used for flux reactions (a) surface oxidized barium as obtained from supplier (b) 
cleaned barium (c) barium cut into ~2 cm pieces for use in reactions. 

(a) (b) 

(c) 
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One of the primary goals of this work is to explore the viability of alkaline earth metals as fluxes for the 

growth of known and exploration of novel oxide compounds. While the discovery of new compounds is an 

important goal, the development of new synthetic tools is equally important. The use of alkaline earth fluxes 

to grow single crystalline oxide materials has not been significantly explored. Growth of oxide materials in 

particular is not typically achieved with metal fluxes. Oxides grown from flux methods typically employ low 

melting oxide or halide fluxes such as NaCl of PbO. This work presents the current developments in the 

use of alkaline earth metal fluxes for the growth of oxides and explores the phase space. Growth 

experiments are analyzed, and the results catalogued for future reference. The products, once analyzed 

describe limitations and capabilities of the solvent and solute choice. The goal is to discover new oxide or 

mixed anion materials. 

There are some challenges in working with alkaline earth metals: they are reactive in ambient conditions, 

with water being the most reactive agent. Their air sensitivity increases with increasing atomic number. 

Barium, strontium and calcium are typically handled in an argon glovebox whereas magnesium readily 

develops a protective oxide layer and can be handled in air for a few hours. Alkaline earth metals also react 

readily with alumina and fused silica, which prevents use as reaction containers. Nickel chromium steel is 

chosen as the reaction crucibles. Iron and chromium are not soluble in alkaline earth metals and therefore 

can serve as containers. Nickel however is somewhat soluble in all of the alkaline earth metals and may 

need to be considered. Alkaline earth metals are typically soft and easy to cut as seen with barium metal 

in figure 3.1. Oxidation and hydroxide is removed to prevent addition of undesirable constituents. 

3.2 Crystal Growth Method 

The alkaline earth flux system is explored by phase equilibrium experiments. A typical experiment begins 

with starting materials handled under argon in a glove box, and loaded into stainless steel crucibles that 

are subsequently welded shut using a TIG torch. Alkaline earth metals have high vapor pressures and 

therefore the welded closed steel systems allow to maintain a stable pressure throughout the process. The 

steel crucibles are further sealed in evacuated quartz ampoules. The ampoules are then placed in a muffle 

furnace, heated to 1000 °C at a rate of 10 °C/h, soaked for 20 h, then slow cooled at a chosen rate to a 

final temperature based on the flux and solutes. The ampoules are then removed from the furnace, inverted 
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and centrifuged to separate the flux from the crystals, as seen schematically in figure 3.2. A pipe cutter is 

used to open the crucibles by cutting them in half in a glovebox. Here, it can be checked if the centrifugation 

process has occurred by maintaining the crucible orientation. The crystals are then mechanically removed 

with care as not to destroy any large well-formed crystals. Then the walls of the crucible are scraped to 

remove any crystals stuck to the steel. 

 

Figure 3.2. Schematic representation of the flux growth process 

3.3 Alkaline Earth – Oxide Phase Systems 

The furnaces used are temperature controlled muffle furnaces which can safely operate up to 1045°C, and 

can slow cool in a controlled manner, therefore our flux must melt under 1000°C. Stainless steel crucibles 

are used as they are composed of iron, chromium, and nickel, which should be stable with alkaline earth 

metals up to our maximum temperatures.  

Synthesizing novel oxide crystalline materials from alkaline earth metals seems counterintuitive at first, 

because alkaline earth oxides (AEO) are known as stable compounds. As mentioned previously it is 

important to consult the binary phase diagrams to plan growths reactions. If we start with the Mg-O phase 

diagram presented in figure 3.3, we can clearly see that magnesium metal fluxes have extremely limited 

solubility of oxygen under our reaction conditions, and are then not suited for growth of single crystal oxides. 

Similarly the strontium-oxygen phase has a steep binary L+S phase line, making it also unsuitable. 
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Figure 3.3. Magnesium-oxygen binary phase diagram.27 

 

The phase diagrams provided by ASM27 for the barium-oxygen binary system shows something very 

interesting: barium has a eutectic at a composition of about 12 at% oxygen. At 17 at% oxygen the melting 

point is around 730°C. At 25 at% oxygen the melting temperature of 1000°C, well within the criteria for a 

flux. 
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Figure 3.4. Barium-oxygen binary phase diagram.27 

 

Finally the phase diagram for the binary calcium-oxygen system presented in figure 3.5. shows calcium 

metal having only minor capability as a flux for oxides. A calcium-oxygen mixture is evaluated to have 

saturation conditions of 5 at% oxygen at 1000 °C, which is within the constraints for a working flux. 

The analysis of the phase diagrams for the alkaline earth-oxygen systems provides one very suitable flux 

system for exploration of novel oxide compounds. Many growths utilizing barium as a flux, oxygen 

concentrations below 25 at%, and another constituent to explore the flux based phase regions. 
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Figure 3.5. Calcium-oxygen binary phase diagram.27 
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CHAPTER 4 

EXPERIMENTAL METHODS AND TECHNIQUES 

4.1 Phase Identification 

 

Figure 4.1. (left) Typical mixture of crystalline products from reaction after mechanical extraction from 
crucible. (right) Single crystal of high quality cleaved for x-ray diffraction. 

 

The identification of the resulting products is the next step. Resulting products are single crystals ranging 

in size from 0.1mm to 10mm. properties noted about the product are: amount produced, size of the crystals, 

morphology, air sensitivity, color, lustre, transparency, etc. With a single phase, quantitative techniques are 

required to identify the resulting phases. High quality single crystals between 0.1 mm and 1 mm are ideal 

and selected for x-ray diffraction. If the product is irregular in shape, too large, contains visible defects, has 

large multiple domains, or is embedded in residual flux; single crystal pieces may be cleaved for the 

experiment. 

4.1.1. Single Crystal X-ray Diffraction (SCXRD) 

Single crystals are further studied using SCXRD If the products are found to be air sensitive, then the 

samples are protected in Paratone-N oil, and measurements are performed at 200K under a nitrogen flow 

to fix the crystal in place. The reduced temperatures also help to reduce lattice vibrations. 
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SCXRD is carried out on an Oxford Diffraction Xcalibur 2 CCD diffractometer with graphite monochromated 

MoKα radiation (figure 4.2). Typical generator settings are 40kV/30 mA for a total of 1.2 kW power.  Single 

crystals are mounted and aligned using a camera framed on the samples. An experiment is designed based 

on crystal size to obtain the unit cell of the sample. Reflections obtained are single points with little to no 

smearing (figure 4.2), as smearing is indicative of poor crystal quality. Once the experiment is finished the 

reflections are indexed to determine the unit cell. The unit cell should index more than 80% of the reflections 

for the results to be considered meaningful.  

 

Figure 4.2. (left) diagram of the Oxford XCalibur2 single crystal diffractometer (right) x-ray image with 
reflections for a single crystal of relatively high quality (Ba3Yb2O5Cl2) 

 

The unit cell data is cataloged and checked against the Pearson’s Crystal Data Crystal Structure Database 

for Inorganic Compounds, determining if the phases are known. If the phase is unidentified, an extended 

collection is performed making sure there are observable reflections up to at least 100° in βθ. A movie of 

the crystal is taken for absorption correction analysis during the data reduction process. 

 4.1.2. SEM/EDAX 

The phase is examined further with a scanning electron microscope (SEM) and energy dispersive x-ray 

spectroscopy (EDAX), to obtain an estimate of the chemical composition. A JOEL5900 SEM with XRF 2007 
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software is used to determine the chemical composition of a material. Obtaining the relative atomic ratios 

provides valuable information used for solving the crystal structure of the material. Elements with atomic 

numbers lower than magnesium, however, are difficult to determine accurately. 

 

 

Figure 4.3. (left) SEM image of Ba3Lu2O5H2 crystal for EDAX analysis. The brightness of the crystal is 
due to its insulating nature. (right) Schematic for the EDAX x-ray emission process, the energy of the x-

ray emitted is equal to EL-EK. 

 

 4.1.3. Solving Crystal Structures 

The results of an x-ray experiment are analyzed using the Oxford-Diffraction CrysAlis software28. Individual 

reflections are indexed into a peak table which catalogues intensity, hkl values, xyz-coordinates, and d-

values. The data is then reduced using symmetry constraints to relate the reciprocal lattice points and 

relative intensities to the structure factors (Fhkl)2. An absorption correction is typically applied using 

knowledge of the expected stoichiometry of the crystal. The crystal symmetry is assigned to one of the 230 

space groups consistent with the symmetry of the intensity data. 

Structural refinement are carried out using CRYSTALS software package, and .CIF files are produced29. 

The chemical compositions obtained in EDS are instrumental during this process to assign atom types and 

to verify the results. 

E =EK 

E =EL 

E =EM 

EL − EK 
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4.2 Materials Characterization 

 4.2.1. Magnetic Property Measurements 

Magnetic properties are measured using a Quantum Design SQUID magnetometer with a temperature 

range from 1.8K to 300K, and a maximum magnetic field strength of 7T. A sample is weighed and secured 

(typically in a gel capsule) with nearly non-magnetic quartz wool. The magnetic susceptibility of the sample 

is obtained by applying an external magnetic field and moving the sample through pick-up coils. Through 

electromagnetic induction, the electronic spins in the material produce a potential difference between the 

coils which can be related to the total magnetic moment of the material. Experiments are performed by 

changing temperature and magnetic field while measuring the resulting magnetization, with experimental 

parameters selected depending on the sample. 

Typical experimental parameters are a 0.1T field, and a temperature range of 1.8K to 300K, to determine 

the presence of potential magnetic transitions. The magnetic moment of a material can be determined from 

its paramagnetic Curie-Weiss behavior.30 If ferromagnetic or antiferromagnetic behavior is observed, field 

versus magnetic moment measurements (M-H loops) may be performed to further characterize the 

materials. 

 4.2.2. Electronic Transport Measurements 

The electrical resistivity of a material has a specific temperature dependence based on its electrical and 

magnetic properties. Metals generally have increasing resistivity with increasing temperature due to 

electron-phonon interactions. At high temperatures the dependence is typically linear while at lower 

temperatures there is a power law dependence which can be modeled using the Bloch-Grüneisen 

formula31. For intrinsic semiconductors the resistivity decreases exponentially with increasing 

temperature. Complex resistive behavior of materials are not uncommon: for instance, magnetic ordering 

usually changes the electrical scattering and appears in ρ(T). 

If the material is shown to conduct or contain a magnetic transition, an electronic transport experiment may 

be performed. A four point method32 with a setup shown in figure 4.4 is used. This method is used to 

determine the electronic class of the material: metal, semimetal, semiconductor (types) or insulator. Gold 
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leads of 0.1 mm diameter are attached to single crystals using silver paste solvated in 2-butoxy-ethylacetate 

(figure 4.4). The resistivity of a sample is calculated from ohm’s law and geometric measurements. 

= ∙  

= � = ∙ =  ∙
 

A current (I) is passed through the sample the voltage (V) is measured and the resistance (R) is 

calculated, which is then converted to resistivity (ρ) using the geometrical dimensions of the sample (L,H, 

and W).  

 

Figure 4.4. (left) 4-point electrical resistivity measurement set-up on a single crystal of SmMg2Bi2, The 
geometric dimensions of the crystals are recorded for conversion of resistance to resistivity. (right) 

Schematic diagram for the 4-point resistance measurements. Current (I) is passed through leads 1 and 4, 
and voltage (V) is measured across leads 2 and 3. The distances L, H, and W are measured to calculate 

resistivity of the sample. 

L 
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I 
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CHAPTER 5 

EXPERIMENTAL RESULTS AND DISCUSSION 

5.1 Ba2TeO 

The research article for the novel phase Ba2TeO has been published in the Journal of Solid State Chemistry: 

Volume 222, February 2015, Pages 60-65. This material is a semiconducting oxytelluride with space group 

P4/nmm (#129), a = 5.0337(1) Å, c = 9.9437(4) Å, Z = 2. The crystal structure consists of high pressure 

BaTe (CsCl-type) and BaO (PbO-type) alternating layers. This material was grown from a reactive barium 

metal flux. The crystals obtained were large plates (about 5 mm in diameter) and black with a metallic sheen 

and had moderately-high air sensitivity and would fully degrade in about an hour. Contributions to this work 

are presented as follows. 

 5.1.1. Growth of Ba2TeO 

The Ba2TeO crystals were prepared from a barium metal flux, with 1 mmol of BaO and Te for every 20mmol 

of Ba metal. The starting materials are sealed in a stainless steel crucible using a TIG welder under inert 

(argon) atmosphere in a glovebox. The steel crucibles are then sealed in quartz tubing under vacuum. The 

sample were heated in 10 hours to 1000 °C, solvated for 20 hours, and cooled over 50 hours to 820 °C, 

followed by centrifugation to separate the flux from crystals that formed. Large single crystal platelets with 

dimensions up to several millimeters were obtained in this way. The Ba2TeO crystals had a metallic lustre 

with dark greyish to black appearance and were relatively brittle and tended to exfoliate and cleave easily. 

To maintain sample integrity, all crystals used for subsequent analysis were handled and stored under inert 

atmosphere at all times possible. 

 5.1.2. Heat Capacity for Ba2TeO 

The temperature dependence of heat capacity obtained at zero applied field for a 4 mg sample of Ba2TeO 

is shown in Figure 5.1. The small inset (a) illustrates the low-temperature region, plotted as CP /T vs T 2. 

This low temperature data is described by 

,2
T

T

C
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since the electronic contribution to the heat capacity (visible by the y-axis intercept) is nearly zero, 

consistent with semiconducting Ba2TeO. The low temperature data yields the lattice contribution β ≈ β.0±0.γ 

mJ/mol·K4, Using this value, the Debye temperature θD can be estimated via the relation: 

3

4

5

12


 Rn

D
 . 

Here, n denotes the number of atoms per formula unit (n=4 for Ba2TeO) and R the molar gas constant. This 

yields a Debye temperature of 8158 
D

  K. 

To gain further insight in the lattice dynamics, the full temperature range of the measured heat capacity is 

considered. A single Debye or Einstein model cannot adequately describe the temperature dependence of 

the heat capacity, as can be clearly seen when fitting the data to the two models (Figure 5.1 and inset (b) 

for the low temperature region). A combined model, on the other hand, summing the contribution of a Debye 

and an Einstein model, can describe the heat capacity: EDP
CCC  . Such a model can be expressed 

as 
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where Tkx
B

  and ω is the Debye frequency. D
  and E

  are the Debye and Einstein temperatures, 

respectively, and D
c  and E

c  are constants containing numbers of oscillators and degrees of freedom. 

These four parameters are treated as fitting parameters, and the combined model describes the 

experimental data adequately over the entire temperature range (solid line in Figure 5.1). The Debye and 

Einstein temperatures are 3167 
D

  K and 11486 
E

  K, respectively, and their corresponding 

constants are 4248 
D

c  J/mol·K and 156 
E

c  J/mol·K. The Debye temperature is in good 

agreement with the value obtained from the low temperature data. The two distinct temperatures D
  and 

E
  indicate the existence of two different vibrational modes in Ba2TeO, consistent with the observation of 

two distinct structural layers, BaTe and BaO. Since the BaO layer is under compression, it is expected to 

be stiff, thereby contributing to the heat capacity at higher temperatures, with the higher Einstein 
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temperature originating in this layer. The lower Debye temperature then corresponds to the BaTe layers 

and this is consistent with that the Debye temperature so agrees with the value obtained from the low 

temperature data only. 

 

Figure 5.1. Temperature dependence of the heat capacity of Ba2TeO, obtained at zero applied field. The 
solid blue line is a fit to a combined Debye-Einstein model, while the dashed red and dotted green are fits 
to the separate Debye and Einstein models, respectively. Inset (a) displays the low temperature linearity 

of CP /T vs T 2. Inset (b) is a close-up of the low temperature region with the three different models. 
 
 

5.1.3. Optical transmission experiments 

Optical absorption spectroscopy was performed on single crystal samples. Thin layers of Ba2TeO crystals 

were obtained by exfoliating large single crystals with adhesive tape. The process was repeated until the 

samples became visibly transparent. The thin layer was then mounted on a copper pinhole 600 µm in 

diameter using the adhesive tape as substrate; a reference pinhole of 600 µm was prepared using the same 
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adhesive tape. The sample and reference were mounted in a cylinder that was sealed with fused silica 

windows on either end. The sample holder was purged under constant nitrogen flow to protect the sample 

from oxidation. The spectrum was analyzed using an Ocean Optics LS-1 light source and USB2000 

detector in the wavelength range from 450 to 1000 nm. For UV-VIS absorption between 300 and 500 nm, 

a deuterium light source coupled with an Acton SP2300 spectrometer and back-illuminated, liquid nitrogen 

cooled CCD were used. 

The results can be seen in figure 5.2, which were used to determine an optical band gap of 3.0eV 

characterizing the material as a wide bandgap semiconductor. 

 

Figure 5.2. Absorbance as a function of energy from UV-VIS optical measurements. The electric field of 
the incident light was oriented in the plane of the sample (i.e. E ⊥ z). The band gap is approximately 3 eV 
with an absorption onset at 2.85 eV. The inset displays the calculated absorption coefficient as a function 

of energy for the electric field in two directions: perpendicular and parallel to z. 
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5.1.4. Conclusions 

A new layered oxytelluride, Ba2TeO has been synthesized in single crystalline form from a barium metal 

flux. Ba2TeO is comprised of alternating inverse PbO-type BaO layers and slightly puckered NaCl-type 

BaTe layers in a ZrSiCuAs (filled PbFCl) structure type. Heat capacity data show that the relaxed BaTe 

dominates the heat capacity at the lower temperatures, with the compressed, stiff, BaO layer contributing 

at high temperatures. Optical absorbance measurements revealed a band gap of approximately 3 eV, 

corroborated by calculations of the absorption coefficient and density of states. 

 

5.2 Ba3Ln2O5Cl2 (Ln = Gd – Lu) 

          

Figure 5.3. (a) Structure of Ba3Ln2O5Cl2 (b) optical and (c) SEM image of Ba3Ho2O5Cl2 crystal for EDAX 
analysis. The apparent brightness of the crystal is due to their insulating nature. 

(a

) 

(c

) 

(b

) 
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The Ba3Ln2O5Cl2 series of compounds is a novel family that has been synthesized using a barium metal 

flux. The compounds crystallize in the I4/mmm (#139, Z = 2) symmetry with a range from a = 4.46(6) Å and 

c = 24.87(6) Å for Ba3Gd2O5Cl2 to a = 4.35(6) Å and c = 24.57(6) Å for Ba3Lu2O5Cl2. The unit cell volume 

follows the expected lanthanide contraction for the series.  

5.2.1. Growth of Ba3Ln2O5Cl2 

Single crystals of Ba3Ln2O5Cl2 crystals were prepared from a barium metal flux. 1 mmol of Ln2O3 powder, 

0.25 mmol of BaO powder, and 0.5 mmol of BaCl2 powder is combined with 20 mmol of Ba metal in a 

stainless steel crucble. The starting materials loaded and sealed in a stainless steel crucible using a TIG 

welder under inert (argon) atmosphere in a glovebox. The steel crucibles are then sealed in quartz tubing 

under vacuum. The sample were heated in 10 hours to 1000 °C, solvated for 20 hours, and cooled over 

200 hours to 820 °C, followed by centrifugation to separate the flux from crystals that formed. Medium sized 

transparent single crystals are obtained with layered plate like to cubic morphology. The crystals are colorful 

ranging from purple (gadolinium), pink (holmium) to red (lutetium). Crystals decomposed in air over the 

course of several hours, first flaking into plates then decomposing to a pink powder. To maintain sample 

integrity, all crystals used for subsequent analysis were handled and stored under inert atmosphere. 

 
 5.2.2. Structural Properties 

The structure for Ba3Ln2O5Cl2 is related to the n = 2 Ruddlesen-Popper type phase (ABO3-x)2(AO) which is 

a layered structure comprised of ABO3-x perovskite double layers separated by AO rocksalt layers. The 

structure is similar to the phase Ba3Yb2O5Te also grown from a barium metal flux. In Ba3Yb2O5Te the 

perovskite layers are separated by BaTe layers of CsCl-type. In Ba3Ln2O5Cl2 the CsCl-type layer is replaced 

with a distorted BaCl rocksalt layer causing the perovskite double layers to stagger. The perovskite layers 

alternate in the unit cell between side sharing B  (Ln) atoms to centered B (Ln) atoms. This staggering 

doubles the unit cell and changes the symmetry from P4/mmm to I4/mmm (#139). The structure is shown 

in figure 5.3 (a). 

The distorted rocksalt layer is comprised of two stacked BaCl layers with each atom type five coordinate 

to the other type. The Cl atoms are coordinated with the Ba atoms in a square pyramidal fashion with the 
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Cl atom at the center of the pyramid. The Ba atoms are 5-coordinated with the Cl atoms in a flipped 

umbrella shape, and therefore the Ba atom extends beyond the base of the square pyramid formed by 

the Cl atoms due to additional bonding to oxygen. This double layer shifts the next perovskite double 

layers. Individual layers are shown in figure 5.4. 

 

Figure 5.4. Layers which form the Ba3Ln2O5Cl2 structure. (a) Perovskite bi-layer the outer barium atoms 
are shared with (b) distorted rocksalt layer. 

 

The polyhedra for the Ln3+ ions are octahedrally coordinated, with 5 oxygen atoms and 1 chlorine atom 

(figure 5.5 (a)). The octahedron is distorted, with the planar oxygens moved slightly upwards towards the 

chlorine atom. Ba2+(1) ions form a monocapped square antiprismatic polyhedron with both oxygen and 

chlorine (figure 5.5 (b)). A square pyramid base is formed from the oxygen atoms, and the 5 coordinate 

chlorine umbrella is seen. Ba2+ (2) is in the typical perovskite A position in ABO3-x, having square planar 

coordination with 4 oxygen and two square pyramids with 4 oxygens each (figure 5.5 (c)). 

The Ba3Ln2O5Cl2 family of compounds can be grown using lanthanides from gadolinium to lutetium. 

Compounds with lanthanides of atomic numbers less than gadolinium have not been successfully 

produced. The unit cell parameters follow the expected lanthanide contraction as seen in figure 5.6. An 

exception, however, is the Yb phase, where the c-axis is unexpectedly large for the trend. This discrepancy 

may be the result of mixed valence in Yb2+/3+ ions. A divalent Yb2+ ion inside the octahedral environment 

(a

) 

(b

) 
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(figure 5.5(a)) would increase the bond distances and therefore increase the c-axis, while the a-axis would 

remain relatively constant due to its dependence on Ba2+ ions. 

           

Figure 5.5. (a) Ln3+ octahedron with (b) Ba2+ polyhedron with a square bottom and triangular faces (c) 
Ba(2)2+ polyhedron, with a square planar center and two square pyramids with their tops at the center of 

the Ba site. 

(a) 

(b) 

(c) 
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Figure 5.6. Trends in unit cell parameters for Ba3Ln2O5Cl2 compounds as ionic radii are varied by varying 
the Ln atom type. 

 

The Ba3Ln2O5Cl2 series is the second series of single crystal oxides grown from a barium metal flux with 

the other being BaLn2O4. A calculation of bond valence sums for each compound provides a possible 

explanation for the range of stability. Figure 5.7 shows the trend of bond valence sums as a function of 

ionic radius. This shows the valence of Ln ions increasing as the ionic radius increases, and the valence 

of Ba ions decreasing as the Ln ionic radius increases. For Ba (2) the barium ion in the perovskite center, 

the bond valence sum decreases below 1.0 with Ln ionic radius increasing. This trend in the bond 

valence sums suggests that the material becomes electronically unstable for ions greater in size than 

Gd3+ on the Ln sites. Structural refinement results from single crystal refinements can be found in 

appendix 1 tables A1.1 to A1.8.  
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Figure 5.7. The bond valence sum trends for (a) Ln3+ ions, (b) Ba2+ (1), and (c) Ba2+ (2) ions. The trends 
suggest decreasing electronic stability as Gd3+ ionic radius is approached. 

 

5.2.3. Magnetic Properties 

Magnetic measurements have been performed on all magnetically active Ba3Ln2O5Cl2 (Ln = Gd-Yb). 

Preliminary analysis of the results are provided for each compound as seen in figures 5.8 to 5.14. Some 

behavior is seen as typical Curie-Weiss (Gd, Ho, Tm) while others show signs of crystal field effects. 

Extensive magnetic studies may be performed on these materials in the future with higher order Curie terms 

to account for Van-Vleck paramagnetism or other phenomena. In this work, linear Curie fits are applied to 

the linear regions only. 

(a) 

(b) 

(c) 
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Figure 5.8. Inverse susceptibility versus temperature for Ba3Gd2O5Cl2 applied field of 0H = 10,000 Oe. 
The inset shows a close up of the low temperature region where a small upturn starting at 2K can be 
seen, likely indicating an antiferromagnetic transition. eff = 7.γ1 B for the linear region with θ = -4.5K. 
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Figure 5.9. Inverse susceptibility versus temperature for Ba3Tb2O5Cl2 with applied field 0H = 1000 Oe. 
The high temperature region has a linear trend with eff = λ.57 B, and θ = -96.9K. 
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Figure 5.10. Inverse susceptibility versus temperature for Ba3Dy2O5Cl2 with applied field of 1000 Oe. The 
susceptibility does not have a linear trend within the given temperature. 
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Figure 5.11. Inverse susceptibility versus temperature for Ba3Ho2O5Cl2 with applied field 0H = 1000 Oe. 
The susceptibility is fairly linear over the measured temperature range with a Curie-Weiss fit providing eff 

= λ.λλ B and θ = -8.9K. 
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Figure 5.12. Inverse susceptibility versus temperature for Ba3Er2O5Cl2 with applied field of 0H = 1000 
Oe. 
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Figure 5.13. Inverse susceptibility versus temperature for Ba3Tm2O5Cl2 with applied field of 0H = 1000 
Oe. The temperature dependence of the susceptibility is very linear with a eff = 8.54 B and θ = -5.19 K 

from a linear Curie-Weiss fit. 
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Figure 5.14. Inverse susceptibility versus temperature for Ba3Yb2O5Cl2 with applied field 0H = 1000 Oe. 
The temperature dependence shows little to no linearity. 

 

5.2.4 Conclusions and Future Work 

The new phase Ba3Ln2O5Cl2 is a mixed anion oxidyhalide phase which is the first of its kind to be grown 

from a molten barium metal flux. The crystal growth has been optimized to grow single crystals with about 

2 mm edges. Large single crystals allow for anisotropic magnetic studies, where the applied field may be 

either parallel to c-axis or a-axis. The Magnetic measurements for the single crystals will be extended and 

a more extensive analysis of the magnetic behavior performed. 
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5.3 Eu1-xBaxO 

The research manuscript entitled Growth of EuO Single Crystals at Reduced Temperatures is currently 

under review and will be published in the future. The work performed for these materials is provided as 

follows. 

 

Figure 5.15. Left (a) SEM image of single crystal of Eu1-xBaxO from EDAX analysis. Right (b) Single 
crystals of EuO grown from a Mg-Ba eutectic flux. The crystals are cubic in morphology due to the 

underlying fcc structure. 

 

 5.3.1. Growth of EuO 

Single crystals of (Eu1–xBax)O were obtained from a Ba-Mg flux, with Eu2O3 as starting material for EuO. 

Solubility of Ln2O3 (Ln = lanthanide) in molten Ba has been demonstrated previously33. Starting molar ratios 

of Ba:Mg:Eu2O3 ranged from 20:2:2 to 20:5:2. All starting materials were handled under argon in a glove 

box, loaded into stainless steel crucibles that were subsequently welded shut using a TIG torch. The steel 

crucibles were further sealed in evacuated quartz ampoules. The ampoules were subsequently placed in a 

muffle furnace, heated to 1000 °C at a rate of 10 °C/h, soaked for 20 h, then cooled at a rate of 1.3 °C/h to 

800 °C. The ampoules were then removed from the furnace, inverted and centrifuged to separate the flux 

from the crystals. 
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The amount of magnesium metal was found to have a direct effect on the barium inclusion into the single 

crystals, this can be seen in figure 5.16. Magnesium assists in the reduction of Eu2O3 to Eu O by the 

equation: 

                                                

Reactions with an extensive amount of magnesium added produced single crystals of MgO. The addition 

of magnesium metal may also stabilize the molten barium-magnesium flux mixture in the liquid state. This 

is evidenced by the large eutectic seen in the magnesium-barium phase diagram at the atomic mixture of 

Mg:Ba 7:13 with a melting point of 358°C. The increased stability of the liquid would counter the inclusion 

of barium into the single crystals. 

 

Figure 5.16. Barium inclusion into single crystals of Eu1-xBaxO plotted versus magnesium inclusion into 
flux Ba:Mg:2, 20:Mg:2. 

�� � + � � → � + ��  
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 5.3.2. Magnetic Properties 

Extensive magnetic measurements were performed on the samples, which are consistent with the 

stoichiometry. The ferromagnetic order correlates well with the Ba concentrations. A Heisenberg and 

molecular field model is applied to approximate the ferromagnetic Curie temperature Tc of the samples. 

EuO and the other europium mono-chalcogenides are well known Heisenberg ferromagnets; therefore, the 

TC can be estimated using the model 

= + + /  

with Z1=12, the number of nearest neighbors, and Z2=6, the number of next-nearest neighbors.  

The ferromagnetic transition can be modeled for the substitution of nonmagnetic ions by modifying the 

Heisenberg model as shown in equation 2. 

� = − � + + 6 + ∆ + 6∆� � /  =  � � , 
The factor of (1–x) is applied to account for the change in the number of nonmagnetic nearest neighbors 

and next-nearest neighbors, while the (Δ(1βJ1+6J2)/Δx)x term accounts for the changes in exchange 

parameters. The Δ(1βJ1+6J2)/Δx term is assumed to be constant over the range of x, and incorporates the 

changes due to expansion of the unit cell parameter and barium inclusion on europium sites.  

Subtracting the modified model (eq 2) from the standard Heisenberg model (eq 1) results in equation 3, 

which is rearranged to show the second order dependence of x. 

� 69 − �� �+ = ∆ + 6∆� � + + 6 − ∆ + 6∆� � /  

We set the measured Curie temperatures θC(x) = TC(x), and plot TC - θC(x) versus x, this is provided in 

Figure 5.17 with a 2nd order polynomial fit. The coefficient of the second order term is equal to Δ(1βJ1+6J-

2)/Δx, which provides the change in interaction parameter due to barium substitution in the samples. The 

Δ(1βJ1+6J2)/Δa for lattice parameter obtained from this experiment is -17.2±0.2 K/Å which can be compared 
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to -17.04 K/Å estimated from neutron studies by Passell et al.34, and -7.44 K/Å estimated from pressure 

studies by Stevenson and Robinson.35 The discrepancy in these values is likely from the use of the other 

europium mono-chalcogenides to extrapolate the values, whereas this study uses Eu1-xBaxO crystals to 

obtain the values. 

            

Figure 5.17. Heisenberg model fit of equation 3, the coefficient of the second order term is the value for 
Δ(12J1+6J2)/Δx/kB. 

 

5.4 SmMg2Sb2 and SmMg2Bi2 

The research article entitled Synthesis and Characterization of the Divalent Samarium Zintl-phases 

SmMg2Bi2 and SmMg2Sb2 has been published in the Journal of Solid State Chemistry: Volume 231, 

November 2015, Pages 217-222.  
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Figure 5.18. (a) Crystal structure with unit cell outlined of LnMgβBiβ compounds. (b) Image of as grown 
SmMgβBiβ crystal placed on a millimeter grid, the flat face is the (001) plane. 

 

Single crystals of LnMg2Bi2 (Ln = Yb, Eu, Sm) and SmMg2Sb2 were synthesized using Mg-Bi metal and Mg-

Sb metal fluxes, respectively. The crystal structures are of the CaAl2Si2 type with space group P̅m1 (#164, 

Z = 1): SmMg2Bi2 (a = 4.7745(1)Å, c = 7.8490(2)Å), EuMg2Bi2 (a = 4.7702(1)Å, c = 7.8457(2) Å), YbMg2Bi2 

(a = 4.7317(2)Å, c = 7.6524(3) Å), and SmMg2Sb2 (a = 4.6861(1) Å, c = 7.7192(2) Å). Heat capacity, 

electrical transport, and magnetization of all bismuth containing phases were measured. The materials 

behave as “poor metals” with resistivity between β and 10 mΩ·cm. Temperature independent Van Vleck 

paramagnetism is observed in SmMg2Bi2 indicative of divalent samarium (Sm2+) ions. 

5.4.1. Growth of SmMg2Sb2 and SmMg2Bi2 

Single crystals of LnMg2Bi2 (Ln = Yb, Eu, Sm) were grown and isolated from a molten Mg-Bi fluxes. The 

starting materials were elemental magnesium (Alpha Aeser, 99.98%), elemental bismuth (Gallard-

2mm 

(b) (a) 

Sm, Eu, Yb 

 Bi 

Mg 
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Schlesinger, 6N), and elemental rare-earth (Yb, Eu, Sm) metal (Aldrich 99.9%) in the molar ratio of 25:5:1 

for Mg:Bi:Ln. SmMg2Sb2 crystals were grown from a corresponding Mg-Sb flux with elemental samarium 

also in a 25:5:1 molar ratio. The starting materials were loaded under ~1 atm Ar atmosphere into stainless 

steel crucibles that were subsequently welded shut and sealed in quartz ampoules under vacuum. The 

sealed ampoules were heated to 1000 °C in 10 hours, held for 20 hours, and subsequently cooled to 700 

°C over a period of 150 hours. At 700 °C the ampoules were removed from the furnace and centrifuged to 

separate the flux from the crystals. 

The choice of molar ratios and heating profile is informed by the binary Mg-Bi phase diagram,27 where 

the -Mg3Bi2 phase (Im̅m) region is avoided and the α-Mg3Bi2 phase (P̅m1) region is targeted as the α-

phase is of CaAl2Si2-type. Previous synthesis methods of LnMg2Bi2 utilized Bi-rich fluxes (Mg:Bi ratio 4:6) 

and cooling to 650°C,36 whereas the flux described in this work is magnesium rich, producing the largest 

crystals when cooling to 700°C. The flux is never slow-cooled into the liquid-solid two phase region, 

suggesting that the LnMg2Bi2 phases must have a higher stability than the corresponding Mg(Mg2Bi2) 

phases. SmMg2Bi2 was only observed in fluxes with molar ratios of Mg:Bi:Sm of 25:5:1. The crystals are 

chemically stable, but show a decrease in luster after 48 hours in ambient conditions. 

 5.4.2. Electronic Properties (Magnetic, Transport, Heat Capacity)  

The magnetic susceptibility data χ = M/H (H = 1500 Oe) versus temperature for single crystal SmMg2Bi2 

is shown in Fig. 2. Van Vleck paramagnetic behavior is observed with a susceptibility plateau between 10K 

and 100K and a Curie tail developing below 10K. The plateau region is typical of ions with electron 

configuration 4f6 and is seen in compounds containing Eu3+ ions,37 but is also notable in Sm2+ systems such 

as the samarium monochalcogonides38 or SmB6.39 The Curie tail is likely attributed to magnetic impurities 

within the sample such as Sm3+ cations or contamination from the stainless steel crucibles. 

The magnetic susceptibility temperature dependence was modeled for SmMg2Bi2 using a Russel-

Saunders coupling scheme40 for the spin-orbit interaction, where L∙S represents the separation in 7FJ 

multiplets in divalent Sm2+. The following Van Vleck model is used to fit the data (equation 1): 

� + = ∑ [� + + ��] + −��/ �6 ∑ + −��/ �6  
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The expression is summed over the various multiplet states (J = 0 to 6) with �� = + � − .37  The coupling 

constant  is the energy difference between the ground state and first excited state, and J is the total angular 

momentum for Sm2+. The �� term is a second order Zeeman term which represents the mixing of states for 

J and J±1.30 

The addition of a modified Curie law is used to model the susceptibility due to impurities. In the case of 

the presence of Sm3+, the following simple expression can be used (equation 2): 

� + = � + �  

Here, �  is attributed to coupling between the ground J=5/2 state and the J =7/2 state allowed due to the 

small energy difference between the multiplets.30,41,42 The total magnetism is therefore (equation 3): � � � = � + + � + 

 

 

Figure 5.19. χ vs T for SmMg2Bi2 single crystal at a field of 0.5T. The solid curves are the total fits using 
equation (3), the Curie fit equation (2) is represented by the dotted line, and the Van Vleck fit equation (1) 

is represented by the dashed line. 
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The susceptibility data is shown in figure 5.19 with orientation H⊥c and H∥c under a field of 0.5T. Magnetic 

anisotropy is seen, with a slightly larger susceptibility resulting from H applied ∥ c. The coupling constants 

 for H∥c and H⊥c are 409K and 450K respectively, which are in agreement with Van Vleck’s theoretical 

work of 418K for free ions with the configuration [Xe]4f6.30 In figure 5.19 the solid lines are the susceptibility 

fits (eq. 3), the Sm2+ contribution (eq. 1) is plotted as a dashed line, and the impurity susceptibility (eq. 2) 

is plotted as the dotted line below the break. Sm2+ ions dominate the behavior of the magnetic susceptibility 

providing more than 95% of the overall moment. The most notable contribution from the impurities appear 

below 10K. If we attribute the magnetic impurities to Sm3+ ions, the concentration can be estimated from 

the fit for the Curie term. Using the effective moment for Sm3+ ( eff = 0.85 B)30 with the obtained Curie 

constant C, the amount of Sm3+ impurities is found to be of the order of 0.7%. If the experimental moment 

for Sm3+ free ions ( eff = 1.54 B)30 is used, a lower concentration of the order of 0.2% is found. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Refining an Understanding of the Capabilities of Alkaline Earth Metals Fluxes 

Alkaline earth metal fluxes as a tool for single crystal oxide growth and discovery of new compounds and 

phases is a brand new effort. The use of barium metal to grow single crystal oxides has proven very 

promising whereas magnesium metal fluxes are found to be too greatly reactive readily forming MgO and 

therefore not well suited for growth of oxides. However magnesium fluxes were shown to successfully 

produce novel pnictide compounds. A collection of results of phases known and unknown has been 

assembled. This allows for research activities to further understand the capabilities of these fluxes and 

speculate or plan experiments. 

6.2 Further Characterization of Ba3Ln2O5X2 (Ln = Y, Gd – Lu), (X = Cl, Br, I) 

The Ba3Ln2O5Cl2 phases are only able to be grown with Ln = Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu, can be 

also grown with Y, since the ionic radius (104 pm) is nearly the same as Ho (104.1 pm). The relationship 

between the stability of these compounds and their elemental constituents are worthy of inquiry. Bond 

valence sum analysis provide further insights into the limitations of the lanthanide site in these structures. 

It is also possible that the stability range of these compounds may be affected by substituting the halide 

from chlorine to bromine or even fluorine. This would also potentially expand the known capabilities of the 

barium flux. 

6.3 Study of Ca4TeOHx and Ca4-yEuyTeOHx 

The structure of Ca4TeOHx has been solved and initial transport experiments characterize this material as 

a semimetal, which is signified by its metallic blue lustre. EDAX experiments and structural refinements 

show that one of the calcium sites may be substituted with divalent europium ions. Preliminary 

magnetization experiments also show a magnetic hump beginning around 75K, depending on the extent of 

europium substitution. The existence of hydrogen in the compound needs to be confirmed by NMR studies 

or, with samples large enough for neutron scattering. 
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Figure 6.1. SEM image of Ca4Te2OH4 single crystal embedded in hardened residual product. 

 

6.4 Discovery and study of Ba2Eu2P2O 

Ba2Eu2P2O is a material with a structure which has been a challenge to solve and refine. Current x-ray 

experimental data provides the formula and structure which is consistent with EDAX experiments, however 

the data is not yet refined to satisfactorily. 

Preliminary magnetization data along one of the crystal axis shows a ferromagnetic transition around 40K, 

and the magnetic moment is consistent with Eu2+ ions. Single crystals have been found to be electrically 

conductive. Transport experiments have been attempted, but have been unsuccessful due to the reactivity 

of the compound in ambient conditions.  

Doping studies with the goal of suppressing or altering the magnetic transition may also be pursued further. 

Similar studies have been aimed at understanding unconventional superconducting materials.  
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APPENDIX A 

SCXRD REFINEMENT RESULTS FOR Ba3Ln2O5Cl2 COMPOUNDS 

Table A.1. SCXRD refinement results for Ba3Gd2O5Cl2 

Formula Ba3Gd2O5Cl2 

Formula mass 877.42 

Radiation  (Å) Mo Kα1 0.71073 

Space Group I4/mmm 

a (Å) 4.46223(4) 

c (Å) 24.8734(3) 

V (Å3) 495.266(6) 

Z 2 

Ρcalc 5.883 

Reflections collected 28200 

Independent Reflections 1160 

Rint 0.133 

θ range (degree) 3.276-59.276 

GOF 1.0511 

R1/wR2 (I>βσ(I)) 0.0345/0.0762 

R1/wR2 (all data) 0.0380/0.0810 
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Table A.2. SCXRD refinement results for Ba3Tb2O5Cl2 

Formula Ba3Tb2O5Cl2 

Formula mass 880.77 

Radiation  (Å) Mo Kα1 0.7107γ 

Space Group I4/mmm 

a (Å) 4.43844(8) 

c (Å) 24.8059(5) 

V (Å3) 488.670(16) 

Z 2 

Ρcalc 5.986 

Reflections collected 10727 

Independent Reflections 1114 

Rint 0.113 

θ range (degree) 3.285-66.480 

GOF 1.0995 

R1/wR2 (I>βσ(I)) 0.0533/0.0598 

R1/wR2 (all data) 0.0508/0.0580 
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Table A.3. SCXRD refinement results for Ba3Dy2O5Cl2 

Formula Ba3Dy2O5Cl2 

Formula mass  

Radiation  (Å) Mo Kα1 0.7107γ 

Space Group I4/mmm 

a (Å) 4.41989(4) 

c (Å) 24.7903(3) 

V (Å3) 484.290(6) 

Z 2 

Ρcalc 6.089 

Reflections collected 22892 

Independent Reflections 960 

Rint 0.148 

θ range (degree) 3.287-54.029 

GOF 1.3485 

R1/wR2 (I>βσ(I)) 0.0351/0.0588 

R1/wR2 (all data) 0.0366/0.0606 
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Table A.4. SCXRD refinement results for Ba3Ho2O5Cl2 

Formula Ba3Ho2O5Cl2 

Formula mass 892.78 

Radiation  (Å) Mo Kα1 0.7107γ 

Space Group I4/mmm 

a (Å) 4.40800(4) 

c (Å) 24.7210(3) 

V (Å3) 480.341(6) 

Z 2 

Ρcalc 6.214 

Reflections collected 22422 

Independent Reflections 948 

Rint 0.131 

θ range (degree) 3.296-53.965 

GOF 0.9965 

R1/wR2 (I>βσ(I)) 0.0364/0.0936 

R1/wR2 (all data) 0.0398/0.0999 
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Table A.5. SCXRD refinement results for Ba3Er2O5Cl2 

Formula Ba3Er2O5Cl2 

Formula mass 897.44 

Radiation  (Å) Mo Kα1 0.7107γ 

Space Group I4/mmm 

a (Å) 4.39131(8) 

c (Å) 24.6760(6) 

V (Å3) 475.843(12) 

Z 2 

Ρcalc 6.263 

Reflections collected 8307 

Independent Reflections 1325 

Rint 0.113 

θ range (degree) 3.302-66.466 

GOF 1.0671 

R1/wR2 (I>βσ(I)) 0.0533/0.1339 

R1/wR2 (all data) 0.0595/0.1476 
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Table A.6. SCXRD refinement results for Ba3Tm2O5Cl2 

Formula Ba3Tm2O5Cl2 

Formula mass 900.79 

Radiation  (Å) Mo Kα1 0.7107γ 

Space Group I4/mmm 

a (Å) 4.36723(6) 

c (Å) 24.6090(8) 

V (Å3) 469.360(15) 

Z 2 

Ρcalc 6.373 

Reflections collected 8232 

Independent Reflections 1293 

Rint 0.054 

θ range (degree) 3.311-66.256 

GOF 0.9539 

R1/wR2 (I>βσ(I)) 0.0340/0.0772 

R1/wR2 (all data) 0.0370/0.0800 
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Table A.7. SCXRD refinement results for Ba3Yb2O5Cl2 

Formula Ba3Yb2O5Cl2 

Formula mass 909.00 

Radiation  (Å) Mo Kα1 0.7107γ 

Space Group I4/mmm 

a (Å) 4.35119(5) 

c (Å) 24.6930(4) 

V (Å3) 467.510(8) 

Z 2 

Ρcalc 6.457 

Reflections collected 7915 

Independent Reflections 1291 

Rint 0.074 

θ range (degree) 3.300-66.339 

GOF 1.1264 

R1/wR2 (I>βσ(I)) 0.0366/0.1117 

R1/wR2 (all data) 0.0382/0.1147 
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Table A.8. SCXRD refinement results for Ba3Lu2O5Cl2 

Formula Ba3Lu2O5Cl2 

Formula mass 912.86 

Radiation  (Å) Mo Kα1 0.7107γ 

Space Group I4/mmm 

a (Å) 4.34653(6) 

c (Å) 24.5669(6) 

V (Å3) 464.126(10) 

Z 2 

Ρcalc 6.532 

Reflections collected 22007 

Independent Reflections 915 

Rint 0.170 

θ range (degree) 3.317-54.053 

GOF 1.1248 

R1/wR2 (I>βσ(I)) 0.0393/0.0644 

R1/wR2 (all data) 0.0466/0.0687 
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